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Preface 
 

Integrated circuit technology in the nanometer regime allows billions of transistors 
fabricated in a single chip. Although the Moore’s Law is still valid for predicting the 
exponential complexity growth and performance advance for the integrated circuits, 
the semiconductor industry faces tremendous challenges spanning all aspects of the 
chip design and manufacture processes. These issues range from scientific research in 
discovering novel material and devices to advanced technology developments and 
finding new killer applications. With such a backdrop, we organize this book to 
highlight some of the recent developments in the broad areas of VLSI design.  The 
authors make no attempt to be comprehensive on the selected topics. Instead, we try to 
provide some promising perspectives, from open problems and challenges for 
introducing new–generation electronic design automation tools, optimization, 
modeling and simulation methodologies, to coping with the problems associated with 
process variations, thermal and power reduction and management, parasitic 
interconnects, etc. 

Organization of this book includes two parts: VLSI design, and modeling, simulation 
and optimization. The first part includes five chapters. The first one introduces the 
VLSI design for multi-sensor smart systems on a chip. Several VLSI design techniques 
are described for implementing different types of multi-sensors systems on a chip 
embedding smart signal processing elements and a built-in self-test (BIST). Such 
systems encompass many classes of input signals from material, such as A fluid, to 
user type, such as indicator of what to measure. 

The second chapter, Three-dimensional integrated circuits design for thousand-core 
processors, proposes thermal ridges and metallic thermal skeletons to be relatively 
cost-effective and energy saving. In the 3D design of the stacking silicon dies, the 
thermal measurement and verification are becoming much more important. As a 
result, the chapter may give a direction or inspiration for the engineers to investigate 
the possibility or feasibility of better thermal designs.  

The third chapter, Carbon nanotube- and graphene based devices, circuits and sensors 
for VLSI design, introduces a review concluding that CNTs are very attractive as base 
material to the design of components for VLSI design. In the future, the use of hybrid 
materials where carbon nanotubes are involved will be a priority, given that the use of 
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composite materials to design electronic devices, circuits and sensors requires multiple 
physical and chemical properties that a unique material along cannot provide by itself.  

The fourth chapter, Impedance matching in VLSI systems, describes different 
techniques for impedance matching. Two algorithms are proposed and implemented 
to perform automatic impedance matching control. Advantages and performance of 
these algorithms are discussed and proved by presenting computer simulations of 
layout extractions.  

The fifth chapter: VLSI design of sorting networks in CMOS technology, introduces a 
CS circuit as the fundamental cell from which more complex sorting topologies could 
emerge. Two main conclusions are observed: in the sorting network immersed in the 
median filter the main advantage lies in facts that its regular structure, because the 
execution of several CS elements is done in parallel, and the choice of an embedded 
sorting strategy in the PWL ASIP, allows the PWLR6-µP architecture to be efficient in 
terms of hardware resources and code length. 

The second part includes seven chapters dealing with modeling, simulation and 
optimization approaches. The sixth chapter, Parallel symbolic analysis of large analog 
circuits on GPU platforms, introduces a GPU- and graph-based parallel analysis 
method for large analog circuits. Experimental results from tests on a variety of 
industrial benchmark circuits show that the new evaluation algorithm can achieve 
about one to two order of magnitudes speed-up over the serial CPU-based evaluations 
on some large analog circuits.  

The seventh chapter, Algorithms for CAD tools VLSI design, summarizes observations 
on various techniques applied for the nearest neighbor and partitioning around 
medoids clustering algorithms. Future enhancements envisaged by the authors are the 
use of distance based classification data mining concepts and other data mining 
concepts, and artificial/neural-modeling algorithm to get better-optimized partitions.  

The eighth chapter, A multilevel memetic algorithm for large SAT-encoded problems, 
introduces a memetic algorithm that makes use of the multilevel paradigm, referred to 
the process of dividing large and difficult problems into smaller ones, which are 
hopefully much easier to solve, and then work backward towards the solution of the 
original problem, using a solution from the previous level as a starting solution at the 
next level. Results comparing the memetic with and without the multilevel paradigm 
are presented using problem instances drawn from real industrial hardware designs.  

The ninth chapter, Library-based gate-level current waveform modeling for dynamic 
supply noise analysis, introduces a library-based IR-drop estimation method. From the 
experimental results, authors conclude that the efficient modification method can 
provide good accuracy on IR-drop estimation with limited information. The 
estimation errors of their approach are about 5% compared with HSPICE results.  

Preface XI 

The tenth chapter gives an overview on switching noise in 3D power distribution
networks. The authors show that on-chip switching noise for a three-dimensional (3D) 
power distribution network has deleterious effects on power distribution network in 
addition to the active devices. Efficient implementation of on-chip decoupling
capacitance along with other on-chip inductance reduction techniques at high
frequency, to overcome the switching noise, is also discussed.

The eleventh chapter, Low cost prototype of an outdoor dual patch antenna array for 
the openly TV frequency ranges in México, shows that in spite of the inherent narrow
broadband of the microstrip antennas, the practical reception, realized in different 
geographical sites of Morelos and in Michoacán, confirms the feasibility of its use for 
household reception of open TV frequency ranges. The experimental and practical 
tests show acceptable reception of channels in both VHF sub-ranges of frequencies.
The introduced prototype makes it a competitive option compared with some
commercial aerial antennas available in the market. 

Finally, the twelvth chapter, Study on low-power image processing for gastrointestinal
endoscopy, focuses on a series of mathematical statistics to systematically analyze the
color sensitivity in GI images from the RGB color space domain to the 2-D DCT spatial 
frequency domain. The aim is to extend the battery life of capsule endoscope. The 
results show that the core of the processor has high performance and low cost. The 
post-layout simulation shows that the power consumption can be as low as 7 mW at
256 MHz. Finally, the processing speed can meet the real-time requirement of image
applications in the QCIF, CIF, VGA, or SVGA formats.

Prof. Esteban Tlelo-Cuautle
NAOE,  
Mexico

Prof. Sheldon X.-D. Tan
Department of Electrical Engineering,
  University of California at Riverside

USA
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VLSI Design for Multi-Sensor 
Smart Systems on a Chip 

Louiza Sellami1 and Robert W. Newcomb2 
1Electrical and Computer Engineering Department,  

US Naval Academy, Annapolis, MD 
 2Electrical and Computer Engineering Department, 

University of Maryland, College Park, MD 
USA 

1. Introduction 
Sensors are becoming of considerable importance in several areas, particularly in 
healthcare. Therefore, the development of inexpensive and miniaturized sensors that are 
highly selective and sensitive, and for which control and analysis is present all on one 
chip is very desirable. These types of sensors can be implemented with micro-electro-
mechanical systems (MEMS), and because they are fabricated on a semiconductor 
substrate, additional signal processing circuitry can easily be integrated into the chip, 
thereby readily providing additional functions, such as multiplexing and analog-to-digital 
conversion. Here we present a general framework for the design of a multi-sensor system 
on a chip, which includes intelligent signal processing, as well as a built-in self test and 
parameter adjustment units. Specifically, we outline the system architecture, and develop 
a transistorized bridge biosensor for monitoring changes in the dielectric constant of a 
fluid, which could be used for in-home monitoring of kidney function of patients with 
renal failure. 

In a number of areas it would be useful to have available smart sensors which can 
determine the properties of a fluid and from those make a reasoned decision. Among such 
areas of interest might be ecology, food processing, and health care. For example, in 
ecology it is important to preserve the quality of water for which a number of parameters 
are of importance, including physical properties such as color, odor, PH, as well as up to 
40 inorganic chemical properties and numerous organic ones (DeZuane, 1990). Therefore, 
in order to determine the quality of water it would be extremely useful if there were a 
single system on a chip which could be used in the field to measure the large number of 
parameters of importance and make a judgment as to the safety of the water. For such, a 
large number of sensors is needed and a means of coordinating the readouts of the 
sensors into a user friendly output from which human decisions could be made. As 
another example, the food processing industry needs sensors to tell if various standards of 
safety are met. In this case it is important to measure the various properties of the food, 
for example the viscosity and thermal conductivity of cream or olive oil (Singht & 
Helman, 1984).  
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In biomedical engineering, biosensors are becoming of considerable importance. General 
theories of different types of biosensors can be found in (Van der Shoot & Berveld, 1988; 
Eggins, 1996; Scheller & Schubert,1992) while similar devices dependent upon temperature 
sensing are introduced in (Herwarden et al, 1994). Methods for the selective determination 
of compounds in fluids, such as blood, urine, and saliva, are indeed very important in 
clinical analysis. Present methods often require a long reaction time and involve 
complicated and delicate procedures. One valuable application in the health care area is that 
of the use of multiple sensors for maintaining the health of astronauts where presently an 
array of eleven sensors is used to maintain the quality of recycled air (Turner et al, 1987), 
although separate control is effected by the use of an external computer. Therefore, it is 
desirable to develop inexpensive and miniaturized sensors that are highly selective and 
sensitive, and for which control and analysis is available all on the same chip. These sensors 
can be implemented with micro-electro-mechanical systems (MEMS). Since they are 
fabricated on a semiconductor substrate, additional signal processing units can easily be 
integrated into the chip thereby readily providing functions such as multiplexing and 
analog-to-digital conversion. In numerous other areas one could find similar uses for a 
smart multi-sensor array from which easy measurements can be made with a small portable 
device. These are the types of systems on a chip (SOC) that this chapter addresses. 

2. System on a chip architecture 
The architecture of these systems is given in Fig. 2.1 where there are multiple inputs, 
sensors, and outputs. In between are smart signal processing elements including built-in 
self-test (BIST). In this system there may be many classes of input signals (for example, 
material [as a fluid] and user [as indicator of what to measure]). On each of the inputs there 
may be many sensors (for example, one material may go to several sensors each of which  

 
Fig. 2.1. Architecture for N-Sensor Smart System on a Chip 
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senses a different property [as dielectric constant in one and resistivity in another]). The 
sensor signals are treated as an N-vector and combined as necessary to obtain the desired 
outputs, of which there may be many (such as an alarm for danger and indicators for 
different properties). For example, a patient with kidney disease may desire a system on a 
chip which gives an indication of when to report to the hospital. For this an indication of 
deviation of dielectric constant from normal and spectral properties of peritonal fluid may 
be sensed and combined to give the presence of creatinine (a protein produced by the 
muscles and released in the blood) in the fluid, with the signal output being the percent of 
creatinine in the fluid and an alarm when at a dangerous level.  

3. Dielectric constant and resistivity sensor 
The fluid sensing transistor in this sensor can be considered as a VLSI adaptation of the 
CHEMFET (Turner et al, 1987) which we embed in a bridge to allow for adjustment to a null 
(Sellami & Newcomb, 1999). The sensor is designed for ease of fabrication in standard VLSI 
processing with an added glass etch step. A bridge is used such that a balance can be set up 
for a normal dielectric constant, with the unbalance in the presence of a body fluid being 
used to monitor the degree of change from the normal. The design chosen leads to a 
relatively sensitive system, for which on-chip or off-chip balance detection can occur. In the 
following we present the basic sensor bridge circuit, its layout with a cross section to show 
how the chip is cut to allow measurements on the fluid, and simulation results from the 
Spice extraction of the layout that indicate the practicality of the concept. 

Figure 3.1 shows a schematic of the sensor circuit. This is a capacitive-type bridge formed 
from four CMOS transistors, the two upper ones being diode connected PMOS and the two 
lower NMOS, one diode connected and the other with a gate voltage control. The output is 
taken between the junction of the PMOS and NMOS transistors, and as such is the voltage 
across the midpoint with the circuit being supplied by the bias supply. As the two upper 
and the lower right transistors are diode connected, they operate in the saturation region  

 
Fig. 3.1. Circuit Schematic of a Fluid Biosensor. 
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senses a different property [as dielectric constant in one and resistivity in another]). The 
sensor signals are treated as an N-vector and combined as necessary to obtain the desired 
outputs, of which there may be many (such as an alarm for danger and indicators for 
different properties). For example, a patient with kidney disease may desire a system on a 
chip which gives an indication of when to report to the hospital. For this an indication of 
deviation of dielectric constant from normal and spectral properties of peritonal fluid may 
be sensed and combined to give the presence of creatinine (a protein produced by the 
muscles and released in the blood) in the fluid, with the signal output being the percent of 
creatinine in the fluid and an alarm when at a dangerous level.  

3. Dielectric constant and resistivity sensor 
The fluid sensing transistor in this sensor can be considered as a VLSI adaptation of the 
CHEMFET (Turner et al, 1987) which we embed in a bridge to allow for adjustment to a null 
(Sellami & Newcomb, 1999). The sensor is designed for ease of fabrication in standard VLSI 
processing with an added glass etch step. A bridge is used such that a balance can be set up 
for a normal dielectric constant, with the unbalance in the presence of a body fluid being 
used to monitor the degree of change from the normal. The design chosen leads to a 
relatively sensitive system, for which on-chip or off-chip balance detection can occur. In the 
following we present the basic sensor bridge circuit, its layout with a cross section to show 
how the chip is cut to allow measurements on the fluid, and simulation results from the 
Spice extraction of the layout that indicate the practicality of the concept. 

Figure 3.1 shows a schematic of the sensor circuit. This is a capacitive-type bridge formed 
from four CMOS transistors, the two upper ones being diode connected PMOS and the two 
lower NMOS, one diode connected and the other with a gate voltage control. The output is 
taken between the junction of the PMOS and NMOS transistors, and as such is the voltage 
across the midpoint with the circuit being supplied by the bias supply. As the two upper 
and the lower right transistors are diode connected, they operate in the saturation region  

 
Fig. 3.1. Circuit Schematic of a Fluid Biosensor. 
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while the gate (the set node) of the lower left transistor, M3, is fed by a variable DC supply 
allowing that transistor to be adjusted to bring the bridge into balance. The upper right  
transistor, M2, has cuts in its gate to allow fluid to enter between the silicon substrate and 
the polysilicon gate. In so doing the fluid acts as the gate dielectric for that transistor. 
Because the dielectric constants of most fluids are a fraction of that of silicon dioxide, the 
fraction for water being about 1/4, M2 is actually constructed out of several transistors, four 
in the case of water, with all of their terminals (source, gate, drain) in parallel to effectively 
multiply the Spice gain constant parameter KP which is proportional to the dielectric 
constant.  

The sensor relies upon etching out much of the silicon dioxide gate dielectric. This can be 
accomplished by opening holes in protective layers by using the overglass cut available in 
MEMS fabrications. Since, in the MOSIS processing that is readily available, these cuts 
should be over an n-well, the transistor in which the fluid is placed is chosen as a PMOS 
one. And, since we desire to maintain a gate, only portions are cut open so that a silicon 
dioxide etch can be used to clear out portions of the gate oxide, leaving the remaining 
portions for mechanical support. To assist the mechanical support we also add two layers of 
metal, metal-1 and metal-2, over the polysilicon gate.  

A preliminary layout of the basic sensor is shown in Fig. 3.2 for M2 constructed from four 
subtransistors, this layout having been obtained using the MAGIC layout program. As the 
latter can be used with different lambda values to allow for different technology sizes, this 
layout can be used for different technologies and thus should be suitable for fabrications 
presently supported by MOSIS. Associated with Fig. 3.2 is Fig. 3.3 where a cross section is 
shown cut through the upper two transistors in the location seen on the upper half of the 
figure. The section shows that the material over the holes in the gate is completely cut away 
so that an etching of the silicon dioxide can proceed to cut horizontally under the remaining 
portions of the gate. The two layers of metal can also be seen as adding mechanical support 
to maintain the cantilevered portions of the gate remaining after the silicon dioxide etch. 
 

 
 

Fig. 3.2. Biosensor VLSI Layout 
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Fig. 3.3. Cross Section of Upper Transistors   

To study the operation of the sensor we turn to the describing equations. Under the valid 
assumption that no current is externally drawn from the sensor, the drain currents of M1 
and M3 are equal and opposite, ID3=-ID1, and similarly for M2 and M4, ID4=-ID2. Assuming 
that all transistors are operating above threshold, since M1, M3, and M4 are in saturation 
they follow a square law relationship while the law for M3 we designate through a function 
f(Vset,VD1) which is controlled by Vset. Thus, 

       -ID1 = 1(Vdd-VD1-|Vthp|)2(1+p[Vdd-VD2]) (3.1a) 

  = 3[f(Vset,VD1)(1+nVD1) = ID3 (3.1b) 

           -ID2 = 2(Vdd-VD2-|Vthp|)2(1+p[Vdd-VD2]) (3.2a) 

 = 4(VD2-Vthn)2(1+nVD2) = ID4 (3.2b) 

where, for the ith transistor,  

 i = KPiWi/2Li,  i=1,2,3,4 (3.3) 

and 

 f(x,y) = {(x-Vthn)2 if x-Vthn<y, 2(x-Vthn)y-y2 if x-Vthn y} (3.4) 

Here Vth, KP, and  are Spice parameters for silicon transistors, all constants in this case, 
with the n or p denoting the NMOS or PMOS case, and epsilon is the ratio of the dielectric 
constant of the fluid to that of silicon dioxide,  

  =fluid /Sio2. (3.5) 

In order to keep the threshold voltages constant we have tied the source nodes to the bulk 
material in the layout. In our layout we also choose the widths and lengths of M1, M3, and 
M4 to be all equal to 100 and L2/W2 to approximate . Under the reasonable assumption 
that the 's are negligibly small, an analytic solution for the necessary Vset to obtain a 
balance can be obtained. When M3 is in saturation the solution is 
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 VD1 = Vdd-|Vthp|-(3/1}1/2(Vset-Vthn) (3.6) 

while irrespective of the state of M3 

 VD2={Vthn+(.2/4)1/2(Vdd-|Vthp|)/[1+.2/4]1/2} (3.7) 

 
Fig. 3.4. Extracted circuit output voltage versus Vset 

Balance is obtained by setting VD1=VD2. Still assuming that M3 is in saturation the value of 
Vset needed to obtain balance is obtained from equations (3.6) and (3.7) as 

 Vset=Vthn+{(1/3})1/2(Vdd-|Vthp|-Vthn)/[1+(.2/4})1/2} (3.8) 

At this point we can check the condition for M3 to be in saturation, this being that VDS 
VGS-Vthn; since VDS=VD1 and VGS = Vset, the use of Equation (3.6) gives  

 Vthn < Vset{sat}  Vthn+(Vdd-|Vthp|)/[1+(3/1)1/2 ] (3.9) 

Substituting the value of Vset at balance, Equation (3.8), shows that the condition for M3 to 
be in saturation at balance is 2  3; this normally would be satisfied but can be 
guaranteed by making M2 large enough. 

Several things are added to the sensor itself per Fig. 2.1. Among these is a differential pair 
for direct current mode readout followed by a current mode pulse coded neural network to 
do smart preprocessing to insure the integrity of the signals. Finally a built in test circuit is 
included to detect any breakdown in the sensor operation.  

From the layout of Fig. 3.1 a Spice extraction was obtained. On incorporating the BiCMOSIS 
transistor models (Sellami & Newcomb, 1999; Moskowtitz et al, 1999) the extracted circuit 
file was run in PSpice with the result for the output difference voltage versus Vset shown in 
Fig. 3.4. As can be seen, adjustment can be made over the wide range of -5V<Vset<5V 

Thus, it is seen that a sensor that is sensitive to the dielectric constant of a fluid over an 11 to 
1 range of dielectric constant most likely can be incorporated into a multi-sensor chip. Using 
standard analog VLSI-MEMS processing one can use the bridge for anomalies in a fluid by 
obtaining Vset for the normal situation and then comparing with Vset found for the 
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anomalous situation. This could be particularly useful for determining progress of various 
diseases. For example, one way to determine kidney function and dialysis adequacy is 
through the clearance test of creatinine. The latter tests for the amount of blood that is 
cleared of creatinine per time period, which is usually expressed in ml per minute. For a 
healthy adult the creatinine clearance is 120 ml/min.  

A renal adult patient will need dialysis because symptoms of kidney failure appear at a 
clearance of less than 10 ml/min. Creatinine clearance is measured by urine collection, usually 
12 or 24 hours. Therefore a possible use for the proposed sensor could be as a creatinine 
biosensor device for individual patient to monitor the creatinine level at home. An alternate to 
the proposed biosensor is based on biologically sensitive coatings, often enzymes, which could 
be used on M2 transistor in a technology that is used for urea biosensors which are presently 
marketed for end stage renal disease patients (Eggins, 1996). The advantage of the sensor 
presented here is that it should be able to be used repetitively whereas enzyme based coatings 
have a relatively short life. The same philosophy of a balanced bridge constructed in standard 
VLSI processing can be carried over to the measurement of resistivity of a fluid. In this case the 
bridge will be constructed of three VLSI resistors with the fourth arm having a fluid channel in 
which the conductance of the fluid is measured. 

4. Spectral sensors 
We take advantage of the developments in MEMS technologies to introduce new and 
improved methodology and engineering capabilities in the field of chemical and 
biochemical optical sensors for the analysis of a fluid.  The proposed device has the 
advantages of size reduction and, therefore, increased availability, reduced consumption of 
chemical/biochemical sample, compatibility with other MEMS technologies, and 
integrability with computational circuitry on the chip. 

Consequently, integrating MEMS and optical devices will give the added advantages of size 
reduction and integrability with the electrical circuitry. The integration and compatibility of 
sensors is very much in demand in the field of system on a chip. Here we extend CMOS 
technology to build an optical filter which can be used in a single chip microspectrometer. 
The chip contains an array of microspectrometer and photodetectors and the read out of 
their circuits. 

By the nature of matter in the universe, most evident at the atomic and molecular level, it 
allows so much information to be deduced from its optical spectra. Because molecule and 
atoms can only emit or absorb photons with energies that correspond to certain allowed 
transition between quantum states, optical spectroscopy is one of the valuable tools of 
analytical chemistry (Schmidt, 2005). Optically based chemical and biological sensors are 
conveniently classified into five groups, according to the way light is modulated (Ellis, 
2005). These light modulations are intensity, wavelength, polarization, phase, and time 
modulation. Here we focus on MEMS based sensors suitable for Intensity, wavelength, and 
time modulation.  

4.1 Intensity modulation 

As light passes through a material, its intensity attenuates as it interacts with the molecules, 
atoms, and impurities of the host material. The attenuation is an exponential function of the 
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anomalous situation. This could be particularly useful for determining progress of various 
diseases. For example, one way to determine kidney function and dialysis adequacy is 
through the clearance test of creatinine. The latter tests for the amount of blood that is 
cleared of creatinine per time period, which is usually expressed in ml per minute. For a 
healthy adult the creatinine clearance is 120 ml/min.  

A renal adult patient will need dialysis because symptoms of kidney failure appear at a 
clearance of less than 10 ml/min. Creatinine clearance is measured by urine collection, usually 
12 or 24 hours. Therefore a possible use for the proposed sensor could be as a creatinine 
biosensor device for individual patient to monitor the creatinine level at home. An alternate to 
the proposed biosensor is based on biologically sensitive coatings, often enzymes, which could 
be used on M2 transistor in a technology that is used for urea biosensors which are presently 
marketed for end stage renal disease patients (Eggins, 1996). The advantage of the sensor 
presented here is that it should be able to be used repetitively whereas enzyme based coatings 
have a relatively short life. The same philosophy of a balanced bridge constructed in standard 
VLSI processing can be carried over to the measurement of resistivity of a fluid. In this case the 
bridge will be constructed of three VLSI resistors with the fourth arm having a fluid channel in 
which the conductance of the fluid is measured. 

4. Spectral sensors 
We take advantage of the developments in MEMS technologies to introduce new and 
improved methodology and engineering capabilities in the field of chemical and 
biochemical optical sensors for the analysis of a fluid.  The proposed device has the 
advantages of size reduction and, therefore, increased availability, reduced consumption of 
chemical/biochemical sample, compatibility with other MEMS technologies, and 
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sensors is very much in demand in the field of system on a chip. Here we extend CMOS 
technology to build an optical filter which can be used in a single chip microspectrometer. 
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their circuits. 

By the nature of matter in the universe, most evident at the atomic and molecular level, it 
allows so much information to be deduced from its optical spectra. Because molecule and 
atoms can only emit or absorb photons with energies that correspond to certain allowed 
transition between quantum states, optical spectroscopy is one of the valuable tools of 
analytical chemistry (Schmidt, 2005). Optically based chemical and biological sensors are 
conveniently classified into five groups, according to the way light is modulated (Ellis, 
2005). These light modulations are intensity, wavelength, polarization, phase, and time 
modulation. Here we focus on MEMS based sensors suitable for Intensity, wavelength, and 
time modulation.  

4.1 Intensity modulation 

As light passes through a material, its intensity attenuates as it interacts with the molecules, 
atoms, and impurities of the host material. The attenuation is an exponential function of the 
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distance of its path length, x, traveled in the material. The absorption coefficient, , is 
defined relative to the concentration, M, and the cross section, S, of the absorbing molecules 
(Svanberg, 2001). 

 I(x) = I(0) . exp (.x) = I(0) . exp (-S.MxN) (4.1.1) 

Where I(x) is the light intensity at distance x, I(0) the incident light intensity at x = 0, and N 
Avogado’s number (6.022 x 1023 mol-1). 

Changes of the analyte concentration in the sample can alter the absorption coefficient . An 
absorption based sensor measures these changes by the transmitted light intensity in terms 
of absorbance (A) units:  

 A = log[I(0)/ I(x)] (4.1.2) 

4.2 Wavelength modulation  

Wavelength modulation can provide us with more information than just the intensity 
modulation. Several numbers of fixed wavelength sources are used simultaneously and their 
responses, intensity, are detected using photo detectors. Several sources that are modulated at 
different electrical frequencies can be used simultaneously in order to use a single photo 
detector. One of the wavelengths could serve as a reference channel for calibration.  

Fluorescence occurs when an atom or a molecule makes a transition from a higher energy 
state to a lower one and emits lights. Excitation and subsequent emission can occur not only 
by photoluminescence but also by chemical reaction (chemiluminescence) or biological 
reaction (Bioluminescence). In resonance fluorescence, absorption and emission take place 
between the same two energy levels, and therefore the wavelength of the excitation and 
emission lights are the same. In non-resonant fluorescence, emission occurs either at higher 
wavelength than excitation wavelength (Stokes Fluorescence), or lower wavelength than 
excitation wavelength (anti- Stokes Fluorescence). The decay rate dN/dt of the fluorescence 
for a two level system is  

 dN/dt = -kt . N (4.2.1) 

where kt is the total fluorescence rate, in sec-1, and N is proportional to the number of 
electrons excited due to the fluorescent state in a time t. Hence 

 N = N0
 . exp(-kt . t) (4.2.2) 
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Lamda X (a) Intensity vs. wavelength 

Light Source Sample Filter Detector 

(b)  
Fig. 4.2. (a) Attenuation of the optical intensity as it travels along the x axis throught the 
matter versus the wavelength. (b) corresponding schematic for measurement. 

 
VLSI Design for Multi-Sensor Smart Systems on a Chip 11 

4.3 Time modulation 

Time modulation is essentially a subclass of intensity modulation. In time domain 
fluoremetry (TDF), a pulsed light source generates the photoluminescence. The fluorescence 
decay signal is measured as a function of time, and the decay curve determines the lifetime 
of the chemical sample. In time modulation base sensors measure the halftime of the sample. 
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Fig. 4.3. (a) Fluorescence decay curve  (b) corresponding schematic for measurement 

5. MEMS based photo-sensors 
An important part of any spectrometer, aside from the light source, is the optical filter and 
photo detectors. Recent engineering developments in the field of MEMS and 
microelectronics have shown that both of these devices can be produced in the micro level 
using existing technology (Hsu, 2008). Optical spectrometers can be produced using a 
tunable Fabry-Perot cavity (here simply called Fabry-Perot).  The band-pass frequency range 
of the Fabry-Perot is a function of its cavity length (Patterson, 1997). 

Fabry-Perot can be fabricated in the CMOS technology with photo-detectors integrated 
underneath it. In other words, Fabry-Perot is fabricated on top of a p-n diode in the CMOS 
technology. In this configuration, the p-n photo-detector is acting as a transducer that 
converts optical intensity of light that is passed through the Fabry-Perot to a proportional 
electrical signal. The existence of the Fabry-Perot in the optical path causes the photodiode 
to only respond to the light intensity of selected wavelength, which is set by the thickness of 
the Fabry-Perot cavity. 

As illustrated in Fig. 5.1 below, the fabrication of Fabry-Perot and photodiode (FPPD), 
which starts with the fabrication of a p-n photo diode in a CMOS process technology, 
undergoes a post process in order to integrate a planer Fabry-Perot on top of the p-n photo 
diode. This process involves four steps. First, a portion of the top oxide layer immediately 
above the p-n diode is trimmed, by chemical itching, to reduce its effect on light  
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transmission. Second, a thin Aluminum layer is deposited, to form the lower mirror. Third, 
a layer of Silicon dioxide is added then etched to different sizes, using several masks. This 
way, each photodiode will have a different size of SiO2 layer on top of it. Fourth, a thin layer 
of silver (Ag) is deposited on top of all oxide to form the top mirror layer (Tyree et al, 1994). 
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Fig. 5.4. Post CMOS process, Step 2nd, 3rd, and 4th. Depositing AL, PECVD oxide, and Silver, 
respectively, on top of p-n diodes to form Fabry-perot cavity filter 

6. Optical micro-chemical and biochemical sensors 
Optical sensors can be fabricated as shown in Fig. 6.1. A series of Fabry-Perot of different 
wavelength is fabricated in series, each having its own p-n photo-detectors, immediately 
underneath. These photodiodes are optically and electrically isolated from each other to 
reduce cross interference. A micro channel is fabricated on top of the series of Fabry-Perot 
photodetectors (FPFD) modules. Of course, FPFD modules can appear in any efficient 
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configuration, such as a matrix format, under the flow channel.  The entire structure of 
micro-channel and their FPFD modules can be fabricated in a twin parallel configuration, as 
shown in Fig. 6.2. In time modulation, this configuration can be used when one channel is 
empty and one channel is filled with chemical sample. In this situation, there are two 
received signals for each wavelength. One is the attenuated signal due to the sample, and 
the other one is a signal for cross-reference and evaluation of the intensity attenuation due 
to the chemical sample. This configuration can be also used in measurement of fluorescence. 
Two different dyes can be introduced in two channels in order to evaluate two different 
analyte concentrations.   
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An array of FPPD is made of many individual FPPD that have different cavity thickness and 
therefore different range of pass band frequencies. The thickness of these oxide cavities is 
changed gradually in order to cover some desired range of the light spectrum.  The array of 
FPPD can be formed in one or several columns, all entirely under the microchannel. Any 
light source that is transmitted through the micro channels will eventually reach these FPPD 
array under the channel. Each individual FPPD will react only to a small spectrum band of 
the light that is passed through its Fabry-Perot. Each individual FPPD is connected to the 
electronic circuit on the chip that will perform the signal conditioning and final post data 
processing. 

7. Companion electronic circuitry 
A block diagram of this circuitry is depicted in Fig. 7. All photodetector p-n diodes in the 
array of FPPD under the channel produce a current whose magnitude contains information 
related to light intensity. Furthermore this light intensity, which is absorbed by the 
photodiodes, depends on the content of the chemicals present in the micro-channel fluid. 
The main purpose of this electronic circuitry is to collect, condition, and interface these 
current signals to the post processing circuit. Since the information signals are in the form of 
diode currents, it is preferred to work with current mode (CM) electronic circuits.     
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Fig. 7. Companion Electronic circuit connects array of FPPD to the microprocessor 

8. Built-In-Self-Test  
The Built-In-Self-Test (BIST) can interface with the sensors and other circuits under 
consideration. It can be built upon modifications of circuits and ideas available in the 
literature, such as the use of oscillations for mixed signal testing including the production 
line technique of using standard ring oscillator properties. The BIST is needed due to the 
fact that there are many interacting subsystems, and an error in one can perhaps drastically 
affect the operation of others. 

BIST circuitry consists of a controller, a pattern generator and a multiple input signature 
analyzer. The Built-in Self-Test method allows core testing to be realized by commanding 
the core BIST controller to initiate self test and by knowing what the correct result should be. 
On-chip testing of embedded memories can be realized by either multiplexing their address 
and data lines to external SOC I/O pads or by using the core processor to apply enough 
read/write patterns of various types to ensure the integrity of the memory. This technique 
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works best for small embedded memories. Some recommend providing embedded 
memories with their own BIST circuitry. 

For BIST to be effective, there must be a means for on-chip test response measurement, on-
chip test control for digital and analog test, and I/O isolation.  There are three categories of 
measurements that can be distinguished: DC static measurements, AC dynamic 
measurements, and time domain measurements. The first of these, DC static measurements, 
includes the determination of the DC operating points, bias and DC offset voltages and DC 
gain. DC faults can be detected by a single set of steady state inputs. AC dynamic 
measurements measure the frequency response of the system under test.  The input 
stimulus is usually a sine-wave form with variable frequency. Digital signal processing 
(DSP) techniques can be employed to perform harmonic spectral analysis.  Time domain 
measurements derive slew rate, rise and delay times using pulse signals, ramps or 
triangular waveforms as the input stimuli of the circuit. 

9. Smart signal processing 
This stage consists of a mixed and intelligent DSP system that allows for the following 
functions to be performed.  

 Analog-to-digital conversion: provides a signal interface between the sensor outputs 
(analog) and the signal processor inputs (digital). 

 Determine fluid properties (physical and chemical): Neural  and DSP algorithms as well 
as circuits can be used to carry out computations of fluid parameters such as dielectric 
constant, resistivity, spectrum, and chemical composition from the digitized sensor 
outputs. 

 Detection and identification: The information obtained in step 2 above is fed to a 
microprocessor that can identify the chemical composition of the fluid and makes an 
intelligent decision in relation to the condition that is being monitored (water safe or 
not for drinking, dialysis needed or not, etc.). This can be readily programmed using 
look-up tables and threshold levels. 

 Parameter selection and adjustment: These will be for various situations so as to include 
function selection to tell the sensor what to measure. In addition, the system must have 
the capability to compensate for deviations, detected by the built-in self test unit, of 
parameters such as amplifier gain, and micro-processor and neural circuit weight 
constants. 

10. Summary 
In this chapter we developed a general framework for the design and fabrication of a 
multi-sensor system on a chip, which includes intelligent signal processing, as well as a 
built-in self test and parameter adjustment units. Further, we outlined its architecture, 
and examined various types of sensors (fluid biosensors for measuring resistivity and 
dielectric constant, spectral sensors, MEMS based photo-sensors, and optical micro-
chemical and biochemical sensors), and fabrication techniques, as well as develop a 
transistorized bridge fluid biosensor for monitoring changes in the dielectric constant of a 
fluid, which could be of use for in-home monitoring of kidney function of patients with 
renal failure.  
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1. Introduction  
As the performance of a processing system is to be significantly enhanced, on-chip many-
core architecture plays an indispensable role. Since there are fast growing numbers of 
transistors on the chips, two-dimensional topologies face challenges of significant increases 
in interconnection delay and power consumption (Hennessy & Patterson, 2007; Kurd et al., 
2001). Explorations of a suitable three-dimensional integrated circuit (3D IC) with through-
silicon via (TSV) to realize a large number of processing units and highly dense 
interconnects certainly attracts a lot of attention. However, the combination of processors, 
memories, and/or sensors in a stacked die leads to the cooling problem in a tottering 
situation (Tiwari et al., 1998). One solution to overcome the obstacles and continue the 
performance scaling while still is to integrate on chip many cores and their communication 
network (Beigne, 2008; Yu & Baas, 2006). Through concerted processors, routers, and links, 
the network-on-chip (NoC) provides the advantages of low power dissipation and 
abundance of connectivity. Moreover, because of the widespread uses of radio frequency 
(RF), micro-electro-mechanical systems (MEMS) (Lu, 2009), and various sensors in mobile 
applications, proposals of three-dimensional integrated circuit (3D IC) with through silicon 
via (TSV) implementations in a layered architecture have been reported (Lee, 1992; Tsai & 
Kang, 2000). For interconnection scalability from layer to layer, 3D fabrics are a necessity. 
Consequently, a thermal solution which has a high heat removing rate seems unavoidable. 
Since there are fast growing numbers of transistors on the chips, two-dimensional 
topologies face challenges of significant increases in wire delay and power consumption. 
The two factors are often regarded as the primary limitations for current processor 
architectures (Hennessy & Patterson, 2007; Kurd et al., 2001; Tiwari et al., 1998).  

On the other hand, the high packing density of the stacked dies also hampers the heat 
dissipation of the NoC system. Thermal issues arise from increasing dynamic power losses 
which in turn raise the temperature. Thermal and power constraints are of great concern 
with 3D IC since die stacking can dramatically increase power density, if hotspots overlap 
each other, and additional dies are farther away from the heat sink. 



 
VLSI Design 16

11. Acknowledgments 
This research was sponsored in part by the 2007 Wertheim Fellowship, US Naval 
Academy.  

12. References 
De Zuane, Handbook of Drinking Water Quality, Standards and Control,Van Nostrand 

Reinhold, New York, 1990. 
Eggins, B. R.,  Biosensors: an Introduction, Wiley-Teubner, New York, 1996. 
Ellis, A. M., Electronic and Photoelectron Spectroscopy: Fundamentals and Case Studies, 

Cambridge University Press, 2005. 
Herwaarden, A. W. Van, P. M. Sarro, J. W. Gardner, and P. Bataillard, “Liquid and Gas 

Micro-calorimeters for (Bio)chemical Measurements,” Sensors and Actuators, Vol. 
43, 1994, pp. 24-30.  

Hsu, T. R., MEMS and Microsystems: Design, manufacture, and Nanoscale Engineering, 
John Wiley, 2008. 

Moskowitz, M., L. Sellami, R. Newcomb, and V. Rodellar, “Current Mode Realization of 
Ear-Type Multisensors,” International Symposium on Circuits and Systems, ISCAS 
2001, Sydney, Australia, volume 2, pp. 285-289. 

Patterson, J. D., “Micro-Mechanical Voltage Tunable Fabry-Perot Filters Formed in (111) 
Silicon,” National Aeronautics and Space Administration, Langley Research 
Center, 1997. 

Scheller, F.,  and F. Schubert, Biosensors, Elsevier, Amsterdam, 1992. 
Schmidt, W., Optical Spectroscopy in Chemistry and Life Sciences, Wiley-VCH, 2005. 
Sellami, L., and R. W. Newcomb, “A Mosfet Bridge Fluid Biosensor,” IEEE International 

Symposium on Circuits and Systems, May 30-June 2, 1999, Vol. V, pp. 140-143.  
Singth, R. P.,  and  D.R. Heldman, Introduction to Food Engineering,Academic Press, Inc., 

1984. 
Svanberg, S., Atomic and Molecular Spectroscopy: Basic Aspects and Practical Applications, 

Springer, 2001. 
Turner, A. P. F., I. Karube, and G. S. Wilson, Editors, Biosensors, Fundamentals and 

Applications, Oxford University Press, Oxford, 1987. 
Tyree, V., J.-I. Pi, C. Pina, W. Hansford, J. Marshall, M. Gaitan, M. Zaghloul, and D. 

Novotny, “Realizing Suspended Structures on Chips Manufactured by CMOS 
Foundry Processes through the MOSIS Service,” MEMS Announcement, 41 pages, 
available fromXMOSIS@mosis-chip.isi.edu, 1994. 

Van der Schoot and P. Berveld, “Use of Immobilized Enzymes in FET-Detectors,” in 
Analytical Uses of Immobilized Biological Compounds for Detection, Medical and 
Industrial Uses, edited by G. G. Guilbault and M. Mascini, Reidel Publishing Co., 
Ultrecht, 1988, pp. 195-206. 

2 

Three-Dimensional Integrated Circuits  
Design for Thousand-Core Processors:  

From Aspect of Thermal Management 
Chiao-Ling Lung1,2, Jui-Hung Chien2, Yung-Fa Chou2,  

Ding-Ming Kwai2 and Shih-Chieh Chang1 
1Department of Computer Science, National Tsing Hua University  

2Information and Communications Research Laboratories,  
Industrial Technology Research Institute 

Taiwan 

1. Introduction  
As the performance of a processing system is to be significantly enhanced, on-chip many-
core architecture plays an indispensable role. Since there are fast growing numbers of 
transistors on the chips, two-dimensional topologies face challenges of significant increases 
in interconnection delay and power consumption (Hennessy & Patterson, 2007; Kurd et al., 
2001). Explorations of a suitable three-dimensional integrated circuit (3D IC) with through-
silicon via (TSV) to realize a large number of processing units and highly dense 
interconnects certainly attracts a lot of attention. However, the combination of processors, 
memories, and/or sensors in a stacked die leads to the cooling problem in a tottering 
situation (Tiwari et al., 1998). One solution to overcome the obstacles and continue the 
performance scaling while still is to integrate on chip many cores and their communication 
network (Beigne, 2008; Yu & Baas, 2006). Through concerted processors, routers, and links, 
the network-on-chip (NoC) provides the advantages of low power dissipation and 
abundance of connectivity. Moreover, because of the widespread uses of radio frequency 
(RF), micro-electro-mechanical systems (MEMS) (Lu, 2009), and various sensors in mobile 
applications, proposals of three-dimensional integrated circuit (3D IC) with through silicon 
via (TSV) implementations in a layered architecture have been reported (Lee, 1992; Tsai & 
Kang, 2000). For interconnection scalability from layer to layer, 3D fabrics are a necessity. 
Consequently, a thermal solution which has a high heat removing rate seems unavoidable. 
Since there are fast growing numbers of transistors on the chips, two-dimensional 
topologies face challenges of significant increases in wire delay and power consumption. 
The two factors are often regarded as the primary limitations for current processor 
architectures (Hennessy & Patterson, 2007; Kurd et al., 2001; Tiwari et al., 1998).  

On the other hand, the high packing density of the stacked dies also hampers the heat 
dissipation of the NoC system. Thermal issues arise from increasing dynamic power losses 
which in turn raise the temperature. Thermal and power constraints are of great concern 
with 3D IC since die stacking can dramatically increase power density, if hotspots overlap 
each other, and additional dies are farther away from the heat sink. 



 
VLSI Design 

 

18

Thermal-aware floorplanning is the key in which the inter-layer interconnection plays a role 
more than just signal transmission or power delivery. Figure 1 depicts the usage of thermal 
TSV to alleviate the heat accumulation, which is brought from that used in printed circuit 
boards (PCBs) (Lee et al., 1992). For 3D ICs, the problems of high power/thermal density 
can be more serious than that in the planar form. Thus, the thermal TSVs become essential 
for heat dissipation. Of particular interest is the design of an efficient heat transferring path. 
Some recent works discussed the placement of thermal TSVs. However, not only the routing 
but also the floorplan may need to be changed substantially after the thermal TSVs are 
inserted (Tsai & Kang, 2000). This leads to long iterations. Further, as the circuit complexity 
is increased, to insert the thermal TSVs without largely changing the floorplan is an 
important technology to be developed (Tsui et al., 2003). In order to keep the original 
routing and floorplan as much as possible, the temperature-driven design should be 
brought in early phases of the design procedure. 
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Fig. 1. 3D IC implementations of a multiprocessor system-on-chip (MP-SoC) with (a) a 
traditional structure and (b) with the insertion of thermal ridges. 

2. Design and theoretical analysis of on-chip thermal ridge  
2.1 Theoretical analysis 

The thermal TSVs are intended to be placed in the inter-CG whitespace, which is called a 
thermal ridge. In this section, we derive analytical expressions for some key parameters. 
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2.1.1 Analytical model of the thermal ridge 

At the transient state, the heat conduction can be described by the following equation 
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where T  is the temperature, g  is the heat generation rate in W/cm2,   is the density of the 
material, C  is the thermal capacity of the material,   is time, and k  is the thermal 
conductivity of the material. This fundamental thermal conduction equation describes that 
the temperature transmitting through the thermal volume depends on time θ and 
directional thermal conductivities xxk , yyk , and zzk  (Chieh et al., 2010; Lung et al., 2010). 
The boundary conditions of the top and bottom surfaces of the chip are adiabatic and those 
of the surrounding surfaces are convective. 

For dissipating the heat into the substrate homogeneously, the inter-core-group thermal 
ridges are aligned orthogonally in column and in row. The temperature prediction of the 
many-core system is performed by utilizing CFD-RC which is commercial thermal and 
fluidic temperature simulation software. However, in order to illustrate the physical 
phenomenon more intuitively, a simplified one-dimensional conduction equation without 
taking the transient into consideration is utilized. 
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The heat removing rate of the thermal ridge is assumed to be q. Let us consider two CGs. 
The temperature distribution between CG1 and CG2 can be expressed by 
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where T1 and T2 are the temperatures of CG1 and CG2, respectively, q is the heat conducted 
to the ambient environment by the thermal ridge, ks is the equivalent thermal conductivity 
of the thermal ridge, and w is the width of the thermal ridge. Since T denotes the 
temperature at the location x, examining the mid-point T1/2 by substituting x with w/2 into 
(3), we have 
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From (4), it is easy to see that if the mid-point temperature T1/2 is targeted to be lower, w 
needs to be larger. 

2.1.2 Effective thermal conductivity of the thermal ridge  

The equivalent thermal conductivity kszz of a thermal ridge is decided by the density of the 
thermal TSVs in the thermal ridge (Chieh et al., 2010; Lung et al., 2010). To determine kszz, 
the effective thermal conductivity should be taken into account and described as the 
following equation: 
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Thermal-aware floorplanning is the key in which the inter-layer interconnection plays a role 
more than just signal transmission or power delivery. Figure 1 depicts the usage of thermal 
TSV to alleviate the heat accumulation, which is brought from that used in printed circuit 
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routing and floorplan as much as possible, the temperature-driven design should be 
brought in early phases of the design procedure. 
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  1szz emb subk d k d k     (5) 

where kemb is the equivalent thermal conductivity of the thermal TSVs, ksub is the thermal 
conductivity of the silicon substrate, d is the percent contribution of the thermal TSVs in the 
thermal ridge. Since the orientation of the thermal TSV is longitudinal along the z direction, 
this effective thermal conductivity cannot be applied to the lateral heat transfer 
computation. For x and y directional heat transfer, the thermal conductivity should be 
applied by the following equation. 
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where m is the percent contribution of the metal lines for thermal conduction in the silicon 
substrate. In general, the vertical thermal conductivity kszz is much larger than the lateral 
thermal conductivities ksxx and ksyy. By (5) and (6), we can clearly figure out that ksxx is 
around 10 W/mK and kszz is around 120 W/mK. Thus, the heat flows through the thermal 
ridge almost dissipates by the heat sink instead of transferring laterally. By substituting the 
equivalent ks and the temperature values of T1, T2 and T1/2 into (3), we obtained that the 
widths of the thermal ridge should be 200 µm ~ 400 µm. 

2.2 Design parameters and assumptions  

Here, we focus on a mesh-connected NoC with 1,024 cores. A globally asynchronous, locally 
synchronous (GALS) digital-signal processor (DSP) design is adopted (Tran et al., 2009a, 
2009b; Truong et al., 2008). Each DSP, constituting a tile, is composed of a core with an on-
chip oscillator for its own clocking and a switch with associated buffers, as shown in Figure 
2. The tile allows repetitive, mirrored layout, occupying an area of 0.168 mm2 (410 μm × 410 
μm) (Tran et al., 2009a, 2009b). Consider a simple power map with two major sources in the 
tile. One is attributed to the computation and the other to the communication. 
Correspondingly, the average power consumption at the active status is broken down to 
17.6 mW and 1.1 mW, respectively (Tran et al., 2009a, 2009b). 

 
Fig. 2. The DSP element for a GALS many-core system. 
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The cores are arranged as a 32 × 32 square mesh. Since the international technology roadmap 
for semiconductor (ITRS) predicts that the maximum chip size will maintain similar 
dimensions, we assume 20 mm × 20 mm as our upper bound. Under such a constraint, the 
remaining area not occupied by the tiles is the input/output and peripheral circuits. The 
total power consumption of the chip is around 20 W, which leads to the average power 
density of 5 W/cm2. Since ITRS also predicts the power density is reasonable up to the level 
of 100 W/cm2, the power density assumed in this chapter is a probable value (Brunschwiler 
et al., 2009; Xu et al., 2004). 

In this chapter, we assumed that there are three layers of the die stack and the many-core 
NoC is sandwiched in the middle. As mentioned earlier, a commercial tool based on finite 
element method (FEM) is used. The three-dimensional model of the NoC is created with the 
widely used package model, in a fashion similar to that shown in Figure 1. However, the 
heat sink is not modelled and analyzed in our case. Instead, it is simplified to a heat loss, 
and a proper heat transfer coefficient is applied to the boundary condition on the top surface 
where the heat sink would have been located originally. 

 
Fig. 3. Insertion of type I and type II thermal ridges into the NoC. 

First, the 1,024 cores are divided into 8 × 8 CGs, each CG consisting of 4 × 4 cores. As shown 
in Figure 3, thermal ridges are inserted between the hottest CGs. By the locations where they 
are inserted, the thermal ridges can be categorized into two types. The type-I thermal ridge 
has a low density of thermal TSVs and the type-II thermal ridge has a high density of 
thermal TSVs. This is because the type-I thermal ridge is located between two CGs in which 
their routing dominates the most of the silicon area, even after the expansion to gain more 
whitespace. On the other hand, the type-II thermal ridge lies in the intersectional area 
having no wires passing through, and therefore, a large quantity of thermal TSVs can be 
planted.  

The physical effect of the thermal ridge can be illustrated by using the electrical lumped 
model as shown in Figure 4. By the duality between electrical and thermal models, the 
temperature T is substituted by a voltage V, the power P is substituted by a current I, and 
the thermal resistance R by definition is proportional to the reciprocal of thermal 
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conductivity ks. The availability of the thermal ridge can be modelled by the equivalent 
circuits as follows. 
 

(a) 

(b) 

(c) 

Fig. 4. Resistive thermal models of two adjacent CGs inserted with (a) no thermal ridge, (b) a 
type-I thermal ridge, and (c) a type-II thermal ridge. 

Figure 4(a) shows the case when there is no thermal ridge between CG1 and CG2. It is clear 
in the schematic that no extra conduction path has been added to the ground. Since the 
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vertical thermal resistance R11 (R21) is much larger than the lateral thermal resistance R12 
(R22), the voltage V1 (V2) keeps at a high value. Figure 4(b) shows the case when a type-I 
thermal ridge is inserted between CG1 and CG2. Another conduction path is added through 
the thermal resistance RTS1. As aforementioned, RTS1 is inversely proportional to ks. As long 
as ks is much larger than the thermal conductivity ksub of the silicon substrate, RTS1 is much 
smaller than R11 (R21); the current I1 (I2) goes mostly through RTS1, rather than R11 (R21). In 
addition, by voltage division, VTS1 is obviously lower than V1 (or V2). In other words, the 
temperature of the type-I thermal ridge is definitely lower than the temperature of CG1 or 
CG2. Figure 4(c) shows the case when a type-II thermal ridge is inserted at the intersectional 
area between the CGs to remove more heat. The value of RTS2 depends on that of ks. Since the 
thermal TSVs are densely planted on the type-II thermal ridge, RTS2 is much smaller than R11 
(or R21). Compared with CG1 and CG2, the type-II thermal ridge, which has a lower 
temperature, is designed to be an on-chip heat sink. 

2.2.1 Rotation of the hotspots  

To verify the feasibility of the proposed scheme for thermal-aware floorplanning, we obtain 
the temperature distribution of the basic CG first. There are 4 × 4 cores within a CG as 
shown in Figure 5. The cores are homogenous, with the hotspot near the lower right corner. 
It is clear that since the hotspot is not located at the center of the core, when assembled into 
the CG, the temperature distribution is asymmetric.  

 
Fig. 5. Temperature distribution of the 16-core CG. 
 

 
Fig. 6. Temperature distribution of the 1,024-core NoC with the same orientation of each 
core. 
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However, the situation becomes worse, when 64 such CGs are put together to construct the 
1,024-core NoC. Figure 6 shows a typical layout in which the orientation of each core is kept 
the same as in the Figure 5, with the hotspot near the lower right corner. Apparently, the 
design maintains regularity in connectivity with the same routing distance between cores, 
but unfortunately, it is not thermal-aware. The temperature distribution is still asymmetric 
and the maximum temperature of the whole chip now rises up to 408.9 K which requires a 
heat sink. The lack of symmetry leads to that the heat sink cannot be placed at a simple 
orientation with equal heat dissipation ability.  

Let us define the temperature non-uniformity as follows: 

 TU
x





 (7) 

where T  is temperature difference and x  is distance between any two points on the 
single core. Hence, it represents the slope of the temperature gradient per unit length. 
Clearly, the bigger the value of U , the more severe the temperature difference between 
neighboring cores. In the case of Figure 6 the maximum U  is around 4.1 K/cm the averaged 
U  is around 3.1 K/cm.  

 

 
Fig. 7. Temperature distribution of the 1,024-core NoC with the orientation of every quarter 
of CGs rotated 90 degree. 

To mitigate the non-uniformity, we may try to rotate either the cores in the CG or the CGs so 
as to align the temperature profile symmetrically (Xu et al., 2006). Figure 7 shows the latter 
approach by dividing the CGs into four quadrants, keeping the orientation of the second 
quadrant, and rotating the other three quadrants of the CGs to the upper left, upper right, 
and lower left corners, respectively.  

To compare with those attained in Figure 6, the maximum temperature decreases 1 K, but 
the averaged temperature non-uniformity increases to 3.8 K/cm. If we rotate the cores in the 
CG in a similar fashion and then assemble such CGs, the result is not much different and 
hence is not shown here. This illustrates the fact that the rotation of the hotspots cannot 
reduce the maximum temperature effectively. 
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(a) 

(b) 
Fig. 8. The insertion places of thermal ridges. (a) Type I only. (b) Type I and Type II. 

2.2.2 Insertion of the thermal ridges  

The primary objective of the thermal ridges is to reduce the maximum temperature and the 
temperature non-uniformity at the same time. The thermal ridges are introduced into the 
design, with the required extra space under the constraint of manufacturing cost. In our 
case, at most 20% of the chip area is allowed for the thermal ridges and their locations are 
depicted in the Figure 8. Straits with widths of 400 μm and 200 μm are created by expanding 
the routing distances between CGs. 
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temperature non-uniformity at the same time. The thermal ridges are introduced into the 
design, with the required extra space under the constraint of manufacturing cost. In our 
case, at most 20% of the chip area is allowed for the thermal ridges and their locations are 
depicted in the Figure 8. Straits with widths of 400 μm and 200 μm are created by expanding 
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2.3 Simulation results of the proposed scheme 

First, the type-I thermal ridges are inserted into the straits, except for their intersectional 
areas as shown in Figure 8(a). The resulting temperature distribution is shown in Figure 9. 
The maximum temperature is 373.4 K, which occurs in the center of the chip. To compare 
with the previous solutions, the maximum temperature significantly decreases 35 K by 
using the thermal ridges. The temperature difference at the center of the chip is about 32 K. 
Also, the thermal map changes a lot, since the thermal ridges are distributed in the suburb 
areas.  

 
Fig. 9. The temperature distribution of the 1024-core NoC with type I thermal ridge. 
 

 
Fig. 10. Temperature distribution of the 1,024-core NoC with type-I and type-II thermal 
ridges. 

Furthermore, the design affects the temperature non-uniformity substantially. In Figure 6 
and Figure 7, it is easy to find that the value of U  keeps almost constant all around the chip. 
However, after inserting the thermal ridges, there are several values of U  on the chip. The 
largest U  is around 4.6 K/cm, but the average U  decreases substantially to 1.5 K/cm. The 
temperature non-uniformity is largely improved at the center and the suburb areas by the 
values of 0.5 K/cm and 1.5 K/cm, respectively. About 85% of the chip area is covered in the 
region. This means that around 850 cores have better temperature non-uniformity. Since the 
tile size is 410 μm × 410 μm, the temperature difference between neighboring cores in the 
region is less than 0.3 K.  

In addition, the insertion of the type-II thermal ridge is performed, as shown in Figure 8(b). 
The temperature profile is shown in Figure 10. The maximum temperature of 371.8 K is 
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about 1.5 K lower than that shown in Figure 9. It can be further reduced, since the thermal 
conductivity of the type-I thermal ridge is lower than that of the type-II thermal ridge. The 
temperature non-uniformity and the temperature profile remain quite similar. Compared 
with the results from the traditional scheme with mere rotation of the hotspots, the 
maximum temperature decreases from 408.9 K to 372.8 K, and the temperature non-
uniformity decreased from 3.2~4.0 K/cm to 0.5~1.5 K/cm in 80% of the chip area, under the 
constraint of increasing 20% extra area for the thermal ridges. 

3. Chip design and implementation by using metallic thermal skeletons 
In this chapter, a realistic thermal dissipation enhancement methodology for NoC system 
will be introduced. The on-chip virtual 126-core network as the hot-spot dissipates the 
generated heat through the metallic thermal skeletons. To evaluate the feasibility of the 
thermal enhancement, 9 arrays of metallic thermal skeletons are designed in the test chip. 
Essentially, by improving the lateral thermal dissipation path by increasing the thermal 
metallic skeleton in the back end of line (BEOL) metals, the heat consumed by the virtual 
core can be conducted into the on-chip heat sink such as the TSVs. The temperature of the 
hotspot can be lowered substantially if the metallic thermal skeletons arranged properly. In 
addition, we design thermal sensor-network on chip to facilitate the measurement and 
evaluation for the capability of heat transfer. Last, some important thermal characteristics of 
metallic thermal skeleton are listed in this chapter. In order to design a better thermal 
dissipation path, metallic thermal skeletons can provide alternatives for just increasing the 
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The FEM simulation is performed by using CFD-RC, based on the following assumptions. 
As shown in Figure 11, a TSV is on the left, and a heat source is on the right. The other half 
of the structure is mirrored to the cross section. The heat source consists of 12 squares, each 
with power of 0.5 mW, and area of 1 µm × 1 µm, which run to the top by local interconnects 
(not shown in the figure for they are buried in the structure), just shy of the front metal layer 
at the top. It is seen that the neighboring TSV is unconnected electrically and cold. The 
simulation assumes a TSV with dielectric thickness of 0.5 µm, diameter of 10 µm, and length 
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2.3 Simulation results of the proposed scheme 

First, the type-I thermal ridges are inserted into the straits, except for their intersectional 
areas as shown in Figure 8(a). The resulting temperature distribution is shown in Figure 9. 
The maximum temperature is 373.4 K, which occurs in the center of the chip. To compare 
with the previous solutions, the maximum temperature significantly decreases 35 K by 
using the thermal ridges. The temperature difference at the center of the chip is about 32 K. 
Also, the thermal map changes a lot, since the thermal ridges are distributed in the suburb 
areas.  

 
Fig. 9. The temperature distribution of the 1024-core NoC with type I thermal ridge. 
 

 
Fig. 10. Temperature distribution of the 1,024-core NoC with type-I and type-II thermal 
ridges. 
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In addition, the insertion of the type-II thermal ridge is performed, as shown in Figure 8(b). 
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about 1.5 K lower than that shown in Figure 9. It can be further reduced, since the thermal 
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3.1 Design of the proposed test chip 

3.1.1 Overall floorplan of the chip  

The floorplan of the proposed test chip is depicted in the Figure 12. The metallic thermal 
skeletons are arranged and enclosed by the core-sensor blocks. The peripheral area is for 
input/output and power/ground connections which provide external accesses. The test 
chip is designed without resorting to a complex control scheme. The virtual cores are 
arranged in three groups, each consisting of three rows and seven columns. The whole 
chip can be divided into nine regions. Each region consists of two separate areas which 
are enclosed by core-sensor block named A1-A7, B1-B7 and C1-C7 respectively and   
represent 3 types of metallic thermal skeletons. to are identical design of the metallic 
thermal skeleton, so do the   to   and   to  . The major differences among these nine regions 
are the combinations of  ,   and   elements, which are shown in Figure 13. In this design as 
shown in Figure 13(a), elements  ,   and   are different in the distribution densities of metal 
in the BEOL. For better visualization, Figure 13(b) shows the three-dimensional view of 
the metallic thermal skeletons. The combinations of TSVs with front metals form the on-
chip heat sink, and the BEOL metal 1 to metal 4 form the metallic thermal skeletons. 

Core-sensor 
block

α1 α2 β 1 β 2 γ 1 γ 2

α3 α4 β 3 β 4 γ 3 γ 4

α5 α6 β 5 β 6 γ 5 γ 6
 

Fig. 12. The floorplan of designed test chip. 

In this chapter, the stacking of the identical chips is not included in discussions, only planar 
die is reported. The future thermal TSV test chip will divide the core area into blocks, each, 
as shown in Figure 14, consisting of virtual cores, temperature sensors, and a TSV array with 
metallic thermal skeletons to constructs the on-chip heat sink. The virtual cores and 
temperature sensors are laid out at the left and right side of the on-chip heat sink. As shown 
in Figure 14, thermal TSV with front metals will be the on-chip heat sink, and the metallic 
thermal skeletons play the role as the conduction path for high speed heat transfer. 
Therefore, the performance of the metallic thermal skeletons are emphasized and compared 
with each other.  
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Fig. 13. The design of TSVs with metallic thermal skeletons. (a) The planar floorplan with  ,  ,   
and TSVs. (b) The three-dimensional view of the metallic thermal skeletons.  

 
Fig. 14. Concept of virtual block design. 
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Fig. 15. The layout of the test chip.  

In this chapter, to verify the capability of heat conduction, triplet experiments are designed 
to test the chip. Since A1-A3 is at the corner of the chip, the heat transfers more to the 
peripherals than to the central area of the chip. Such kind of location factors occur often in 
the chip measurement of thermal phenomenon. Hence, A1-A3, B1-B3 and C1-C3 are 
identical combination of the metallic thermal skeletons to avoid the location effects 
happening. The layout of the designed test chip is shown in Figure 15. The core-sensor 
blocks, metallic thermal skeletons, peripherals, IOs, and power domains are in one SOC chip 
as the NoC. The virtual core system composed of on-chip heaters can be operated at the 
same time. The die size measures 5,040 µm × 5,040 µm, including the seal ring. There are 
three voltage levels, four power domains, and nine test regions in this chip. Each voltage 
level can be separately controlled by the programmable logic analysis instrument. All the 
cores in the chip can be operated independently through the power gating mechanism. In 
order to precisely observe the temperature distribution of the chip surface, all sensors on the 
chip are activated simultaneously, and the measured temperature values can be read out as 
the matrix data. 

3.1.2 Design of the core-sensor block 

The temperature sensitive ring oscillator (TSRO) thermal sensor in Figure 16 is based on a 
ring oscillator whose oscillation frequency is sensitive to temperature, albeit not completely 
linear. In fact, the ring oscillator is also sensitive to supply voltage. Hence, to minimize 
power droop is important in improving the accuracy. By establishing the relationship 
between temperature and frequency, and opting for on-die calibration, the thermal sensor 
can be quite accurate. The frequency is converted by a counter and read out to a register. 
Figure 16(a) shows the block diagram. The control unit (CU) accepts a reference clock 
TS_CK and an input TS_EN which enables the sensing operation when transitioning from 0 
to 1. As shown in Figure 16(a), four signals a, b, c, and RDY are generated. When the 
internal signal a changes from 0 to 1, the counter is reset and the count is cleared. When 
internal signal b changes from 0 to 1, the ring oscillator is activated and the counter starts; 
when it changes from 1 to 0, the ring oscillator is deactivated and the counter stops. When 
the internal signal c changes from 0 to 1, the count is loaded into an output register TS_REG 
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to be read out. The handshake signal RDY indicates that the count is ready. The physical 
view of the thermal sensor used in this test chip is shown in Figure 16(b). 

 

(a) 

(b) 

Fig. 16. Thermal sensor design. (a) The block diagram of the thermal sensor. (b) The layout 
of the thermal sensor, including a regulator, counter and a control unit. 

                             
       (a)    (b) 

Fig. 17. Power gating design. (a) The schematic diagram of the virtual core circuits. (b) The 
layout view of the virtual core circuits. 
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The virtual core circuit is composed of a PMOS switch and a p-type diffusion resistor, as 
shown in Figure 17. The diffusion resistor is non-silicided and placed in an n-well. 
Consequently, the n-well becomes hot at first, if the heater in the virtual core is turned on, 
which is slightly different from a conventional CMOS circuit in that the substrate is more 
likely to be the heat source. The maximum current flowing into the resistor is regulated 
below 13.5 mA. 

3.2 Thermal property analysis of the metallic thermal skeletons 

The metallic thermal skeletons are intended to be placed in the regions enclosed by the core-
sensor blocks. In this section, we derive analytical expressions for some key parameters. 

3.2.1 Analytical model of the metallic thermal skeleton 

It is clear that the heat removing rate of the metallic thermal skeletons is assumed to be q. 
Let us consider a pair of core-sensor blocks as the heat sources. The temperature distribution 
on the metallic thermal skeletons between any couple of core-sensor blocks can be expressed 
by (4), and then can be expressed as the following equation. 

  
2

b a
k a

sk

qT TT T x w x x
w k


     (8) 

As shown in Figure 18, where Ta and Tb are the temperatures of CS1 and CS2, respectively, q 
is the heat conducted to the ambient environment by the metallic thermal skeletons, ksk is the 
equivalent thermal conductivity of the metallic thermal skeletons, and w is the width of the 
metallic thermal skeletons. Since Tk denotes the temperature at the location x, examining the 
mid-point T1/2 by substituting x with w/2 into (9), we have 
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Fig. 18. The theoretical model of the core-sensor blocks with the metallic thermal skeletons. 
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3.2.2 Effective thermal conductivity of the metallic thermal skeletons 

For the die with 9 μm of BEOL and 450 μm of the silicon substrate, we can clearly figure out 
that ksxx is around 12~68 W/mK and kszz is around 116~147 W/mK, by substituting the 
thermal conductivities into (6). The variation in the equivalent thermal conductivity 
depends on the percentage distribution of the metal in BEOL. Thus, the heat flows through 
the silicon substrate almost dissipates by the metallic thermal skeletons instead of 
transferring by silicon dioxide in the BEOL. By substituting the equivalent ksk and the 
temperature values of Ta, Tb and T1/2 into (9) we obtained that the widths of the metallic 
thermal skeleton should be 420 µm. FEM simulations have been performed to see the 
effectiveness of the proposed metallic thermal skeletons, as shown in Figure 19. For the 
reason of compatibility, we have combined the simulation results both from CFD-RD and 
ANSYS, so as to link the design platform for our circuit designers. Hence, to design the 
metallic thermal skeleton shown in Figure 12, we assumed the type  ,   and   with 
different distribution densities of metal in the BEOL as following equation. 

 D 
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where  

 
0.28 0.44 0.28

D 0.20 0.52 0.28
0.36 0.36 0.28

 
   
  

 (11) 

The matrix D represents the weighting coefficients of the metallic thermal skeletons. The 
percent contribution of the element   is limited by the metal density constraint in the 
design rule released from the foundry. 

 
Fig. 19. The simulated results of the selected regions of the proposed architecture are shown. 
The enable signal H_EN is broadcast to all virtual cores. 
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3.3 Experimental setup 

The die photo of the proposed test chip in this chapter is shown in Figure 20. This chip is 
fabricated by TSMC in 0.18 μm 1P4M mixed-mode process technology. The package uses 
256-pin IST Universal PGA. The front of the chip is covered by the package glue. In order to 
observe the thermal behavior of the test chip, the back of the chip is exposed to air with a 
transparent PYREX® glass of 120 μm. There is a 6 cm x 6cm open window in the central area 
of the evaluation board to facilitate the observation on the temperature measurement. 

 

 
 

Fig. 20. The die photo of the proposed test chip in this chapter, the dimension of the chip is 
5,040 µm × 5,040 µm, including the seal ring. 

The principle measurement environment setup includes DC power supplier (MOTECH PPS 
3210), current meter (FLUKE 189), function generator (HP 8166A), temperature-humidity 
chamber (HOLINK EZ040-72001), logic analyzer (Agilent N6705A), infrared camera (FLIR 
SC5700), and thermal management total analysis platform. As shown in Figure 21(a), the 
FLIR SC5700 with a microscope of three μm resolution is responsible for infrared radiation 
(IR) inspection. The temperature responses are measured by the thermal management total 
analysis platform designed by ICL, ITRI as shown in Figure 21(b). It is clear in Figure 21(c), 
the test environment is controlled at a constant ambient temperature, in which the 
temperature error varies within ± 0.5 oC. The programmable temperature-humidity chamber 
HOLINK EZ040-72001 is used to control the operation temperature from 0 oC to 100 oC. 
MOTECH PPS 3210 is the power supply which provides the three voltage levels. The control 
signals (TS_EN and CLK) are generated from HP 8166A. The current meter FLUKE 189 is 
utilized for measuring the current consumption. Last, the output signals are collected and 
analyzed by Agilent N6705A. 

Three-Dimensional Integrated Circuits Design  
for Thousand-Core Processors: From Aspect of Thermal Management 

 

35 

 

(a) 

 

(b) 

 

(c) 

Fig. 21. The testing environment and setup. (a) The test chip is under the measurement 
environment with the infrared radiation inspection. (b) The naked die with the evaluation 
board and thermal management total analysis platform. (c) The test chip is placed in the 
chamber at a nearly constant ambient temperature. 
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3.4 Results and discussions 

The experimental results are shown in Table 1. When the power density of 7.38 W/cm2 is 
applied to the virtual core, each core is operated at the power of 20 mW. To evaluate the 
thermal conduction capability of the metallic thermal skeleton, the average temperature of 
the metallic thermal skeleton is an important index. Since the metallic thermal skeletons are 
employed to conduct the heat flux generated by the virtual cores, the temperature at w/2 
(referred to Figure 18) especially represents the results of the lateral thermal diffusion. To 
compare with the experimental steady state data shown in Table 1, it is clear that the virtual 
cores with the metallic thermal skeleton type   have better thermal conductive 
performance. Moreover, Tmax-Tmin denotes the temperature uniformity in the region. The 
results show that the metallic thermal skeleton   has the best performance among these 
three combinations.  
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Fig. 22. The transient response of the test chip is taken by the infrared radiation camera 
when the virtual cores are activated. These are the back views of the test chip. 
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On the other hand, transient temperature response is recorded by the high speed infrared 
radiation dynamic photos as shown in Figure 22. Take the region in the photo for example; 
the 2 -A5- 1  region (referred to Figure 12) includes 2 types of metallic thermal skeletons. It 
is clear that the temperature of 1  is higher than that of 2 . This results show that the 
thermal conductive capability of 1  is better than that of 2 . The area of   is limited by the 
metal density constraint in the design rule released from the foundry, therefore no more 
metal are allowed to be placed. However, the   region may be reserved for the placement 
of thermal TSVs or front metal stripes during the post CMOS process to be the on-chip heat 
sink. 
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Tmin (in the region) 57.48 56.38 57.82 

Tmax  - Tmin 13.52 14.98 12.30 
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Table 1. The temperature distribution of the test chip. 

4. Conclusion 
The cost of thermal ridges and metallic thermal skeletons may be compared with the 
advanced techniques, such as micro-channel liquid cooling or the thermo-electric cooling 
(TEC). Since by ITRS, the number of stacked dies is expected to increase in the future, the 
cooling problem of the inter-layer dies will become more challenging. If the heat should be 
removed by pumping liquid or external energy into the stacked dies, the cooling cost will 
grow exponentially. The thermal ridges and metallic thermal skeletons proposed in this 
chapter will be relatively cost-effective and energy-saving. Moreover, this proposed method 
locally improves the temperature non-uniformity, and the thermal gradient of the most part 
of the chip also decreases. Nevertheless, the global temperature non-uniformity which 
affects the chip operations from the electrical perspective deserves more efforts to pursue. 
Since the 3D IC with TSV now appears as an emerging technology, the early floorplan for 
the insertion of thermal ridges and metallic thermal skeletons for thermal management will 
be discussed more and more widespread. The temperature distributions measured by the 
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3.4 Results and discussions 
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Fig. 22. The transient response of the test chip is taken by the infrared radiation camera 
when the virtual cores are activated. These are the back views of the test chip. 
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infrared radiation and by the thermal sensors are compared in this study. By these results, 
readers can understand that both of the data could be calibrated with each other if the 
package of the chip is chosen properly. Meanwhile, authors would like show also that the 
thermal test chip designed and proposed would be capable to evaluate the thermal 
properties and thermal characteristics of the packages if desired. In the 3D design of the 
stacking dies, the thermal measurement and verification are getting much more important. 
This research may give a direction or inspiration for the engineers to investigate the 
possibility or feasibility of better thermal designs. 
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1. Introduction 
With the reduction in power consumption and size chip, the electronic industry has been 
searching novel strategies to overcome these constraints with an optimal performance. 
Carbon nanotubes (CNTs) due to their extremely desirable electrical and thermal properties 
have been considered for their applicability in VLSI Design. CNTs are defined as sheets of 
graphene rolled up as hollow cylinders. They can basically be classified into two groups: 
single-walled (SWNTs) and multi-walled (MWNTs) as shown in Figure 1. SWNTs have one 
shell or wall and whose diameter ranging from 0.4 to 4 nm, while MWNTs contain several 
concentric shells and their diameter ranging from several nanometers to tens of nanometers. 

 
Fig. 1. Types of carbon nanotubes: single-walled nanotube (SWNT) and multiple-walled 
nanotube (MWNT). 

The electrical properties the SWNTs can be either of metallic or semiconducting materials 
depending on their chirality, that is, the direction in which they get rolled up. However, 
MWNTs are always metallic materials. The main applications of carbon nanotubes in 
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electronics are biochemical sensors, data storage, RF applications, logic circuits and/or 
semiconductor materials (Xu et al., 2008). Nowadays, graphene nanoribbons (GNRs) or 
carbon nanotubes unrolled are presented as attractive candidate for next-generation of 
integrated circuit applications derived of the anomalous quantum Hall effects and massless 
Dirac electronic behavior (Lu & Lieber, 2007). 

The main objective of this review related with carbon nanotubes and graphene nanoribbons 
is assessing the current status in VLSI design and provides a vision of the future 
requirements for electrical subsystems based on carbon nanotubes: technology, products 
and applications. This chapter presents a comprehensive study of the applicability of carbon 
nanotubes and graphene nanoribbons as base materials, with special emphasis into the 
advantages and limitations, in the design of elements for VLSI design such as interconnects, 
electronic devices such field-effect transistors, diodes and supercapacitors; optoelectronic 
devices such as solar cells and organic light-emitting diodes; electronic circuits such as logic 
gates, and digital modulators; and bio/chemical sensors such as biosensors and gas sensors. 

2. Electrical properties of carbon nanotubes 
One promising direction for the VLSI Design is the use of carbon nanotubes as the active 
part of the device, circuit or sensor. Carbon nanotubes (CNTs) are macromolecular one-
dimensional systems with unique physical and chemical properties (Zhou et al., 2007). Such 
properties are derived of that all chemical bonds are satisfied and they are very strong, 
which also leads to total mechanical, thermal and chemical stability (Baughman et al., 2002). 
The electronic structure and electrical properties of CNTs are derived from those of a layer 
of graphite (graphene sheet). The specific electrical properties of the carbon nanotubes are 
obtained as result of their particular band structure and the hexagonal shape of its first 
Brillouin zone. CNTs can carry out high electrical current densities at low electron energies. 
When high electron energies are used, this quantity of energy destroys the CNT structure, 
which is not desirable from any point of view (Mamalis et al., 2004; Terrones, 2003, 2004). 

This section analyzes the electrical characteristics of carbon nanotubes and graphene 
nanoribbons through their physical structure with the aim of presenting the attractive 
interest for using them in VLSI Design. The advantages and drawbacks of the use of CNTs 
and graphene nanoribbons as active part of an electrical device are studied. 

Among physical variables of the carbon nanotube related with the electrical performance are 
diameter, chirality, length, position, and orientation. Each graphene sheet is wrapped in 
accordance with a pair of indices (n, m), which represents the number of unit vectors along 
two directions in the honeycomb crystal lattice of graphene. If m = 0, the nanotubes are 
called zigzag nanotubes, if n = m, the nanotubes are called armchair nanotubes and 
otherwise, they are called chiral nanotubes (see Figure 2) (Hayden & Nielsch, 2011; Hetch et 
al., 2007; Marulanda, 2010). 

Two physical properties of the graphene modify its electrical properties: symmetry and 
electronic structure. There are three types of electrical behavior as shown in Figure 3: 1) if n 
= m, the nanotube is metallic; 2) if n-m is equal to 3j, where j is a positive integer (“3j” rule), 
then the nanotube is semiconducting with a very small band gap, and 3) otherwise, the 
nanotube is a moderate semiconducting. The 3j rule has exceptions due to the curvature 
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effects in carbon nanotubes with small diameter, which can influence in the electrical 
properties. A metallic carbon nanotube can present semiconducting behavior and vice versa 
(Avouris, 2002). 

 
Fig. 2. Classification of carbon nanotubes by chiral indices: zig-zag, chiral, and armchair. 

 

 
Fig. 3. Classification of carbon nanotubes by electrical properties: (a) metallic nanotube, (b) 
semiconducting nanotube, and (c) moderate semiconducting nanotube. 

The interaction among electrons in an one-dimensional conductor such as a carbon 
nanotube can be modeled as a Tomonaga-Luttinger liquid, since electronic properties are 
derived of the collective excitations of charge and spin waves with a bosonic nature, that is, 
mass-less current flow (Danilchenko et al., 2010). Carbon nanotubes show two different 
electrical behaviors depending of the range of temperature: ballistic current transport at 
room temperature and Coulomb blockade phenomena at low temperatures. Ballistic 
transport is presented when the effective distance between contacts, where voltage is 
applied, is shorter than the mean free path. Coulomb blockade occurs when electrons hop 
on to and off from a single atom between two contacts due to a high contact electrical 
resistance (Hierold, 2008; Léonard, 2009). 
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effects in carbon nanotubes with small diameter, which can influence in the electrical 
properties. A metallic carbon nanotube can present semiconducting behavior and vice versa 
(Avouris, 2002). 

 
Fig. 2. Classification of carbon nanotubes by chiral indices: zig-zag, chiral, and armchair. 

 

 
Fig. 3. Classification of carbon nanotubes by electrical properties: (a) metallic nanotube, (b) 
semiconducting nanotube, and (c) moderate semiconducting nanotube. 

The interaction among electrons in an one-dimensional conductor such as a carbon 
nanotube can be modeled as a Tomonaga-Luttinger liquid, since electronic properties are 
derived of the collective excitations of charge and spin waves with a bosonic nature, that is, 
mass-less current flow (Danilchenko et al., 2010). Carbon nanotubes show two different 
electrical behaviors depending of the range of temperature: ballistic current transport at 
room temperature and Coulomb blockade phenomena at low temperatures. Ballistic 
transport is presented when the effective distance between contacts, where voltage is 
applied, is shorter than the mean free path. Coulomb blockade occurs when electrons hop 
on to and off from a single atom between two contacts due to a high contact electrical 
resistance (Hierold, 2008; Léonard, 2009). 
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In particular, metallic carbon nanotubes allow that very large electrical currents can be used 
to design high speed nanoscale electronic devices due to its wide band gap. Metallic 
multiwall CNT can carry a current density on the order of 108 A/cm2 and have the capacity 
of dissipated power of 1.82 mW (Shacham-Diamand et al., 2009). Individual carbon 
nanotubes can be considered as quasi-one-dimensional (1D) conductors. Multi-walled 
nanotubes (MWNTs) are considered two-dimensional (2D) conductors due to their coaxial 
distribution of SWNTs with intertube spacing of ~ 3.4 Å. Metallic carbon nanotubes present 
high dielectric constant, while semiconducting carbon nanotubes have low dielectric 
constant (Joachim et al., 2000; Kang et al., 2007; Krompiewski, 2005). 

One of the most promising applications of the electrical properties of carbon nanotubes is 
the use of them in the fabrication of electronic devices. Special interest is given to the use of 
soft and ductile matrices to portable, light, and flexible electronics. In the design of 
electronic devices, the precise and tunable control of the electronic properties is essential to 
the high performance VLSI circuits. During the synthesis of carbon nanotubes, both metallic 
and semiconducting carbon nanotubes are obtained (Kanungo et al., 2010), forming sets of 
carbon nanotubes called bundles. A bundle containing tens to hundreds of tubes is 
denominated a rope; in this structure, the carbon nanotubes are separated ~ 3.2 Å forming a 
close-packed triangular lattice where the diameters are almost identical (see Figure 4) (Hou 
et al., 2008). 

 
Fig. 4. An ideal bundle of carbon nanotubes. 

A bundle of carbon nanotubes is formed by van der Waals interactions among neighboring 
nanotubes. It is waited that cooperative effects among nanotubes be originated in a bundle 
(Kim et al., 2010). The presence of multiple carbon nanotubes can substantially reduce the 
electrical resistance to the electrical current carried out by them, if this is compared with the 
electrical resistance of an individual nanotube. It is true, only when the bundles have direct 
physical contact, non electrical, with any material in the device with the aim of reducing the 
temperature generated by the current carried out. The electrical transport in a bundle has 
interesting electrical properties such as single electron transport (Coulomb blockade allow 
us control the number of electrons in the electrical conduction one by one) and metallic 
resistivity (increased with the temperature). Additionally, the electronic transport in a 
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bundle is modified by the direction and magnitude of the applied electrical field and the 
electrostatic screening produced by the carbon nanotubes surrounding to a specific carbon 
nanotube, as shown in Figure 5. Such electrostatic screening leads to a tunable switching 
behavior which is induced by electric field perpendicular or transverse to the bundle axis. In 
the case of semiconducting nanotubes, the applied electrical field produces band gap 
closure; while for metallic nanotubes, it produces a band gap opening. In this way, only for 
metallic nanotubes it is possible to modulate the conductivity of the bundle through of the 
applied field and splitting of the valance and conduction bands thanks to the symmetry 
breaking of the electrostatic screening between adjacent nanotubes due to a weak electrical 
interaction presented in the intertube region between them. It is necessary to remember that 
the level of electrostatic screening inversely determines the electrostatic field and Coulomb 
potential of the ions in the nanotubes. For semiconducting nanotubes, the band gap is 
reduced thanks to the increase of size of valence and conduction bands generated by the 
Stark effect derived of the applied electrical field to the nanotubes (Haruehanroengra & 
Wang, 2007). 

 
Fig. 5. Electrical field applied in a bundle of carbon nanotubes. Red arrow indicates the 
direction of the field. 

Arrays of carbon nanotubes have electrical properties which can be controlled by means of 
its length, diameter, and chirality (Jain et al., 2011). A uniformity of the properties can be 
achieved when performance characteristics such as high yield, reproducibility, sensitivity, 
and specificity are guaranteed. This is obtained through synthesis procedures, dispersion 
procedures, and deposition processes whose quality allows us the integration of the carbon 
nanotubes with the same physical properties before and after of the dispersion of bundles 
(Hong et al., 2010). 

Due to the presence of bundles of nanotubes, it is necessary the development of methods 
which allow us to separate nanotubes for extending their use in electronic applications. 
Several methods to separate bundles based on monovalent side wall functionalization have 
been developed even with the aim of improving solubility, purification and exfoliation. 
Unfortunately, these methods can lead to disrupts π transitions, generate changes in 
electrical resistance, and can even produce the tube fragmentation due to the formation of 
impurity states near the Fermi level. New strategies based on the use of mixtures of metallic 
and semiconducting nanotubes are producing high mobility semiconducting combinations 
without laborious separation requirements to use all carbon nanotubes obtained during the 
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synthesis. The use of divalent functionalizations which produce impurity states far away 
from the Fermi level, can even lead to generate high performance semiconducting inks of 
low cost which can be applied in printable VLSI electronics. In addition, divalent 
functionalization offers a different strategy to control the electrical properties slightly taking 
into account tube type, size, and chirality. Adequate addends used in the functionalization 
allow us to transform metallic nanotubes into semiconducting nanotubes (Javey, 2008). 

In 2004, graphene arose as a product of exfoliation of graphite, with the form of a two-
dimensional sheet of sp2-hybridized carbon (Novoselov et al., 2004). In the same manner 
that carbon nanotubes, it has unique electrical, mechanical and thermal properties. Such 
properties have been exploited in the development of energy-storage materials, transparent 
conducting electrodes (Alkire et al., 2009; Hu et al., 2007), field-effect transistors, digital and 
analog integrated circuits, integrated circuit interconnects, solar cells, ultracapacitors, and 
electrochemical sensors such as single molecule gas detectors and biosensors. High electron 
mobility at room temperature, low electrical resistivity, and symmetry of carrier mobilities 
between electrons and holes, are the electrical properties attractive to apply graphene in the 
design of electronic devices of high-performance. A similar classification to the carbon 
nanotubes with respect to the electrical behavior of the graphene is illustrated in Figure 6. 

 
Fig. 6. Classification of graphene by electrical properties: (a) metallic graphene, (b) 
semiconducting graphene, and (c) moderate semiconducting graphene. 

Graphene nanoribbons (GNRs) can be defined as rectangles made from graphene sheets 
with widths going from a few nanometers to tens of nanometers and lengths from 
nanometers to micrometers. They are considered as quasi-1D nanomaterials and can have 
metallic (zigzag) or semiconducting (armchair (AGNR) or zigzag (ZGNR)) behavior 
depending of its chirality and orientation. Both types are denoted in accordance with the 
number of chains either, armchair or zigzag, found in its width. High electrical and thermal 
conductivity, low noise and bidimensional structure are properties which can be useful to 
produce integrated circuit interconnects with GNRs. The size of GNRs allows us to control 
the band gap of the material to be electrically manipulated in an electronic device generating 
a wide versatility of design (Ferry et al., 2009; Guildi & Martín, 2010). 

GNRs possess a richer energy band structure than the graphene, since an external electric 
field can be used to tune a specific bandgap (Chen, X. et al., 2011). Semiconducting AGNRs 
have electrical behavior as semiconductor material of indistinct manner with respect to the 
carbon chain position, and metallic AGNRs present both metallic as semiconducting 
behavior which is related with the change of chain associated with the “3j rule” in carbon 
chain position (Law et al., 2004; Philip-Wong, 2011). 
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Graphene has interesting electrical properties such as electron-hole symmetric band 
structure, high carrier mobilities, ballistic transport, and absence of band gap (Reddy et al., 
2011). But also, some disadvantages associated with its use in field-effect transistors such as 
lack of gate control, high off-state leakage current and saturation not controlled by drain 
voltage. Different methodologies are being developed to overcome, adapt to, and even use 
these electrical characteristics for its application in electronic devices. The use of graphene as 
electronic material resides in the reduction of energy consumption, linear energy dispersion, 
carriers with zero mass, linear current-voltage characteristic, high Fermi velocities, very low 
channel electrical resistance, mobilities and saturation velocities for a high current-carrying 
capability (6 orders higher than copper), low density of states, and the increase of frequency 
operation of the devices based on these qualities (Geim & Novoselov, 2007). Depending of 
the bias voltage, the sheet of graphene can present electrical resistance in the range of Kilo-
ohms to ohms for low voltages and high voltages, respectively. OFF-state leakage currents 
in field-effect transistors based on graphene are detrimental for digital circuits, but these are 
very useful to analog circuits where ON-state modulating small voltages and current signals 
are a common case. For applications as high performance RF circuits, the graphene offers an 
alternative material given that its cut-off frequency is very high, and it has high 
compatibility with VLSI systems based on silicon. Due to its nature structurally malleable, 
the electrical properties of the graphene can be favorably modified by mechanical strain and 
stress (Geim, 2009). Graphene can also be used in interconnects and optoelectronics. 

3. Carbon nanotube interconnects 
The interconnects distribute a large quantity of signals used for the diverse elements of a 
VLSI design such as clock signals, power, or ground in an integrated circuit (IC), and also to 
various circuits on a chip. Local, intermediate and global interconnects are the levels of 
operation of such interconnections. The use of Cu as material for interconnects represents a 
current paradigm for high-performance integrated circuits due to that line dimensions, and 
grain size become comparable to the bulk mean free path (MFP) of electrons ( 40 nm). In 
addition, higher RC delays reduce the operation speed of ICs. When a new proposal in VLSI 
design is done, the main characteristic must be the compatibility with current IC 
manufacturing. The two most promising potential candidates that can be used as material 
for interconnects are optical and carbon-nanotube (CNT) based interconnects (Cho et al., 
2008; Koo et al., 2007; Kreupl et al., 2002). 

This section provides a summary of the novel challenges that are being realized in 
nanometer-scale on-chip interconnects. Special topics associated with the operational effects 
such as performance and reliability are analyzed, with the aim of identifying the electrical 
characteristics that can be obtained in resistivity, interconnect delay, and current-carrying 
capability. Finally, the prospective applications of GNRs for interconnects are discussed. 

Carbon nanotubes can be integrated into multilevel interconnects to meet emerging needs: 
delay, lifetime, parasitic resistance, inductive effects, bandwidth density, electromigration 
(Hosseini & Shabro, 2010), energy efficiency, power dissipation, and lowering temperature 
of the interconnection. Additionally, the use of carbon nanotubes makes possible the 
development of three-dimensional hyper-integration architectures with a high performance: 
versatility, scalability, adaptability, high-density interconnects, and a reduced number of 
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synthesis. The use of divalent functionalizations which produce impurity states far away 
from the Fermi level, can even lead to generate high performance semiconducting inks of 
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defects, (Ahn et al., 2006; Bakir & Meindl, 2009; Papanikolau et al., 2011; Shacham-Diamand 
et al., 2009; Xie et al., 2010; Zhou & Wang, 2011). 

Electrical transport in MWNTs presents three different cases. When a MWNT operates at 
conditions of low energy (thermal and electrical), electrical current in carried by the 
outermost shell of it. At intermediate energy, only metallic shells contribute to the electrical 
transport of current. Finally, at high energy all shells of the MWNT carry electrical current. 
In this manner, is complicated to adjust the operation of MWNTs with the aim of that these 
can be used in interconnections of VLSI systems (Srivastava, 2004, 2009; Tan et al., 2008). 

Since inherently carbon nanotubes can provide high electrical current density, numerous 
applications, including interconnects for VLSI design, have been suggested as a novel way 
of reducing physical spaces with an optimal performance. The electrical resistance for CNTs, 
as large as 1 µm with perfect contacts, is about of 6.45 KΩ. This value is high to be used in 
interconnects, therefore, carbon nanotubes are placed in parallel in large numbers (a bundle) 
with the aim of reducing the total electrical resistance. A CNT bundle is generally a mixture 
of single-walled CNTs, multi-walled CNTs or single-walled CNTs and multi-walled CNTs. 
CNTs bundle offers a promising alternative to place metallic contacts and vias at the local 
level for VLSI circuits, with the advantage that they can be grown with low or high indexes 
when lower or higher current densities are needed, respectively. In particular, the length-to-
diameter ratio of the CNT interconnects have significant implications for the design of on-
chip capacitors and inductors (Nojeh & Ivanov, 2010). 

Due to the very high frequencies used to carry signals in the integrated circuits, the ballistic 
transport presented by carbon nanotubes and graphene allow us to design advanced 
interconnect networks (see Figure 7). Since metallic carbon nanotubes are almost insensitive 
to the disorder, they are considered as perfect 1D electrical conductors. In a similar way, 
tube-tube connections, junctions and even tube-metal contacts that also are used in the 
interconnection of VLSI systems must work reliably with minimal electrical losses in the 
contact points. By nature, nanotube-metal interface presents a tunneling barrier. The 
research associated with these phenomena has searched solutions based on fabrication 
methods to modulate the electrical characteristics of the interface (Li, J. et al, 2003). 

Tube-tube junctions involve physical contact, with small structural deformation, between 
two tubes and these are not chemically bonded. This type of junction is found in 
interconnections between ropes, MWNTs, and crossed-over tubes (Andriotis et al., 2001, 
2002). The electrical transport is realized by means of tunneling transport between tubes, 
producing an alteration in electrical transport of the individual tubes involved in the 
junction, due to the weak electrical coupling. When specific junctions called “X”, “Y” or 
“T” are been used in the connections, these have proved to be stable and therefore, these 
can be useful when it is required to joint multi-terminal electronic devices by means of 
carbon nanotubes or in the case of wiring interconnection (Chen & Wang, 2009; Li, H. et 
al., 2008, 2009). 

Plating a hollow structure inside used as via or trench in circuits VLSI by means of carbon 
nanotubes have not been reasonable due to high hydrophobicity of graphene sheets, which 
hinder the entry of solvent and dissolved species (Shacham-Diamand et al., 2009). This 
problem is emphasized for carbon nanotubes with diameters less than 50 nm. 

 
Carbon Nanotube- and Graphene Based Devices, Circuits and Sensors for VLSI Design 

 

49 

 
Fig. 7. Electrical connections in VLSI circuits: (a) interconnects based on carbon nanotubes, 
(b) interconnects based on graphene, (c) vias based on carbon nanotubes, and (d) vias based 
on graphene. 

The graphene presents a higher conductance with respect to Cu for interconnects in the 
range of nanometers. Among the properties exploited of the graphene for interconnects are: 
high carrier mobility at room temperature, thermal conductivity, higher mechanical 
strength, reduced capacitance coupling between adjacent wires, width-dependent transport 
gap, temperature coefficient, and ballistic transport. When line widths of the graphene 
nanoribbons are reduced below 8 nm, the resistivity of GNRs is insignificant. Additionally, 
the use of graphene in interconnects extends the life of high performance for silicon-based 
integrated circuit technology. In thermal characteristics, the graphene interconnects allow us 
to cool heat flux, to remove hot-spots, and to spread lateral heat (Goel, 2007). 

Additionally to the electrical properties, the mechanical and thermal properties of CNTs and 
graphene nanoribbons must be taking into account in the design of interconnects. 
Mechanical properties such as strength, stability and minimal elastic deformation can be 
achieved thanks to its topology and low density. By another side, carbon nanotubes exhibit 
good thermal conductivity and high thermal stability, which are necessary to support high 
current densities (Giustiniani et al., 2011). 

Within of the novelties to come in this sector are the scaling of the ordinary interconnects 
by means of an accurate and reproducible patterning of nanoscale structures based on 
carbon nanotubes and/or graphene nanoribbons. The use of self-assembly is more and 
more feasible given the advancements in the development of supermolecular networks. 
These changes will allow the perfect alignment and optimal charge transport among the 
elements interconnected in a VLSI system. Additionally, these techniques increase the 
yield given place to a massive fabrication and lower costs, which are essential in a VLSI 
system. 



 
VLSI Design 

 

48

defects, (Ahn et al., 2006; Bakir & Meindl, 2009; Papanikolau et al., 2011; Shacham-Diamand 
et al., 2009; Xie et al., 2010; Zhou & Wang, 2011). 

Electrical transport in MWNTs presents three different cases. When a MWNT operates at 
conditions of low energy (thermal and electrical), electrical current in carried by the 
outermost shell of it. At intermediate energy, only metallic shells contribute to the electrical 
transport of current. Finally, at high energy all shells of the MWNT carry electrical current. 
In this manner, is complicated to adjust the operation of MWNTs with the aim of that these 
can be used in interconnections of VLSI systems (Srivastava, 2004, 2009; Tan et al., 2008). 

Since inherently carbon nanotubes can provide high electrical current density, numerous 
applications, including interconnects for VLSI design, have been suggested as a novel way 
of reducing physical spaces with an optimal performance. The electrical resistance for CNTs, 
as large as 1 µm with perfect contacts, is about of 6.45 KΩ. This value is high to be used in 
interconnects, therefore, carbon nanotubes are placed in parallel in large numbers (a bundle) 
with the aim of reducing the total electrical resistance. A CNT bundle is generally a mixture 
of single-walled CNTs, multi-walled CNTs or single-walled CNTs and multi-walled CNTs. 
CNTs bundle offers a promising alternative to place metallic contacts and vias at the local 
level for VLSI circuits, with the advantage that they can be grown with low or high indexes 
when lower or higher current densities are needed, respectively. In particular, the length-to-
diameter ratio of the CNT interconnects have significant implications for the design of on-
chip capacitors and inductors (Nojeh & Ivanov, 2010). 

Due to the very high frequencies used to carry signals in the integrated circuits, the ballistic 
transport presented by carbon nanotubes and graphene allow us to design advanced 
interconnect networks (see Figure 7). Since metallic carbon nanotubes are almost insensitive 
to the disorder, they are considered as perfect 1D electrical conductors. In a similar way, 
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Fig. 7. Electrical connections in VLSI circuits: (a) interconnects based on carbon nanotubes, 
(b) interconnects based on graphene, (c) vias based on carbon nanotubes, and (d) vias based 
on graphene. 
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These changes will allow the perfect alignment and optimal charge transport among the 
elements interconnected in a VLSI system. Additionally, these techniques increase the 
yield given place to a massive fabrication and lower costs, which are essential in a VLSI 
system. 
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4. Carbon nanotube based devices 
As active part of electronic devices, the CNTs have been used to control their electrical 
properties. In this manner, carbon nanotubes can implement electronic devices such as 
diodes, transistors, Schottky rectifiers (Behman et al., 2008), supercapacitors (Chen, P.-C. et 
al, 2009), solar cells (Jia et al., 2011; Nogueira et al., 2007), and organic light-emitting diodes, 
by combining semiconductor and metallic behaviors (Terrones, 2003, 2004; Tseng et al., 
2004). Different strategies and topologies have been proposed with the aim of improving 
their performance. Transistors and Schottky rectifiers can be obtained by means of metallic-
semiconducting junctions (Hur et al., 2004). 

This section analyses the performance characteristics, topologies, and applications of the 
electronic devices fabricated by means of carbon nanotubes with emphasis to VLSI Design. 
It is explained as the choice of material is critical for a successful application with high 
performance in electronic devices such as field-effect transistors, p-n diodes, 
supercapacitors, solar cells, and organic-light-emitting diodes. 

The development of the carbon nanotube field-effect transistors (CNFETs) was due to the 
historical motivation of reducing or make insignificant short-channel effects, and to improve 
performance of transistors in these length scales (Burke, 2004). The use of semiconducting 
carbon nanotubes is strategic given that metallic nanotubes cannot be fully switched off. The 
main advantages of this type of transistors are: ballistic electron transport over its lengths 
(Hasan et al., 2006), higher current density, lower power consumption with respect to silicon 
versions, and faster operation speed (Burghard et al., 2009). There are four main topologies 
to design CNT field-effect transistors: 1) back-gated CNTFETs, 2) top-gated CNTFETs, 3) 
wrap-around gate CNTFETs, and 4) suspended CNTFETs, as shown in Figure 8. 

 
Fig. 8. Cross sections of different geometries of carbon nanotube field-effect transistors: (a) 
back-gated CNTFETs, (b) top-gated CNTFETs, (c) wrap-around gate CNTFETs, and (d) 
suspended CNTFETs. 
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In the case of back-gated CNTFETs, the main disadvantages found for its use are a poor 
contact between the gate dielectric and CNT, difficult switching between ON and OFF states 
when low-voltages are applied, and a Schottky barrier between CNTs and drain and source 
regions. In the case of top-gated CNTFETs, these offer several advantages over back-gated 
CNTFETs, but it fabrication process is more complicated (Singh et al., 2004). In wrap-around 
gate CNTFETs, the entire circumference of the nanotube is gated and therefore, electrical 
performance is enormously improved, reducing leakage current and increases the device 
ON/OFF ratio. Finally, in the case of suspended CNTFETs is searched the reduction of the 
contact between the substrate and gate oxide, and therefore, it decreases scattering at the 
CNT-substrate interface with the drawback of limiting its use in applications where high 
ON/OFF ratio are required (Kocabas et al., 2005, 2006). 

The CNTFETs can be classified in two types: 1) n-type CNTFETs, when electrons are 
majority carriers for positive gate voltages, and 2) p-type CNTFETs, when holes are majority 
carriers for negative gate voltages. An ohmic contact is found when a current-voltage 
relationship is linear and symmetric (electrons and holes are transported in the same time), 
while a Schottky-barrier is presented when current-voltage relationship is non-linear and 
asymmetric (a unique type of electrical carrier is transported) (Lin, A. et al., 2009). 

Four electrical transport regimes can be found in transistors based on carbon nanotubes, 
which are distinguished in accordance with the length of the nanotube compared with their 
mean free path, and by the type of contact between the nanotubes and the source/drain 
metals: 1) ohmic-contact ballistic, when charge injection is realized by the source and drain 
contacts into the carbon nanotubes and vice versa, producing a high current flow; 2) ohmic-
contact diffusive, when bidirectional charge transport suffers scattering between source and 
drain contacts and carbon nanotubes with a limited current flow; 3) Schottky-barrier ballistic, 
when the gate voltage controls the thickness of the barrier and drain voltage can lower the 
barrier producing bidirectional high current flow: in ON-state, electrons tunneling from the 
source, and in OFF-state, holes tunneling form the drain; and 4) Schottky-barrier diffusive, 
when the combination of gate and drain voltages reduces the Schottky barrier and the 
charge transport suffers scattering producing a reduced current flow (Appenzeller et al., 
2005; Cao et al., 2007). 

With the introduction of graphene as active material for electronic devices, new field-effect 
transistors were introduced, namely these are called GFETs. A GFET uses as active material, 
graphene, for ballistic transport of carriers. As it was illustrated for carbon nanotube, also 
can be built four types of GFETs: 1) back-gated GFETs, 2) top-gated GFETs, 3) wrap-around 
gate GFETs, and 4) suspended GFETs. Last two topologies are not available now, but these 
will be fabricated in a pair of years. Back-gated GFETs present large parasitic capacitances 
and poor gate control. However, when smooth edges of the graphene nanoribbons are 
achieved, ON/OFF ratios as high as 106 are obtained, which is attractive for digital 
applications. Top-gated GFETs are the preferred option for analogical practical applications. 
In wrap-around gate GFETs, the entire rectangle of the graphene nanoribbon will be gated 
(see Figure 9). 

Nowadays, carbon nanotube-based field-effect transistors (FETs) have operating 
characteristics that are comparable with those devices based on silicon. The active part in 
field-effect transistors is the electrical channel established by means of the carbon nanotube 
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ON/OFF ratio are required (Kocabas et al., 2005, 2006). 
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carriers for negative gate voltages. An ohmic contact is found when a current-voltage 
relationship is linear and symmetric (electrons and holes are transported in the same time), 
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2005; Cao et al., 2007). 
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will be fabricated in a pair of years. Back-gated GFETs present large parasitic capacitances 
and poor gate control. However, when smooth edges of the graphene nanoribbons are 
achieved, ON/OFF ratios as high as 106 are obtained, which is attractive for digital 
applications. Top-gated GFETs are the preferred option for analogical practical applications. 
In wrap-around gate GFETs, the entire rectangle of the graphene nanoribbon will be gated 
(see Figure 9). 

Nowadays, carbon nanotube-based field-effect transistors (FETs) have operating 
characteristics that are comparable with those devices based on silicon. The active part in 
field-effect transistors is the electrical channel established by means of the carbon nanotube 
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in the substrate connecting source and drain terminals. SWNTs have been the ideal 
candidates as semiconducting materials due to that them can be doped to address the type 
of conductivity either n-type or p-type and, in this way, to manipulate the level of electrical 
conduction. The carbon nanotube based FETs can achieve high gain (> 10), a large on-off 
ratio (>105), and room-temperature operation (Lefenfeld, et al., 2003). 

Carbon nanotubes and graphene nanoribbons are very sensitive to their environments 
including charges, vacuum levels, and environment chemical components, due to their 
ultrasmall diameters and large surface-to-volume ratios. Carrier mobility in carbon 
nanotubes is very susceptible to charge fluctuations derived of the defects located at the 
ambient surrounding the CNTs and graphene nanoribbons. The mobility fluctuation is the 
dominant 1/f noise mechanism for the narrow channel carbon nanotubes operating in 
strong inversion region with a small source-drain bias. 

 
Fig. 9. Cross sections of different geometries of graphene field-effect transistors: (a) back-
gated GFETs, (b) top-gated GFETs, (c) wrap-around gate GFETs, and (d) suspended GFETs. 

At ambient temperature, semiconducting SWNTs generally show unipolar p-type behavior. 
By doping with potassium, the unipolar p-type behavior can be switched to unipolar n-type 
behavior. p-n Diodes can be designed by covering one-half of the gate of a single channel 
field-effect transistor with polymers such as polyethylenimine (PEI) and poly(methyl 
methacrylate) (PMMA) (Mallick et al., 2010; Zhou, Y. et al., 2004). 

Those field-effect transistors that have been fabricated with functionalized nanotubes exhibit 
high electron mobilities, high on-current, and very high on/off ratios which are necessary in 
high-speed transistors, single- and few-electron memories, and chemical/biochemical 
sensors. Studies on scaling resistivity are being realized with the aim of identifying the 
influence of device parameters in the on/off ratio (Sangwan et al., 2010). 

A supercapacitor is an electrochemical capacitor with relatively high energy density of small 
size and lightweight (hundreds of times greater than those of electrolytic capacitors). 
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Carbon nanotubes together with ceramic materials can be used to design supercapacitors by 
means of heterogeneous films. The use of ceramic materials allows increasing their electrical 
energy accumulated as voltage, while carbon nanotubes offer the properties of flexibility 
and transparence. Among the optimized properties are specific capacitance, power density, 
energy density, and long operation cycles. Supercapacitors require electrodes with large 
surface area, which can be obtained by means of sets of carbon nanotubes operating as 
electrical conductive networks (Lekakou et al., 2011). These electrodes must be capable of 
supporting high power and energy density, with reduced internal electrical resistance and 
produced with lower cost. 

Flexible electronics is now a reality thanks to the successful development of the organic 
electronics working to low-temperature (Lin, C.-T. et al., 2011). Devices such as organic thin 
film transistors (OTFTs), large-area displays (Wang, C., 2009), solar cells (Rowell et al., 2006), 
organic light-emitting diodes (OLEDs), and sensors can be implemented based on carbon 
nanotubes. The electrical properties improved with the use of carbon nanotubes are 
transistor on-off ratio, threshold voltage, and transistor transconductance. Additionally to 
the electrical properties, this type of devices can be fabricated to low-cost. Carbon nanotubes 
can be used to fabricate transparent conductive thin films (Facchetti & Marks, 2010; Ginley, 
2010) which are exploited as hole-injection electrodes for organic light-emitting diodes 
(OLEDs) either for rigid glass or flexible substrates (Wang, 2010; Wiederrecht, 2010; Zhang 
et al., 2006). The incorporation of CNTs in polymer matrices used to design OLEDs allow 
changing electrical characteristics of the polymer due to that the CNTs operate as doping 
materials. Carbon nanotubes introduce additional energy levels or forming carrier traps in 
the host polymers, therefore, the CNTs facilitate and block the transport of charge carrier 
and improving the performance at specific dopant concentrations. Such concentrations must 
be controlled by percolation and functionalization of the carbon nanotubes with the 
polymer. 

The integration of hybrid materials forming heterojunctions has allowed improving the 
efficiency of solar cells by means of the reduction of internal resistance, which is directly 
associated with the fill factor, transport and separation of charges that are useful for an 
optimal performance. Additionally, the use of carbon nanotubes provides the possibility of 
tailoring the electrical and structural properties to increase the optical efficiency of the light 
applied to the solar cell. Two great operative advantages of carbon nanotubes are being 
exploited in organic photovoltaics: higher electrical charge transport properties and elevated 
number of exciton dissociation centers (Nismy et al., 2010). Such dissociation makes that 
holes are transported by a hopping mechanism and the electrons are transferred through the 
nanotube. The ballistic transport of the electrons in carbon nanotubes produces very high 
carrier mobility in the active layer. Through a well-distributed percolation and careful 
functionalization of carbon nanotubes it is possible increase the charge transported thanks to 
the multiple transfer pathways among nanotubes. If carbon nanotubes are used as 
transparent electrodes in solar cells, then they collect electrical charge carriers (Hatakeyama 
et al., 2010, Liu, X et al., 2005). 

The main strategy to come is the use of multiple nanotubes operating in parallel either 
individually or forming well-defined bundles with the aim of controlling the on-current in a 
wide range of electrical current going from micro-amperes to mili-amperes. In this manner, 
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it is very useful to develop methodologies to produce arrays of nanotubes with well-
characterized characteristics with the aim of obtaining high-performance applications. 

5. Carbon nanotube based circuits 
Carbon nanotubes can be exploited as molecular device elements and molecular wires. Each 
device element is based on a suspended, crossed nanotube geometry that leads to bistable, 
electrostatically switchable ON/OFF states. Such device elements can be addressed by 
means of control elements to manipulate large arrays (1012 elements or more) using carbon 
nanotube interconnects (Ishikawa et al., 2009; Tulevski et al., 2007). 

This section discusses circuits based on carbon nanotubes that have been proposed in the 
last decade for VLSI Design. The necessary steps to leading to the carbon nanotubes based 
circuits toward integrated circuits are analyzed in detail. Different realizations of analog and 
digital circuits are studied, which can be used for integrated circuits in VLSI Design. The 
advantages and limitations of the performance of such circuits in their analog and digital 
versions are summarized. 

The electrical properties of carbon nanotubes are making possible the complete design of 
VLSI systems under a unique active material (Hosseini & Shabro, 2010). Semiconducting 
carbon nanotubes can be used to build transistors, devices and circuits, while metallic 
carbon nanotubes are used to build interconnects and vias. Circuits such as ring oscillators 
(Pesetski et al., 2008), inverter pair (Nouchi et al., 2008), NOR gate, nonvolatile random 
access memory, etc. can be designed with field-effect transistors based on carbon nanotubes. 
Nowadays, simulation software has shown that CNT transistor circuits can operate at upper 
GHz frequencies (Vasileska & Goodnick, 2010). 

The integration of multiple field-effect transistors can be realized to build digital logic 
circuits. In circuits where back-gated transistors are used, the same gate voltage is applied to 
all transistors associated with the circuit. Therefore, to increase the potentially of such 
circuits different strategies are being developed with the aim of applying different voltages 
to the gates in each transistor associated with the circuit. In digital circuits, the transistors 
must have electrical characteristics that can favor high performance such as: high gain, high 
ON/OFF ratio, excellent capacitive coupling between the gate and nanotube, and room-
temperature operation (Cao et al, 2006; Jamaa, 2011). Until now, one-, two-, and three-
transistor circuits have showed digital logic operations, giving place to logic inverters, NOR 
gates, static random-access memory cells, and AC ring oscillators (Wang, C., 2008). 

Logic inverters are logical devices with one input and one output (see Figure 10 (a)). A logic 
inverter converts a logical “0” into a logical “1”, and vice versa (Bachtold et al., 2001). 
Therefore, an inverter circuit operates as a basic logic gate to swap between two logical 
voltage levels “0” and “1”. NOR gates are logical devices with two or more inputs and one 
output. A NOR gate of two inputs operates as follows: an output “1” is obtained when both 
inputs are “0”, and an output “0” is achieved when one or both inputs are “1”. A static 
random-access memory (SRAM) cell is built as a latch by feeding the output of two serial 
logical inverters together, that is, a bistable circuit generated to store each bit (Rueckes et al., 
2000). Each cell has three different states: standby (the circuit is idle, both logic inverters are 
blocked to be used), reading (the data has been requested, first logic inverter is used) and 
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writing (updating the contents, second logic inverter is used). An AC ring oscillator 
produces an oscillating AC voltage signal by means of the connection of three logical 
inverters in a ring, that is, the output of the last inverter is fed to the input of the first 
inverter. Such circuit has not statically stable solution, since the output voltage of each 
inverter oscillates as a function of time. 

Digital circuits based on carbon nanotubes depends of the diameter of them, because it is 
directly proportional to the Schottky barrier height formed by the carbon nanotube and metal 
contacts of the source and drain terminals (Andriotis et al., 2006, 2007, 2008; Javey & Kong, 
2009). In addition, larger diameters reduce the ION/IOFF ratio and voltage swing, which is the 
key to achieve very high speed operation and high definition of the output signal, respectively. 
In the same way, diameters in the range of 1 to 1.5 nm have the highest performance in current 
drive, which allow us to reduce the delay and increase the short circuit power that are used 
during switching (Cao & Rogers, 2008). Given the demand of driving large capacitive loads, 
the carbon nanotube based transistors must be designed with complex architectures to support 
high current densities. This last implies the use of efficient methodologies for controlled 
dispersion of carbon nanotubes or the design of bundles with high-uniformity in diameter, 
chirality, and orientation. The first logic inverter based on graphene (Traversi et al., 2009) was 
operated to low power consumption and presents inability to the direct connection in cascade 
configuration due to the different output logic voltage levels. 

 
Fig. 10. VLSI circuits: (a) Carbon nanotube-based logic inverter, and (b) graphene-based 
digital modulator. 



 
VLSI Design 

 

54

it is very useful to develop methodologies to produce arrays of nanotubes with well-
characterized characteristics with the aim of obtaining high-performance applications. 

5. Carbon nanotube based circuits 
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inputs are “0”, and an output “0” is achieved when one or both inputs are “1”. A static 
random-access memory (SRAM) cell is built as a latch by feeding the output of two serial 
logical inverters together, that is, a bistable circuit generated to store each bit (Rueckes et al., 
2000). Each cell has three different states: standby (the circuit is idle, both logic inverters are 
blocked to be used), reading (the data has been requested, first logic inverter is used) and 
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writing (updating the contents, second logic inverter is used). An AC ring oscillator 
produces an oscillating AC voltage signal by means of the connection of three logical 
inverters in a ring, that is, the output of the last inverter is fed to the input of the first 
inverter. Such circuit has not statically stable solution, since the output voltage of each 
inverter oscillates as a function of time. 

Digital circuits based on carbon nanotubes depends of the diameter of them, because it is 
directly proportional to the Schottky barrier height formed by the carbon nanotube and metal 
contacts of the source and drain terminals (Andriotis et al., 2006, 2007, 2008; Javey & Kong, 
2009). In addition, larger diameters reduce the ION/IOFF ratio and voltage swing, which is the 
key to achieve very high speed operation and high definition of the output signal, respectively. 
In the same way, diameters in the range of 1 to 1.5 nm have the highest performance in current 
drive, which allow us to reduce the delay and increase the short circuit power that are used 
during switching (Cao & Rogers, 2008). Given the demand of driving large capacitive loads, 
the carbon nanotube based transistors must be designed with complex architectures to support 
high current densities. This last implies the use of efficient methodologies for controlled 
dispersion of carbon nanotubes or the design of bundles with high-uniformity in diameter, 
chirality, and orientation. The first logic inverter based on graphene (Traversi et al., 2009) was 
operated to low power consumption and presents inability to the direct connection in cascade 
configuration due to the different output logic voltage levels. 
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CNTs can be used to yield radio-frequency analog electronic devices such as narrow band 
amplifiers operating in the VHF frequency band with power gains as high as 14 dB. 
Examples of advanced analog circuits based on carbon nanotubes are resonant antennas, 
fixed RF amplifiers, RF mixers, and audio amplifiers. Hundred of devices, interconnected 
into desired planar layouts on commercial substrates are possible; thereby such systems can 
achieve complex functionality (Kocabas et al., 2008). 

In RF applications, GFETs achieve high carrier mobility and saturation velocity (Lin et al., 
2011). Mixers are RF circuits that are used to create new frequencies from two electrical 
signals applied to it. These signals have different frequency and when they are applied to 
the mixer, then are obtained two new signals corresponding to the sum and difference of the 
original frequencies. They are used to shift signals from one frequency range to another, for 
its transmission in RF systems such as radio transmitters. The radio frequency mixer based 
on graphene can produce frequencies up to 10 GHz, therefore, secure applications such as 
cell phones and military communications are feasible (Lin et al., 2011). Any limitations can 
be found for the use to full scale of graphene in VLSI circuits: different ohmic contact 
between materials, poor adhesion between metals and oxides, and high vulnerability to 
damage in the integration processes. 

Among the main characteristics that graphene offers for VLSI Design are flexible, 
transparent material, and it operates to room temperature. Thanks to their electrical 
properties, the graphene is an ideal material to build more energy-efficient computers and 
other nanoelectronic devices. Nowadays, it is necessary to develop methods that allow us to 
separate graphene nanoribbons by a thin nonconductive material. Among the proposals that 
have been made are the use of one-atom-thick sheets of alloys of boron and nitrogen whose 
electrical behavior is nonconductive, and whose physical appearance is similar to graphene. 
The contents of such alloy must be controlled due to the geometrical arrangements that can 
be obtained. 

Due to the ambipolarity (conduction of holes and electrons with equal efficiency), it is 
possible to design electronic devices (Vaillancourt et al., 2008; Xu et al., 2008). In Figure 10 
(b), a digital modulator for communications circuits based on graphene is illustrated. This 
circuit is based on a graphene transistor including two gates:  gate 1 controls the magnitude 
of current flowing through the transistor, and gate 2 controls the polarity of this current. The 
electrical operation of this circuit is similar to an electronic inverter, where gate 1 delivers a 
digital data stream as input, and it modulates such signal with the carrier wave applied to 
the drain to mix both signals, given place to a modulated signal. 

6. Carbon nanotube based biosensors and gas sensors 
Chemical sensors include a class of devices capable of detecting gas molecules or chemical 
signals in biological cells. Significant progress has been achieved in the detection of 
explosives, nerve agents, toxic gases and nontoxic gases due to the threat of terrorism and 
the need for homeland security. The biosensors and gas sensors based on one-dimensional 
nanostructures are very attractive, because they present high sensitivity and fastest response 
to the surrounding environment, thanks to their reduced dimensions and large surface-to-
volume ratio (Sinha et al., 2006; Star et al., 2004; Wong et al., 2010). 
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Carbon nanotubes are promising candidates for designing gas sensors due to their excellent 
chemical and superficial properties derived of their chemical composition and high-aspect-
ratio between its length and diameter, respectively. Levels as low as ppt (parts per trillion) 
or ppb (parts per billion) can be detected in comparison with their predecessors based on 
microsystems (MEMS) which could detect only ppm (parts per million). The basic structures 
used to design gas sensors are based on chemoresistors and FETs with one-dimensional 
nanostructures. An excellent biosensor or gas sensor is obtained when an appropriate 
control of the chemical and physical variables associated with the detection is presented. 
Therefore, the use of one-dimensional nanostructures improves the sensitivity, selectivity, 
stability, and response time (Balasubramanian & Burghard, 2006; Rivas et al., 2009). 

This section analyses the different proposes of carbon nanotube based biosensors and 
carbon nanotube based gas sensors that were published in the last decade. This review 
discusses various design methodologies for CNT-based biosensors and CNT-based gas 
sensors as well as their application for the detection of specific biomolecules and gases. 
Recent developments associated with the topologies to design CNT-based chemiresistors 
and CNT-based field-effect transistors are highlighted. 

Carbon nanotubes and graphene are technologically attractive to develop sensors due to 
four great characteristics: 1) each atom in its structure is physically accessible under any 
environment condition; 2) any perturbation in atoms can be electrically measured; 3) 
structural stability; 4) superior sensing performance at room temperature; and 5) tunable 
electrical properties (Wong et al., 2010). These characteristics have allowed the development 
of chemical, molecular and biological sensors (Oliveira & Mascaro, 2011; Wang, 2009). 

Traditionally, pristine high-quality nanotubes are functionalized with functional groups to 
produce chemical or biochemical coatings (Wang, J., 2005; Zourob, 2010) or sites where very 
high sensitivity and selectivity to specific gases or to biochemical species is presented. Such 
gases or biochemical species can be detected by means of a change in electrical resistivity or 
capacitance presented in individual carbon nanotubes or bundles of them with the presence 
of this species. The change presented can be an increase or a reduction with respect to the 
value of the electrical parameter without the chemical or biochemical specie before 
mentioned (Chen, P.-C. et al., 2010). The chemical and biochemical sensors based on carbon 
nanotubes have even achieved sensitivities in the order of parts per billion to parts per 
million for specific gases or biochemical species depending of the molecule size and 
physicochemical properties (Bradley et al., 2003). Therefore, in any occasions it is necessary 
to add catalysts to improve the chemical activity during the chemical or biochemical 
detection (Cao & Rogers, 2009). In particular, the functionalization required by the 
biosensors regularly needs to favor the biocompatibility with the biological environment 
and realize the monitoring of information related with biological events and processes 
(Gruner, 2006; Ishikawa et al., 2009, 2010). In this manner, the biological species must be not 
affected by the biochemical interaction between the biosensor and the associated biological 
subject (Dong et al., 2008; Jia et al., 2008). 

The basic construction blocks to design chemical or biochemical sensors based on carbon 
nanotubes can be divided into two different configurations: two-terminal CNT devices or 
three-terminal transistor-like structures. In the case of two-terminals devices, these can be 
modeled by an electrical resistor or an electrical capacitor (see Figure 11). In the case of 
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CNTs can be used to yield radio-frequency analog electronic devices such as narrow band 
amplifiers operating in the VHF frequency band with power gains as high as 14 dB. 
Examples of advanced analog circuits based on carbon nanotubes are resonant antennas, 
fixed RF amplifiers, RF mixers, and audio amplifiers. Hundred of devices, interconnected 
into desired planar layouts on commercial substrates are possible; thereby such systems can 
achieve complex functionality (Kocabas et al., 2008). 

In RF applications, GFETs achieve high carrier mobility and saturation velocity (Lin et al., 
2011). Mixers are RF circuits that are used to create new frequencies from two electrical 
signals applied to it. These signals have different frequency and when they are applied to 
the mixer, then are obtained two new signals corresponding to the sum and difference of the 
original frequencies. They are used to shift signals from one frequency range to another, for 
its transmission in RF systems such as radio transmitters. The radio frequency mixer based 
on graphene can produce frequencies up to 10 GHz, therefore, secure applications such as 
cell phones and military communications are feasible (Lin et al., 2011). Any limitations can 
be found for the use to full scale of graphene in VLSI circuits: different ohmic contact 
between materials, poor adhesion between metals and oxides, and high vulnerability to 
damage in the integration processes. 

Among the main characteristics that graphene offers for VLSI Design are flexible, 
transparent material, and it operates to room temperature. Thanks to their electrical 
properties, the graphene is an ideal material to build more energy-efficient computers and 
other nanoelectronic devices. Nowadays, it is necessary to develop methods that allow us to 
separate graphene nanoribbons by a thin nonconductive material. Among the proposals that 
have been made are the use of one-atom-thick sheets of alloys of boron and nitrogen whose 
electrical behavior is nonconductive, and whose physical appearance is similar to graphene. 
The contents of such alloy must be controlled due to the geometrical arrangements that can 
be obtained. 

Due to the ambipolarity (conduction of holes and electrons with equal efficiency), it is 
possible to design electronic devices (Vaillancourt et al., 2008; Xu et al., 2008). In Figure 10 
(b), a digital modulator for communications circuits based on graphene is illustrated. This 
circuit is based on a graphene transistor including two gates:  gate 1 controls the magnitude 
of current flowing through the transistor, and gate 2 controls the polarity of this current. The 
electrical operation of this circuit is similar to an electronic inverter, where gate 1 delivers a 
digital data stream as input, and it modulates such signal with the carrier wave applied to 
the drain to mix both signals, given place to a modulated signal. 

6. Carbon nanotube based biosensors and gas sensors 
Chemical sensors include a class of devices capable of detecting gas molecules or chemical 
signals in biological cells. Significant progress has been achieved in the detection of 
explosives, nerve agents, toxic gases and nontoxic gases due to the threat of terrorism and 
the need for homeland security. The biosensors and gas sensors based on one-dimensional 
nanostructures are very attractive, because they present high sensitivity and fastest response 
to the surrounding environment, thanks to their reduced dimensions and large surface-to-
volume ratio (Sinha et al., 2006; Star et al., 2004; Wong et al., 2010). 
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Carbon nanotubes are promising candidates for designing gas sensors due to their excellent 
chemical and superficial properties derived of their chemical composition and high-aspect-
ratio between its length and diameter, respectively. Levels as low as ppt (parts per trillion) 
or ppb (parts per billion) can be detected in comparison with their predecessors based on 
microsystems (MEMS) which could detect only ppm (parts per million). The basic structures 
used to design gas sensors are based on chemoresistors and FETs with one-dimensional 
nanostructures. An excellent biosensor or gas sensor is obtained when an appropriate 
control of the chemical and physical variables associated with the detection is presented. 
Therefore, the use of one-dimensional nanostructures improves the sensitivity, selectivity, 
stability, and response time (Balasubramanian & Burghard, 2006; Rivas et al., 2009). 

This section analyses the different proposes of carbon nanotube based biosensors and 
carbon nanotube based gas sensors that were published in the last decade. This review 
discusses various design methodologies for CNT-based biosensors and CNT-based gas 
sensors as well as their application for the detection of specific biomolecules and gases. 
Recent developments associated with the topologies to design CNT-based chemiresistors 
and CNT-based field-effect transistors are highlighted. 

Carbon nanotubes and graphene are technologically attractive to develop sensors due to 
four great characteristics: 1) each atom in its structure is physically accessible under any 
environment condition; 2) any perturbation in atoms can be electrically measured; 3) 
structural stability; 4) superior sensing performance at room temperature; and 5) tunable 
electrical properties (Wong et al., 2010). These characteristics have allowed the development 
of chemical, molecular and biological sensors (Oliveira & Mascaro, 2011; Wang, 2009). 

Traditionally, pristine high-quality nanotubes are functionalized with functional groups to 
produce chemical or biochemical coatings (Wang, J., 2005; Zourob, 2010) or sites where very 
high sensitivity and selectivity to specific gases or to biochemical species is presented. Such 
gases or biochemical species can be detected by means of a change in electrical resistivity or 
capacitance presented in individual carbon nanotubes or bundles of them with the presence 
of this species. The change presented can be an increase or a reduction with respect to the 
value of the electrical parameter without the chemical or biochemical specie before 
mentioned (Chen, P.-C. et al., 2010). The chemical and biochemical sensors based on carbon 
nanotubes have even achieved sensitivities in the order of parts per billion to parts per 
million for specific gases or biochemical species depending of the molecule size and 
physicochemical properties (Bradley et al., 2003). Therefore, in any occasions it is necessary 
to add catalysts to improve the chemical activity during the chemical or biochemical 
detection (Cao & Rogers, 2009). In particular, the functionalization required by the 
biosensors regularly needs to favor the biocompatibility with the biological environment 
and realize the monitoring of information related with biological events and processes 
(Gruner, 2006; Ishikawa et al., 2009, 2010). In this manner, the biological species must be not 
affected by the biochemical interaction between the biosensor and the associated biological 
subject (Dong et al., 2008; Jia et al., 2008). 

The basic construction blocks to design chemical or biochemical sensors based on carbon 
nanotubes can be divided into two different configurations: two-terminal CNT devices or 
three-terminal transistor-like structures. In the case of two-terminals devices, these can be 
modeled by an electrical resistor or an electrical capacitor (see Figure 11). In the case of 
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three-terminals, they are modeled by a bipolar junction transistor (BJT) or a metal-oxide-
semiconductor field effect transistor (MOSFET), the latter being the most common for VLSI 
systems (Zhao et al., 2008). 

 
Fig. 11. Cross section of resistive gas sensors and biosensors: (a) sensors based on carbon 
nanotubes, and (b) sensors based on graphene. 

The use of complex morphologies and structures based on composites containing carbon 
nanotubes and polymers in the design of gas sensors, has allowed the detection of polar and 
nonpolar gases making use of the change of dielectric constant to enhance sensitivity to 
minute quantities of gas molecules (Jesse et al., 2006; Mahar et al., 2007). 

Graphene is exploited due to its inexhaustible structural defects and functional groups. 
These are advantageous in electroanalysis and electrocatalysis for electrochemical 
applications such as gas sensors and biosensors. Physisorbed ambient impurities by 
graphene such as water and oxygen can produce an effect similar to hole-doping and 
therefore a behavior similar to a p-type material (Traversi et al., 2009). Then, the graphene 
can be exploited as a sensing material for the design of chemical and/or biochemical 
sensors. When graphene is doped, well-identified localized states are added and band gap is 
introduced to the electrical properties generating an interesting alternative to design sensors 
(Barrios-Vargas et al., 2011). 

The main changes to be realized in the optimization of performance of gas sensors are the 
search of methods which allow us to synthesize identical and reproducible CNTs will give 
place to gas sensors with high quality and high performance, independently of the type of 
chemical functionalization required for the detection. 

7. Conclusions 
In accordance with the review proposed here, CNTs are very attractive as base material to 
the design of components for VLSI Design. Chemical modifications of CNTs allow to the 
designer improve the selectivity of the electrical properties for the different applications. In 
the future, the use of hybrid materials where carbon nanotubes are involved will be a 
priority, given that the use of composite materials to design electronic devices, circuits and 
sensors requires multiple physical and chemical properties that a unique material cannot 
provide by itself. In the search for reducing electrical resistance presented by carbon 
nanotubes, different strategies have been developed to improve the efficiency of 
interconnection between devices based on carbon nanotubes and metallic electrodes used to 
lead the electrical bias to them. The implementation of digital and analog circuits with 
CNFETs or graphene nanoribbons will produce a great advance toward VLSI design using 
nanoelectronics. Still, hurdles remain as it was described in each section of the chapter. 
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1. Introduction

The continuous scaling process into submicrometric dimensions of silicon based devices has
allowed the integration of a large number of systems in a single chip. Besides, the operating
frequencies of such systems are higher and a large amount of information can be processed
in a short period of time. On the other hand, while the core frequencies are increasing,
higher data rates for off-chip interconnections become necessary, for example a processor that
communicates with the memory in order to process information. Unfortunately, at high rates
the signal wave length is comparable with the physical length of the interconnections, because
of this, parasitic and transmission line effects have to be taken into account. As a consequence,
the transmitted signal integrity is degraded resulting in communication errors (Thierauf S.,
2004), (Brooks D., 2003).

It has been shown that, for modern off-chip communication systems, current mode signaling
offers several advantages over voltage-mode at high data rates (Juan, 2007), but they need
to be matched in impedance to the interconnection line. However, impedance matching
requires termination resistors. Moreover, due to the large number of input/output circuits
in a single chip, terminations have to be placed on-chip (Fan Y. & Smith J., 2003) so that the
PCB area is not increased. One of the most important transmission line effects that degrades
signal integrity in these signaling schemes is reflection loss. In this case, signal reflections
traveling trough the line are present in either driver to receiver or receiver to driver directions.
Unfortunately, it is difficult to achieve perfect matching of impedances due to the large
process variations in the fabrication of interconnection lines and the different traces between
them (Ramachandran N. et. al., 2003). Also, temperature variations and external effects are
present inside and outside the chip. As a conclusion, impedance matching techniques must
be developed in order to automatically adapt the impedance variations of the line.

In this chapter systems for on-die automatic impedance matching for off-chip signaling are
described. In order to perform the automatic matching operation an algorithm that integrates
the sign of the impedance matching error and the sign of the coupling branch current is
implemented. The advantage of this algorithm is that it works without interfering with
the driver operation. Computer simulations of layout extractions are presented. Also, a
system of knowlegde- based impedance matching which avoids the calculation of a complex
mathematical model is presented.
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the sign of the impedance matching error and the sign of the coupling branch current is
implemented. The advantage of this algorithm is that it works without interfering with
the driver operation. Computer simulations of layout extractions are presented. Also, a
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2. Signaling schemes

Electrical signaling schemes, which have become one of the most important topics in digital
design and a hot topic in research, are the techniques used in the transmission of digital signals
from one place to another through an interconnection (Dally & Poulton, 1998). Typical medias
for the transmitted signals are on-chip, PCB and backplane interconnections as well as cable
lines.

Electrical signaling schemes are classified into voltage mode and current mode signaling
schemes depending on the signal carriers of the data through the interconnection. Besides,
signaling schemes are also grouped into single ended, fully differential, pseudo differential
and incremental signaling (Juan, 2007). In this section electrical signaling schemes are
presented and the advantages of current mode over voltage mode are enlisted.

2.1 Voltage mode signaling

In Fig. 1 the model for a voltage mode signaling scheme is shown where the line driver is
represented by a voltage source VDD that corresponds to the value of the voltage swing. The
resistance RS represents the output impedance of the driver and the transitions between logic
states is achieved by changing the position of the switch. Thus, these logic states, namely
1 and 0, are represented by two supply voltage levels. The circuit drives the output signal
through the transmission line with characteristic impedance ZO to the far end of it where a
CMOS inverter compares the received voltage against a voltage reference derived from the
power supply. Finally the voltage source VN represents the power supply noise generated
between the transmitter and the receiver at both ends of the line which, in fact, deteriorates
the signal integrity at the far end.

An important property in voltage mode signaling is that due to the large swing of the signal
the noise margins are also large. Even so, special care must be taken in the design of such
circuits because of the swing dependent noise sources that are added to the data signals.
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Fig. 1. Voltage mode signaling modeling.

Some realizations of circuits for voltage mode signaling are presented in (Ramachandran N.
et. al., 2003),(Dehon et. al., 1993),(Deutschmann B. & Ostermann T., 2003), (Svensson C. &
Yuan J., 1991), (Choy C. S. et. al., 1997), (Shin S. K. et. al., 2005) and (Balatsos A., 1998). The
simplest voltage mode signaling circuit is shown in Fig. 2. It consists of an inverter stage at
the near end of the channel where each transistor acts as a switch that directs the output node
to the respective rail voltage (VDD through M1 and VSS through M2). Also, it is important
to say that at any time one transistor of the circuit is inactive while the other is active. As a
consequence the signal transmitted through the channel is the voltage at the output VO of the

68 VLSI Design Impedance Matching in VLSI Systems 3

inverter and can be computed with equation (1)for rising edge signal and (2) for falling edge,
(Juan, 2007).
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Fig. 2. Voltage mode signaling typical circuit.
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vo(t)− VDD
Rp

− CLVOLδ(t) = 0 (1)

CL
dvo(t)
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+

vo(t)
Rn

− CLVOHδ(t) = 0 (2)

In equations (1) and (2) the constants Rn and Rp are the resistances of the NMOS and PMOS
transistor channels when they are biased in the triode region. CL is the load capacitance of
the driver, VOL and VOH are the voltages that represent the logic states 0 and 1. Finally, the
products CLVOLδ(t) and CLVOHδ(t) are the contribution of the initial voltage for the processes
of charging and discharging respectively.

The power consumption for voltage mode signaling systems is shown in equation (3), where
κ is the switching activity coefficient. It is clear that the dependence with the frequency
represents a disadvantage for high frequency applications.

P ≈ κCCV2
DD f (3)

In the following subsections advantages and limitations of various voltage mode signalling
schemes, such as single ended, fully differential, pseudo differential and incremental, are
presented. This classification is obtained from (Juan, 2007).

2.1.1 Single ended signaling

In single ended signaling, only one conductor per channel is needed to carry the signal to the
receiver side of the system. As shown in Fig. 3(a), the signal arriving to the far end of the
line contains both the transmitted one and a noise component that is generated by the devices
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that are near to the conductor. This signal is compared against a reference signal VREF that is
generated locally in the receiver.
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Fig. 3. (a) Single ended signaling in voltage mode; (b) input output voltage examples

In Fig. 3(b) the input and output voltage examples for a single ended voltage mode link are
shown. Due to the single ended characteristic of the system the noise can not be rejected by
the comparator and, in consequence, the output presents unwanted error symbols. That is
why such systems are susceptible to coupled noise. In addition, in Fig. 3(a) the dotted line
shows the path of the signal in the interconnection which goes from the driver to the receiver
through the line and returns usually through the ground planes. The capacitor Cin is the input
impedance of the comparator. This path represents a large area loop that results in high level
electromagnetic emissions that affect devices located close to the channel.

2.1.2 Fully differential signaling

The fully differential signaling for voltage mode links is shown in Fig. 4. The main difference
compared with the single ended scheme is that it uses two interconnections to carry the signal
to the far end of the line. Another important characteristic is that conductors are so close
to each other that the induced noise tends to be the same in each one. As a consequence
the signals that are present at the line far ends are the transmitted positive voltage V+

S plus
the induced potential Vn, i.e. V+

S + Vn and, in the same way, the signal in the other polarity
is V−

S + Vn. At the receiver side the determination of the symbol is done by means of the
voltage comparator configured in a differential way, because of this, the noise component is
cancelled. As a conclusion, it can be said that fully differential configuration for signaling
provides excellent common mode noise immunity.

By analyzing Fig. 4 the signals that charge the input capacitors Cin+ and Cin− are the time
varying differential currents that flow in opposite ways in each conductor. These currents
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form the closed loop shown with the dashed line in the Fig. 4. Compared with the one in
single ended, the area occupied by this loop is small due to the proximity of the conductors.
As a consequence, the electromagnetic coupling with other channels is small. Finally, the most
important shortcoming of the differential signaling systems is the occupied area by the two
lines.

2.1.3 Pseudo differential signaling

The pseudo differential signaling for voltage mode links is shown in Fig. 5, it is, in essence,
a combination of the single ended and the differential signaling systems. In the pseudo
differential scheme a single conductor is used as a reference for a group of signal paths. A
common number for this group is four. As in fully differential signaling, the physical lines
running from the transmitter to the receiver are so close between them that the induced noise
Vni is considered the same in all of them. In consequence, if differential comparators are
considered as receivers then noise components can be eliminated.

S1
V

channel
S1 n1

+V V

S4
V

channel
S4 n4

+V V

R1
V

channel
R1 nR1

+V V

1
IN

2
IN

R1
IN

Tx Rx

Fig. 5. Pseudo differential voltage mode signaling

It is clear that the main advantage of pseudo differential links is the reduced number of
conductors that it needs. Unfortunately, the use of a single conductor as a reference signal also
represents a drawback, because the area for the signal loops is increased. As a consequence,
the channel inductance is larger compared to that in the fully differential approach. A solution
for this drawback is presented in (Carusone A. et. al., 2001), where an incremental signaling
approach with high signal integrity is presented.
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It is clear that the main advantage of pseudo differential links is the reduced number of
conductors that it needs. Unfortunately, the use of a single conductor as a reference signal also
represents a drawback, because the area for the signal loops is increased. As a consequence,
the channel inductance is larger compared to that in the fully differential approach. A solution
for this drawback is presented in (Carusone A. et. al., 2001), where an incremental signaling
approach with high signal integrity is presented.
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2.2 Current mode signaling

A model for a current mode signaling system is shown in Fig. 6. In this case the line driver
is represented by a current source IS and the couple of switches that direct the current trough
the line. At the far end of the link a resistor RL is connected between the reference and signal
lines and its purpose is not only to match the transmission line impedance but also to convert
the current into voltage. This voltage is then changed to digital by the differential-mode
comparator at the receiver side.

S
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channel

L
RO

Z

Fig. 6. Current mode signaling modeling.

In current mode signaling systems the symbols are represented by branch current signals.
For the case of Fig. 6 when switches are in the upper side a current IS flows through the line
from transmitter to receiver and, in the ideal case, through the load resistor. In this case a
voltage VL = IS ∗ RL is present at the input of the comparator. In the opposite case, when
switches are in the lower side, the current flows from receiver to driver, then the voltage
drop is VL = −IS ∗ RL. In consequence, the total voltage swing at the far end of the link is
Vsw = 2 ∗ IS ∗ RL.

One of the most basic drivers for current mode signaling systems is shown in Fig. 7 where the
current IS is directed to one branch or to the other just by switching the transistors M1 and
M2. The control of this action is achieved by the digital data to be transmitted Dat and D̄at.
The resistances R are implemented to match the characteristic impedance Z0 of the channel.

One of the most important advantages of current mode signaling is that the information
is represented by branch currents and, due to the low impedance characteristic of the
transmission media, the voltage swing for these systems is small even though the current
signals are big. As a consequence, circuits can operate with a low voltage supply and current
swings are not affected by the variations on the supply voltages (as opposed to voltage mode
signaling). From the argument of swing invariance to supply changes, it can be concluded
that current mode signaling has superior signal integrity compared with the voltage mode
one.

An important issue in signaling systems is the propagation delay and is directly related to the
rising and falling time of the signal. For a capacitive node, the rising(falling) time is shown in
(4), (Juan, 2007), where I is the average current charging and discharging the node, Cn is the
node capacitance and ΔVn is the node voltage swing.

Δt =
CnΔVn

I
(4)

From equation (4) it can be inferred that if a small Δt is needed then the voltage swing ΔVn
must be minimized or the charging/discharging current must be big. Then, from equation
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Fig. 7. Current mode signaling circuit.

(4),it can be concluded that current mode signalling systems have small propagation delay
which make them suitable for high speed environments.

An important topic regarding electronic systems is power consumption. In particular, it is
essential for signaling systems because they tend to consume big quantities of power. The
power consumption in current mode circuits can be calculated by using equation (5), where
it can be seen that there is not a dependence with frequency. Moreover, has only static power
consumption which represents a benefit in high frequency applications.

P ≈ I ∗ VDD (5)

In the following subsections two of the most important realizations for current mode signaling
are presented. They are called unipolar and bipolar current mode signalling.

2.2.1 Unipolar current mode signaling

The symbol codification in unipolar current mode signaling (UCMS) is shown in Fig. 8, where
a logical 1 is represented by the current I1 and the logical 0 is represented by the absence of
current. In this system the transmitter offset current is represented by IX0 and the possible
values for the symbol are represented by the black area (it is clear that a zero current is easy
to implement, that is why the black area corresponding to the symbol 0 is small). The receiver
offset Ir0 and sensitivity Irs are also sketched in the scheme, they are near the reference current
IR.

In Fig. 9 the unipolar current mode signaling system is depicted. The UCMS block represents
the driver which is, in this case, the one shown in Fig. 7. As stated before, the driver sinks
a current I from one line each time, i. e. there is no signal flowing in both conductors at the
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For the case of Fig. 6 when switches are in the upper side a current IS flows through the line
from transmitter to receiver and, in the ideal case, through the load resistor. In this case a
voltage VL = IS ∗ RL is present at the input of the comparator. In the opposite case, when
switches are in the lower side, the current flows from receiver to driver, then the voltage
drop is VL = −IS ∗ RL. In consequence, the total voltage swing at the far end of the link is
Vsw = 2 ∗ IS ∗ RL.

One of the most basic drivers for current mode signaling systems is shown in Fig. 7 where the
current IS is directed to one branch or to the other just by switching the transistors M1 and
M2. The control of this action is achieved by the digital data to be transmitted Dat and D̄at.
The resistances R are implemented to match the characteristic impedance Z0 of the channel.

One of the most important advantages of current mode signaling is that the information
is represented by branch currents and, due to the low impedance characteristic of the
transmission media, the voltage swing for these systems is small even though the current
signals are big. As a consequence, circuits can operate with a low voltage supply and current
swings are not affected by the variations on the supply voltages (as opposed to voltage mode
signaling). From the argument of swing invariance to supply changes, it can be concluded
that current mode signaling has superior signal integrity compared with the voltage mode
one.

An important issue in signaling systems is the propagation delay and is directly related to the
rising and falling time of the signal. For a capacitive node, the rising(falling) time is shown in
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Δt =
CnΔVn

I
(4)

From equation (4) it can be inferred that if a small Δt is needed then the voltage swing ΔVn
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(4),it can be concluded that current mode signalling systems have small propagation delay
which make them suitable for high speed environments.
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The symbol codification in unipolar current mode signaling (UCMS) is shown in Fig. 8, where
a logical 1 is represented by the current I1 and the logical 0 is represented by the absence of
current. In this system the transmitter offset current is represented by IX0 and the possible
values for the symbol are represented by the black area (it is clear that a zero current is easy
to implement, that is why the black area corresponding to the symbol 0 is small). The receiver
offset Ir0 and sensitivity Irs are also sketched in the scheme, they are near the reference current
IR.

In Fig. 9 the unipolar current mode signaling system is depicted. The UCMS block represents
the driver which is, in this case, the one shown in Fig. 7. As stated before, the driver sinks
a current I from one line each time, i. e. there is no signal flowing in both conductors at the
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same time. At the far end of the lines, termination resistors RT are placed in order to generate a
differential voltage at the input of the receiver. This voltage is given by the difference between
the positive and the negative inputs of the comparator as shown in equation (6).

ΔVin = |V+
in − V−

in | = |VDD − RT I − VDD| = RT I (6)
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Fig. 9. Unipolar current mode signaling system.

As stated before, the variations in the voltage supply and in the ground sources do not
have effect in the current flowing through the channel. Furthermore, due to the differential
configuration at the receiver side, the common mode noise is eliminated. The disadvantage
in unipolar signalling is that electromagnetic emission exists because only one conductor is
carrying the current each time.

2.2.2 Bipolar current mode signaling

The symbol codification in bipolar current mode signaling is presented in Fig. 10. In this case
the logical 1 is represented, as in unipolar signaling, by the current I1. The difference is that
the logical 0 is represented by the current −I1.

By comparing Fig. 10 with Fig. 8 it can be appreciated that the allowed area for the logical 1
offset at the receiver has decreased. The reason for this is that the area of the offset for the
logical 0 has to be increased because the current that represents it is now different from zero.
The receiver offset Ir0 and sensitivity Irs are also sketched in the scheme, they are near the
reference current IR which is centered in zero amperes in bipolar signaling.

An example of bipolar current mode signaling systems is depicted in Fig. 11. It can be seen
in the figure that current flows always in both interconnections but in opposite directions, as
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stated before in this section. This property allows these systems to have a low electromagnetic
emission because field components are cancelled due to the opposite directions of the current.
Another characteristic of bipolar signaling is that the load resistance RT is placed between the
interconnections in such a way that current signals generate a voltage which is compared by
the differential mode comparator at the receiver.
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Fig. 11. Bipolar current mode signaling system.

Bipolar current mode signalling systems are also called low voltage differential signalling
(LVDS) and a typical driver is shown in Fig. 12 where the both switches direct the signal to
the corresponding conductor according to the data input IN1. A disadvantage of LVDS links
is that both switches current mode sources are implemented with transistors. Then, there are
four transistors between the supply voltage and the ground, which is not so desirable in low
supply voltage applications. Also common mode feedback circuits are needed increasing the
driver size in a considerably amount.

When a N-bit parallel link is needed, a group of N bipolar current mode drivers are put
together in a special array. This array is called current mode incremental signaling and specific
details on this approach are presented in (Wang T. & Yuan F., 2007).

2.3 Specifications for signaling standards

The specifications for the signaling standards are essential in communication because they
establish the voltage levels so that the driver and receiver agree with the logic high and low
conditions.

An illustration of the specifications for digital signaling is shown in Fig. 13. The voltages
VH and VL are the expected voltage levels for the logic values 1 and 0 respectively. In the
transmitter side, the driver’s goal is to have a high logic level that goes above a minimum
voltage level, i.e. V0H ≤ VH and at the receiver side the accepted voltages must go above
VIH . Then the noise margin for the high logic level can be written as NMH = V0H − VIH . In a
similar way, the noise margin for a logic low is NML = VIL − VOL.
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same time. At the far end of the lines, termination resistors RT are placed in order to generate a
differential voltage at the input of the receiver. This voltage is given by the difference between
the positive and the negative inputs of the comparator as shown in equation (6).
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in | = |VDD − RT I − VDD| = RT I (6)

in
ÄV

channel

channel

1
IN

1
IN

Tx Rx

T
R

T
R

UCMS

0
I

Fig. 9. Unipolar current mode signaling system.

As stated before, the variations in the voltage supply and in the ground sources do not
have effect in the current flowing through the channel. Furthermore, due to the differential
configuration at the receiver side, the common mode noise is eliminated. The disadvantage
in unipolar signalling is that electromagnetic emission exists because only one conductor is
carrying the current each time.

2.2.2 Bipolar current mode signaling

The symbol codification in bipolar current mode signaling is presented in Fig. 10. In this case
the logical 1 is represented, as in unipolar signaling, by the current I1. The difference is that
the logical 0 is represented by the current −I1.

By comparing Fig. 10 with Fig. 8 it can be appreciated that the allowed area for the logical 1
offset at the receiver has decreased. The reason for this is that the area of the offset for the
logical 0 has to be increased because the current that represents it is now different from zero.
The receiver offset Ir0 and sensitivity Irs are also sketched in the scheme, they are near the
reference current IR which is centered in zero amperes in bipolar signaling.

An example of bipolar current mode signaling systems is depicted in Fig. 11. It can be seen
in the figure that current flows always in both interconnections but in opposite directions, as
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stated before in this section. This property allows these systems to have a low electromagnetic
emission because field components are cancelled due to the opposite directions of the current.
Another characteristic of bipolar signaling is that the load resistance RT is placed between the
interconnections in such a way that current signals generate a voltage which is compared by
the differential mode comparator at the receiver.

in
ÄV

channel

channel

1
IN

1
IN

Tx Rx

T
RBCMS

0
I

0
I

I

Fig. 11. Bipolar current mode signaling system.

Bipolar current mode signalling systems are also called low voltage differential signalling
(LVDS) and a typical driver is shown in Fig. 12 where the both switches direct the signal to
the corresponding conductor according to the data input IN1. A disadvantage of LVDS links
is that both switches current mode sources are implemented with transistors. Then, there are
four transistors between the supply voltage and the ground, which is not so desirable in low
supply voltage applications. Also common mode feedback circuits are needed increasing the
driver size in a considerably amount.

When a N-bit parallel link is needed, a group of N bipolar current mode drivers are put
together in a special array. This array is called current mode incremental signaling and specific
details on this approach are presented in (Wang T. & Yuan F., 2007).

2.3 Specifications for signaling standards

The specifications for the signaling standards are essential in communication because they
establish the voltage levels so that the driver and receiver agree with the logic high and low
conditions.

An illustration of the specifications for digital signaling is shown in Fig. 13. The voltages
VH and VL are the expected voltage levels for the logic values 1 and 0 respectively. In the
transmitter side, the driver’s goal is to have a high logic level that goes above a minimum
voltage level, i.e. V0H ≤ VH and at the receiver side the accepted voltages must go above
VIH . Then the noise margin for the high logic level can be written as NMH = V0H − VIH . In a
similar way, the noise margin for a logic low is NML = VIL − VOL.
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Fig. 13. Specifications for digital signaling.

In table 1 voltage specifications for some common standards are enlisted (Young B., 2001).
Although some of them are current mode, the values are presented in voltage which represent
the drop on the termination resistors. Another important issue is that the standards are in
order from the lowest to the highest speed that can be achieved, then higher speeds are
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Stan VDDQ V0L V0H Termi Driver
dard Min Max Min Max nation

TTL 5 ± 10% 0.4 2.4 None PP
LVTTL 3.3 ± 10% 0.4 2.4 None PP

GTL 0.4 Rsystem OD
HSTL 1.5 ± 0.1 0.4 VDDQ − 0.4 1 PP
ECL −5.2 ∓ 5% -1.810 -1.620 -1.025 -0.880 50Ω(−2V) CM

PECL 5 ± 5% 3.190 3.380 3.975 4.120 50Ω CM
LVPECL 3.3 ± 5% 1.490 1.680 2.275 2.420 50Ω CM

LVDS 0.925 1.474 50Ω CM

Table 1. Driver specifications for signaling standards

accomplished by systems with terminations, reduced voltage swings and with differential
configuration.

3. Impedance matching techniques

As stated in previous sections, impedance matching techniques must be implemented in order
to reduce return losses. It has been also shown that the fastest signaling standards implement
termination resistors in order to match the interconnection impedance. Four of the most
common termination techniques are shown in Fig. 14, (Brooks D., 2003). The first technique is
the parallel termination (Fig. 14(a)) where a single resistor is connected either to ground or to
VDD and its value is equal to the characteristic impedance of the line. Although this is one of
the most used methods, its disadvantage is that the current is always flowing through it, thus
increasing the power consumption of the system.

The second termination technique is shown in Fig. 14(b), it is called Thevenin termination and
consists of a couple of resistors, one connected to ground and the other to VDD. The advantage
of this scheme is that it provides pull up and pull down functions improving noise margins
in some cases. The drawback of this system is that it is not easy to find the optimum values
of the resistors in order to match the characteristic impedance of the line. The third technique
is the AC termination and is depicted in Fig. 14(c). It is composed by a series connection of
a resistor and a capacitor. Here the capacitance blocks the DC signals in order to reduce the
power consumption but distortion can appear when high speed links are considered. Finally
the series termination scheme is presented in Fig. 14(d). This is one of the most often used
techniques, specially in voltage mode drivers.

Unfortunately the techniques presented in Fig. 14 are implemented with fixed devices and
process, temperature and voltage supply variations are not taken into account for the design
of such systems. In the following subsections some techniques are presented in which variable
terminators are implemented to automatically adapt the impedance of the transmission line.

3.1 Automatic impedance matching control techniques

An important issue in automatic impedance matching is the control technique used in the
adaptation process. It takes the reference signal which indicates the desired value of the
impedance and the signal that represents the actual value of the impedance and process them
in order to have the same value. The output of the circuit sets the value of the impedance that
matches the interconnection.
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the most used methods, its disadvantage is that the current is always flowing through it, thus
increasing the power consumption of the system.
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consists of a couple of resistors, one connected to ground and the other to VDD. The advantage
of this scheme is that it provides pull up and pull down functions improving noise margins
in some cases. The drawback of this system is that it is not easy to find the optimum values
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is the AC termination and is depicted in Fig. 14(c). It is composed by a series connection of
a resistor and a capacitor. Here the capacitance blocks the DC signals in order to reduce the
power consumption but distortion can appear when high speed links are considered. Finally
the series termination scheme is presented in Fig. 14(d). This is one of the most often used
techniques, specially in voltage mode drivers.

Unfortunately the techniques presented in Fig. 14 are implemented with fixed devices and
process, temperature and voltage supply variations are not taken into account for the design
of such systems. In the following subsections some techniques are presented in which variable
terminators are implemented to automatically adapt the impedance of the transmission line.

3.1 Automatic impedance matching control techniques

An important issue in automatic impedance matching is the control technique used in the
adaptation process. It takes the reference signal which indicates the desired value of the
impedance and the signal that represents the actual value of the impedance and process them
in order to have the same value. The output of the circuit sets the value of the impedance that
matches the interconnection.
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Fig. 14. Termination techniques. (a) Parallel, (b) thevenin, (c) AC and (d) Series.

One of the most common technique used to control the impedance in signaling systems is
the one shown in Fig. 15. This technique represents the concept for the circuits presented in
(Dehon et. al., 1993), (Koo K. et. al., 2001), (Koo K. et. al., 2006) and (Muljono H. et. al., 2003).
It has in essence three stages, the first is a clocked comparator that decides if the impedance
value is higher or lower than the reference one. The second stage is a counter which can be
either binary or thermometer coded and its input is an Up/Dn signal that comes from the
comparator. The last stage is a digital register that is used to hold the value of the counter
when the matching condition of the impedance is fulfilled. The digital outputs of the register
are used to control arrays of transistors in a pull up or pull down connection. The drawback of
this technique is that switching noise in the supply lines can be generated due to the turning
on and the turning off of the transistor array.
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Fig. 15. Digital control for automatic impedance matching.

Another approach used in the control of automatic impedance matching is shown in Fig. 16
which is a simplified version of the one presented in (Ramachandran N. et. al., 2003).
This circuit is designed to adapt directly the output impedance of an analog driver to the
interconnection line by controlling a variable resistor at the output stage of the driver. The
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input signals to this control circuit are the input and the output of the line driver, they are
processed by the first stage which is a peak to peak detector. The second stage is a differential
difference amplifier (DDA) and its output is the analog control voltage. The drawback of this
analog technique is that the driver speed is limited by the frequency response of the control
circuits due to the direct signal measurement in the input and output ports.
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Fig. 16. DDA based analog control for automatic impedance matching.

A second analog approach for the control of an impedance matching system is shown in
Fig. 17 which consists of a feedback amplifier. In this circuit the drawback of limited speed
of the driver is eliminated by implementing an off-line matching of the impedance, i. e. a
replica of the matching impedance is implemented in order to generate the reference signal
and no measurements are made from the ports of the driver. The problem with this system is
that variations in the interconnection impedance are not taken into account in the process of
matching.
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Fig. 17. Feedback amplifier based analog control for automatic impedance matching.

3.2 Reference signal generating circuits

In this section some of the most popular reference signal generating circuits are presented.
Reference signals are an important subject in automatic impedance matching because they
establish the value that the variable impedance must reach in order to fulfill the matching
condition.

One of the most used circuits for reference signal generating is shown in Fig. 18, (Fan Y. &
Smith J., 2003), (Koo K. et. al., 2006) and (Tae-Hyoung K. et. al., 2005). It consists of an
off-chip precision resistor RREF connected in series with a replica of the on-chip variable
impedance used to match the interconnection Rv. The reference voltage VREF is obtained from
the node located between the resistors and its optimal value is the half rail voltage VDD/2. An
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either binary or thermometer coded and its input is an Up/Dn signal that comes from the
comparator. The last stage is a digital register that is used to hold the value of the counter
when the matching condition of the impedance is fulfilled. The digital outputs of the register
are used to control arrays of transistors in a pull up or pull down connection. The drawback of
this technique is that switching noise in the supply lines can be generated due to the turning
on and the turning off of the transistor array.
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Another approach used in the control of automatic impedance matching is shown in Fig. 16
which is a simplified version of the one presented in (Ramachandran N. et. al., 2003).
This circuit is designed to adapt directly the output impedance of an analog driver to the
interconnection line by controlling a variable resistor at the output stage of the driver. The
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A second analog approach for the control of an impedance matching system is shown in
Fig. 17 which consists of a feedback amplifier. In this circuit the drawback of limited speed
of the driver is eliminated by implementing an off-line matching of the impedance, i. e. a
replica of the matching impedance is implemented in order to generate the reference signal
and no measurements are made from the ports of the driver. The problem with this system is
that variations in the interconnection impedance are not taken into account in the process of
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3.2 Reference signal generating circuits

In this section some of the most popular reference signal generating circuits are presented.
Reference signals are an important subject in automatic impedance matching because they
establish the value that the variable impedance must reach in order to fulfill the matching
condition.

One of the most used circuits for reference signal generating is shown in Fig. 18, (Fan Y. &
Smith J., 2003), (Koo K. et. al., 2006) and (Tae-Hyoung K. et. al., 2005). It consists of an
off-chip precision resistor RREF connected in series with a replica of the on-chip variable
impedance used to match the interconnection Rv. The reference voltage VREF is obtained from
the node located between the resistors and its optimal value is the half rail voltage VDD/2. An
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advantage of this technique is that the matching operation is independent from the driver
data rate because measurements are not taken from the signal lines. The drawback is that
an external resistor is needed which increases the area of the PCB. Furthermore, impedance
variations of the off-chip interconnection are not taken into account since the reference is
generated off line.

vR

REF
V

CHIP

REF
R

Fig. 18. Generation by dividing voltage.

An approach where current sources are implemented in order to generate voltage drops in
a replica of the on chip variable impedance Rv and in an off-chip precision resistor RREF is
depicted in Fig. 19 (Dally & Poulton, 1998). Here, the two voltage references VREF and VREF2
must have the same value in order to fulfill the matching condition of the impedance. As
in the case of the circuit in Fig. 18, the off-chip resistor increases the area of the PCB which
represents a disadvantage when high performance systems are needed. Also, variations in
the interconnection impedance are not considered because references are generated in a circuit
which is separated from the driver.

A modification of the circuit of Fig. 19 is shown in Fig. 20, (Koo K. et. al., 2001). In this
case only the voltage drop from the on chip variable impedance Rv is considered as a voltage
reference, avoiding the need of an off-chip resistor. In order to accomplish the automatic
impedance matching operation, the reference voltage VREF is compared against an internally
generated voltage reference. The disadvantage of this technique is that the on-die process,
voltage and temperature variations can move the internal reference away from its optimal
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Fig. 19. Voltage drop reference generation.

value generating impedance errors. As in the case of the techniques presented before, the
variations in the interconnection impedance are not considered.

In order to overcome the drawbacks related with the variations in the interconnection
impedance, the technique shown in Fig. 21 has been implemented in (Dehon et. al., 1993)
and (Dally & Poulton, 1998). In this case a voltage mode driver is implemented in order to
drive an interconnection that is terminated with an open at the far end. The reference signal is
taken from the node between the matching resistance and the interconnection channel and its
shape is as shown at the bottom of the figure. This shape is composed by the signal arriving to
the channel from the driver and the one reflected from the far end. In this case the matching
condition is fulfilled when the middle part of the reference signal is the same as Vsw/2, where
Vsw is the total swing of the transmitted signal. The drawback of this system is the difficulty in
generating the correct timing signals in order to make the voltage comparisons in the correct
time.
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variations of the off-chip interconnection are not taken into account since the reference is
generated off line.
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Fig. 18. Generation by dividing voltage.

An approach where current sources are implemented in order to generate voltage drops in
a replica of the on chip variable impedance Rv and in an off-chip precision resistor RREF is
depicted in Fig. 19 (Dally & Poulton, 1998). Here, the two voltage references VREF and VREF2
must have the same value in order to fulfill the matching condition of the impedance. As
in the case of the circuit in Fig. 18, the off-chip resistor increases the area of the PCB which
represents a disadvantage when high performance systems are needed. Also, variations in
the interconnection impedance are not considered because references are generated in a circuit
which is separated from the driver.

A modification of the circuit of Fig. 19 is shown in Fig. 20, (Koo K. et. al., 2001). In this
case only the voltage drop from the on chip variable impedance Rv is considered as a voltage
reference, avoiding the need of an off-chip resistor. In order to accomplish the automatic
impedance matching operation, the reference voltage VREF is compared against an internally
generated voltage reference. The disadvantage of this technique is that the on-die process,
voltage and temperature variations can move the internal reference away from its optimal
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value generating impedance errors. As in the case of the techniques presented before, the
variations in the interconnection impedance are not considered.

In order to overcome the drawbacks related with the variations in the interconnection
impedance, the technique shown in Fig. 21 has been implemented in (Dehon et. al., 1993)
and (Dally & Poulton, 1998). In this case a voltage mode driver is implemented in order to
drive an interconnection that is terminated with an open at the far end. The reference signal is
taken from the node between the matching resistance and the interconnection channel and its
shape is as shown at the bottom of the figure. This shape is composed by the signal arriving to
the channel from the driver and the one reflected from the far end. In this case the matching
condition is fulfilled when the middle part of the reference signal is the same as Vsw/2, where
Vsw is the total swing of the transmitted signal. The drawback of this system is the difficulty in
generating the correct timing signals in order to make the voltage comparisons in the correct
time.
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Fig. 21. Reference generation by signal reflection.

Finally, an approach for reference signal generation in current mode drivers is depicted in
Fig. 22 which is an idea presented in (Munshi A. et. al., 1994). In this technique the current
mode driver sinks or sources a current IS from or to the interconnection which is in a parallel
array with the matching impedance Rv. Then the matching condition in this scheme is fulfilled
when the current Iv flowing though Rv is Iv = I0, in other words, when Iv = IS/2. The
advantage of this method is that variations in the impedance of the interconnection are taken
into account since reference signals are measured directly from the data link. The drawback
is that measuring currents may modify the impedance branch.

In a similar way, reference signals for voltage mode interconnections can be obtained by
considering the variable impedance and the interconnection line as a voltage divider. In this
case, the reference voltage must be equal to VS/2.
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4. Automatic impedance matching design based on the sign of the error

An automatic impedance matching based on an optimization algorithm that uses the sign of
the error and the sign of the coupling branch current is proposed. A possible implementation
of the system, simulation and experimental results are presented.

4.1 Mathematical approach

The mathematical formulation of the proposed method for impedance matching is based on
Fig. 23, which is a modification of the system proposed in (Munshi A. et. al., 1994). In
this system the output driver is modeled with a simple time variant current source and its
output impedance is set to infinity. The current is divided between two branches, one is the
transmission line with characteristic impedance Z0 and the other is the matching branch Zg
which is used to avoid reflections in the line. This matching impedance is mainly composed
by two elements, a current dependent voltage source Vg and a fixed impedance ZP. The
output voltage VS is the voltage drop that results when the output current IS flows through
the parallel configuration of Zg and Z0. Then the system can be seen either by its current or
by its voltage characteristics.

As shown in equation (7), the voltage dependent source Vg has a linear relationship with the
coupling branch current Ig.

Vg = Hg Ig (7)

where, the transimpedance Hg is a variable parameter with units of Ohms (Ω).

By analyzing the Fig 23 it can be deduced that the current Ig, flowing in the coupling branch,
can be expressed as in the equation (8).

Ig =
1

ZP
(VS − Vg) (8)

From equation (8), and making some mathematical manipulation, it is posible to prove that
the matching impedance is given in terms of the fixed impedance ZP and the transimpedance
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Finally, an approach for reference signal generation in current mode drivers is depicted in
Fig. 22 which is an idea presented in (Munshi A. et. al., 1994). In this technique the current
mode driver sinks or sources a current IS from or to the interconnection which is in a parallel
array with the matching impedance Rv. Then the matching condition in this scheme is fulfilled
when the current Iv flowing though Rv is Iv = I0, in other words, when Iv = IS/2. The
advantage of this method is that variations in the impedance of the interconnection are taken
into account since reference signals are measured directly from the data link. The drawback
is that measuring currents may modify the impedance branch.

In a similar way, reference signals for voltage mode interconnections can be obtained by
considering the variable impedance and the interconnection line as a voltage divider. In this
case, the reference voltage must be equal to VS/2.
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4. Automatic impedance matching design based on the sign of the error

An automatic impedance matching based on an optimization algorithm that uses the sign of
the error and the sign of the coupling branch current is proposed. A possible implementation
of the system, simulation and experimental results are presented.

4.1 Mathematical approach

The mathematical formulation of the proposed method for impedance matching is based on
Fig. 23, which is a modification of the system proposed in (Munshi A. et. al., 1994). In
this system the output driver is modeled with a simple time variant current source and its
output impedance is set to infinity. The current is divided between two branches, one is the
transmission line with characteristic impedance Z0 and the other is the matching branch Zg
which is used to avoid reflections in the line. This matching impedance is mainly composed
by two elements, a current dependent voltage source Vg and a fixed impedance ZP. The
output voltage VS is the voltage drop that results when the output current IS flows through
the parallel configuration of Zg and Z0. Then the system can be seen either by its current or
by its voltage characteristics.

As shown in equation (7), the voltage dependent source Vg has a linear relationship with the
coupling branch current Ig.

Vg = Hg Ig (7)

where, the transimpedance Hg is a variable parameter with units of Ohms (Ω).

By analyzing the Fig 23 it can be deduced that the current Ig, flowing in the coupling branch,
can be expressed as in the equation (8).

Ig =
1

ZP
(VS − Vg) (8)

From equation (8), and making some mathematical manipulation, it is posible to prove that
the matching impedance is given in terms of the fixed impedance ZP and the transimpedance
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Fig. 23. Impedance Matching Synthesis Circuit

Hg. This is shown in the equation (9).

VS
Ig

= Zg = ZP + Hg (9)

From equation (9) it can be inferred that Hg should be modified in order to achieve an
impedance value Zg = Z0, which is the coupling condition. In consequence, Hg is defined
as:

Hg(t) = ρ(t)ZH (10)

where, ZH is constant and has units of Ohms(Ω) and ρ(t) is an impedance matching coefficient
and its optimal value is achieved when the impedance matching condition Zg = ZL is fulfilled.
It is clear that the fulfillment of the condition implies: Ig = IL = 1/2IS. From this expression,
the impedance matching error e is defined as in equation (11).

e =
1
2

IS − Ig (11)

From equations (7), (10) and (11), the goal of the system is to dynamically adapt the coefficient
ρ(t) in such a way that the error e is minimized. A suitable technique to accomplish this goal
is the LMS (Least Mean Square) (Carusone A. & Johns D., 2000), in which the criteria is to
optimize temporal estimations of E[e2]. Then, it is possible to express ρ as follows:

ρ(t) = −2μ
∫ t

−∞
e(u)∇ρe(u)du (12)

where, μ is constant and establishes the speed of adaptation of the system, ∇ρe(u) represents
the gradient of the error related with the parameter ρ . Also, for the equation 12 is considered
that e2 is a noisy estimation of E[e2].

Once established the conditions and the optimization method, it is necessary to find ρ as a
function of the system parameters. Then, by substituting equation (8) in (11), the impedance
matching error is given by:

e =
1
2

IS − 1
ZP

(VS − Vg) (13)

84 VLSI Design Impedance Matching in VLSI Systems 19

From equations (7),(10) and (13), it is possible to find the gradient of the error as shown in
equation (14).

∇ρe = − 1
ZP

ZH Ig (14)

Finally, from equations (14) and (12) the coefficient ρ as a function of the system parameters is
presented in (15).

ρ(t) =
2μZH

ZP

∫ t

−∞
e(u)Ig(u)du (15)

It can be seen from (15) that for practical implementation the silicon area can be large due to
the multiplication operation. In order to simplify the system, the SS-LMS (Sign-Sign LMS)
algorithm, (Carusone A. & Johns D., 2000), is considered, where the sign function is applied
to the error and to the matching branch signals. Thus, the multiplication results in a trivial
operation. Consequently, the impedance matching coefficient become:

ρ(t) = α
∫ t

−∞
Sgn(e(u))Sgn(Ig(u))du (16)

where, α =
2μZi
ZP

is constant.

Based on equation (16), the block diagram of the proposed system for automatic impedance
matching is depicted in Fig. 24. The system input is the driver voltage VS and the reference
for the error signal is the driver current divided by two. The block 1

Zp
represents the fixed

impedance and the transimpedance block H(α) performs the dependent source Vg. The
impedance optimization is made by the sign blocks together with the multiplication and
integration blocks. The coefficient α specifies the speed of matching and the error level around
the optimal impedance.
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Fig. 24. Block Diagram for Impedance Matching.

4.2 Proposed implementation

One condition that must be established for the circuit implementation of the system of Fig. 24
is that the impedance ZP is real and that its value is smaller than the load impedance Z0. It
means that ZP must accomplish the following conditions: 0 < ZP < Z0 and ZP = Re(ZP).
Also, the sign operation for the error can be expressed as:

Sgn(e) = Sgn
(

1
2

IS − Ig

)

= Sgn
(

1
2

ZP IS − ZP Ig

) (17)
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Hg. This is shown in the equation (9).
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From equation (9) it can be inferred that Hg should be modified in order to achieve an
impedance value Zg = Z0, which is the coupling condition. In consequence, Hg is defined
as:

Hg(t) = ρ(t)ZH (10)

where, ZH is constant and has units of Ohms(Ω) and ρ(t) is an impedance matching coefficient
and its optimal value is achieved when the impedance matching condition Zg = ZL is fulfilled.
It is clear that the fulfillment of the condition implies: Ig = IL = 1/2IS. From this expression,
the impedance matching error e is defined as in equation (11).

e =
1
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IS − Ig (11)

From equations (7), (10) and (11), the goal of the system is to dynamically adapt the coefficient
ρ(t) in such a way that the error e is minimized. A suitable technique to accomplish this goal
is the LMS (Least Mean Square) (Carusone A. & Johns D., 2000), in which the criteria is to
optimize temporal estimations of E[e2]. Then, it is possible to express ρ as follows:

ρ(t) = −2μ
∫ t

−∞
e(u)∇ρe(u)du (12)

where, μ is constant and establishes the speed of adaptation of the system, ∇ρe(u) represents
the gradient of the error related with the parameter ρ . Also, for the equation 12 is considered
that e2 is a noisy estimation of E[e2].

Once established the conditions and the optimization method, it is necessary to find ρ as a
function of the system parameters. Then, by substituting equation (8) in (11), the impedance
matching error is given by:

e =
1
2

IS − 1
ZP

(VS − Vg) (13)
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for the error signal is the driver current divided by two. The block 1

Zp
represents the fixed

impedance and the transimpedance block H(α) performs the dependent source Vg. The
impedance optimization is made by the sign blocks together with the multiplication and
integration blocks. The coefficient α specifies the speed of matching and the error level around
the optimal impedance.

S
V

g
I

g
V

+
-

+

-
P

1

Z

g
H (ñ)

Sign

Sign

�á

S

1
I

2

e ñ

Fig. 24. Block Diagram for Impedance Matching.

4.2 Proposed implementation

One condition that must be established for the circuit implementation of the system of Fig. 24
is that the impedance ZP is real and that its value is smaller than the load impedance Z0. It
means that ZP must accomplish the following conditions: 0 < ZP < Z0 and ZP = Re(ZP).
Also, the sign operation for the error can be expressed as:

Sgn(e) = Sgn
(

1
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IS − Ig

)

= Sgn
(
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ZP IS − ZP Ig

) (17)
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In the same way, the sign operation for Ig is:

Sgn(Ig) = Sgn(ZP Ig) (18)

As shown in (17) and (18), the sign operation can be implemented as a voltage level
comparator. In this way, the inputs for (17) are the voltage across the fixed impedance ZP
and the reference voltage across the impedance with the same value as ZP.
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Fig. 25. Automatic Impedance Matching System Implementation.

The proposed circuit implementation for the automatic impedance matching system is shown
in Fig. 25, where it can be seen that the error signal sign and the sign of the current in
the coupling branch give as a result logic levels, then the multiplication is trivial and is
implemented with a Xor logic gate, as shown in (19).

Sgn(e)Sgn(IS) ⇒ Sgn(e)⊕ Sgn(IS) (19)

Another important operation for the system is the integration, which is implemented by
means of a charge pump and a filter (Lopez et al., 2009). The current ICH of the pump is
directly related with the parameter α, as a consequence, the matching speed is established by
this current. Finally, the current dependent voltage source Vg = Hg Ig is implemented with a
variable resistance, and its value is controlled by the voltage in the charge pump filter.

4.3 Proposed test vehicle

As stated before the mathematical representation of the system to be implemented is that
shown in equation (20).

ρ(t) = β
∫ t

−∞
Sgn

(
1
2

IS(u)− Ig(u)
)

Sgn(Ig(u))du (20)

Even though equation (20) is expressed in terms of branch currents, it is difficult to achieve
a practical implementation for it. This is due to the fact that sensing a branch current is
more complicated than sensing a node voltage. Therefore in the proposed implementation
shown in Fig. 26, the inputs to the calibration circuit are voltages. The core of the scheme
is the unipolar current mode differential driver (Dally & Poulton, 1998). This driver sinks
the current IS from its outputs depending on the logic state of its inputs Dat and Dat. The
terminators Zg are programmable resistors that can be analog programmed via VCTRL to
match the interconnection impedance Z0. The voltage reference VREF is generated by sinking
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a current IS
2 from a replica of the programmable resistance Zg. The voltages VOut of the driver

and VREF are the inputs for the impedance calibration circuit. This circuit generates the control
voltage VCTRL by implementing equation (20).
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Fig. 26. Proposed Implementation.

By analyzing Fig. 26 one can find that the output voltage VOut and the reference voltage VREF
are those described by equations (21) and (22), respectively.

VOut = VDD0 − IgZg. (21)

VREF = VDD0 − Is

2
Zg. (22)

Using equations (21) and (22) we can define the voltage mode error as follows:

eV = VOut − VREF = Zg

(
IS
2
− Ig

)
. (23)

Also, by assuming that Zg > 0, it is inferred that the sign of the errors in voltage and in current
mode are the same, this can be verified by equation (24), moreover, the function Sgn(Ig) can be
calculated directly from the input to the driver Dat. Consequently this shows that measuring
voltages instead of currents is a good option to implement the SS-LMS technique without
affecting the operation of the driver.

Sgn
(

IS
2
− Ig

)
= Sgn

(
Zg

(
IS
2
− Ig

))
(24)

A print of the Mentor Graphics screen of the layout of the system is shown in Fig. 27 and it
was designed in the 0.35μm C35B4C3 AMS technology. The circuit enclosed by the dashed
line corresponds to the current mode driver, the pre-driver, the programmable resistors and
the voltage reference circuit. The SS-LMS based impedance matching algorithm is shown
outside the dashed line.

In order to verify the performance of the impedance calibration circuit, the system was
simulated with post layout extractions using Mentor Graphics tools. To test the circuit,
different resistive loads (45Ω, 50Ω and 55Ω) were attached to the circuit. The signal rate
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The proposed circuit implementation for the automatic impedance matching system is shown
in Fig. 25, where it can be seen that the error signal sign and the sign of the current in
the coupling branch give as a result logic levels, then the multiplication is trivial and is
implemented with a Xor logic gate, as shown in (19).
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Another important operation for the system is the integration, which is implemented by
means of a charge pump and a filter (Lopez et al., 2009). The current ICH of the pump is
directly related with the parameter α, as a consequence, the matching speed is established by
this current. Finally, the current dependent voltage source Vg = Hg Ig is implemented with a
variable resistance, and its value is controlled by the voltage in the charge pump filter.

4.3 Proposed test vehicle

As stated before the mathematical representation of the system to be implemented is that
shown in equation (20).
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)
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Even though equation (20) is expressed in terms of branch currents, it is difficult to achieve
a practical implementation for it. This is due to the fact that sensing a branch current is
more complicated than sensing a node voltage. Therefore in the proposed implementation
shown in Fig. 26, the inputs to the calibration circuit are voltages. The core of the scheme
is the unipolar current mode differential driver (Dally & Poulton, 1998). This driver sinks
the current IS from its outputs depending on the logic state of its inputs Dat and Dat. The
terminators Zg are programmable resistors that can be analog programmed via VCTRL to
match the interconnection impedance Z0. The voltage reference VREF is generated by sinking
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By analyzing Fig. 26 one can find that the output voltage VOut and the reference voltage VREF
are those described by equations (21) and (22), respectively.

VOut = VDD0 − IgZg. (21)

VREF = VDD0 − Is

2
Zg. (22)

Using equations (21) and (22) we can define the voltage mode error as follows:

eV = VOut − VREF = Zg

(
IS
2
− Ig

)
. (23)

Also, by assuming that Zg > 0, it is inferred that the sign of the errors in voltage and in current
mode are the same, this can be verified by equation (24), moreover, the function Sgn(Ig) can be
calculated directly from the input to the driver Dat. Consequently this shows that measuring
voltages instead of currents is a good option to implement the SS-LMS technique without
affecting the operation of the driver.
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A print of the Mentor Graphics screen of the layout of the system is shown in Fig. 27 and it
was designed in the 0.35μm C35B4C3 AMS technology. The circuit enclosed by the dashed
line corresponds to the current mode driver, the pre-driver, the programmable resistors and
the voltage reference circuit. The SS-LMS based impedance matching algorithm is shown
outside the dashed line.

In order to verify the performance of the impedance calibration circuit, the system was
simulated with post layout extractions using Mentor Graphics tools. To test the circuit,
different resistive loads (45Ω, 50Ω and 55Ω) were attached to the circuit. The signal rate
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Fig. 27. System Layout.

of the data inputs to the system Dat and Dat is 1Gb/s and clock frequency for the impedance
calibration circuit is established at 300MHz.

In Fig. 28 the time domain signals for the output and the reference signal are shown. In this
case, the load impedance for the system is set to 50Ω. As can be seen, the system adapts after
some time.

( a ) ( b )

Fig. 28. Time domain analysis, (a) before and (b) after adaptation.

In Fig. 29, learning curves are shown for the 50Ω load impedance case (Fig. 29a) and for 45Ω
and 55Ω (Fig. 29b). Those curves are normalized error signals in dB as a function of time and
the adaptation time can be seen on them.

The last post layout simulations deal with worst case power and speed scenarios as well as
temperature. The Mentor Graphics kit is used to perform this task. Only worst power and
speed cases are presented because they result in the poorest performance compared with the
others. Figs. 30a, Fig. 30b and Fig. 30c show the simulation results for worst power, worst
speed and temperature variations (100 degree Celsius) respectively. As can be observed in the
figure, the error always converges to a level bellow the −30dB.
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Fig. 29. Error for (a) 50 Ohms and (b) 45 and 55 Ohms loads.

0 200 400 600 800 1000 1200

-70

-60

-50

-40

-30

-20

E
r
r
o

r
(d

B
)

Time (ns)

0 200 400 600 800 1000 1200

-80

-60

-40

-20

E
r
r
o

r
(d

B
)

Time (ns)

0 200 400 600 800 1000 1200

-30

-25

-20

-15

E
r
r
o

r
(d

B
)

Time (ns)

( a ) ( b )

( c )

Fig. 30. Error in the (a) worst power, (b) worst speed and (c) temperature variation cases.

5. Knowledge-based impedace matching control design

Formulation of a complete mathematical model for impedance mismatch is a very complex
process, since the parameters involved depend on many factors like process variations,
length variations of the interconnection lines, temperature, etc. In this sense, knowledge
based algorithms represent interesting alternatives which can be explored when looking for
solutions to the impedance mismatch problem using adaptive schemes.

Fuzzy logic formalizes the treatment of vague knowledge, and approximates reasoning
through inference rules (Zadeh, L. 1999). It establishes the mechanisms to generate practical
solutions to problems where traditional methods, which may require precise mathematical
models, may not be suitable. Because of this, fuzzy control represents a good alternative to
solve the impedance mismatch problem through on-chip adaptive mechanisms (Arroyo et al.,
2009).

Fig. 31 shows the general structure of the fuzzy controller used to adapt the system. The
structure is simple and was designed in UMC 90nm CMOS technology. The membership
functions are implemeted using differential pairs, while the multipliers are four-quadrant
multipliers. The controller was designed to work in current-mode, therefore the sum
operation is simply the sum of the currents in a node. Since the implementation of the divisor
circuit is not trivial, a normalizer circuit can be used as an alternative.
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Fig. 27. System Layout.

of the data inputs to the system Dat and Dat is 1Gb/s and clock frequency for the impedance
calibration circuit is established at 300MHz.

In Fig. 28 the time domain signals for the output and the reference signal are shown. In this
case, the load impedance for the system is set to 50Ω. As can be seen, the system adapts after
some time.

( a ) ( b )

Fig. 28. Time domain analysis, (a) before and (b) after adaptation.

In Fig. 29, learning curves are shown for the 50Ω load impedance case (Fig. 29a) and for 45Ω
and 55Ω (Fig. 29b). Those curves are normalized error signals in dB as a function of time and
the adaptation time can be seen on them.

The last post layout simulations deal with worst case power and speed scenarios as well as
temperature. The Mentor Graphics kit is used to perform this task. Only worst power and
speed cases are presented because they result in the poorest performance compared with the
others. Figs. 30a, Fig. 30b and Fig. 30c show the simulation results for worst power, worst
speed and temperature variations (100 degree Celsius) respectively. As can be observed in the
figure, the error always converges to a level bellow the −30dB.
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Fig. 31. General structure of the fuzzy controller

Fig. 32. Impedance matching system

Fig. 32 depicts a block diagram of the fuzzy control-based scheme for the impedance matching
system. In order to allow the impedance matching process, a two port network with a
standard π configuration is inserted between the source and the load. It is considered that
both, the source impedance ZS and the load impedance ZL, allow complex values in the
general case. The reference model is used to generate the reference signal y(t), which is
necessary to obtain the error. The error signal is used as the input to the fuzzy controller
and is given by

e(t) = v(t)1 − y(t) (25)

where e(t) is the error, v(t) is the current output of the system and y(t) is the desired output.
The output of the fuzzy controller is used to adaptively change the value of one of the
capacitors of the π network. The system iterates until the impedance matching condition
given by (2) is fulfilled, i.e.

ZL = Z∗
out (26)

where (∗) denotes the complex conjugate. It is clear that the fulfillment of this condition
implies: e(t) = 0. Fig. 33 and Fig. 34 show the evolution in time of the absolute value of the
adapted impedance and the normalized mean square error, respectively. As can be seen, the
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fuzzy controller adapts the impedance matching network, leading the system in every case to
match the value of the load impedance.

Fig. 33. Adaptation process of the impedance matching system

Fig. 34. Normalized mean square error

6. Conclusion

In this chapter systems for on-die automatic impedance matching for off-chip signaling were
described. A review of different techniques for impedance matching was presented. Based
on that, two algorithms were proposed and implemented in order to perform the automatic
impedance matching control: the first one is based on the integration of the sign of the
impedance matching error and the sign of the coupling branch current, the second one uses
a fuzzy controller in the feedback path in order to adapt the impedance of the matching
network. Advantages and performance of these algorithms were discussed and proved by
presenting computer simulations of layout extractions.
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1. Introduction  
Although sorting networks have extensively been reported in literature (Batcher, 1962), 
there are a few references that cover a detailed explanation about their VLSI (Very Large 
Scale of Integration) realization in CMOS (Complementary Metal-Oxide-Semiconductor) 
technology (Turan et al., 2003). From an algorithmic point of view, a sorting network is 
defined as a sequence of compare and interchange operations depending only on the 
number of elements to be sorted. From a hardware perspective, sorting networks can be 
visualized as combinatorial circuits where a set of denoted compare-swap (CS) circuits can 
be connected in accordance to a specific network topology (Knuth, 1997). In this chapter, the 
design of sorting networks in CMOS technology with applicability to VLSI design is 
approached at block, transistor, and layout levels. Special attention has been placed to show 
the hierarchical structure observed in sorting schemes where the so called CS circuit 
constitutes the fundamental standard cell. The CS circuit is characterized through SPICE 
simulation making a particular emphasis in the silicon area and delay time parameters. In 
order to illustrate the inclusion of sorting networks into specific applications, like signal 
processing and nonlinear function evaluation, two already reported examples of integrated 
circuit designs are provided (Agustin et al., 2011; Jimenez et al., 2011).  

2. Compare-swap block design in CMOS technology 
In an algorithmic context, the CS element is conceived as an ideal operator which is free of 
the inherent delay time presented when a signal propagates through it. It can be seen as a 
trivial two-input/two-output component with a general two number sorting capability. 
Also, it is considered that the CS element works taking in two numbers and, simultaneously, 
placing the minimum of them at the bottom output, and the maximum at the top output by 
performing a swap, if necessary (Pursley, 2008). Figure 1 shows the typical Knuth diagram 
for a CS operator. In this pictorial representation, at the input, the horizontal lines describe 
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the two numbers to be sorted (A and B) and, at the output, max(A,B) and min(A,B) denote 
the maximum and minimum numbers, respectively. In turn, the vertical connector line 
represents the element dedicated to compare and interchange (swap) data.  

 
Fig. 1. Knuth diagram for a compare-swap element 

However, this is only a theoretical viewpoint, because when the CS element is carried out to 
a level of silicon realization it is affected by parasitic elements, presenting a different time 
delay for each output. Due to the fact that in a sorting network the main structural element 
is the CS circuit, a special attention is given to describe in detail its internal design. In this 
section, the CS circuit design is covered at schematic transistor and at layout levels; 
furthermore, the area and delay time are estimated by considering a given 0.5 microns 
process technology.  

2.1 Design at transistor level for a compare-swap standard cell 

The CS element is a combinatorial circuit that accepts as input two binary signals (numbers), 
compares their magnitude, and outputs the maximum in the max(A,B) bus line, whereas the 
minimum is output in the min(A,B) bus line. This block is integrated by one full-adder and 
two multiplexers, as shown in Fig. 2.  

 
Fig. 2. Block level diagram for the CS circuit 

Notice that due to one input is complemented, the full-adder is in fact configured as a 
subtractor. The most significant bit resulting from the subtraction, carry out (Cout), is used to 
make the selection in the multiplexer. If a greater number is subtracted from a lesser one, 
then the result is a negative number what, in binary terms, can be identified because the 
generated Cout will be in high (“1” logic).  When the Cout signal is in high state, a swap data 
will be performed; otherwise, the input data will not be interchanged.  

For translating the diagram of the CS block, in Fig. 2, to a transistor level circuit description, 
the two well known standard cells for the full-adder and for the multiplexer (Kang & 
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Leblebici, 2003), are used. Figure 3, shows the transistor level schematic for the one-bit full-
adder and for the one-bit multiplexer. The full-adder is composed by 24 MOS transistors, 
topologically connected in a CMOS configuration, where 12 PMOS transistors (M1…M12) 
belong to the pull up network and 12 NMOS transistors (M13…M24) are associated to the 
pull down network. The multiplexor is integrated by two transmission gates (composed by 
transistors M25-M28) and one NOT-gate with two inputs (In0, In1), one selector (Sw), and 
one output (Out). The multiplexer output depends only of the Cout of the full-adder, since 
Cout is assigned to the selector that will activate one pair of transistors. If the selector is low 
(“0” logic), the transmission gate at the top (integrated by M25 and M26) switches ON, so 
In0 becomes the output; otherwise the transmission gate at the bottom (composed by M27 
and M28) is ON, hence In1 is the output.  

 
Fig. 3. Transistor level schematic of the one-bit full-adder (on left) and one-bit multiplexer 
(on right) 

2.2 Design at layout level for a compare-swap standard cell 

Masks of the CMOS full-adder and multiplexer circuits using minimum size transistor are 
depicted in Fig. 4 and Fig. 5. It is important to point out that the (W/L) ratio for all the 
NMOS and PMOS transistors in this layout were computed to optimize the transient 
performance of the circuit, specifically a balance between the high-to-low and low-to-high 
propagation times. For PMOS transistors a (10λ/2λ) ratio was considered while a (6λ/2λ) 
ratio was used to NMOS transistors. Since a 0.5 microns process technology is included, the 
physical dimension of lambda for this design technology is λ=0.35 microns. The well-known 
layout style based on a “line of diffusion” rule that is commonly used for standard cells in 
automated layout systems (Weste & Eshraghian, 1993) is employed in this layout. In this 
style, four horizontal strips can be identified: a metal ground at the bottom of the cell (GND 
or VSS), n-diffusion for all the NMOS transistors, a n-well with a corresponding p-diffusion 
for all the PMOS transistors, and a metal power at the top (VDD). A set of vertical lines of 
poly-silicon are also used to connect the transistor gates while within the cell metal layers 
connect the transistors in accordance with a schematic diagram. 
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Fig. 3. Transistor level schematic of the one-bit full-adder (on left) and one-bit multiplexer 
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Fig. 4. Mask layout of the CMOS one-bit full-adder circuit 

 
Fig. 5. Mask layout of the one-bit multiplexer circuit 

2.3 Delay time and area estimations for the compare-swap cell 

In order to have a reference of the switching speed for the one-bit CS circuit, an empirical 
delay time estimation supported by SPICE simulations is performed. Due to the speed in a 
CMOS gate is limited by the time taken to charge load capacitances toward VDD and 
discharge toward GND (Rabaey, 2003), the parasitic capacitances induced by the layout 
structure are considered. In this sense, a parasitic extractor software (e.g., L-Edit extractor of 
Tanner EDA) can be used to obtain a circuit netlist file in which all these elements be 
incorporated. By using SPICE simulation and including the proper test-data fabrication 
model parameters (AMIS 0.5 microns), an accurate transient response is achieved. The 
resulting transient responses are analyzed to estimate the switching speed through the delay 
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time (difference between input transition at 50% and the 50% output level). The simulated 
output voltage obtained for the one-bit CS circuit is shown in Fig. 6. In this simulation, the 
voltage supply of 5V (VDD) and the overall frequency of 5MHz are considered. Also, the 
simplest representation 0 or 1 will be hereafter used instead of the “1” logic or the “0” logic 
notations. After running the SPICE simulation, it can be observed the outputs 
MAX(A,B)={0,1,1,1} and MIN(A,B)={0,0,0,1} when the inputs A and B are given by 
A={0,0,1,1} and B={0,1,0,1}. It is important to notice that the signal CARRY_OUT (Cout) is 
only in high when A=0 and B=1 (the unique case where a swap is needed). 

 
Fig. 6. Simulated output voltage obtained for the one-bit CS circuit 

 
Fig. 7. Worst-case delay time for the one-bit CS circuit 
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As it was expected, the worst-case of delay time is presented in the swapping case. 
However, not only the delay time depends on the Cout propagation, but also it is related to 
the delay time added by the transmission gate. In accordance with simulation, a delay of 1.3 
ns is exhibited. In Fig. 7 this delay time is showed, the dashed line indicates the input B=1 
when A=0 and the solid line represents the propagated B datum after the swap operation. 

An accurate silicon area estimation of the CS design can be computed directly from the 
layout editor by using a ruler tool (usually provided in this software). Figure 8 shows the CS 
cell layout design that highlights the length and width dimensions expressed in terms of 
lambda. From this figure the area estimation is given by 30830 λ2 = 0.0037767 mm2. 

 
Fig. 8. Silicon area estimation for the one-bit CS layout 

2.4 The n-bits compare-swap cell  

The one-bit CS circuit in Fig.2 can be easily expanded into an n-bits structure. In order to 
illustrate how this expansion can be performed, the schematic diagram for a 4-bit CS circuit 
is shown in Fig. 9. Because of the overall speed of the CS circuit is limited by the delay 
propagation of the Cout bits through the n-bits chain, therefore an estimation of this time 
becomes essential for determining the speed performance. However, besides to the delay 
produced due to the critical path of Cout, the delay time added by the multiplexer block is 
also taken into account.  

 
Fig. 9. Block diagram for the 4-bit CS circuit 
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In Fig. 10, the simulated output voltage obtained for the 4-bit CS circuit is shown when 
inputs A and B are given by: [A3:A0]={ 0101 (510), 1001 (910), 0011 (310), 0100 (410) } and 
[B3:B0]={ 1010 (1010), 0110 (610), 1100 (1210), 0100 (410) }.  

 
Fig. 10. Simulated output waveforms of the 4-bit CS circuit 

 
Fig. 11. Carry out (Cout) propagation through the 4-bit CS circuit for the Cout=[1,1,1,1] case 
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Figure 11 depicts the Cout propagation while Fig.12 indicates the delay time between a signal 
and its corresponding output after that a swap operation is performed. In these simulations, 
the delay time was also examined at the overall frequency of 5MHz, VDD=5V, and by 
considering the worst-case of Cout propagation. This case occurs when [A3:A0]=[0000] and 
[B3:B0]=[1111] what ensures transferring Cout= 1 at every one-bit CS  basic cell. 

 
Fig. 12. Delay time between B[0] and MAX[A3,B3] 

3. Median filtering for image denoising using sorting network 

In order to illustrate the application of the CS circuit to the CMOS design, a digital 
architecture which is dedicated to median filtering for image denoising, is taken as a 
reference. This kind of filtering technique is used to reduce impulsive noise in acquired 
images (Faundez, 2001). Its main advantage consists in diminishing the lossless of 
information due to the computed pixel values have correspondence to one of the already 
presented in the image and its main characteristic is the requirement of a sorting operation 
(Vega et al., 2002). 

Before of describing this design, it is important to present a briefly explanation about the 
algorithm which serves as basis for its digital architecture. The following notational 
conventions will be used: if I(x,y) is a grayscale image divided in (m×n) pixels (squares) and 
also I(x,y) is affected by impulsive noise, then by applying a median filter algorithm, a 
denoised image IF(x,y) can be obtained. In order to achieve IF(x,y), the value of each output 
pixel must be computed by using iteratively a (3×3) square array (mask) of 9 pixels with 
center in I(x,y). The position of this mask is shifted along to I(x,y) until the median filtering 
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process is completed. It is worth to mention that because of the mask operates over the 
neighbour pixels, then it is needed to add elements (for example zeros) around I(x,y), 
increasing its dimension as (m+2)×(n+2). At each one of these pixels, a sorting procedure is 
performed by following three basic steps into the (3×3) mask: firstly, the pixels of the mask 
are sorted in a column by column sequence, then row by row, and finally along to the 
diagonal elements. After the sorting task is achieved, the central element (median) of the 
mask is picked out of I(x,y) and stored in the IF(x,y) to construct the filtered image. An 
illustrative description for this median algorithm is depicted in Fig. 13. A more formal 
description of this algorithm can be found in reference (Jimenez et al., 2011). 

 
Fig. 13. Graphical description for the median filter algorithm 

3.1 The sorting network block in the median filter algorithm  

A Knuth diagram for the sorting network procedure which is described in the median filter 
algorithm is shown in Fig. 14. 

Notice that the above sorting network exhibits a very regular structure that is hierarchically 
partitioned in seven blocks of three-data for median computing. The first stage of three 
blocks is dedicated to the column by column sorting, the second stage of three blocks is 
devoted for the row by row sorting, and finally the last block performs the diagonal sorting. 
It can be also observed that after all data have been propagated through the entire network, 
the median datum will be appearing in the bus line D4. If the (3×3) mask is defined as 
follows: 
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D2 D5 D8
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Fig. 14. Knuth diagram for the sorting network included in the median filter algorithm 

Then the median datum (collected in D4) is computed trough the next steps: 

1. Column by column sorting: 

( )2,1,0 DDDSORT  

( )5,4,3 DDDSORT  

( )8,7,6 DDDSORT  
2. Row by Row sorting: 

( )6,3,0 DDDSORT  

( )7,4,1 DDDSORT  

( )8,5,2 DDDSORT  
3. Diagonal sorting: 

( )6,4,2 DDDSORT  

3.2 Digital architecture for the image filtering based on sorting network 

In reference (Jimenez et al., 2011) a FPGA (Field Programmable Gate Array) implementation 
for median filtering image based on a sorting algorithm is reported. In such architecture two 
blocks can be distinguished: a nine-data accumulator and a nine-data sorting network 
module. The accumulator is a memory register in which the data is received from the (3x3) 
mask and temporarily stored. The sorting network, which is in fact the kernel of the median 
filter architecture, is also a nine-inputs/one-output combinational module. It is constituted 
by an array of seven blocks of three-data comparator modules as corresponds to Fig. 14. This 
interconnection topology is directly related to the median algorithm because it operates by 
following the already described three steps: column sorting, row sorting and diagonal 
sorting. It can be seen that although this block is able to output the nine data in a sorted 
sequence, only the datum in D4 is collected since it represents the median. 
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In order to illustrate the correct performance of this architecture, results obtained from the 
FPGA implementation and from the coded algorithm in Matlab are compared. Figure 15 
shows a group of images that have been intentionally corrupted by impulsive noise and 
then filtered directly by Matlab software and by FPGA hardware. 

 
Fig. 15. Collection of images filtered by software (Matlab) and by the FPGA device 

3.3 Floor planning and design at layout level 

The main structural component in the sorting network which is exposed in section 3.1, is a 
three-data comparator. As shown in Fig. 14, this element can be constituted by a set of 
interconnected one-bit CS cells. Three 8-bit word-length inputs described as: A, B and C can 
be identified. Also, three 8-bit CS blocks make possible to collect the median datum in the 
middle bus denoted by MED(A,B,C), and the corresponding minimum and maximum data 
into the external buses described as MIN(A,B,C) and MAX(A,B,C). In order to minimize the 
layout area, the CS modules have been rotated and placed in the position as illustrates the 
floorplanning and layout of Fig. 16. 

 
Fig. 16. Floorplanning (on left) and layout (on right) for the 8-bit three-data comparator 
included in the median filter  
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A graphical description, about the size and placement of the three-data modules that 
constitutes the nine-data sorting network is presented in Fig. 17. This floorplanning shows 
the connectivity between every module without showing internal layout details. It can be 
observed that some modules should be flipped to improve the routing and also achieving an 
area minimization. In this layout, two blocks can be recognized: the nine-data serial-
in/parallel-out register and the nine-data sorting network. In accordance to the proposed 
median filter algorithm the unique signal of interest from the sorting network output is the 
median datum (D4) while the other data (D1,D2,D3,D5,D6,D7, and D8) are discarded.  

 
 
 
 
 
 

 
 
 
 
 
 

Fig. 17. Floorplanning for the nine-data sorting network in the median filter design 

Figure 18 shows the translation to a layout level of the floorplanning design of fig. 17. 
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Fig. 18. Layout for the nine-data sorting network in the median filter design 

3.4 Spice simulations for delay time estimation and electrical verification 

The netlist including parasitic capacitances from the layout of Fig.18 is simulated to verify 
the circuit operation. The voltage waveforms for the median datum are shown in Fig. 19. 
The signals S0, S1, ..., and S7, correspond to the 8-bits median datum of the set of inputs {D0, 
D1, ..., D9} given by: D1=00101011 (21210), D2=01000011(19410), D3=00100010 (6910), 
D4=00001101 (17610), D5=00011100 (5610), D6=00011110 (12010), D7=00010111 (23210), 
D8=00001111(24010), and D9=00010101 (16810).  

In this simulation, the median for the input described in base-10 { 21210, 19410, 6910, 17610, 
5610, 12010, 23210, 24010, 16810 } is the datum 17610 ,which in a binary base is represented as 
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D4=0000110110. It is important to clarify that the output median datum will be enabled until 
the acknowledge signal (ACK) is high and the CLK low. 

 
Fig. 19. Simulated output waveforms of the nine data sorting network 

4. Piecewise linear function computation using sorting network 

As a second example of the application of sorting networks in dedicated VLSI systems, an 
Application Specific Instruction Processor (ASIP) for piecewise linear function evaluation is 
described. Piecewise linear (PWL) functions allow the aproximation of multidimensional 
nonlinear functions or models in a convenient way to be evaluated with computing systems 
(Julian et al., 1999). The simplicity of the representation and evaluation methods, combined 
with the scalability in terms of the number of dimensions, impulsed the adoption of PWL 
functions as the modelling abstraction in a broad spectrum of systems. The first and most 
traditional area has been the computationally efficient resolution of nonlinear circuits (Chua 
& Ying, 1983) that require high performace function evaluation in terms of speed, and more 
recently in communication systems (Kaddoum et al., 2007) and power electronics (Pejovic & 
Maksimovic, 1995) for nonlinear operations involved in predistortion (Hammi et al., 2005). 
Motivated by these applications, the ASIP for piecewise linear function evaluation, hereafter 
denoted as PWLR6-µp, was designed and implemented in CMOS technology to provide a 
flexible environment for computation of 6-dimentional PWL functions and, due to the fact 
that PWL evaluation algorithm requires a sorting procedure, sorting networks have been 
embedded in this design as it will be expossed in this section. 
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4.1 The sorting networks for nonlinear function evaluation 

Given an n-dimensional domain divided into a simplicial partition with a regular grid, a n-
dimensional PWL function can be expressed as the weighted sum:  

 ( )
0

n

i i
i

F X μ c
=

= ∑  (2) 

where X= {x1... xn} is the point in the n-dimensional domain where the function is 
evaluated, µi are scaling parameters depending on X, and ci are the values of the function 
at simplex vertices, i=0,...,n. In order to compute the PWL equation ci and µi are required. 
Usually the ci parameters are stored in a RAM while µi need to be computed. For this 
operation, the algorihmic procedure defined in (Agustin et al., 2011) is followed what 
involves the descomposition of the xi componentens into integer and fractional parts, 
sorting of the fractional parts and performing a sucesive subtraction of the sorted 
fractional parts.  

4.2 Micro-architecture for the PWL evaluation through a sorting scheme 

Micro-architecture of an ASIP strongly depends on its target application. A successful ASIP 
provides the required hardware to solve the target set of computational problems in an 
optimized way in terms of execution time, power, or chip resources, while maintaining the 
exibility and programmability characteristics of a general purpose microprocessor. A 
trade-off exists among optimization levels and exibility levels; thus, an ASIP can be 
considered as an intermediate point between a general purpose microprocessor and an 
Application Specific Integrated Circuit (ASIC). Three main architectural blocks of the 
PWLR6-µP, namely, Data Path, I/O, and Control, were designed taking into account the 
special operations required to perform the PWL calculation. The result was a nearly basic 
microprocessor with special features that accelerate the PWL computation. In this seccion, 
the sorting step of the algorithm and its relationship with the resources provieded by the 
PWLR6-up is addressed. For further details about the rest of the architecture and its special 
resources for PWL function evaluation, the reader is referred to (Agustin et al., 2011). 
Sorting constitutes the second part of the PWL function evaluation algorithm (as it was 
mentioned, it is required to evaluate the µi parameters). In this implementation, the 6- 
fractional parts are sorted following the comparison sequence of the so called Bose–Nelson 
sorting network (Knuth, 1997). However, in order to maintain the microprocessor structure 
and to avoid the area overhead of 12 CS blocks, only one comparator (the one provided by 
the ALU) was used. Consequently, the Bose-Nelson sorting network is embedded in the 
PWLR6-µp by combining an apropiate harware-software design. 

The hardware resouces provided by the PWLR6-µp architecture are showed in Fig. 20 and 
they are used during the sorting step as follows: firstly the RF (register le), which is 
composed by six registers, stores the fractional parts to be sorted. Then, the two 
bidirectional ports, Port A, which is connected to Register A, and port B connected to 
Register B, transfer data between them and RF. After that, compare operation is performed 
from these registers and depending on the result, Register A and Register B values may be 
written back into the RF by switching sources and destinations. 
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D4=0000110110. It is important to clarify that the output median datum will be enabled until 
the acknowledge signal (ACK) is high and the CLK low. 

 
Fig. 19. Simulated output waveforms of the nine data sorting network 
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4.1 The sorting networks for nonlinear function evaluation 
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Fig. 20. Architecture for the six-data sorting network embedded in the PWL microprocessor 

5. Conclusion  
In this chapter, sorting networks have been addressed since a physical CMOS realization 
perspective with applicability to VLSI design. The CS circuit, analyzed at the beginning of 
this chapter, was introduced as the fundamental cell from which more complex sorting 
topologies could emerge. It must be pointed that because the speed in the CS design is 
limited by the delay of the n-bits carry out critical path, and by the transmission gates delay, 
a future research proposal for this work must be aimed to achieve higher overall 
frequencies. The two provided examples: the median filter architecture and the PWL 
evaluation scheme, allow to show the inclusion of sorting networks, into these specific 
applications. In these sense, about these examples the following particular conclusions must 
be observed: firstly, in the sorting network inmerse in the median filter, the main advantage 
consists in its regular structure beacuse although it is not optimal in the number of 
comparisons (21), the execution of several CS elements is done in parallel, and finally, the 
choice of an embeded sorting strategy in the PWL ASIP was due to the simplicity that 
allows the PWLR6-µP architecture (compared to other sorting algorithms like bubble sort or 
quick sort, designed to sort bigger datasets) and because of the small size of the input, this 
strategy is efficient in terms of hardware resources and code length. 
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1. Introduction

Graph-based symbolic technique is a viable tool for calculating the behavior or the
characterization of an analog circuit. Traditional symbolic analysis tools typically are
used to calculate the behavior or the characteristic of a circuit in terms of symbolic
parameters (Gielen et al., 1994). The introduction of determinant decision diagrams based
symbolic analysis technique allows exact symbolic analysis of much larger analog circuits
than any other existing approaches (Shi & Tan, 2000; 2001). Furthermore, with hierarchical
symbolic representations (Tan et al., 2005; Tan & Shi, 2000), exact symbolic analysis via DDD
graphs essentially allows the analysis of arbitrarily large analog circuits. Some recent
advancement in DDD ordering technique and variants of DDD allow even larger analog
circuits to be analyzed (Shi, 2010a;b). Once the circuit’s small-signal characteristics are
presented by DDDs, the evaluation of DDDs, whose CPU time is proportional to the sizes
of DDDs, will give exact numerical values. However, with large networks, the DDD size can
be huge and the resulting evaluation can be very time consuming.

Modern computer architecture has shifted towards designs that employ multiple processor
cores on a chip, so called multi-core processors or chip-multiprocessors (CMP) (AMD Inc.,
2006; Intel Corporation, 2006). The graphic processing unit (GPU) is one of the most powerful
many-core computing systems in mass-market use (AMD Inc., 2011a; NVIDIA Corporation,
2011a). For instance, NVIDIA Telsa T10 chip has a peak performance of over 1 TFLOPS
versus about 80–100 GFLOPS of Intel i5 series Quad-core CPUs (Kirk & Hwu, 2010). In
addition to the primary use of GPUs in accelerating graphics rendering operations, there has
been considerable interest in exploiting GPUs for general purpose computation (Göddeke,
2011). The introduction of new parallel programming interfaces for general purpose
computations, such as Computer Unified Device Architecture (CUDA) (NVIDIA Corporation,
2011b), Stream SDK (AMD Inc., 2011b) and OpenCL (Khronos Group, 2011), has made
GPUs a powerful and attractive choice for developing high-performance numerical, scientific
computation and solving practical engineering problems.

*This work is funded in part by NSF grants NSF OISE-0929699, OISE-1130402, CCF-1017090 and part by
CN-11-575 UCMEXUS-CONACYT Collaborative Research Grants.
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In this chapter, we present an efficient parallel DDD evaluation technique based on general
purpose GPU (GPGPU) computing platform to explore the parallelism of DDD structures. We
present a new data structures to present the DDD graphs in the GPUs for massively threaded
parallel computing of the numerical values of DDD graphs. The new method explores data
parallelism in the DDD numerical evaluation process where DDD graphs are traversed in a
depth-first fashion. Numerical results show that the new evaluation algorithm can achieve
about one to two orders of magnitude speedup over the serial CPU based evaluations of
some analog circuits. The presented parallel techniques can be used for the parallelization
of many decision diagrams based applications such as logic synthesis, optimization, and
formal verification, all of which are based on binary decision diagrams (BDDs) and its
variants (Bryant, 1995; Minato, 1996).

This chapter is organized as follows. Section 2 reviews DDD-based symbolic analysis
techniques. Section 3 briefly review the GPU architectures and CUDA computing. Section 4
introduces the new parallel algorithm, and then the results are demonstrated in Section 5.
Lastly, Section 6 summarizes this chapter.

2. DDDs and DDD-based symbolic analysis

Before we introduce our GPU-base parallel analysis method, we first provide a brief overview
of determinant decision diagram (DDD) Shi & Tan (2000) in this section.

Determinant decision diagrams (DDDs) was introduced to represent determinants
symbolically Shi & Tan (2000). A DDD is essentially a zero-suppressed Binary Decision
Diagrams (ZBDDs) — introduced originally for representing sparse subset systems Minato
(1993). A ZBDD is a variant of a Binary Decision Diagram (BDD) introduced by Akers Akers
(1976) and popularized by Bryant Bryant (1986). BDDs have brought great success to
formal verification and testing for combinational and sequential digital circuits Bryant
(1986); Hachtel & Somenzi (1996). DDD representation has several advantages over both the
expanded and arbitrarily nested forms of a symbolic expression.

• First, similar to the nested form, DDD representation is compact for a large class of analog
circuits. A ladder-structured network can be represented by a diagram where the number
of vertices in the diagram (called its size) is equal to the number of symbolic parameters.
As indicated by Shi & Tan (2000), the typical size of DDD is dramatically smaller than that
of product terms. For instance, 5.71×1020 terms can be represented by a diagram with 398
vertices.

• Second, similar to the expanded form, DDD representation is canonical, i.e., every
determinant has a unique representation, and is amenable to symbolic manipulations.
This property of canonical representation for matrix determinants is similar to BDD for
representing binary functions and ZBDD for representing subset systems.

A key observation is that the circuit matrix is sparse and that for many times, a
symbolic expression may share many sub-expressions. For example, consider the following
determinant

det(M) =

∣∣∣∣∣∣∣∣

a b 0 0
c d e 0
0 f g h
0 0 i j

∣∣∣∣∣∣∣∣
= adgj − adhi − ae f j − bcgj + cbih. (1)
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Fig. 1. A ZBDD representing {adgi, adhi, a f ej, cbgj, cbih} under ordering
a > c > b > d > f > e > g > i > h > j

Note that sub-terms ad, gj, and hi appear in several product terms, and each product
term involves a subset (four) out of ten symbolic parameters. Therefore, we view each
symbolic product term as a subset, and use a ZBDD to represent the subset system
composed of all the subsets each corresponding to a product term. Fig. 1 illustrates
the corresponding ZBDD representing all the subsets involved in det(M) under ordering
a > c > b > d > f > e > g > i > h > j. It can be seen that sub-terms ad, gj, and ih have been
shared in the ZBDD representation.

Following directly from the properties of ZBDDs, we have the following observations. First,
given a fixed order of symbolic parameters, all the subsets in a symbolic determinant can be
represented uniquely by a ZBDD. Second, every 1-path in the ZBDD corresponds to a product
term, and the number of 1-edges in any 1-path is n. The total number of 1-paths is equal to
the number of product terms in a symbolic determinant.

We can view the resulting ZBDD as a graphical representation of the recursive application
of the determinant expansion with the expansion order a, c, b, d, f , e, g, i, h, j. Each vertex
is labeled with the matrix entry with respect to which the determinant is expanded, and
it represents all the subsets contained in the corresponding sub-matrix determinant. The
1-edge points to the vertex representing all the subsets contained in the cofactor of the current
expansion, and 0-edge points to the vertex representing all the subsets contained in the
remainder.

To embed the signs of the product terms of a symbolic determinant into its corresponding
ZBDD, we associate each vertex v with a sign, s(v), defined as follows:
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In this chapter, we present an efficient parallel DDD evaluation technique based on general
purpose GPU (GPGPU) computing platform to explore the parallelism of DDD structures. We
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This property of canonical representation for matrix determinants is similar to BDD for
representing binary functions and ZBDD for representing subset systems.

A key observation is that the circuit matrix is sparse and that for many times, a
symbolic expression may share many sub-expressions. For example, consider the following
determinant

det(M) =

∣∣∣∣∣∣∣∣

a b 0 0
c d e 0
0 f g h
0 0 i j

∣∣∣∣∣∣∣∣
= adgj − adhi − ae f j − bcgj + cbih. (1)
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Fig. 1. A ZBDD representing {adgi, adhi, a f ej, cbgj, cbih} under ordering
a > c > b > d > f > e > g > i > h > j

Note that sub-terms ad, gj, and hi appear in several product terms, and each product
term involves a subset (four) out of ten symbolic parameters. Therefore, we view each
symbolic product term as a subset, and use a ZBDD to represent the subset system
composed of all the subsets each corresponding to a product term. Fig. 1 illustrates
the corresponding ZBDD representing all the subsets involved in det(M) under ordering
a > c > b > d > f > e > g > i > h > j. It can be seen that sub-terms ad, gj, and ih have been
shared in the ZBDD representation.

Following directly from the properties of ZBDDs, we have the following observations. First,
given a fixed order of symbolic parameters, all the subsets in a symbolic determinant can be
represented uniquely by a ZBDD. Second, every 1-path in the ZBDD corresponds to a product
term, and the number of 1-edges in any 1-path is n. The total number of 1-paths is equal to
the number of product terms in a symbolic determinant.

We can view the resulting ZBDD as a graphical representation of the recursive application
of the determinant expansion with the expansion order a, c, b, d, f , e, g, i, h, j. Each vertex
is labeled with the matrix entry with respect to which the determinant is expanded, and
it represents all the subsets contained in the corresponding sub-matrix determinant. The
1-edge points to the vertex representing all the subsets contained in the cofactor of the current
expansion, and 0-edge points to the vertex representing all the subsets contained in the
remainder.

To embed the signs of the product terms of a symbolic determinant into its corresponding
ZBDD, we associate each vertex v with a sign, s(v), defined as follows:
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Fig. 2. A signed ZBDD for representing symbolic terms from matrix M

• Let P(v) be the set of ZBDD vertices that originate the 1-edges in any 1-path rooted at v.
Then

s(v) = ∏
x∈P(v)

sign(r(x)− r(v)) sign(c(x)− c(v)), (2)

where r(x) and c(x) refer to the absolute row and column indices of vertex x in the original
matrix, and u is an integer so that

sign(u) =
{
+1, if u > 0,
−1, if u < 0.

• If v has an edge pointing to the 1-terminal vertex, then s(v) = +1.

This is called the sign rule. For example, in Fig. 2, shown beside each vertex are the row and
column indices of that vertex in the original matrix, as well as the sign of that vertex obtained
by using the sign rule above. For the sign rule, we have following result:

Theorem 1. The sign of a DDD vertex v, s(v), is uniquely determined by (2), and the product of all
the signs in a path is exactly the sign of the corresponding product term.

For example, consider the 1-path acbgih in Fig. 2. The vertices that originate all the 1-edges are
c, b, i, h, their corresponding signs are −, +, − and +, respectively. Their product is +. This is
the sign of the symbolic product term cbih.

With ZBDD and the sign rule as two foundations, we are now ready to introduce formally
our representation of a symbolic determinant. Let A be an n × n sparse matrix with a set of
distinct m symbolic parameters {a1, ..., am}, where 1 ≤ m ≤ n2. Each symbolic parameter ai
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Fig. 3. A determinant decision diagram representation for matrix M

is associated with a unique pair r(ai) and c(ai), which denote, respectively, the row index and
column index of ai. A determinant decision diagram is a signed, rooted, directed acyclic graph
with two terminal vertices, namely the 0-terminal vertex and the 1-terminal vertex. Each
non-terminal vertex ai is associated with a sign, s(ai), determined by the sign rule defined
by (2). It has two outgoing edges, called 1-edge and 0-edge, pointing, respectively, to Dai

and Dai . A determinant decision graph having root vertex ai denotes a matrix determinant D
defined recursively as

• If ai is the 1-terminal vertex, then D = 1.
• If ai is the 0-terminal vertex, then D = 0.
• If ai is a non-terminal vertex, then

D = ais(ai)Dai + Dai (3)

Here s(ai)Dai is the cofactor of D with respect to ai, Dai is the minor of D with respect to
ai, Dai is the remainder of D with respect to ai, and operations are algebraic multiplications
and additions. For example, Fig. 3 shows the DDD representation of det(M) under ordering
a > c > b > d > f > e > g > i > h > j.

To enforce the uniqueness and compactness of the DDD representation, the three rules of
ZBDDs, namely, zero-suppression, ordered, and shared are adopted. This leads to DDDs
having the following properties:

• Every 1-path from the root corresponds to a product term in the fully expanded symbolic
expression. It contains exactly n 1-edges. The number of 1-paths is equal to the number of
product terms.
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To enforce the uniqueness and compactness of the DDD representation, the three rules of
ZBDDs, namely, zero-suppression, ordered, and shared are adopted. This leads to DDDs
having the following properties:

• Every 1-path from the root corresponds to a product term in the fully expanded symbolic
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• For any determinant D, there is a unique DDD representation under a given vertex
ordering.

We use |DDD| to denote the size of a DDD, i.e., the number of vertices in the DDD.

Once a DDD has been constructed, its numerical values of the determinant it represents can
be computed by performing the depth-first type search of the graph and performing (3) at
each node, whose time complexity is linear function of the size of the graphs (its number of
nodes). The computing step is call Evaluate(D) where D is a DDD root.

For each vertex, there are two values, vself and vtree. As above mentioned, vself represents
the value of the element itself; while vtree represents the value of the whole tree (or subtree).
For each vertex, the vtree equals vself multiplying vtree of 1-subtree plus vtree of 0-subtree as
shown in (3). In this example, the value of the determinant equals vtree of a; while vtree of a
equals vself of a multiplying vtree of b plus vtree of c. In a serial implementation, the tree value
of a is computed by recursively computing all vtree of subtrees, which is very time-consuming
when the tree becomes large.

One key observation for DDD structure is that the data dependence is very clear. The data
dependency is very simple: a node can be evaluated only after its children are evaluated.
Such dependency implies the parallelism where all the nodes satisfying this constraint can
be evaluated at the same time. Also, in frequency analysis of analog circuits, evaluation of a
DDD node at different frequency runs can be performed in parallel. In the following section
we show how we can explore such parallelism to speed up the DDD evaluation process.

3. Review of GPU architectures

CUDA (short for Compute Unified Device Architecture) is the parallel computing architecture
for NVIDIA many-core GPU processors. The architecture of a typical CUDA-capable GPU
is consisted of an array of highly threaded streaming multiprocessors (SM) and comes with
more than 4 GBytes DRAM, referred to as global memory. Each SM has eight streaming
processor (SP) and two special function units (SFU), and possesses its own shared memory
and instruction cache. The structure of a streaming multiprocessor is shown in Fig. 4.

As the programming model of GPU, CUDA extends C into CUDA C, and supports tasks such
as threads calling and memory allocation, which makes programmers able to explore most
of the capabilities of GPU parallelism. In CUDA programming model, threads are organized
into blocks; blocks of threads are organized into grids. CUDA also assumes that both the host
(CPU) and the device (GPU) maintain their own separate memory spaces in DRAM, referred
to as host memory and device memory, respectively. For every block of threads, a shared
memory is accessible to all threads in that same block. And the global memory is accessible
to all threads in all blocks. Developers can write programs running millions of threads with
thousands of blocks in a parallel approach. This massive parallelism forms the reason that
programs with GPU acceleration can be multiple times faster than their CPU counterparts.

One thing to mention is that for some series of CUDA GPU, a multiprocessor has eight
single-precision floating point ALUs (one per core) but only one double-precision ALU
(shared by the eight cores). Thus, for applications whose execution time is dominated by
floating point computations, switching from single-precision to double-precision will decrease
performance by a factor of approximately eight. However, this situation is being improved
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Fig. 4. Structure of streaming multiprocessor.

in NVIDIA T20 series, the Fermi family. These most recent GPU from NVIDIA can already
provide much better double-precision performance than before.

4. New GPU-based DDD evaluation

In this section, we present the new GPU-based DDD evaluation algorithm. Before the details
of GPU-based DDD evaluation method, we first discuss the new DDD data structure for GPU
parallel computing.

One key observation for DDD structure is that the data dependence is very clear. The data
dependency is very simple: a node can be evaluated only after its children are evaluated.
Such dependency implies the parallelism where all the nodes satisfying this constraint can be
evaluated at the same time. Also, in frequency analysis of analog circuits, evaluation of a DDD
node at different frequency runs can be performed in parallel. In the following subsections
we show how we can explore such parallelism to speed up the DDD evaluation process.

4.1 New data structure

To achieve the best performance on GPU, linear memory structure, i.e., data stored in
consequent memory addresses, is preferable. For CPU serial computing, the data structure
is based on dynamic links in a linked binary tree. For parallel computing, the data will be
stored in linear arrays which can be more efficiently accessed by different threads based on
thread ids.

As we discussed above, the DDD representation stores all product terms of the determinant
of the MNA matrix in a binary linked tree structure. The vertex in the tree structure is known
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is based on dynamic links in a linked binary tree. For parallel computing, the data will be
stored in linear arrays which can be more efficiently accessed by different threads based on
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Fig. 5. Illustration of the data structure for serial method

Fig. 6. Illustration of the data structure for parallel method

as DDD node that represents element in MNA matrix which is identified by its index. For
each DDD node, the data structure includes the sign value, the MNA index, the RCL values,
corresponding frequency value, vself, and vtree. In the serial approach, these values are stored
in a data structure and connected through links, as shown in Fig. 5. On the other side, in
the parallel approach, all of these data are stored separately in corresponding linear arrays
and each element is identified by the DDD node index (not necessarily the same as the MNA
element index). Figure 6 illustrates the new data structure.
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Two choices are available for vself data structure. One is similar to the data structure of vtree.
The vself value for each DDD node is stored consecutively. This data structure is called the
linear version of vself data structure. The other method is as shown in Fig. 6. The array is
organized per MNA element. Due to the fact that some of the DDD nodes share the same
MNA element value, the second data structure is more compact in memory than the linear
version. So it is called the compact version of vself data structure. The compact version is
suitable for small circuits because it reduces the global memory traffic when computing vself.
However, for large circuits, the calculation of vtree dominates the time cost. And we can
implement a strategy to reduce the global memory traffic for computing vtree using the linear
version of vself data structure to further improve the GPU performance. Therefore, for larger
circuits, the linear version is preferable. The performance comparison is discussed later in the
next section.

4.2 Algorithm flow

The parallel evaluating process consists of two stages. First, the vself values for all DDD nodes
are computed and stored. In this stage, a set of 2D threads are launched on GPU devices. The
X-dimension of the 2D threads represents different frequencies; the Y-dimension represents
different elements (for compact vself) or DDD nodes (for linear vself). Therefore, all elements
(or DDD nodes) can be computed under all frequencies in massively parallel manners. In
the second stage, we simultaneously launch GPU 2D threads to compute all the vtree values
for DDD nodes based on (3). Notice that a DDD node vtree value becomes valid when all its
children’s vtree values are valid. Since we compute all the vtree for all the nodes at the same
time, the correct vtree values will automatically propagate from the bottom of the DDD tree
to the top node. The number of such vtree iterative computing are decided by the number of
layers in DDD tree. A layer represents a set of DDD nodes whose distance from 1-terminal
or 0-terminal are the same. The number of layers equal to the longest distance between
non-terminal nodes and 1-terminal/0-terminal. Algorithm 1 shows the flow of parallel DDD
evaluation using compact vself data structure.

Line 3 and Line 4 load frequency index and element index respectively with CUDA built-in
variables (Thread.X and Thread.Y are our simplified notations). These built-in variables are
the mechanism for identifying data within different threads in CUDA. Then, line 5 and Line 6
compute the vself with the RCL value of the element under given frequency. From line 8, loop
for computing vtree is entered. Line 13 and Line 14 load vtree values for left/right branch
using function Then()/Else(). Line 15 through Line 26 explains themselves. Line 27 computes
vtree with vself and Left/Right and ends the flow.

4.3 Coalesced memory access

The GPU performance can be further improved by making proper use of coalesced global
memory access to prevent the global memory bandwidth from being performance limitation.
Coalesced memory access is one efficient method reducing global memory traffic. When all
threads in a warp execute a load instruction, the hardware detects whether the threads access
the consecutive global memory address. In such case, the hardware coalesces all of these
accesses into a consolidated access to the consecutive global memory. In the implementation
of GPU-accelerated DDD evaluation, such favorable data access pattern is fulfilled for the
linear version of vself data structure to gain performance enhancement. The vself data structure
is in a linear pattern so that the vself values for a given DDD node under a series of frequency
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Fig. 5. Illustration of the data structure for serial method

Fig. 6. Illustration of the data structure for parallel method
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The GPU performance can be further improved by making proper use of coalesced global
memory access to prevent the global memory bandwidth from being performance limitation.
Coalesced memory access is one efficient method reducing global memory traffic. When all
threads in a warp execute a load instruction, the hardware detects whether the threads access
the consecutive global memory address. In such case, the hardware coalesces all of these
accesses into a consolidated access to the consecutive global memory. In the implementation
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is in a linear pattern so that the vself values for a given DDD node under a series of frequency
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Algorithm 1 Parallel DDD evaluation algorithm flow

1: if Launch GPU threads for each node then
2: {Computing vself:}
3: FreqIdx ← Thread.X
4: ElemIdx ← Thread.Y
5: (R, C, L) ← GetRCL(ElemIdx)
6: vsel f ← (R, C ∗ Freq + L/Freq)
7: end if
8: for all lyr such that 0 ≤ lyr ≤ NumberO f Layers do
9: {Computing vtree:}

10: if Launch GPU threads for each node then
11: FreqIdx ← Thread.X
12: DDDIdx ← Thread.Y
13: Le f t ← Then(DDDIdx)
14: Right ← Else(DDDIdx)
15: if is 0 − terminal then
16: Le f t ← (0, 0)
17: Right ← (0, 0)
18: else
19: if is 1 − terminal then
20: Le f t ← (1, 0)
21: Right ← (1, 0)
22: end if
23: end if
24: if sign(DDDIdx) < 0 then
25: vsel f ← −1 ∗ vsel f
26: end if
27: vtree ← vsel f ∗ Le f t + Right
28: end if
29: end for

values are stored in coalesced memory. Therefore, threads, in the same block, with consecutive
thread index will access consecutive global memory locations, which ensure that the hardware
coalesces these accessing process in just one reading operation. In this example, this technique
reduces the global memory traffic by a factor of 16. However, for the compact version of vself
data structure, the vself values are stored per elements, which means that for consecutive DDD
nodes, their respective vself values are not stored in consecutive locations. So, for the compact
version of vself data structure, the global memory access is not coalesced. The performance
comparison for both of versions is discussed in experimental result section.

5. Numerical results

We have implemented both CPU serial version and GPU version of the DDD-based evaluation
programs using C++ and CUDA C, respectively.

The serial and parallel versions of programs have been tested under the same hardware
and OS configuraions. The computation platform is a Linux server with two Intel Xeon
E5620 2.4 GHz Quad-Core CPUs, 36 GBytes memory, equipped with NVIDIA Tesla S1070
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Fig. 7. Performance comparison

1U rack-mounted system (containing four T10 GPUs). The software environment is Red Hat
4.1.2-48 Linux, gcc version 4.1.2 20080704, and CUDA version 3.2.

For the purpose of performance comparison, the programs with CPU-serial and GPU-parallel
algorithm are both tested for the same set of circuits. The testing circuits include: μA741 (a
bipolar opamp), Cascode (a CMOS Cascode opamp), ladder7, ladder21, ladder100 (7-, 21-,
100-section cascade resistive ladder networks), rctree1, rctree2 (two RC tree networks), rlctest,
vcstest, ccstest, bigtst (some RLC filters).

In the two implementations, the same DDD construction algorithm is shared. The numerical
evaluation process is done under serial and parallel version separately. The performance
comparison for each of the given circuit is listed in Table 1 and illustrated in Fig. 7. In our
experimental results, the overhead for data transferring between host and GPU devices are
not included as their costs can be amortized over many DDD evaluation processes and can be
partially overlapped with GPU computing in more advanced parallelization implementation.
The statistics information for DDD representation is also included in the same table. The first
column indicates the name of each circuit tested. The second to fourth columns represent the
number of nodes in circuit, the number of elements in the MNA matrix and the number of
DDD nodes in the generated DDD graph, respectively. The number of determinant product
terms is shown in fifth column. CPU time is the time cost for the calculation of DDD evaluation
in serial algorithm. The GPU time is the computing time cost for GPU-parallelism (the kernel
parts). The final column summerizes the speedup of parallel algorithm over serial algorithm.
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Algorithm 1 Parallel DDD evaluation algorithm flow
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Fig. 8. The circuit schematic of μA741

Fig. 9. The small signal model for bipolar transistor

Now let us investigate one typical example in detail. Fig. 8 shows the schematic of a μA741
circuit. This bipolar opamp contains 26 transistors and 11 resistors. DC analysis is first
performed by SPICE to obtain the operation point, and then small-signal model, shown in
Fig. 9, is used for DDD symbolic analysis and numerical evaluation. The AC analysis is
performed using both CPU DDD evaluation and GPU parallel DDD evaluation proposed in
our work. In Fig. 10 plots the frequency responses of the gain and the phase at the amplifier’s
output node from the two comparison methods. It can be observed that GPU parallel DDD
evaluation provides the same result as it CPU serial counterpart does. We measured the run
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Fig. 10. Frequency response of μA741 amplifier. The red solid curve is the result of CPU DDD
evaluation, while the blue dashed line is the result of GPU parallel DDD evaluation.

time of these two methods: the program of CPU evaluation costs 0.84 second, while the GPU
parallel version only takes 0.029 second. For this benchmark circuit, we can judge that the
parallel computation can easily achieve a speedup of 29 times. As the size of the circuit and
the number of DDD nodes grow larger, more speedup can be expected.

From Table 1, we can make some observations. For a variety of circuits tested in the
experiment, the GPU-accelerated version outperforms all of their counterparts. The maximum
performance speedup is 38.33 times for bigtst. The time cost of the serial version is
growing fast along the increasing of circuit size (nodes in the circuit). On the other side,
however, the GPU-based parallel version performs much better for larger circuits. And
more importantly, the larger the circuit is, the better performance improvement we can gain
using GPU-acceleration. This trend is illustrated in Fig. 11. This result implies that the

circuit # nodes # elements # DDD nodes # terms CPU time (s) GPU time (s) speedup

bigtst 32 112 642 2.68 × 107 9.21 0.240 38.33
cascode 14 76 2110 2.32 × 105 6.65 0.369 18.00
ccstest 9 35 109 260 0.32 0.014 23.40

ladder100 101 301 301 9.27 × 1020 11.31 0.323 35.00
ladder21 22 64 64 28657 0.55 0.021 25.69
ladder7 8 22 22 34 0.08 0.007 10.86
rctree1 40 119 211 1.15 × 108 2.53 0.076 33.30
rctree2 53 158 302 4.89 × 1010 4.76 0.134 35.51
rlctest 9 39 119 572 0.01 0.001 8.82
μA741 23 89 6205 363914 0.84 0.029 29.14
vcstst 12 46 121 536 0.28 0.013 20.74

Table 1. Performance comparison of CPU-serial and GPU-parallel DDD evaluation for a set
of circuits
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Fig. 11. The performance speedup of GPU-acceleration vs. circuits size (number of nodes)

GPU-acceleration is suitable to overcome the performance problem of DDD-based numerical
evaluation for large circuits.

Fig. 12. Performance comparison for two approaches of vself data structure (the x-axis is in
logarithm scale)
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In this experiment, both of data structures for storing vself are implemented. The performance
comparison is listed in Table 2. The GPU parallel version under both of the two data structures
for vself outperforms the serial version. And the performance speedup is clearly related to
the number of product terms in MNA matrix, as shown in Fig. 12. For small circuits with
less MNA matrix product terms, the compact version of vself is more efficient due to the
lowering of global memory traffic when calculating vself. However, for large circuits with
bigger number of MNA matrix product terms, the linear version of vself outperforms the
compact version comp vself owing to the effect of coalesced memory access as discussed in
the prior section.

circuit # terms CPU (s) GPU time (s) speedup
w/ comp vself w/ linear vself w/ comp vself w/ linear vself

bigtst 2.68 × 107 9.21 0.240 0.223 38.33 41.21
cascode 2.32 × 105 6.65 0.369 0.452 18.00 14.70
ccstest 260 0.32 0.014 0.033 23.40 9.65

ladder100 9.27 × 1020 11.31 0.323 0.097 35.00 116.92
ladder21 28657 0.55 0.021 0.028 25.69 19.40
ladder7 34 0.08 0.007 0.025 10.86 3.20
rctree1 1.15 × 108 2.53 0.076 0.057 33.30 44.71
rctree2 4.89 × 1010 4.76 0.134 0.076 35.51 62.93
rlctest 572 0.01 0.001 0.002 8.82 4.40
μA741 363914 0.84 0.029 0.029 29.14 29.27
vcstst 536 0.28 0.013 0.029 20.74 9.62

Table 2. Performance comparison for two implementations of vself data structure

6. Summary

In this chapter, a GPU-based graph-based parallel analysis method for large analog circuits
has been presented. Two data structures have been designed to cater the favor of GPU
computation and device memory access pattern. Both the CPU version and the GPU version’s
performance has been studied and compared for circuits with different number of product
terms in MNA matrix. The GPU-based DDD evaluation performs much better than its
CPU-based serial counterpart, especially for larger circuits. Experimental results from tests on
a variety of industrial benchmark circuits show that the new evaluation algorithm can achieve
about one to two order of magnitudes speedup over the serial CPU based evaluations on some
large analog circuits. The presented parallel techniques can be also used for the parallelization
of other decision diagrams based applications such as Binary Decision Diagrams (BDDs) for
logic synthesis and formal verifications.
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1. Introduction  
Due to advent of Very Large Scale Integration (VLSI), mainly due to rapid advances in 
integration technologies the electronics industry has achieved a phenomenal growth over 
the last two decades. Various applications of VLSI circuits in high-performance computing, 
telecommunications, and consumer electronics has been expanding progressively, and at a 
very hasty pace. Steady advances in semi-conductor technology and in the integration level 
of Integrated circuits (ICs) have enhanced many features, increased the performance, 
improved reliability of electronic equipment, and at the same time reduce the cost, power 
consumption and the system size.  With the increase in the size and the complexity of the 
digital system, Computer Aided Design (CAD) tools are introduced into the hardware 
design process.  The early paper and pencil design methods have given way to sophisticated 
design entry, verification and automatic hardware generation tools.  The use of interactive 
and automatic design tools significantly increased the designer productivity with an 
efficient management of the design project and by automatically performing a huge amount 
of time extensive tasks.  The designer heavily relies on software tools for every aspect of 
development cycle starting from circuit specification and design entry to the performance 
analysis, layout generation and verification. Partitioning is a method which is widely used 
for solving large complex problems.  The partitioning methodology proved to be very useful 
in solving the VLSI design automation problems occurring in every stage of the IC design 
process.  But the size and the complexity of the VLSI design has increased over time, hence 
some of the problems can be solved using partitioning techniques.  Graphs and hyper-
graphs are the natural representation of the circuits, so many problems in VLSI design can 
be solved effectively either by graph or hyper-graph partitioning.  VLSI circuit partitioning 
is a vital part of the physical design stage.  The essence of the circuit partitioning is to divide 
a circuit into number of sub-circuits with minimum interconnection between them.  Which 
can be accomplished recursively partitioning the circuits into two parts until the desired 
level of complexity is reached.  Partitioning is a critical area of VLSI CAD. In order to build 
complex digital logic circuits it is often essential to sub-divide multi –million transistor 
design into manageable pieces. The presence of hierarchy gives rise to natural clusters of 
cells. Most of the widely used algorithms tend to ignore this clustering and divide the net 
list in a balanced partitioning and frequently the resulting partitions are not optimal.  

The demand for high-speed field-programmable gate array (FPGA) compilation tools has 
escalated in the deep-sub micron era. Tree partitioning problem is a special case of graph 
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partitioning. A general graph partitioning though fast, is inefficient while partitioning a tree 
structure. An algorithm for tree partitioning that can handle large trees with less 
memory/run time requirement will be a modification of Luke’s algorithm. Dynamic 
program mining based tree partition, which works well for small trees, but because of its 
high memory and run time complexity, it cannot be used for large trees. In order to optimize 
above mentioned issues this chapter concentrates on different methodologies starting with 
Memetic Approach in comparison with genetic concept, Neuro-Memetic approach in 
comparison with Memetic approach, then deviated the chapter to  Neuro EM model with 
clustering concept. After that the topic concentration is on Fuzzy ARTMAP DBSCAN 
technique and finally there is a section on  Data mining concept using two novel  Clustering 
algorithms achieving the optimality of the  partition algorithm in minimizing the number of 
inter-connections between the cells, which is the required criteria of the partitioning 
technique in VLSI  circuit design. Memetic algorithm (MA) is population based heuristic 
search approach for combinatorial optimization problems based on cultural evolution. They 
are designed to search in the space of locally optimal solutions instead of searching in the 
space of all candidate solutions. This is achieved by applying local search after each of the 
genetic operators. Crossover and mutation operators are applied to randomly chosen 
individuals for a predefined number of times. To maintain local optimality, the local search 
procedure is applied to the newly created individuals.  

Neuro-memetic model makes it possible to predict the sub-circuit from circuit with 
minimum interconnections between them. The system consists of three parts, each dealing 
with data extraction, learning stage and result stage. In data extraction, a circuit is bipartite 
and chromosomes are represented for each sub circuit. Extracted sequences are fed to 
Neuro-memetic model that would recognize sub-circuits with lowest amount of 
interconnections between them. 

Next method focuses on the use of clustering k-means (J. B. MacQueen, 1967) and Expectation-
Maximization (EM) methodology (Kaban & Girolami, 2000), which divides the circuit into a 
number of sub-circuits with minimum interconnections between them, and partition it into 10 
clusters, by using k-means and EM methodology. In recognition stage the parameters, centroid 
and probability are fed into generalized delta rule algorithm separately.   

Further, a new model for partitioning a circuit is explored using DBSCAN and fuzzy 
ARTMAP neural network. The first step is concerned with feature extraction, where it uses 
DBSCAN algorithm. The second step is classification and is composed of a fuzzy ARTMAP 
neural network.  

Finally, two clustering algorithms Nearest Neighbor (NNA) and Partitioning Around 
Medoids (PAM) clustering algorithms are considered for dividing the circuits into sub 
circuits. Clustering is alternatively referred to as unsupervised learning segmentation. The 
clusters are formed by finding the similarities between data according to characteristics 
found in the actual data. NNA is a serial algorithm in which the items are iteratively merged 
into the existing clusters that are closest. PAM represents a cluster by a medoid.  

2. Circuit partitioning concept 
VLSI circuit partitioning is a vital part of physical design stage. The essence of circuit 
partitioning is to divide the circuit into a number of sub-circuits with minimum 
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interconnections between them. This can be accomplished by recursively partitioning a 
circuit into two parts until we reach desired level of complexity. Thus two way partitioning 
is basic problem in circuit partitioning, which can be described as (Dutt& Deng, 1996). 

Logic netlist can be represented as a hypergraph H (V,Eh) where 

 Each node vV in hypergraph represents a logic cell of the netlist, and 
 Each hyperedge e Eh represents a net connecting various logic cells 
 Various weights representing different attributes are attached to all nodes and edges of 

the hypergraph H, these are: On nodes: area estimates, On edges: length (after global 
placement) 

The problem is: 

 To partition the set V of all nodes vV into a set of disjoint subsets, of V, such that each 
node v is present in exactly one of these subsets. These subsets are referred to as blocks 
of the partition. 

 The partition on V induces a cut of the set of all hyper edges, that is, Eh. A cut is subset 
of Eh, such that for every hyper edge h present in the cut there are at least two nodes 
adjacent to h, which belong to separate blocks of the partition. 

 The objective function of partitioning approach has to address the following issues: 
 It should be able to handle multi-million node graphs in a reasonable amount of 

computation time 
 It should attempt to balance the area attribute of all the blocks of the partition with the 

additional constraint that there is an area penalty associated with every hyperedge that 
get cut. 

 It should try to minimize interconnections between different clusters so as to satisfy the 
technological limit on the maximum number of interconnects allowed. 

3. Memetic approach in VLSI circuit partitioning 
A new approach Memetic Algorithm is described in this section to solve problem of circuit 
partitioning pertaining to VLSI.  

3.1 A model to solve circuit partitioning 

The circuit partitioning problem can be formally represented in graph theoretic notation as a 
weighted graph, with the components represented as nodes, and the wires connecting them 
as edges, the weights of the node represent the sizes of the corresponding components, and 
the weights of the edges represent the number of wires connecting the components. In its 
general form, the partitioning problem consists of dividing the nodes of the graph into two 
or more disjoint subsets such that the sum of weights of the nodes in each subset does not 
exceed a given capacity, and the sum of weights of edges connecting nodes in different 
subsets is minimized. But generally the circuits are represented as bipartite graphs 
consisting of two sets of nodes, the cells and the nets/ Edges connect each cell to several 
nets, and each net to several cells as shown in Fig1.Let G= (M, N, E), mi  is a cell, niN is a 
net, and eij=(mi,nj) E is an edge which represents that mi and nj are connected electrically. 
For any nj for all I for which eij exists, we say that the cells mi are connected by net nj. 
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partitioning. A general graph partitioning though fast, is inefficient while partitioning a tree 
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above mentioned issues this chapter concentrates on different methodologies starting with 
Memetic Approach in comparison with genetic concept, Neuro-Memetic approach in 
comparison with Memetic approach, then deviated the chapter to  Neuro EM model with 
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interconnections between them. This can be accomplished by recursively partitioning a 
circuit into two parts until we reach desired level of complexity. Thus two way partitioning 
is basic problem in circuit partitioning, which can be described as (Dutt& Deng, 1996). 

Logic netlist can be represented as a hypergraph H (V,Eh) where 

 Each node vV in hypergraph represents a logic cell of the netlist, and 
 Each hyperedge e Eh represents a net connecting various logic cells 
 Various weights representing different attributes are attached to all nodes and edges of 

the hypergraph H, these are: On nodes: area estimates, On edges: length (after global 
placement) 
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 To partition the set V of all nodes vV into a set of disjoint subsets, of V, such that each 
node v is present in exactly one of these subsets. These subsets are referred to as blocks 
of the partition. 

 The partition on V induces a cut of the set of all hyper edges, that is, Eh. A cut is subset 
of Eh, such that for every hyper edge h present in the cut there are at least two nodes 
adjacent to h, which belong to separate blocks of the partition. 

 The objective function of partitioning approach has to address the following issues: 
 It should be able to handle multi-million node graphs in a reasonable amount of 

computation time 
 It should attempt to balance the area attribute of all the blocks of the partition with the 

additional constraint that there is an area penalty associated with every hyperedge that 
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 It should try to minimize interconnections between different clusters so as to satisfy the 
technological limit on the maximum number of interconnects allowed. 

3. Memetic approach in VLSI circuit partitioning 
A new approach Memetic Algorithm is described in this section to solve problem of circuit 
partitioning pertaining to VLSI.  

3.1 A model to solve circuit partitioning 

The circuit partitioning problem can be formally represented in graph theoretic notation as a 
weighted graph, with the components represented as nodes, and the wires connecting them 
as edges, the weights of the node represent the sizes of the corresponding components, and 
the weights of the edges represent the number of wires connecting the components. In its 
general form, the partitioning problem consists of dividing the nodes of the graph into two 
or more disjoint subsets such that the sum of weights of the nodes in each subset does not 
exceed a given capacity, and the sum of weights of edges connecting nodes in different 
subsets is minimized. But generally the circuits are represented as bipartite graphs 
consisting of two sets of nodes, the cells and the nets/ Edges connect each cell to several 
nets, and each net to several cells as shown in Fig1.Let G= (M, N, E), mi  is a cell, niN is a 
net, and eij=(mi,nj) E is an edge which represents that mi and nj are connected electrically. 
For any nj for all I for which eij exists, we say that the cells mi are connected by net nj. 



 
VLSI Design 132 

Conversely, for any mi for all j for which eij exists, we say that the nets nj are connected of 
cell mi. Each cell mi has an area ai, and each net nj has a cost cj. The edges of the bipartite 
graph are un weighted. In this case, the partitioning problem is to divide the set of cells into 
disjoint subsets, M1, M2,…….Mk, such that the sum of cell areas in each subset Mi is less 
than a given capacity Ai, and the sum of costs of nets connected to cells in different subsets 
is minimized. That is, 

 
1

k
n M
    n = M, (1) 

Mn, miMnai    An 

and  nj, if nj is connected to cells in p different partitions, then, 

 C = (p-1)cj is minimized (2) 

 
Fig. 1. Bipartite graph model for partitioning 

3.2 Memetic algorithms applied to circuit partitioning 

i. Chromosome Representation 

1 bit in the chromosome represents each cell, the value of which determines the partition in 
which the cell is assigned (Krasnogor & Smith, 2008). The chromosome is sorted as an array 
of 32 bit packed binary words. The net list is traversed in a breadth-first search order, and 
the cells are assigned to the chromosome in this order. Thus, if two cells are directly 
connected to each other, there is a high probability that their partition bits are close to each 
other in the chromosome. An example is the breadth-first search sequence and the 
corresponding chromosome as shown in Fig. 2. 

M1

M2

M3

M4
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Fig. 2. Breadth-first search sequence and the corresponding chromosome 

ii. Fitness Scaling 

Fitness scaling is used to scale the raw fitness values of the chromosomes so that the GA 
sees a reasonable amount of difference in the scaled fitness values of the best versus the 
worst individuals. 

The following fitness algorithm applies to evaluation functions that determine the cost, 
rather than the fitness, of each individual (Univesity of New Mexico, 1995). From this cost, 
the fitness of each individual is determined by scaling as follows. 

A referenced worst cost is determined by  

 Cw=C+S  (3) 

Where C is the average cost of the population, S is the user defined sigma-scaling factor, and 
 is the standard deviation of the cost of the population. In case Cw is less than the real 
worst cost in the population, they only the individuals with cost lower than Cw are allowed 
to participate in the crossover. 

Then, the fitness of each individual is determined by 
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Cw-C if Cw>0
F=0 otherwise





 (4) 

This scales the fitness such that, if the cost is k standard deviations from the population 
average, the fitness is 

 F=(S K)  (5) 

This means that may individuals worse than S standard deviation from the population 
mean (k=s) are not selected at all. If S is small, the ratio of the lowest to the highest fitness in 
the population increases, and then the algorithm becomes more selective in choosing 
parents. On the other hand, if S is large, then Cw is large, and the fitness values of the 
members of the population are relatively close to each other. This causes the difference in 
selection probabilities to decrease and the algorithm to be less selective in choosing parents. 

iii. Evaluation 

The cut cost is calculated as the number of nets cuts. If the net is present in both partitions, 
or if the net is present in the partition opposite to its I/O pad, then it is said to have a cut 
(Merz & Freisleben, 2000). 

Counting number of 1’s in the chromosome does partition imbalance evaluation.  A 
quadratic penalty has been used for imbalance, so that large imbalance is penalized more 
than a small imbalance. The user specifies the relative weights for cut and imbalance Wc and 
Wb. 

Thus the total cost is: 

    C  Wc cut   Wb imbalance 2   (6) 

iv. Incorporation and Duplicate Check 

The two new offspring formed in each generation are incorporated into the population only 
if they are better than the worst individuals of the existing population. Before entering a 
new offspring into the population, it is checked against all other members of the population 
having the same cost, in order to see whether it is duplicate.  Duplicates can result due to the 
same crossover operation (T. Jones, 1995). 

Duplicates have two disadvantages: 

 First they occupy storage space that could otherwise be used to store a population with 
more diverse feature. 

 Second whenever crossover occurs between two duplicates, the offspring is identical to 
the parents, regardless of the cut point, and this tends to fill the population with even 
more duplicates. 

v. Mutation 

After crossover and incorporation, mutation is performed on each bit of the population with 
a very small probability Pm. We go through the entire population once (Krasnogor et al., 
1998a). For each mutation the location in bits is determined from previous location and a 
random number as follows, 
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 Log(rand[0,1])Next=Prev+
Log(1.0-PM)

 
 
 

 (7) 

Where PM is the mutation probability. 

Each mutation is evaluated and accepted separately, and this process is continued until end 
of population is reached. The mutated version replaces the unmutated version of the same 
individual in the population. The acceptance of mutation operation has some probabilistic 
characteristics similar to simulated annealing. If the change in the cost C is negative, 
signifying that the fitness has increased, the mutation is always accepted, as in simulated 
annealing. If change in the cost is positive, then mutations are accepted probabilistically. 

4. Evolutionary time series model for partitioning using Neuro-Memetic 
approach 
An evolutionary time-series model for partitioning a circuit is discussed using Neuro 
Memetic algorithm owing to its local search capability. 

Sample Data Set  

A sample example and the corresponding chromosome representation is shown in Fig 3 and  
Fig 4.  

 

 

Fig. 3. Sample Circuit    Fig. 4. Bipartition Circuit 
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Sub circuit 1   A, B, C    total edges = 7 

Sub circuit 2   D, E, F     total edges =10  

Cell   No of edges  Bipartition  

A 2  1  

B 2  1 

C 3  1 

D 3  0 

E 3  0 

F 4  0 

Chromosomes representation: Sub circuit1 (A, B, C) 0010 0010 0011, Sub circuit2 (D, E, F) 
0011 0011 0100   

 Neuro-Memetic Model: Neuro-memetic model makes it possible to predict the sub 
circuit from circuit with minimum interconnections between them.  

 Training Procedure: The purpose of the training process is to adjust the input and 
output parameters of the NN (Neural Network) model, so that the MAPE (Mean 
Absolute Percentage Error) measure is minimized. Training of the feed-forward neural 
network models is usually performed using back propagation learning algorithms. 
Most often, the error surface becomes trapped to local minima, usually not meeting the 
desired convergence criterion. The termination at a local minimum is a serious problem 
while the neural network is learning. In other words, such a neural network is not 
completely trained (Oxford Univ Press, 1995). Another issue where care must be taken 
is "the receptiveness to over-fitting". But, memetic algorithms offer competent search 
method for intricate (that is, possessing many local optima) spaces to find nearly local 
optima. Thus, its ability to find a better suboptimal solution or have a higher probability 
to obtain the local optimal solution makes it one of the preferred candidates to solve the 
learning problem.  

 Training with MA: The parameters of the neural network are tuned by a memetic 
algorithm (Krasnogor et al., 1998b) with arithmetic crossover and non uniform 
mutation. A population (P) with 200 genotypes is considered. They are randomly 
initialized, with maximum number of iterations fixed at 200 and MA is run for 100 
generations with the same population size. The best model was found after 63 
generations. In this method, the probability of crossover is 0.6 and the probability of 
mutation is 0.2. These probabilities are chosen by trial and error through experiments 
for good performance. The new population thus generated replaces the current 
population. The above procedures are repeated until a certain termination condition is 
satisfied. The number of the iterations required to train the MA-based neural network is 
2000. The range of the fitness function of neural network is (0, 1). 

 Evaluate individuals using the fitness function: The objective of the fitness function is to 
minimize the prediction error. In order to prevent over-fitting and to give more 
exploration to the system, the fitness evaluation framework is changed and use the 
weight imbalance to calculate the fitness of a chromosome. The fitness of a chromosome 
for the normal class is evaluated as shown    in the example   below.  
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Take the testing samples 

 
Now take the sub circuit 1 with data set (d1)  

 
For sub circuit 2  data set d2 

              
Calculate the sum of (+) credit & (-) debit for each sample data d1 & d2 

For d1=+2+2+3=7 

d2=+3+3+2=8 so it is found that sample fitness of data d1 is best sample.   

4.1 Design of the system to recognize sub circuit with minimum interconnection  

The present task involves the development of Neural Network, which can train to recognize 
sub circuit with minimum interconnection between them, from a large circuit given. 
Following are the steps involved in design of the system 

1. Create a input data file which consists of training pairs. 
2. In data extraction, a circuit is bipartite and chromosomes are represented for each sub 

circuit.  
3. Design the neural network based upon the requirement and availability. 
4. Simulate the software for network. 
5. Initialize count=0, fitness=0, number of cycles. 
6. Generation of Initial Population. The chromosome of an individual is formulated as a 

sequence of consecutive genes, each one coding an input parameter.  
7. Initialize the weight for network. Each weight should be set to a random value between 

–0.1 to 1. 
8. Calculates activation of hidden nodes.  

 1xJh=
1 ( ) xpne wjkh  

 (8) 

9. Calculate the output from output layers 

 1xio=
1 ( ) xjhe wijo  

 (9) 
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Fig. 5. Recognize Sub Circuit with Minimum Interconnection 
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10. Compares the actual output with the desired outputs and find a measure of error. The 
genotypes are evaluated on the basis of the fitness function.  

11. If (previous fitness < current fitness value) then store current weights.  
12. Count = Count + 1  
13. Selection: Two parents are selected by using the Roulette wheel mechanism.  
14. Genetic Operations: Crossover, Mutation and Reproduction to generate new weights 

(Apply new weights to each link).  
15. If (number of cycles> count) Go to Step 7  
16. training set is reduced to an acceptable value. 
17. Verify the capability of neural network in recognition of sub circuit with minimum 

interconnection between them.   
18. End.  
 Development of Neural Network: In the context of recognition of sub circuit with   

minimum interconnection, the 3-layer neural network is employed to learn the input-
output relationship using the MA. The layers of input neuron are responsible for 
inputting. The number of neurons in this output layer is determined by the size of set of 
desired output, with each possible output being represented by separate neuron. 
Neural network contains 12 input nodes, 20 neurons in the first hidden layer, 14 
neurons in the second hidden layer and the output layer has 2 neurons. It results in a 
12-14-2 Back propagation neural network. Sigmoid function is used as the activation 
function. Memetic Algorithm is employed for learning (Holstein & Moscato, 1999). For 
the back-propagation with momentum and adaptive learning rate, the learning rate is 
0.2, the momentum constant is 0.9. During the training process the performance of 
0.00156323 was obtained at 2000 epochs.   

5. Neuro–EM and neuro-k mean clustering approach for VLSI design 
partitioning 
This section is focused in use of clustering methods k-means (J. B. MacQueen, 1967) and 
Expectation-Maximization (EM) methodology (Kaban & Girolami, 2000).  

5.1 Neuro-EM model  

The system consists of three parts each dealing with data extraction, Learning stage and 
recognition stage. In data extraction, a circuit is bipartite and partitions it into 10 clusters, a 
user-defined value, by using K-means (J. B. MacQueen, 1967) and EM methodology (Kaban 
& Girolami, 2000), respectively. In recognition stage the parameters, that is, centroid and 
probability are fed into generalized delta rule algorithm separately and train the network to 
recognize sub-circuits with lowest amount of interconnections between them. Block diagram 
of model to recognize sub-circuits with lowest amount of interconnections between them 
using two techniques K-means and EM methodology with neural network are shown in 
Fig.6 and Fig.7. 

In recognition stage the parameters, that is, centroid and probability are fed into generalized 
delta rule algorithm separately and train the network to recognize sub circuit with 
minimum interconnection between them. Block diagram of model for Partitioning a Circuit 
are depicted in Fig. 8. 
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Fig. 6. Block diagram of K-means with neural network 

 
Fig. 7. Block diagram of EM methodology with neural network 

 
1. Circuit is bipartite and data represented 
2. Applying K-means    
3. Applying EM methodology    
4. centroid and probability   
5. Neural network 
6. Recognition Result 

Fig. 8. Block Diagram of Model for Partitioning a Circuit 

5.2 Sample data set 

A sample example representation is shown in Fig.9 and  Fig 10 
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Fig. 10. Bipartition Circuit 
Sub circuit 1   A, B, C    total edges = 7,   Sub circuit 2   D, E, F     total edges =10  

Cell No of edges Bipartition 

A 2 1 

B 2 1 

C 3 1 

D 3 0 

E 3 0 

F 4 0 

Table 1. Bipartation Matrix 
Data representation: Sub circuit1 (A, B, C) 0010 0010 0011, 
Sub circuit2 (D, E, F) 0011 0011 0100   

5.3 Expectation Maximization algorithms 

The EM algorithm was explained and given its name in a classic 1977 paper by Arthur 
Dempster, Nan Laird,  and Donald Rubin in the Journal of the Royal Statistical Society  
(Arthur et al.,1997). They pointed out that method had been "proposed many times in 
special circumstances" by other authors, but the 1977 paper generalized the method and 
developed the theory behind it. 
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The EM algorithm for clustering is described in detail in Witten and Frank (2001) (Witten & 
Frank, 2005). The Expectation-Maximization (EM) algorithm is part of the Weka clustering 
package. EM is a statistical model that makes use of the finite Gaussian mixtures model. The 
basic approach and logic of this clustering method is as follows. Suppose   a single 
continuous variable in a large sample of observations is measured. Further, suppose that the 
sample consists of two clusters of observations with different means (and perhaps different 
standard deviations) within each sample, the distribution of  values for the continuous 
variable follows the normal distribution. The resulting distribution of values (in the 
population) may look as shown in Fig.11.  

 
Fig. 11. Two normal distributions of EM Algorithm (Screen Shot) 

i. Mixtures of distributions. The illustration in Fig 5.12 shows two normal distributions 
with different means and different standard deviations and the sum of the two 
distributions. Only the mixture (sum) of the two normal distributions (with different 
means and standard deviations) would be observed. The goal of EM clustering is to 
estimate the means and standard deviations for each cluster so as to maximize the 
likelihood of the observed data (distribution). Put another way, the EM algorithm 
attempts to approximate the observed distributions of values based on mixtures of 
different distributions in different clusters.  
With the implementation of the EM algorithm in some computer programs, one may be 
able to select (for continuous variables) different distributions such as the normal, log-
normal, and Poisson distributions (Karlis, 2003) and can select different distributions for 
different variables, thus derive clusters for mixtures of different types of distributions.  

ii. Categorical variables. The EM algorithm can also accommodate categorical variables. 
The method will at first randomly assign different probabilities (weights, to be precise) 
to each class or category, for each cluster. In successive iterations, these probabilities are 
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refined (adjusted) to maximize the likelihood of the data given the specified number of 
clusters (Kim, 2002).   

iii. Classification probabilities instead of classifications. The results of EM clustering are 
different from those computed by k-means clustering. The latter will assign observations 
to clusters to maximize the distances between clusters. The EM algorithm does not 
compute actual assignments of observations to clusters, but classification probabilities. In 
other words, each observation belongs to each cluster with a certain probability. Of 
course, as a final result one can usually review an actual assignment of observations to 
clusters, based on the (largest) classification probability (Gyllenberg et al., 2000). 

The algorithm is similar to the K-means procedure in that a set of parameters are 
recomputed until a desired convergence value is achieved. The parameters are recomputed 
until a desired convergence value is achieved. The finite mixtures model assumes all 
attributes to be independent random variables.  

A mixture is a set of N probability distributions where each distribution represents a cluster. 
An individual instance is assigned a probability that it would have a certain set of attribute 
values given it was a member of a specific cluster. In the simplest case N=2 the probability 
distributes are assumed to be normal and data instances consist of a single real-valued 
attribute. Using the scenario, the job of the algorithm is to determine the value of five 
parameters specifically,  

1. The mean and standard deviation for cluster 1  
2. The mean and standard deviation for cluster 2  
3. The sampling probability P for cluster 1 (the probability for cluster 2 is 1-P)  

the general procedure is given below,  

1. Guess initial values for the five parameters.  
2. Use the probability density function for a normal distribution to compute the cluster 

probability for each instance. In the case of a single independent variable with mean  
and standard deviation , the formula is:  

 2

2
(? )
2

1( )

( 2 )

f x

e



 

  (10) 

In the two-cluster case, there are two probability distribution formulae each having differing 
mean and standard deviation values.  

1. Use the probability scores to re-estimate the five parameters.  
2. Return to Step 2  

The algorithm terminates when a formula that measures cluster quality no longer shows 
significant increases. One measure of cluster quality is the likelihood that the data came 
from the dataset determined by the clustering. The likelihood computation is simply the 
multiplication of the sum of the probabilities for each of the instances. With two clusters A 
and B containing instances x1, x2, … xn  where  PA = PB = 0.5 the computation is: 

     1 1 2 2.5 ( | ) .5 ( | ) .5 ( | ) .5 ( | ) ... .5 ( | ) .5 ( | )n nP x A P x B P x A P x B P x A P x B    (11) 
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Algorithm is similar to K-mean procedure, in that sets of parameters are re-computed until 
desired convergence value is achieved.  General procedure is 

 Initialize parameters. 
 Use the probability density function for normal distribution to compute cluster 

probability for each instance. For example in the case of two-cluster one will have the 
two probability distribution formulae each having different mean and standard 
deviation values. 

 Use the probability scores to re-estimate the parameter. 
 Return to step 2. 
 The algorithm terminates when formula that measure cluster quality exists no longer. 

The tool shed output of this algorithm would be the probability for each cluster. EM assigns 
a probability distribution to each instance, which indicates the   probability of it belonging to 
each of the clusters. 

In the context of recognizing the sub circuit from circuit with minimum interconnections 
between them, artificial neurons is structured into three normal types of layers input, 
hidden and output which can create artificial neural networks. The layers of input neuron 
are responsible for inputting a feature vectors that is, centroid and probability, which are 
extracted from K-means and EM algorithms respectively. The number of neurons in this 
output layer is determined by size of set of desired output, with each possible output being 
represented by separate neuron. Between these two layers there can be many hidden layers. 
These internal layers contain many of the neuron in various interconnected structures. 

5.4 Design of the system to recognize sub circuit with minimum interconnections  

The present task involves the development of neural network, which can train to recognize 
sub circuit with minimum interconnection between them from large circuit given.  

Following are the steps involved in design of the system, 

1. Create a input data file which consists of training pairs. 
2. In data extraction, a circuit is bipartite and data are represented for each sub circuit. 
3. Centroid and probability features are extracted  from K-means and EM algorithms 
4. Design the neural network based upon the requirement and availability. 
5. Simulate the software for network. 
6. Train the network using input data files until error falls below the tolerance level. 
7. Verify the capability of neural network in recognition of test data 

Algorithm: 

The learning algorithm of back propagation network is given by “generalized delta rule”.  

Step 1. The algorithm takes input vector (features) to the back propagation network.  

Step 2. let K be number of nodes in the layer determined by length of training vectors that is 
number of feature N. Let j be number of nodes in hidden layer. Let I be number of nodes in 
output layer. Denote activation of hidden layer as xjh and in output layer is xio. Weight 
connecting input layer and hidden layer are wjkh and weight connecting hidden layer and 
output layer is wijo. 
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Step 3. Initialize the weight for network. Each weight should be set to a random value 
between –0.1 to 1. 

Step 4. Calculates activation of hidden nodes  

 1xJh=g( xpn)=
1 ( xpn)

wjkh
e wjkh


   

 (12) 

Step 5. Calculate the output from output layers 

 1xio=g( xjh)=
1 ( xjh)

wjko
e wijo


   

 (13) 

Step 6. Compares the actual output with desired outputs and finds a measure of error. 

Step 7. After comparison it finds in which direction (+ or -) to change each weight in order to 
reduce error.  

Step 8. Find the amount by which to change each weight. It applies the corrections to the 
weight and repeat all above steps with all training vectors until the error for all the vectors 
in training set is reduced to an acceptable value. 

Step 9: End.  

6. Evaluation of fuzzy ARTMAP with DBSCAN in VLSI partition application 
This section describes a new model for partitioning a circuit using DBSCAN and fuzzy 
ARTMAP neural network.  

6.1 Overview of art map 

The basic ART system is an unsupervised learning model. It typically consists of a 
comparison field and a recognition field composed of neurons, a vigilance parameter, and a 
reset module. The vigilance parameter has considerable influence on the system, higher 
vigilance produces highly detailed memories (many, fine-grained categories), while lower 
vigilance results in more general memories (fewer, more-general categories). The 
comparison field takes an input vector (a one-dimensional array of values) and transfers it 
to its best match in the recognition field. Its best match is the single neuron whose set of 
weights (weight vector) most closely matches the input vector. Each recognition field 
neuron outputs a negative signal (proportional to that neuron’s quality of match to the input 
vector) to each of the other recognition field neurons and inhibits their output accordingly. 
In this way the recognition field exhibits lateral inhibition, allowing each neuron in it, to 
represent a category to which input vectors they are classified. After the input vector is 
classified, the reset module compares the strength of the recognition match to the vigilance 
parameter. If the vigilance threshold is met, training commences. Otherwise, if the match 
level does not meet the vigilance parameter, the firing recognition neuron is inhibited until a 
new input vector is applied. The training commences only upon completion of a search 
procedure. In the search procedure, recognition neurons are disabled one by one, by the 
reset function until the vigilance parameter is satisfied by a recognition match. If no 
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committed recognition neuron’s match meets the vigilance threshold, then an uncommitted 
neuron is committed and adjusted towards matching the input vector. 

There are two basic methods of training ART-based neural networks: slow and fast. In the 
slow learning method, the degree of training of the recognition neuron’s weights towards the 
input vector is calculated to continuous values with differential equations and is thus 
dependent on the length of time the input vector is presented. The basic structure of the ART 
based neural network is shown in Fig 12 With fast learning, algebraic equations are used to 
calculate degree of weight adjustments to be made, and binary values are used. While fast 
learning is effective and efficient for a variety of tasks, the slow learning method is more 
biologically plausible and can be used with continuous-time networks (that is, when the input 
vector can vary continuously). Fig 13 shows the fast learning ART-based neural network. 

 

           1 2 3I=(i ,i ,i ,.....i )m


 

Fig. 12. Basic ART Structure 

 
Fig. 13. Fast learning ART-based neural network 
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The first  principle of Adaptive Resonance Theory (ART) was first introduced by Grossberg 
in 1976 (Carpenter,1997), whose structure resembles those of feed-forward networks. The 
simplest variety of ART networks is accepting only  binary inputs which is called as ART 
(Grossberg,1987,2003). It was then extended for network capabilities to support continuous 
inputs called as ART-2 (Carpenter & Grossberg ,1987).ARTMAP (Carpenter et al.,1987),also 
known as Predictive ART, combines two slightly modified ART-1 or ART-2 units into a 
supervised learning structure where the first unit takes the input data and the second unit 
takes the correct output data and then used to make the minimum possible adjustment of 
the vigilance parameter in the first unit in order to make the correct classification. 

6.2 Fuzzy ARTMAP 

Fuzzy logic with the combination of Adaptive Resonance Theory gives Fuzzy ARTMAP, is a 
class of neural network that perform supervised training of recognition pattern and maps in 
response to input vectors generated. Fuzzy ART (Carpenter et al.,1991) implements fuzzy 
logic into ART’s pattern recognition, thus enhancing generalizability. An optional (and very 
useful) feature of fuzzy ART is complement coding, a means of incorporating the absence of 
features into pattern classifications, which goes a long way towards preventing inefficient 
and unnecessary category proliferation. The performance of fuzzy ARTMAP depends on a 
set of user-defined hyper-parameters, and these parameters should normally be fine-tuned 
to each specific problem (Carpenter et al.,1992). The influence of hyper-parameter values is 
rarely addressed in ARTMAP literature. Moreover, the few techniques that are found in the 
literature for automated hyper-parameter optimization,example(Canuto et al., 2000; 
Dubrawski, 1997; Gamba & DellAcqua, 2003; C. Lim,1999), focus mostly on the vigilance 
parameter, even though there are four inter-dependent parameters (vigilance, learning, 
choice, and match tracking). A popular choice consists in setting hyperparameter values 
such that network resources (the number of internal category neurons, the number of 
training epochs, etc.) are minimized (Carpenter,1997). This choice of parameters may 
however lead to overtraining and significantly degrade the network. An effective 
supervised learning strategy could involve co-jointly optimizing both network (weights and 
architecture) and all its hyper-parameter values for a given problem, based on a consistent 
performance objective. Fuzzy ARTMAP neural networks are known to suffer from 
overtraining or over fitting, which is directly connected to a category proliferation problem. 
Overtraining generally occurs when a neural network has learned not only the basic 
mapping associated training subset patterns, but also the subtle nuances and even the errors 
specific to the training subset. If too much learning occurs, the network tends to memorize 
the training subset and loses its ability to generalize on unknown patterns. The impact of 
overtraining on fuzzy ARTMAP performance is two fold that is, an increase in the 
generalization error and in the resources requirements. 

6.3 DBSCAN (Density-Based Spatial Clustering Of Applications with Noise) 

DBSCAN is a data clustering algorithm proposed by Martin Ester, Hans-Peter Kriegel, Jörg 
Sander and Xiaovei Xui in 1996(Ester, 1996). It is a density based clustering algorithm 
because it finds a number of clusters starting from the estimated density distribution of 
corresponding nodes. DBSCAN is one of the most common clustering algorithms and also 
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committed recognition neuron’s match meets the vigilance threshold, then an uncommitted 
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Fig. 12. Basic ART Structure 

 
Fig. 13. Fast learning ART-based neural network 
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most cited in scientific literature. The basic DBSCAN algorithm has been used as a base for 
many other developments.  

The overall structure of model is illustrated in Fig14 and Fig 15, Fig 16 show a sample circuit 
bipartite with related data set used . The feature extractor obtains feature vector for 
subcircuit, and is sent to training or inference module. The SFAM (simplified fuzzy 
ARTMAP) (Carpenter,1997) has two modules, that is, training and inference module. The 
feature vector of training subcircuits and the categories to which they belongs are specified 
to SFAM’s training module. Once the training phase is complete, the vector represents the 
subcircuit with minimum interconnection. The test subcircuit pattern which is to be 
recognized with minimum interconnection is fed to inference module. Classifications of sub 
circuits are done by associating the feature vector with the top-down weight vectors 
(Carpenter et l., 1992;Caudell et al., 1994) in SFAM. The system can handle both symmetric 
and asymmetric circuit. In symmetric pattern, only distinct portion of circuit is trained 
whereas in asymmetric (1/2n)th portion of circuit is considered. 

 

 
 

 

 

 
 

Fig. 14. Block diagram of recognition module for partitioning in VLSI Design 
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Fig. 15. Sample Circuit 

 
Fig. 16. Sample Bi-parted Circuit with data 
Sample circuit bi parted  Sub circuit 1 A, B, C   total edges = 7     Sub circuit 2 D, E, F    
total edges =10  

Cell No of edges Bipartition 
A 2 1 
B 2 1 
C 3 1 
D 3 0 
E 3 0 
F 4 0 

Table 2. Bipartition Matrix 
Data representation: Sub circuit1 (A, B, C) 0010 0010 0011, 
Sub circuit2 (D, E, F) 0011 0011 0100   
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6.4 Overview of DBSCAN algorithm as a feature exactor 

DBSCAN and clustering algorithm is used for feature Exactor which works on the  densities 
(International Workshop on Text- Based information Retrieval (TIR 05),University  of 
Koblenz-Landau, Germany). It separates the set D into subsets of similar densities. In the 
best case they can find out the cluster number k routinely and categorize the clusters of 
random shape and size.The runtime of this algorithms is in magnitude of O(n log(n)) for 
low-dimensional data (Busch,2005). A density-based cluster algorithm is based on two 
properties given below (TIR 05,University  of Koblenz-Landau, Germany). 

1. One is to define a region C  D, which forms the basis for density analyses. 
2. Another is to propagate density information (the provisional cluster label) of C. 

In DBSCAN a region is defined as the set of points that lie in the -neighborhood of some 
point p. if |C| exceeds a given Min Points-threshold Cluster label propagates from p to the 
other points in C. The complete description of DBSCAN algorithm is provided in (Ester et 
al., 1996;Tan et al., 2004;Dagher. I et al., 1999). 

6.5 Simplified fuzzy ARTMAP module 

In context of the circuit partitining in VLSI design to recognize the subcircuit with minimum 
interconnection between them, the size of input layer is 4 and output layer is 10. Hence it 
outcomes in 2-10 layered Fuzzy ARTMAP model.  

Match and choice function for fuzzy ARTMAP in context to circuit partitioning is defined by, 

For input vector I and cluster j from DBSCAN algorithm, Choice function given by  

 |I^Wj|CFj(I)=
|Wj|

 (14) 

Where  is small constant about 0.0000001,Wj is top-down weight  

Winner node is one with highest activation /choice function, that is, 

 Winner=max(CFj) (15) 

Match function which is very much used to find out whether the network must adjust its 
learning parameters is given by,  

 |I^Wj|Fj(I)=
|I|

 (16) 

If MF j (I)  vigilance parameter () then Network is in state of resonance, where  is in 
range 0    1.   

If MF j (I)  vigilance parameter () then Network is in state of mismatch reset.  

7. A new clustering approach for VLSI circuit partitioning 
The vital problem in VLSI for physical design algorithm is circuit partitioning. In this section 
concentration is on improving the partitioning technique using data mining approach. This 
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section deals with a range of partitioning methodological aspects which predicts to divide 
the circuit into sub circuits with minimum interconnections between them. This approach 
considers two clustering algorithms proposed by ( Li & Behjat, 2006) Nearest Neighbor(NN) 
and Partitioning Around Mediods(PAM) clustering algorithm for dividing the circuits into 
sub circuits. The experimental results show that PAM clustering algorithm yields better 
subcircuits than Nearest Neighbour. The experimental results are compared using 
benchmark data provided by MCNC standard cell placement bench netlists. 

7.1 Considerations in choosing the right algorithm 

Data mining algorithms have to be adapted to work on very large databases. Data reside on 
hard disks because they are too large to fit in main memory, therefore, algorithms have to 
make as few passes as possible over the data, as secondary memory fetch cycle increases the 
computational time and therefore reduces the run time performance.   Quadratic algorithms 
are too expensive, that is the execution time of the operations in clustering algorithms is 
quadratic and so it becomes an important constraint in choosing an algorithm for the 
problem at hand. The aim in the thesis is to reduce the interconnections between the circuits 
with minimum amount of error,hence  prototype based clustering is used. The attributes in 
the data set were less important, so  the proximity matrix was  created. Since both PAM and 
NNA belong to partitional and prototype based clustering and also the intention was to get 
the partition with the minimum interconnections these two algorithms were used.  

7.2 Implementation 

The implementation consists of three stages consisting of data extraction, partitioning and 
result using VHDL (VHSIC (Very High Speed Integrated Circuit) Hardware Description 
Language) as a tool. In data extraction, a VLSI circuit represented as a bipartite graph is 
considered. The bipartite graph considered for the approach is shown in Fig 17. 
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Sub circuit 1   A, B, C    total edges = 7 

Sub circuit 2   D, E, F     total edges =10  

Cell   No of edges  Bipartition  

A 2  1 

B 2  1 

C 3  1 

D 3  0 

E 3  0 

F 4  0 

Table 3. Bipartition Matrix 

The block diagram to recognize sub-circuits with minimum interconnections using two 
techniques(Nearest  Neighbor , PAM ).A  new clustering algorithm is explored. 

7.3 Applying clustering techniques to VLSI circuit partitioning  

In adapting the two cluster partitioning algorithms to the area of VLSI circuit partitioning, 
the following considerations are of utmost importance. 

The two algorithms take as input an adjacency matrix, which gives an idea of the similarity 
measure in the form of distances between the various data that are to be clustered. This 
approach uses this tool to partition circuits, so the circuit to be partitioned is the effective 
data to be clustered and the basic unit on which the algorithms will act are the nodes in a 
circuit.  

Similarity between nodes in a circuit 

Here, the input is the adjacency matrix, which defines the similarity between different nodes 
in the circuit. The attributes of nodes that are to be quantified as similarity between different 
nodes are based on several characteristics of logic gates such as, 

1. Interconnections between nodes 
2. Common signals as input 
3. Functionality 
4. Physical distance 
5. Presence of the node on the maximum delay path 

For example, if two nodes are interconnected, then the similarity between them is increased 
and the distance between them is reduced compared to two nodes which are not connected 
together.  

Also, if some nodes get a common signal, such as a set of flip-flops sharing a common clock 
signal, it is desirable to have them partitioned into the same sub-circuit so as to reduce 
problems due to signal delay of synchronous control inputs. So, the distances between such 
nodes are also low.  
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The distance of a node to itself is taken as 0 and a low value of distance means the highest 
similarity. A high value of distance means maximum dissimilarity, and therefore least 
similarity, such nodes can be placed in different sub-circuits. 

This adjacency or distance matrix is acted upon by the two algorithms, to effectively divide 
the circuit into sub-circuits, with the objective that is minimum interconnection under check. 
Adapting and applying data mining tools to VLSI circuit partitioning is a new approach. 
Improvisations and optimizations to the two algorithms are necessary and is  essential to 
make them workable and viable as CAD tools.  

Circuit chosen for implementation and testing 

The circuit on which the two data mining algorithms are implemented (NNA and PAM) is 
as shown below. The circuit is a Binary Coded Decimal (BCD) code to seven segment code 
converter (Fig18). It has 4 inputs and 7 outputs. In this figure each rectangular block is 
considered as a node.  A node is one which performs a defined function (Fig 19), it may be a 
simple AND gate or it may contain many interconnected flip-flops. So, a node contains one 
or more components and performs a logical function, the level of abstraction of a node can 
be changed to suit the basic unit understandable by a CAD tool. 

 
Fig. 18. Circuit of BCD code to Seven Segment code converter 
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Fig. 19. A node (node 5) enlarged. 

This shows that a node which is part of the main circuit consists of gates, such as Nand gate 
and or gates, or one which performs a logical function. 

7.4 How to choose k and threshold value 

7.4.1 PAM Algorithm – Choosing initial medoids 

PAM  starts from an initial set of medoids, by finding representative objects, called medoids, 
in clusters and iteratively replaces one of the medoids by one of the non-medoids if it 
improves the total distance of the resulting clustering. The PAM algorithm is based on the 
search for k medoids which are representative of the sequences based on the distance 
matrix. These k values should represent the structure of the sequences. After defining the set 
of k medoids, they would be used to construct the k clusters and partition the nodes by 
assigning each observation to the nearest medoid. In doing this, the target would be to 
identify the medoids that minimize the sum of the dissimilarities in the observations. As it 
can be seen, the choice of the initial medoids is very important. Medoid is the most centrally 
located point in a cluster, as a representative point of the cluster. The initial medoids chosen 
decides the quality of the formed clusters and the computational speed. If the initial 
medoids chosen are close to the final optimal medoids, yielding the final clusters with 
reduced cost, the computational cost will be reduced. Otherwise the number of iterations to 
find the final medoids will increase, this in turn increasing the time taken to obtain results 
and computational cost. 
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The representation by k-medoids has two advantages. First, it presents no limitations on 
attributes types and second, the choice of medoids is dictated by the location of a 
predominant fraction of points inside a cluster, therefore it is less sensitive to the presence of 
outliers. Therefore, PAM is iterative optimization that combines relocation of points 
between perspective clusters with re nominating the points as potential medoids.Earlier the 
task is done to find out the optimum value of threshold “t”, which decides the cluster 
density and quality, shows that the value of threshold from 2 to 5 gives optimal 
minimization of interconnections between sub-circuits. Therefore, for the two algorithms 
NNA and PAM, the threshold value of 2 and 3 are respectively chosen based on this task. 

7.4.2 Details of the partitioned Circuits - Results on a Circuit with 8 Nodes is 
discussed 

Fig.20 is an example of a Testing Circuit 1 with 8 nodes before applying the partitioning and 
the circuits after partitioning using the NN algorithm and  applying the PAM algorithms are 
shown in  Fig. 21. and Fig. 22. respectively.  

.  
Fig. 20. Circuit before applying partitioning techniques 
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.  
Fig. 20. Circuit before applying partitioning techniques 



 
VLSI Design 156 

The circuit shown in Fig7.10 is a BCD to seven-segment code converter before applying the 
partitioning algorithms and it has 8 nodes as shown in Fig 7.10. This circuit is tested in 
hardware and the functionality is concluded to be correct. 

 

 

 

 

 

Partitioned circuit obtained after applying Nearest Neighbor Algorithm  

 

 

 

 

 

 
Fig. 21. NNA Partitioned circuit showing 4 sub-circuits 
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Partitioned circuit obtained after applying Partitioning Around Medoids algorithm 

 
Fig. 22. PAM Partitioned circuit showing 2 sub-circuits 

Results on a Circuit with 15 Nodes 

Example Testing Circuit 2 with 15 nodes: 

 
Fig. 23. Circuit before applying partitioning techniques (Rubin, Willy Publications) 
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Partitioned circuit obtained after applying Partitioning Around Medoids algorithm 

 
Fig. 22. PAM Partitioned circuit showing 2 sub-circuits 
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Partitioned circuit obtained after applying Nearest Neighbor Algorithm 
 

 
 

 
 
 
 
 
 
 
 

Fig. 24. NNA partitioned circuit showing 5 sub-circuits 
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Partitioned circuit obtained using Partitioning Around Medoids algorithm 

 

 
Fig. 25. PAM Partitioned circuit showing 3 sub-circuits 

8. Conclusion 
This section provides observations about the various techniques explained in this chapter 
with a detailed results based explaination of the Nearest Neighbor and Partitioning Around 
Medoids Clustering Algorithms. 

8.1 Memetic approach to circuit partitioning 

Memetic algorithm (MA) are population based heuristic search approaches for 
combinatorial optimization problems based on cultural evolution. They are designed to 
search in the space of locally optimal solutions instead of searching in the space of all 
candidate solutions. This is achieved by applying local search after each of the genetic 
operators. Crossover and mutation operators are applied to randomly chosen individuals 
for a predefined number of times. To maintain local optimality, the local search procedure is 
applied to the newly created individuals.  
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Neuro-Memetic Approach to Circuit Partitioning makes it possible to predict the sub-circuit 
from circuit with minimum interconnections between them. The system consists of three 
parts, each dealing with data extraction, learning stage & result stage. In data extraction, a 
circuit is bipartite and chromosomes are represented for each sub circuit. Extracted 
sequences are fed to Neuro-memetic model that would recognize sub-circuits with lowest 
amount of interconnections between them. 

 
Fig. 26. Working procedure of Neuro-Memetic approach 

8.2 Neuro-EM model 

The system consists of three parts each dealing with data extraction, Learning stage and 
recognition   stage. In data extraction, a circuit is bipartite and partitions it into 10 clusters, a 
user-defined value, by using K-means (J. B. MacQueen, 1967) and EM methodology (Kaban 
& Girolami, 2000), respectively. In recognition stage the parameters, centroid and 
probability are fed into generalized delta rule algorithm separately and train the network to 
recognize sub-circuits with lowest amount of interconnections between them 

 
Algorithms for CAD Tools VLSI Design 161 

 
Fig. 27. Block diagram of K-means with neural network 

 
Fig. 28. Block diagram of EM methodology with neural network 

In recognition stage the parameters, that is, centroid and probability are fed into generalized 
delta rule algorithm separately and train the network to recognize sub circuit with 
minimum interconnection between them 

8.3 Fuzzy ARTMAP with DBSCAN 

A new model for partitioning a circuit is proposed using DBSCAN and fuzzy ARTMAP 
neural network. The first step is concerned with feature extraction, where it uses DBSCAN 
algorithm. The second step is classification and is composed of a fuzzy ARTMAP neural 
network.  

8.4 Nearest Neighbor and Partitioning Around Medoids clustering Algorithms 

Two clustering algorithms Nearest Neighbor (NNA) and Partitoning Around Medoids 
(PAM) clustering algorithms are considered for dividing the circuits into sub circuits. 
Clustering is alternatively referred to as unsupervised learning segmentation. The clusters 
are formed by finding the similarities between data according to characteristics found in the 
actual data. NNA is a serial algorithm in which the items are iteratively merged into the 
existing clusters that are closest. PAM represents a cluster by a medoid.  

 Criteria Used: Clustering/Unsupervised learning segmentation 
 Testing: The algorithms are tested using VHDL,Xilinx xc9500 CPLD/FPGA tool and 

MATLAB simulator using a test netlist matrix . 
 Results and Observations: 

As the number of clusters increases, the time taken for PAM increases but is less than 
Nearest Neighbor algorithm. PAM performs better than Nearest Neighbor algorithm. PAM 
has been very competent, especially in the case of a large number of cells when compared 
with Nearest Neighbor. The proposed model based algorithm has achieved sub-circuits with 
minimum interconnections, for the Circuit Partitioning problem.  
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No. of 
Clusters Time taken(Secs) 

 PAM Nearest Neighbor 
2 0.045 0.5 
4 0.067 0.7 
6 0.075 0.8 
8 0.087 0.9 

Table 4. Comparison of time taken to partition using PAM and Nearest Neighbor 

Completion time: Graphs depict completion time increases proportionately with respect of 
number of clusters. Nearest neighbor algorithm takes more completion time as number of 
iterations increase when compared to PAM. 

 

 

 

 

 

 
Fig. 29. Graph depicting the Completion time of NNA and PAM compared with algorithm 
proposed in (Gerez, 1999) over number of clusters 

CPU Utilization: A graph depicts CPU utilization increases proportionately with respect of 
number of iterations. PAM takes less CPU utilization as number of iteration increase 
compared to NNA algorithm. 
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Fig. 30. Graph depicting CPU utilization of NNA, PAM, algorithm proposed in (Gerez, 1999) 
over number of iterations 

From the implementation of the two algorithms, Nearest Neighbor and Partitioning Around 
Medoids, some fundamental observations are made. There is a reduction of 1 
interconnection when a circuit with 8 nodes is partitioned and when a circuit with 15 nodes 
is partitioned, there is a reduction of 5 interconnections between the sub-circuits obtained 
using NNA and PAM. Therefore, it is concluded  that the number of nodes in a circuit and 
the number of interconnections are inversely proportional. That is, as the number of nodes 
in a circuit increases, the number of interconnections between sub-circuits decreases for both 
partitioning methods. This reduction is not consistent since the complexity of any circuit 
will not be known a priori. One of the future enhancements would be to analyze the 
percentage ratio of the number of nodes in a circuit to the number of interconnections that 
get reduced after the circuit is partitioned. 

9. Future enhancements 
Future enhancements envisaged are using of distance based classification data mining 
concepts  and other data mining concepts, Artificial/ Neural modeled algorithm in getting 
better optimized partitions.  
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1. Introduction

1.1 The satisfiability problem

The satisfiability problem (SAT) which is known to be NP-complete (7) plays a central role
problem in many applications in the fields of VLSI Computer-Aided design, Computing
Theory, and Artificial Intelligence. Generally, a SAT problem is defined as follows. A
propositional formula Φ =

�m
j=1 Cj with m clauses and n Boolean variables is given. Each

Boolean variable, xi, i ∈ {1, . . . , n}, takes one of the two values, True or False. A clause , in
turn, is a disjunction of literals and a literal is a variable or its negation. Each clause Cj has the
form:

Cj =

⎛
⎝ �

k∈Ij

xk

⎞
⎠ ∨

⎛
⎝�

l∈ Īj

x̄l

⎞
⎠ ,

where Ij, Īj ⊆ {1, .....n}, I ∩ Īj = ∅, and x̄i denotes the negation of xi. The task is to determine
whether there exists an assignment of values to the variables under which Φ evaluates to
True. Such an assignment, if it exists, is called a satisfying assignment for Φ, and Φ is called
satisfiable. Otherwise, Φ is said to be unsatisfiable. Since we have two choices for each of
the n Boolean variables, the size of the search space S becomes |S| = 2n. That is, the size
of the search space grows exponentially with the number of variables. Since most known
combinatorial optimization problems can be reduced to SAT (8), the design of special methods
for SAT can lead to general approaches for solving combinatorial optimization problems.
Most SAT solvers use a Conjunctive Normal Form (CNF) representation of the formula Φ.
In CNF, the formula is represented as a conjunction of clauses, with each clause being a
disjunction of literals. For example, P ∨ Q is a clause containing the two literals P and Q.
The clause P ∨ Q is satisfied if either P is True or Q is True. When each clause in Φ contains
exactly k literals, the resulting SAT problem is called k-SAT.

The rest of the paper is organized as follows. Section 2 provides an overview of algorithms
used for solving the satisfiability problem. Section 3 reviews some of the multilevel techniques
that have been applied to other combinatorial optimization problems. Section 4 gives a
general description of memetic algorithms. Section 5 introduces the multilevel memetic
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The clause P ∨ Q is satisfied if either P is True or Q is True. When each clause in Φ contains
exactly k literals, the resulting SAT problem is called k-SAT.

The rest of the paper is organized as follows. Section 2 provides an overview of algorithms
used for solving the satisfiability problem. Section 3 reviews some of the multilevel techniques
that have been applied to other combinatorial optimization problems. Section 4 gives a
general description of memetic algorithms. Section 5 introduces the multilevel memetic
algorithm. Section 6 presents the results obtained from testing the multilevel memetic
algorithm on large industrial instances. Finally, in Section 7 we present a summary and some
guidelines for future work.
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2. SAT solvers

One of the earliest local search algorithms for solving SAT is GSAT (36)(3)(38). Basically,
GSAT begins with a random generated assignment of values to variables, and then uses the
steepest descent heuristic to find the new variable-value assignment which best decreases
the number of unsatisfied clauses. After a fixed number of moves, the search is restarted
from a new random assignment. The search continues until a solution is found or a fixed
number of restarts have been performed. Another widely used variant of GSAT is the Walksat
algorithm and its variants in (37)(30)(17)(26)(27)(18). It first picks randomly an unsatisfied
clause, and then, in a second step, one of the variables with the lowest break count, appearing
in the selected clause, is randomly.

Other algorithms (11)(15) (9) (10) used history-based variable selection strategies in order to
avoid flipping the same variable selected.In parallel to the development of more sophisticated
versions of randomized improvement techniques, other methods based on the idea of
modifying the evaluation function (47)(19)(40)(34)(35) in order to prevent the search from
getting stuck in non attractive areas of the underlying search space have become increasingly
popular in SAT solving. A new approach to clause weighting known as Divide and Distribute
Fixed Weights (DDFW) (20) exploits the transfer of weights from neighboring satisfied clauses
to unsatisfied clauses in order to break out from local minima. Recently, a strategy based on
assigning weights to variables (33) instead of clauses greatly enhances the performance of the
Walksat algorithm, leading to the best known results on some benchmarks.

Evolutionary algorithms are heuristic algorithms that have been applied to SAT and many
other NP-complete problems. Unlike local search methods that work on a current single
solution, evolutionary approaches evolve a set of solutions. GASAT (21)(24) is considered to
be the best known genetic algorithm for SAT. GASAT is a hybrid algorithm that combines
a specific crossover and a tabu search procedure. Experiments have shown that GASAT
provides very competitive results compared with state-of-art SAT algorithms. Gottlieb at
al. proposed several evolutionary algorithms for SAT (13). Results presented in that paper
show that evolutionary algorithms compare favorably to Walksat. Finally, Boughaci et
al. introduced a new selection strategy (5) based on both fitness and diversity to choose
individuals to participate in the reproduction phase of a genetic algorithm. Experiments
showed that the resulting genetic algorithm was able to find solutions of a higher quality
than the scatter evolutionary algorithm (4).

Lacking the theoretical guidelines while being stochastic in nature, the deployment of
several meta-heuristics involves extensive experiments to find the optimal noise or walk
probability settings. To avoid manual parameter tuning, new methods have been designed
to automatically adapt parameter settings during the search (25)(32), and results have shown
their effectiveness for a wide range of problems.

3. Multilevel techniques

The multilevel paradigm is a simple technique which at its core involves recursive coarsening
to produce smaller and smaller problems that are easier to solve than the original one. The
pseudo-code of the multilevel generic algorithm is shown in Algorithm 1.

The multilevel paradigm consists of four phases: coarsening, initial solution, uncoarsening
and refinement. The coarsening phase aims at merging the variables associated with the
problem to form clusters. The clusters are used in a recursive manner to construct a
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Algorithm 1: The Multilevel Generic Algorithm

input : Problem P0
output: Solution S f inal(P0)

begin
level := 0;
While Not reached the desired number of levels Plevel+1:= Coarsen (Plevel);
level := level + 1;
/* Initial Solution is computed at the lowest level */;
S(Plevel) =Initial Solution (Plevel) ;
While (level > 0) Sstart(Plevel−1): = Uncoarsen (S f inal(Plevel));
S f inal(Plevel−1) := Refine (Sstart(Plevel−1));
level := level - 1;

end

hierarchy of problems each representing the original problem but with fewer degrees of
freedom. The coarsest level can then be used to compute an initial solution. The solution
found at the coarsest level is uncoarsened (extended to give an initial solution for the next
level) and then improved using a chosen optimization algorithm. A common feature that
characterizes multilevel algorithms, is that any solution in any of the coarsened problems
is a legitimate solution to the original one. Optimization algorithms using the multilevel
paradigm draw their strength from coupling the refinement process across different levels.
Multilevel techniques were first introduced when dealing with the graph partitioning problem
(GGP) (1) (14) (16) (22) (23) (44) and have proved to be effective in producing high quality
solutions at a lower cost than single level techniques. The traveling salesman problem (TSP)
was the second combinatorial optimization problem to which the multilevel paradigm was
applied (45) (46) and has clearly shown a clear improvement in the asymptotic convergence
of the solution quality. When the multilevel paradigm was applied to the graph coloring
problem (42), the results do not seem to be in line with the general trend observed in GCP
and TSP as its ability to enhance the convergence behavior of the local search algorithms was
rather restricted to some class of problems. Graph drawing is another area where multilevel
techniques gave a better global quality to the drawing and the author suggests its use to both
accelerate and enhance force drawing placement algorithms (43).

4. Memetic Algorithms (MAs)

An important prerequisite for the multilevel paradigm is the use of an optimization search
strategy in order to carry out the refinement during each level. In this work, we propose
a memetic algorithm (MA) that we use for the refinement phase. Algorithm 2 provides a
canonical memetic algorithm.

MAs represent the set of hybrid algorithms that combine genetic algorithms and local search.
In general the genetic algorithm improves the solution while the local search fine tunes the
solution. They are adaptive based search optimizations algorithms that take their inspiration
from genetics and evolution process (31). Memetic algorithms simultaneously examine and
manipulate a set of possible solution. Given a specific problem to solve, the input to MAs
is an initial population of solutions called individuals or chromosomes. A gene is part of
a chromosome, which is the smallest unit of genetic information. Every gene is able to
assume different values called allele. All genes of an organism form a genomem which
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Algorithm 2: A Canonical Memetic Algorithm

begin
Generate initial population ;
Evaluate the fitness of each individual in the population ;
While (Not Convergence reached) Select individuals according to a scheme to reproduce
;
Breed if necessary each selected pairs of individuals through crossover;
Apply mutation if necessary to each offspring ;
Apply local search to each chromosome ;
Evaluate the fitness of the intermediate population ;
Replace the parent population with a new generation; ;

end

affects the appearance of an organism called phenotype. The chromosomes are encoded
using a chosen representation and each can be thought of as a point in the search space
of candidate solutions. Each individual is assigned a score (fitness) value that allows
assessing its quality. The members of the initial population may be randomly generated or
by using sophisticated mechanisms by means of which an initial population of high quality
chromosomes is produced.

The reproduction operator selects (randomly or based on the individual’s fitness)
chromosomes from the population to be parents and enters them in a mating pool. Parent
individuals are drawn from the mating pool and combined so that information is exchanged
and passed to offspring depending on the probability of the crossover operator. The new
population is then subjected to mutation and entered into an intermediate population. The
mutation operator acts as an element of diversity into the population and is generally applied
with a low probability to avoid disrupting crossover results. The individuals from the
intermediate population are then enhanced with a local search and evaluated.

Finally, a selection scheme is used to update the population giving rise to a new generation.
The individuals from the set of solutions which is called population will evolve from
generation to generation by repeated applications of an evaluation procedure that is based on
genetic operators and a local search scheme. Over many generations, the population becomes
increasingly uniform until it ultimately converges to optimal or near-optimal solutions.

5. The Multilevel Memetic Algorithm (MLVMA)

The implementation of a multilevel algorithm for the SAT problem requires four basic
components: a coarsening algorithm, an initialization algorithm, an extension algorithm
(which takes the solution on one problem and extends it to the parent problem), and a memetic
algorithm which will be used during the refinement phase. In this section we describe all these
components which are necessary for the derivation of a memetic algorithm operating in a
multilevel context. This process, is graphically illustrated in Figure 1 using an example with 10
variables. The coarsening phase uses two levels to coarsen the problem down to three clusters.
Level0 corresponds to the original problem. A random coarsening procedure is used to merge
randomly the variables in pairs leading to a coarser problem with 5 clusters. This process is
repeated leading to the coarsest problem with 3 clusters. An initial solution is generated where
the first cluster is assigned the value of true and the remaining two clusters are assigned the
value false. At the coarsest level, our MA wil generate an initial population and then improves
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Fig. 1. The various phases of the multilevel memetic algorithm.

it. As soon as the convergence criteria is reached at Level2, the uncoarsening phase takes the
solution from that level and extends it to give an initial solution for Level1 and then proceed
with the refinement. This iteration process ends when MA reaches the stop criteria that is met
at Level0.

5.1 Coarsening

The coarsening procedure has been implemented so that each coarse problem Pl+1 is created
from its parent problem Pl by merging variables and representing each merged pair vi and
vj with a child variable that we call a cluster in Pl+1. The coarsening scheme uses a simple
randomized algorithm similar to (16). The variables are visited in a random order. If a variable
vi has not been merged yet, then we randomly select one randomly unmerged variable vj, and
a cluster consisting of these two variables is created. Unmatched variables are simply copied
to the next level. The new formed clusters are used to define a new and smaller problem and
recursively iterate the coarsening process until the size of the problem reaches some desired
threshold.

5.2 Initial solution & refinement

As soon as the coarsening phase is ended, a memetic algorithm is used at different levels. The
next subsections describes the main features of the memetic algorithm used in this work.

5.2.1 Fitness function

The notion of fitness is fundamental to the application of memetic algorithms. It is a numerical
value that expresses the performance of an individual (solution) so that different individuals
can be compared. The fitness of a chromosome (individual) is equal to the number of clauses
that are unsatisfied by the truth assignment represented by the chromosome.
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it. As soon as the convergence criteria is reached at Level2, the uncoarsening phase takes the
solution from that level and extends it to give an initial solution for Level1 and then proceed
with the refinement. This iteration process ends when MA reaches the stop criteria that is met
at Level0.

5.1 Coarsening

The coarsening procedure has been implemented so that each coarse problem Pl+1 is created
from its parent problem Pl by merging variables and representing each merged pair vi and
vj with a child variable that we call a cluster in Pl+1. The coarsening scheme uses a simple
randomized algorithm similar to (16). The variables are visited in a random order. If a variable
vi has not been merged yet, then we randomly select one randomly unmerged variable vj, and
a cluster consisting of these two variables is created. Unmatched variables are simply copied
to the next level. The new formed clusters are used to define a new and smaller problem and
recursively iterate the coarsening process until the size of the problem reaches some desired
threshold.

5.2 Initial solution & refinement

As soon as the coarsening phase is ended, a memetic algorithm is used at different levels. The
next subsections describes the main features of the memetic algorithm used in this work.

5.2.1 Fitness function

The notion of fitness is fundamental to the application of memetic algorithms. It is a numerical
value that expresses the performance of an individual (solution) so that different individuals
can be compared. The fitness of a chromosome (individual) is equal to the number of clauses
that are unsatisfied by the truth assignment represented by the chromosome.
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5.2.2 Representation

A representation is a mapping from the state space of possible solutions to a state of encoded
solutions within a particular data structure. The chromosomes (individuals) which are
assignments of values to the variables are encoded as strings of bits, the length of which is
the number of variables (or clusters if MA is operating on a coarse level). The values True
and False are represented by 1 and 0 respectively. In this representation , an individual X
corresponds to a truth assignment and the search space is the set S = {0, 1}n.

5.2.3 Initial population

A initial solution is generated using a population consisting of 50 individuals. According to
our computational experience, larger populations do not bring effective improvements on the
quality of the results. At the coarsest level, MA will randomly generate an initial population
of 50 individuals in which each gene’s allele is assigned the value 0 or 1.

5.2.4 Crossover

The task of the crossover operator is to reach regions of the search space with higher
average quality. New solutions are created by combining pairs of individuals in the
population and then applying a crossover operator to each chosen pair. Combining pairs
of individuals can be viewed as a matching process. The individuals are visited in random
order. An unmatched individual ik is matched randomly with an unmatched individual il .
Thereafter, the two-point crossover operator is applied using a crossover probability to each
matched pair of individuals. The two-point crossover selects two randomly points within
a chromosome and then interchanges the two parent chromosomes between these points to
generate two new offspring. Recombination can be defined as a process in which a set of
configurations (solutions referred as parents ) undergoes a transformation to create a set of
configurations (referred as offspring). The creation of these descendants involves the location
and combinations of features extracted from the parents. The reason behind choosing the two
point crossover are the results presented in (41) where the difference between the different
crossovers are not significant when the problem to be solved is hard. The work conducted in
(39) shows that the two-point crossover is more effective when the problem at hand is difficult
to solve. In addition, the author propose an adaptive mechanism in order to have evolutionary
algorithms choose which forms of crossover to use and how often to use them, as it solves a
problem.

5.2.5 Mutation

The purpose of mutation which is the secondary search operator used in this work, is to
generate modified individuals by introducing new features in the population. By mutation,
the alleles of the produced child have a chance to be modified, which enables further
exploration of the search space. The mutation operator takes a single parameter pm, which
specifies the probability of performing a possible mutation. Let C = c1, c2, ......cm be a
chromosome represented by a binary chain where each of whose gene ci is either 0 or 1. In our
mutation operator, each gene ci is mutated through flipping this gene’s allele from 0 to 1 or
vice versa if the probability test is passed. The mutation probability ensures that, theoretically,
every region of the search space is explored. If on the other hand, mutation is applied to all
genes, the evolutionary process will degenerate into a random search with no benefits of the
information gathered in preceding generations. The mutation operator prevents the searching
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process form being trapped into local optimum while adding to the diversity of the population
and thereby increasing the likelihood that the algorithm will generate individuals with better
fitness values.

5.2.6 Selection

The selection operator acts on individuals in the current population. During this phase, the
search for the global solution gets a clearer direction, whereby the optimization process is
gradually focused on the relevant areas of the search space. Based on each individual quality
(fitness), it determines the next population. In the roulette method, the selection is stochastic
and biased toward the best individuals. The first step is to calculate the cumulative fitness
of the whole population through the sum of the fitness of all individuals. After that, the
probability of selection is calculated for each individual as being PSelectioni

= fi/ ∑N
1 f i, where

fi is the fitness of individual i.

5.2.7 Local search

Algorithm 3: local-search
input : Chromosomei
output: A possibly improved Chromosomei ;
begin

PossFlips ← a randomly selected variable with the largest decrease (or smallest increase)
in unsatisfied clauses;;
v ← Pick (PossFlips);;
Chromosomei ← Chromosomei with v flipped ;
If Chromosomei satisfies Φ return Chromosomei;

end

Finally, the last component of our MA is the use of local improvers. By introducing local
search at this level, the search within promising areas is intensified. This local search should be
able to quickly improve the quality of a solution produced by the crossover operator, without
diversifying it into other areas of the search space. In the context of optimization, this rises
a number of questions regarding how best to take advantage of both aspects of the whole
algorithm. With regard to local search there are issues of which individuals will undergo
local improvement and to what degree of intensity. However care should be made in order to
balance the evolution component (exploration) against exploitation (local search component).
Bearing this thought in mind, the strategy adopted in this regard is to let each chromosome go
through a low rate intensity local improvement. Algorithm 3 shows the local search algorithm
used. This heuristic is used for one iteration during which it seeks for the variable-value
assignment with the largest decrease or the smallest increase in the number of unsatisfied
clauses. Random tie breaking strategy is used between variables with identical score.

5.2.8 Convergence criteria

As soon as the population tends to loose its diversity, premature convergence occurs and all
individuals in the population tend to be identical with almost the same fitness value. During
each level, the proposed memetic algorithm is assumed to reach convergence when no further
improvement of the best solution (the fittest chromosome) has not been made during two
consecutive generations.
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A initial solution is generated using a population consisting of 50 individuals. According to
our computational experience, larger populations do not bring effective improvements on the
quality of the results. At the coarsest level, MA will randomly generate an initial population
of 50 individuals in which each gene’s allele is assigned the value 0 or 1.

5.2.4 Crossover

The task of the crossover operator is to reach regions of the search space with higher
average quality. New solutions are created by combining pairs of individuals in the
population and then applying a crossover operator to each chosen pair. Combining pairs
of individuals can be viewed as a matching process. The individuals are visited in random
order. An unmatched individual ik is matched randomly with an unmatched individual il .
Thereafter, the two-point crossover operator is applied using a crossover probability to each
matched pair of individuals. The two-point crossover selects two randomly points within
a chromosome and then interchanges the two parent chromosomes between these points to
generate two new offspring. Recombination can be defined as a process in which a set of
configurations (solutions referred as parents ) undergoes a transformation to create a set of
configurations (referred as offspring). The creation of these descendants involves the location
and combinations of features extracted from the parents. The reason behind choosing the two
point crossover are the results presented in (41) where the difference between the different
crossovers are not significant when the problem to be solved is hard. The work conducted in
(39) shows that the two-point crossover is more effective when the problem at hand is difficult
to solve. In addition, the author propose an adaptive mechanism in order to have evolutionary
algorithms choose which forms of crossover to use and how often to use them, as it solves a
problem.

5.2.5 Mutation

The purpose of mutation which is the secondary search operator used in this work, is to
generate modified individuals by introducing new features in the population. By mutation,
the alleles of the produced child have a chance to be modified, which enables further
exploration of the search space. The mutation operator takes a single parameter pm, which
specifies the probability of performing a possible mutation. Let C = c1, c2, ......cm be a
chromosome represented by a binary chain where each of whose gene ci is either 0 or 1. In our
mutation operator, each gene ci is mutated through flipping this gene’s allele from 0 to 1 or
vice versa if the probability test is passed. The mutation probability ensures that, theoretically,
every region of the search space is explored. If on the other hand, mutation is applied to all
genes, the evolutionary process will degenerate into a random search with no benefits of the
information gathered in preceding generations. The mutation operator prevents the searching
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process form being trapped into local optimum while adding to the diversity of the population
and thereby increasing the likelihood that the algorithm will generate individuals with better
fitness values.

5.2.6 Selection

The selection operator acts on individuals in the current population. During this phase, the
search for the global solution gets a clearer direction, whereby the optimization process is
gradually focused on the relevant areas of the search space. Based on each individual quality
(fitness), it determines the next population. In the roulette method, the selection is stochastic
and biased toward the best individuals. The first step is to calculate the cumulative fitness
of the whole population through the sum of the fitness of all individuals. After that, the
probability of selection is calculated for each individual as being PSelectioni

= fi/ ∑N
1 f i, where

fi is the fitness of individual i.

5.2.7 Local search

Algorithm 3: local-search
input : Chromosomei
output: A possibly improved Chromosomei ;
begin

PossFlips ← a randomly selected variable with the largest decrease (or smallest increase)
in unsatisfied clauses;;
v ← Pick (PossFlips);;
Chromosomei ← Chromosomei with v flipped ;
If Chromosomei satisfies Φ return Chromosomei;

end

Finally, the last component of our MA is the use of local improvers. By introducing local
search at this level, the search within promising areas is intensified. This local search should be
able to quickly improve the quality of a solution produced by the crossover operator, without
diversifying it into other areas of the search space. In the context of optimization, this rises
a number of questions regarding how best to take advantage of both aspects of the whole
algorithm. With regard to local search there are issues of which individuals will undergo
local improvement and to what degree of intensity. However care should be made in order to
balance the evolution component (exploration) against exploitation (local search component).
Bearing this thought in mind, the strategy adopted in this regard is to let each chromosome go
through a low rate intensity local improvement. Algorithm 3 shows the local search algorithm
used. This heuristic is used for one iteration during which it seeks for the variable-value
assignment with the largest decrease or the smallest increase in the number of unsatisfied
clauses. Random tie breaking strategy is used between variables with identical score.

5.2.8 Convergence criteria

As soon as the population tends to loose its diversity, premature convergence occurs and all
individuals in the population tend to be identical with almost the same fitness value. During
each level, the proposed memetic algorithm is assumed to reach convergence when no further
improvement of the best solution (the fittest chromosome) has not been made during two
consecutive generations.
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5.3 Uncoarsening

Having improved the assignment at the level Lm+1, the assignment must be projected onto
its parent level Lm. The uncoarsening process is trivial; if a cluster Ci ∈ Lm+1 is assigned
the value of true then the matched pair of clusters that it represents, Cj and Ck ∈ Lm are
also assigned the value true. The idea of refinement is to use the projected population from
Lm+1 onto Lm as the initial population for further improvement using the proposed memetic
algorithm. Even though the population at Lm+1 is at local minimum, the projected population
at level Lm may not be at a local optimum. The projected population is already a good solution
and contains individuals with high fitness value, MA will converge quicker within a few
generation to a better assignment.

6. Experimental results

6.1 Boundary model checking

The instances used in our experiments arise from model checking (6) which is considered to
be one among many real-world problems that are often characterized by large and complex
search spaces. Model checking is an automatic procedure for verifying finite-state concurrent
systems. Given a model of a design and a specification in temporal logic, one is interested to
check whether the model satisfies the specification. Methods for automatic model checking
of complex hardware design systems are gaining wide industrial acceptance compared to
traditional techniques based on simulation. The most widely used of these methods is called
Bounded Model Checking (2) (BMC). In BMC the design to be validated is represented as a
finite state machine, and the specification is formalized by writing temporal logic properties.
The reachable states of the design are then traversed in order to verify the properties. The
basic idea in BMC is to find bugs or counterexamples of length k.

In practice, one looks for longer counterexamples by incrementing the bound k, and if
no counterexample exists after a certain number of iterations , one may conclude that the
correctness of the specification holds. The main drawback with model checking real systems
is the so-called state-explosion problem: as the size of of the system being verified increases,
the total state space of the system increases exponentially. This problem makes exhaustive
search exploration intractable.

In recent years, there has been a growing interest in applying methods based on propositional
satisfiability (SAT) (29)(12) in order to improve the scalability of model checking. The BMC
problem can be reduced to a propositional satisfiability problem, and can therefore be solved
by SAT solvers. Essentially, there are two phases in BMC. In the first phase, the behavior of the
system to be verified is encoded as a propositional formula. In the second phase, that formula
is given to a propositional decision algorithm, i.e., a satisfiability solver, to either obtain a
satisfying assignment or to prove there is none. If the formula is satisfiable, a bug has been
located in the design, otherwise one cannot in general conclude that there is no bug; one must
increase the bound, and search for “larger bugs”.

6.2 Test suite

We evaluated the performance of the multilevel memetic algorithm on a set of large problem
instances taken from real industrial bounded model checking hardware designs. This set
is taken from the SATLIB website (http://www.informatik.tu-darmstadt.de/AI/SATLIB).
All the benchmark instances used in this experiment are satisfiable instances. Due to the
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randomization nature of the algorithms, each problem instance was run 20 times with a cutoff
parameter (max-time) set to (300sec). We use |.| to denote the number of elements in a set,
e.g., |V| is the number of variables, while |C| denotes the number of clauses. Table shows the
instances used in the experiment. The tests were carried out on a a DELL machine with 800
MHz CPU and 2 GB of memory. The code was written in C and compiled with the GNU C
compiler version 4.6. The parameters used in the experiment are listed below:

• Crossover probability = 0.85.
• Mutation probability = 0.1.
• Population size = 50 .
• Stopping criteria for the coarsening phase: The coarsening stops as soon as the size of the

coarsest problem reaches 100 variables (clusters). At this level, MA generates an initial
population.

• Convergence during the refinement phase: If no improvement of the fitness function of the
best individual has not been observed during 10 consecutive generations, MA is assumed
to have reached convergence and moves to a higher level.

6.3 Experimental results

Figures 2-9 show how the best assignment (fittest chromosome) progresses during the
search. The plots show immediately the dramatic improvement obtained using the multilevel
paradigm. The performance of MA is unsatisfactory and is getting even far more dramatic
for larger problems as the percentage excess over the solution is higher compared to that of
MLVMA. The curves show no cross-over implying that MLVMA dominates MA. The plots
suggest that problem solving with MLVMA happens in two phases. The first phase which
corresponds to the early part of the search, MLVMA behaves as a hill-climbing method. This
phase which can be described as a long one, up to 85% of the clauses are satisfied. The
best assignment improves rapidly at first, and then flattens off as we mount the plateau,
marking the start of the second phase. The plateau spans a region in the search space where
flips typically leave the best assignment unchanged, and occurs more specifically once the
refinement reaches the finest level. Comparing the multilevel version with the single level
version, MLVMA is far better than MA, making it the clear leading algorithm. The key
success behind the efficiency of MLVMA relies on the multilevel paradigm. MLVMA uses
the multilevel paradigm and draw its strength from coupling the refinement process across
different levels. This paradigm offers two main advantages which enables MA to become
much more powerful in the multilevel context:

• During the refinement phase MA applies a local a transformation ( i.e, a move) within the
neighborhood (i.e, the set of solutions that can be reached from the current one ) of the
current solution to generate a new one. The coarsening process offers a better mechanism
for performing diversification (i.e, the ability to visit many and different regions of the
search space) and intensification (i.e, the ability to obtain high quality solutions within
those regions).

• By allowing MA to view a cluster of variables as a single entity, the search becomes guided
and restricted to only those configurations in the solution space in which the variables
grouped within a cluster are assigned the same value. As the size of the clusters varies
from one level to another, the size of the neighborhood becomes adaptive and allows the
possibility of exploring different regions in the search space while intensifying the search
by exploiting the solutions from previous levels in order to reach better solutions.
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5.3 Uncoarsening

Having improved the assignment at the level Lm+1, the assignment must be projected onto
its parent level Lm. The uncoarsening process is trivial; if a cluster Ci ∈ Lm+1 is assigned
the value of true then the matched pair of clusters that it represents, Cj and Ck ∈ Lm are
also assigned the value true. The idea of refinement is to use the projected population from
Lm+1 onto Lm as the initial population for further improvement using the proposed memetic
algorithm. Even though the population at Lm+1 is at local minimum, the projected population
at level Lm may not be at a local optimum. The projected population is already a good solution
and contains individuals with high fitness value, MA will converge quicker within a few
generation to a better assignment.

6. Experimental results

6.1 Boundary model checking

The instances used in our experiments arise from model checking (6) which is considered to
be one among many real-world problems that are often characterized by large and complex
search spaces. Model checking is an automatic procedure for verifying finite-state concurrent
systems. Given a model of a design and a specification in temporal logic, one is interested to
check whether the model satisfies the specification. Methods for automatic model checking
of complex hardware design systems are gaining wide industrial acceptance compared to
traditional techniques based on simulation. The most widely used of these methods is called
Bounded Model Checking (2) (BMC). In BMC the design to be validated is represented as a
finite state machine, and the specification is formalized by writing temporal logic properties.
The reachable states of the design are then traversed in order to verify the properties. The
basic idea in BMC is to find bugs or counterexamples of length k.

In practice, one looks for longer counterexamples by incrementing the bound k, and if
no counterexample exists after a certain number of iterations , one may conclude that the
correctness of the specification holds. The main drawback with model checking real systems
is the so-called state-explosion problem: as the size of of the system being verified increases,
the total state space of the system increases exponentially. This problem makes exhaustive
search exploration intractable.

In recent years, there has been a growing interest in applying methods based on propositional
satisfiability (SAT) (29)(12) in order to improve the scalability of model checking. The BMC
problem can be reduced to a propositional satisfiability problem, and can therefore be solved
by SAT solvers. Essentially, there are two phases in BMC. In the first phase, the behavior of the
system to be verified is encoded as a propositional formula. In the second phase, that formula
is given to a propositional decision algorithm, i.e., a satisfiability solver, to either obtain a
satisfying assignment or to prove there is none. If the formula is satisfiable, a bug has been
located in the design, otherwise one cannot in general conclude that there is no bug; one must
increase the bound, and search for “larger bugs”.

6.2 Test suite

We evaluated the performance of the multilevel memetic algorithm on a set of large problem
instances taken from real industrial bounded model checking hardware designs. This set
is taken from the SATLIB website (http://www.informatik.tu-darmstadt.de/AI/SATLIB).
All the benchmark instances used in this experiment are satisfiable instances. Due to the
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randomization nature of the algorithms, each problem instance was run 20 times with a cutoff
parameter (max-time) set to (300sec). We use |.| to denote the number of elements in a set,
e.g., |V| is the number of variables, while |C| denotes the number of clauses. Table shows the
instances used in the experiment. The tests were carried out on a a DELL machine with 800
MHz CPU and 2 GB of memory. The code was written in C and compiled with the GNU C
compiler version 4.6. The parameters used in the experiment are listed below:

• Crossover probability = 0.85.
• Mutation probability = 0.1.
• Population size = 50 .
• Stopping criteria for the coarsening phase: The coarsening stops as soon as the size of the

coarsest problem reaches 100 variables (clusters). At this level, MA generates an initial
population.

• Convergence during the refinement phase: If no improvement of the fitness function of the
best individual has not been observed during 10 consecutive generations, MA is assumed
to have reached convergence and moves to a higher level.

6.3 Experimental results

Figures 2-9 show how the best assignment (fittest chromosome) progresses during the
search. The plots show immediately the dramatic improvement obtained using the multilevel
paradigm. The performance of MA is unsatisfactory and is getting even far more dramatic
for larger problems as the percentage excess over the solution is higher compared to that of
MLVMA. The curves show no cross-over implying that MLVMA dominates MA. The plots
suggest that problem solving with MLVMA happens in two phases. The first phase which
corresponds to the early part of the search, MLVMA behaves as a hill-climbing method. This
phase which can be described as a long one, up to 85% of the clauses are satisfied. The
best assignment improves rapidly at first, and then flattens off as we mount the plateau,
marking the start of the second phase. The plateau spans a region in the search space where
flips typically leave the best assignment unchanged, and occurs more specifically once the
refinement reaches the finest level. Comparing the multilevel version with the single level
version, MLVMA is far better than MA, making it the clear leading algorithm. The key
success behind the efficiency of MLVMA relies on the multilevel paradigm. MLVMA uses
the multilevel paradigm and draw its strength from coupling the refinement process across
different levels. This paradigm offers two main advantages which enables MA to become
much more powerful in the multilevel context:

• During the refinement phase MA applies a local a transformation ( i.e, a move) within the
neighborhood (i.e, the set of solutions that can be reached from the current one ) of the
current solution to generate a new one. The coarsening process offers a better mechanism
for performing diversification (i.e, the ability to visit many and different regions of the
search space) and intensification (i.e, the ability to obtain high quality solutions within
those regions).

• By allowing MA to view a cluster of variables as a single entity, the search becomes guided
and restricted to only those configurations in the solution space in which the variables
grouped within a cluster are assigned the same value. As the size of the clusters varies
from one level to another, the size of the neighborhood becomes adaptive and allows the
possibility of exploring different regions in the search space while intensifying the search
by exploiting the solutions from previous levels in order to reach better solutions.
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Fig. 2. bmc-ibm-2.cnf: |V| = 3628, |C| = 14468. Along the horizontal axis we give the time in
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Figures 9 shows the convergence behavior expressed as the ratio between the best
chromosome of the two algorithms as a function of time. The plots show that the curves are
below the value 1 leading to conclude that MLVMA is faster compared to MA. The asymptotic
performance offered by MLVMA is impressive, and dramatically improves on MA. In some
cases, The difference in performance reaches 30% during the first seconds, and maintains it
during the whole search process. However, on other cases, the difference in performance
continues to increase as the search progresses.

7. Conclusion

In this work, we have described a new approach for addressing the satisfiability problem.
which combines the multilevel paradigm with a simple memetic algorithm. Thus, in order to
get a comprehensive picture of the new algorithm’s performance, we used a set of benchmark
instances drawn from Bounded Model Checking. The experiments have shown that MLVMA
works quite well with a random coarsening scheme combined with a simple MA used as a
refinement algorithm. The random coarsening provided a good global view of the problem,
while MA used during the refinement phase provided a good local view. It can be seen from
the results that the multilevel paradigm greatly improves the MA and always returns a better
solution for the equivalent runtime. The quality of the solution provided by MLVMA can
get as high as 77%. A scale up test shows that the difference in performances between the
two algorithms increases with larger problems. Our future work aims at investigating other
coarsening schemes and study other parameters which may influence the interaction between
the memetic algorithm and the multilevel paradigm.
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Figures 9 shows the convergence behavior expressed as the ratio between the best
chromosome of the two algorithms as a function of time. The plots show that the curves are
below the value 1 leading to conclude that MLVMA is faster compared to MA. The asymptotic
performance offered by MLVMA is impressive, and dramatically improves on MA. In some
cases, The difference in performance reaches 30% during the first seconds, and maintains it
during the whole search process. However, on other cases, the difference in performance
continues to increase as the search progresses.

7. Conclusion

In this work, we have described a new approach for addressing the satisfiability problem.
which combines the multilevel paradigm with a simple memetic algorithm. Thus, in order to
get a comprehensive picture of the new algorithm’s performance, we used a set of benchmark
instances drawn from Bounded Model Checking. The experiments have shown that MLVMA
works quite well with a random coarsening scheme combined with a simple MA used as a
refinement algorithm. The random coarsening provided a good global view of the problem,
while MA used during the refinement phase provided a good local view. It can be seen from
the results that the multilevel paradigm greatly improves the MA and always returns a better
solution for the equivalent runtime. The quality of the solution provided by MLVMA can
get as high as 77%. A scale up test shows that the difference in performances between the
two algorithms increases with larger problems. Our future work aims at investigating other
coarsening schemes and study other parameters which may influence the interaction between
the memetic algorithm and the multilevel paradigm.
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1. Introduction  

As the VLSI technology goes into the nanometer era, the device sizes and supply voltages 
are continually decreased. The smaller supply voltage reduces the power dissipation but 
also decreases the noise margin of devices. Therefore, the power integrity problem has 
become one of the critical issues that limit the design performance (Blakiewicz & 
Chrzaniwska-Jeske, 2007; kawa, 2008 & Michael et al., 2008). Most of the power supply 
noises (PSNs) come from two primary sources. One is the IR-drop and the other is the 
simultaneous switching noise (SSN). Figure 1(a) illustrates a typical RLC model for power 
supply networks, which is the combination of on-chip power grids and off-chip power pins. 
The IR-drop is a power supply noise when the supply current goes through those non-zero 
resistors and results in a I·R voltage drop. The simultaneous switching noise (SSN) is the 
supply noise which happens when large instantaneous current goes through those non-zero 
inductors on power networks and generates a L·(di/dt) voltage drop. When the supply 
voltage is reduced , the noise margin of devices also decreases as shown in Fig.1(b). It may 
induce worse performance because the driving capability of devices becomes week due to 
smaller supply voltage. If serious power supply noise occurs, the logic level may be 
changed, which causes function error in the circuit. The worst situation is the electron-
migration (EM) effects. Supply wires are shorten or broken because a large current travels 
through the small supply wires. Therefore, the power supply noise analysis is reguired at 
design stages to evaluate the effects caused by power supply noise. 

 
Fig. 1. (a)RLC model for power supply (b) Supply Voltage over Time at Silicon Device. 
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also decreases the noise margin of devices. Therefore, the power integrity problem has 
become one of the critical issues that limit the design performance (Blakiewicz & 
Chrzaniwska-Jeske, 2007; kawa, 2008 & Michael et al., 2008). Most of the power supply 
noises (PSNs) come from two primary sources. One is the IR-drop and the other is the 
simultaneous switching noise (SSN). Figure 1(a) illustrates a typical RLC model for power 
supply networks, which is the combination of on-chip power grids and off-chip power pins. 
The IR-drop is a power supply noise when the supply current goes through those non-zero 
resistors and results in a I·R voltage drop. The simultaneous switching noise (SSN) is the 
supply noise which happens when large instantaneous current goes through those non-zero 
inductors on power networks and generates a L·(di/dt) voltage drop. When the supply 
voltage is reduced , the noise margin of devices also decreases as shown in Fig.1(b). It may 
induce worse performance because the driving capability of devices becomes week due to 
smaller supply voltage. If serious power supply noise occurs, the logic level may be 
changed, which causes function error in the circuit. The worst situation is the electron-
migration (EM) effects. Supply wires are shorten or broken because a large current travels 
through the small supply wires. Therefore, the power supply noise analysis is reguired at 
design stages to evaluate the effects caused by power supply noise. 

 
Fig. 1. (a)RLC model for power supply (b) Supply Voltage over Time at Silicon Device. 
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While esimating the power supply noise, both the magnitude and slope of supply currents 
are required. Traditionally, accurate supply current waveforms can only be obtained from 
the transistor-level simulation. Therefore, in the present design flow, the power supply noise 
(PSN) check is mostly performed at very late design stage. Although the analysis results are 
accurate at transistor level, this approach may be impractical for large designs because 
simulating the entire design at transistor level requires great computation resources. If any 
problem is found, the designers often tune the width of the supply lines or add another 
current path to fit the specification. However, if the supply current waveforms are obtained at 
early stage, more efficient low-power technologies, like multiple supply voltages and power-
gating, can be used to reduce the supply power and noise (Chen et al., 2005; Juan et al., 2010; 
Kawa, 2008; Michael et al., 2008; Popovich et al., 2008; Xu et at., 2011 & Zhao et al. 2002). The 
primary reason of lacking tools for checking the power integrity problems at gate level or 
higher levels is the limited design information, that current cannot provide waveforms 
directly. In this research, we propose the gate-level IR-drop analysis method with limited 
design information to build the missing link of the traditional design flow. 

The most popular format to store the gate-level information is the liberty format (LIB) 
(Synopsys, 2003). The LIB file of a cell library keeps the information of all cells and is widely 
used in the synthesis and timing analysis at gate level and RT level. However, due to the 
format limitation, only timing information and average energy consumption are kept in LIB 
files. They cannot provide instantaneous supply current information directly. One 
straightforward approach is to approximate the instantaneous supply current using the 
average power divided by the user-given time interval as illustrated in Fig. 2(a). However, 
even if the average power is the same, the waveforms can be quite different with different 
time intervals. It may not be accurate enough to estimate real instantaneous supply current. 

Several advanced library formats have been proposed for recording voltage waveforms 
(ECSM) (Candence, 2006) or current waveforms (CCSM) (Synopsys, 2008) to provide the 
more accurate timing and power information. These formats need large storage space to 
record these piece-wise-linear waveforms. Therefore, those new formats are only used in 
very advanced process, like 65 nm technology. Typically, the libraries with new formats are 
used to support the static timing analysis to obtain more accurate estimation. It may also 
support the gate-level power estimation to obtain more accurate peak power. However, 
because the peak power is often evaluated in the cycle-accurate basis at gate level, it will 
suffer the same time-interval issue. 

 
(a)                  (b) 

Fig. 2. (a) The power waveforms with different time intervals (b) The current waveforms 
with different supply noises 
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In the literature, the authors in (Boliolo et al., 1997) propose an approach to estimate power 
supply noise at gate level. In their approach, the capacitance of each internal node in a cell, 
the energy consumption of each transition, and several regression equations representing 
the timing behavior, are required to estimate the supply current waveforms. Given an input 
pattern to a cell, its supply current will be approximated as a simple triangle, whose area is 
the total energy. The base and the height of this triangle are obtained from the regression 
equations. Then, combining all triangles of every changed cell in time obtains the overall 
supply current waveform. This approach is a practical solution that can be combined with 
logic simulation tools. The results shown in the paper are also accurate. However, the 
required timing behaviors of supply current waveforms are not available in standard library 
files. Extra characterization efforts for different cell libraries are still required before using 
this approach, which is a very time-consuming process.  

In anthor work (Shimazaki et al., 2000), the authors propose an EMI-noise analysis approach 
based on a rough supply current waveform. Although their approach also uses standard 
library infotmation, their current waveform estimaiton approach is too simple to provide 
accurate supply current waveforms. Most importantly, their approach can be used in 
combination caircuits only, which is not feasibal for modern complex designs. Therefore, an 
accurate gate-level supply current model using standard library information, even for 
sequential circuits, is propsed to avoid addtional charcterization process (Lee et al., 2008).  

The proposed current model has provided the solutions to estimate the ideal supply current 
waveforms without noise effects. However, the estimated waveforms cannot be directly 
used to analyze IR-drop effects because the supply currents will have significant difference 
with non-zero resistance on the supply lines. Figure 2(b) shows an example obtained from 
the c432 circuit suffering from different supply noises. In typical cases, the current with 
supply noise is less than the ideal current. If the ideal supply current waveforms are used to 
calculate the IR-drop, the results are often overestimated. The direct solution to consider the 
effects of IR-drop is to extend the libraries with different supply resistors. However, this 
approach will greatly increase the storage space and characterization efforts for library 
information, which may be not a good solution. Therefore, a library adjustment method is 
also proposed to consider the IR-drop effect on supply current modeling with standard 
library information (Lee et al., 2010). 

 
Fig. 3. The proposed gate-level IR-drop analysis flow 



 
VLSI Design 

 

184 

While esimating the power supply noise, both the magnitude and slope of supply currents 
are required. Traditionally, accurate supply current waveforms can only be obtained from 
the transistor-level simulation. Therefore, in the present design flow, the power supply noise 
(PSN) check is mostly performed at very late design stage. Although the analysis results are 
accurate at transistor level, this approach may be impractical for large designs because 
simulating the entire design at transistor level requires great computation resources. If any 
problem is found, the designers often tune the width of the supply lines or add another 
current path to fit the specification. However, if the supply current waveforms are obtained at 
early stage, more efficient low-power technologies, like multiple supply voltages and power-
gating, can be used to reduce the supply power and noise (Chen et al., 2005; Juan et al., 2010; 
Kawa, 2008; Michael et al., 2008; Popovich et al., 2008; Xu et at., 2011 & Zhao et al. 2002). The 
primary reason of lacking tools for checking the power integrity problems at gate level or 
higher levels is the limited design information, that current cannot provide waveforms 
directly. In this research, we propose the gate-level IR-drop analysis method with limited 
design information to build the missing link of the traditional design flow. 

The most popular format to store the gate-level information is the liberty format (LIB) 
(Synopsys, 2003). The LIB file of a cell library keeps the information of all cells and is widely 
used in the synthesis and timing analysis at gate level and RT level. However, due to the 
format limitation, only timing information and average energy consumption are kept in LIB 
files. They cannot provide instantaneous supply current information directly. One 
straightforward approach is to approximate the instantaneous supply current using the 
average power divided by the user-given time interval as illustrated in Fig. 2(a). However, 
even if the average power is the same, the waveforms can be quite different with different 
time intervals. It may not be accurate enough to estimate real instantaneous supply current. 

Several advanced library formats have been proposed for recording voltage waveforms 
(ECSM) (Candence, 2006) or current waveforms (CCSM) (Synopsys, 2008) to provide the 
more accurate timing and power information. These formats need large storage space to 
record these piece-wise-linear waveforms. Therefore, those new formats are only used in 
very advanced process, like 65 nm technology. Typically, the libraries with new formats are 
used to support the static timing analysis to obtain more accurate estimation. It may also 
support the gate-level power estimation to obtain more accurate peak power. However, 
because the peak power is often evaluated in the cycle-accurate basis at gate level, it will 
suffer the same time-interval issue. 

 
(a)                  (b) 

Fig. 2. (a) The power waveforms with different time intervals (b) The current waveforms 
with different supply noises 

 
Library-Based Gate-Level Current Waveform Modeling for Dynamic Supply Noise Analysis 

 

185 

In the literature, the authors in (Boliolo et al., 1997) propose an approach to estimate power 
supply noise at gate level. In their approach, the capacitance of each internal node in a cell, 
the energy consumption of each transition, and several regression equations representing 
the timing behavior, are required to estimate the supply current waveforms. Given an input 
pattern to a cell, its supply current will be approximated as a simple triangle, whose area is 
the total energy. The base and the height of this triangle are obtained from the regression 
equations. Then, combining all triangles of every changed cell in time obtains the overall 
supply current waveform. This approach is a practical solution that can be combined with 
logic simulation tools. The results shown in the paper are also accurate. However, the 
required timing behaviors of supply current waveforms are not available in standard library 
files. Extra characterization efforts for different cell libraries are still required before using 
this approach, which is a very time-consuming process.  

In anthor work (Shimazaki et al., 2000), the authors propose an EMI-noise analysis approach 
based on a rough supply current waveform. Although their approach also uses standard 
library infotmation, their current waveform estimaiton approach is too simple to provide 
accurate supply current waveforms. Most importantly, their approach can be used in 
combination caircuits only, which is not feasibal for modern complex designs. Therefore, an 
accurate gate-level supply current model using standard library information, even for 
sequential circuits, is propsed to avoid addtional charcterization process (Lee et al., 2008).  

The proposed current model has provided the solutions to estimate the ideal supply current 
waveforms without noise effects. However, the estimated waveforms cannot be directly 
used to analyze IR-drop effects because the supply currents will have significant difference 
with non-zero resistance on the supply lines. Figure 2(b) shows an example obtained from 
the c432 circuit suffering from different supply noises. In typical cases, the current with 
supply noise is less than the ideal current. If the ideal supply current waveforms are used to 
calculate the IR-drop, the results are often overestimated. The direct solution to consider the 
effects of IR-drop is to extend the libraries with different supply resistors. However, this 
approach will greatly increase the storage space and characterization efforts for library 
information, which may be not a good solution. Therefore, a library adjustment method is 
also proposed to consider the IR-drop effect on supply current modeling with standard 
library information (Lee et al., 2010). 

 
Fig. 3. The proposed gate-level IR-drop analysis flow 
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The proposed gate-level IR-drop analysis flow is illustrated in Fig.3. According to the cell 
switching from gate-level activity files, the corresponding supply current waveform of each 
cell can be constructed by using standard library information. The supply current waveforms 
obtained from the original standard libraries are then modified to consider IR-drop effects. 
Second, the estimated supply current waveforms of all switching cells are summarized in time 
to obtain the supply current waveforms of the whole circuit. Finally, the IR-drop voltage 
caused from the supply resistor can be derived from the current waveform.  

The rest of this article is organized as follow. In Section 2, the most popular library format, 
the liberty format, is presented. A gate-level supply current waveform estimation method 
using standard library information is proposed in Section 3. A correction method of the 
library information is also proposed to modify the IR-drop effect in Section 4. The 
experimental results of this work are demonstrated in Section 5 and a simple conclusion is 
presented in Section 6.  

2. Standard library: Liberty format (LIB) 
Liberty format (LIB) (Synosys, 2003) is the most popular library format at gate level to store 
the timing information and the average energy consumption of each cell in the standard 
library. Those data are stored using some look-up tables. The definitions of some commonly 
used variables are listed as follows. They will be used later to derive the proposed current 
waveform model. 

Transition Time: This is defined as the duration time of a signal from 10% to 90% VDD in 
the rising case and from 90% to 10% VDD in the falling case. TR(X) is defined as the 
transition time of the node X in the rising case. TF(X) is defined as the transition time of the 
node X in the falling case. 

Propagation Time: This is defined as the duration time from the input signal crossing 50% 
VDD to the output signal crossing 50% VDD. TDR(X Y) is defined as the propagation 
delay from the related pin X to the output Y when the output Y is rising. D represents the 
propagation delay and R represents the rising case. TDF(X Y) is defined as the propagation 
delay from the related pin X to the output Y when the output Y is falling. F represents the 
falling case.  

Setup Time: This is a timing constraint of the sequential cell, which is defined as the 
minimum time that the data input D must remain stable before the active edge of the clock 
CK to ensure correct functioning of the cell. In other words, it is the duration from D 
crossing 50% VDD to CK crossing 50% VDD if the output value can be evaluated 
successfully. TSR(D) is defined as the setup time when the data input D is rising. S 
represents the setup time and R represents the rising case. TSF(D) is the setup time when the 
data input D is falling. F represents the falling case.  

Load: This is the total capacitance at a node. Load(Y) is defined as the capacitance at the 
node Y.  

Internal Power: This is the internal energy consumption of a cell without the energy 
consumed on its output loading. EINT is defined as the internal energy consumption of the 
cell.  
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Changing Time: T(X) is defined as the time that the signal X is crossing 50% VDD, which is 
the signal transition point in logic simulators recorded in VCD (Value Changed Dump) files. 

Voltage Definitions: VDD is defined as the supply voltage. VT is defined as the threshold 
voltage of the transistor. 

3. Current waveform estimation using library information 
In order to avoid extra characterization efforts while migrating to new cell libraries, a 
supply current model is proposed based on standard library information. The key idea is 
using a triangular waveform to approximate the real supply current waveform generated by 
a cell switching as shown in Fig. 4. Then, the parameters of the triangle are calculated by 
standard library information only. Finally, the overall supply current waveform can be 
obtained by combining all triangles of every changed cells in time. Before presenting the 
proposed approach, some variables must be defined first. For each triangle shown in Fig. 4, 
four variables, TSTART, TEND, TPEAK and IPEAK, are defined to represent the triangular 
waveform. TSTART and TEND are the start/end time of the supply current waveform. These 
two variables define the duration of the waveform. TPEAK and IPEAK are the location and 
current value when the maximum supply current occurs.  

 
Fig. 4. The definition of the triangular current waveform 

Although there are a lot of cells in a cell library, most of them can be classified into three 
categories in our approach. In the following sections, the formulas to construct the current 
waveform model in each category will be presented. During the formula construction, this 
work assumes that only the LIB file is available. Therefore, the transistor-level netlist and 
detailed device sizes are avoided. If some general structures are required to build the 
formulas, only the information provided in the library data sheet will be used. While 
applying the proposed methodology to different libraries, users can make necessary 
adjustment easily from that public information. 

3.1 Simple logic cells 

If the CMOS implementation of a cell is a single layer structure, it is called a simple logic cell 
in this work, such as INVERTER, NAND, NOR as shown in Fig. 5. Those cells can be 
modeled as an equivalent inverter with two parts, the equivalent PMOS and NMOS. 
Therefore, in the following discussion, an inverter is used as an example to discuss its 
supply current model in the charging period (the output signal is rising) and the 
discharging period (the output signal is falling). 
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The proposed gate-level IR-drop analysis flow is illustrated in Fig.3. According to the cell 
switching from gate-level activity files, the corresponding supply current waveform of each 
cell can be constructed by using standard library information. The supply current waveforms 
obtained from the original standard libraries are then modified to consider IR-drop effects. 
Second, the estimated supply current waveforms of all switching cells are summarized in time 
to obtain the supply current waveforms of the whole circuit. Finally, the IR-drop voltage 
caused from the supply resistor can be derived from the current waveform.  

The rest of this article is organized as follow. In Section 2, the most popular library format, 
the liberty format, is presented. A gate-level supply current waveform estimation method 
using standard library information is proposed in Section 3. A correction method of the 
library information is also proposed to modify the IR-drop effect in Section 4. The 
experimental results of this work are demonstrated in Section 5 and a simple conclusion is 
presented in Section 6.  

2. Standard library: Liberty format (LIB) 
Liberty format (LIB) (Synosys, 2003) is the most popular library format at gate level to store 
the timing information and the average energy consumption of each cell in the standard 
library. Those data are stored using some look-up tables. The definitions of some commonly 
used variables are listed as follows. They will be used later to derive the proposed current 
waveform model. 

Transition Time: This is defined as the duration time of a signal from 10% to 90% VDD in 
the rising case and from 90% to 10% VDD in the falling case. TR(X) is defined as the 
transition time of the node X in the rising case. TF(X) is defined as the transition time of the 
node X in the falling case. 

Propagation Time: This is defined as the duration time from the input signal crossing 50% 
VDD to the output signal crossing 50% VDD. TDR(X Y) is defined as the propagation 
delay from the related pin X to the output Y when the output Y is rising. D represents the 
propagation delay and R represents the rising case. TDF(X Y) is defined as the propagation 
delay from the related pin X to the output Y when the output Y is falling. F represents the 
falling case.  

Setup Time: This is a timing constraint of the sequential cell, which is defined as the 
minimum time that the data input D must remain stable before the active edge of the clock 
CK to ensure correct functioning of the cell. In other words, it is the duration from D 
crossing 50% VDD to CK crossing 50% VDD if the output value can be evaluated 
successfully. TSR(D) is defined as the setup time when the data input D is rising. S 
represents the setup time and R represents the rising case. TSF(D) is the setup time when the 
data input D is falling. F represents the falling case.  

Load: This is the total capacitance at a node. Load(Y) is defined as the capacitance at the 
node Y.  

Internal Power: This is the internal energy consumption of a cell without the energy 
consumed on its output loading. EINT is defined as the internal energy consumption of the 
cell.  

 
Library-Based Gate-Level Current Waveform Modeling for Dynamic Supply Noise Analysis 

 

187 

Changing Time: T(X) is defined as the time that the signal X is crossing 50% VDD, which is 
the signal transition point in logic simulators recorded in VCD (Value Changed Dump) files. 

Voltage Definitions: VDD is defined as the supply voltage. VT is defined as the threshold 
voltage of the transistor. 

3. Current waveform estimation using library information 
In order to avoid extra characterization efforts while migrating to new cell libraries, a 
supply current model is proposed based on standard library information. The key idea is 
using a triangular waveform to approximate the real supply current waveform generated by 
a cell switching as shown in Fig. 4. Then, the parameters of the triangle are calculated by 
standard library information only. Finally, the overall supply current waveform can be 
obtained by combining all triangles of every changed cells in time. Before presenting the 
proposed approach, some variables must be defined first. For each triangle shown in Fig. 4, 
four variables, TSTART, TEND, TPEAK and IPEAK, are defined to represent the triangular 
waveform. TSTART and TEND are the start/end time of the supply current waveform. These 
two variables define the duration of the waveform. TPEAK and IPEAK are the location and 
current value when the maximum supply current occurs.  

 
Fig. 4. The definition of the triangular current waveform 

Although there are a lot of cells in a cell library, most of them can be classified into three 
categories in our approach. In the following sections, the formulas to construct the current 
waveform model in each category will be presented. During the formula construction, this 
work assumes that only the LIB file is available. Therefore, the transistor-level netlist and 
detailed device sizes are avoided. If some general structures are required to build the 
formulas, only the information provided in the library data sheet will be used. While 
applying the proposed methodology to different libraries, users can make necessary 
adjustment easily from that public information. 

3.1 Simple logic cells 

If the CMOS implementation of a cell is a single layer structure, it is called a simple logic cell 
in this work, such as INVERTER, NAND, NOR as shown in Fig. 5. Those cells can be 
modeled as an equivalent inverter with two parts, the equivalent PMOS and NMOS. 
Therefore, in the following discussion, an inverter is used as an example to discuss its 
supply current model in the charging period (the output signal is rising) and the 
discharging period (the output signal is falling). 
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Fig. 5. The structures of simple logic cells (a) INVERTER (b) NAND (c) NOR 

3.1.1 Charging period 

In the charging period, the relationship between the input signal X, the output signal Y and 
the timing parameters of the triangular waveform can be illustrated in Fig. 6. TSTART is 
defined as the time that the input voltage achieves (VDD-VT) because the equivalent PMOS 
turns on at this time. The corollary of TSTART is shown as follows. 
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Fig. 6. The parameters of a simple cell in the charging period 

In typical cases, the shape of the charging current for a simple logic cell is similar to a RC 
charging behavior. Therefore, the exponential RC charging function is used to approximate 
this behavior. Theoretically, TEND is defined as the time when the output loading is charged 
to VDD. However, due to the long tail of the RC charging curve, TEND is defined as the time 
that the output loading is charged to 95% VDD in this work to reduce the error while the 
waveform is simplified to a triangle. The corollary of TEND is shown as follows, where τ is 
the RC time constant. 
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In this paper, two points (X1, Y1) and (X2, Y2) on a plane are used to define a line. Then, the 
slope (a) and intercept (b) can be calculated as follows. 
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Under this definition, the time t that the equation Y(t) is larger than the equation X(t) with 
VT can be calculated as follows. 
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In the charging period, TPEAK is defined as the time that the operation mode of NMOS is in 
the saturation mode and the operation mode of PMOS is changing from the saturation mode 
to the linear mode, which is the point that allows most current to flow through PMOS. In 
other words, TPEAK happens at the time when the voltage difference between the output Y 
and the input X is equal to VT (VSG=VT). Therefore, TPEAK can be obtained when Y(t) − X(t) 
= VT. Because the definitions of TF(X) and TR(Y) are the signal duration from 10% to 90% 
VDD, using them to calculate the signal duration from 0% to 50% VDD should be multiplied 
by 0.625(=0.5/(90% − 10%)) instead of 0.5. Finally, the corollary of TPEAK is shown as follows. 
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If the total consumed energy is used as the area of this triangle and the base of this triangle 
is (TEND-TSTART), IPEAK can be obtained from the formula of the triangle area. Please note that 
the energy stored in the LIB file is the internal energy consumption (EINT) of the cell only. 
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In the charging period, TPEAK is defined as the time that the operation mode of NMOS is in 
the saturation mode and the operation mode of PMOS is changing from the saturation mode 
to the linear mode, which is the point that allows most current to flow through PMOS. In 
other words, TPEAK happens at the time when the voltage difference between the output Y 
and the input X is equal to VT (VSG=VT). Therefore, TPEAK can be obtained when Y(t) − X(t) 
= VT. Because the definitions of TF(X) and TR(Y) are the signal duration from 10% to 90% 
VDD, using them to calculate the signal duration from 0% to 50% VDD should be multiplied 
by 0.625(=0.5/(90% − 10%)) instead of 0.5. Finally, the corollary of TPEAK is shown as follows. 
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If the total consumed energy is used as the area of this triangle and the base of this triangle 
is (TEND-TSTART), IPEAK can be obtained from the formula of the triangle area. Please note that 
the energy stored in the LIB file is the internal energy consumption (EINT) of the cell only. 
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The energy consumed on the output loading (ELOAD) should be added to obtain the correct 
area of the triangle. The corollary of IPEAK is shown as follows. 
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3.1.2 Discharging period 

Because the supply current does not charge the output loading in the discharging period, 
most of the supply current can appear only when NMOS is turned on but PMOS is not 
completely turned off yet. Therefore, in this case, TSTART is defined as the time that input 
voltage achieves VT because NMOS is turned on at this time. TEND is defined as the time that 
the input voltage achieves (VDD-VT) when PMOS is turned off. Using these definitions, the 
duration of the supply current waveform in the discharging period can be decided. 
Following the same assumption in Section 3.1.1, TPEAK is still defined as the time that the 
operation mode of PMOS is changed from linear to saturation. Figure 7 shows their 
relationship to the input/output waveforms. Because there is no current charging the 
output loading, the EINT obtained in the LIB file can be used as the triangle area in the 
discharging period to obtain the TPEAK value. The corollary of TEND is shown as follows.  

 
Fig. 7. The parameters of a simple cell in the discharging period 
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3.2 Composite logic cells 

As shown in Fig. 8, some cells are composed of two or more simple logic cells, such as 
BUFFER, AND, and OR cells. Those cells are called “composite logic cells” in this work. In the 
following descriptions, a BUFFER is used as an example to explain the proposed approach for 
those cells. Because the information of the internal signal I in Fig. 8(a) cannot be obtained in the 
LIB file, an assumption is made in this work that the input signal of the second stage in a 
composite cell will start rising/falling when the output voltage of its first stage achieves 50% 
VDD. With this assumption, the internal signal I can be rebuilt using existing library 
information as shown in Fig. 9. Since the timing information of the internal node can be 
estimated, the methods proposed in Sect. 3.1 can be used to handle the two simple cells 
respectively and the total current waveform of this composite cell can be estimated. 

 
Fig. 8. The structure of the composite logic cell (a) BUFFER (b) AND (c) OR 

 
Fig. 9. The internal voltage waveform in a composite cell 

3.2.1 Charging period 

If the output of the composite cell is rising, the internal node I will be in the falling case as 
shown in Fig. 10. Therefore, the simple-cell methods in the discharging period are used to 
calculate TSTART_1stF, TEND_1stF and TPEAK_1stF of the first stage. Then, the simple-cell methods in 
the charging period are used to calculate TSTART_2ndR, TEND_2ndR and TPEAK_2ndR of the second 
stage. Because there is only one energy value in the library and no proper method to split it 
into two parts, an assumption is made that the transition of the two stages are very close 
such that the composition of the two triangles still approximates to a triangle. While 
combining the triangles of the two stages, the TSTART, TPEAK and TEND of the composed 
triangle are defined as the average values of the two triangles in this work for easier 
calculation. Then, IPEAK can be obtained in the same way from those timing information and 
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The energy consumed on the output loading (ELOAD) should be added to obtain the correct 
area of the triangle. The corollary of IPEAK is shown as follows. 
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3.1.2 Discharging period 

Because the supply current does not charge the output loading in the discharging period, 
most of the supply current can appear only when NMOS is turned on but PMOS is not 
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duration of the supply current waveform in the discharging period can be decided. 
Following the same assumption in Section 3.1.1, TPEAK is still defined as the time that the 
operation mode of PMOS is changed from linear to saturation. Figure 7 shows their 
relationship to the input/output waveforms. Because there is no current charging the 
output loading, the EINT obtained in the LIB file can be used as the triangle area in the 
discharging period to obtain the TPEAK value. The corollary of TEND is shown as follows.  

 
Fig. 7. The parameters of a simple cell in the discharging period 
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3.2 Composite logic cells 

As shown in Fig. 8, some cells are composed of two or more simple logic cells, such as 
BUFFER, AND, and OR cells. Those cells are called “composite logic cells” in this work. In the 
following descriptions, a BUFFER is used as an example to explain the proposed approach for 
those cells. Because the information of the internal signal I in Fig. 8(a) cannot be obtained in the 
LIB file, an assumption is made in this work that the input signal of the second stage in a 
composite cell will start rising/falling when the output voltage of its first stage achieves 50% 
VDD. With this assumption, the internal signal I can be rebuilt using existing library 
information as shown in Fig. 9. Since the timing information of the internal node can be 
estimated, the methods proposed in Sect. 3.1 can be used to handle the two simple cells 
respectively and the total current waveform of this composite cell can be estimated. 

 
Fig. 8. The structure of the composite logic cell (a) BUFFER (b) AND (c) OR 

 
Fig. 9. The internal voltage waveform in a composite cell 

3.2.1 Charging period 

If the output of the composite cell is rising, the internal node I will be in the falling case as 
shown in Fig. 10. Therefore, the simple-cell methods in the discharging period are used to 
calculate TSTART_1stF, TEND_1stF and TPEAK_1stF of the first stage. Then, the simple-cell methods in 
the charging period are used to calculate TSTART_2ndR, TEND_2ndR and TPEAK_2ndR of the second 
stage. Because there is only one energy value in the library and no proper method to split it 
into two parts, an assumption is made that the transition of the two stages are very close 
such that the composition of the two triangles still approximates to a triangle. While 
combining the triangles of the two stages, the TSTART, TPEAK and TEND of the composed 
triangle are defined as the average values of the two triangles in this work for easier 
calculation. Then, IPEAK can be obtained in the same way from those timing information and 
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the stored energy information. The detailed formulas to construct the current waveforms in 
this case are summarized as follows. 
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Fig. 10. The rebuilding voltage waveform of a composite logic cell in the charging period 
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cell formulas in the discharging period are used to handle the second stage. Then, using the 
similar approach for the case in charging period, TSTART, TPEAK and TEND can be obtained 
from the average values of the two triangles. The rebuilt voltage waveforms and timing 
parameters are shown in Fig. 11. Because the energy of the reversed supply current at the 
second stage can be eliminated by the energy of the first stage, the internal power in the 
discharging period can be used directly to estimate the IPEAK of this cell. The detailed 
formulas to construct the current waveform in this case are listed as follows. 
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Fig. 11. The rebuilding voltage waveform of a composite logic cell in the discharging period 

3.3 Sequential elements 

In real applications, most circuits contain sequential cells. For a feasible solution, it is 
important to develop proper approaches to handle sequential cells. Like composite cells, 
sequential cells are often composed of several simple cells. In a standard library, the 
information of the internal nodes in a sequential cell is not stored, either. In order not to use 
extra information, some assumptions are made to rebuild the internal signals of a sequential 
cell. In the following descriptions, a positive-edge-triggered D-flip-flop (DFF) is used as an 
example to explain the proposed approach on sequential cells. Other flip-flops in the 
standard cell library, such as the flip-flops with set/reset, can be handled by using similar 
methods for their normal operations. The special set/reset behaviors can be characterized as 
a special case since they do not appear very often. 

Figure 12 shows the typical architecture of a DFF. It can be divided into three blocks, which 
are clock generator, setup block and evaluation block. The total supply current waveform of 
the DFF is the summation of the waveforms from the three blocks. Since the operation 
modes of a DFF are more complex, its current waveform model is discussed in three cases. 

 
Fig. 12. The architecture of a typical DFF 
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the stored energy information. The detailed formulas to construct the current waveforms in 
this case are summarized as follows. 
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3.3.1 Only clock pin is changed 

In this case, the data pin D is stable and its value is the same as the output Q. In most cases, 
the internal signals, N1_1, N1_2, N2_1 and N2_2, are stable, too. Therefore, a supply current 
only occurs in the clock generator when only the clock pin is changing. The clock generator 
is often composed of two inverters to generate two inverse signals, c and cn, as shown in 
Fig. 13. 

First, the case of CK rising (active edge) is discussed. Using the same idea for composite 
logic cells, the voltage waveforms of CK, cn and c will be rebuilt first. Then, the formulas of 
composite logic cells in the charging period can be used directly to decide TSTART, TPEAK, 
TEND and IPEAK. However, there is still no timing information for the internal nodes of flip-
flops in the LIB file. In order to solve this problem, two assumptions are made to rebuild the 
internal signals (cn and c) with approximate timing information. 

The first assumption is that the maximum current of the tri-state inverter (G6) occurs when 
its output voltage (N2_1) reaches 50% VDD, as illustrated in Fig. 13. Then, following the 
TPEAK definition of simple cells, the maximum current happens when the difference between 
the gate voltage of c and the drain voltage of N2_1 is equal to VT. The time that the voltage 
of c reaches [0.5×VDD+VT] can be implied with [T(CK) + TDR(CK Q) − 0.625×TR(Q) ]. 

 
Fig. 13. The illustration of the first assumption to imply the timing information of internal 
node (c). 

 
Fig. 14. The illustration of the second assumption to imply the timing information of internal 
nodes (cn) and (c). 
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The second assumption is that the rising and falling times of the nodes cn and c are very 
similar because most clock buffers are designed to have similar rising and falling time. From 
the first assumption, the time when V(c)=0.5 × VDD + VT can be obtained. Following the 
same assumption for composite cells, the input signal of the second stage will start 
rising/falling when the output voltage of the previous stage achieves 50% VDD. In order to 
simplify the explanation, a time interval (PT) is defined in Fig. 14. Since PT can be obtained 
with these two assumptions, the times that c and cn reach 0.5×VDD can be expressed with 
PT. Then, the internal voltage waveforms can be rebuilt as shown in Fig. 14. The detailed 
corollary is listed as follows. 
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As to the CK falling case, no outputs change and no timing information is stored in the 
library because it is not the active edge. Although the internal nodes might change in this 
case, there is no information to make any reasoning. Therefore, the same timing information 
in the CK rising case is used to be the TSTART, TPEAK and TEND when only CK is falling. The 
internal energy consumption when only CK is falling is available in the library. It can be 
used to calculate a different IPEAK for CK falling case. 

3.3.2 Only data pin is changed 

In this case, the clock pin CK is stable and only the data pin D is changed. The supply 
current is generated by the setup block only. If CK is logic-1, the gate G3 is turned off such 
that the whole cell has no switching current. When CK is logic-0, the current waveform is 
determined by whether the data pin D is rising or falling. Because the timing information of 
the internal nodes N1_1 and N1_2 are not stored in the library, two assumptions are made 
in this case to rebuild the approximate voltage waveforms of N1_1 and N1_2. 
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The second assumption is that the rising and falling times of the nodes cn and c are very 
similar because most clock buffers are designed to have similar rising and falling time. From 
the first assumption, the time when V(c)=0.5 × VDD + VT can be obtained. Following the 
same assumption for composite cells, the input signal of the second stage will start 
rising/falling when the output voltage of the previous stage achieves 50% VDD. In order to 
simplify the explanation, a time interval (PT) is defined in Fig. 14. Since PT can be obtained 
with these two assumptions, the times that c and cn reach 0.5×VDD can be expressed with 
PT. Then, the internal voltage waveforms can be rebuilt as shown in Fig. 14. The detailed 
corollary is listed as follows. 
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As to the CK falling case, no outputs change and no timing information is stored in the 
library because it is not the active edge. Although the internal nodes might change in this 
case, there is no information to make any reasoning. Therefore, the same timing information 
in the CK rising case is used to be the TSTART, TPEAK and TEND when only CK is falling. The 
internal energy consumption when only CK is falling is available in the library. It can be 
used to calculate a different IPEAK for CK falling case. 

3.3.2 Only data pin is changed 

In this case, the clock pin CK is stable and only the data pin D is changed. The supply 
current is generated by the setup block only. If CK is logic-1, the gate G3 is turned off such 
that the whole cell has no switching current. When CK is logic-0, the current waveform is 
determined by whether the data pin D is rising or falling. Because the timing information of 
the internal nodes N1_1 and N1_2 are not stored in the library, two assumptions are made 
in this case to rebuild the approximate voltage waveforms of N1_1 and N1_2. 
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The first assumption is that the data propagation time from the input D to the internal node 
N1_1 equals to the setup time of this DFF. Because the definition of setup time is the 
minimum time that input data must be stable before clock arriving, it can be viewed as the 
time that the data has been propagated to N1_1 to enter the first latch. 

The second assumption is that the node N1_2 will become stable before the gate G6 is 
turned on to allow the data to enter the second latch successfully. Because N2_1 is 
discharging in the D rising case, N1_2 must reach VDD when the voltage of the node c 
achieves VT. TC(VT) is defined to express the duration time between V(CK)=0.5×VDD and 
V(c)=VT. Following these assumptions, the time that N1_1 reaches 50% VDD and the time 
that N1_2 reaches VDD can be obtained. Then, following the same assumption of composite 
cells, the time that N1_1 reaches 50% VDD is the time that N1_2 reaches 0. The voltage 
waveforms of N1_1 andN1_2 can be rebuilt as shown in Fig. 15. 

 
Fig. 15. The parameters of a DFF when only D is rising. 

In the D falling case, TR(D) and TSR(D) are changed to TF(D) and TSF(D), respectively. EINT 
is changed from the rising energy to the falling one. With the two internal waveforms of 
N1_1 and N1_2, the triangle parameters can be determined by the same approach for 
composite cells. Finally, the detailed corollary is shown as follows. 
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3.3.3 Output changed with clock active edge 

In this case, the clock pin has an active edge, the data pin is stable, and the output Q is 
evaluated. Both the clock generator and the evaluation block generate supply currents. 
Therefore, the current waveform is composed of two triangular waveforms in this case. The 
first current waveform of the clock generator is discussed in Sect. 3.3.1. It is focus on how to 
estimate the second triangular waveform of the evaluation block in this section. 

Figure 16 illustrates the rebuilt signals of the evaluation block when output Q is rising. First, 
using the rebuilt internal signal c in Sect. 3.1.1, the time that N2_1 starts to discharge can be 
obtained when the voltage of node c reaches VT. Second, T(Q) - 0.625 × TR(Q) implies the 
time that N2_1 reaches 0.5×VDD by the assumption of composite logic cells. Then, the 
internal waveform of N2_1 can be rebuilt. Third, T(QN) - 0.625 × TF(QN) implies the time 
that N2_2 reaches 0.5×VDD by the assumption of composite logic cells, which helps to 
rebuild the internal waveform of N2_2. After rebuilding the internal signals of the 
evaluation block, the similar approach for composite logic cells can be used to generate the 
composite triangular waveform of this DFF. 

 
Fig. 16. The signals in a DFF when Q is rising with active clock edge. 

When the output Q is falling, the time when c reaches VT is defined as the start time of N2_1 
because the gate G6 starts to transition when c reaches VT. Then, changing TR(Q) and 
TF(QN) to TF(Q) and TR(QN) respectively, the same approach for the Q rising case can be 
used to rebuild the internal signals when the output Q is falling. 

With the two internal waveforms of N2_1 and N2_2, TSTART of the evaluation block is 
defined as the earliest start time of N2_1 and N2_2. TEND of the evaluation block is defined 
as the time that both Q and QN complete their transitions. TPEAK can be calculated by the 
waveforms of internal nodes. The consumed internal energy of the evaluation block is the 
internal energy of total DFF minus the internal energy of the clock generator obtained in 
Sect. 3.3.1. After adding the energy of the output loading, the total triangle area of the 
evaluation block and the IPEAK of this block can be obtained. Finally, combining the 
waveform of the evaluation block with the waveform of the clock generator calculated in 
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_1 _ 2{ , }END END st END ndT avg T T⇒ =  (23) 

 2 INT

PEAK
END START

E
VDDI

T T

×
⇒ =

−
 (24) 

3.3.3 Output changed with clock active edge 

In this case, the clock pin has an active edge, the data pin is stable, and the output Q is 
evaluated. Both the clock generator and the evaluation block generate supply currents. 
Therefore, the current waveform is composed of two triangular waveforms in this case. The 
first current waveform of the clock generator is discussed in Sect. 3.3.1. It is focus on how to 
estimate the second triangular waveform of the evaluation block in this section. 

Figure 16 illustrates the rebuilt signals of the evaluation block when output Q is rising. First, 
using the rebuilt internal signal c in Sect. 3.1.1, the time that N2_1 starts to discharge can be 
obtained when the voltage of node c reaches VT. Second, T(Q) - 0.625 × TR(Q) implies the 
time that N2_1 reaches 0.5×VDD by the assumption of composite logic cells. Then, the 
internal waveform of N2_1 can be rebuilt. Third, T(QN) - 0.625 × TF(QN) implies the time 
that N2_2 reaches 0.5×VDD by the assumption of composite logic cells, which helps to 
rebuild the internal waveform of N2_2. After rebuilding the internal signals of the 
evaluation block, the similar approach for composite logic cells can be used to generate the 
composite triangular waveform of this DFF. 

 
Fig. 16. The signals in a DFF when Q is rising with active clock edge. 

When the output Q is falling, the time when c reaches VT is defined as the start time of N2_1 
because the gate G6 starts to transition when c reaches VT. Then, changing TR(Q) and 
TF(QN) to TF(Q) and TR(QN) respectively, the same approach for the Q rising case can be 
used to rebuild the internal signals when the output Q is falling. 

With the two internal waveforms of N2_1 and N2_2, TSTART of the evaluation block is 
defined as the earliest start time of N2_1 and N2_2. TEND of the evaluation block is defined 
as the time that both Q and QN complete their transitions. TPEAK can be calculated by the 
waveforms of internal nodes. The consumed internal energy of the evaluation block is the 
internal energy of total DFF minus the internal energy of the clock generator obtained in 
Sect. 3.3.1. After adding the energy of the output loading, the total triangle area of the 
evaluation block and the IPEAK of this block can be obtained. Finally, combining the 
waveform of the evaluation block with the waveform of the clock generator calculated in 
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Sect. 3.3.1, the supply current waveform of the DFF in this case is obtained. The detailed 
formulas to construct the current waveform in this case are summarized as follows. 

( ) : ([ ( ) 0.5 ] [ ( ) ])TC VT TD V CK VDD V c VT= × → =  

Q Rising Case 

2 _1( ) {( ( ) ( ), ), ( ( ) 0.625 ( ),0.5 )}
2 _ 2( ) {( ( ) 0.625 ( ),0), ( ( ) 0.625 ( ),0.5 )}
( ) {( ( ),0.5 ), ( ( ) 0.625 ( ),0)}

( ) {( ( ),0.5 ), ( ( ) 0.625 ( ),

N t T CK TC VT VDD T Q TR Q VDD
N t T Q TR Q T QN TF QN VDD
Q t T Q VDD T Q TR Q
QN t T QN VDD T QN TF QN V

= + − × ×
= − × − × ×

= × − ×
= × − × )}DD

 

Q Falling Case 

2 _1( ) {( ( ),0), ( ( ) 0.625 ( ),0.5 )}
2 _ 2( ) {( ( ) 0.625 ( ), ), ( ( ) 0.625 ( ),0.5 )}
( ) {( ( ),0.5 ), ( ( ) 0.625 ( ),0)}

( ) {( ( ),0.5 ), ( ( ) 0.625 ( ),

N t TCN VDD VT T Q TF Q VDD
N t T Q TF Q VDD T QN TR QN VDD
Q t T Q VDD T Q TF Q
QN t T QN VDD T QN TR QN VD

= − − × ×
= − × − × ×

= × + ×
= × + × )}D

 

 ( )STARTT TC VT⇒ =  (25) 

 
_( 2 _1) _( 2_ 2) _( 2 _ 5){ , , }PEAK PEAK G PEAK G PEAK GT avg T T T⇒ =  (26) 

 
_( 2 _ 4) _( 2 _ 5){ , }END END G END GT avg T T⇒ =  (27) 

 2 ( ( ) )INT ClockGenerator

PEAK
END START

E E Load Q VDD
VDDI

T T

−
× + ×

⇒ =
−

 (28) 

4. IR-Drop aware library adjustment methods 
In this section, an analytical library adjustment approach is proposed to consider the effects of 
the supply resistors without extra characterization. The timing and power information stored 
in LIB file can be modified to reflect the effect of the supply resistor by the proposed equations. 
Therefore, the proposed gate-level supply current estimation method can obtain the accurate 
waveforms with IR-drop effects. Most importantly, this method can be easily embedded into 
present design flow to improve the accuracy of gate-level IR-drop analysis and provide 
designers a fast solution to consider IR-drop effect at early design stages. In this section, the 
adjustment methods of combination cells, simple logic and composite logic cells are discussed 
first in Section 4.1. Then, in Section 4.2, the methods of sequential cell are presented. Finally, 
the adjustment methods of activity files (VCD) are explained in Section 4.3. 

4.1 Timing and power adjustment of combination cells 

4.1.1 Output transition time 

Figure 17 illustrates a simple cell with a supply resistor. In the output rising case, the supply 
current flows through the supply resistor, which increases the transition time due to the 
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increased total resistance. Therefore, the RC charging model is used to calculate the 
increased transition time caused by the supply resistor.  

REFF represents the effective resistance of the cell. CEFF represents the effective capacitance of 
the cell. EINT and ELOAD represent the energy consumption caused by the cell and its output 
loading. In the output rising case, the CEFF is approximated by the total energy divided by 
supply voltage. Assume TR(Y)ORG represents the original transition time in LIB files. 
TR(Y)ADJ represents the adjusted transition time in the output rising case. The detailed 
corollary and the adjustment formula can be derived as follows, in which the increased term 
is related to the known variables (RWIRE, CEFF) only. In the output falling case, the transition 
time is not changed because the current does not flow through the supply resistor. If there is 
a resistor in current path to ground, similar approach can be used to adjust TF(Y).  

 
Fig. 17. The circuit structure of a simple cell (INVETER) with a supply resistor in (a) the 
output rising case (b) the output falling case 

( ) ln 9

INT LOAD
EFF

ORG EFF EFF

E EC
VDD

TR Y R C

+⎧ =⎪
⎨
⎪ = × ×⎩

 

 ( ) ln 9 ( )
l n 9 ln 9 ( ) ln 9

ADJ EFF WIRE EFF

EFF EFF WIRE EFF ORG WIRE EFF

TR T R R C
R C R C TR Y R C
= × + ×

= × × + × × = + × ×
 (29) 

 
Fig. 18. The circuit structure of a composite cell (BUFFER) with a supply resistor in (a) the 
output rising case (b) the output falling case 
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Sect. 3.3.1, the supply current waveform of the DFF in this case is obtained. The detailed 
formulas to construct the current waveform in this case are summarized as follows. 

( ) : ([ ( ) 0.5 ] [ ( ) ])TC VT TD V CK VDD V c VT= × → =  

Q Rising Case 

2 _1( ) {( ( ) ( ), ), ( ( ) 0.625 ( ),0.5 )}
2 _ 2( ) {( ( ) 0.625 ( ),0), ( ( ) 0.625 ( ),0.5 )}
( ) {( ( ),0.5 ), ( ( ) 0.625 ( ),0)}

( ) {( ( ),0.5 ), ( ( ) 0.625 ( ),

N t T CK TC VT VDD T Q TR Q VDD
N t T Q TR Q T QN TF QN VDD
Q t T Q VDD T Q TR Q
QN t T QN VDD T QN TF QN V

= + − × ×
= − × − × ×

= × − ×
= × − × )}DD

 

Q Falling Case 

2 _1( ) {( ( ),0), ( ( ) 0.625 ( ),0.5 )}
2 _ 2( ) {( ( ) 0.625 ( ), ), ( ( ) 0.625 ( ),0.5 )}
( ) {( ( ),0.5 ), ( ( ) 0.625 ( ),0)}

( ) {( ( ),0.5 ), ( ( ) 0.625 ( ),

N t TCN VDD VT T Q TF Q VDD
N t T Q TF Q VDD T QN TR QN VDD
Q t T Q VDD T Q TF Q
QN t T QN VDD T QN TR QN VD

= − − × ×
= − × − × ×

= × + ×
= × + × )}D

 

 ( )STARTT TC VT⇒ =  (25) 

 
_( 2 _1) _( 2_ 2) _( 2 _ 5){ , , }PEAK PEAK G PEAK G PEAK GT avg T T T⇒ =  (26) 

 
_( 2 _ 4) _( 2 _ 5){ , }END END G END GT avg T T⇒ =  (27) 

 2 ( ( ) )INT ClockGenerator

PEAK
END START

E E Load Q VDD
VDDI

T T

−
× + ×

⇒ =
−

 (28) 

4. IR-Drop aware library adjustment methods 
In this section, an analytical library adjustment approach is proposed to consider the effects of 
the supply resistors without extra characterization. The timing and power information stored 
in LIB file can be modified to reflect the effect of the supply resistor by the proposed equations. 
Therefore, the proposed gate-level supply current estimation method can obtain the accurate 
waveforms with IR-drop effects. Most importantly, this method can be easily embedded into 
present design flow to improve the accuracy of gate-level IR-drop analysis and provide 
designers a fast solution to consider IR-drop effect at early design stages. In this section, the 
adjustment methods of combination cells, simple logic and composite logic cells are discussed 
first in Section 4.1. Then, in Section 4.2, the methods of sequential cell are presented. Finally, 
the adjustment methods of activity files (VCD) are explained in Section 4.3. 

4.1 Timing and power adjustment of combination cells 

4.1.1 Output transition time 

Figure 17 illustrates a simple cell with a supply resistor. In the output rising case, the supply 
current flows through the supply resistor, which increases the transition time due to the 
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increased total resistance. Therefore, the RC charging model is used to calculate the 
increased transition time caused by the supply resistor.  

REFF represents the effective resistance of the cell. CEFF represents the effective capacitance of 
the cell. EINT and ELOAD represent the energy consumption caused by the cell and its output 
loading. In the output rising case, the CEFF is approximated by the total energy divided by 
supply voltage. Assume TR(Y)ORG represents the original transition time in LIB files. 
TR(Y)ADJ represents the adjusted transition time in the output rising case. The detailed 
corollary and the adjustment formula can be derived as follows, in which the increased term 
is related to the known variables (RWIRE, CEFF) only. In the output falling case, the transition 
time is not changed because the current does not flow through the supply resistor. If there is 
a resistor in current path to ground, similar approach can be used to adjust TF(Y).  

 
Fig. 17. The circuit structure of a simple cell (INVETER) with a supply resistor in (a) the 
output rising case (b) the output falling case 

( ) ln 9

INT LOAD
EFF

ORG EFF EFF

E EC
VDD

TR Y R C

+⎧ =⎪
⎨
⎪ = × ×⎩

 

 ( ) ln 9 ( )
l n 9 ln 9 ( ) ln 9

ADJ EFF WIRE EFF

EFF EFF WIRE EFF ORG WIRE EFF

TR T R R C
R C R C TR Y R C
= × + ×

= × × + × × = + × ×
 (29) 

 
Fig. 18. The circuit structure of a composite cell (BUFFER) with a supply resistor in (a) the 
output rising case (b) the output falling case 
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Figure 18 illustrates a composite cell with a supply resistor. Typically, this kind of cells is 
composed of multiple stages of simple cells. In Fig.18(a), the supply current flows through 
the second stage in the output rising case. The first stage is in the output falling case. 
Therefore, only the increased transition time of the second stage should be considered in the 
output rising case. Applying the same method for the simple logic cells on the second stage 
can obtain the increased transition time.  In the output falling case, the output transition 
time is still not changed because the current does not flow through the second stage. Only 
the propagation delay may be changed in such case, which is discussed in the next section. 

4.1.2 Propagation delay time 

According to the same model shown in Fig.18, the adjustment method of the propagation 
time for simple logic cells can be derived. Similarly, only the increased propagation time in 
the output rising case should be considered to adjust the original timing information. The 
adjustment formulas are listed as follows, in which the increased term is related to the 
known variables (RWIRE, CEFF) only. 

( ) ln 0.5

INT LOAD
EFF

ORG EFF EFF

E EC
VDD

TDR Y R C

+⎧ =⎪
⎨
⎪ = − × ×⎩

 

 ( ) ( ln 0.5) ( )
( 0.5) ( ln 0.5) ( ) ( ln 0.5)

ADJ EFF WIRE EFF

EFF EFF WIRE EFF ORG WIRE EFF

TDR T R R C
R C R C TDR Y R C
= − × + ×

= − × × + − × × = + − × ×
 (30) 

For composite logic cells, the adjustment of the propagation time in the output rising case is 
the same with the simple logic cell as shown in Fig.18 (a). In the output falling case shown in 
Fig.18(b), CEFF is the internal capacitance CINT. This internal capacitance can be 
approximated as the EINT divided by the supply voltage because the operation current flows 
through the cell only. The adjustment formulas are listed as follows, in which the increased 
term is related the known variables only. 

 
( ) ( ) ( ln 0.5)INT LOAD

EFF ADJ ORG WIRE EFF
E EC TDR X Y TDR X Y R C
VDD
+

= ⇒ → = → + − × ×
 (31) 

 
( ) ( ) ( ln 0.5)INT

EFF ADJ ORG WIRE EFF
EC TDR X Y TDR X Y R C
VDD

= ⇒ → = → + − × ×
 (32) 

4.1.3 Internal energy 

Assume EINT(ORG) represents the internal energy stored in standard libraries, and EINT(ADJ) 
represents the modified internal energy. This internal energy can be viewed as the short-
circuit energy by ignoring the effect of internal capacitances. Therefore, EINT(OLD) can be 
expressed as the short-circuit current (ISC) times the duration of the short-circuit current 
(TSC). Since ISC can be rewritten as VDD/ RINT, the EINT(ADJ) can be derived by the ratio of 
REFF and RADJ, as shown in the following equations. Please be noted that the REFF can be 
calculated from the original propagation time because the short-circuit current happens at 
the logic transition period.  
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 ( )

( ) ( )( )

INT ORG SC SC SC
EFF

EFF
INT ADJ SC INT ORG

EFF WIRE EFF WIRE

VDDE I T T
R

RVDDE T E
R R R R

= × = ×

= × = ×
+ +

 (33) 

4.2 Timing and power adjustment of sequential elements 

Only the output Q rising case is to explain the adjusted formulas because the formulas fir other 
cases can be derived by similar ways. One difficulty of the adjustment of DFF cases is to 
estimate the effective capacitance of the gate because the internal capacitance is unavailable. In 
this work, the internal energy is used to approximate the effective capacitance. The other 
difficulty is the adjustment of effective supply resistance because more than one gates switch 
in the DFF. Therefore, the simple parallel connection formula is applied first to approximate 
the effective supply resistance seen by each switching gate. The details of the adjusted 
formulas in the timing and internal energy are discussed in the following subsections. 

4.2.1 Output transition time 

Only the increased transition time caused by the output stage (G9) should be added to 
adjust the output transition time of output Q. The EINT (CKRISE QRISE) represents the 
internal energy consumption stored in the library for the output Q rising case when CK 
actives, which is composed of the energy of G1, G2, G6, G7, G9 and G10. The EINT(CKRISE) 
represents the internal energy consumption of G1 and G2 when only CK actives. It implies 
that the energy consumption of G6, G7, G10 and G9 in Fig.19 can be calculated by EINT 
(CKRISE QRISE)-EINT(CKRISE). Therefore, the CEFF of the path through G9 can be 
approximated as a half of EINT (CKRISE QRISE)- EINT(CKRISE) divided by VDD because the 
energy are separated into two rising gates (G7 and G9).  

When measuring the output transition time, three current paths travel through the RWIRE.  
Assume the three inverters G2, G7 and G9 have similar sizes, the equivalent supply resistor 
of each cell must be three times the lumped supply resistor (RWIRE) according to the parallel 
connection formula. Therefore, the adjusted formula is modified a little bit as follows. The 
falling time of QN (TF(QN)) is not necessary to be adjusted because it is a falling gate. The 
adjustment formulas for the output transition time in output Q falling case are also listed as 
follows, which can be derived by similar way as in the output Q rising case. 

 

( ) ( )
2

3
( ) ( ) ln 9

( ) ( )

INT RISE RISE INT RISE
EFF LOAD

EFF WIRE

ADJ ORG WIRE EFF

ADJ ORG

E CK Q E CKC C
VDD

R R
TR Q TR Q R C

TF QN TF QN

→ −⎧ = +⎪
×⎨

⎪ = ×⎩
= + × ×

=

 (34) 

 

( ) ( )
2

3
( ) ( )
( ) ( ) ln 9

INT RISE FALL INT RISE
EFF LOAD

EFF WIRE

ADJ ORG

ADJ ORG WIRE EFF

E CK Q E CKC C
VDD

R R
TF Q TF Q
TR QN TR QN R C

→ −⎧ = +⎪
×⎨

⎪ = ×⎩
=
= + × ×

 (35) 
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Figure 18 illustrates a composite cell with a supply resistor. Typically, this kind of cells is 
composed of multiple stages of simple cells. In Fig.18(a), the supply current flows through 
the second stage in the output rising case. The first stage is in the output falling case. 
Therefore, only the increased transition time of the second stage should be considered in the 
output rising case. Applying the same method for the simple logic cells on the second stage 
can obtain the increased transition time.  In the output falling case, the output transition 
time is still not changed because the current does not flow through the second stage. Only 
the propagation delay may be changed in such case, which is discussed in the next section. 

4.1.2 Propagation delay time 

According to the same model shown in Fig.18, the adjustment method of the propagation 
time for simple logic cells can be derived. Similarly, only the increased propagation time in 
the output rising case should be considered to adjust the original timing information. The 
adjustment formulas are listed as follows, in which the increased term is related to the 
known variables (RWIRE, CEFF) only. 

( ) ln 0.5

INT LOAD
EFF

ORG EFF EFF

E EC
VDD

TDR Y R C

+⎧ =⎪
⎨
⎪ = − × ×⎩

 

 ( ) ( ln 0.5) ( )
( 0.5) ( ln 0.5) ( ) ( ln 0.5)

ADJ EFF WIRE EFF

EFF EFF WIRE EFF ORG WIRE EFF

TDR T R R C
R C R C TDR Y R C
= − × + ×

= − × × + − × × = + − × ×
 (30) 

For composite logic cells, the adjustment of the propagation time in the output rising case is 
the same with the simple logic cell as shown in Fig.18 (a). In the output falling case shown in 
Fig.18(b), CEFF is the internal capacitance CINT. This internal capacitance can be 
approximated as the EINT divided by the supply voltage because the operation current flows 
through the cell only. The adjustment formulas are listed as follows, in which the increased 
term is related the known variables only. 

 
( ) ( ) ( ln 0.5)INT LOAD

EFF ADJ ORG WIRE EFF
E EC TDR X Y TDR X Y R C
VDD
+

= ⇒ → = → + − × ×
 (31) 

 
( ) ( ) ( ln 0.5)INT

EFF ADJ ORG WIRE EFF
EC TDR X Y TDR X Y R C
VDD

= ⇒ → = → + − × ×
 (32) 

4.1.3 Internal energy 

Assume EINT(ORG) represents the internal energy stored in standard libraries, and EINT(ADJ) 
represents the modified internal energy. This internal energy can be viewed as the short-
circuit energy by ignoring the effect of internal capacitances. Therefore, EINT(OLD) can be 
expressed as the short-circuit current (ISC) times the duration of the short-circuit current 
(TSC). Since ISC can be rewritten as VDD/ RINT, the EINT(ADJ) can be derived by the ratio of 
REFF and RADJ, as shown in the following equations. Please be noted that the REFF can be 
calculated from the original propagation time because the short-circuit current happens at 
the logic transition period.  

 
Library-Based Gate-Level Current Waveform Modeling for Dynamic Supply Noise Analysis 

 

201 

 ( )

( ) ( )( )

INT ORG SC SC SC
EFF

EFF
INT ADJ SC INT ORG

EFF WIRE EFF WIRE

VDDE I T T
R

RVDDE T E
R R R R

= × = ×

= × = ×
+ +

 (33) 

4.2 Timing and power adjustment of sequential elements 

Only the output Q rising case is to explain the adjusted formulas because the formulas fir other 
cases can be derived by similar ways. One difficulty of the adjustment of DFF cases is to 
estimate the effective capacitance of the gate because the internal capacitance is unavailable. In 
this work, the internal energy is used to approximate the effective capacitance. The other 
difficulty is the adjustment of effective supply resistance because more than one gates switch 
in the DFF. Therefore, the simple parallel connection formula is applied first to approximate 
the effective supply resistance seen by each switching gate. The details of the adjusted 
formulas in the timing and internal energy are discussed in the following subsections. 

4.2.1 Output transition time 

Only the increased transition time caused by the output stage (G9) should be added to 
adjust the output transition time of output Q. The EINT (CKRISE QRISE) represents the 
internal energy consumption stored in the library for the output Q rising case when CK 
actives, which is composed of the energy of G1, G2, G6, G7, G9 and G10. The EINT(CKRISE) 
represents the internal energy consumption of G1 and G2 when only CK actives. It implies 
that the energy consumption of G6, G7, G10 and G9 in Fig.19 can be calculated by EINT 
(CKRISE QRISE)-EINT(CKRISE). Therefore, the CEFF of the path through G9 can be 
approximated as a half of EINT (CKRISE QRISE)- EINT(CKRISE) divided by VDD because the 
energy are separated into two rising gates (G7 and G9).  

When measuring the output transition time, three current paths travel through the RWIRE.  
Assume the three inverters G2, G7 and G9 have similar sizes, the equivalent supply resistor 
of each cell must be three times the lumped supply resistor (RWIRE) according to the parallel 
connection formula. Therefore, the adjusted formula is modified a little bit as follows. The 
falling time of QN (TF(QN)) is not necessary to be adjusted because it is a falling gate. The 
adjustment formulas for the output transition time in output Q falling case are also listed as 
follows, which can be derived by similar way as in the output Q rising case. 

 

( ) ( )
2

3
( ) ( ) ln 9

( ) ( )

INT RISE RISE INT RISE
EFF LOAD

EFF WIRE

ADJ ORG WIRE EFF

ADJ ORG

E CK Q E CKC C
VDD

R R
TR Q TR Q R C

TF QN TF QN

→ −⎧ = +⎪
×⎨

⎪ = ×⎩
= + × ×

=

 (34) 

 

( ) ( )
2

3
( ) ( )
( ) ( ) ln 9

INT RISE FALL INT RISE
EFF LOAD

EFF WIRE

ADJ ORG

ADJ ORG WIRE EFF

E CK Q E CKC C
VDD

R R
TF Q TF Q
TR QN TR QN R C

→ −⎧ = +⎪
×⎨

⎪ = ×⎩
=
= + × ×

 (35) 
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Fig. 19. The current flows of the DFF in the output rising case 

4.2.2 Propagation delay time 

In the signal propagation path from CK to Q, only G2 and G9 are rising in the output Q 
rising case. Therefore, the increased delay time of the two gates are added by the similar 
method shown in Section 4.1.2 to adjust the CK to Q delay of DFF circuits. The effective 
capacitance of G2, CEFF(G2), can be approximated as the EINT(CKRISE) divided by VDD. The 
effective capacitance of G9, CEFF(G9), and the REFF of G2 and G9 are obtained by the same 
approach for the output transition time. The adjusted propagation delay time 
TDR(CK Q)ADJ can be calculated by the following formulas, in which the increased term is 
related to known variables only. 

 

( )( 2)

( ) ( )( 9)
2

3

( ) ( ) ( ln 0.5) ( ( 2) ( 9))

INT RISE
EFF

INT RISE RISE INT RISE
EFF LOAD

EFF WIRE

ADJ ORG EFF EFF EFF

E CKC G
VDD

E CK Q E CKC G C
VDD

R R

TDR CK Q TDR CK Q R C G C G

⎧ =⎪
⎪

→ −⎪ = +⎨ ×⎪
= ×⎪

⎪⎩
→ = → + − × × +

 (36) 

The propagation delay time of the output QN TDF(CK QN)ADJ can be calculated by the 
similar approach of TDR(CK Q)ADJ. The adjustment formula is listed as follows, except that 
G7 is used instead of G9 for different output. 

 

( )( 2)

( ) ( )( 7)
2

3

( ) ( ) ( ln 0.5) ( ( 2) ( 7))

INT RISE
EFF

INT RISE RISE INT RISE
EFF LOAD

EFF WIRE

ADJ ORG EFF EFF EFF

E CKC G
VDD

E CK Q E CKC G C
VDD

R R

TDF CK Q TDF CK Q R C G C G

⎧ =⎪
⎪

→ −⎪ = +⎨ ×⎪
= ×⎪

⎪⎩
→ = → + − × × +

 (37) 

4.2.3 Setup time 

Figure 20 illustrates the internal status of a DFF when data is setting up. Following the same 
assumption of the setup time in Section 3, the data must reach N1_2 before the internal node 
c rises to ensure that the data can enter the next stage successfully. Therefore, the setup time 
of the D rising case TSR(D) can be expressed as the following formula.  
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 ( ) ( 1_ 2) ( )ORG ORG ORGTSR D TDF D N TDR CK c= → − →  (38) 

 
Fig. 20. The internal status of a DFF when D is setting up.  

The propagation delay time TDF(D N1_2)ADJ and TDR(CK c)ADJ can be calculated with 
the similar method for the propagation delay time. Because there are two current paths in 
this case as shown in Fig.20, the equivalent supply resistor of each cell is two times RWIRE. 
The formulas are listed as follows. 

 

( )( 3)

( )( 2)

2

( 1_ 2) ( 1_ 2) ( ln 0.5) ( 3))

( ) ( ) ( ln 0.5) ( 2))

INT RISE
EFF

INT RISE
EFF

EFF WIRE

ADJ ORG EFF EFF

ADJ ORG EFF EFF

E DC G
VDD

E CKC G
VDD

R R

TDF D N TDF D N R C G

TDR CK c TDR CK c R C G

⎧ =⎪
⎪
⎪ ==⎨
⎪

= ×⎪
⎪⎩

→ = → + − × ×

→ = → + − × ×
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Therefore, the formula of the adjusted setup time TSR(D)ADJ can be obtained  as follows. The 
setup time in the D falling case can be obtained by the similar way. The formula is also listed 
as follows. 
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4.2.4 Internal energy 

The internal energy of DFF cannot be separated to each cell. Therefore, the entire DFF is 
viewed as a super-gate to adjust its internal energy. The same formulas of the composite 
logic cells are used directly to adjust the internal energy of DFF. 

4.3 Timing correction of cell switching activities 

During gate-level simulation, the signal events are recorded in activity files (.vcd). Figure 
21(a) shows the ideal timing diagram of four events, T(A), T(B), T(C), T(Y). With non-ideal 
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Fig. 19. The current flows of the DFF in the output rising case 

4.2.2 Propagation delay time 

In the signal propagation path from CK to Q, only G2 and G9 are rising in the output Q 
rising case. Therefore, the increased delay time of the two gates are added by the similar 
method shown in Section 4.1.2 to adjust the CK to Q delay of DFF circuits. The effective 
capacitance of G2, CEFF(G2), can be approximated as the EINT(CKRISE) divided by VDD. The 
effective capacitance of G9, CEFF(G9), and the REFF of G2 and G9 are obtained by the same 
approach for the output transition time. The adjusted propagation delay time 
TDR(CK Q)ADJ can be calculated by the following formulas, in which the increased term is 
related to known variables only. 
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The propagation delay time of the output QN TDF(CK QN)ADJ can be calculated by the 
similar approach of TDR(CK Q)ADJ. The adjustment formula is listed as follows, except that 
G7 is used instead of G9 for different output. 
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4.2.3 Setup time 

Figure 20 illustrates the internal status of a DFF when data is setting up. Following the same 
assumption of the setup time in Section 3, the data must reach N1_2 before the internal node 
c rises to ensure that the data can enter the next stage successfully. Therefore, the setup time 
of the D rising case TSR(D) can be expressed as the following formula.  
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 ( ) ( 1_ 2) ( )ORG ORG ORGTSR D TDF D N TDR CK c= → − →  (38) 

 
Fig. 20. The internal status of a DFF when D is setting up.  

The propagation delay time TDF(D N1_2)ADJ and TDR(CK c)ADJ can be calculated with 
the similar method for the propagation delay time. Because there are two current paths in 
this case as shown in Fig.20, the equivalent supply resistor of each cell is two times RWIRE. 
The formulas are listed as follows. 
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Therefore, the formula of the adjusted setup time TSR(D)ADJ can be obtained  as follows. The 
setup time in the D falling case can be obtained by the similar way. The formula is also listed 
as follows. 
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4.2.4 Internal energy 

The internal energy of DFF cannot be separated to each cell. Therefore, the entire DFF is 
viewed as a super-gate to adjust its internal energy. The same formulas of the composite 
logic cells are used directly to adjust the internal energy of DFF. 

4.3 Timing correction of cell switching activities 

During gate-level simulation, the signal events are recorded in activity files (.vcd). Figure 
21(a) shows the ideal timing diagram of four events, T(A), T(B), T(C), T(Y). With non-ideal 
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supply lines, these events will occur at different time thus incurring different current 
waveforms. Therefore, the modification of activity files is also proposed in this paper, as 
illustrated in Fig.21(b). First, the modified propagation delay time TD(G1)ADJ can be 
obtained by the modification method of the signal cell. Then, Diff(G1) can be implied by 
TD(G1)ADJ-TD(G1)ORG and be propagated to next event T(B). T(B)ADJ is derived by the 
summation of T(B) and Diff(G1). The other events can be modified in the similar way. After 
the timing errors are corrected, the accuracy of the constructed waveforms based on those 
events can be further improved. 

 
Fig. 21. Illustration of VCD events with (a) ideal (b) non-ideal supply lines 

5. Experimental result 
5.1 Experimental result of supply current waveform estimation method 

We have implemented a supply current waveform estimation tool in C/C++. Given an 
input pattern, this tool can calculate the triangle that simulates the supply current waveform 
of each cell. The overall supply current waveform is then obtained by combining all 
triangles of every changed cell in time. All the input files of this tool follow standard 
formats, which are Verilog netlist file of the gate-level design, value changed dump (VCD) 
file of the design under given input patterns, and the LIB file of the standard cell library. The 
output format is a (time, voltage) pair that can be used to plot the dynamic supply current 
waveform. Those input/output files are compatible with current EDA tools. It allows our 
solution to be plugged into the existing EDA flow smoothly. 

Very few commercial tools can provide the current waveform information at gate level. We 
choose PrimeTime- PX (Synopsys, 2009) for comparison, which can be used to estimate 
cycle-accurate peak power at gate level. Divided by the supply voltage, the peak power can 
be transformed to the peak current. Besides traditional LIB format, this tool also supports 
CCSM library format, which can be used to demonstrate the help from new library format. 
The results with and without CCSM data are shown in the rows “CCSM”and “LIB” of 
Table 1 respectively. Because 0.13 μm library does not have CCSM data yet, those CCSM 
data are characterized from HSPICE simulation by ourselves. Therefore, only combinational 
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cells are characterized in our preliminary experiments. The previous approach (Shimazaki et 
al., 2000) is also rebuilt in our environment and tested in the same experiments to show our 
improvements on accuracy. Because they did not mention how to apply their approach on 
sequential cells, only combinational circuits are compared. 

In the experiments, ISCAS’85 and ISCAS’89 benchmark circuits, which are implemented 
with TSMC 0.13um process, are used to test the accuracy. For each benchmark circuit, 200 
random patterns are generated to trigger the circuit. After all, the average errors of the peak 
current and position with 200 pattern-pairs are shown in the row “eIp” of Tables 1 and 2. 
The standard deviation of the peak current and position with the 200 results is shown in the 
row “sIp” of Tables 1 and 2. The last column “AVG” in Tables 1 and 2 shows the 
average values of all cases. Figure 22 shows the estimated current waveforms of c7552 and 
s9234 as examples, which are very similar to HSPICE results. 

According to the results estimated by PrimeTime-PX, the CCSM libraries significantly 
improve the accuracy of peak current estimation. However, the cycle-accurate results are 
still not accurate enough for analyzing the peak power or the IR-drop noise. The estimation 
results of the proposed methods, which are listed in the row “GCM” of Tables 2 and 3, 
demonstrates that the proposed approach can provide accurate estimations on the supply 
current waveforms by using the same information provided in traditional LIB libraries. The 
average estimation errors on eIPEAK and eTPEAK are about 10% with small standard deviation. 
The correlation between the estimated waveforms and HSPICE waveforms is higher than 
0.97, which shows the similarity between the two waveforms. Compared to the rough 
estimation in (Shimazaki et al., 2000), the proposed approach does have a significant 
improvement on the estimation accuracy. Most importantly, the proposed approach can 
deal with sequential circuits, which enables this approach to be applied to modern designs.  

The run time of the current waveform estimation for each benchmark circuit is provided in 
Table 3, which is measured on a XEON 3G machine with 2G RAM. The row“GCM” shows 
the run time of the proposed approach in seconds. The row “HSPICE” shows the run time 
of HSPICE simulation with the same patterns in hours. The row “Ratio”shows the ratio of 
the run time between HSPICE and GCM, which demonstrates a significant speed 
improvement. 

 
Fig. 22. The estimation supply current waveforms of (a)c7552 (b)s9234.  
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supply lines, these events will occur at different time thus incurring different current 
waveforms. Therefore, the modification of activity files is also proposed in this paper, as 
illustrated in Fig.21(b). First, the modified propagation delay time TD(G1)ADJ can be 
obtained by the modification method of the signal cell. Then, Diff(G1) can be implied by 
TD(G1)ADJ-TD(G1)ORG and be propagated to next event T(B). T(B)ADJ is derived by the 
summation of T(B) and Diff(G1). The other events can be modified in the similar way. After 
the timing errors are corrected, the accuracy of the constructed waveforms based on those 
events can be further improved. 

 
Fig. 21. Illustration of VCD events with (a) ideal (b) non-ideal supply lines 

5. Experimental result 
5.1 Experimental result of supply current waveform estimation method 

We have implemented a supply current waveform estimation tool in C/C++. Given an 
input pattern, this tool can calculate the triangle that simulates the supply current waveform 
of each cell. The overall supply current waveform is then obtained by combining all 
triangles of every changed cell in time. All the input files of this tool follow standard 
formats, which are Verilog netlist file of the gate-level design, value changed dump (VCD) 
file of the design under given input patterns, and the LIB file of the standard cell library. The 
output format is a (time, voltage) pair that can be used to plot the dynamic supply current 
waveform. Those input/output files are compatible with current EDA tools. It allows our 
solution to be plugged into the existing EDA flow smoothly. 

Very few commercial tools can provide the current waveform information at gate level. We 
choose PrimeTime- PX (Synopsys, 2009) for comparison, which can be used to estimate 
cycle-accurate peak power at gate level. Divided by the supply voltage, the peak power can 
be transformed to the peak current. Besides traditional LIB format, this tool also supports 
CCSM library format, which can be used to demonstrate the help from new library format. 
The results with and without CCSM data are shown in the rows “CCSM”and “LIB” of 
Table 1 respectively. Because 0.13 μm library does not have CCSM data yet, those CCSM 
data are characterized from HSPICE simulation by ourselves. Therefore, only combinational 
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cells are characterized in our preliminary experiments. The previous approach (Shimazaki et 
al., 2000) is also rebuilt in our environment and tested in the same experiments to show our 
improvements on accuracy. Because they did not mention how to apply their approach on 
sequential cells, only combinational circuits are compared. 

In the experiments, ISCAS’85 and ISCAS’89 benchmark circuits, which are implemented 
with TSMC 0.13um process, are used to test the accuracy. For each benchmark circuit, 200 
random patterns are generated to trigger the circuit. After all, the average errors of the peak 
current and position with 200 pattern-pairs are shown in the row “eIp” of Tables 1 and 2. 
The standard deviation of the peak current and position with the 200 results is shown in the 
row “sIp” of Tables 1 and 2. The last column “AVG” in Tables 1 and 2 shows the 
average values of all cases. Figure 22 shows the estimated current waveforms of c7552 and 
s9234 as examples, which are very similar to HSPICE results. 

According to the results estimated by PrimeTime-PX, the CCSM libraries significantly 
improve the accuracy of peak current estimation. However, the cycle-accurate results are 
still not accurate enough for analyzing the peak power or the IR-drop noise. The estimation 
results of the proposed methods, which are listed in the row “GCM” of Tables 2 and 3, 
demonstrates that the proposed approach can provide accurate estimations on the supply 
current waveforms by using the same information provided in traditional LIB libraries. The 
average estimation errors on eIPEAK and eTPEAK are about 10% with small standard deviation. 
The correlation between the estimated waveforms and HSPICE waveforms is higher than 
0.97, which shows the similarity between the two waveforms. Compared to the rough 
estimation in (Shimazaki et al., 2000), the proposed approach does have a significant 
improvement on the estimation accuracy. Most importantly, the proposed approach can 
deal with sequential circuits, which enables this approach to be applied to modern designs.  

The run time of the current waveform estimation for each benchmark circuit is provided in 
Table 3, which is measured on a XEON 3G machine with 2G RAM. The row“GCM” shows 
the run time of the proposed approach in seconds. The row “HSPICE” shows the run time 
of HSPICE simulation with the same patterns in hours. The row “Ratio”shows the ratio of 
the run time between HSPICE and GCM, which demonstrates a significant speed 
improvement. 

 
Fig. 22. The estimation supply current waveforms of (a)c7552 (b)s9234.  
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Circuit c432 c499 c880 c1355 c1908 c2670 c3540 c5315 c6288 c7552 AVG 
LIB eIP(%) 60.63 203.96 44.51 111.75 64.72 812.42 69.66 1396.90 46.67 537.70 281.12 

sIp(%) 0.62 0.46 0.22 0.18 0.34 2.09 0.25 4.04 0.06 1.75 1.00 
CCS eIP(%) 25.25 38.41 33.49 42.43 52.22 255.50 50.68 299.00 51.94 73.05 92.29 

sIp(%) 0.16 0.11 0.10 0.07 0.13 0.91 0.14 0.94 0.08 0.26 0.29 
(Shimaza
ki et al., 
2000) 

eIP(%) 42.16 35.81 59.85 81.11 64.88 41.01 51.61 38.48 27.73 31.67 47.43 
sIp(%) 15.92 14.58 19.68 16.47 16.99 10.21 15.70 9.96 18.56 10.02 14.80 
eTP(%) 2.80 1.04 4.48 1.58 5.25 1.48 6.00 4.88 11.02 7.11 4.56 
sTp(%) 7.50 1.18 4.98 1.19 4.50 2.42 7.72 5.82 8.13 10.14 5.36 
Corr 0.959 0.977 0.961 0.928 0.973 0.981 0.971 0.988 0.993 0.980 0.971 

GCM eIP(%) 12.87 7.42 6.24 9.95 8.80 9.47 6.17 5.20 6.06 3.97 7.61 
sIp(%) 8.18 4.99 4.96 4.69 5.21 5.82 4.77 3.98 2.55 2.99 4.81 
eTP(%) 6.52 1.79 5.09 4.21 4.52 5.34 5.51 5.64 2.31 3.04 4.39 
sTp(%) 13.16 1.14 7.02 2.45 2.45 6.67 7.80 6.29 3.16 5.31 5.64 
Corr 0.964 0.985 0.985 0.976 0.987 0.977 0.982 0.989 0.992 0.988 0.983 

Table 1. Experimental results of ISCAS85 benchmark circuits 
 

Circuit s298 s444 s526 s820 s1196 s1238 s1494 s5378 s9234 s15850 AVG 
GCM eIP(%) 8.96 12.52 10.96 12.96 8.92 9.32 2.84 10.81 13.77 13.04 10.40 

sIp(%) 6.11 1.51 8.56 10.60 5.23 6.63 3.57 2.01 1.14 0.97 4.63 
eTP(%) 10.99 4.12 7.25 6.97 5.87 5.12 8.25 2.12 1.52 3.29 5.55 
sTp(%) 12.38 1.78 7.53 5.98 6.79 5.54 6.96 0.39 0.26 1.36 4.89 
Corr 0.967 0.976 0.966 0.968 0.977 0.977 0.975 0.973 0.982 0.979 0.974 

Table 2. Experimental results of ISCAS89 benchmark circuits 
 

Circuit c432 c499 c880 c1355 c1908 c2670 c3540 c5315 c6288 c7552 AVG 
GCM (sec) 13.17 23.05 20.05 43.79 55.39 46.43 90.60 179.77 1083.94 414.68 - 
HSPICE(hr) 9.73 17.58 16.44 27.45 26.54 40.61 54.82 86.76 69.16 128.38 - 
Ratio 2661 2746 2951 2256 1725 3419 2178 1737 230 1115 2074 
Circuit s298 s444 s526 s820 s1196 s1238 s1494 s5378 s9234 s15850 AVG 
GCM(sec) 4.38 1.78 3.15 2.76 6.89 6.12 4.88 28.55 35.35 71.75 - 
HSPICE(hr) 13.49 10.33 12.05 14.50 23.03 23.88 28.68 107.83 183.15 495.78 - 
Ratio 11089 20883 13770 18914 12034 14048 21161 13596 18652 24876 16902 

Table 3. Experimental results of run time 

5.2 Experimental result of library adjustment method 

In order to demonstrate the accuracy of the IR-drop-aware adjustment approach, the same 
ISCAS85 and ISCAS89 benchmark circuits are used to perform some experiments. For each 
benchmark circuit, 200 random pattern pairs are generated to trigger the circuit. The average 
results of all circuits are illustrated in Fig.23. The average peak current errors using the 
method without adjustment the library information is draw with dash lines (w/o). The 
proposed library method is draw with bold line(w). According to the results, the proposed 
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method can reduce the estimation errors successfully. Figure 24 shows the estimated supply 
current waveforms of c7552 circuit as example, which also confirm the accuracy of the 
proposed approach (GCM(ADJ)). The waveforms obtained without IR-drop consideration 
(GCM) are also used to estimate the IR-drop directly with the same input pattern. The 
results show that estimation without considering Rwire effects suffers large errors when the 
resistance on supply lines is getting larger. The proposed adjustment can consider the Rwire 
effects and have a significant improvement on accuracy. 

 

 
Fig. 23. The experimental results of library-adjustment methods on (a) ISCAS’85 (b) 
ISCAS’89. 

 
Fig. 24. The estimation supply current waveforms of c7552 with RWIRE=10ohm 

6. Conclusion 
In this article, a library-based IR-drop estimation method is presented. This method 
concludes two parts, one is a gate-level supply current waveform estimation method using 
standard library information and the other is an analytical library adjustment method with 
IR-drop effect consideration. Extra characterization efforts and regression cost can be 
avoided to obtain accurate IR-drop estimation with less overhead. As shown in the 
experimental results, such an efficient modification method can provided good accuracy on 
IR-drop estimation with limited information. The estimation errors of our approach are 
about 5% compared with HSPICE results. 
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Circuit c432 c499 c880 c1355 c1908 c2670 c3540 c5315 c6288 c7552 AVG 
LIB eIP(%) 60.63 203.96 44.51 111.75 64.72 812.42 69.66 1396.90 46.67 537.70 281.12 

sIp(%) 0.62 0.46 0.22 0.18 0.34 2.09 0.25 4.04 0.06 1.75 1.00 
CCS eIP(%) 25.25 38.41 33.49 42.43 52.22 255.50 50.68 299.00 51.94 73.05 92.29 

sIp(%) 0.16 0.11 0.10 0.07 0.13 0.91 0.14 0.94 0.08 0.26 0.29 
(Shimaza
ki et al., 
2000) 

eIP(%) 42.16 35.81 59.85 81.11 64.88 41.01 51.61 38.48 27.73 31.67 47.43 
sIp(%) 15.92 14.58 19.68 16.47 16.99 10.21 15.70 9.96 18.56 10.02 14.80 
eTP(%) 2.80 1.04 4.48 1.58 5.25 1.48 6.00 4.88 11.02 7.11 4.56 
sTp(%) 7.50 1.18 4.98 1.19 4.50 2.42 7.72 5.82 8.13 10.14 5.36 
Corr 0.959 0.977 0.961 0.928 0.973 0.981 0.971 0.988 0.993 0.980 0.971 

GCM eIP(%) 12.87 7.42 6.24 9.95 8.80 9.47 6.17 5.20 6.06 3.97 7.61 
sIp(%) 8.18 4.99 4.96 4.69 5.21 5.82 4.77 3.98 2.55 2.99 4.81 
eTP(%) 6.52 1.79 5.09 4.21 4.52 5.34 5.51 5.64 2.31 3.04 4.39 
sTp(%) 13.16 1.14 7.02 2.45 2.45 6.67 7.80 6.29 3.16 5.31 5.64 
Corr 0.964 0.985 0.985 0.976 0.987 0.977 0.982 0.989 0.992 0.988 0.983 

Table 1. Experimental results of ISCAS85 benchmark circuits 
 

Circuit s298 s444 s526 s820 s1196 s1238 s1494 s5378 s9234 s15850 AVG 
GCM eIP(%) 8.96 12.52 10.96 12.96 8.92 9.32 2.84 10.81 13.77 13.04 10.40 

sIp(%) 6.11 1.51 8.56 10.60 5.23 6.63 3.57 2.01 1.14 0.97 4.63 
eTP(%) 10.99 4.12 7.25 6.97 5.87 5.12 8.25 2.12 1.52 3.29 5.55 
sTp(%) 12.38 1.78 7.53 5.98 6.79 5.54 6.96 0.39 0.26 1.36 4.89 
Corr 0.967 0.976 0.966 0.968 0.977 0.977 0.975 0.973 0.982 0.979 0.974 

Table 2. Experimental results of ISCAS89 benchmark circuits 
 

Circuit c432 c499 c880 c1355 c1908 c2670 c3540 c5315 c6288 c7552 AVG 
GCM (sec) 13.17 23.05 20.05 43.79 55.39 46.43 90.60 179.77 1083.94 414.68 - 
HSPICE(hr) 9.73 17.58 16.44 27.45 26.54 40.61 54.82 86.76 69.16 128.38 - 
Ratio 2661 2746 2951 2256 1725 3419 2178 1737 230 1115 2074 
Circuit s298 s444 s526 s820 s1196 s1238 s1494 s5378 s9234 s15850 AVG 
GCM(sec) 4.38 1.78 3.15 2.76 6.89 6.12 4.88 28.55 35.35 71.75 - 
HSPICE(hr) 13.49 10.33 12.05 14.50 23.03 23.88 28.68 107.83 183.15 495.78 - 
Ratio 11089 20883 13770 18914 12034 14048 21161 13596 18652 24876 16902 

Table 3. Experimental results of run time 

5.2 Experimental result of library adjustment method 

In order to demonstrate the accuracy of the IR-drop-aware adjustment approach, the same 
ISCAS85 and ISCAS89 benchmark circuits are used to perform some experiments. For each 
benchmark circuit, 200 random pattern pairs are generated to trigger the circuit. The average 
results of all circuits are illustrated in Fig.23. The average peak current errors using the 
method without adjustment the library information is draw with dash lines (w/o). The 
proposed library method is draw with bold line(w). According to the results, the proposed 
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method can reduce the estimation errors successfully. Figure 24 shows the estimated supply 
current waveforms of c7552 circuit as example, which also confirm the accuracy of the 
proposed approach (GCM(ADJ)). The waveforms obtained without IR-drop consideration 
(GCM) are also used to estimate the IR-drop directly with the same input pattern. The 
results show that estimation without considering Rwire effects suffers large errors when the 
resistance on supply lines is getting larger. The proposed adjustment can consider the Rwire 
effects and have a significant improvement on accuracy. 

 

 
Fig. 23. The experimental results of library-adjustment methods on (a) ISCAS’85 (b) 
ISCAS’89. 

 
Fig. 24. The estimation supply current waveforms of c7552 with RWIRE=10ohm 

6. Conclusion 
In this article, a library-based IR-drop estimation method is presented. This method 
concludes two parts, one is a gate-level supply current waveform estimation method using 
standard library information and the other is an analytical library adjustment method with 
IR-drop effect consideration. Extra characterization efforts and regression cost can be 
avoided to obtain accurate IR-drop estimation with less overhead. As shown in the 
experimental results, such an efficient modification method can provided good accuracy on 
IR-drop estimation with limited information. The estimation errors of our approach are 
about 5% compared with HSPICE results. 
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1. Introduction  

The design and analysis of a power distribution network is one of the most important areas 
in high-speed digital systems. The main function of a power distribution network is to 
supply power to core logic and I/O circuits in any digital system. With increasing clock 
speeds accompanied by decreasing signal rise times and supply voltages, the transient 
currents injected into the power distribution planes can induce voltage fluctuations on the 
power distribution network (Tummala et al., 1997). This undesired voltage fluctuation on 
the power/ground planes is commonly known as switching noise or delta-I noise. Power 
supply noise leads to unwanted effects on the power distribution network (PDN) such as 
ground bounce, power supply compression, and electromagnetic interference. The digital 
switching noise propagates through the substrate and power distribution networks to 
analog circuits, degrading their performance in system-on-chip (SoC) applications (Iogra, 
2007). The modern advances in process technology along with tremendous increase in 
number of on-chip devices make the design of on-chip power distribution network a major 
design challenge. Increased switching activity of high speed devices therefore causes large 
current derivatives or current transients. These current transients may cause unwanted 
potential drops in supply voltage due to parasitic resistance and inductance of power 
distribution network. Over and above, scaling of the supply voltage may cause a large 
degradation in the signal-to-noise ratio of high speed CMOS circuits (Bai & Hajj, 2002). 
When on-chip logic cells switch, either they draw current from supply network or inject 
current into the ground network. If a lot of logic cells switch simultaneously, then they may 
cause voltage variations within the supply network due to parasitic associated with the 
power distribution network. This voltage variation is nothing but core switching noise. It is 
called the voltage surge if variation is above the nominal voltage and is called the sag if 
variation is below the nominal supply voltage (Bobba & Hajj, 2002). This variation in supply 
voltage may cause logic errors thereby adversely affecting the circuit performance (Bai & 
Hajj, 2002). Excessive drop in power bus voltage or surge in ground bus voltage can cause 
following problems: decrease in the device drive capability, increase in the logic gate delay, 
and reduction of the noise margin. Hence, it is important to estimate these voltage variations 
in the power distribution network (Bai & Hajj, 2002). Simultaneous switching noise is 
mainly caused by the parasitic inductance associated with the power distribution network at 
high frequency. The power supply level goes down at different nodes in a PDN because of 
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2007). The modern advances in process technology along with tremendous increase in 
number of on-chip devices make the design of on-chip power distribution network a major 
design challenge. Increased switching activity of high speed devices therefore causes large 
current derivatives or current transients. These current transients may cause unwanted 
potential drops in supply voltage due to parasitic resistance and inductance of power 
distribution network. Over and above, scaling of the supply voltage may cause a large 
degradation in the signal-to-noise ratio of high speed CMOS circuits (Bai & Hajj, 2002). 
When on-chip logic cells switch, either they draw current from supply network or inject 
current into the ground network. If a lot of logic cells switch simultaneously, then they may 
cause voltage variations within the supply network due to parasitic associated with the 
power distribution network. This voltage variation is nothing but core switching noise. It is 
called the voltage surge if variation is above the nominal voltage and is called the sag if 
variation is below the nominal supply voltage (Bobba & Hajj, 2002). This variation in supply 
voltage may cause logic errors thereby adversely affecting the circuit performance (Bai & 
Hajj, 2002). Excessive drop in power bus voltage or surge in ground bus voltage can cause 
following problems: decrease in the device drive capability, increase in the logic gate delay, 
and reduction of the noise margin. Hence, it is important to estimate these voltage variations 
in the power distribution network (Bai & Hajj, 2002). Simultaneous switching noise is 
mainly caused by the parasitic inductance associated with the power distribution network at 
high frequency. The power supply level goes down at different nodes in a PDN because of 
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the inductive voltage drop at high frequency. This is because of the simultaneous switching 
of on-chip logic load as well as drivers connected to the output pins of a chip. The glitch in 
voltage caused this way is proportional to the number of circuit components switching at a 
clock edge, the steepness of the clock edge and effective inductance of the power 
distribution network at this moment. On-chip core switching noise as well as the noise 
caused by switching of the external drivers is equally important at high operating 
frequencies of the order of GHz. Scaling down of the technology node shrinks the minimum 
feature size which in turn increases average capacitive load offered by on-chip core logic. 
Therefore average charging and discharging currents for on-chip logic load increase. The 
increased circuit speed also raises di/dt. Therefore, on-chip currents may fluctuate by large 
amounts within short interval of times. Hence voltage fluctuations caused by switching of 
on-chip logic load known as core switching noise is very significant and important under 
these circumstance.  

On-chip power distribution noise has become a determining factor in performance and 
reliability where the core voltage has dramatically dropped to 0.9V for 40nm technology 
node (Shishuang et al., 2010) and the trend continuous. At the same time jitter tolerance and 
timing margins are shrinking due to ever increasing clock frequency (Shishuang et al., 2010). 
The chip-package PDN should therefore be optimized at early design stages to meet I/O 
jitter specifications and core logic timing closure (Bai & Hajj, 2002). For the IC designers and 
the signal integrity engineers, the most important issue is to understand how the on-chip 
transient current load interacts with the entire PDN system, and how the on-chip PDN noise 
affects the circuit performance (Shishuang et al., 2010). The experimental results in 
(Shishuang et al., 2010) show that on-chip PDN noise may be much higher even if PCB level 
PDN noise is well under control.  

On-chip noise margins decrease proportionally with the power supply with the scaling of 
the technology nodes (Coenen & Roermund, 2010). Generally the voltage fluctuation should 
be kept within 5-10% of the supply voltage in VLSI design (Dennis et al., 2008). When 
supply voltage is less than the nominal value in synchronous digital circuits, it causes 
timing violations in a register during a clock period (Dennis et al., 2008). This timing error 
caused by power supply noise may become permanent when stored in a register (Dennis et 
al., 2008). Core switching noise has been neglected in past due to higher package inductance 
as compared to on-chip inductance of the power distribution network. Therefore, switching 
noise was considered to be inductive voltage noise caused by fast switching I/O drivers 
(Bathy, 1996; Kabbani & Al-Khalili, 1999; Senthinathan & Prince, 1991; Vaidyanath, 
1994;Yang & Brews, 1996). On the other hand today several folds increase in clock frequency 
as compared to I/O speed accompanied with higher integration densities and scaling of on-
chip interconnects has made the core switching noise more critical than ever (Zheng & 
Tenhunnen, 2001). The supply-noise becomes more problematic when microprocessors 
share the same substrate as the analogue circuits like PLL (Stark et al., 2008) (Vonkaenel, 
2002). Therefore core switching noise may cause jitter in clock frequency thereby reducing 
the usable cycle time and consequently causing critical path failure in the processor. If core 
switching noise is extended over several clock cycles, then jitter accumulation will take place 
thereby causing deviation of each subsequent clock edge more and more from the ideal 
location (Larsson, 2002). The noise accumulation therefore causes synchronization failure 
between different clock domains more than the critical path failure. The other side effect of 
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switching noise is substrate noise which may modulate the threshold voltage of MOS 
devices. 

Three-Dimensional (3D) integration is a key enabling technology in today’s high speed 
digital design. The purpose of 3D integration is either to partition a single chip into multiple 
strata to reduce on-chip global interconnects length (Joyner, 2004) or stacking of chips 
together through TSVs. By increasing the number of strata from one to four reduces the 
length of the longest interconnect by 50% with 75% improvement in latency and 50% 
improvement in interconnect energy dissipation (Meindl, 2002). Using 3D integration the 
wire-limited clock frequency can be increased by 3.9x and wire-limited area and power can 
be reduced by 84% (Miendl, 2003) and 51% (Khan et al., 2011) respectively. The power 
delivery to a 3D stack of high power chips also presents many challenges and requires 
careful and appropriate resource allocation at the package level, die level, and interstratal 
interconnect level (Huang et al., 2007). Three-Dimensional (3D) integration provides the 
potential for tremendously increased level of integration per unit footprint as compared to 
its 2D counterpart (Xie et al., 2010). While the third dimension introduced this way is 
attractive for many applications but puts some stringent requirements and bottlenecks on 
3D power delivery. The huge current requirements per package pin for 3D integration lead 
to significant complications in reliable power delivery. A k-tier 3D chip could use k times as 
much current as a single 2D chip of the same footprint under similar packaging technology 
(Xie et al., 2010). Through silicon vias used in 3D integration introduce extra resistance and 
inductance in the power distribution path. The power distribution network impedance has 
not been kept up with the scaling of technology node due limited wire resources, increased 
device density and current demands (Xie et al., 2010) and situation is further worsened by 
3D integration. The increased IR and Ldi/dt supply noise in 3D chips may cause a larger 
variation in operating speed leading to more timing violations (Xie et al., 2010). The supply 
noise overshoot due to inductive parasitic may aggravate reliability issues such as oxide 
breakdown, hot carrier injection (HCI), and negative bias temperature instability (NBTI) 
(Sapatnekar, 2009).  

Three-Dimensional (3D) integration increases integration density by increasing number of 
on-chip devices per unit footprint which has following effects with the scaling of technology 
nodes: 

• Tremendous increase in current per unit foot print. 
• Increase in power per unit foot print. 
• Increase in inductance per unit foot print at high frequency of the order of GHz. 
• Consequent rise in switching noise imposed on 3D power distribution network. 

Each power distribution TSV pair has to supply a logic load with decoupling capacitance. In 
order to increase the switching speed, the time constant RC needs to be reduced which 
means to reduce TSV resistance which is difficult with the scaling of technology node. Even 
if the instantaneous voltage fluctuation is very small, the periodic nature of digital circuits 
can cause resonance (Larsson, 1998). The resonance frequency due to effective TSV 
inductance and decoupling capacitance is given as follows 
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In order to prevent oscillations through a TSV pair the resonance frequency should be 
higher or lower than the system clock frequency. The effective resistance of TSV produces 
IR-drop, whereas reduces the resonance oscillations by providing damping. If simultaneous 
switching noise is dominant, the decrease in TSV effective resistance may increase the total 
noise in a 3D power distribution network. 

A three-dimensional (3D) stack of logic dies interconnected through TSVs has to connect the 
core logic circuits, IO circuits, and rest of the circuits from three-dimensional (3D) stack to 
the printed circuit board. Therefore, both the simultaneous switching noise and the core 
switching noise depend on high-speed switching currents through power distribution 
network in three-dimensional (3D) stack of dies, location and number of power distribution 
TSV pairs, vias and routing of various serial and parallel signal interfaces on signal layers of 
the package. The signal distribution TSV pairs share the IO power distribution environment. 
Three-dimensional (3D) power distribution network parasitic significantly account for core 
noise, significantly influence the simultaneous switching noise, crosstalk, signal propagation 
delay and skew between signal distribution TSVs. The transient currents drawn by core 
logic produce voltage droops across outputs of the core power distribution network thereby 
degrading the operating frequency performance of the microprocessor. Similar voltage 
droops are produced across IO power distribution network as a result of total transient 
current pulled through IO drivers and buffers. These droops weaken the signal driving 
capability of IO drivers thereby causing signal integrity issues.  

2. Simultaneous switching in 3D power distribution network 
On-chip simultaneous switching noise is caused by switching of the output buffers or 
drivers as shown by Figure 1. These drivers have to drive the off chip load. The noise on  

 
Fig. 1. Simultaneous Switching of Output Drivers 
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power distribution network depends on the parasitic inductance of the current path 
between the driver and the output load, the maximum current demand of the load, and the 
clock frequency.  

 
Fig. 2. (a) Configuration of three stacked chip-PDN connected by a multi-P/G TSV. (b) 
Simulated PDN impedances of a single chip-PDN (dotted line) and three stacked chip-PDN 
(solid and dashed lines) by the proposed separated P/G TSVand chip-PDN models. The 
Figure is taken from (Pak et al., 2011). 

The impedance peaks for the power distribution network of a three-dimensional (3D) stack 
of chips as compared to a two-dimensional (2D) chip is shown by Figure 2 (Pak et al., 2011). 
The impedance peaks are in GHz range and are created due to faster switching on the 
power distribution network. A huge amount of decoupling capacitance is required to 
suppress these peaks for a three-dimensional (3D) power distribution network (Pak et al., 
2011). The impedance peaks are mainly generated due to TSV inductance at high frequency. 

Simultaneous switching noise causes the following problems: 
• Reduction of the voltage margins. 
• Failure of the logic. 
• Noise coupling to sensitive circuits like RF and analogue circuits. 
• Circuit reliability degradation like decrease in the signal to noise ratio or increase in the 

noise sensitivity. 
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power distribution network depends on the parasitic inductance of the current path 
between the driver and the output load, the maximum current demand of the load, and the 
clock frequency.  

 
Fig. 2. (a) Configuration of three stacked chip-PDN connected by a multi-P/G TSV. (b) 
Simulated PDN impedances of a single chip-PDN (dotted line) and three stacked chip-PDN 
(solid and dashed lines) by the proposed separated P/G TSVand chip-PDN models. The 
Figure is taken from (Pak et al., 2011). 

The impedance peaks for the power distribution network of a three-dimensional (3D) stack 
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The impedance peaks are in GHz range and are created due to faster switching on the 
power distribution network. A huge amount of decoupling capacitance is required to 
suppress these peaks for a three-dimensional (3D) power distribution network (Pak et al., 
2011). The impedance peaks are mainly generated due to TSV inductance at high frequency. 

Simultaneous switching noise causes the following problems: 
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• Circuit reliability degradation like decrease in the signal to noise ratio or increase in the 

noise sensitivity. 
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3. Core switching noise in 3D power distribution network 
Logic cells are connected between supply and ground TSVs for a three-dimensional (3D) 
power distribution network. Each logic cell has an equivalent capacitance as a load to the 
power distribution TSV pair. On-chip logic cells switch either low to high or high to low at 
different clock edges in a synchronous logic system. When on-chip logic cells switch, either 
they draw current from supply network or inject current into the ground network. If a lot of 
logic cells switch simultaneously, they may produce voltage variations within the supply 
network due to the parasitic associated with the power distribution network. This voltage 
variation is nothing but core switching noise. It is called voltage surge if variation is above 
the nominal voltage and is called the sag if variation is below the nominal supply voltage 
(Bobba & Hajj, 2002). The core switching noise depends on the on-chip power distribution 
network parasitic rather than the package parasitic because of the scaling of the interconnect 
in modern high speed ULSI design. In addition to that the core switching noise has become 
more on-chip centric as the package inductance is significantly less as compared to the on-
chip inductance at high frequency because of the introduction of BGAs and TSVs in modern 
packaging. The core switching noise is a major part of the total simultaneous switching 
noise as the current drawn by the core logic load is generally much higher than the I/O 
driver’s current (Radhakrishnan et al., 2007). The core switching noise in a three-
dimensional (3D) stack of logic dies interconnected through TSVs is more significant as 
compared to 2D ICs due to extra parasitic introduced through vertical TSVs. A large 
switching noise is introduced in a three-dimensional (3D) power distribution network if 
various stacked dies switch simultaneously (Huang et al., 2007). The number of power 
distributions TSVs for a three-dimensional (3D) stack of dies is basically limited by the 
footprint of the die (Jain et al., 2008) and on top of that the power supply noise is further 
worsened with the addition of dies in vertical stack due to additional parasitic involved in 
the power distribution paths through TSVs. The core switching noise can be a critical issue 
in a system like three-dimensional (3D) multi-processor system-on-chip (3D MOPSoC) (Tao 
et al., 2010). The core switching noise may introduce common mode noise in mixed analog 
and digital design as well as increase radiation at resonant frequencies. Overall power 
consumption in a three-dimensional (3D) stack reduces due to less interconnect, however, 
power density is increased in parts of three-dimensional (3D) stack due to increase in the 
number of transistors per unit volume as compared to two-dimensional (2D) counterpart. 

3.1 Effects of core switching noise 

While the third dimension is attractive for many applications but puts some stringent 
requirements and bottlenecks on three-dimensional (3D) power delivery. Huge current 
requirements per package pin for three-dimensional (3D) integration lead to significant 
complications in reliable power delivery. A k-tier three-dimensional (3D) chip could use k 
times as much current as a single two-dimensional (2D) chip of the same footprint under 
similar packaging technology (Xie et al., 2010). Through-silicon-vias used in three-
dimensional (3D) integration introduce extra resistance and inductance in the power 
distribution path. The power distribution network impedance has not been kept up with the 
scaling of the technology node due to limited wire resources, increased device density and 
current demands (Xie et al., 2010) and situation is further worsened by 3D integration. The 
increased IR and Ldi/dt supply noise in three-dimensional (3D) chips may cause a larger 
variation in operating speed leading to more timing violations (Xie et al., 2010). The supply 
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noise overshoot due to inductive parasitic may aggravate reliability issues such as oxide 
breakdown, hot carrier injection (HCI), and negative bias temperature instability (NBTI) 
(Sapatnekar, 2009). The power delivery to a three-dimensional (3D) stack of high power 
chips also presents many challenges and requires careful and appropriate resource 
allocation at the package level, die level, and interstratal interconnect level (Huang et al., 
2007). Any drop in the core supply voltage directly impacts the maximum operating 
frequency of the processor (Huang et al., 2007). Simultaneous switching noise originated 
from the internal logic circuitry has become a serious issue with the increase in speed and 
density of the internal circuitry. 

3.1.1 Propagation delay 

The voltage variations due to core switching noise are spread out to the diverse nodes of the 
power distribution network, thereby causing severe performance degradations in the form 
of propagation delays (Andarde et al., 2007). The timing violation in a register is produced 
when value of the supply voltage is less than the nominal value in a synchronous digital 
circuit. Due to slow variation of the supply voltage as compared to the clock period the 
value of the supply voltage may remain same for all the gates in a combinational path. 
Therefore, the value of supply voltage may vary period to period causing severe reliability 
issues is the logic. The logic cells are prone to more delays with the voltage scaling whereas 
keeping the threshold voltage relatively constant (Ajami et al., 2003). The propagation delay 
of the gates increases by 10% with 10% drop in the supply voltage for 180nm (Saleh et al., 
2002), by 30% with 10% variation in the supply voltage for 130nm (Pant et al., 2004), and by 
4% with 1% change in the supply voltage for 90nm technology node (Tirumuri et al., 2004).  

3.1.2 Logic errors 

The scaling of the threshold voltage with the scaling of the power supply voltage has 
reduced the noise margins, thereby making the CMOS circuits more vulnerable to the noise 
(Bobba & Hajj, 2002). The excessive drop in the power voltage or surge in the ground 
voltage may drop the noise margins of the circuits. Consequently, a circuit may erroneously 
latch up to a wrong value or switch at a wrong time if magnitude of the voltage 
surge/droop is greater than the noise margin of the circuit for a given clock edge (Pant et al., 
2000). The problem is expected to grow for a three-dimensional (3D) stack of logic dies 
interconnected through TSVs, with the addition of each die in the vertical stack. 

3.1.3 Impairing driving capabilities of a gate 

The gates are becoming increasingly sensitive to the switching noise due to limited scaling 
of the threshold voltage as compared to the supply voltage scaling with each technology 
node (Junxia et al., 2009). The reduction in supply voltage not only reduces the noise 
immunity but also produces signal integrity as well as the performance and the reliability 
issues. The voltage spikes are droops produced in the power distribution network due to 
core switching because of the parasitic inductance and resistance associated with the power 
supply network. The excessive drop in power voltage or surge in the ground voltage, 
therefore, slows down the cell transition capability, thereby seriously compromising the cell 
driving capabilities. Consequently clock skews are produced as a result of violations in the 
setup and the hold times.  
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3.1.4 Gate oxide reliability issue 

With the scaling of power supply voltage the thickness of the gate oxide in modern CMOS 
VLSI circuits is very thin in order to reduce the nominal supply voltage (Ming-Dou & Jung-
Sheng, 2008). The excessive surge in power voltage or drop in ground voltage, therefore, 
may cause the transistor gate oxide reliability issue due to the electrical over-stress. 

3.1.5 Hot carrier injection (HCI) 

The channels of CMOS devices are already very short in length due to scaling with the 
technology nodes. Therefore, excessive surge in supply voltage or drop in ground voltage 
may cause the carriers to inject into the substrate or the gate oxide due to over voltage 
thereby depleting the drain-channel junction. It is called hot carrier injection and occurs 
when the transistor is in saturation (or switched). Consequently, it increases the switching 
time of an NMOS device and decreases the switching time of a PMOS device. 

3.1.6 Cross coupling of through-silicon-vias (TSVs) 

The results in (Liu et al., 2011) show that TSVs cause a significant coupling noise and timing 
problems even if TSV count is significantly less compared to the gate count. The core 
switching noise through power distribution TSVs may directly or through substrate couple 
to I/O drivers power supply network, signal links, clock lines, and analog components of 
the chip. In addition to that the core switching noise may couple to neighboring dies 
through TSVs for a three-dimensional (3D) stack of dies interconnected through TSVs as the 
substrates of different planes may essentially be biased through a common ground (Salman, 
2011). Various inter-plane noise coupling paths have been identified in (Salman et al., 2010).  
The results in (Radhakrishna et al., 2007) show that I/O voltage is more sensitive to 
transient currents produced by switching of the core logic. Power distribution TSVs have 
significant capacitance due to larger in size as compared to signal TSVs and therefore, may 
produce significant noise coupling to substrate. The coupling noise from a power 
distribution TSV may cause path delay in signal line due to Miller effect. The coupling noise 
through power distribution TSVs may cause charge sharing to dynamic logic, thereby 
flipping the signal unintentionally or may change the state of a sequential element in static 
logic. 

 
Fig. 3. Cross coupling of a TSV to nearby TSVs where M indicates the middle TSV and E, W, 
N, S, SE, SW, NW, and NE indicate the locations of closer TSVs to the middle TSV. The 
diagram is taken from (Roshan, 2008). 
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Figure 3 shows the capacitive coupling of a given TSV to all the six TSVs arount it. This 
coupling depends on the distance of a TSV from other TSVs as well as the size of the TSVs. 
The capacitive coupling can be much stronger in bulky TSVs having significant hight. The 
coupling also, increases by increasing the density of TSVs. In addition to that, the coupling 
is inversly proportional to the thickness of the barrier layer around a TSV. 

4. How to overcome core switching noise 
The core switching noise depends on the amount of logic load driven on rising/falling edge 
of the clock, sharpness of the clock edge (i.e. rise time), and nature of the network between 
power supply and logic load. The core switching noise can be reduced through different 
ways like placing on-chip decoupling capacitance close to the load, placing integrated 
decoupling capacitance with lower values of ESL and ESR into the substrate, keeping the 
output impedance across load as close to the target impedance as possible, and determining 
the optimum value of the damping factor for the power distribution network between 
supply and load. The rise time increases with the speed of the circuit and logic load 
increases with the integration density of transistors with each technology node and the 
problem is exacerbated for three-dimensional (3D) power distribution network. 

4.1 Using on-chip decoupling capacitance 

Decoupling capacitors are used as charge reservoirs to reduce the power supply noise 
during switching of the on-chip logic load.  The decoupling capacitor is placed across the 
power and ground conductors to satisfy the target impedance that should be met at all the 
specified frequencies (Yamamoto & Davis, 2007). Practically, the decoupling capacitance is 
not a pure capacitance at high frequency because of the intrinsic effective series inductance 
and effective series resistance. Above the resonance frequency, the impedance of the 
decoupling capacitance appears inductive and the decoupling capacitance is therefore, not 
effective as desired above the self resonance frequency.  Figure 4 (a) (Jakushokas et al., 2011) 
shows that the impedance of a power distribution network is resistive at low frequency, 
whereas it increases linearly with the frequency for higher frequencies due to the dominance 
of the inductive reactance of the network. There is a maximum frequency maxω at which the 
network impedance exceeds the target impedance. Figure 4 (b) (Jakushokas et al., 2011) 
shows that the impedance of the network shoots up at the resonance frequency by using 
decoupling capacitance as compared to the no decoupling capacitance case. It is because of 
the parallel resonance produced by the LC tank circuit which produces the maximum 
impedance. However, above this frequency, the impedance starts increasing linearly with 
the frequency because of the dominance of the inductive reactance of the network at high 
frequency. 

Figure 4 (Jakushokas et al., 2011) shows that the target impedance is reached at a higher 
frequency when using decoupling capacitance as compared to without the use of 
decoupling capacitance. Therefore, decoupling capacitance is used to increase the frequency 
at which the impedance of the power distribution network exceeds the target impedance. 
The impedance of a decoupling capacitance is equal to the effective series resistance of a 
capacitor at the resonance frequency. A logic gate that is not switching connects its output 



 
VLSI Design 

 

216 

3.1.4 Gate oxide reliability issue 

With the scaling of power supply voltage the thickness of the gate oxide in modern CMOS 
VLSI circuits is very thin in order to reduce the nominal supply voltage (Ming-Dou & Jung-
Sheng, 2008). The excessive surge in power voltage or drop in ground voltage, therefore, 
may cause the transistor gate oxide reliability issue due to the electrical over-stress. 

3.1.5 Hot carrier injection (HCI) 

The channels of CMOS devices are already very short in length due to scaling with the 
technology nodes. Therefore, excessive surge in supply voltage or drop in ground voltage 
may cause the carriers to inject into the substrate or the gate oxide due to over voltage 
thereby depleting the drain-channel junction. It is called hot carrier injection and occurs 
when the transistor is in saturation (or switched). Consequently, it increases the switching 
time of an NMOS device and decreases the switching time of a PMOS device. 

3.1.6 Cross coupling of through-silicon-vias (TSVs) 

The results in (Liu et al., 2011) show that TSVs cause a significant coupling noise and timing 
problems even if TSV count is significantly less compared to the gate count. The core 
switching noise through power distribution TSVs may directly or through substrate couple 
to I/O drivers power supply network, signal links, clock lines, and analog components of 
the chip. In addition to that the core switching noise may couple to neighboring dies 
through TSVs for a three-dimensional (3D) stack of dies interconnected through TSVs as the 
substrates of different planes may essentially be biased through a common ground (Salman, 
2011). Various inter-plane noise coupling paths have been identified in (Salman et al., 2010).  
The results in (Radhakrishna et al., 2007) show that I/O voltage is more sensitive to 
transient currents produced by switching of the core logic. Power distribution TSVs have 
significant capacitance due to larger in size as compared to signal TSVs and therefore, may 
produce significant noise coupling to substrate. The coupling noise from a power 
distribution TSV may cause path delay in signal line due to Miller effect. The coupling noise 
through power distribution TSVs may cause charge sharing to dynamic logic, thereby 
flipping the signal unintentionally or may change the state of a sequential element in static 
logic. 

 
Fig. 3. Cross coupling of a TSV to nearby TSVs where M indicates the middle TSV and E, W, 
N, S, SE, SW, NW, and NE indicate the locations of closer TSVs to the middle TSV. The 
diagram is taken from (Roshan, 2008). 

 
Switching Noise in 3D Power Distribution Networks: An Overview 

 

217 

Figure 3 shows the capacitive coupling of a given TSV to all the six TSVs arount it. This 
coupling depends on the distance of a TSV from other TSVs as well as the size of the TSVs. 
The capacitive coupling can be much stronger in bulky TSVs having significant hight. The 
coupling also, increases by increasing the density of TSVs. In addition to that, the coupling 
is inversly proportional to the thickness of the barrier layer around a TSV. 

4. How to overcome core switching noise 
The core switching noise depends on the amount of logic load driven on rising/falling edge 
of the clock, sharpness of the clock edge (i.e. rise time), and nature of the network between 
power supply and logic load. The core switching noise can be reduced through different 
ways like placing on-chip decoupling capacitance close to the load, placing integrated 
decoupling capacitance with lower values of ESL and ESR into the substrate, keeping the 
output impedance across load as close to the target impedance as possible, and determining 
the optimum value of the damping factor for the power distribution network between 
supply and load. The rise time increases with the speed of the circuit and logic load 
increases with the integration density of transistors with each technology node and the 
problem is exacerbated for three-dimensional (3D) power distribution network. 

4.1 Using on-chip decoupling capacitance 

Decoupling capacitors are used as charge reservoirs to reduce the power supply noise 
during switching of the on-chip logic load.  The decoupling capacitor is placed across the 
power and ground conductors to satisfy the target impedance that should be met at all the 
specified frequencies (Yamamoto & Davis, 2007). Practically, the decoupling capacitance is 
not a pure capacitance at high frequency because of the intrinsic effective series inductance 
and effective series resistance. Above the resonance frequency, the impedance of the 
decoupling capacitance appears inductive and the decoupling capacitance is therefore, not 
effective as desired above the self resonance frequency.  Figure 4 (a) (Jakushokas et al., 2011) 
shows that the impedance of a power distribution network is resistive at low frequency, 
whereas it increases linearly with the frequency for higher frequencies due to the dominance 
of the inductive reactance of the network. There is a maximum frequency maxω at which the 
network impedance exceeds the target impedance. Figure 4 (b) (Jakushokas et al., 2011) 
shows that the impedance of the network shoots up at the resonance frequency by using 
decoupling capacitance as compared to the no decoupling capacitance case. It is because of 
the parallel resonance produced by the LC tank circuit which produces the maximum 
impedance. However, above this frequency, the impedance starts increasing linearly with 
the frequency because of the dominance of the inductive reactance of the network at high 
frequency. 

Figure 4 (Jakushokas et al., 2011) shows that the target impedance is reached at a higher 
frequency when using decoupling capacitance as compared to without the use of 
decoupling capacitance. Therefore, decoupling capacitance is used to increase the frequency 
at which the impedance of the power distribution network exceeds the target impedance. 
The impedance of a decoupling capacitance is equal to the effective series resistance of a 
capacitor at the resonance frequency. A logic gate that is not switching connects its output 



 
VLSI Design 

 

218 

load capacitance to either the positive supply or ground (Dally & Poulton, 1998). Thus, most 
of the time these output loads serve as symbiotic bypass capacitors that help maintain the 
supply voltage during current transients (Dally & Poulton, 1998). The method of calculating 
the symbiotic bypass capacitance is also given by (Dally & Poulton, 1998). The symbiotic 
bypass capacitance, therefore, enhances the strength of the intentional on-chip decoupling 
capacitance. However, too large decoupling capacitance reduces the resonance frequency of 
the power distribution network. Therefore, there is always a tradeoff between the resonance 
frequency and the amount of decoupling capacitance. 

 
Fig. 4. (a) Frequency response of the impedance of a power distribution network without 
decoupling capacitance. (b) Frequency response of the impedance of a power distribution 
network with decoupling capacitance (Jakushokas et al., 2011). 

4.2 Using integrated decoupling capacitance for 3D chip stack 

The decoupling capacitors integrated into the Si substrate can provide high capacitance at 
low cost (Sharma et al., 2008). The integrated decoupling capacitors are famous for 
comparatively low effective series resistance and inductance at high frequency. The effective 
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series resistance and inductance can be further brought down by inserting banks of small 
parallel decoupling capacitors in the substrate. The integrated decoupling capacitors 
provide noise immunity and improved power distribution for a monolithic three-
dimensional (3D) chips stack (Dang et al., 2009). Therefore, the integrated decoupling 
capacitors are more attractive for high frequency three-dimensional (3D) integrated systems.   

5. Resonance and damping in 3D power distribution network 
There may be resonance oscillations in the power distribution network by adding on-chip 
decoupling capacitance (Bakoglu et al., 1990). A three-dimensional (3D) power distribution 
network has lower resonance frequency as compared to its two-dimensional (2D) 
counterpart (Jain et al., 2008). The resonance oscillations produced this way may cause worst 
case noise accumulation during subsequent clock cycles if not damped in a proper way. The 
on-chip decoupling capacitance should therefore be selected with a significant ESR (effective 
series resistance) in order to damp the resonance oscillations. The logic load on each die may 
have a resonance frequency as a result of the interaction between inductance of the power 
distribution TSV pairs and decoupling capacitance across the logic load. The damping is 
only required in the frequency domain around the resonance frequency, rather than at all 
the frequencies, therefore decoupling capacitance should be selected to have maximum ESR 
(effective series resistance) around the resonance frequency. The peak-to-peak ground noise 
on a power distribution TSV pair is given by (Larsson, 1998) through the following equation, 
assuming that TSV pair forms an under-damped system with damping factor less than one: 
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Where 

ppvΔ = Peak-to-peak ground noise on TSV pair. 

vΔ = Peak ground noise on TSV pair. 
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ζ = = Damping factor for the power distribution TSV pair. 

eff
TSVR = Effective series resistance associated with a power distribution TSV pair. 

eff
TSVL = Effective series inductance associated with a power distribution TSV pair. 

decC = On-Chip decoupling capacitance associated with a decoupling capacitance. 

The performance and reliability of a three-dimensional (3D) power distribution network 
also depends on the magnitude and duration of the resonance oscillations. These oscillations 
must be controlled or significantly damped, otherwise noise accumulation will take place at 
subsequent clock cycles. The damping factor should have significant value in order to 
suppress the resonance oscillations. The effective resistance of a power distribution TSV pair 
should be kept much higher than the effective inductance of the power distribution TSV pair 
in order to increase the value of the damping factor. 
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load capacitance to either the positive supply or ground (Dally & Poulton, 1998). Thus, most 
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bypass capacitance, therefore, enhances the strength of the intentional on-chip decoupling 
capacitance. However, too large decoupling capacitance reduces the resonance frequency of 
the power distribution network. Therefore, there is always a tradeoff between the resonance 
frequency and the amount of decoupling capacitance. 

 
Fig. 4. (a) Frequency response of the impedance of a power distribution network without 
decoupling capacitance. (b) Frequency response of the impedance of a power distribution 
network with decoupling capacitance (Jakushokas et al., 2011). 
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series resistance and inductance can be further brought down by inserting banks of small 
parallel decoupling capacitors in the substrate. The integrated decoupling capacitors 
provide noise immunity and improved power distribution for a monolithic three-
dimensional (3D) chips stack (Dang et al., 2009). Therefore, the integrated decoupling 
capacitors are more attractive for high frequency three-dimensional (3D) integrated systems.   
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counterpart (Jain et al., 2008). The resonance oscillations produced this way may cause worst 
case noise accumulation during subsequent clock cycles if not damped in a proper way. The 
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assuming that TSV pair forms an under-damped system with damping factor less than one: 
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The performance and reliability of a three-dimensional (3D) power distribution network 
also depends on the magnitude and duration of the resonance oscillations. These oscillations 
must be controlled or significantly damped, otherwise noise accumulation will take place at 
subsequent clock cycles. The damping factor should have significant value in order to 
suppress the resonance oscillations. The effective resistance of a power distribution TSV pair 
should be kept much higher than the effective inductance of the power distribution TSV pair 
in order to increase the value of the damping factor. 
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6. TSV-induced substrate noise in 3D integrated circuits 
Through-Silicon-Via (TSV) is a cylindrical metallic structure that is assumed to be used for 
power/signal distribution in a three-dimensional (3D) stack of dies. It has dielectric layer 
around it and normally passes through the Si-substrate in vertical direction. Figure 5 shows 
the cross section of a Si-Substrate with MOSFET transistor and TSV. Part of the Signal/logic 
switching transition though TSV can cross-through the barrier layer and may pass through 
the substrate and impact the performance of neighboring active devices and TSVs, known as 
TSV induced noise. It depends on TSV to device distance and substrate contacts. The 
transitions through TSVs may vary the body voltage VB of the MOSFET device. TSVs-
induced substrate noise is almost directly related to the density of TSVs. 

 
Fig. 5. Cross-section view of TSV-to-device coupling (Khan, 2009, 2011). 

Figure 6 shows variations in the MOSFET device body voltage, VB, for different distances 
from a TSV for the set of design parameters shown by this Figure. The transitions are very 
short lived with only 50ps transition time. 

 
Fig. 6. Body voltage during TSV signal transition at different distances, dTSV , for VTSV=1V 
square wave, hTSV=20um, tliner=1um, dgt=0.5um, signal transition time=50ps (Khan, 2009, 
2011). 
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7. Summary and future work 
On-chip switching noise for a three-dimensional (3D) power distribution network has 
deleterious effects on power distribution network itself as well the active devices. The extent 
of switching noise is related to the TSV density on one hand, whereas the integration density 
of on-chip devices on the other hand. Peaks of the switching noise largely depend on 
effective inductance of the power distribution network at high frequencies of the order of 
GHz. Therefore, efficient implementation of on-chip decoupling capacitance along with 
other on-chip inductance reduction techniques at high frequency is necessary to overcome 
the switching noise. In addition to that some accurate and efficient modeling techniques are 
also necessary for early estimation of the switching noise in order to lay down the rest of the 
design parameters for a three-dimensional (3D) power distribution network. 
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1. Introduction 
In this research, we developed a dual antenna array for the household reception of openly 
analogical television (TV) frequencies. This array was designed on Flame Retardant-4 (FR-4) 
as substrate, in order to obtain a low cost prototype. 

The interest in this area is because of the fact that the openly TV is one of the most important 
communication media in our country. From information supplied in 2009 in the National 
Survey over availability and use of Technologies, it reveals that the 72.8% of the population 
uses the services of the openly TV (Instituto Nacional de Estadística, Geografía e Informática 
[INEGI], 2009). A TV can be found in almost all homes of the country, but only 13.6% 
correspond to digital technology, while only a half of homes with a digital TV requires 
signal payment. The availability of TVs in Mexican homes in 2010 remained without severe 
changes (INEGI, 2010). 

Since the operation frequencies ranges are not so high, and then the antenna sizes, obtained 
directly from the design equations are very large. Therefore, the scaling is a necessary step 
in order to reduce the antenna sizes to achieve its easy manipulation.  

As it is well-known, a very simple common example of antennas used for household 
reception of TV is the Yagi-Uda (or Yagi) array, where the length of the dipoles established 
the phase of the individually received signals. An example of a commercial Yagi-Uda 
antenna designed for channels 2-13 can be found in (Balanis, 2005).  The TV transmission 
has the polarization vector in the horizontal plane so that the array must also be horizontal 
(Melissinos, 1990).  

The evolution of the antennas designed in order to improve the openly TV reception has 
notably changed in the last years, in such a way, for outdoor use it is possible to find the 
large aerial antennas, fixed or with an integrated rotor, under different geometries, such as 
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signal payment. The availability of TVs in Mexican homes in 2010 remained without severe 
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Since the operation frequencies ranges are not so high, and then the antenna sizes, obtained 
directly from the design equations are very large. Therefore, the scaling is a necessary step 
in order to reduce the antenna sizes to achieve its easy manipulation.  

As it is well-known, a very simple common example of antennas used for household 
reception of TV is the Yagi-Uda (or Yagi) array, where the length of the dipoles established 
the phase of the individually received signals. An example of a commercial Yagi-Uda 
antenna designed for channels 2-13 can be found in (Balanis, 2005).  The TV transmission 
has the polarization vector in the horizontal plane so that the array must also be horizontal 
(Melissinos, 1990).  

The evolution of the antennas designed in order to improve the openly TV reception has 
notably changed in the last years, in such a way, for outdoor use it is possible to find the 
large aerial antennas, fixed or with an integrated rotor, under different geometries, such as 
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single dipoles and combinations of Yagi arrays. A decrease in sizes is noted in some cases. 
An example of design development of antenna for TV transmission for outdoor broadcasts 
can be found in (Rathod, 2010), at 750 MHz as the center frequency, where the antenna was 
fabricated on FR-4, with substrate sizes of 40x40 cm2. This antenna was designed for the 
study of rural areas in India. 

For indoor use, there are also several options of relative small sizes, and under different 
geometries. Recently, new commercial options based on patch or microstrip antennas have 
been proposed, which can be located on the rear part of the TV display that means, hidden 
to the user. But there is not available technical information about its design. An UHF planar 
O-shaped antenna has been proposed and studied (Barir & Hamid, 2010), which was 
fabricated on FR-4, with a dimension area of 20x20 cm2, with an enough bandwidth to cover 
Indonesian broadcasters. 

Other special case is formed by the antennas for TV reception in cars. In (Neelakanta & 
Chatterjee, 2003), a V-structure dipole, which is part of the dipole families, has been 
conceived for the purpose of TV reception (VHF/UHF bands), which gives a directional 
pattern with horizontal polarization. An active loop antenna suitable as automobile 
television receiving antenna, for channels 13-62 (from 470-770 MHz in Japan) can be found 
in (Taguchi et al., 1996). 

In (Wang & Lecours, 1999), an antenna array with orthogonal polarization finds applications 
in Direct Broadcasting Systems (DBS), Personal Communication Services (PCS) and Indoor 
Communication Systems (ICS). As the current DBS technology uses both horizontal and 
vertical polarizations, and then the microstrip arrays with orthogonal polarizations are 
needed. While in PCS and ICS, waves are scattered by the environment and the signal takes 
several paths from a transmitter to a receiver, with resulting fluctuations in amplitude 
because of multipath fading effect. To overcome this effect, it is necessary to implement a 
polarization diversity technique, for which antenna arrays with orthogonal polarizations 
and very low cross couplings are needed. 

On the other hand, it is recognized as a common problem in TV to the multipath reception, 
where signals from the same station can reach the reception antenna by two or more distinct 
paths which differ significantly in length (web site: http://www. 
electusdistribution.com.au/images_uploaded/tvrecepe.pdf, May 2011).  

In (Brown et al., 2007) it was shown that dipoles and other linear antennas can sometimes, 
although not always, have a large degree of polarization diversity if they have different 
polarization orientations. A typical configuration of polarization diversity system consists of 
one transmit and one dual-polarized receive antenna (i.e., maximal diversity order of two) 
(Kapinas et al., 2007). 

Dual linear polarization is characterized by two orthogonal linear polarizations on the same 
antenna. Dual polarization antennas have the benefit of allowing two signals, with different 
orientations, to be broadcast or received on the same antenna (Smith, 2008).  

1.1 Mexican TV system 

The TV channels in Mexico, in the VHF band are divided in two sub-bands: From 2 to 6, 
they are in the range from 54 MHz to 88 MHz, and from 7 to 13 are transmitted from 174 
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MHz to 216 MHz. Some channels are divided between the two most important television 
companies as follows: the broadcast channels of Televisa are 2, 4, 5 and 9 (a repetition of 
channel 2); and the corresponding of TV Azteca are 7 and 13 (channels in operation in D.F. 
in 2006 (Jalife & Sosa, 2007)). Some channels can be transmitted in different frequencies 
depending of the corresponding Mexican states.  

In addition, in each Mexican state, there are additional channels by concession, for example 
in Morelos, channel 6 corresponds to the Instituto Politécnico Nacional, 3 to the Government 
of the Morelos State, 11 to Radio Televisora de Mexico Norte S. A. de C. V., 28 to TV Azteca, 
and 22 to the Presidencia Municipal de Zacatepec (Comisión Federal de Telecomunicaciones 
[COFETEL], 2008). From channels 14 to 83, they correspond to UHF band.  

In our country, for some analogical active channels, temporary it is assigned an additional 
channel (mirror) to transmit the same information, but with a digital format, until the 
transition to the digital terrestrial television in Mexico concludes. The last period of 
transition was planned from 2019 up to 2021, but recently it has been established until 
December 31, 2015. The temporary digital channels assigned are shown in Table 1. The 
analogical channels will be returned when the transition will be finished. 
 

TV analogical channel TV digital channel 
2 48 
4 49 
5 50 
7 24 
9 44 
13 25 

Table 1. Digital assigned channels as mirrors. 

In this works, our interest is focused in a patch antenna array prototype for openly TV 
frequency ranges in Mexico, with polarization diversity, for outdoor use. In Section 2, the 
design of the antenna array will be described and the corresponding simulations will be 
provided in Section 3. The first tests results are discussed in Section 4, and finally, in Section 
5, some concluding remarks are given. 

2. Antenna array design 
Considering only the two current VHF frequency ranges of the openly TV in Mexico, we chose 
as operation frequency to 71 MHz for the design of the rectangular patch antenna, which will 
be used as the base of the prototype patch antenna array. This frequency corresponds to the 
central frequency of the first sub-range of frequency of VHF. The rectangular antenna was 
designed using the well-known equations (Balanis, 2005 and Garg et al., 2001): 

For the patch width:  
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analogical channels will be returned when the transition will be finished. 
 

TV analogical channel TV digital channel 
2 48 
4 49 
5 50 
7 24 
9 44 
13 25 

Table 1. Digital assigned channels as mirrors. 
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design of the antenna array will be described and the corresponding simulations will be 
provided in Section 3. The first tests results are discussed in Section 4, and finally, in Section 
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Considering only the two current VHF frequency ranges of the openly TV in Mexico, we chose 
as operation frequency to 71 MHz for the design of the rectangular patch antenna, which will 
be used as the base of the prototype patch antenna array. This frequency corresponds to the 
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where c is the constant speed of light in vacuum, εr, the dielectric constant substrate and f0, 
the operating frequency equal to 71 MHz.  

The effective dielectric constant: 
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The two increments in the length, which are generated by the fringing fields, make electrical 
length slightly larger than the physical length of the patch:  
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The patch length is given by: 

 2L L Leff= − Δ  (5)  

The length and width of ground plane (and the substrate), are given by: 

 6L h Lg = +     and     6W h Wg = +  (6)  

The rectangular patch designed at 71 MHz is shown in Figure 1, considering a reduction 
factor of 8, required to decrease the patch and substrate sizes. The sizes of the patch are 
given in Table 2 and the feed point location in Table 3. FR-4 was used as substrate; it has a 
height of 0.0016 m and a dielectric permittivity of 4.2.  

 
Fig. 1. Single rectangular patch antenna. 
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The wave group of length λg determines to the Length edge (Le, in Figure 1) of the cuts. Le 
has a value of λg/8 (see Figure 1), which in this case is of 0.0161184 m.  . 

With the reduced sizes, the antenna array has been designed using a superposition of two 
rectangular patches, as it can be seen in Figure 2. Some adjustments in length were required 
in order to locate both central frequencies of the VHF TV channels transmission, with a 
minimal error (a shift of 0.14% in 71 MHz and of 0.1% in 195 MHz). As it can be noted, the 
orthogonal lengths have the same length (W=L+L1), as it is desirable for dual polarized 
antennas (Smith, 2008). The sizes of the rectangular antenna array are given in Table 4.   

Patch antenna array sizes (m) 
Wp 0.1272564 
Lp 0.1621136 

Table 2. Sizes of the individual patch antenna. 

Feed point location (m) 
X 0.065 
Y -0.04 

Table 3. Feed point location of the individual patch antenna(coordinates are considered as 
they are established by FEKO program) . 

Sizes W L W1 L1  W2  
Patch 0.167 0.132 0.017 0.035 0.127 
Substrate 0.176 0.142 0.027 0.045 0.1366 

Table 4. The rectangular antenna array sizes (in meters). 

 
Fig. 2. Geometry of the rectangular patch antenna array.  

Cuts on the array were also implemented in order to increase the corresponding gain. The 
sizes of the array with the cuts implemented on its corner are given in Table 5. The length 
edge of the cuts is also given by λg/8, as in the case of the single antenna.  
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Cuts on the array were also implemented in order to increase the corresponding gain. The 
sizes of the array with the cuts implemented on its corner are given in Table 5. The length 
edge of the cuts is also given by λg/8, as in the case of the single antenna.  
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Patch antenna array sizes (m) 
Wp 0.16366496 Lp 0.1272564 
Wp1 0.01742811 Lp1 0.0165981 
Wp2 0.1272564  

Table 5. Sizes of the patch antenna array with cuts. 

 
Fig. 3. Geometry of the antenna array (T shape), with cuts on its corners. 

The feed point and shorting pin location are shown in Figure 3 and its coordinates in Table 6.  
 

Location, (m). 
Feed point Shorting pin 
X 0.035 X -0.0025 
Y -0.0595 Y -0.04175 
Z 0 Z 0 

Table 6. The feed point and shorting pin location. 

Before to obtain the geometry shown in Figure 3, other two geometries were realized (Figure 
4), but there were some problems in each one. 

         
   (a)              (b) 
Fig. 4. First geometries implemented (L shape) and (b) irregular cuts. 

Low Cost Prototype of an Outdoor Dual Patch Antenna  
Array for the Openly TV Frequency Ranges in Mexico 231 

For Figure 4(a), the high return loss were obtained (bigger than -5dB), and for (b) the 
operation frequencies were so far from one to each other. These were the reasons to choose 
the T geometry to realize the prototype.  

3. Simulation results 
The 3D far electrical field magnitude patterns as a function of frequency are shown in Figure 
5.  The electrical far field components, in polar coordinates are shown in Figure 6.  

          
             (a)               (b) 

Fig. 5. Radiation pattern of the far electrical field magnitude at (a) 70.98 MHz and (b) 194.8 
MHz. 

 
Fig. 6. Components of the electrical Far Field.  

As it can be observed from Figure 5a, the radiation pattern at 70.98 MHz, corresponds to an 
omnidireccional antenna, with horizontal polarization, while in Figure 5b, the radiation 
pattern at 194.8 MHz corresponds to a directive antenna directed on the X-axis, with 
maxima on both directions. 
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omnidireccional antenna, with horizontal polarization, while in Figure 5b, the radiation 
pattern at 194.8 MHz corresponds to a directive antenna directed on the X-axis, with 
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The Reflection Coefficient magnitude of the antenna is shown in Figure 7, where the peaks 
of response are located at 70.98 MHz and 194.8 MHz, very near to the selected design 
operation frequencies (71 MHz and 195 MHz, which correspond to the central frequencies of 
the two sub-ranges). A zoom at both frequencies is presented in Figures 8 and 9. 

 
Fig. 7. Reflection coefficient magnitude. 

 
Fig. 8. Reflection coefficient magnitude centered at 70.98 MHz, with a minimum return loss 
of -9.86 dB. 
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4. Experimental and practical results 
On the base of simulation results, the prototype was fabricated on FR-4 and coupled with 
coaxial cable of 75 ohms (see Figure 10). In Figure 11, the spectrum analyzer displays the 
two ranges frequencies received with the prototype: (58.75 MHz, 109.37 MHz) and 
(155.5MHz, 238.75 MHz), the maximum peak response has a value of -38.5 dBm.  Even the 
primary results shown here, more experimental analysis must be still realized, but it must 
be recognized that our laboratory equipment is limited. 
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Fig. 10. (a) Patch antenna array prototype. (b) Prototype mounted on a PVC base, outdoors 
of the CIICAp building. 

The received range frequencies for the case of a rabbit-ear antenna are shown in Figure 12, 
where it can be also noted two frequency ranges: (88 Mhz, 108.25 MHz) and (171.25MHz, 
182.5 MHz), with a maximum peak of -50 dBm. From these photographs, the bigger 
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receptions of the patch antenna array are clearly noted, as well as the received power. Even 
the primary results shown here, more experimental analysis must be still realized.  

 
Fig. 11. Two received range frequencies with the spectrum analyzer with the prototype of 
the antenna array. 
 

 
Fig. 12. Two received range frequencies with the spectrum analyzer with a rabbit-ear 
antenna. 

On the other hand, practical tests were also realized on different places of Morelos State. The 
first ones were realized outside of CIICAp building (18°58'56'' N, 99°14'1.9'' WO), with the 
antenna located approximately at only 2 meters of the ground. The photographs are shown 
in Table 7. 

Using an analogical TV, a comparison of the reception of the most common channels, 
considering two commercial antennas (a mini-combined antenna (Figure 13) and a rabbit-
ear antenna) and the prototype was also realized. 
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Reception with the Rabbit-ear antenna 
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Table 7. TV channels reception of openly TV using a scanning TV. 

 
Fig. 13. Mini-combined antenna. 

As it can be observed from Table 7, the best reception was achieved with the patch antenna 
array, followed by the reception with the combined antenna, where some problems were 
appreciated in channels 5 and 13. The antenna with more reception problems was the rabbit-
ear antenna. 
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On the other side, the antenna prototype was also used on a house roof, in three different 
places using digital TVs. At first, the tests were realized for a household reception in 
Temixco, Morelos (located at 18. 51° N, 99º13’48’’ WO, with a height over sea level: 1,280 m). 
In Table 8, photographs of four analogycal representative channels are shown, with a 
considerable sharpness in all them. In this place, two High Definition (HD) channels were 
also received (11 and 13; see table 8). 
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Table 8. TV channels reception using a LCD TV. 

As second case, other tests were realized considering our prototype and a rabbit-ear antenna 
for a household reception in Monte Casino (located at 19°00’53.7’’ N, 99°14’50.6’’ WO, height 
over sea level: 2250 m). With the prototype the reception of the analogical channels was 
possible without problems, with better sharpness that in the case of the rabbit-ear antenna. 
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Special attention was focused on signal level of the HD reception of the single channel 
received there, due to this attribute of the TV.  In Tables 9 and 10 the signal intensities are 
shown for both cases.  
 

TV channel  Current level (%) Maximum level (%) 
13.1 44 48 

Table 9. HD reception with a rabbit-ear antenna. 
 

TV channel  Current level (%) Maximum level (%) 
13.1 50 55 

Table 10. HD reception with the patch antenna prototype. 

When the prototype was used as outdoor antenna, the maximum intensity reception was 
obtained (see Table 11 and Figure 14).  
 

TV channel  Current level (%) Maximum level (%) 
13.1 59 59 

Table 11. HD reception with the patch antenna prototype located on the house’s roof. 

 
Fig. 14. Visualized images of HDTV reception antenna using the patch prototype, which is 
located on the house’s roof. 

Finally, the third place where the tests were realized was Morelia, Michoacan (19º43' N, 
101º12' WO), another Mexican State. The tests were realized using a LCD TV with our 
prototype and a commercial aerial antenna (Figure 15). The results are shown in Table 12.  

From Table 12, it can be observed that the TV reception is better in the case of the prototype 
not only for the analogical channels, receiving an additional one, but also for the single HD 
channel received (1.1). It must be noted that the location of both antennas is not the best 
(Figure 15), but several homes in our country have similar conditions. The sizes of the 
antenna array prototype are considerable smaller than the available aerial antenna.   
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Fig. 15. Location of the antennas used on a house roof in Morelia, Mich. 
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Reception with the commercial aerial antenna 
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Not available 

 
Channel 13 (HD) Channel 1.1

Table 12. Visualized images of TV received with antennas located on the house’s roof. 

5. Conclusions  
The simulations of the patch antenna array show its dual frequency performance. In spite of 
the inherent narrow broadband of the microstrip antennas, the practical reception, realized 
in different geographical sites of Morelos and in Morelia, Michoacan, has also confirmed the 
feasibility of its use for household reception of openly TV frequency ranges.  

The difference in the TV reception can be attributed to the proximity of the repeaters 
antennas, and to the elevation conditions. The vegetation is also relevant. 

The experimental and practical tests show an acceptable reception of channels in both VHF 
sub-ranges of frequencies. 

In TVs that accounts with graphical signal meter, it was possible to observe that with the 
antenna on the house’s roof, the current signal meter obtained its maximal level, for the case 
of HD channels, which is certainly a very good practical result, and it constitutes a base to 
suggest its use as outdoor antenna. 

In the three tests realized using digital TVs on different places, it must be mentioned that 
unfortunately the available TVs have different attributes, but in all cases the better reception 
was obtained with our prototype. The comparison with aerial antennas was only possible 
where they were available. 

The prototype sizes make it a competitive option compared with some commercial aerial 
antennas available in the market. Additionally, for the case of digital TVs, it does not require 
of an amplifier or a rotor, once it was properly directed. For the case of analogical TVs the 
reception improvement is considerable compared with the options shown here. 

As future work, it is planned to design an appropriate radome for protection of the 
prototype to the weather. 

The implementation of geometry modifications is also been considered in order to 
increment the broadband of the antenna array. Its sizes can be also reduced using another 
material, but its costs will be incremented. 

6. Acknowledgment 
The authors wish to thank to EM Software & Systems (USA) Inc., for FEKO license. J. G. 
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1. Introduction

Gastrointestinal (GI) endoscopy has been popularly applied for the diagnosis of diseases
of the alimentary canal including Crohn’s Disease, Celiac disease and other malabsorption
disorders, benign and malignant tumors of the small intestine, vascular disorders and
medication related small bowel injury. There are two classes of GI endoscopy; wired active
endoscopy and wireless passive capsule endoscopy. The wired active endoscopy can enable
efficient diagnosis based on real images and biopsy samples; however, it causes discomfort
for the patients to push flexible, relatively bulky cables into the digestive tube. To relief the
patients’ discomfort, wireless passive capsule endoscopes are being developed worldwide
(1)-(6).

The capsule moves passively through the internal GI tract with the aid of peristalsis and
transmits images of the intestine wirelessly. Developed by Given Imaging Ltd., the PillCam
capsule is a state-of-the-art commercial wireless capsule endoscope product. The PillCam
capsule transmits the GI images at a resolution of 256-by-256 8-bit pixels and the frame rate of
2 frames/sec (or fps). Because of its high mobility, it has been successfully utilized to diagnose
diseases of the small intestine and alleviate the discomfort and pain of patients. However,
based on clinical experience; the PillCam still has some drawbacks. First, the PillCam cannot
control its heading and moving direction itself. This drawback may cause image oversights
and overlook a disease. Second, the resolution of demosaicked image is still low, and some
interesting spots may be unintentionally omitted. Therefore, the images will be severely
distorted when physicians zoom images in for detailed diagnosis. The first drawback is the
nature of passive endoscopy. Some papers have presented approaches for the autonomous
moving function (7; 8; 21; 22; 25). Very few papers address solutions for the second drawback.
Increasing resolution may alleviate the second problem; however, it will result in significant
power consumption in RF transmitter. Hence, applying image compression is necessary for
saving the power dissipation of RF transmitter (9)-(14), (23), (24), (26).

Our previous work (11) has presented an ultra-low-power image compressor for wireless
capsule endoscope. It helps the endoscope to deliver a compressed 512-by-512 image, while
the RF transmission rate is at 1 megabits ((256 × 256 × 2 × 8)/10242) per second. No
any references can clearly define how much compression is allowed in capsule endoscope
application. We define that the minimum compression rate is 75% according to two
considerations for our capsule endoscope project. The first consideration is that the new
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image resolution (512-by-512) that is four times the one (256-by-256) of the PillCam can be
an assistant to promote the diagnosis of diseases for doctors. The other one is that we do
not significantly increase the power consumption for the RF circuit after increasing the image
resolution from the sensor. Instead of applying state-of-the-art video compression techniques,
we proposed a simplified image compression algorithm, called GICam, in which the memory
size and computational load can be significantly reduced. The experimental results shows
that the GICam image compressor only costs 31K gates at 2 frames per second, consumes
14.92 mW, and reduces the image size by at least 75% .

In applications of capsule endoscopy, it is imperative to consider the tradeoffs between
battery life and performance. To further extend the battery life of a capsule endoscope, we
herein present a subsample-based GICam image compressor, called GICam-II. The proposed
compression technique is motivated by the reddish feature of GI image. We have previously
proposed the GICam-II image compressor in paper (20). However, the color importance
of primary colors in GI images has no quantitative analysis in detail because of limited
pages. Therefore, in this paper, we completely propose a series of mathematical statistics
to systematically analyze the color sensitivity in GI images from the RGB color space domain
to the 2-D DCT spatial frequency domain in order to make up for a deficiency in our previous
work (20). This paper also refines the experimental results to analyze the performance about
the compression rate, the quality degradation and the ability of power saving individually.

As per the analysis of color sensitivity, the sensitivity of GI image sharpness to red component
is at the same level as the sensitivity to green component. This result shows that the
GI image is cardinal and different from the general image, whose sharpness sensitivity to
the green component is much higher than the sharpness sensitivity to the red component.
Because the GICam-II starts compressing the GI image from the Bayer-patterned image, the
GICam-II technique subsamples the green component to make the weighting of red and
green components the same. Besides, since the sharpness sensitivity to the blue component
is as low as 7%, the blue component is down-sampled by four. As shown in experimental
results, with the compression ratio as high as 4:1, the GICam-II can significantly save the
power dissipation by 38.5% when compared with previous GICam work (11) and 98.95%
when compared with JPEG compression, while the average PSNRY is 40.73 dB. The rest of
the paper is organized as follows. Section II introduces fundamentals of GICam compression
and briefs the previous GICam work. Section III presents the sensitivity analysis of GICam
image and shows the importance of red component in GI image. In Section IV, the GICam-II
compression will be described in details. Then, Section V illustrates the experimental results
in terms of compression ratio, image quality and power consumption. Finally, Section VI
concludes our contribution and merits of this work.

Except using novel ultra-low-power compression techniques to save the power dissipation
of RF transmitter in high-resolution wireless gastrointestinal endoscope systems. How to
efficiently eliminate annoying impulsive noise caused by a fault sensor and enhance the
sharpness is necessary for gastrointestinal (GI) images in wired/wireless gastrointestinal
endoscope systems. To overcome these problems, the LUM filter is the most suitable candidate
because it simultaneously has the characteristics of smoothing and sharpening. In the
operational procedure of LUM filter, the mainly operational core is the rank-order filtering
(ROF) and the LUM filter itself needs to use different kind of rank values to accomplish
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the task of smoothing or sharpening. Therefore, we need a flexible ROF hardware to
arbitrarily select wanted rank values into the operation procedure of LUM filter and we have
proposed an architecture based on a maskable memory for rank-order filtering. The maskable
memory structure, called dual-cell random-access memory (DCRAM), is an extended SRAM
structure with maskable registers and dual cells. This dissertation is the first literature using
maskable memory to realize ROF. Driving by the generic rank-order filtering algorithm, the
memory-based architecture features high degree of flexibility and regularity while the cost
is low and the performance is high. This architecture can be applied for arbitrary ranks
and a variety of ROF applications, including recursive and non-recursive algorithms. Except
efficiently eliminating annoying impulsive noises and enhance sharpness for GI images, the
processing speed of ROF can also meet the real-time image applications.

2. GICam image compressor

2.1 The review of GICam image compression algorithm

Instead of applying state-of-the-art video compression techniques, we proposed a simplified
image compression algorithm, called GICam. Traditional compression algorithms employ
the YCbCr quantization to earn a good compression ratio while the visual distortion is
minimized, based on the factors related to the sensitivity of the human visual system (HVS).
However, for the sake of power saving, our compression rather uses the RGB quantization
(15) to save the computation of demosaicking and color space transformation. As mentioned
above, the advantage of applying RGB quantization is two-fold: saving the power dissipation
on preprocessing steps and reducing the computing load of 2-D DCT and quantization.
Moreover, to reduce the hardware cost and quantization power dissipation, we have modified
the RGB quantization tables and the quantization multipliers are power of two’s. In GICam,
the Lempel-Ziv (LZ) coding (18) is employed for the entropy coding. The reason we adopted
LZ coding as the entropy coding, is because the LZ encoding does not need look-up tables and
complex computation. Thus, the LZ encoding consumes less power and uses smaller silicon
size than the other candidates, such as the Huffman encoding and the arithmetic coding. The
target compression performance of the GICam image compression is to reduce image size
by at least 75%. To meet the specification, given the quantization tables, we exploited the
cost-optimal LZ coding parameters to meet the compression ratio requirement by simulating
with twelve tested endoscopic pictures shown in Fig.3.

When comparing the proposed image compression with the traditional one in (11), the power
consumption of GICam image compressor can save 98.2% because of the reduction of memory
requirement. However, extending the utilization of battery life for a capsule endoscope
remains an important issue. The memory access dissipates the most power in GICam image
compression. Therefore, in order to achieve the target of extending the battery life, it is
necessary to consider how to efficiently reduce the memory access.

2.2 Analysis of sharpness sensitivity in gastrointestinal images

2.2.1 The distributions of primary colors in the RGB color space

In the modern color theory (16; 17), most color spaces in used today are oriented either
toward hardware design or toward product applications. Among these color spaces, the
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resolution from the sensor. Instead of applying state-of-the-art video compression techniques,
we proposed a simplified image compression algorithm, called GICam, in which the memory
size and computational load can be significantly reduced. The experimental results shows
that the GICam image compressor only costs 31K gates at 2 frames per second, consumes
14.92 mW, and reduces the image size by at least 75% .

In applications of capsule endoscopy, it is imperative to consider the tradeoffs between
battery life and performance. To further extend the battery life of a capsule endoscope, we
herein present a subsample-based GICam image compressor, called GICam-II. The proposed
compression technique is motivated by the reddish feature of GI image. We have previously
proposed the GICam-II image compressor in paper (20). However, the color importance
of primary colors in GI images has no quantitative analysis in detail because of limited
pages. Therefore, in this paper, we completely propose a series of mathematical statistics
to systematically analyze the color sensitivity in GI images from the RGB color space domain
to the 2-D DCT spatial frequency domain in order to make up for a deficiency in our previous
work (20). This paper also refines the experimental results to analyze the performance about
the compression rate, the quality degradation and the ability of power saving individually.

As per the analysis of color sensitivity, the sensitivity of GI image sharpness to red component
is at the same level as the sensitivity to green component. This result shows that the
GI image is cardinal and different from the general image, whose sharpness sensitivity to
the green component is much higher than the sharpness sensitivity to the red component.
Because the GICam-II starts compressing the GI image from the Bayer-patterned image, the
GICam-II technique subsamples the green component to make the weighting of red and
green components the same. Besides, since the sharpness sensitivity to the blue component
is as low as 7%, the blue component is down-sampled by four. As shown in experimental
results, with the compression ratio as high as 4:1, the GICam-II can significantly save the
power dissipation by 38.5% when compared with previous GICam work (11) and 98.95%
when compared with JPEG compression, while the average PSNRY is 40.73 dB. The rest of
the paper is organized as follows. Section II introduces fundamentals of GICam compression
and briefs the previous GICam work. Section III presents the sensitivity analysis of GICam
image and shows the importance of red component in GI image. In Section IV, the GICam-II
compression will be described in details. Then, Section V illustrates the experimental results
in terms of compression ratio, image quality and power consumption. Finally, Section VI
concludes our contribution and merits of this work.

Except using novel ultra-low-power compression techniques to save the power dissipation
of RF transmitter in high-resolution wireless gastrointestinal endoscope systems. How to
efficiently eliminate annoying impulsive noise caused by a fault sensor and enhance the
sharpness is necessary for gastrointestinal (GI) images in wired/wireless gastrointestinal
endoscope systems. To overcome these problems, the LUM filter is the most suitable candidate
because it simultaneously has the characteristics of smoothing and sharpening. In the
operational procedure of LUM filter, the mainly operational core is the rank-order filtering
(ROF) and the LUM filter itself needs to use different kind of rank values to accomplish
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the task of smoothing or sharpening. Therefore, we need a flexible ROF hardware to
arbitrarily select wanted rank values into the operation procedure of LUM filter and we have
proposed an architecture based on a maskable memory for rank-order filtering. The maskable
memory structure, called dual-cell random-access memory (DCRAM), is an extended SRAM
structure with maskable registers and dual cells. This dissertation is the first literature using
maskable memory to realize ROF. Driving by the generic rank-order filtering algorithm, the
memory-based architecture features high degree of flexibility and regularity while the cost
is low and the performance is high. This architecture can be applied for arbitrary ranks
and a variety of ROF applications, including recursive and non-recursive algorithms. Except
efficiently eliminating annoying impulsive noises and enhance sharpness for GI images, the
processing speed of ROF can also meet the real-time image applications.

2. GICam image compressor

2.1 The review of GICam image compression algorithm

Instead of applying state-of-the-art video compression techniques, we proposed a simplified
image compression algorithm, called GICam. Traditional compression algorithms employ
the YCbCr quantization to earn a good compression ratio while the visual distortion is
minimized, based on the factors related to the sensitivity of the human visual system (HVS).
However, for the sake of power saving, our compression rather uses the RGB quantization
(15) to save the computation of demosaicking and color space transformation. As mentioned
above, the advantage of applying RGB quantization is two-fold: saving the power dissipation
on preprocessing steps and reducing the computing load of 2-D DCT and quantization.
Moreover, to reduce the hardware cost and quantization power dissipation, we have modified
the RGB quantization tables and the quantization multipliers are power of two’s. In GICam,
the Lempel-Ziv (LZ) coding (18) is employed for the entropy coding. The reason we adopted
LZ coding as the entropy coding, is because the LZ encoding does not need look-up tables and
complex computation. Thus, the LZ encoding consumes less power and uses smaller silicon
size than the other candidates, such as the Huffman encoding and the arithmetic coding. The
target compression performance of the GICam image compression is to reduce image size
by at least 75%. To meet the specification, given the quantization tables, we exploited the
cost-optimal LZ coding parameters to meet the compression ratio requirement by simulating
with twelve tested endoscopic pictures shown in Fig.3.

When comparing the proposed image compression with the traditional one in (11), the power
consumption of GICam image compressor can save 98.2% because of the reduction of memory
requirement. However, extending the utilization of battery life for a capsule endoscope
remains an important issue. The memory access dissipates the most power in GICam image
compression. Therefore, in order to achieve the target of extending the battery life, it is
necessary to consider how to efficiently reduce the memory access.

2.2 Analysis of sharpness sensitivity in gastrointestinal images

2.2.1 The distributions of primary colors in the RGB color space

In the modern color theory (16; 17), most color spaces in used today are oriented either
toward hardware design or toward product applications. Among these color spaces, the
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RGB(red, green, blue) space is the most commonly used in the category of digital image
processing; especially, broad class of color video cameras and we consequently adopt the
RGB color space to analyze the importance of primary colors in the GI images. In the
RGB color space, each color appears in its primary spectral components of red, green and
blue. The RGB color space is based on a Cartesian coordinate system, in which, the differ
colors of pixels are points on or inside the cube based on the triplet of values (R, G, B). Due
to this project was supported in part by Chung-Shan Institute of Science and Technology,
Taiwan, under the project BV94G10P. The responsibility of Chung-Shan Institute of Science
and Technology mainly designs a 512-by-512 raw image sensor. The block-based image data
can be sequentially outputted via the proposed locally-raster-scanning mechanism for this
raw image sensor. The reason for adopting a novel image sensor without using generally
conventional ones is to efficiently save the size of buffer memory. Conventional raw image
sensors adopt the raster-scanning mechanism to output the image pixels sequentially, but
they need large buffer memory to form each block-based image data before executing the
block-based compression. However, we only need a small ping-pong type memory structure
to directly save the block-based image data from the proposed locally-raster-scanning raw
image sensor. The structure of this raw image sensor is shown in Fig.1 (a) and the pixel
sensor architecture for the proposed image sensor is shown in Fig.1 (b). In order to prove
the validity for this novel image sensor before the fabrication via the Chung-Shan Institute of
Science and Technology, the chip of the 32-by-32 locally-raster-scanning raw image sensor was
designed by full-custom CMOS technology and this chip is submitted to Chip Implementation
Center (CIC), Taiwan, for the fabrication. Fig.2 (a) and Fig.2 (b) respectively shows the chip
layout and the package layout with the chip specification. The advantage of this novel CMOS
image sensor can save the large area of buffer memory. The size of buffer memory can be
as a simple ping-pong memory structure shown in Fig.9 while executing the proposed image
algorithm, a novel block coding. Our research only focuses on developing the proposed
image compressor and other components are implemented by other research department for
the GICam-II capsule endocopy. Therefore, the format of the GI image used in the simulation
belongs to a raw image from the 512-by-512 sensor designed by Chung-Shan Institute of
Science and Technology. In this work, we applied twelve GI images captured shown in Fig.3
for testcases to evaluate the compression technique. The distribution of GI image pixels in
the RGB color space is non-uniform. Obviously, the GI image is reddish and the pixels are
amassed to the red region. Based on the observation in the RGB color space, the majority
of red values are distributed between 0.5 and 1 while most of the green and blue values are
distributed between 0 and 0.5 for all tested GI images. To further analyze the chrominance
distributions and variations in the RGB color space for each tested GI images, two quantitative
indexes are used to quantify these effects. The first index is to calculate the average distances
between total pixels and the maximum primary colors in each GI image, and the calculations
are formulated as Eq.1, Eq.2 and Eq.3. First, Eq.1 defines the the average distance between
total pixels and the most red color (R), in which, R(i, j) means the value of red component of
one GI image at (i, j) position and the value of most red color (Rmax) is 255. In addition, M
and N represent the width and length for one GI image, respectively. The M is 512 and the
N is 512 for twelve tesed GI images in this work. Next, Eq.2 also defines the average distance
between total pixels and the most green color (G) and the value of most green one (Gmax) is
255. Finally, Eq.3 defines the average distance between total pixels and the most blue color (B)
and the value of most blue color (Bmax) is 255. Table 1 shows the statistical results of R, G and B
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for all tested GI images. From Table 1, the results clearly show that R has the shortest average
distance. Therefore, human eyes can be very sensitive to the obvious cardinal ingredient on
all surfaces of tested GI images. Moreover, comparing G with B, G is shorter than B because
G contributes larger proportion in luminance.
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The first index has particularly quantified the chrominance distributions through the concept
of average distance, and the statistical results have also shown the reason the human eyes can
sense the obvious cardinal ingredient for all tested GI images. Next, the second index is to
calculate the variance between total pixels and average distance, in order to further observe
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Fig. 1. (a) The structure of locally-raster-scanning raw image sensor (b)The pixel sensor
architecture for the locally-raster-scanning raw image sensor.
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processing; especially, broad class of color video cameras and we consequently adopt the
RGB color space to analyze the importance of primary colors in the GI images. In the
RGB color space, each color appears in its primary spectral components of red, green and
blue. The RGB color space is based on a Cartesian coordinate system, in which, the differ
colors of pixels are points on or inside the cube based on the triplet of values (R, G, B). Due
to this project was supported in part by Chung-Shan Institute of Science and Technology,
Taiwan, under the project BV94G10P. The responsibility of Chung-Shan Institute of Science
and Technology mainly designs a 512-by-512 raw image sensor. The block-based image data
can be sequentially outputted via the proposed locally-raster-scanning mechanism for this
raw image sensor. The reason for adopting a novel image sensor without using generally
conventional ones is to efficiently save the size of buffer memory. Conventional raw image
sensors adopt the raster-scanning mechanism to output the image pixels sequentially, but
they need large buffer memory to form each block-based image data before executing the
block-based compression. However, we only need a small ping-pong type memory structure
to directly save the block-based image data from the proposed locally-raster-scanning raw
image sensor. The structure of this raw image sensor is shown in Fig.1 (a) and the pixel
sensor architecture for the proposed image sensor is shown in Fig.1 (b). In order to prove
the validity for this novel image sensor before the fabrication via the Chung-Shan Institute of
Science and Technology, the chip of the 32-by-32 locally-raster-scanning raw image sensor was
designed by full-custom CMOS technology and this chip is submitted to Chip Implementation
Center (CIC), Taiwan, for the fabrication. Fig.2 (a) and Fig.2 (b) respectively shows the chip
layout and the package layout with the chip specification. The advantage of this novel CMOS
image sensor can save the large area of buffer memory. The size of buffer memory can be
as a simple ping-pong memory structure shown in Fig.9 while executing the proposed image
algorithm, a novel block coding. Our research only focuses on developing the proposed
image compressor and other components are implemented by other research department for
the GICam-II capsule endocopy. Therefore, the format of the GI image used in the simulation
belongs to a raw image from the 512-by-512 sensor designed by Chung-Shan Institute of
Science and Technology. In this work, we applied twelve GI images captured shown in Fig.3
for testcases to evaluate the compression technique. The distribution of GI image pixels in
the RGB color space is non-uniform. Obviously, the GI image is reddish and the pixels are
amassed to the red region. Based on the observation in the RGB color space, the majority
of red values are distributed between 0.5 and 1 while most of the green and blue values are
distributed between 0 and 0.5 for all tested GI images. To further analyze the chrominance
distributions and variations in the RGB color space for each tested GI images, two quantitative
indexes are used to quantify these effects. The first index is to calculate the average distances
between total pixels and the maximum primary colors in each GI image, and the calculations
are formulated as Eq.1, Eq.2 and Eq.3. First, Eq.1 defines the the average distance between
total pixels and the most red color (R), in which, R(i, j) means the value of red component of
one GI image at (i, j) position and the value of most red color (Rmax) is 255. In addition, M
and N represent the width and length for one GI image, respectively. The M is 512 and the
N is 512 for twelve tesed GI images in this work. Next, Eq.2 also defines the average distance
between total pixels and the most green color (G) and the value of most green one (Gmax) is
255. Finally, Eq.3 defines the average distance between total pixels and the most blue color (B)
and the value of most blue color (Bmax) is 255. Table 1 shows the statistical results of R, G and B
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for all tested GI images. From Table 1, the results clearly show that R has the shortest average
distance. Therefore, human eyes can be very sensitive to the obvious cardinal ingredient on
all surfaces of tested GI images. Moreover, comparing G with B, G is shorter than B because
G contributes larger proportion in luminance.
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The first index has particularly quantified the chrominance distributions through the concept
of average distance, and the statistical results have also shown the reason the human eyes can
sense the obvious cardinal ingredient for all tested GI images. Next, the second index is to
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Fig. 2. (a)The chip layout of the locally-raster-scanning raw image sensor (b)The package
layout and the chip specification of the locally-raster-scanning raw image sensor.
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Fig. 3. The twelve tested GI images.

the color variations in GI images, and the calculations are formulated as Eq.4, Eq.7 and Eq.10.
The Table 2 shows that the average variation of red signal is 0.09, the average variance of green
one is 0.03, and the average variance of blue one is 0.02. It signifies that the color information
of red signal must be preserved carefully more than other two primary colors; green and blue,
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Average Distance
Test Picture ID R G B

1 0.58 0.80 0.82
2 0.55 0.74 0.79
3 0.54 0.81 0.86
4 0.55 0.76 0.81
5 0.66 0.82 0.85
6 0.66 0.84 0.87
7 0.59 0.82 0.88
8 0.68 0.81 0.83
9 0.55 0.80 0.85

10 0.53 0.81 0.84
11 0.53 0.81 0.86
12 0.62 0.80 0.85

Average 0.59 0.80 0.84

Table 1. The Analysis of Average Distance.

for GI images because the dynamic range of red signal is broader than green and blue ones.
In addition, the secondary is green signal and the last is blue signal.
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the color variations in GI images, and the calculations are formulated as Eq.4, Eq.7 and Eq.10.
The Table 2 shows that the average variation of red signal is 0.09, the average variance of green
one is 0.03, and the average variance of blue one is 0.02. It signifies that the color information
of red signal must be preserved carefully more than other two primary colors; green and blue,
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Variance of Distance
Test Picture ID VARR VARG VARB

1 0.08 0.02 0.02
2 0.11 0.05 0.03
3 0.10 0.03 0.02
4 0.10 0.04 0.02
5 0.07 0.02 0.01
6 0.08 0.02 0.01
7 0.09 0.02 0.01
8 0.06 0.02 0.02
9 0.09 0.03 0.01

10 0.10 0.03 0.02
11 0.10 0.03 0.02
12 0.10 0.04 0.02

Average 0.09 0.03 0.02

Table 2. The Analysis of Variance.

2.2.2 The analysis of sharpness sensitivity to primary colors for gastrointestinal images

Based on the analysis of RGB color space, the importance of chrominance is quantitatively
demonstrated for GI images. Except for the chrominance, the luminance is another important
index because it can efficiently represent the sharpness of an object. Eq.13 is the formula of
luminance (Y) and the parameters ; a1, a2 and a3 are 0.299, 0.587 and 0.114 respectively.

Y = a1 × R + a2 × G + a3 × B (13)

To efficiently analyze the importance of primary colors in the luminance, the analysis of
sensitivity is applied. Through the analysis of sensitivity, the variation of luminance can
actually reflect the influence of each primary colors. Eq.14, Eq.15 and Eq.16 define the

sensitivity of red (S
Ri,j

Yi,j
), the sensitivity of green (S

Gi,j

Yi,j
), and the sensitivity of blue (S

Bi,j

Yi,j
) at

position (i,j), respectively for a color pixel of a GI image.

S
Ri,j

Yi,j
=

ΔYi,j/Yi,j

ΔRi,j/Ri,j
=

Ri,j

Yi,j
× ΔYi,j

ΔRi,j
=

a1 × Ri,j

Yi,j
(14)

S
Gi,j

Yi,j
=

ΔYi,j/Yi,j

ΔGi,j/Gi,j
=

Gi,j

Yi,j
× ΔYi

ΔGi,j
=

a2 × Gi,j

Yi,j
(15)

S
Bi,j

Yi,j
=

ΔYi,j/Yi,j

ΔBi,j/Bi,j
=

Bi,j

Yi,j
× ΔYi

ΔBi,j
=

a3 × Bi,j

Yi,j
(16)

After calculating the sensitivity of each primary colors for a GI image, the average sensitivity
of red (SR

Y), the average sensitivity of green (SG
Y ), and the average sensitivity of blue (SB

Y)
are calculated by Eq.17, Eq.18 and Eq.19 for each GI images. M and N represent the width
and length for a GI image, respectively. Table 3 shows the average sensitivities of red, green
and blue for all tested GI images. From the calculational results, the sensitivity of blue is
the slightest and hence the variation of luminance arising from the aliasing of blue is very
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invisible. In addition to the sensitivity of blue, the sensitivity of red is close to the one of green
and thus they both have a very close influence on the variation of luminance.

SR
Y = (

1
M × N

)
M−1

∑
i=0

N−1

∑
j=0

S
Ri,j

Yi,j
(17)

SG
Y = (

1
M × N

)
M−1

∑
i=0

N−1

∑
j=0

S
Gi,j

Yi,j
(18)

SB
Y = (

1
M × N

)
M−1

∑
i=0

N−1

∑
j=0

S
Bi,j

Yi,j
(19)

To sum up the variance of chrominance and the sensitivity of luminance, blue is the

The Sensitivity of Primary Colors in Luminance

Test Picture ID SR
Y SG

Y SB
Y

1 0.49 0.43 0.08
2 0.44 0.48 0.08
3 0.55 0.39 0.06
4 0.47 0.46 0.07
5 0.45 0.47 0.08
6 0.48 0.45 0.07
7 0.52 0.42 0.06
8 0.44 0.48 0.08
9 0.51 0.43 0.06
10 0.54 0.40 0.06
11 0.55 0.39 0.06
12 0.49 0.44 0.07

Average 0.49 0.44 0.07

Table 3. The Analysis of Average Sensitivities.

most insensitive color in the GI images. Therefore, the blue component can be further
downsampled without significant sharpness degradation. Moreover, comparing the red
signal with the green signal, they both have a very close influence on the variation of
luminance, because they have very close sensitivities. However, the chrominance of red
varies more than the chrominance of green and hence the information completeness of red
has higher priority than the green. Because the proposed compression coding belongs to the
DCT-based image coding, the coding is processed in the spatial-frequency domain. To let the
priority relationship between red and green also response in the spatial-frequency domain,
the analysis of alternating current (AC) variance will be accomplished to demonstrate the
inference mentioned above in the next subsection.

2.2.3 The analysis of AC variance in the 2-D DCT spatial frequency domain for
gastrointestinal images

According to the analysis results from the distributions of primary colors in the RGB color
space and the proportion of primary colors in the luminance for GI images, the red signal
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After calculating the sensitivity of each primary colors for a GI image, the average sensitivity
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Y), the average sensitivity of green (SG
Y ), and the average sensitivity of blue (SB

Y)
are calculated by Eq.17, Eq.18 and Eq.19 for each GI images. M and N represent the width
and length for a GI image, respectively. Table 3 shows the average sensitivities of red, green
and blue for all tested GI images. From the calculational results, the sensitivity of blue is
the slightest and hence the variation of luminance arising from the aliasing of blue is very
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invisible. In addition to the sensitivity of blue, the sensitivity of red is close to the one of green
and thus they both have a very close influence on the variation of luminance.
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To sum up the variance of chrominance and the sensitivity of luminance, blue is the

The Sensitivity of Primary Colors in Luminance

Test Picture ID SR
Y SG
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Y

1 0.49 0.43 0.08
2 0.44 0.48 0.08
3 0.55 0.39 0.06
4 0.47 0.46 0.07
5 0.45 0.47 0.08
6 0.48 0.45 0.07
7 0.52 0.42 0.06
8 0.44 0.48 0.08
9 0.51 0.43 0.06
10 0.54 0.40 0.06
11 0.55 0.39 0.06
12 0.49 0.44 0.07

Average 0.49 0.44 0.07

Table 3. The Analysis of Average Sensitivities.

most insensitive color in the GI images. Therefore, the blue component can be further
downsampled without significant sharpness degradation. Moreover, comparing the red
signal with the green signal, they both have a very close influence on the variation of
luminance, because they have very close sensitivities. However, the chrominance of red
varies more than the chrominance of green and hence the information completeness of red
has higher priority than the green. Because the proposed compression coding belongs to the
DCT-based image coding, the coding is processed in the spatial-frequency domain. To let the
priority relationship between red and green also response in the spatial-frequency domain,
the analysis of alternating current (AC) variance will be accomplished to demonstrate the
inference mentioned above in the next subsection.

2.2.3 The analysis of AC variance in the 2-D DCT spatial frequency domain for
gastrointestinal images

According to the analysis results from the distributions of primary colors in the RGB color
space and the proportion of primary colors in the luminance for GI images, the red signal
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plays a decisive role in the raw image. The green signal plays a secondary role and the blue
signal is very indecisive. To verify the validity of observation mentioned above, we first use
the two-dimensional (2-D) 8×8 discrete cosine transform (DCT) to transfer the spatial domain
into the spatial-frequency domain for each of the components, R, G1, G2 and B. The 2-D 8×8
DCT transformation can be perceived as the process of finding for each waveform in the 2-D
8×8 DCT basic functions and also can be formulated as Eq.20, Eq.21, Eq.22, Eq.23 and Eq.24
for each 8×8 block in R, G1, G2 and B subimages respectively. M and N represent the width
and length for one GI image respectively. k, l=0, 1, ..., 7 and ykl is the corresponding weight
of DCT basic function in the kth row and the lth column. P represents the total number of
pictures and B represents the total number of 8×8 blocks in the GI images.

Rpb(kl) =
c(k)

2

7

∑
i=0

[
c(l)

2

7
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j=0

rijcos(
(2j + 1)lπ

16
)]cos(

(2i + 1)kπ

16
) (20)

Gpb(kl) =
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2

7

∑
i=0

[
c(l)

2

7
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gijcos(
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16
)]cos(
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) (21)

Bpb(kl) =
c(k)

2

7

∑
i=0

[
c(l)

2

7

∑
j=0

bijcos(
(2j + 1)lπ

16
)]cos(

(2i + 1)kπ

16
) (22)

c (k) =

{
1√
2

, i f k = 0

1, otherwise.
(23)

c (l) =

{
1√
2

, i f l = 0

1, otherwise.
(24)

Next, we calculate the average energy amplitude of all alternating current (AC) coefficients of
all tested GI images, in order to observe the variation of energy for each of the components R,
G1, G2 and B, and the calculations are formulated as Eq.25, Eq.26, Eq.27.

AR(kl) =
1
P

P

∑
p=1

[
B−1

∑
b=0

|Rpb(kl)|] (25)

AG(kl) =
1
P

P

∑
p=1

[
B−1

∑
b=0

|Gpb(kl)|] (26)

AB(kl) =
1
P

P

∑
p=1

[
B−1

∑
b=0

|Bpb(kl)|] (27)

After calculating the average energy amplitude, we convert the 2-D DCT domain into
one-dimensional (1-D) signal distribution in order to conveniently observe the variation of
frequency. Consequently, a tool for transforming two-dimensional signals into one dimension
is needed. There are many schemes to convert 2-D into 1-D, including row-major scan,
column-major scan, peano-scan, and zig-zag scan. Majority of the DCT coding schemes
adopt zig-zag scan to accomplish the goal of conversion, and we use it here. The benefit of
zig-zag is its property of compacting energy to low frequency regions after discrete cosine
transformation. The arrangement sorts the coefficients from low to high frequency, and
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Fig.4(a) shows the zig-zag scanning order for 8×8 block. Fig.4(b) shows the 1-D signal
distribution after zig-zag scanning order and Fig.4(c) shows the symmetric type of frequency
for the 1-D signal distribution.

Through the converting method of Fig.4, the 1-D signal distributions of each R, G1, G2,
B components are shown in Fig.5. The variances of frequency are 1193, 1192, 1209 and
1244 for G1, G2, R and B respectively, and the variance of R is very close to the ones of
G1 and G2 from the result. However, the datum of G are twice the datum of R based on
the Bayer pattern and hence, the datum of G can be reduced to half at the most. Based

Frequency

Frequency

Fig. 4. (a) zigazg scanning for a 8×8 block (b) 1-D signal distribution after zigzag scanning
order (c) The symmetric type of frequency for the 1-D signal distribution.

on the analysis result mentioned above, the R component is very decisive for GI images
and it needs to be compressed completely. However, the G1, G2 and B components do
not need to be compressed completely because they are of less than the R component.
Therefore, in order to efficiently reduce the memory access to expend the battery life of
capsule endoscopy, the datum of G1, G2 and B components should be appropriately decreased
according to the proportion of their importance prior to the compression process. In this
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on the analysis result mentioned above, the R component is very decisive for GI images
and it needs to be compressed completely. However, the G1, G2 and B components do
not need to be compressed completely because they are of less than the R component.
Therefore, in order to efficiently reduce the memory access to expend the battery life of
capsule endoscopy, the datum of G1, G2 and B components should be appropriately decreased
according to the proportion of their importance prior to the compression process. In this
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Fig. 5. (a) Spatial-frequency distribution converting into one-dimension for G1 component
(b) Spatial-frequency distribution converting into one-dimension for G2 component (c)
Spatial-frequency distribution converting into one-dimension for R component (d)
Spatial-frequency distribution converting into one-dimension for B component.

paper, we successfully propose a subsample-based GICam image compression algorithm and
the proposed algorithm firstly uses the subsample technique to reduce the incoming datum of
G1, G2 and B components before the compression process. The next section will describe the
proposed algorithm in detail.

2.3 The subsample-based GICam image compression algorithm

Fig.6 illustrates the GICam-II compression algorithm. For a 512×512 raw image, the raw
image firstly divides into four parts, namely, R, G1, G2, and B components and each of
the components has 256×256 pixels. For the R component, the incoming image size to the
2-D DCT is 256×256×8 bits, Where, the incoming image datum are completely compressed
because of the importance itself in GI images. Except for the R component, the GICam-II
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Fig. 6. The GICam-II image compression algorithm.

algorithm can use an appropriate subsample ratio to pick out the necessary image pixels into
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the compression process for G1, G2 and B components, and Eq.28 and Eq.29 are formulas for
the subsample technique. SM16:2m is the subsample mask for the subsample ratio 16-to-2m
as shown in Eq.28, and the subsample mask SM16:2m is generated from basic mask as
shown in Eq.29. The type of subample direction is block-based, when certain positions
in the subsample mask are one, their pixels in the same position will be compressed, or
otherwise they are not processed. For the G1 and G2 components, the low subsample
ratio must be assigned, considering their secondary importance in GI images. Thus, the 2:1
subsample ratio is candidate one, and the subsample pattern is shown in Fig.7 (a). Finally,
for the B component, the 4:1 subsample ratio is assigned and the subsample pattern is
shown in Fig.7 (b). In the GICam-II image compression algorithm, the 8×8 2-D DCT is
still used to transfer the R component. However, the 4×4 2-D DCT is used for G1 and G2
components because the incoming datum are reduced by subsample technique. Moreover,
the G quantization table is also modified and shown in the Fig.8. Finally, the B component
is directly transmitted; not be compressed, after extremely decreasing the incoming datum.
Because of the non-compression for the B component, the 8×8 and 4×4 zig-zag scanning
techniques are added into the GICam-II to further increase the compression rate for R, G1 and
G2 components before entering the entropy encoding. In the GICam-II, the Lempel-Ziv (LZ)
coding (18) is also employed for the entropy coding because of non-look-up tables and low
complex computation.

SM16:2m (i, j) = BM16:2m (i mod 4, j mod 4)

m = 1, 2, 3, 4, 5, 6, 7, 8. (28)

BM16:2m (k, l) =⎡
⎢⎢⎣

u (m − 1) u (m − 5) u (m − 2) u (m − 6)
u (m − 7) u (m − 3) u (m − 8) u (m − 4)
u (m − 2) u (m − 5) u (m − 1) u (m − 6)
u (m − 7) u (m − 3) u (m − 8) u (m − 4)

⎤
⎥⎥⎦

where u(n) is a step function,u (n) =
�

1, f or n ≥ 0
0, f or n < 0.

(29)

Fig. 7. (a) 2:1 subsample pattern (b) 4:1 subsample pattern.

2.4 The architecture of subsample-based GICam image compressor

Fig.9 shows the architecture of the GICam-II image compressor and it faithfully executes
the proposed GICam-II image compression algorithm shown in Fig.6. The window size, w,
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paper, we successfully propose a subsample-based GICam image compression algorithm and
the proposed algorithm firstly uses the subsample technique to reduce the incoming datum of
G1, G2 and B components before the compression process. The next section will describe the
proposed algorithm in detail.

2.3 The subsample-based GICam image compression algorithm

Fig.6 illustrates the GICam-II compression algorithm. For a 512×512 raw image, the raw
image firstly divides into four parts, namely, R, G1, G2, and B components and each of
the components has 256×256 pixels. For the R component, the incoming image size to the
2-D DCT is 256×256×8 bits, Where, the incoming image datum are completely compressed
because of the importance itself in GI images. Except for the R component, the GICam-II
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Fig. 6. The GICam-II image compression algorithm.

algorithm can use an appropriate subsample ratio to pick out the necessary image pixels into
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the compression process for G1, G2 and B components, and Eq.28 and Eq.29 are formulas for
the subsample technique. SM16:2m is the subsample mask for the subsample ratio 16-to-2m
as shown in Eq.28, and the subsample mask SM16:2m is generated from basic mask as
shown in Eq.29. The type of subample direction is block-based, when certain positions
in the subsample mask are one, their pixels in the same position will be compressed, or
otherwise they are not processed. For the G1 and G2 components, the low subsample
ratio must be assigned, considering their secondary importance in GI images. Thus, the 2:1
subsample ratio is candidate one, and the subsample pattern is shown in Fig.7 (a). Finally,
for the B component, the 4:1 subsample ratio is assigned and the subsample pattern is
shown in Fig.7 (b). In the GICam-II image compression algorithm, the 8×8 2-D DCT is
still used to transfer the R component. However, the 4×4 2-D DCT is used for G1 and G2
components because the incoming datum are reduced by subsample technique. Moreover,
the G quantization table is also modified and shown in the Fig.8. Finally, the B component
is directly transmitted; not be compressed, after extremely decreasing the incoming datum.
Because of the non-compression for the B component, the 8×8 and 4×4 zig-zag scanning
techniques are added into the GICam-II to further increase the compression rate for R, G1 and
G2 components before entering the entropy encoding. In the GICam-II, the Lempel-Ziv (LZ)
coding (18) is also employed for the entropy coding because of non-look-up tables and low
complex computation.

SM16:2m (i, j) = BM16:2m (i mod 4, j mod 4)

m = 1, 2, 3, 4, 5, 6, 7, 8. (28)

BM16:2m (k, l) =⎡
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where u(n) is a step function,u (n) =
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1, f or n ≥ 0
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(29)

Fig. 7. (a) 2:1 subsample pattern (b) 4:1 subsample pattern.

2.4 The architecture of subsample-based GICam image compressor

Fig.9 shows the architecture of the GICam-II image compressor and it faithfully executes
the proposed GICam-II image compression algorithm shown in Fig.6. The window size, w,
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Fig. 8. (a)The modified R quantization table (b) The modified G quantization table.

and the maximum matching length,l parameters for LZ77 encoder can be loaded into the
parameter register file via a serial interface after the initial setting of the hardware reset.
Similarly, coefficients of 2-D DCT and parameters of initial setting for all controllers shown
in Fig.9 can be also loaded into the parameter register file. The GICam-II image compressor
processes the image in the block order of G1, R, G2 and B. Because the data stream from
the image sensor is block-based, the GICam-II image compressor adopts the structure of
ping-pong memory to hold each block of data. The advantage of using this structure is the
high parallelism between the data loading and data precessing.
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Fig. 9. The GICam-II image compressor.

When the GICam-II image compressor begins, the proposed architecture first loads the
incoming image in the block order of G1, R, G2 and B from the image sensor and passes
them with the valid signal control via the Raw-Data Sensor Interface. The Raw-Data Sensor
Interface is a simple register structure with one clock cycle delay. This design absolutely
makes sure that no any glue-logic circuits that can affects the timing of logic synthesis exists
between the raw image sensor and the the GICam-II image compressor. The Down-Sample
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Controller receives the valid data and then selects the candidate subsample ratio to sample the
candidate image data in the block order of G1, R, G2 and B. The Ping-Pong Write Controller
can accurately receive the data loading command from the Down-Sample Controller and then
pushes the downsample image data into the candidate one of the ping-pong memory. At the
same time, the Ping-Pong Read Controller pushes the stored image data from another memory
into the Transformation Coding. The Ping-Pong Write Controller and the Ping-Pong Read
Controller will issue an announcement to the Ping-Pong Switch Controller, respectively while
each data-access is finished. When all announcement arrives in turn, the Ping-Pong Switch
Controller will generate a pulse-type Ping-Pong Switching signal, one clock cycle, to release
each announcement signal from the high-level to zero for the Ping-Pong Write Controller
and the Ping-Pong Read Controller. The Ping-Pong Switch Counter also uses the Ping-Pong
Switching signal to switch the read/write polarity for each memory in the structure of the
Ping-Pong Memory.

The Transformation Coding consists of the 2-D DCT and the quantizer. The goal of the
transformation coding is to transform processing data from the spatial domain into the spatial
frequency domain and further to shorten the range in the spatial frequency domain before
entropy coding in order to increasing the compression ratio. The 2-D DCT alternatively
calculates row or column 1-D DCTs. The 1-D DCT is a multiplier-less implementation using
the algebraic integer encoding (11). The algebraic integer encoding can minimize the number
of addition operations. As regards the RG quantizer, the GICam-II image compressor utilizes
the barrel shifter for power-of-two products. The power-of-two quantization table shown in
Fig.8 can reduce the cost of multiplication while quality degradation is quite little. In addition,
the 8-by-8 memory array between the quantizer and the LZ77 encoder is used to synchronize
the operations of quantization and LZ77 encoding. Since the frame rate of GICam-II image
compressor is 2 frames/second, the 2-D DCT can be folded to trade the hardware cost with
the computing speed, and the other two data processing units, quantization and LZ77 encoder,
can operate at low data rate. Due to non-compression for the B component, the B component
is directly transmitted from the ping-pong memory, not be compressed. Finally, the LZ77
encoder is implemented by block-matching approach and the detail of each processing
element and overall architecture have been also shown in paper (11).

2.5 Experimental results

We have particularly introduced the method of efficiently decreasing the incoming datum
with the subsmaple technique in the GICam-II compression algorithm. The performance of
the compression rate, the quality degradation and the ability of power saving will then be
experimentally analyzed using the GICamm-II compressor.

2.5.1 The analysis of compression rate for GI images

In this paper, twelve GI images are tested and shown in the Fig.3. First of all, the target
compression performance of the GICam-II image compression is to reduce image size by
at least 75% . To meet the specification, we have to exploit the cost-optimal LZ coding
parameters. There are two parameters in the LZ coding to be determined: the window size, w,
and the maximum matching length,l. The larger the parameters, the higher the compression
ratio will be; however,the implementation cost will be higher. In addition, there are two kinds

257Study on Low-Power Image Processing for Gastrointestinal Endoscopy



14 Will-be-set-by-IN-TECH

16 16 32 32
16 16 32 64
32 32 64 64
64 64 128 128

32 32 32 32 32 32 64 64
32 16 16 32 32 64 64 128
32 16 16 32 32 64 128 128
32 32 32 32 64 64 128 256
32 32 32 64 64 128 128 256
64 64 64 128 128 128 256 256
64 128 128 128 256 256 256 256

128 128 128 256 256 256 256 512

(a) (b)

Fig. 8. (a)The modified R quantization table (b) The modified G quantization table.

and the maximum matching length,l parameters for LZ77 encoder can be loaded into the
parameter register file via a serial interface after the initial setting of the hardware reset.
Similarly, coefficients of 2-D DCT and parameters of initial setting for all controllers shown
in Fig.9 can be also loaded into the parameter register file. The GICam-II image compressor
processes the image in the block order of G1, R, G2 and B. Because the data stream from
the image sensor is block-based, the GICam-II image compressor adopts the structure of
ping-pong memory to hold each block of data. The advantage of using this structure is the
high parallelism between the data loading and data precessing.

Down-
Sample

Controller

Ping-Pong
Write

Controller

Ping-Pong
Read

Controller

Ping-Pong 
Switch

Controller

Ping-Pong Memory

System Clock
Hardware Reset Parameter

Register
File

Raw-data
Sensor 

Interface

4x4
Memory

4x4
Memory

4x4
Memory

4x4
Memory

4x4
Memory

4x4
Memory

4x4
Memory

4x4
Memory

Memory
Write Done

Memory
Read Done

Ping-Pong 
Switching

Ping-Pong 
Counter

R/W

01

01

0/1

Read 
Address

Write 
Address

Memory
Data

Selector

0

1
8x8/4x4

2-D DCT

8x8/4x4
Quantizer

4x4
Memory

4x4
Memory

4x4
Memory

4x4
Memory

LZ77
Encoder

Top
Controller

Parameters From Serial Interface

G1/G2/R

Down sample B

Compressed
Data

Selector

Compressed 
Image

G1, R, G2, B, 
Raw Image

Entropy Coding
Buffer

Controller

Transformation
Coding

Entropy Coding

Data Bus

Control Bus

Entropy Coding Buffer

Fig. 9. The GICam-II image compressor.

When the GICam-II image compressor begins, the proposed architecture first loads the
incoming image in the block order of G1, R, G2 and B from the image sensor and passes
them with the valid signal control via the Raw-Data Sensor Interface. The Raw-Data Sensor
Interface is a simple register structure with one clock cycle delay. This design absolutely
makes sure that no any glue-logic circuits that can affects the timing of logic synthesis exists
between the raw image sensor and the the GICam-II image compressor. The Down-Sample
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Controller receives the valid data and then selects the candidate subsample ratio to sample the
candidate image data in the block order of G1, R, G2 and B. The Ping-Pong Write Controller
can accurately receive the data loading command from the Down-Sample Controller and then
pushes the downsample image data into the candidate one of the ping-pong memory. At the
same time, the Ping-Pong Read Controller pushes the stored image data from another memory
into the Transformation Coding. The Ping-Pong Write Controller and the Ping-Pong Read
Controller will issue an announcement to the Ping-Pong Switch Controller, respectively while
each data-access is finished. When all announcement arrives in turn, the Ping-Pong Switch
Controller will generate a pulse-type Ping-Pong Switching signal, one clock cycle, to release
each announcement signal from the high-level to zero for the Ping-Pong Write Controller
and the Ping-Pong Read Controller. The Ping-Pong Switch Counter also uses the Ping-Pong
Switching signal to switch the read/write polarity for each memory in the structure of the
Ping-Pong Memory.

The Transformation Coding consists of the 2-D DCT and the quantizer. The goal of the
transformation coding is to transform processing data from the spatial domain into the spatial
frequency domain and further to shorten the range in the spatial frequency domain before
entropy coding in order to increasing the compression ratio. The 2-D DCT alternatively
calculates row or column 1-D DCTs. The 1-D DCT is a multiplier-less implementation using
the algebraic integer encoding (11). The algebraic integer encoding can minimize the number
of addition operations. As regards the RG quantizer, the GICam-II image compressor utilizes
the barrel shifter for power-of-two products. The power-of-two quantization table shown in
Fig.8 can reduce the cost of multiplication while quality degradation is quite little. In addition,
the 8-by-8 memory array between the quantizer and the LZ77 encoder is used to synchronize
the operations of quantization and LZ77 encoding. Since the frame rate of GICam-II image
compressor is 2 frames/second, the 2-D DCT can be folded to trade the hardware cost with
the computing speed, and the other two data processing units, quantization and LZ77 encoder,
can operate at low data rate. Due to non-compression for the B component, the B component
is directly transmitted from the ping-pong memory, not be compressed. Finally, the LZ77
encoder is implemented by block-matching approach and the detail of each processing
element and overall architecture have been also shown in paper (11).

2.5 Experimental results

We have particularly introduced the method of efficiently decreasing the incoming datum
with the subsmaple technique in the GICam-II compression algorithm. The performance of
the compression rate, the quality degradation and the ability of power saving will then be
experimentally analyzed using the GICamm-II compressor.

2.5.1 The analysis of compression rate for GI images

In this paper, twelve GI images are tested and shown in the Fig.3. First of all, the target
compression performance of the GICam-II image compression is to reduce image size by
at least 75% . To meet the specification, we have to exploit the cost-optimal LZ coding
parameters. There are two parameters in the LZ coding to be determined: the window size, w,
and the maximum matching length,l. The larger the parameters, the higher the compression
ratio will be; however,the implementation cost will be higher. In addition, there are two kinds
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of LZ codings in the GICam-II compressor, one is R(w, l) for R component and the other is
G(w, l) for G1 and G2 components. We set the values of parameters by using a compression
ratio of 4:1 as the threshold. Our goal is to determine the minimum R(w, l) and G(w, l) sets
under the constraint of 4:1 compression ratio.

The compression ratio (CR) is defined as the ratio of the raw image size to the compressed
image size and formulated as Eq.30. The measure of the compression ratio is the compression
rate. The formula of the compression rate is calculated by Eq.31. The results in Fig.10
are shown by simulating the behavior model of GICam-II compressor; it is generated by
MATLAB. As seen in Fig.10, simulating with twelve endoscopic pictures, (32, 32) and (16,
8) are the minimum R(w, l) and G(w, l) sets to meet the compression ratio requirement.
The subsample technique of the GICam-II compressor initially reduces the input image size
by 43.75% ((1-1/4-(1/4*1/2*2)-(1/4*1/4))*100%) before executing the entropy coding, LZ77
coding. Therefore, the overall compression ratio of GICam-II compressor minus 43.75% is the
compression effect of LZ77 coding that combines with the quantization, and the simulation
results are shown in Fig.11.

This research paper focuses to propose a subsample-based low-power image compressor
for capsule gastrointestinal endoscopy. This obvious reddish characteristic is due to the
slightly luminous intensity of LEDs and the formation of image in the capsule gastrointestinal
endoscopy. The GICam-II compression algorithm is motivated on the basis of this reddish
pattern. Therefore, we do not consider compressing other endoscopic images except for
gastrointestinal images to avoid the confusion of topic for this research. However, general
endoscopic images generated via a wired endoscopic takes on the yellow characteristic due to
the vividly luminous intensity of LEDs. The yellow pattern mainly consists of red and green
and it also complies with the color sensitivity result in this research work. Therefore, I believe
that the proposed GICam-II still supports good compression ratio for general endoscopic
images.

Compression Ratio (CR) =
bits be f ore compression
bits a f ter compression

(30)

Compression Rate = (1 − CR−1)× 100% (31)

2.5.2 The analysis of compression quality for GI images

Using (32, 32) and (16, 8) as the parameter sets, in Table 4, we can see the performance in terms
of the quality degradation and compression ratio. The measure of compression quality is the
peak signal-to-noise ratio of luminance (PSNRY). The calculation of PSNRY is formulated as
Eq.32. Where MSE is the mean square error of decompressed image and is formulated as
Eq.33. In Eq.33, αij is the luminance value of original GI image and βij is the luminance value
of decompressed GI image. The result shows that the degradation of decompressed images
is quite low while the average PSNRY is 40.73 dB. Fig.12 illustrates the compression quality
of decoded test pictures. The difference between the original image and the decompressed
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Fig. 10. The compression performance of the GICam-II image compressor.

Fig. 11. The compression performance of LZ77 coding that combines with the quantization in
the GICam-II image compressor .

image is invisible.

PSNRY = 10log10(
2552

MSE
) (32)

MSE = (
1

M × N
)

M−1

∑
i=0

N−1

∑
j=0

(αij − βij)
2 (33)

To demonstrate the validity of decompressed images, five professional gastroenterology
doctors from the Division of Gastroenterology, Taipei Medical University Hospital are invited
to verify whether or not the decoded image quality is suitable for practical diagnosis. The
criterion of evaluation is shown in Table 5. The score between 0 and 2 means that the diagnosis
is affected, the score between 3 and 5 means that the diagnosis is slightly affected and the
score between 6 and 9 means that the diagnosis is not affected. According to the evaluation
results of Fig.13, all decoded GI images are suitable for practical diagnosis because of high
evaluation score and the diagnoses are absolutely not affected, except for the 5th and 8th
decoded images. The degrees of diagnoses are between no affection and extremely slight
affection for the 5th and the 8th decoded images because only two doctors subjectively feel
their diagnoses are slightly affected. However, these two decoded images are not mistaken in
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of LZ codings in the GICam-II compressor, one is R(w, l) for R component and the other is
G(w, l) for G1 and G2 components. We set the values of parameters by using a compression
ratio of 4:1 as the threshold. Our goal is to determine the minimum R(w, l) and G(w, l) sets
under the constraint of 4:1 compression ratio.

The compression ratio (CR) is defined as the ratio of the raw image size to the compressed
image size and formulated as Eq.30. The measure of the compression ratio is the compression
rate. The formula of the compression rate is calculated by Eq.31. The results in Fig.10
are shown by simulating the behavior model of GICam-II compressor; it is generated by
MATLAB. As seen in Fig.10, simulating with twelve endoscopic pictures, (32, 32) and (16,
8) are the minimum R(w, l) and G(w, l) sets to meet the compression ratio requirement.
The subsample technique of the GICam-II compressor initially reduces the input image size
by 43.75% ((1-1/4-(1/4*1/2*2)-(1/4*1/4))*100%) before executing the entropy coding, LZ77
coding. Therefore, the overall compression ratio of GICam-II compressor minus 43.75% is the
compression effect of LZ77 coding that combines with the quantization, and the simulation
results are shown in Fig.11.

This research paper focuses to propose a subsample-based low-power image compressor
for capsule gastrointestinal endoscopy. This obvious reddish characteristic is due to the
slightly luminous intensity of LEDs and the formation of image in the capsule gastrointestinal
endoscopy. The GICam-II compression algorithm is motivated on the basis of this reddish
pattern. Therefore, we do not consider compressing other endoscopic images except for
gastrointestinal images to avoid the confusion of topic for this research. However, general
endoscopic images generated via a wired endoscopic takes on the yellow characteristic due to
the vividly luminous intensity of LEDs. The yellow pattern mainly consists of red and green
and it also complies with the color sensitivity result in this research work. Therefore, I believe
that the proposed GICam-II still supports good compression ratio for general endoscopic
images.

Compression Ratio (CR) =
bits be f ore compression
bits a f ter compression

(30)

Compression Rate = (1 − CR−1)× 100% (31)

2.5.2 The analysis of compression quality for GI images

Using (32, 32) and (16, 8) as the parameter sets, in Table 4, we can see the performance in terms
of the quality degradation and compression ratio. The measure of compression quality is the
peak signal-to-noise ratio of luminance (PSNRY). The calculation of PSNRY is formulated as
Eq.32. Where MSE is the mean square error of decompressed image and is formulated as
Eq.33. In Eq.33, αij is the luminance value of original GI image and βij is the luminance value
of decompressed GI image. The result shows that the degradation of decompressed images
is quite low while the average PSNRY is 40.73 dB. Fig.12 illustrates the compression quality
of decoded test pictures. The difference between the original image and the decompressed
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Fig. 10. The compression performance of the GICam-II image compressor.

Fig. 11. The compression performance of LZ77 coding that combines with the quantization in
the GICam-II image compressor .

image is invisible.

PSNRY = 10log10(
2552

MSE
) (32)

MSE = (
1

M × N
)

M−1

∑
i=0

N−1

∑
j=0

(αij − βij)
2 (33)

To demonstrate the validity of decompressed images, five professional gastroenterology
doctors from the Division of Gastroenterology, Taipei Medical University Hospital are invited
to verify whether or not the decoded image quality is suitable for practical diagnosis. The
criterion of evaluation is shown in Table 5. The score between 0 and 2 means that the diagnosis
is affected, the score between 3 and 5 means that the diagnosis is slightly affected and the
score between 6 and 9 means that the diagnosis is not affected. According to the evaluation
results of Fig.13, all decoded GI images are suitable for practical diagnosis because of high
evaluation score and the diagnoses are absolutely not affected, except for the 5th and 8th
decoded images. The degrees of diagnoses are between no affection and extremely slight
affection for the 5th and the 8th decoded images because only two doctors subjectively feel
their diagnoses are slightly affected. However, these two decoded images are not mistaken in
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Test Picture ID PSNRY Compression rate
(dB) (%)

1 40.76 82.36
2 41.38 82.84
3 39.39 80.62
4 38.16 79.70
5 42.56 84.25
6 41.60 83.00
7 41.03 82.74
8 43.05 84.63
9 40.21 82.11
10 40.36 81.84
11 39.39 80.66
12 40.85 82.60

Average 40.73 82.28

Table 4. The simulation results of twelve tested pictures.

#1 #2 #3 #4

#5 #6 #7 #8

#9 #10 #11 #12

Fig. 12. Demosaicked GI images.

diagnosis for these professional gastroenterology doctors. Therefore, the PSNRY being higher
than 38 dB is acceptable according to the objective criterion of gastroenterology doctors.

Score Description
0 ∼ 2 diagnosis is affected
3 ∼ 5 diagnosis is slightly affected
6 ∼ 9 diagnosis is not affected

Table 5. The criterion of evaluation.
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Fig. 13. The evaluation results of professional gastroenterology doctors.

2.5.3 The analysis of power saving

To validate the GICam-II image processor, we used the FPGA board of Altera APEX 2100 K
to verify the function of the GICam-II image processor and the prototype is shown in Fig.14.
After FPGA verification, we used the TSMC 0.18 μm 1P6M process to implement the GICam-II
image compressor. When operating at 1.8 V, the power consumption of logic part is 3.88 mW,
estimated by using PrimePowerTM. The memory blocks are generated by Artisan memory
compiler and consume 5.29 mW. The total power consumption is 9.17 mW for the proposed
design. When comparing the proposed GICam-II image compressor with our previous GICam
one in Table 6, the power dissipation can further save 38.5% under the approximate condition
of quality degradation and compression ratio because of the reduction of memory requirement
for G1, G2 and B components.

The GICam-II compressor has poorer image reconstruction than JPEG and our previous
GICam one because the GICam-II compressor uses the subsample scheme to down sample
green and blue components according to the 2:1 and the 4:1 subsample ratios. The raw data
before compression has lost some raw data information. Hence, the decoded raw data should
be reconstructed (the first interpolation) before reconstructing the color images (the second
interpolation). Using two level interpolations to reconstruct the color images has poorer image
quality than one level interpolation. Fortunately, the decoded image quality using GICam-II
compressor can be accepted and suitable for practical diagnosis and the evaluation results of
professional gastroenterology doctors can be shown in the last subsection.

Finally, we compare the GICam-II image processor with other works and the comparison
results are shown in the Table 7. According to the comparison results, our proposed GICam-II
image compressor has lower area and lower operation frequency. It can fit into the existing
designs.

3. Rank-Order Filtering (ROF) with a maskable memory

Rank-order filtering (ROF), or order-statistical filtering, has been widely applied for various
speech and image processing applications [1]-[6]. Given a sequence of input samples
{xi−k, xi−k+1, ..., xi, ..., xi+l}, the basic operation of rank order filtering is to choose the r-th
largest sample as the output yi, where r is the rank-order of the filter. This type of
ROF is normally classified as the non-recursive ROF . Another type of ROF is called the
recursive ROF. The difference between the recursive ROF and the non-recursive ROF is that
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image compressor. When operating at 1.8 V, the power consumption of logic part is 3.88 mW,
estimated by using PrimePowerTM. The memory blocks are generated by Artisan memory
compiler and consume 5.29 mW. The total power consumption is 9.17 mW for the proposed
design. When comparing the proposed GICam-II image compressor with our previous GICam
one in Table 6, the power dissipation can further save 38.5% under the approximate condition
of quality degradation and compression ratio because of the reduction of memory requirement
for G1, G2 and B components.

The GICam-II compressor has poorer image reconstruction than JPEG and our previous
GICam one because the GICam-II compressor uses the subsample scheme to down sample
green and blue components according to the 2:1 and the 4:1 subsample ratios. The raw data
before compression has lost some raw data information. Hence, the decoded raw data should
be reconstructed (the first interpolation) before reconstructing the color images (the second
interpolation). Using two level interpolations to reconstruct the color images has poorer image
quality than one level interpolation. Fortunately, the decoded image quality using GICam-II
compressor can be accepted and suitable for practical diagnosis and the evaluation results of
professional gastroenterology doctors can be shown in the last subsection.

Finally, we compare the GICam-II image processor with other works and the comparison
results are shown in the Table 7. According to the comparison results, our proposed GICam-II
image compressor has lower area and lower operation frequency. It can fit into the existing
designs.

3. Rank-Order Filtering (ROF) with a maskable memory

Rank-order filtering (ROF), or order-statistical filtering, has been widely applied for various
speech and image processing applications [1]-[6]. Given a sequence of input samples
{xi−k, xi−k+1, ..., xi, ..., xi+l}, the basic operation of rank order filtering is to choose the r-th
largest sample as the output yi, where r is the rank-order of the filter. This type of
ROF is normally classified as the non-recursive ROF . Another type of ROF is called the
recursive ROF. The difference between the recursive ROF and the non-recursive ROF is that
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Fig. 14. The FPGA prototype of the GICam-II image compressor.

JPEG GICam Proposed GICam-II
designed by image compressor image compressor

(19) (11)
Average
PSNRY 46.37 dB 41.99 dB 40.73 dB
Average

compression 82.20% 79.65% 82.28%
rate

Average
power 876mW 14.92 mW 9.17 mW

dissipation

Table 6. The comparison Result with Previous GICam Works

Area Frequency Power Supply Voltage
(MHz) (mW) (V)

GICam image 390k 12.58 14.92 1.8
compressor (11) (evaluated)
X.Xie et al.(12)* 12600k 40.0 6.2 1.8

(measured)
K.Wahid et al. (13) 325k 150 10 1.8

(evaluated)
X.Chen et al.(14)* 11200k 20 1.3 0.95

(measured)
Proposed GICam-II 318k 7.96 9.17 1.8
image compressor (evaluated)

* includes analog and transmission circuit and SRAM

Table 7. The Comparison Results with Existing Works
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the input sequence of the recursive ROF is {yi−k, yi−k+1, ..., yi−1, xi , ..., xi+l}. Unlike linear
filtering, ROF can remove sharp discontinuities of small duration without blurring the original
signal; therefore, ROF becomes a key component for signal smoothing and impulsive noise
elimination. To provide this key component for various signal processing applications, we
intend to design a configurable rank-order filter that features low cost and high speed.

Many approaches for hardware implementation of rank-order filtering have been presented
in the past decades [8, 10-24]. Many of them are based on sorting algorithm [11, 22, 23,
25-28]. They considered the operation of rank-order filtering as two steps: sorting and
choosing. Papers [10, 19] have proposed systolic architectures for rank-order filtering based
on sorting algorithms, such as bubble sort and bitonic sort. These architectures are fully
pipelined for high throughput rate at the expense of latency, but require a large number
of compare-swap units and registers. To reduce the hardware complexity, papers [8, 12,
14, 15, 29-32] present linear-array structures to maintain samples in sorted order. For a
sliding window of size N, the linear-array architectures consist of N processing elements and
require three steps for each iteration: finding the proper location for new coming sample,
discarding the eldest one, and moving samples between the newest and eldest one position.
The three-step procedure is called delete-and-insert (DI). Although the hardware complexity
is reduced to O(N), they require a large latency for DI steps. Paper [31] further presents a
micro-programmable processor for the implementations of the median-type filters. Paper [20]
presents a parallel architecture using two-phase design to improve the operating speed. In this
paper, they first modified the traditional content-addressable memory (CAM) to a shiftable
CAM (SCAM) processor with shiftable memory cells and comparators. Their architecture can
take advantages of CAM for parallelizing the DI procedure. Then, they use two-phase design
to combine delete and insert operations. Thereafter, the SCAM processor can quickly finish DI
operations in parallel. Although the SCAM processor has significantly increased the speed of
the linear-array architecture, it can only process a new sample at a time and cannot efficiently
process 2-D data. For a window of size n-by-n, the SCAM processor needs n DI procedures for
each filtering computation. To have an efficient 2-D rank-order filter, papers [12, 27] present
solutions for 2-D rank-order filtering at the expense of area.

In addition to the sorting algorithm, the paper [35] applies the threshold decomposition
technique for rank-order filtering. To simplify the VLSI complexity, the proposed approach
uses three steps : decomposition, binary filtering, and recombination. The proposed approach
significantly reduce the area complexity from exponential to linear. Papers [10, 13, 16-18, 21,
33, 34] employ the bit-sliced majority algorithm for median filtering, the most popular type of
rank-order filtering. The bit-sliced algorithm [36, 37] bitwisely selects the ranked candidates
and generates the ranked result one bit at a time. Basically, the bit-sliced algorithm for median
filtering recursively executes two steps: majority calculation and polarization. The majority
calculation, in general, dominates the execution time of median filtering. Papers [10], [17]
and [37] present logic networks for implementation of majority calculation. However, the
circuits are time-consuming and complex so that they cannot take full advantages of bit-sliced
algorithm. Some papers claim that this type of algorithm is impractical for logic circuit
implementation because of its exponential complexity [31]. Paper [21] uses an inverter as
a voter for majority calculation. It significantly improves both cost and processing speed, but
the noise margin will become narrow as the number of inputs increases. The narrow noise
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Fig. 14. The FPGA prototype of the GICam-II image compressor.
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the input sequence of the recursive ROF is {yi−k, yi−k+1, ..., yi−1, xi , ..., xi+l}. Unlike linear
filtering, ROF can remove sharp discontinuities of small duration without blurring the original
signal; therefore, ROF becomes a key component for signal smoothing and impulsive noise
elimination. To provide this key component for various signal processing applications, we
intend to design a configurable rank-order filter that features low cost and high speed.

Many approaches for hardware implementation of rank-order filtering have been presented
in the past decades [8, 10-24]. Many of them are based on sorting algorithm [11, 22, 23,
25-28]. They considered the operation of rank-order filtering as two steps: sorting and
choosing. Papers [10, 19] have proposed systolic architectures for rank-order filtering based
on sorting algorithms, such as bubble sort and bitonic sort. These architectures are fully
pipelined for high throughput rate at the expense of latency, but require a large number
of compare-swap units and registers. To reduce the hardware complexity, papers [8, 12,
14, 15, 29-32] present linear-array structures to maintain samples in sorted order. For a
sliding window of size N, the linear-array architectures consist of N processing elements and
require three steps for each iteration: finding the proper location for new coming sample,
discarding the eldest one, and moving samples between the newest and eldest one position.
The three-step procedure is called delete-and-insert (DI). Although the hardware complexity
is reduced to O(N), they require a large latency for DI steps. Paper [31] further presents a
micro-programmable processor for the implementations of the median-type filters. Paper [20]
presents a parallel architecture using two-phase design to improve the operating speed. In this
paper, they first modified the traditional content-addressable memory (CAM) to a shiftable
CAM (SCAM) processor with shiftable memory cells and comparators. Their architecture can
take advantages of CAM for parallelizing the DI procedure. Then, they use two-phase design
to combine delete and insert operations. Thereafter, the SCAM processor can quickly finish DI
operations in parallel. Although the SCAM processor has significantly increased the speed of
the linear-array architecture, it can only process a new sample at a time and cannot efficiently
process 2-D data. For a window of size n-by-n, the SCAM processor needs n DI procedures for
each filtering computation. To have an efficient 2-D rank-order filter, papers [12, 27] present
solutions for 2-D rank-order filtering at the expense of area.

In addition to the sorting algorithm, the paper [35] applies the threshold decomposition
technique for rank-order filtering. To simplify the VLSI complexity, the proposed approach
uses three steps : decomposition, binary filtering, and recombination. The proposed approach
significantly reduce the area complexity from exponential to linear. Papers [10, 13, 16-18, 21,
33, 34] employ the bit-sliced majority algorithm for median filtering, the most popular type of
rank-order filtering. The bit-sliced algorithm [36, 37] bitwisely selects the ranked candidates
and generates the ranked result one bit at a time. Basically, the bit-sliced algorithm for median
filtering recursively executes two steps: majority calculation and polarization. The majority
calculation, in general, dominates the execution time of median filtering. Papers [10], [17]
and [37] present logic networks for implementation of majority calculation. However, the
circuits are time-consuming and complex so that they cannot take full advantages of bit-sliced
algorithm. Some papers claim that this type of algorithm is impractical for logic circuit
implementation because of its exponential complexity [31]. Paper [21] uses an inverter as
a voter for majority calculation. It significantly improves both cost and processing speed, but
the noise margin will become narrow as the number of inputs increases. The narrow noise

263Study on Low-Power Image Processing for Gastrointestinal Endoscopy



22 Will-be-set-by-IN-TECH

margin makes the implementation impractical and limits the configurability of rank-order
filtering.

Instead of using logic circuits, this paper presents a novel memory architecture for rank-order
filtering based on a generic rank-order filtering algorithm. The maskable memory structure,
called dual-cell random-access memory (DCRAM), is an extended SRAM structure with
maskable registers and dual cells. The maskable registers allow the architecture to selectively
read or write bit-slices, and hence speed up "parallel read" and "parallel polarization" tasks.
The control of maskable registers is driven by a long-instruction-word (LIW) instruction set.
The LIW makes the proposed architecture programmable for various rank-order filtering
algorithms, such as recursive and non-recursive ROFs. The proposed architecture has been
implemented using TSMC 0.18um 1P6M technology and successfully applied for 1-D/2-D
ROF applications. For 9-point 1-D and 3-by-3 2-D ROF applications, the core size is
356.1 × 427.7um2. As shown in the post-layout simulation, the DCRAM-based processor can
operate at 290 MHz for 3.3V supply and 256 MHz for 1.8V supply. For image processing, the
performance of the proposed processor can process video clips of SVGA format in real-time.

3.1 The generic bit-sliced rank-order filtering algorithm

Let Wi={xi−k, xi−k+1, ..., xi, ..., xi+l} be a window of input samples. The binary code of each
input xj is denoted as uB−1

j · · · u1
j u0

j . The output yi of the r-th order filter is the r-th largest

sample in the input window Wi, denoted as vB−1
i · · · v1

i v0
i . The algorithm sequentially

determines the r-th order value bit-by-bit starting from the most significant bit (MSB) to the
least significant bit (LSB). To start with, we first count 1’s from the MSB bit-slice of input
samples and use ZB−1 to denote the result. The b-th bit-slice of input samples is defined
as ub

i−kub
i−k+1 . . . ub

i . . . ub
i+l. If ZB−1 is greater than or equal to r, then vB−1

i is 1; otherwise,
vB−1

i is 0. Any input sample whose MSB has the same value as vB−1
i is considered as one

of candidates of the r-th order sample. On the other hand, if the MSB of an input sample is
not equal to vB−1

i , the input sample will be considered as a non-candidate. Non-candidates
will be then polarized to either the largest or smallest value. If the MSB of an input sample
xj is 1 and vB−1

i is 0, the rest bits (or lower bits) of xj are set to 1’s. Contrarily, if the MSB of
an input sample xj is 0 and vB−1

i is 1, the rest bits (or lower bits) of xj are set to 0’s. After
the polarization, the algorithm counts 1’s from the consecutive bit-slice and then repeats the
polarization procedure. Consequently, the r-th order value can be obtained by recursively
iterating the steps bit-by-bit. The following pseudo code illustrates the generic bit-sliced
rank-order filtering algorithm:

Given the input samples, the window size N=l+k+1, the bitwidth B and the rank r, do:

Step 1: Set b=B-1.

Step 2: (Bit counting)

Calculate Zb from {ub
i−k, ub

i−k+1, . . . , ub
i , . . . , ub

i+l}.

Step 3: (Threshold decomposition)

If Zb ≥ r,vb
i =1; otherwise vb

i =0.
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Step 4: (Polarization)

If ub
j �= vb

i , um
j = ub

j for 0 ≤ m ≤ b − 1 and i − k ≤ j ≤ i + l

Step 5: b=b-1.

Step 6: If b ≥ 0 go to Step 2.

Step 7: Output yi.

Fig.15 illustrates a bit-sliced ROF example for N=7, B=4, and r=1. Given that the input samples
are 7(01112), 5(01012), 11(10112), 14(11102), 2(00102), 8(10002), and 3(00112), the generic
algorithm will produce 14(11102) as the output result. At the beginning, the "Bit counting"
step will calculate the number of 1’s at MSBs, which is 3. Since the number of 1’s is greater
than r, the "Threshold decomposition" step sets the MSB of yi to ’1’. Then, the "Polarization"
step will consider the inputs with u3

j = 1 as candidates of the ROF output and polarize the
lower bits of the others to all 0’s. After repeating the above steps with decreasing b, the output
yi will be 14(11102).

3.2 The dual-cell RAM architecture for rank-order filtering

As mentioned above, the generic rank-order filtering algorithm generates the rank-order
value bit-by-bit without using complex sorting computations. The main advantage of this
algorithm is that the calculation of rank-order filtering has low computational complexity
and can be mapped to a highly parallel architecture. In the algorithm, there are three main
tasks: bit counting, threshold decomposition, and polarization. To have these tasks efficiently
implemented, this paper presents an ROF processor based on a novel maskable memory
architecture, as shown in Fig.16. The memory structure is highly scalable with the window
size increasing, by simply adding memory cells. Furthermore, with the instruction decoder
and maskable memory, the proposed architecture is programmable and flexible for different
kinds of ROFs.

The dual-cell random-access memory (DCRAM) plays a key role in the proposed ROF
architecture. In the DCRAM, there are two fields for reusing the input data and pipelining the
filtering process. For the one-dimensional (1-D) ROF, the proposed architecture receives one
sample at a time. For the n-by-n two-dimensional (2-D) ROF, the architecture reads n samples
into the input window within a filtering iteration. To speed up the process of rank-order
filtering and pipeline the data loading and filtering calculation, the data field loads the input
data while the computing field is performing bit-sliced operations. Hence, the execution
of the architecture has two pipeline stages: data fetching and rank-order calculation. In
each iteration, the data fetching first loads the input sample(s) into the data field and then
makes copies from the data field to the computing field. After having the input window in
the computing field, the rank-order calculation bitwisely accesses the computing field and
executes the ROF tasks.

The computing field is in the maskable part of DCRAM. The maskable part of DCRAM
performs parallel reads for bit counting and parallel writes for polarization. The read-mask
register (RMR) is configured to mask unwanted bits of the computing field during read
operation. The value of RMR is one-hot-encoded so that the bit-sliced values can be read from
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margin makes the implementation impractical and limits the configurability of rank-order
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as ub

i−kub
i−k+1 . . . ub

i . . . ub
i+l. If ZB−1 is greater than or equal to r, then vB−1

i is 1; otherwise,
vB−1

i is 0. Any input sample whose MSB has the same value as vB−1
i is considered as one

of candidates of the r-th order sample. On the other hand, if the MSB of an input sample is
not equal to vB−1

i , the input sample will be considered as a non-candidate. Non-candidates
will be then polarized to either the largest or smallest value. If the MSB of an input sample
xj is 1 and vB−1

i is 0, the rest bits (or lower bits) of xj are set to 1’s. Contrarily, if the MSB of
an input sample xj is 0 and vB−1

i is 1, the rest bits (or lower bits) of xj are set to 0’s. After
the polarization, the algorithm counts 1’s from the consecutive bit-slice and then repeats the
polarization procedure. Consequently, the r-th order value can be obtained by recursively
iterating the steps bit-by-bit. The following pseudo code illustrates the generic bit-sliced
rank-order filtering algorithm:

Given the input samples, the window size N=l+k+1, the bitwidth B and the rank r, do:

Step 1: Set b=B-1.

Step 2: (Bit counting)

Calculate Zb from {ub
i−k, ub

i−k+1, . . . , ub
i , . . . , ub

i+l}.

Step 3: (Threshold decomposition)

If Zb ≥ r,vb
i =1; otherwise vb

i =0.
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Step 4: (Polarization)

If ub
j �= vb

i , um
j = ub

j for 0 ≤ m ≤ b − 1 and i − k ≤ j ≤ i + l

Step 5: b=b-1.

Step 6: If b ≥ 0 go to Step 2.

Step 7: Output yi.

Fig.15 illustrates a bit-sliced ROF example for N=7, B=4, and r=1. Given that the input samples
are 7(01112), 5(01012), 11(10112), 14(11102), 2(00102), 8(10002), and 3(00112), the generic
algorithm will produce 14(11102) as the output result. At the beginning, the "Bit counting"
step will calculate the number of 1’s at MSBs, which is 3. Since the number of 1’s is greater
than r, the "Threshold decomposition" step sets the MSB of yi to ’1’. Then, the "Polarization"
step will consider the inputs with u3

j = 1 as candidates of the ROF output and polarize the
lower bits of the others to all 0’s. After repeating the above steps with decreasing b, the output
yi will be 14(11102).

3.2 The dual-cell RAM architecture for rank-order filtering

As mentioned above, the generic rank-order filtering algorithm generates the rank-order
value bit-by-bit without using complex sorting computations. The main advantage of this
algorithm is that the calculation of rank-order filtering has low computational complexity
and can be mapped to a highly parallel architecture. In the algorithm, there are three main
tasks: bit counting, threshold decomposition, and polarization. To have these tasks efficiently
implemented, this paper presents an ROF processor based on a novel maskable memory
architecture, as shown in Fig.16. The memory structure is highly scalable with the window
size increasing, by simply adding memory cells. Furthermore, with the instruction decoder
and maskable memory, the proposed architecture is programmable and flexible for different
kinds of ROFs.

The dual-cell random-access memory (DCRAM) plays a key role in the proposed ROF
architecture. In the DCRAM, there are two fields for reusing the input data and pipelining the
filtering process. For the one-dimensional (1-D) ROF, the proposed architecture receives one
sample at a time. For the n-by-n two-dimensional (2-D) ROF, the architecture reads n samples
into the input window within a filtering iteration. To speed up the process of rank-order
filtering and pipeline the data loading and filtering calculation, the data field loads the input
data while the computing field is performing bit-sliced operations. Hence, the execution
of the architecture has two pipeline stages: data fetching and rank-order calculation. In
each iteration, the data fetching first loads the input sample(s) into the data field and then
makes copies from the data field to the computing field. After having the input window in
the computing field, the rank-order calculation bitwisely accesses the computing field and
executes the ROF tasks.

The computing field is in the maskable part of DCRAM. The maskable part of DCRAM
performs parallel reads for bit counting and parallel writes for polarization. The read-mask
register (RMR) is configured to mask unwanted bits of the computing field during read
operation. The value of RMR is one-hot-encoded so that the bit-sliced values can be read from
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Fig. 15. An example of the generic bit-sliced ROF algorithm for N=7, B=4, and r=1.

the memory in parallel. The bit-sliced values will then go to the Level-Quantizer for threshold
decomposition. When the ROF performs polarization, the write-mask register (WMR) is
configured to mask untouched bits and allow the polarization selector (PS) to polar lower bits
of noncandidate samples. Since the structure of memory circuits is regular and the maskable
scheme provides fast logic operations, the maskable memory structure features low cost and
high speed. It obviously outperforms logic networks on implementation of bit counting and
polarization.

To start with the algorithm, the RMR is one-hot-masked according to the value b in the generic
algorithm and then the DCRAM outputs a bit-sliced value {ub

i−k, ub
i−k+1, . . . , ub

i , . . . , . . . ub
i+l}

on “c d”. The bit-sliced value will go to both the Level-Quantizer and PS. The Level-Quantizer
performs the Step 2 and Step 3 by summing up bits of the bit-sliced value to Zb and comparing
Zb with the rank value r. The rank value r is stored in the rank register (RR). The bitwidth w
of Zb is �logN

2 �. Fig.17 illustrates the block diagram of the Level-Quantizer, where FA denotes
the full adder and HA denotes the half adder. The signals “S” and “C” of each FA or HA
represent sum and carry, respectively. The circuit in the dash-lined box is a comparator. The
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comparator is implemented by a carry generator because the comparison result of Zb and r
can be obtained from the carry output of Zb plus the two’s complement of r. The carry output
is the quantized value of the Level-Quantizer.
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Normally, the comparison can be made by subtracting r from Zb. Since Zb and r are unsigned
numbers, to perform the subtraction, both numbers have to reformat to two’s complement
numbers by adding a sign bit. In this paper, the reformated numbers of Zb and r are expressed
as Zb,S and rS, respectively. Since both numbers are positive, their sign bits are equal to
’0’. If Zb,S is less than rS, the result of subtraction, Δ, will be negative; that is, the sign
bit (or MSB) of Δ is ’1’. Eq.34 shows the inequation of the comparison, where rS denotes
the one’s complement of rS and 1 denotes (00 . . . 01)2. Because the MSB of Zb,S is ’0’ and

the MSB of rS is ’1’, to satisfy Eq.34, the carry of Zw−1
b,S + rw−1

S must be equal to ’0’ so that
the sign bit of Δ becomes ’1’. To simplify the comparison circuit, instead of implementing

an adder, we use the carry generator to produce the carry of Zw−1
b,S + rw−1

S . Each cell of the
carry generator is a majority (Maj) circuit that performs the boolean function shown in Eq.35.
Furthermore, we use an OR gate at the LSB stage because of Eq.36. Thus, the dash-lined box
is an optimized solution for comparison of Zb and r without implementing the bit-summation
and signed-extension parts.

Δ = Zb,S + rS + 1 < 0. (34)

Maj(A, B, C) = AB + BC + AC. (35)

Z0
b · r0 + Z0

b · 1 + 1 · r0 = Z0
b + r0. (36)

After the Level-Quantizer finishes the threshold decomposition, the quantized value goes to
the LSB of the shift register, “sr[0]”. Then, the polarization selector (PS) uses exclusive ORs
(XORs) to determine which words should be polarized, as shown in Fig.18. Obviously, the
XORs can examine the condition of ub

j �= vb
i and select the word-under-polarization’s (WUPs)

accordingly. When “c wl” is ’1’, the lower bits of selected words will be polarized; the lower
bits are selected by WMR. According to the Step 4, the polarized value is ub

j which is the

inversion of vb
i . Since vb

i is the value of sr[0], we inverse the value of “sr[0]” to “c in”, as
shown in Fig.16.

As seen in the generic algorithm, the basic ROF repeatedly executes Bit-counting, Threshold
decomposition, and Polarization until the LSB of the ROF result being generated. Upon
executing B times of three main tasks, the ROF will have the result in the Shift Register. A cycle
after, the result will then go to the output register (OUTR). Doing so, the proposed architecture
is able to pipeline the iterations for high-performance applications.

3.3 Implementation of dual-cell random-access memory

Fig.19 illustrates a basic element of DCRAM. Each element has two cells for data field and
computing field, respectively. The data cell is basically an SRAM cell with a pair of bitlines.
The SRAM cell is composed of INV1 and INV2 and stores a bit of input sample addressed
by the wordline “d wl[i]”. The computing cell performs three tasks: copy, write, and read.
When the copy-line “cp” is high, through INV5 and INV6, the pair of INV3 and INV4 will
have the copy of the 1-bit datum in the data cell. The copy operation is unidirectional, and
the pair of INV5 and INV6 can guarantee this directivity. When the one-bit value stored in
the computing cell needs to be polarized, the “wm[j]” and “c wl[i]” will be asserted, and
the computing cell will perform the write operation according to the pair of bitlines “c bl[j]”
and “c_bl[j]”. When the ROF reads the bit-sliced value, the computing cell uses an NMOS,
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Fig. 18. The polarization selector (PS).

gated by “rm[j]”, to output the complement value of the stored bit to the dataline “c_d[i]”.
The datalines of computing cells of each word will be then merged as a single net. Since the
RMR is one-hot configured, each word has only a single bit being activated during the read
operation.

As shown in Fig.20, the dataline “c_d[i]” finally goes to an inverter to pull up the weak ’1’,
which is generated by the “rm[j]”-gated NMOS, and hence the signal “c d[i]” has the value
of the i-th bit of each bit-slice. Because the ROF algorithm polarizes the non-candidate words
with either all zeros or all ones, the bitline pairs of computing cells are merged as a single pair
of “c in” and “c_in”.

Fig.21 illustrates the implementation of DCRAM with the floorplan. Each Di − Ci pair is a
maskable memory cell where Di denotes D_cell(i) and Ci denotes C_cell(i). Each word is split
into higher and lower parts for reducing the memory access time and power dissipation (64).
The control block is an interface between control signals and address decoder. It controls
wordlines and bitlines of DCRAM. When the write signal “wr” is not asserted, the control
block will disassert all wordlines by the address decoder.
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Fig. 20. A DCRAM word mixing data field and computing field. D_cell(i) denotes the data
field of i-th bit and C_cell(i) denotes the computing field of i-th bit.

3.4 Instruction set of proposed ROF processor

The proposed ROF processor is a core for the impulsive noise removal and enabled by
an instruction sequencer. Fig.22 illustrates the conceptual diagram of the ROF processor.
The instruction sequencer is used for the generation of instruction codes and the control
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of input/output streams. The instruction sequencer can be a microprocessor or dedicated
hardware.

Instruction
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Fig. 22. The conceptual diagram of the ROF processor.

Fig.23 lists the format of the instruction set. An instruction word contains two subwords:
the data field instruction and the computing field instruction. Each instruction cycle can
concurrently issue two field instructions for parallelizing the data preparation and ROF
execution; hence, the proposed processor can pipeline ROF iterations. When one of the field
instructions performs “no operation”, DF_NULL or CF_NULL will be issued. All registers in
the architecture are updated a cycle after instruction issued.

The instruction SET resets all registers and set the rank register RR for a given rank-order
r. The instruction LOAD loads data from “d_in” by asserting “wr” and setting “addr”. The
instruction COPY/DONE can perform the “COPY” operation or “DONE” operation. When the
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field of i-th bit and C_cell(i) denotes the computing field of i-th bit.

3.4 Instruction set of proposed ROF processor

The proposed ROF processor is a core for the impulsive noise removal and enabled by
an instruction sequencer. Fig.22 illustrates the conceptual diagram of the ROF processor.
The instruction sequencer is used for the generation of instruction codes and the control
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of input/output streams. The instruction sequencer can be a microprocessor or dedicated
hardware.
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Fig. 22. The conceptual diagram of the ROF processor.

Fig.23 lists the format of the instruction set. An instruction word contains two subwords:
the data field instruction and the computing field instruction. Each instruction cycle can
concurrently issue two field instructions for parallelizing the data preparation and ROF
execution; hence, the proposed processor can pipeline ROF iterations. When one of the field
instructions performs “no operation”, DF_NULL or CF_NULL will be issued. All registers in
the architecture are updated a cycle after instruction issued.

The instruction SET resets all registers and set the rank register RR for a given rank-order
r. The instruction LOAD loads data from “d_in” by asserting “wr” and setting “addr”. The
instruction COPY/DONE can perform the “COPY” operation or “DONE” operation. When the

271Study on Low-Power Image Processing for Gastrointestinal Endoscopy



30 Will-be-set-by-IN-TECH

bit value of c is ’1’, the DCRAM will copy a window of input samples from the data field to the
computing field. When the bit value of d is ’1’, the DCRAM wraps up an iteration by asserting
“en” and puts the result into OUTR.

The instruction P_READ is issued when the ROF algorithm executes bit-sliced operations. The
field <mask> of P_READ is one-hot coded. It allows the DCRAM to send a bit-slice to the
Level-Quantizer and PS for the Threshold decomposition task. The instruction P_WRITE is issued
when the ROF algorithm performs the Polarization task. The field <mask> of P_WRITE is
used to set a consecutive sequence of 1’s. The sequence can mask out the higher bits for
polarization.

maskc_modeaddress, rank-order,
or control code

d_mode
078910131415

data field instruction computer field instruction

S ET <rank>

rank-order value0 0
10131415

LOAD <address>

addr ess0 1
10131415

C OPY/DONE

1 1 c d1 0
10131415

DF_NULL

1 1 1 11 1
10131415

P_R EAD <mask>

mask0 0
0789

P_WRITE <mask>

mask0 1
0789

C F_NULL

1 1 1 1 1 1 1 11 1
0789

c=1, copy; d=1, done

Fig. 23. The format of the instruction set.

To generate instructions to the ROF processor, the complete 1-D non-recursive ROF circuit
includes an instruction sequencer, as shown in Fig.24.

Since the instruction set is in the format of long-instruction-word (LIW), the data fetching and
ROF computing can be executed in parallel. So, the generated instruction stream can pipeline
the ROF iterations, and the data fetching is hidden in each ROF latency. Fig.25 shows the
reservation table of the 1-D ROF example. As seen in the reservation table, the first iteration
and the second iteration are overlapped at the seventeenth, eighteenth and nineteenth clock
steps. At the seventeenth clock step, the second iteration starts with loading a new sample
while the first iteration processes the LSB bit-slice. At the eighteenth clock step, the second
iteration copies samples from the data field to the computing field, and reads the MSB bit-slice.
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Fig. 25. Reservation table of the 1-D non-recursive ROF.

At the same time, the first iteration prepares the first ROF result for OUTR. At the nineteenth
clock step, the first iteration sends the result out while the second iteration performs the first
polarization. Thus, the iteration period for each iteration is 15 cycles.

3.5 Application of the proposed ROF processor

In Section 3.4, we use 1-D non-recursive ROF as an example to show the programming of
the proposed ROF processor. Due to the programmable design, the proposed ROF processor
can implement a variety of ROF applications. The following subsections will illustrate the
optimized programs for three examples: 1-D RMF, 2-D non-recursive ROF, and 2-D RMF.

3.6 1-D recursive median filter

The recursive median filtering (RMF) has been proposed for signal smoothing and impulsive
noise elimination. It can effectively remove sharp discontinuities of small duration without
blurring the original signal. The RMF recursively searches for the median results from the
most recent median values and input samples. So, the input window of RMF can be denoted
as {yi−k, yi−k+1, ..., yi−1, xi, ..., xi+l}, where yi−k, yi−k+1, ..., yi−1 are the most recent median
values and xi , ..., xi+l are the input samples, and the result yi is the �(l + k + 1)/2�-th value of
the input window.

Fig.26 demonstrates the implementation of the 1-D RMF. To recursively perform RMF with
previous median values, the i-th iteration of 1-D RMF loads two inputs to the DCRAM; one
is xi+l and the other is yi−1. As shown in Fig.26, the 2-to-1 multiplexer is used to switch the
input stream to the data field, controlled by the instruction sequencer; the input stream is from
either “d_in” or “d_out”. When the proposed ROF processor receives the input stream, the
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bit value of c is ’1’, the DCRAM will copy a window of input samples from the data field to the
computing field. When the bit value of d is ’1’, the DCRAM wraps up an iteration by asserting
“en” and puts the result into OUTR.

The instruction P_READ is issued when the ROF algorithm executes bit-sliced operations. The
field <mask> of P_READ is one-hot coded. It allows the DCRAM to send a bit-slice to the
Level-Quantizer and PS for the Threshold decomposition task. The instruction P_WRITE is issued
when the ROF algorithm performs the Polarization task. The field <mask> of P_WRITE is
used to set a consecutive sequence of 1’s. The sequence can mask out the higher bits for
polarization.
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Fig. 23. The format of the instruction set.

To generate instructions to the ROF processor, the complete 1-D non-recursive ROF circuit
includes an instruction sequencer, as shown in Fig.24.

Since the instruction set is in the format of long-instruction-word (LIW), the data fetching and
ROF computing can be executed in parallel. So, the generated instruction stream can pipeline
the ROF iterations, and the data fetching is hidden in each ROF latency. Fig.25 shows the
reservation table of the 1-D ROF example. As seen in the reservation table, the first iteration
and the second iteration are overlapped at the seventeenth, eighteenth and nineteenth clock
steps. At the seventeenth clock step, the second iteration starts with loading a new sample
while the first iteration processes the LSB bit-slice. At the eighteenth clock step, the second
iteration copies samples from the data field to the computing field, and reads the MSB bit-slice.
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At the same time, the first iteration prepares the first ROF result for OUTR. At the nineteenth
clock step, the first iteration sends the result out while the second iteration performs the first
polarization. Thus, the iteration period for each iteration is 15 cycles.

3.5 Application of the proposed ROF processor

In Section 3.4, we use 1-D non-recursive ROF as an example to show the programming of
the proposed ROF processor. Due to the programmable design, the proposed ROF processor
can implement a variety of ROF applications. The following subsections will illustrate the
optimized programs for three examples: 1-D RMF, 2-D non-recursive ROF, and 2-D RMF.

3.6 1-D recursive median filter

The recursive median filtering (RMF) has been proposed for signal smoothing and impulsive
noise elimination. It can effectively remove sharp discontinuities of small duration without
blurring the original signal. The RMF recursively searches for the median results from the
most recent median values and input samples. So, the input window of RMF can be denoted
as {yi−k, yi−k+1, ..., yi−1, xi, ..., xi+l}, where yi−k, yi−k+1, ..., yi−1 are the most recent median
values and xi , ..., xi+l are the input samples, and the result yi is the �(l + k + 1)/2�-th value of
the input window.

Fig.26 demonstrates the implementation of the 1-D RMF. To recursively perform RMF with
previous median values, the i-th iteration of 1-D RMF loads two inputs to the DCRAM; one
is xi+l and the other is yi−1. As shown in Fig.26, the 2-to-1 multiplexer is used to switch the
input stream to the data field, controlled by the instruction sequencer; the input stream is from
either “d_in” or “d_out”. When the proposed ROF processor receives the input stream, the
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program will arrange the data storage as shown in Fig.26. The date storage shows the data
reusability of the proposed ROF processor.
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Fig. 26. Block diagram of the 1-D RMF.

As mentioned above, the input stream to the DCRAM comes from either “d_in"" or
“d_out"". The statements of “set input_sel, 0;” and “set input_sel, 1;” can
assert the signal “input_sel” to switch the input source accordingly. The statements of
“LOAD i, CF_NULL;” and “LOAD i, CF_NULL;” is employed for the data stream, as per
Fig.27. As seen in Fig.28, the throughput rate is limited by the recursive execution of the 1-D
RMF; that is, the second iteration cannot load the newest median value until the first iteration
generates the result to the output. However, we still optimized the throughput rate as much as
possible. At the twentieth clock step, the program overlaps the first iteration and the second
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Fig. 27. The flow for data storage of the 1-D RMF.
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iteration so that the data fetching and result preparing can be run at the same time. As the
result, the sample period is 18 cycles.
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1

Fig. 28. Reservation table of the 1-D RMF.

3.6.1 2-D non-recursive rank-order filter

Fig.29 illustrates the block diagram for the 2-D non-recursive ROF. From Fig.30, each iteration
needs to update three input samples (the pixels in the shadow region) for the 3 × 3 ROF; that
is, only n input samples need to be updated in each iteration for the n × n ROF. To reuse
the windowing data, the data storage is arranged as shown in Fig.31. So, for the 2-D ROF, the
data reusability of our process is high; each iteration updates only n input samples for an n× n
window. Given a 2-D n × n ROF application with n=3 and r=5, the optimized reservation table
can be scheduled as Fig.32.
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Fig. 29. Block diagram of the 2-D non-recursive ROF with 3-by-3 window.

3.6.2 2-D recursive median filter

Similar to the 1-D RMF, the two-dimensional(2-D) n-by-n RMF finds the median value from
the window formed by some previous-calculated median values and input values. Fig.33(a)
shows the content of the 3 × 3 window centered at (i, j). At the end of each iteration, the 2-D
3 × 3 RMF substitutes the central point of the current window with the median value. The
renewed point will then be used in the next iteration. The windowing for 2-D RMF iterations
is shown in Fig.33(b), where the triangles represent the previous-calculated median values and
the pixels in the shadow region are updated at the beginning of each iteration. According to
the windowing, Fig.34 illustrates the data storage for high degree of data reusability. Finally,
we can implement the 2-D RMF as the block diagram illustrated in Fig.35. Given a 2-D 3 × 3
RMF application, the optimized reservation table can be scheduled as Fig.36.
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program will arrange the data storage as shown in Fig.26. The date storage shows the data
reusability of the proposed ROF processor.
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As mentioned above, the input stream to the DCRAM comes from either “d_in"" or
“d_out"". The statements of “set input_sel, 0;” and “set input_sel, 1;” can
assert the signal “input_sel” to switch the input source accordingly. The statements of
“LOAD i, CF_NULL;” and “LOAD i, CF_NULL;” is employed for the data stream, as per
Fig.27. As seen in Fig.28, the throughput rate is limited by the recursive execution of the 1-D
RMF; that is, the second iteration cannot load the newest median value until the first iteration
generates the result to the output. However, we still optimized the throughput rate as much as
possible. At the twentieth clock step, the program overlaps the first iteration and the second
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iteration so that the data fetching and result preparing can be run at the same time. As the
result, the sample period is 18 cycles.
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Fig. 28. Reservation table of the 1-D RMF.

3.6.1 2-D non-recursive rank-order filter

Fig.29 illustrates the block diagram for the 2-D non-recursive ROF. From Fig.30, each iteration
needs to update three input samples (the pixels in the shadow region) for the 3 × 3 ROF; that
is, only n input samples need to be updated in each iteration for the n × n ROF. To reuse
the windowing data, the data storage is arranged as shown in Fig.31. So, for the 2-D ROF, the
data reusability of our process is high; each iteration updates only n input samples for an n× n
window. Given a 2-D n × n ROF application with n=3 and r=5, the optimized reservation table
can be scheduled as Fig.32.
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Fig. 29. Block diagram of the 2-D non-recursive ROF with 3-by-3 window.

3.6.2 2-D recursive median filter

Similar to the 1-D RMF, the two-dimensional(2-D) n-by-n RMF finds the median value from
the window formed by some previous-calculated median values and input values. Fig.33(a)
shows the content of the 3 × 3 window centered at (i, j). At the end of each iteration, the 2-D
3 × 3 RMF substitutes the central point of the current window with the median value. The
renewed point will then be used in the next iteration. The windowing for 2-D RMF iterations
is shown in Fig.33(b), where the triangles represent the previous-calculated median values and
the pixels in the shadow region are updated at the beginning of each iteration. According to
the windowing, Fig.34 illustrates the data storage for high degree of data reusability. Finally,
we can implement the 2-D RMF as the block diagram illustrated in Fig.35. Given a 2-D 3 × 3
RMF application, the optimized reservation table can be scheduled as Fig.36.
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Fig. 30. The windowing of the 3 × 3 non-recursive ROF.
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Fig. 31. The data storage of the 2-D non-recursive ROF.
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Fig. 32. Reservation table of the 2-D ROF.
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Fig. 33. (a) The content of the 3× 3 window centered at (i, j). (b) The windowing of the 2-D
RMF.

3.7 The fully-pipelined DCRAM-based ROF architecture

As seen in Section 3.5, the reservation tables are not tightly scheduled because the dependency
of bit-slicing read, threshold decomposition, and polarization forms a cycle. The dependency
cycle limits the schedulability of ROF tasks. To increase the schedulability, we further
extended the ROF architecture to a fully-pipelined version at the expense of area. The
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Fig. 30. The windowing of the 3 × 3 non-recursive ROF.
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Fig. 31. The data storage of the 2-D non-recursive ROF.
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Fig. 33. (a) The content of the 3× 3 window centered at (i, j). (b) The windowing of the 2-D
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3.7 The fully-pipelined DCRAM-based ROF architecture

As seen in Section 3.5, the reservation tables are not tightly scheduled because the dependency
of bit-slicing read, threshold decomposition, and polarization forms a cycle. The dependency
cycle limits the schedulability of ROF tasks. To increase the schedulability, we further
extended the ROF architecture to a fully-pipelined version at the expense of area. The
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Fig. 34. The data storage of 2-D RMF.
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Fig. 35. Block diagram of the 2-D RMF with 3-by-3 window.

fully-pipelined ROF architecture interleaves three ROF iterations with triple computing fields.
As shown in Fig. 37, there are three computing fields which process three tasks alternatively.
To have the tightest schedule, we pipelined the Level-Quantizer into two stages, LQ1 and
LQ2, so the loop (computing field, Level-Quantizer, Shift Register) has three pipeline stages
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Fig. 36. Reservation table of optimal pipeline for 2-D recursive median filter.
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Fig. 37. The fully-pipelined ROF architecture.

Since there exists three iterations being processed simultaneously, a larger memory is required
for two more iterations. Hence, we extended the DCRAM to an (N + 2δ)-word memory, where
N is the window size of ROF and δ is the number of updating samples for each iteration. The
value of δ is 1 for 1-D ROF, and n for 2-D n-by-n ROF. To correctly access the right samples
for each iteration, the signal “cm” is added to mask the unwanted samples during the copy
operation. In each computing field, the unwanted samples are stored as all zeros. Doing so,
the unwanted samples will not affect the rank-order results. Fig.38 illustrates the modified
computing cell for fully-pipelined ROF. The INV5 and INV6 are replaced with GATE1 and
GATE2. When “cm[i]” is ’0’ the computing cell will store ’0’; otherwise, the computing cell
will have the copy of the selected sample from the data cell. Finally, we use “cp”, “w_cf”, and
“r_cf” to selectively perform read, write, or copy on computing fields. To efficiently program
the fully-pipelined architecture, the instruction set is defined as shown in Fig.39. The fields
<c_c f> of COPY,<w_c f> of P_WRITE, and <r_c f> of P_READ are used to control “cp”, “w_cf”,
and “r_cf”. Given a 1-D non-recursive rank order filter application with N=9 and r=3, the
reservation table can be optimized as shown in Fig.40.
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fully-pipelined ROF architecture interleaves three ROF iterations with triple computing fields.
As shown in Fig. 37, there are three computing fields which process three tasks alternatively.
To have the tightest schedule, we pipelined the Level-Quantizer into two stages, LQ1 and
LQ2, so the loop (computing field, Level-Quantizer, Shift Register) has three pipeline stages
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Since there exists three iterations being processed simultaneously, a larger memory is required
for two more iterations. Hence, we extended the DCRAM to an (N + 2δ)-word memory, where
N is the window size of ROF and δ is the number of updating samples for each iteration. The
value of δ is 1 for 1-D ROF, and n for 2-D n-by-n ROF. To correctly access the right samples
for each iteration, the signal “cm” is added to mask the unwanted samples during the copy
operation. In each computing field, the unwanted samples are stored as all zeros. Doing so,
the unwanted samples will not affect the rank-order results. Fig.38 illustrates the modified
computing cell for fully-pipelined ROF. The INV5 and INV6 are replaced with GATE1 and
GATE2. When “cm[i]” is ’0’ the computing cell will store ’0’; otherwise, the computing cell
will have the copy of the selected sample from the data cell. Finally, we use “cp”, “w_cf”, and
“r_cf” to selectively perform read, write, or copy on computing fields. To efficiently program
the fully-pipelined architecture, the instruction set is defined as shown in Fig.39. The fields
<c_c f> of COPY,<w_c f> of P_WRITE, and <r_c f> of P_READ are used to control “cp”, “w_cf”,
and “r_cf”. Given a 1-D non-recursive rank order filter application with N=9 and r=3, the
reservation table can be optimized as shown in Fig.40.
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Fig. 38. A modified circuit of computing cell for fully-pipelined ROF.
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Fig. 39. The format of the extended instruction set for the fully-pipelined ROF architecture.
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Fig. 40. Reservation table of the 1-D non-recursive ROF for fully-pipelined ROF architecture.

3.8 Chip design and simulation results

To exercise the proposed architecture, we have implemented the ROF architecture, shown in
Fig.16, using TSMC 0.18 μm 1P6M technology. First, we verified the hardware in VHDL at the
behavior level. The behavior VHDL model is cycle-accurate. As the result of simulation, the
implementations of the above examples are valid. Fig.41 and Fig.42 demonstrate the results of
VHDL simulations for the 2-D ROF and RMF, respectively. Fig.41(a) is a noisy “Lena” image
corrupted by 8% of impulsive noise. After being processed by 2-D ROFs with r=4, 5, and 6,
the denoise results are shown in Fig.41(b), (c), and (d), respectively. Fig.42(a) is a noisy “Lena”

(a)                                (   b) 

(c)                                  (d) 

Fig. 41. Simulation results of a 2-D ROF application. (a) The noisy “Lena” image corrupted
by 8% of impulsive noise. (b) The “Lena” image processed by the 3 × 3 4th-order filtering. (c)
The “Lena” image processed by the 3 × 3 5th-order filtering. (d) The “Lena” image processed
by the 3 × 3 6th-order filtering.
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3.8 Chip design and simulation results

To exercise the proposed architecture, we have implemented the ROF architecture, shown in
Fig.16, using TSMC 0.18 μm 1P6M technology. First, we verified the hardware in VHDL at the
behavior level. The behavior VHDL model is cycle-accurate. As the result of simulation, the
implementations of the above examples are valid. Fig.41 and Fig.42 demonstrate the results of
VHDL simulations for the 2-D ROF and RMF, respectively. Fig.41(a) is a noisy “Lena” image
corrupted by 8% of impulsive noise. After being processed by 2-D ROFs with r=4, 5, and 6,
the denoise results are shown in Fig.41(b), (c), and (d), respectively. Fig.42(a) is a noisy “Lena”
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Fig. 41. Simulation results of a 2-D ROF application. (a) The noisy “Lena” image corrupted
by 8% of impulsive noise. (b) The “Lena” image processed by the 3 × 3 4th-order filtering. (c)
The “Lena” image processed by the 3 × 3 5th-order filtering. (d) The “Lena” image processed
by the 3 × 3 6th-order filtering.
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image corrupted by 9% of impulsive noise. After being processed by the 2-D 3 × 3 RMF, the
denoise result is shown in Fig.42(b). The results are the same as those of Matlab simulation.

(a)                                  (b) 

Fig. 42. Simulation results of a 2-D RMF application. (a) The noisy “Lena” image corrupted
by 9% of impulsive noise. (b) The “Lena” image processed by the 3× 3 RMF.

Upon verifying the proposed ROF processor using the cycle-accurate behavior model, we
then implemented the processor in the fully-custom design methodology. Because of high
regularity of memory, the proposed memory-based architecture saves the routing area while
comparing with the logic-based solutions. Fig.43 (a) shows the overall chip layout and the
dash-lined region is the core. The die size is 1063.57 × 1069.21μm2 and the pinout count is
40. Fig.43 (b) illustrates the detail layout of the ROF core. The core size is 356.1 × 427.7μm2

and the total transistor count is 3942. Fig.43 (c) illustrates the floorplan and placement. The
physical implementation has been verified by the post-layout simulation. Table 8 shows the
result of timing analysis, obtained from NanoSim. As seen in the table, the critical path is
the path 3 and the maximum clock rate can be 290 MHz at 3.3V and 256 MHz at 1.8V. As
the result of post-layout simulation, the power dissipation of the proposed ROF is quite low.
For the 1-D/2-D ROFs, the average power consumption of the core is 29mW at 290MHz or
7mW at 256MHz. The performance sufficiently satisfies the real-time requirement of video
applications in the formats of QCIF, CIF, VGA, and SVGA. The chip is submitting to Chip
Implementation Center (CIC), Taiwan for the fabrication.

Path Description 1.8V 3.3V
supply supply

1 From the output of RR to the input of the shift register. 1.2 ns 0.78 ns
2 From the output of RMR, thru DCRAM to the input of the PS. 1.8 ns 1.1 ns
3 From the output of RMR, thru DCRAM and the Level-Quantizer, 3.9 ns 3.44 ns

to the input of the shift register.
4 From the shift register, thru the inverter connected to “c_in”, 3.02 ns 1.96 ns

to the SRAM cell of the computing field.
5 From “d_in” to the SRAM cell of the data field. 3.05 ns 1.85 ns
6 From the SRAM cell of the data field to the SRAM cell of 1.24 ns 1.09 ns

the computing field.

Table 8. Timing analysis of the proposed ROF processor.
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Fig. 43. The result of chip design using TSMC 0.18um 1P6M technology. (a) The chip layout
of proposed rank-order filter. (b) The core of the proposed ROF processor. (c) The floorplan
and placement of (b). (1: Instruction decoder; 2: Reset circuit, 3: WMR, 4: RMR, 5: RR, 6:
DCRAM, 7: PS; 8: Level Quantizer; 9: Shift Register; 10: OUTR.)

Furthermore, We have successfully built a prototype which is composed of a FPGA board and
DCRAM chips to validate the proposed architecture before fabricating the custom designed
chip. The FPGA board is made by Altera and the FPGA type is APEX EP20K. The FPGA
board can operate at 60 MHz at the maximum. The DCRAM chip was designed by full-custom
CMOS technology. Fig.44(a) shows the micrograph of the DCRAM chip. The chip implements
a subword part of DCRAM and the Fig.44(b) illustrates the chip layout. The fabricated
DCRAM chip was layouted by full-custom design flow using TSMC 0.35 2P4M technology.
As shown in Fig.45, with the supply voltage of 3.3V, the DCRAM chip can operate at 25 MHz.
Finally, we successfully integrated the FPGA board and the DCRAM chips into a prototype as
shown in Fig.46 The prototype was validated with ROF algorithms mentioned above.
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image corrupted by 9% of impulsive noise. After being processed by the 2-D 3 × 3 RMF, the
denoise result is shown in Fig.42(b). The results are the same as those of Matlab simulation.
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Fig. 42. Simulation results of a 2-D RMF application. (a) The noisy “Lena” image corrupted
by 9% of impulsive noise. (b) The “Lena” image processed by the 3× 3 RMF.

Upon verifying the proposed ROF processor using the cycle-accurate behavior model, we
then implemented the processor in the fully-custom design methodology. Because of high
regularity of memory, the proposed memory-based architecture saves the routing area while
comparing with the logic-based solutions. Fig.43 (a) shows the overall chip layout and the
dash-lined region is the core. The die size is 1063.57 × 1069.21μm2 and the pinout count is
40. Fig.43 (b) illustrates the detail layout of the ROF core. The core size is 356.1 × 427.7μm2

and the total transistor count is 3942. Fig.43 (c) illustrates the floorplan and placement. The
physical implementation has been verified by the post-layout simulation. Table 8 shows the
result of timing analysis, obtained from NanoSim. As seen in the table, the critical path is
the path 3 and the maximum clock rate can be 290 MHz at 3.3V and 256 MHz at 1.8V. As
the result of post-layout simulation, the power dissipation of the proposed ROF is quite low.
For the 1-D/2-D ROFs, the average power consumption of the core is 29mW at 290MHz or
7mW at 256MHz. The performance sufficiently satisfies the real-time requirement of video
applications in the formats of QCIF, CIF, VGA, and SVGA. The chip is submitting to Chip
Implementation Center (CIC), Taiwan for the fabrication.

Path Description 1.8V 3.3V
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1 From the output of RR to the input of the shift register. 1.2 ns 0.78 ns
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to the input of the shift register.
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the computing field.

Table 8. Timing analysis of the proposed ROF processor.
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Fig. 43. The result of chip design using TSMC 0.18um 1P6M technology. (a) The chip layout
of proposed rank-order filter. (b) The core of the proposed ROF processor. (c) The floorplan
and placement of (b). (1: Instruction decoder; 2: Reset circuit, 3: WMR, 4: RMR, 5: RR, 6:
DCRAM, 7: PS; 8: Level Quantizer; 9: Shift Register; 10: OUTR.)

Furthermore, We have successfully built a prototype which is composed of a FPGA board and
DCRAM chips to validate the proposed architecture before fabricating the custom designed
chip. The FPGA board is made by Altera and the FPGA type is APEX EP20K. The FPGA
board can operate at 60 MHz at the maximum. The DCRAM chip was designed by full-custom
CMOS technology. Fig.44(a) shows the micrograph of the DCRAM chip. The chip implements
a subword part of DCRAM and the Fig.44(b) illustrates the chip layout. The fabricated
DCRAM chip was layouted by full-custom design flow using TSMC 0.35 2P4M technology.
As shown in Fig.45, with the supply voltage of 3.3V, the DCRAM chip can operate at 25 MHz.
Finally, we successfully integrated the FPGA board and the DCRAM chips into a prototype as
shown in Fig.46 The prototype was validated with ROF algorithms mentioned above.
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(a) 

(b) 
Fig. 44. (a) The micrograph of DCRAM chip. (b) The layout of the DCRAM chip.
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Fig. 45. Measured waveform of the DCRAM chip.
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Fig. 46. The system prototype of rank-order filtering processor.

4. Conclusion

In order to further extend the battery life of capsule endoscope, this paper mainly focus on
a series of mathematical statistics to systematically analyze the color sensitivity in GI images
from the RGB color space domain to the 2-D DCT spatial frequency domain. According to the
analysis results, an improved ultra-low-power subsample-based GICam image compression
processor are proposed for capsule endoscope or swallowable imaging capsules. we make use
of the subsample technique to reduce the memory requirements of G1, G2 and B components
according to the analysis results of DC/AC coefficients in 2-D DCT domain. As shown in
the simulation result, the proposed image compressor can efficiently save 38.5% more power
consumption than previous GICam one (11), and can efficiently reduce image size by 75%
at least for each sampled gastrointestinal image. Therefore, video sequences totally reduce
size by 75% at least. Furthermore, the proposed image compressor has lower area and lower
operation frequency according to the comparison results. It can fit into the existing designs.

Forthemore, we have proposed an architecture based on a maskable memory for rank-order
filtering. This paper is the first literature using maskable memory to realize ROF. Driving
by the generic rank-order filtering algorithm, the memory-based architecture features high
degree of flexibility and regularity while the cost is low and the performance is high. With
the LIW instruction set, this architecture can be applied for arbitrary ranks and a variety
of ROF applications, including recursive and non-recursive algorithms. As shown in the
implementation results, the core of the processor has high performance and low cost. The
post-layout simulation shows that the power consumption can be as low as 7 mW at 256
MHz. The processing speed can meet the real-time requirement of image applications in the
QCIF, CIF, VGA, or SVGA formats.
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Fig. 46. The system prototype of rank-order filtering processor.

4. Conclusion

In order to further extend the battery life of capsule endoscope, this paper mainly focus on
a series of mathematical statistics to systematically analyze the color sensitivity in GI images
from the RGB color space domain to the 2-D DCT spatial frequency domain. According to the
analysis results, an improved ultra-low-power subsample-based GICam image compression
processor are proposed for capsule endoscope or swallowable imaging capsules. we make use
of the subsample technique to reduce the memory requirements of G1, G2 and B components
according to the analysis results of DC/AC coefficients in 2-D DCT domain. As shown in
the simulation result, the proposed image compressor can efficiently save 38.5% more power
consumption than previous GICam one (11), and can efficiently reduce image size by 75%
at least for each sampled gastrointestinal image. Therefore, video sequences totally reduce
size by 75% at least. Furthermore, the proposed image compressor has lower area and lower
operation frequency according to the comparison results. It can fit into the existing designs.

Forthemore, we have proposed an architecture based on a maskable memory for rank-order
filtering. This paper is the first literature using maskable memory to realize ROF. Driving
by the generic rank-order filtering algorithm, the memory-based architecture features high
degree of flexibility and regularity while the cost is low and the performance is high. With
the LIW instruction set, this architecture can be applied for arbitrary ranks and a variety
of ROF applications, including recursive and non-recursive algorithms. As shown in the
implementation results, the core of the processor has high performance and low cost. The
post-layout simulation shows that the power consumption can be as low as 7 mW at 256
MHz. The processing speed can meet the real-time requirement of image applications in the
QCIF, CIF, VGA, or SVGA formats.
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