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Preface
The Topic of microstrip antennas is an old subject that started over 40 years ago. Microstrip
antennas are low profile and easily fabricated. This subject has passed through several
stages that make it survive tell now and still in continues progress. The main stage is the
development of low loss low cost dielectric materials that make it possible to design an effi‐
cient low profile microstrip patches. The stage of developing analysis methods and models
that helped in the design of radiating patches with simple shapes such as the transmission
line model and cavity model. These simple models have also been modified to reach to more
realistic designs that produce results close to the measured results for thin dielectric sub‐
strates. With the strive and advancements of computer capabilities in terms of memory and
speed, numerical techniques suitable for the multilayer structure allowed for more accurate
of more complicated microstrip antennas based on full wave analysis. Numerical techniques
released the designer from using simple patch shapes. As the numerical techniques became
more and more affordable and sophisticated many of the constraints related to the substrate
thickness are removed to allow for thick and multilayers to increase the bandwidth as well
as using different excitation mechanisms. With the advancement in the three dimensional
analysis of finite structures a new horizon has opened to help the designer in reaching more
and more realistic designs that are exact modeling of the real antennas with details that
might even been not related to the electromagnetic effects. These techniques did not stop to
the point of only designing the antenna that operates in free space, but extended to include
the interaction effects with the surrounding medium such as the human body for wireless
applications. The advancements of the computational techniques and the computational fa‐
cilities helped the designer to think out of the box and reach to designs that have actually
reached beyond what were thought impossible.
Microstrip advancements have strived when they were required to meet new specifications
for new applications with new challenges. Microstrip antennas have become increasingly
useful in telecommunications, automotive, aerospace, and biomedical applications. Advan‐
ces in this technology were originally driven by the defense sector but have now been ex‐
panded to many commercial applications. Global positioning satellites and wide area
communication networks are just a few of the technologies that have benefitted from micro‐
strip antenna design advancements.
The book discusses basic and advanced concepts of microstrip antennas, including design
procedure and recent applications. Book topics include discussion of arrays, spectral domain,
high Tc superconducting microstrip antennas, optimization, multiband, dual and circular po‐
larization, microstrip to waveguide transitions, and improving bandwidth and resonance fre‐
quency. Antenna synthesis, materials, microstrip circuits, spectral domain, waveform
evaluation, aperture coupled antenna geometry and miniaturization are further book topics.
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Planar UWB antennas are widely covered and new dual polarized UWB antennas are newly
introduced. Design of UWB antennas with single or multi notch bands are also considered.
Recent applications such as, cognitive radio, reconfigurable antennas, wearable antennas, and
flexible antennas are presented. The book audience will be comprised of electrical and com‐
puter engineers and other scientists well versed in microstrip antenna technology.
Chapter 1 presents new design techniques for conformal microstrip antennas and their ar‐
rays that can affect significant reductions in design time and improvements in design accu‐
racy. The proposed algorithm for designing conformal microstrip antennas employs an
adaptive transmission line model for probe positioning through circuital simulation, whose
parameters are derived from the output data determined after the radiator analysis in a fullwave electromagnetic simulator. Its advantages are pointed out through the design of
probe-fed cylindrical, spherical and conical microstrip antennas with quasi-rectangular
patches. A procedure for synthesizing the radiation pattern of conformal microstrip anten‐
nas based on the iterative solution of linearly constrained least squares problems and takes
into account the radiation pattern of each array element is addressed. To complete the arrays
design, an active feed network, suitable for tracking systems and composed of phase shifters
and variable gain amplifiers, is presented. A computationally-efficient CAD, which incorpo‐
rates the design technique for conformal microstrip arrays, is also described.
Chapter 2 presents techniques to increase the bandwidth of multilayer planar antennas fed
by slots. This configuration has many advantages, including wide bandwidth, reduction in
spurious feed network radiation, and a symmetric radiation pattern with low cross-polariza‐
tion. The antenna configuration with a resonant aperture yields wide bandwidth by proper
optimization of the coupling between the patch and the resonant slot. The basic characteris‐
tics and the effects of various parameters on the overall antenna performance are discussed.
Chapter 3 studies of the high Tc superconducting microstrip antennas. Various patch config‐
urations implemented on different types of substrates are tested and investigated. The com‐
plex resonant frequency problem of structure is formulated in terms of an integral equation.
The effect of a superconductor microstrip patch, the surface complex impedance is consid‐
ered. The superconductor patch thickness and the temperature have significant effect on the
resonant frequency of the antenna.
Chapter 4 presents designs of compact planar multiband antennas for mobile and portable
wireless devices. Miniaturization techniques such as meandering, bending, folding and
wrapping are used, while multiband operation is generated from ground plane modifica‐
tions using fixed slots, reconfigurable slots, and a ground strip. All the designs utilize their
ground planes to achieve multiband operation. All the presented design models lead to
promising configurations for application in wireless services.
Chapter 5 introduces the design of a shared-aperture multi-band dual-polarized (MBDP)
microstrip array for SAR applications. It operates at X-, S- and L- bands with a frequency
ratio of 8:2.8:1. This shared-aperture L/S/X MBDP array composes of L/S and L/X dual-band
dual-polarized (DBDP) shared-aperture sub-arrays and an L-band dual-polarized (DP) subarray. The radiation patterns at each band show cross-polarization level lower than -30dB
within the main lobe region and the scanning view.
Chapter 6 presents different UWB planar monopole antennas to illustrate different features
in their operations and seeking for the best candidate for UWB communication applications.
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At the same time, we will provide some quantitative guidelines for designing those types of
UWB antennas. A novel method for the design of a UWB planar antenna with band-notch
characteristics is presented. Parasitic elements in the form of printed strips are placed in the
radiating aperture of the planar antenna at the top and bottom layer to suppress the radia‐
tion at certain frequencies within the UWB band. The parasitic elements have dimensions,
which are chosen according to a certain formula.
In Chapter 7, a compact tapered shape wide slot antenna is designed UWB application. The
antenna consists of wide slot of tapered shape and microstrip line-fed rectangular tuning
stub. The measured results show that the antenna achieves good impedance matching, con‐
stant gain, and stable radiation patterns over an operating. The stable Omni-directional radi‐
ation pattern and flat group delay makes the proposed antenna suitable for being used in
UWB applications.
In chapter 8, rectangular planar antenna is initially chosen as conventional structure due to
its low profile and ease of fabrication. A technique, reducing the size of the ground plane
and cutting of different slots is applied to reduce the ground plane dependency. It also show
that shortening of current path by removal of the upper portion of the ground plane and
insertion of the slots contributes to the wider bandwidth at the low frequency end. Studies
indicate that the rectangular antenna with modified sawtooth shape ground plane is capable
of supporting closely spaced multiple resonant modes and overlapping of these resonances
leads to the UWB characteristic. It is observed that the cutting triangular shape slots on the
ground plane help to increase the bandwidth. Moreover, it exhibits stable radiation patterns
with satisfactory gain, radiation efficiency and good time domain behavior.
In chapter 9, a compact uniplanar dual polarized UWB antenna with notch functionality is
developed for diversity applications. The antenna features a 2:1 VSWR band from 2.8-11
GHz while showing the rejection performance in the frequency band 4.99-6.25 GHz along
with a reasonable isolation better than 15dB. The measured radiation pattern and the envel‐
op correlation coefficient indicate that the antenna provides good polarization diversity per‐
formance. Time domain analysis of the antenna shows faithful reproduction of the
transmitted pulse even with a notch band.
Chapter 10 introduces the basic methods, which can form the circular polarization (CP) for a
microstrip antenna, including the single-feed and the multiple-feed. When using multiplefeed for one patch, sequential rotation technology further improved the CP bandwidth. The
theoretical computation of the axial ratio bandwidth of a multiple-feed microstrip antenna is
provided. The more feeds, the better the axial ratio bandwidth. The detail analysis of axial
ratio bandwidth including the effect of the amplitudes with some difference and the phase
excitation of the feed point has an offset according to the designed central frequency in man‐
ufacture are described.
Chapter 11 presents the design of a microstrip transition to a rectangular waveguide. The
shape of the microstrip patch element of the transition, which contributes coupling to the
microstrip line is focused as an important structure. By modification of the shape of the
patch element, current on the patch element is controlled and various new functions of the
transitions are investigated and proposed. Four novel microstrip-to-waveguide transitions
are demonstrated; broadband microstrip-to-waveguide transition using waveguide with
large broad-wall, narrow-wall-connected microstrip-to-waveguide transition, transition
from waveguide to two microstrip lines with slot radiators and microstrip-to-waveguide
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transition using no via holes. These transitions are designed and fabricated around 77 GHz
and 79 GHz band.
In Chapter 12, design considerations, parametric analysis, and extensive performance charac‐
terizations are presented for microstrip antenna elements conformably mounted on truncated
pyramidal ground planes. The drooped microstrip antennas are examined to explore the fea‐
sibility of controlling their radiation patterns for Global Positioning System (GPS) applica‐
tions involving a platform subjected to pitch and roll. Pattern shaping is achieved by varying
the angle and position of the bend, length of the ground plane beyond the bend, as well as the
thickness and permittivity of the substrate. A variety of downward and upward drooped geo‐
metries are assessed, based on their impact on gain at boresight, near horizon gain reduction,
phase center stability, half power beamwidth, and polarization purity. It is demonstrated that
stable phase response over the entire upper hemisphere, half-power beamwidths is better
than the equivalent flat patch, and a wide range of radiation pattern shapes can be realized to
suit applications involving GPS marine and aerospace navigation systems.
Chapter 13 presents several designs of wearable linearly and dually polarized antennas. The
antenna may be used in Medicare RF systems. The antennas reflection coefficients for differ‐
ent belt thickness, shirt thickness and air spacing between the antennas and human body are
presented. If the air spacing between the new dually polarized antenna and the human body
is increased the antenna resonant frequency is shifted. Therefore, varactors are employed to
tune the antennas resonant frequency.
Chapter 14 discusses the design of antennas for Cognitive Radio (CR) applications. UWB
antennas are required for sensing in overlay CR, and for communicating in underlay CR.
Modified UWB antennas with reconfigurable band notches allow to employ UWB technolo‐
gy in overlay CR and to achieve high-data-rate and long distances communications. Overlay
CR requires reconfigurable wideband/narrowband antennas, to perform the two tasks of
sensing a wide band and communicating over a narrow white space. UWB antennas with
reconfigurable band rejections, and single-port/dual-port wide-narrowband and tunable an‐
tennas suitable for these approaches are reported.
In chapter 15, the design, fabrication process and methods, flexibility tests, and measure‐
ment of flexible antennas are discussed in details. To show the process by example, a print‐
ed monopole antenna designed at 2.45GHz, Industrial Scientific Medical (ISM) band, which
has the merits of light weight, ultra-low profile, wide bandwidth, mechanical robustness,
compactness, and high efficiency, is presented. The antenna is tested against bending effect
to characterize. A comparison with different types of flexible antennas is reported in terms
of size, robustness and electromagnetic performance is provided.
Ahmed Kishk
University of Mississippi, USA
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Design Techniques

Chapter 1

Design Techniques for
Conformal Microstrip Antennas and Their Arrays
Daniel B. Ferreira, Cristiano B. de Paula and
Daniel C. Nascimento
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/53019

1. Introduction
Owing to their electrical and mechanical attractive characteristics, conformal microstrip an‐
tennas and their arrays are suitable for installation in a wide variety of structures such as
aircrafts, missiles, satellites, ships, vehicles, base stations, etc. Specifically, these radiators
can become integrated with the structures where they are mounted on and, consequently,
do not cause extra drag and are less visible to the human eye; moreover they are lowweight, easy to fabricate and can be integrated with microwave and millimetre-wave cir‐
cuits [1,2]. Nonetheless, there are few algorithms available in the literature to assist their
design. The purpose of this chapter is to present accurate design techniques for conformal
microstrip antennas and arrays composed of these radiators that can bring, among other
things, significant reductions in design time.
The development of efficient design techniques for conformal microstrip radiators, assist‐
ed by state-of-the-art computational electromagnetic tools, is desirable in order to estab‐
lish clear procedures that bring about reductions in computational time, along with high
accuracy results. Nowadays, the commercial availability of high performance three-dimen‐
sional electromagnetic tools allows computer-aided analysis and optimization that replace
the design process based on iterative experimental modification of the initial prototype.
Software such as CST®, which uses the Finite Integration Technique (FIT), and HFSS®,
based on the Finite Element Method (FEM), are two examples of analysis tools available
in the market [3]. But, since they are only capable of performing the analysis of the struc‐
tures, the synthesis of an antenna needs to be guided by an algorithm whereby iterative
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process of simulations, result analysis and model’s parameters modification are conducted
until a set of goals is satisfied [4].
Generally, the design of a probe-fed microstrip antenna starts from an initial geometry de‐
termined by means of an approximate method such as the Transmission-line Model [5-7]
or the Cavity Model [8]. Despite their numerical efficiency, i.e., they are not time-consum‐
ing and do not require a powerful computer to run on, these methods are not accurate
enough for the design of probe-fed conformal microstrip antennas, leading to the need of
antenna model optimization through the use of full-wave electromagnetic solvers in an
iterative process. However, the full-wave simulations demand high computational efforts.
Therefore, it is advantageous to have a design technique that employs full-wave electro‐
magnetic solvers for accuracy purposes, but requires a small number of simulations to ac‐
complish the design. Unfortunately, the approximated methods mentioned before provide
no means for using the full-wave solution data in a feedback scheme, what precludes
their integration in an iterative design process, hence restricting them just to the initial de‐
sign step. In this chapter, in order to overcome this drawback and to reduce the number
of full-wave simulations required to synthesize a probe-fed conformal microstrip antenna
with quasi-rectangular patch, a circuital model able to predict the antenna impedance lo‐
cus calculated in the full-wave electromagnetic solver is developed with the aim of replac‐
ing the full-wave simulations for the probe positioning. This is accomplished by the use of
a transmission-line model with a set of parameters derived to fit its impedance locus to
the one obtained in the full-wave simulation [4]. Since this transmission line model adapts
its input impedance to fit the one from the full-wave simulation, at each algorithm itera‐
tion, it is an adaptive model per nature, so it was named ATLM – Adaptive Transmission
Line Model. In Section 2, the ATLM is described in detail and some design examples are
given to demonstrate its applicability.
Similar to what occurs with conformal microstrip antennas, the literature does not pro‐
vide a great number of techniques to guide the design of conformal microstrip arrays.
Among these design techniques, there are, for example, the Dolph-Chebyshev design and
the Genetic Algorithms [9]. However, the results provided by the Dolph-Chebyshev de‐
sign are not accurate for beam steering [10], once it does not take the radiation patterns of
the array elements into account in its calculations, i.e., for this pattern synthesis technique,
the array is composed of only isotropic radiators; hence it implies errors in the main beam
position and sidelobes levels when the real patterns of the array elements are considered.
On the other hand, the Genetic Algorithms can handle well the radiation patterns of the
array elements and guarantee that the sidelobes assume a level better than a given specifi‐
cation R [9]. Nonetheless, to control the array directivity [11], it is important that all these
sidelobes have the same level R, but to obtain this type of result Genetic Algorithms fre‐
quently requires a high number of iterations which increases the design time. Thus, in
Section 3, an elegant procedure is employed, based on the solution of linearly constrained
least squares problems [12], to the design of conformal microstrip arrays. Not only does
this algorithm take the radiation pattern of each array element into account, but it also as‐
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sures that a determined number of sidelobes levels have the same value, so to get opti‐
mized array directivity. And, to obtain more accurate results, the radiation patterns of the
array elements, which feed the developed procedure, are evaluated from the array fullwave simulation data. In this work, the CST® Version 2012 was used to get these data.
The proposed design technique was coded in the Mathematica® package [13] to create a
computer program capable of assisting the design of conformal microstrip arrays. Some
examples are given in this section to illustrate the use and effectiveness of this computer
program.
Another concern for designing conformal microstrip arrays is how to implement a feed net‐
work that can impose appropriate excitations (amplitude and phase) on the array elements
to synthesize a desired radiation pattern. Some microstrip arrays used in tracking systems,
for example, employ the Butler Matrix [11] as a feed network. Nevertheless, this solution can
just accomplish a limited set of look directions and cannot control the sidelobes levels.
Hence, in this work, in order not to limit the number of radiation patterns that can be syn‐
thesized, an active circuit, composed of phase shifters and variable gain amplifiers, is adopt‐
ed to feed the array elements. Expressions for calculating the phase shifts and the gains of
these components are addressed in Section 4, as well as some design examples are provided
to demonstrate their applicability.

2. Algorithm for conformal microstrip antennas design
The main property of the proposed ATLM is to allow the prediction of the impedance lo‐
cus determined in the antenna full-wave analysis when one of its geometric parameters is
modified, for instance, the probe position, thereby replacing full-wave simulations in
probe position optimization. It results in a dramatic computational time saving, since a
circuital simulation is usually at least 1000 times faster than a full-wave one. In this sec‐
tion, the ATLM is described in detail and some design examples are provided to highlight
its advantages.
2.1. Algorithm description
In order to describe the algorithm for the design of conformal microstrip antennas, for the
sake of simplicity, let us first consider a probe-fed planar microstrip antenna with a gular
patch of length Lpa and width Wpa , mounted on a dielectric substrate of thickness hs , relative
permittivity εr , and loss tangent tanδ, such as the one shown in Figure 1(a). The antenna
feed probe is positioned dp apart from the patch centre. For the following analysis, it is
adopted that the antenna resonant frequency fr is controlled by the length Lpa and once the
probe is located along the x-axis, it excites the TM10 mode, whose main fringing field is also
represented in Figure 1(a). Despite this geometry being of planar type, the same model pa‐
rameters are used to describe the conformal quasi-rectangular microstrip antennas illustrat‐
ed in Figure 1(b), 1(c) and 1(d), and consequently the algorithm is valid as well.
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Lpa
Wpa

(a) Planar microstrip antenna

(b) Cylindrical microstrip antenna

Lpa
Wpa

Lpa
Wpa

(c) Spherical microstrip antenna

(d) Conical microstrip antenna

Figure 1. Microstrip antennas studied in this chapter

It is convenient to write both the probe position dp and patch width Wpa as functions of the
patch length Lpa , to establish a standard set of control variables. Hence, the probe position is
written as
=
dp Rp Lpa , 0 < Rp £ 0.5 ,

(1)

and the patch width as follows
=
Wpa RLpa , R ³ 1.

(2)
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Therefore, the standard set of control variables is composed of Lpa ,R(patch width to patch
length ratio) and Rp (probe position to patch length ratio). The variables Lpa and Rp will be
used in the algorithm to control its convergence and the variable R will be defined by speci‐
fication, based on the desired geometry (rectangular, square). Usually, Wpa is made 30%
higher than Lpa , i.e., R=1.3 [14].
In this work, it is considered that the resonant frequency fr occurs when the magnitude of
the antenna reflection coefficient reaches its minimum value. Under this assumption,
G a ( fr ) = min G a ( f ) , for f Î [ f1 , f2 ],
f

(3)

in which Γa (f) is the reflection coefficient determined in the antenna full-wave analysis, f1
and f2 are the minimum and maximum frequencies that define the simulation domain [f1 ,f2].
For electrically thin radiators it is usually enough to choose f1 =0.95f0 and f2 =1.05f0, where f0 is
the desired operating frequency, and whether the microstrip antenna is electrically thick,
then f1 =0.80f0 and f2 =1.20f0, in order to locate fr between f1 and f2 in the first algorithm itera‐
tion.
Since the antennas design will be conducted in an iterative manner, the optimization process
of the model needs to be evaluated against optimization goals in order to set a stop criterion.
Therefore, let the frequency error be defined as

=
e

fr
-1
f0

(4)

and its maximum value specified as emax. It leads to the first optimization goal, that is,
e £ emax .

(5)

The second optimization goal is expressed by means of
G a ( fr ) < G min ,

(6)

where Γmin is a positive real number defined by specification. So, the maximum reflection co‐
efficient magnitude observed at the resonant frequency needs to be lower than Γmin .
Now that the main parameters of the design algorithm have been derived, let us focus on
the Adaptive Transmission Line Model, depicted in Figure 2. As can be seen, this circuital
model is composed of two microstrip lines, μS1 and μS2, whose widths are equal to Wpa , an
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ideal transmission line TLp – with characteristic impedance Zpand electrical length ∠El (in
degrees) given by
-1

æ c ö
ÐEl =
360 hs ç 0 ÷ ,
çf e ÷
r ø
è

(7)

where c0 is the speed of the light in free-space –, a capacitor C, and two load terminations Ls .
The ideal transmission line together with the capacitor C were included in the model to ac‐
count for the impedance frequency shift due to the feed probe. In order to fit the input impe‐
dance of this model to the one determined in the antenna full-wave analysis, the reflection
coefficients at the terminals of the loads Ls are written as
G f ( f ) =( a0 + a1 f )e - j( b0 + b1 f ) ,

(8)

in which Γf (f) is the reflection coefficient of the equivalent slot of impedance Zf, and a0 , a1 ,
b0 , b1 as well as Zp and C are the set of parameters that determine the frequency response of
the circuital model. It is worth mentioning that this ATLM is valid only if its variables Lpa
and Wpa are kept identical to the ones used in the full-wave analysis.

TL p

vin

Ls

C

S1

S 2

æ1
ö
L pa ç - R p ÷
è2
ø

æ1
ö
L pa ç + R p ÷
è2
ø

Ls

Figure 2. Adaptive transmission line model – ATLM

Once the full-wave simulation Γa (f) is known, the antenna input impedance Za (f) can be
easily evaluated. The same is valid for the circuital model analysis in which the reflection
coefficient is Γc (f) and input impedance is Zc (f). It is important to point out that Γa (f) data
can be exported from the full-wave simulator to the circuit simulator in Touchstone format,
so Za (f) can be utilized by the circuit simulator. The ATLM parameters set is calculated in
order to have Γc (f)=Γa (f) over the simulation domain [f1 ,f2]. The process of finding the values
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of this parameters set is called ATLM synthesis and it is done with aid of a Gradient optimi‐
zation tool, usually available in circuit simulators such as Agilent ADS® [15], as follows.
Consider the generalized load reflection coefficient [16] that is written as
Z L - Z g*
GL =
,
ZL + Zg

(9)

in which ZL is the load impedance and Zg is the generator impedance, with the superscript *
denoting the complex conjugate operator. Since for the ATLM the input voltage vin comes
from a generator, it follows that ZL=Zc (f). By using a Gradient optimization tool with the
goal ΓL=0 yields
Z c ( f ) = Z g* ,

(10)

after the optimization process.
As we want to ensure that Γc (f)=Γa (f), i.e., Zc (f)=Za (f), yields
Z g = Z a* ( f ),

(11)

which is the generator impedance utilized during the ATLM synthesis. On the other hand,
for the circuital simulation afterwards, Zg=Z0, where Z0 is the characteristic impedance of the
antenna feed network.
Besides, to find a meaningful solution from a physical standpoint, the following two con‐
straints are ensured during the ATLM synthesis
Re{Z f } > 0and Im{Z f } < 0.

(12)

The complete probe-fed microstrip antenna design algorithm is depicted through the flow‐
chart in Figure 3, which can be summarized as follows: perform a full-wave antenna simula‐
tion for a given patch length and probe position at a certain frequency range (simulation
domain), which results in accurate impedance locus data; synthesize the ATLM based on the
most updated full-wave simulation data available; optimize the probe position in order to
match the antenna to its feed network through circuital simulation and evaluate the reso‐
nant frequency; perform patch length scaling; update the full-wave model with the new val‐
ues of patch length and probe position; and repeat the whole process in an iterative manner
until the goals are satisfied.
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Generally, it is difficult to get the input impedance of the circuital model perfectly matched
to the one obtained from full-wave simulation over the entire simulation domain [f1 ,f2] (i.e.,
Zc (f)≡Za (f)), so it is convenient to set the following goal in the Gradient optimizer,
ì
f 2 - f1
f 2 - f1 ù
é
ï-30dB, f Î ê( f 0 - 4 ),( f 0 + 4 ) ú
ï
ë
û
.
GL £ í
ï-20dB, f Ï é( f - f 2 - f1 ),( f + f 2 - f1 ) ù
0
ê 0
ïî
4
4 úû
ë

(13)

The previous goal contributes to reduce the number of iterations required by the Gradient
optimization tool to determine the set of parameters. It was found that, in general, the re‐
quired time for the synthesis of the ATLM is at most 5% of the time spent for one full-wave
simulation.

Start
design

(1a) Set indexes i = 1, n = 1;
c0
(2a) L pa i =
;
2 f0 e r
(3a) Rp n = 0.25;
(4a) Build model with Rp n and Lpa i ;
(5a) Execute FWS and determine Γa ( f ) ;
(6a) Evaluate fr from Γa ( f ) .

YES

G a ( f r ) < G min ?

NO
(1b) Synthesize ATLM to fit Γa ( f ) using
Rp n and Lpa i ;
(2b) Increment n ;
(3b) Optimize Rp n such as
min G c ( f ) < G min ,for f Î [ f1 , f 2 ] ;

(1d) Evaluate e.

f

(4b) Evaluate fr from Γc ( f ) .

fr
L pa i ;
f0
(2c) Update model using Rp n and
Lpa i+1 ;
(3c) Execute FWS and determine
Γa ( f ) ;
(4c) Evaluate fr from Γa ( f ) ;
(5c) Increment i .
(1c) L pa i +1 =

NO

e < emax ?
YES

Design finished
Figure 3. Probe-fed microstrip antenna design algorithm; FWS – Full-Wave Simulation
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Regarding the probe position optimization, algorithm step 3b, it can be performed manually
by means of a tuning process, a usual feature found in circuit simulators. Thus, Rp is tuned
in order to minimize the magnitude of the input reflection coefficient of the circuital model.
If desired, the optimization process can be performed employing an optimization tool, e.g.,
Gradient, Random, also available in circuit simulators. Usually, each circuital analysis takes
no longer than 1 second using a simulator such ADS®. But, if one desires to create its own
code for the ATLM circuital analysis and probe position optimization, a simple rithm can be
implemented to seek the Rpthat minimizes |Γc (f)|, and the computational time will be great‐
ly reduced as well.
2.2. Applications
To illustrate the use of the technique proposed before, let us first consider the design of a
cylindrical microstrip antenna (Figure 1(b)) with a quasi-rectangular metallic patch mounted
on a cylindrical dielectric substrate with a thickness hs=0.762mm, relative permittivity εr= 2.5
and loss tangent tan δ = 0.0022, which covers a copper cylinder (ground layer) with a 60.0mm radius and 300.0-mm height. The patch centre is equidistant from the top and bottom of
the copper cylinder. This radiator was designed to operate at f0 = 3.5 GHz and the algorithm
parameters were chosen as emax=0.1×10-2, Γmin=3.16×10-2 (return loss of 30dB), and Wpa=1.3Lpa.
Once it is an electrically thin antenna, the simulation domain was given by f1 =0.95f0 and f2
=1.05f0 .
Following the algorithm (Figure 3), a model was built (step 4a) in the CST® software with
Lpa1 =27.11mm and Rp1 =0.25, and a first full-wave simulation was performed (step 5a). From
the analysis of the obtained reflection coefficient Γa(f), the determined resonant frequency
was fr=3.384GHz (step 6a) and the reflection coefficient magnitude was -17dB, thus higher
than the desired maximum of -30 dB (Figure 4(b)).
Hence, at the first decision point of the algorithm, the reflection coefficient magnitude at res‐
onance is not lower than Γmin, so one must go to the step 1b. Then ATLM was synthesized for
Lpa1 =27.11mm and Rp1 =0.25 and its parameters set was derived with the aid of the Gradient
optimization tool of ADS®. After 55 iterations of the Gradient tool, the following parameters
set was found: Zp=94Ω, C=0.87pF, a0 =-0.58, a1 =3.83×10-10s, b0 =-6.54, and b1 = 2.21×10-9 s. The
full-wave impedance locus and the one obtained from circuital simulation of the synthe‐
sized ATLM are shown in Figure 4(a), and it can be seen that the locus determined though
circuital simulation fits very well the full-wave one.
With the circuital model available, the probe position was optimized through manual tuning
of the variable Rp, and since for step 3b it is desired that the reflection coefficient magnitude
at the resonance be below Γmin , Rp was tuned such as the ATLM impedance locus crossed the
Smith Chart centre (Figure 4(a)), leading to Rp2 =0.21. The resonant frequency obtained from
the circuital simulation with this probe position (step 4b) was fr=3.392GHz. Following the al‐
gorithm, the next step was the scaling of patch length (step 1c) leading to Lpa2 =26.28mm. Af‐
ter updating the full-wave model with these parameters, a full-wave simulation was
executed (step 3c) resulting fr=3.480GHz with a reflection coefficient magnitude of -54dB
(Figure 4(b)). Since |Γa|<Γmin , the next step was step 1d where it was found that e=0.57×10-2,
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Figure 4. Iterations of the algorithm for the probe-fed cylindrical microstrip antenna design: (a) impedance loci of the
full-wave and circuital simulations, (b) reflection coefficient magnitude for the full-wave simulations

higher than emax , thus the algorithm went to step 1c, where a second patch length scaling
was done leading to Lpa3 =26.13mm. A last full-wave simulation with Rp2 =0.21 and Lpa3
=26.13mm was performed resulting in e=0.03×10-2 and return loss of 54dB at resonance, thus
satisfying all specifications. This design required only three full-wave simulations in order
to guarantee all specifications, what demonstrates the efficiency of the proposed design
technique.
Now let us design a probe-fed spherical microstrip antenna, such as the one illustrated in
Figure 1(c). A copper sphere (ground layer) of 120.0-mm radius is covered with a dielectric
substrate of constant thickness hs=0.762mm, relative permittivity εr=2.5 and loss tangent
tanδ=0.0022. A quasi-rectangular patch with length Lpa and width Wpa is printed on the sur‐
face of the dielectric substrate. The design specifications were the same used previously and
the steps of the algorithm followed a path similar to the one in the design of the cylindrical
radiator. Once again, the algorithm took only three full-wave simulations to perform the de‐
sign, as observed in Figure 5(a). The ATLM parameter set found was Zp=91Ω, C=0.63 pF, a0 =
6.69×10-3, a1 = 2.32×10-10 s, b0 = -4.10, b1 = 1.54×10-9 s, and the resulting patch parameters were
Rp2 =0.20 and Lpa3 =26.06mm, which led to a final frequency error e=0.03×10-2 and 35-dB return
loss at resonance.
As a last example, let us consider the design of a conical microstrip antenna with a quasirectangular metallic patch, as shown in Figure 1(d). It is composed of a conical dielectric
substrate of constant thickness hs=0.762mm that covers a 280.0-mm-high cone made of cop‐
per (ground layer) with a 40.0° aperture. The dielectric substrate has the same electromag‐
netic characteristics as the ones employed in the previous examples and the patch centre is
located at the midpoint of its generatrix. This radiator was designed to operate at f0 = 3.5
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GHz and the algorithm parameters were chosen as emax=0.1×10-2, Γmin=3.16×10-2 (return loss of
30dB), and Wpa=1.3Lpa. By applying the developed algorithm, the ATLM parameters set
found was Zp=104Ω, C=0.33pF, a0 =-0.26, a1 =3.01×10-10s, b0 =-4.01, b1 =1.53×10-9s, and the deter‐
mined patch parameters were Rp2 =0.23 and Lpa3 =26.18mm, which yielded a final frequency
error e = 0.01×10-2 and 34-dB return loss at resonance, once again supporting the proposed
design technique. Figure 5(b) presents the reflection coefficient magnitudes of the three fullwave simulations required to accomplish the conical microstrip antenna design.
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Figure 5. Reflection coefficient magnitudes for each full-wave simulation required for the designs: (a) probe-fed
spherical microstrip antenna, (b) probe-fed conical microstrip antenna

3. Radiation pattern synthesis of conformal microstrip arrays
The previous section addressed a computationally efficient algorithm for assisting the de‐
sign of probe-fed conformal microstrip antennas with quasi-rectangular patches. In order to
demonstrate its applicability, three conformal microstrip antennas were synthesized: a cylin‐
drical, a spherical and a conical one. According to what was observed, the algorithm con‐
verges very fast, what expedites the antennas’ design time.
Another concern in the design of conformal radiators is how to determine the current excita‐
tions of a conformal microstrip array to synthesize a desired radiation pattern, in which both
the main beam position and the sidelobes levels can be controlled. This section is dedicated
to the presentation of a technique employed for the design of conformal microstrip arrays. It
is based on the iterative solution of linearly constrained least squares problems [12], so it has
closed-form solutions and exhibits fast convergence, and, more important, it takes the radia‐
tion pattern of each array element into account in its code, what improves its accuracy.
These radiation patterns are determined from the output data obtained through the confor‐
mal microstrip array analysis in a full-wave electromagnetic simulator, such as CST® and
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HFSS®. Once those data are available, polynomial interpolation is utilized to write simple
closed-form expressions that represent adequately the far electric field radiated by each ar‐
ray element, which makes the technique numerically efficient.
The developed design technique was implemented in the Mathematica® platform giving rise
to a computer program – called CMAD (Conformal Microstrip Array Design) – capable of
performing the design of conformal microstrip arrays. The Mathematica® package, an inte‐
grated scientific computer software, was chosen mainly due to its vast collection of built-in
functions that permit implementing the respective algorithm in a short number of lines, in
addition to its many graphical resources. At the end of the section, to illustrate the CMAD
ability to synthesize the radiation pattern of conformal microstrip arrays, the synthesis of
the radiation pattern of three conformal microstrip array topologies is considered. First, a
microstrip antenna array conformed onto a cylindrical surface is analysed. Afterwards, a
spherical microstrip array is studied. Finally, the synthesis of the radiation pattern of a coni‐
cal microstrip array is presented.
3.1. Algorithm description
The far electric field radiated by a conformal microstrip array composed of N elements and
embedded in free space, assuming time-harmonic variations of the form e j ω t, can be written as
E =ℂ

e

- j k 0r

r

I t ⋅ v (θ, ϕ ),

(14)

where the constant ℂ is dependent on both the free-space electromagnetic characteristics, μ0
and ε0 , and the angular frequency ω, k0 =ω{μ0 ε0}1/2 is the free-space propagation constant,
I t = éë I1 L I N ùû ,

(15)

with In,1 ≤ n ≤ N, representing the current excitation of the n-th array element and the super‐
script t indicates the transpose operator,
é g1 (q, f) ù
ê
ú
v(q, f) = ê M
ú,
ê gN (q, f) ú
ë
û

(16)

in which gn(θ,ϕ), 1 ≤ n ≤ N, denotes the complex pattern of the n-th array element evaluated
in the global coordinate system. Boldface letters represent vectors throughout this chapter.
Based on (14), the radiation pattern of a conformal microstrip array can be promptly calcu‐
lated using the relation
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| I t × v(q, f)|=2 w† × [v(q, f) × v † (q, f)] × w ,

(17)

where the complex weight w is equal to I*, the superscript * represents the complex conju‐
gate operator and † indicates the Hermitian transpose (complex conjugate transpose opera‐
tor). Therefore, the radiation pattern evaluation requires the knowledge of both complex
weight w and vectorv(θ,ϕ).
Once the array elements are chosen and their positions are predefined, to determine the vec‐
tor v (θ, ϕ) tor v(θ,ϕ) it is necessary to calculate the complex patterns gn(θ,ϕ), 1≤n≤N, of the
array elements. For conformal microstrip arrays there are some well-known techniques to
accomplish this [1], for example, the commonly used electric surface current method [17-19].
However, when this technique is employed to analyse cylindrical or conical microstrip ar‐
rays, for instance, it cannot deal with the truncation of the ground layer and the diffraction
at the edges of the conducting surfaces that affect the radiation pattern. Moreover, the ex‐
pressions derived from this method for calculating the radiated far electric field frequently
involve Bessel and Legendre functions. Nevertheless, as extensively reported in the litera‐
ture [20], the evaluation of these functions is not fast and requires good numerical routines.
Hence, to overcome these drawbacks and to get more accurate results, in this chapter, the
complex patterns gn(θ,ϕ) are determined from the data obtained through the conformal mi‐
crostrip array analysis in the CST® package. It is important to point out that other commer‐
cial 3D electromagnetic simulators, such as HFSS®, can also be used to assist the evaluation
of the complex patterns gn(θ,ϕ), since they are able to take into account truncation of the
ground layer and diffraction at the edges of the conducting surfaces.
From the array full-wave simulation data, polynomial interpolation is applied to generate
simple closed-form expressions that represent adequately the far electric field (amplitude
and phase) radiated by each array element. In this work, the degree of the interpolation pol‐
ynomials is established from the analysis of the RMSE (root-mean-square error), which pro‐
vides a measure of similarity between the interpolated data and the ones given by CST®. For
the following examples the interpolation polynomials’ degrees are defined aiming at a
RMSE less than 0.02.
Considering the previous scenario, to synthesize a radiation pattern in a given plane, it just
requires the determination of the current excitations In present in the complex weight w. Fig‐
ure 6 illustrates a typical specification of a radiation pattern containing information about
the main beam direction α, the intervals intervals [θa,θb] and [θc,θd] where the sidelobes are
located as well as the maximum level R that can be assumed for them.
Based on (17) and following [12], a constrained least squares problem is established in order
to locate the main beam at the α direction,
min w† × A × w
w

subject to the constraints

(18)
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Figure 6. Typical specification of a radiation pattern in a given plane

vs† × w =
1,

(19)

Re{vd† × w} =
0,

(20)

in which vs=v(α,ϕ'), vd=∂v(θ,ϕ)/∂θ|(θ , ϕ) = (α , ϕ') , ϕ' is the ϕ coordinate of the plane where the
pattern is being synthesized, and

=
A

1 L
å v(q , f ') × v † (ql , f ') ,
2 l =1 l

(21)

with the angles θℓ, ℓ=1,2,…,L, uniformly sampled in the sidelobes intervals [θa,θb] and
[θc,θd]. In the next examples the adopted step size between consecutive θℓ is equal to 0.1°
(for each of the sidelobes intervals).
In order to find a closed-form solution to the problem defined by (18) to (20), we determine
its real counterpart [21], that is,
% × w%
min w% t × A
w%

(22)

subject to the following linear constraints
C% t× w% =
f% ,
where

(23)
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w% = éëRe{w} Im{w} ùû t ,

(24)

% = êé Re{ A} - Im{ A} úù ,
A
ëIm{ A} Re{ A} û

(25)

C% = éëv%s vˆs v%d ùû ,

(26)

f% = éë1 0 0 ùû t ,

(27)

v%s = éëRe{vs } Im{vs } ùû t ,

(28)

vˆs = ëé - Im{vs } Re{vs } ûù t ,

(29)

v%d = éëRe{vd } Im{vd } ùû t .

(30)

with

The closed-form solution to the problem (22) and (23) is

(

% -1 × C% × C% t× A
% -1 × C%
w%= A

)

-1

× f% ,

(31)

from which the complex weight w is promptly evaluated.
After solving the problem (18)-(20) the main beam is located at the α-direction. Neverthe‐
less, it cannot be assured that the sidelobes levels are below the threshold R. In order to get
it, the complex weight w is updated by residual complex weights Δw, as follows:
w ¬ w + Dw .

(32)

A constrained least squares problem, similar to (18)-(20), that ensures the sidelobes levels, is
set up for the purpose of calculating the residual complex weights Δw, that is,
min Dw† × A × Dw
Dw

(33)
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subject to the constraints
vs† × Dw = 0 ,

(34)

Re{vd† × Dw} = 0 ,

(35)

vi† × D=
w fi=
, i 1,2, ... , m ,

(36)

in which vi=v(θi,ϕ'), with θi denoting the θ coordinate of the i-th sidelobe, m is the number
of sidelobes whose levels are being modified (the maximum m is equal to N–2), and the
complex function fi can be evaluated through
c
f=
( R- | ci |) i ,
i
| ci |

(37)

=
ci w † × v i .

(38)

where

It is important to point out that the constraints (34) and (35) retain the main beam located at
the α-direction, and the ones in (36) are responsible for conducting the sidelobes levels to
the threshold R. A closed-form solution to the problem (33)-(36) is also determined from its
real counterpart, analogous to the solution to the problem (18)-(20). The problem (33)-(36) is
iteratively solved until the sidelobes levels reach the desired value R. Notice that at each
iteration the maximum number of sidelobes whose levels are controlled is equal to N – 2,
i.e., if the array radiation pattern has more than N – 2 sidelobes, we choose the N – 2 side‐
lobes with the highest levels to apply the constraints (36).
The radiation pattern synthesis technique described before was implemented in the Mathe‐
matica® platform with the aim of developing a CAD – called CMAD – capable of performing
the design of conformal microstrip arrays. The inputs required to start the design procedure
in the CMAD program are the Text Files (.txt extension) containing the points that describe
the complex patterns of each array element – obtained from the conformal microstrip array
simulation in CST® package –, the look direction α, the maximum sidelobes level R, and the
starting and ending points of the intervals [θa,θb] and [θc,θd] where they are located. As a
result, the CMAD returns the current excitations and the synthesized pattern. It is worth
mentioning that the use of interpolation polynomials to describe the complex patterns expe‐
dites the evaluation of both vector v(θ,ϕ) and its derivative; consequently, the CMAD’s run
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time is diminished. In the following three sections, examples of radiation pattern synthesis
are provided to demonstrate the capability of the developed CMAD program.
3.2. Cylindrical microstrip array
To illustrate the described pattern synthesis technique, let us first consider the design of a
five-element cylindrical microstrip array, such as the one shown in Figure 7(a). For this ar‐
ray, the cylindrical ground layer is made out of copper cylinder with a 60.0-mm radius and
a 300.0-mm height. The employed dielectric substrate has a relative permittivity εr = 2.5, a
loss tangent tan δ = 0.0022 and its thickness is hs = 0.762 mm. The array patches are identical
to the one designed in Section 2.2 to operate at 3.5 GHz. The five elements are fed by 50-ohm
coaxial probes positioned 5.49 mm apart from the patches’ centres and the interelement
spacing was chosen to be λ0 / 2 = 42.857 mm (λ0 is the free-space wavelength at 3.5 GHz).
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Figure 7. (a)Five-element cylindrical microstrip array, (b) Eθ radiation pattern: xz-plane, α = 60°, R = -20 dB, and f = 3.5 GHz

It is important to point out that the elements close to the ends of the ground cylinder have
significantly different radiation patterns than those close to the centre of this cylinder; how‐
ever, the technique developed in this chapter can handle well this aspect, different from the
common practice that assumes the elements’ radiation patterns are identical [22]. To clarify
this difference among the patterns, Figure 8 shows the radiation patterns of the elements
number 1 and 5. In Figure 8(a) they were evaluated in CST® and in Figure 8(b) they were
determined from the interpolation polynomials. As observed, there is an excellent agree‐
ment between the radiation patterns described by the interpolation polynomials and the
ones provided by CST®, even in the back region, where the radiation pattern exhibits low
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level and oscillatory behaviour. It validates the use of polynomial interpolation functions to
represent the far electric field radiated by the conformal array elements.
For this cylindrical array, let us consider that the radiation pattern in the xz-plane must have
the main beam located at α = 60° and the maximum sidelobe level allowed is R = -20 dB. By
using the CMAD program, we get both the array normalized current excitations, depicted in
Table 1, and the synthesized radiation pattern, shown in Figure 7(b). In order to validate
these results, we provide the normalized current excitations (Table 1) for the array simula‐
tion in CST®. The radiation pattern evaluated in CST® is also represented in Figure 7(b). Ac‐
cording to what is observed, there is an excellent agreement between the radiation pattern
given by the CMAD and the one calculated in CST®, thus validating the developed techni‐
que to design cylindrical microstrip arrays.
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Figure 8. Eθ radiation patterns – elements number 1 and 5: xz-plane and f = 3.5 GHz. (a) CST® and (b) interpolation
polynomials

Element Number

Normalized Current
Excitation

1

1.0∠0.0°

2

0.800∠-82.394°

3

0.360∠6.211°

4

0.781∠-90.315°

5

0.617∠172.593°

Table 1. Cylindrical microstrip array: normalized current excitations
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3.3. Spherical microstrip array
Another conformal microstrip array topology used to demonstrate the CMAD’s ability to
synthesize radiation patterns is the five-element spherical microstrip array, which operates
at 3.5 GHz, illustrated in Figure 9(a). For this array, the selected ground layer is a copper
sphere with a radius of 120.0 mm. A typical microwave substrate (εr = 2.5, tan δ = 0.0022 and
hs = 0.762 mm) covers all the ground sphere and the array patches are the same as the ones
designed in Section 2.2. The angular interelement spacing in the θ-direction was chosen to
be 20.334°, which corresponds to an arc length of λ0 / 2 onto the external microwave sub‐
strate surface.
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Figure 9. (a) Five-element spherical microstrip array, (b) Eθ radiation pattern: xz-plane, α = 55°, R = -20 dB, and f = 3.5 GHz

In this case, the synthesized radiation pattern in the xz-plane must have its main beam locat‐
ed at α = 55.0° direction and the maximum sidelobe level cannot exceed -20 dB. After enter‐
ing these requirements in the CMAD program, it outputs the normalized current excitations
(Table 2) and the synthesized radiation pattern (Figure 9(b)). To verify these results, the nor‐
malized current excitations were loaded into the spherical microstrip array simulation con‐
ducted in the CST® software. The radiation pattern obtained is also shown in Figure 9(b) for
comparisons purposes. As seen, the radiation pattern given by the CMAD program and the
one determined in CST® show a very good agreement, thus supporting the proposed radia‐
tion pattern synthesis technique. It is important to point out that the interelement spacing
could be varied if the array directivity needs to be altered.
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Element Number

Normalized Current
Excitation

1

0.680∠264.460°

2

0.252∠-6.059°

3

0.160∠156.639°

4

1.0∠0.0°

5

0.728∠-36.758°

Table 2. Spherical microstrip array: normalized current excitations

3.4. Conical microstrip array
Finally, let us consider the radiation pattern synthesis of the four-element conical microstrip
array presented in Figure 10(a). For this array, the ground layer is a 280.0-mm-high cone
made of copper with a 40.0° aperture. This cone is covered with a dielectric substrate of con‐
stant thickness hs = 0.762 mm, relative permittivity εr = 2.5 and loss tangent tan δ = 0.0022.
The array elements are identical to the one designed in Section 2.2, so they have a length of
26.18 mm in the generatrix direction, an average width of 34.03 mm in the ϕ-direction, and
the 50-ohm coaxial probes are located 6.02 mm apart from the patches’ centres toward the
ground cone basis. The interelement spacing in the generatrix direction is of 42.857 mm (=
λ0 / 2) as well as the centre of the element #1 is 110.0 mm apart from the cone apex in this
same direction.
The radiation pattern specifications for this synthesis are: main beam direction α = 70° and
maximum sidelobe level R = -20 dB, both in the xz-plane. By using the CMAD program, we
derive the normalized current excitations, shown in Table 3, and the synthesized radiation
pattern in the frequency 3.5 GHz, illustrated in Figure 10(b). Also in Figure 10(b) the array
radiation pattern calculated in CST®, considering the normalized current excitations of Table
3, is presented. As observed, the radiation pattern obtained with CMAD matches the one de‐
termined in CST®, once again supporting the proposed design approach.

4. Active feed circuit design
As can be seen, the radiation pattern synthesis technique presented in the previous section is
suitable for applications that require electronic radiation pattern control, for example. How‐
ever, it only provides the array current excitations, i.e., to complete the array design it is still
necessary to synthesize its feed network. A simple active circuit topology dedicated to feed
those arrays can be composed of branches having a variable gain amplifier cascaded to a
phase shifter, both controlled by a microcontroller, and a 1 : N power divider, as depicted in
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Figure 11. The phase shifters play a role in controlling the phases of the current excitations,
as well as the variable gain amplifiers that are responsible for settling their amplitudes. In
this section, expressions for calculating the phase shifts ϕn and the gains Gn, in terms of the
array current excitations and their electrical characteristics, including the self and mutual
impedances, are derived. It is worth mentioning that the evaluated expressions take into ac‐
count the mismatches between the array elements’ driving impedances and the characteris‐
tic impedance Z0 of the lines, what improves their accuracy.
At the end of this section, to illustrate the synthesis of the proposed active feed network
(Figure 11), the design of the active beamformers of the three conformal microstrip arrays
(cylindrical, spherical and conical) that appear along the chapter is described. Furthermore,
to validate the phase shifts and gains calculated, the designed feed networks are analysed in
the ADS® package.
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Figure 10. (a) Four-element conical microstrip array, (b) Eθ radiation pattern: xz-plane, α = 70°, R = -20 dB, and f = 3.5 GHz

Element Number

Normalized Current
Excitation

1

0.574∠-7.835°

2

0.875∠0.149°

3

1.0∠0,0°

4

0.625∠-6.561°

Table 3. Conical microstrip array: normalized current excitations
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f1
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...
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fN
Figure 11. Active feed network

4.1. Design equations
For the analysis conducted here the phase shifters are considered perfectly matched to the
input and output lines and produce zero attenuation. Based on these assumptions the scat‐
tering matrix (S pf ) n of the n-th phase shifter, 1≤n≤N, assumes the form
æ 0
(Spf )n = ç
ç e jfn
è

ej n ö
÷,
0 ÷ø
f

(39)

with ϕn (0≤ϕn<2π) representing the phase shift produced by the n-th phase shifter. Notice
that the matching requirement can be met to within a reasonable degree of approximation
for commercial IC (Integrated Circuit) phase shifters, however those devices frequently ex‐
hibit moderate insertion loss. So, to take the insertion loss into account in our analysis mod‐
el, the gains Gn are either decreased or increased (to compensate the insertion losses).
The variable gain amplifiers are also considered perfectly matched to the input and output
lines and they are unilateral devices, i.e., s12n=0. Hence, the scattering matrix (S a ) n of the n-th
variable gain amplifier is given by
æ 0 0ö
(Sa )n = çç
÷÷ ,
è s21n 0 ø

(40)

in which s21n denotes the gain (linear magnitude) of the n-th variable gain amplifier. It is
worth mentioning that lots of commercial IC variable gain amplifiers have input and output
return loss better than 10 dB and exhibit high directivity, therefore, the preceding assump‐
tions are reasonable. More precise results using the scattering parameters of commercial var‐
iable gain amplifiers and phase shifters are presented in [23].
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Let us examine the operation of the n-th circuit branch. The input power Pn at the terminals
of the n-th array element can be calculated by
1
Pn = Re{Zinn }| I n |2 ,
2

(41)

where Zinn is the driving impedance at the terminals of the n-th array element and can be
evaluated using
N

Zinn = å Znk
k=1

Ik
In

(42)

in which Znκ is the n-th array element self-impedance, if n=κ, and the mutual impedance be‐
tween the n-th and κ-th array elements, if n ≠ κ. In this chapter the self and mutual impedan‐
ces will be determined from the array simulation data. However, those impedances could
also be obtained from the measurements conducted in the array prototype, what certainly
would lead to a more accurate feed network design.
Alternatively, the input power at the terminals of the n-th array element can be expressed in
terms of the incident power P0n and the reflection coefficient Γinn at the terminals as
=
Pn P0 n (1- | Ginn |2 ) ,

(43)

Zin - Z0
Ginn = n
.
Zinn + Z0

(44)

with

Combining (41) and (43) results in an expression to evaluate the incident power at the termi‐
nals of the n-th array element

P0 n =

Re{Zinn }| I n |2
2(1- | Ginn |2 )

,

(45)

which is equal to the n-th variable gain output power, disregarding the losses in the lines.
Based on (45), an equation to determine the gain of the n-th variable gain amplifier is de‐
rived:
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Gn =

P0 n Re{Zinn } 1- | Ginm |2 | I n |2
.
=
P0 m Re{Zinm } 1- | Ginn |2 | I m |2

(46)

Notice that to evaluate (46) it is necessary to choose one of the circuit branches as a refer‐
ence, i.e., the gain of the m-th variable gain amplifier is set equal to 1.0.
It is important to highlight that this formulation has relevant importance for arrays whose
mutual coupling among elements is strong [23], since it takes this effect into account. For ar‐
rays whose mutual coupling among elements is weak and the array elements self-impedan‐
ces are close to Z0 , (46) is approximated by

Gn @

| I n |2

| I m |2

.

(47)

Now, to determine the phase shifts ϕn, let us consider the current In at the terminals of the nth array element, that is,
=
In I0n e
in which I 0n e

jϕn

jfn

(1 - Ginn ) ,

(48)

is the incident current wave at the terminals of the n-th array element.

Once the currents In are provided by the algorithm described in the last section, to calculate
ϕn the phases of the left and right sides of (48) are enforced to be equal. Then,
fn = dnm - arg{1 - Ginn } + arg{1 - Ginm } ,

(49)

arg{ I n } - arg{ I m }.
d=
nm

(50)

with

Also for the determination of the phase shift ϕn, the m-th circuit branch was taken as a refer‐
ence, i.e., its phase shifter does not introduce any phase shift (ϕm=0°) in the signal.
For arrays whose mutual coupling among elements is weak and the array elements self-im‐
pedances are close to Z0 , the phase shift ϕn (49) reduces to
fn @ dnm .

(51)
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The expressions for evaluating the gains Gn (46) and phase shifts ϕn (49) were incorporated
into the developed computer program CMAD to generate a new module devoted to design
active feed networks, such as the one illustrated in Figure 11. The inputs required to start
the circuit design are the array current excitations and the Touchstone File (.sNp extension)
containing the array scattering parameters – obtained from the conformal microstrip array
simulation in a full-wave electromagnetic simulator, for example. In the next section, to
demonstrate the capability of this new CMAD feature, the feed networks of the three confor‐
mal microstrip arrays previously synthesized will be designed.
4.2. Examples
The normalized current excitations found in Tables 1 to 3 and the scattering parameters of
the three conformal microstrip arrays synthesized in this chapter (evaluated in CST®) were
provided to the CMAD. As results, it returned the gains and phase shifts of the active feed
networks that implement the radiation patterns shown in Figures 7(b), 9(b) and 10(b). These
values are listed in Table 4.
To verify the validity of the results found in Table 4, the designed active feed networks were
analysed in the ADS® package. As an example, Figure 12 shows the simulated feed network
for the conical microstrip array. In this circuit, the array is represented through a 4-port mi‐
crowave network, whose scattering parameters are the same as the ones used by the CMAD,
it is fed by a 30-dBm power source with a 50-ohm impedance, and there are four current
probes to measure the currents at the terminals of the 4-port microwave network, which cor‐
respond to the array current excitations. Table 5 summarizes the current probes readings for
the three analysed feed networks. The comparison between the currents given in Table 5
and the ones presented in Tables 1 to 3 shows that these currents are in agreement, thereby
validating the design equations derived before.

Branch

Cylindrical Array

Spherical Array

Conical Array

Number

Gain (dB)

Phase Shift (deg)

Gain (dB)

Phase Shift (deg)

Gain (dB)

Phase Shift (deg)

1

7.4

351.1

11.1

114.6

0.0

0.0

2

5.7

267.6

3.8

205.0

4.2

7.0

3

0.0

0.0

0.0

0.0

5.4

4.1

4

4.9

260.6

14.0

210.3

1.5

356.6

5

2.4

164.0

10.9

173.0

–

–

Table 4. Gains and phase shifts of the designed active feed networks
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Branch

Cylindrical Array

Spherical Array

Conical Array

1

0.160∠-10.37°

0.249∠113.2°

0.106∠-9.417°

2

0.128∠-92.76°

0.092∠-157.3°

0.161∠-1.432°

3

0.058∠-4.156°

0.059∠5.375°

0.184∠-1.581°

4

0.125∠-100.7°

0.366∠-151.3°

0.115∠-8.141°

5

0.099∠162.2°

0.267∠172.0°

–

Number

Table 5. Current probes readings (in ampere)

5. Conclusion
In summary, a computationally efficient algorithm capable of assisting the design of probefed conformal microstrip antennas with quasi-rectangular patches was discussed. Some ex‐
amples were provided to illustrate its use and advantages. As seen, it can result in
significant reductions in design time, since the required number of full-wave electromagnet‐
ic simulations, which are computationally intensive – especially for conformal radiators –, is
diminished. For instance, the proposed designs could be performed with only three fullwave simulations. Also in this chapter, an accurate design technique to synthesize radiation
patterns of conformal microstrip arrays was introduced. The adopted technique takes the ra‐
diation pattern of each array element into account in its code through the use of interpola‐
tion polynomials, different from the common practice that assumes the elements’ radiation
patterns are identical. Hence, the developed technique can provide more accurate results.
Besides, it is able to control the sidelobes levels, so that optimized array directivity can be
achieved. This design technique was coded in the Mathematica® platform giving rise to a
computer program, called CMAD, that evaluates the array current excitations responsible
for synthesizing a given radiation pattern. To show the potential of the CMAD program, the
design of cylindrical, spherical and conical microstrip arrays were exemplified. Finally, an
active feed network suitable for applications that require electronic radiation pattern con‐
trol, like tracking systems, was addressed. The expressions derived for the synthesis of this
circuit take into account the mutual coupling among the array elements; therefore they are
also suited for array configurations in which the mutual coupling among the elements is
strong. These design equations were incorporated into the CMAD code adding to it one
more project tool. In order to validate this new CMAD feature, the feed networks of the
three conformal microstrip arrays described along the chapter were designed. The obtained
results were validated through the feed networks’ simulations in the ADS® software.
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Figure 12. Simulated feed network for the conical microstrip array
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Chapter 2

Bandwidth Optimization of
Aperture-Coupled Stacked Patch Antenna
Marek Bugaj and Marian Wnuk
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/54661

1. Introduction
The microstrip antennas have been one of the most innovative fields of antenna techniques for
the last three decades. Microstrip antennas have several advantages such as lightweight, smallvolume, and that they can be made conformal to the host surface. In addition, these antennas
are manufactured using printed-circuit technology, so that mass production can be achieved
at a low cost. Microstrip antennas, which are used for defense and commercial applications,
are replacing many conventional antennas [1]. However, the types of applications of microstrip
antennas are restricted by the narrow bandwidth (BW). Accordingly, increasing the BW of the
microstrip antennas has been a primary goal of research for many years. This is reflected in
the large number of papers on the subject published in journals and conference proceedings.
In fact, several broadband microstrip antennas configurations have been reported in the last
few decades. They have additional advantages: simplicity of production, small weight, narrow
section, easiness of integration of radiators with feeding system. However, this construction
also has the following disadvantages: narrow band, limited power capacity, not sufficient
efficiency of radiation. Still ongoing search for solutions to obtain a broad range of work in the
microstrip antenna. The aim of this study is to demonstrate that it is possible to build a
microstrip antenna with wide range of work.
The basic configuration of microstrip antenna consists of metallic strip printed on thin earthed
dielectric base. The feeding is accomplished through concentric cable, it runs perpendicularly
through a substrate or a strip line runs on a substrate in the plane of aerial[15]. The aperture
coupling feed was proposed by Pozar and it has many advantages over other types of feeds.
These include shielding of the antenna from spurious feed radiating, the use of suitable
substrates for feed structure and the antenna, and the use of thick substrates for increasing the
antenna bandwidth [5].
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The methods of analysis and projection of microstrip antennas have developed simultaneously
with the development of aerials. Nowadays several methods of analyzing the antennas on
dielectric surface are used, however, the most commonly used ones are the full wave model
based on Green's function and the method of moments where analysis relies on solution of
integral equation, concerning electric field, with regard to unknown currents flowing through
elements of the antenna and its feeding system [7].
Millimeter wave printed antennas can take on many forms, including microstrip patch
elements and a variety of proximity coupled printed radiators. The microstripline-fed printed
slot and the aperture coupled patch are examples of the latter type and may be useful in certain
planar array applications [2].
The paper presents the model of the antenna on which the influence of parameters on antenna
bandwidth simulation was conducted (the influence of changes permittivity and thickness of
every layer). One of the most important parameters which have been calculated is the band‐
width. Its value depends on antenna parameters (thickness and permittivity of every layer).
The paper shows that as a result of optimization which has been demonstrated we can create
a planar antenna with wide range of work. The analysis process of multilayer microstrip
antennas is complex and time consuming[4,11].
One of the main problems associated with the use of planar antennas in radio links is their
relatively narrow frequency band of operation, it has been indicated at the outset of this
chapter. This problem has been described in literature, in books such as monographs [6] or [9,
ch. 3 and 6] and in paper such as [8]. The next literature is worth noting the work of Borowiec
and Słobodzian, who described [10] a method of increasing bandwidth of planar antennas.
Unfortunately, the bandwidth of the antenna work, which was obtained only at 15-18 %.
Increasing the frequency band planar antenna work can be done through the use of:
• Tuning frequency planar radiators,
• Dual frequency transmitters,
• Multilayer structures.

2. Analyzed antenna
Aperture coupling antenna feeding method was first suggested in 1985 by David.M. Pozar [9].
Using this method of feeding antenna we have hope to obtain a wide operating bandwidth B,
which has tried to prove, by various authors [9]. The basic condition for obtaining satisfactory
results is to optimize the parameters of multilayer antennas.
An exploded view of this type antenna is shown in Figure 1. The antenna consists of four layers
with two radiators. Radiators are microstrip patches; they are on layers of h2 and h4. The
microstrip patch is feed by microstrip line trough slot in the common ground plane. The width
microstrip line is W and is printed on a substrate described by h1 and ε1. Coupling of the slot
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to the dominant mode of the patch and the microstrip line occurs because the slot interrupts
the longitudinal current flow in them[3].
For an analyzed planar structure activity of the antenna is more important than surrounding
space, so the analyzed area is not to large. But it is large enough so that the results would reflect
analyzed area precisely and strictly, taking into account limited computing power of a
computer. One of the most important parameters, which will be calculated, is bandwidth
whose value is dependent from parameters of antenna. The described aerial is structure multi
resonance.

Figure 1. An aperture coupled microstrip patch antenna.

3. Optimization
Choice of laminates and other materials for the implementation of the antenna and antenna
system is one of the most important steps in the process of designing microstrip antennas.
Planar microstrip antenna can be built with the theoretically infinite number of layers. This
solution, unfortunately, leads to a reduction in antenna efficiency and leads to excitation of
surface waves. In order to provide the required bandwidth efficiency of the antenna work and
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we need to limit the number of layers to this, to obtain both wide bandwidth operation and
high efficiency.
In this case the optimization is folded, since all possible combinations of parameters will be
examined. This optimization is time-consuming and complex process. In Figure 2 an algorithm
of the optimization was presented. Bandwidth planar antenna can be expressed using the
equation (1):
B=

VSWR - 1
c ee

(1)

4 f0 h

where:
Q - quality factor
f 0 - center frequency of band
εe - permittivity
h - thickness of antenna
Optimization parameters:
• Layers permittivity: ε1, ε2, ε3, ε4
• Layers thickness: h1, h2, h3, h4 (Fig.1)
In order to optimize the iterative method was used. It is time consuming but allowed us to
investigate the effect of dielectric parameters of the antenna operating band (fig.3). In the
optimization process the following steps of changes of input parameters were accepted:
• electric penetrability of layers (ε1, ε2, ε3, ε4) – 0.05
• thickness of layers (h1, h2, h3, h4) – 0.05 [mm]

4. Limitations of the optimization
Permeability and thickness of each layer are limited typical values offered by various manu‐
facturers such as ROGERS, ARLON, etc. Different companies offer dielectrics with very similar
structural parameters. Therefore, the values of h and εr values are limited discrete values
occurring in the family.
As a result of computational series this way conducted for every of layers three-dimensional
graphs giving the full image and the inspection of all possible combinations to the thickness
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Figure 2. Algorithm of the optimization

and permittivity (Figure 3). On each of graphs optimum areas marked on the color red. Layer
h3 has the optimum area smallest of all examined layers.

5. The results of the optimization process
The object of the study is primarily broadband properties of the antenna input impedance and
directional properties, which determine the further use of the model. Particular attention is
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paid to the bandwidth of the work, which was the basic parameter determining the final
construction of the structure. Using the current state of knowledge should lead to the use of
dielectrics with relatively lowest values of electrical permittivity. Optimization was carried
out by examining the every of the layers in structure. The results to optimize were presented
on the graphs below. The optimization process was as follows: for each layer has been studied
sufficiently large set of combinations of thickness and permeability, and for each of them
determined the bandwidth of operation. As a result of a series of calculations for each of the
layers was formed three-dimensional graphs which give a complete picture and review all
possible combinations of thickness and permeability. On each of the graphs obtained areas
with the best bandwidth - in the diagrams shown in red. As can be seen in the following analysis
for each layer
is atof
least
some optimum
limitation of choosing
the rightwas carried o
The there
process
optimization
andcombinations.
testing of allA parameters
of the antenna
laminate based
is the availability
of
mass-produced
laminates
of
sufficient
thickness
and
permeabil‐
on the method of moments. In order to verify the correctness of their analysis be
ity. Laminates as well as other electronic components such as resistors and capacitors are
antenna we one more time made calculations the VSWR and radiation characteris
produced in the so-called series with typical values, with defined thicknesses and permittivity.
calculation method (fig.10 and 11). To perform calculations in order to verify the selected
This is some major difficulty for designers.

FDTD method. Smith chart of wideband multilayer antenna is show in figure 9.

Figure 3. Results
of optimization
for theof
parameters
of the
four layers antenna.
of the aperture-coupled microstrip antenna
Figure
9. Smith chart
wideband
multilayer

Input impedance of the antenna in operating band varies in the range of 30 to 70 [Ω]. T
antenna in the whole operating band. Such changes in the impedance is a side effect for
that despite these changes the antenna VSWR <2.
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The results also show how little room for maneuver there is for choosing the right laminate
structure. For some structures may unfortunately find that the physical realization is impos‐
sible because in our area of interest is not in any laminate. Then we would look for a solution
by changing the dimensions of the radiating elements so as to be able to use existing laminates.
As a result of optimization selected the following dielectrics:
h1=1,57 mm, ε1 =2.2 - Rogers-RT/duroid 5880
h2 =3,048 mm, ε2 =2.6 -Rogers-RT/ULTRALAM 2000
h3 =3 mm, ε3 =1.07- polymethacrylamid hard foam.

h4 =0,25mm,
out using IE3D
software ε(Zeland
Software)
4 =3.50 - Rogers/RO3035
efore the construction of physical model of
stics of the final model using a different
6. Microwave
Influence of
dielectric
parameters on antenna bandwidth
d software CST
Studio
based on
The thickness of layers in a multilayer structure is one of the more important elements affecting
directly on the bandwidth of the work the whole structure of radiation. Analysis the impact
of the thickness the layers on the bandwidth in the structure consisted of the cyclic change in
thickness (in steps of 0.05 mm) layer and setting the bandwidth (VSWR <2) when the other
elements in the construction of the antenna in the same state. Maintaining other elements of
the antenna can be sure that the effect is obtained only from changes in thickness. The analysis
was performed for all layers occurring in the structure. For obtained in the optimization
process the parameters of laminates determined parameters of the antenna.

Figure 4. Influence thickness of h4 layer on bandwidth

The first was analyzed h4 layer. It is located at the top of the antenna. The results are illustrated
in Figure 4. The results can be concluded that the bandwidth of the work at a level above 50%
can be achieved by changes in the thickness of this layer in the range from 0.008 to 0.062λ0.

This input impedance makes full use of the
r maximum bandwidth . It should be noted
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Figure 4. Influence thickness of h4 layer on bandwidth

The first was analyzed h4 layer. It is located at the top of the antenna. The results are illustrated in Figure 4. The results can be
When we
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Using the same calculation process, we determined the influence of thickness h3 to h1 on the bandwidth of the antenna.

Using the same calculation process, we determined the influence of thickness h3 to h1 on the
bandwidth of the antenna.
7. Study the impact of the total thickness of the antenna operating bandwidth
Using the results obtained during the optimization and additional numerical calculations can be concluded that the multilayer
structure achieves the highest bandwidth for the measured quantity of work, as the ratio of thickness of the antenna to the
0. When the thickness
of the
structure has
a value outside this range is rapidly
wavelength
andthe
containing
in the of
range
of 0.21-0.27
7. Study
impact
the
total thickness
of the
antenna
operating
declining bandwidth operation. For all layers of optimum thickness ratio of the total structure to the radiated wave length (center
bandwidth
frequency
8.27 GHz antenna operation) at which it achieves the greatest band of operation is in all cases very close to the value of
0.250 (fig.6)

Usinghow
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and
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smallest
of all the
layers, both
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and
Mistake
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layeroptimization
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permeability.
Minorthat
deviations
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to the bandwidth
of operation)
the effect
limiting
the bandwidth of
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the multilayer
structure
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bandwidth
forofthe
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operation
below 50%.
Forratio
working
bandwidth>of50%
the thickness
permittivity and
of each
layer should
quantitywell
of work,
as the
of thickness
theofantenna
to theand
wavelength
containing
in contain,
respectively, in the intervals:
the range of 0.21-0.27 λ0. When the thickness of the structure has a value outside this range is
thickness ratio of the total
structure to the radiated wave length (center frequency 8.27 GHz antenna operation) at which
layer h2: thickness from 0.084 to 0.121 0 and permittivity εr2 from 2.28 to 2.77;
it achieves the greatest band of operation is in all cases very close to the value of 0.25λ0 (fig.6)

declining
bandwidth
operation.
all layers
of optimum
permittivity
εr1 from
1.78 to 2.62;
- rapidly
layer
h1: thickness
from 0.041 to
0.062 0 andFor

-

layer h3: thickness from 0.077 to 0.176 0 and permittivity εr3 from 1 to 1.36;

Mistake how we can make when selecting layer h1 and h2 is the smallest of all the layers, both
permittivity
εr4 from from
2.05 to the
4.62;optimum value (due to the
- in terms
layer
thickness from
to 0.062 0 and
ofh4:
thickness
and0.008
permeability.
Minor
deviations
bandwidth of operation) the effect of limiting the bandwidth of operation well below 50%. For
working bandwidth> 50% of the thickness and permittivity of each layer should contain,
respectively, in the intervals:
• layer h1: thickness from 0.041 to 0.062 λ0 and permittivity εr1 from 1.78 to 2.62;
• layer h2: thickness from 0.084 to 0.121 λ0 and permittivity εr2 from 2.28 to 2.77;
• layer h3: thickness from 0.077 to 0.176 λ0 and permittivity εr3 from 1 to 1.36;
• layer h4: thickness from 0.008 to 0.062 λ0 and permittivity εr4 from 2.05 to 4.62;
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Figure 6. Bandwidth as a function of thickness of the multilayer structure due to the change in thickness of each layer.

8. Calculation of parameters for optimum model
For optimized model antenna the electrical parameters were determined: VSWR, impedance,
characteristic of radiation. Figure 6 shows the VSWR of optimal single patch antenna. How‐
ever, the input impedance is shown in Figures 7 (reactance and resistance). Resistance in the
range of work fluctuates around the value of 50Ω. the reactance value fluctuates around the
value of the 0.

Figure 7. VSWR of optimal single patch antenna.
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Figure 8. Reactance and resistance of optimal single patch antenna.

The resultant input impedance allows the full use of the antenna in the whole range of work.
As a result of optimizing the working range was achieved 62.5% (VSWR<2).
The process of optimization and testing of all parameters of the antenna was carried out using
IE3D software (Zeland Software) based on the method of moments. In order to verify the
correctness of their analysis before the construction of physical model of antenna we one more
time made calculations the VSWR and radiation characteristics of the final model using a
different calculation method (fig.10 and 11). To perform calculations in order to verify the
selected software CST Microwave Studio based on FDTD method. Smith chart of wideband
multilayer antenna is show in figure 9.
Input impedance of the antenna in operating band varies in the range of 30 to 70 [Ω]. This input
impedance makes full use of the antenna in the whole operating band. Such changes in the
impedance is a side effect for maximum bandwidth. It should be noted that despite these
changes the antenna VSWR <2.
The radiation pattern of antenna has stable shape in the whole operating band. In the whole
frequency range the gain of antenna (calculated) is around 5 [dBi]. The width of the radiation
characteristics (- 3dB) is around 100 °.
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Figure 9. Smith chart of wideband multilayer antenna.

Figure 10. Figure 10. Verification of model with using CST.
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[dBi]

[dBi]

[dBi]

Figure 11. Radiations pattern of multilayer antenna-simulations

Figure 11. Radiations pattern of multilayer antenna-simulations
Selection of components of the antenna (thickness and permeability layers) gives the value of VSWR<2. The antenna's radiating

Selectionpatch
of components
theand
antenna
(thickness
permeability
layers)
gives
has very similaroflevel
distribution
of currents.and
The main
radiating element
is side
edges the
of thevalue
patchesof
are the same as in
structures.
The distribution
currents
guarantees
with
the direction ofof
thecurrents.
feed line. The
VSWR<2.single-layer
The antenna's
radiating
patchofhas
very
similarconsistent
level and
distribution
main radiating element is side edges of the patches are the same as in single-layer structures.
The distribution of currents guarantees consistent with the direction of the feed line.

9. Physical model of the antenna
In the figure 13 shows the antenna layers. First from left is put layer h1 with coupling slot.
Holes in layers of the antenna were carried out intentionally with a view to precise connecting
with oneself layers, they aren't bringing changes of parameters of the aerial in.
In Figure 13 a ready model of the aerial was described, the structure of aerials is coated
with foamed PCV. They aren't bringing changes of parameters of the aerial in (checked in
measurements).
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Figure 12. Current distribution in antanna elements

9. Physical model of the antenna
In the figure 13 shows the antenna layers. First from left is put layer h1 with coupling slot. Holes in layers of the antenna were
carried out intentionally with a view to precise connecting with oneself layers, they aren't bringing changes of parameters of the
aerial in.

Figure
Current
elements
In 12.
Figure
13 a distribution
ready modelinofantanna
the aerial
was described, the structure of aerials is coated with foamed PCV. They aren't bringing
changes of parameters of the aerial in (checked in measurements).

Figure 13. Layers of antenna and model of antenna.

Figure 13. Layers of antenna and model of antenna.
Obtained in a multi-layer band work is not possible in single layer antennas [2]. In the whole range of work input impedance of the
antenna is stable. Antenna input impedance in the band of work is changing in the range of 36 to 67 []. Such changes in the
impedance are a side effect for a maximum bandwidth of work.
The result for the physical model confirms the correctness of the analysis and calculations obtained using the calculation method
based on the method of moments. Three of the four laminates used in its construction include teflon, and one of the layers is made
of polimethacrylamid foam. This caused some difficulties in the technological process of joining them together and generates small
inaccuracies in the contact of subsequent layers. This gave slight differences between calculations and measurements.
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Obtained in a multi-layer band work is not possible in single layer antennas [2]. In the whole
range of work input impedance of the antenna is stable. Antenna input impedance in the band
of work is changing in the range of 36 to 67 [Ω]. Such changes in the impedance are a side effect
for a maximum bandwidth of work.
The result for the physical model confirms the correctness of the analysis and calculations
obtained using the calculation method based on the method of moments. Three of the four
laminates used in its construction include teflon, and one of the layers is made of polimetha‐
crylamid foam. This caused some difficulties in the technological process of joining them
together and generates small inaccuracies in the contact of subsequent layers. This gave slight
differences between calculations and measurements.

Figure 14. Dimension of h1 layer

The resulting optimization model of the antenna is shown in Figures 9, 10 and 11. The antenna
is a multi-layered structure having in its construction of two radiating elements in the form of
"patches" located on successive layers of the dish. Patch located in the h2 layer is fed by a line
through a gap made in the plane of the masses. Above it there is another patch that by using
the resonance (of another already in the structure) greatly improves the bandwidth of
operation. The power supply line located on the layer defined by the h1 and ε1.
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Figure 15. Dimension of h2 and h4 layers

The h2 layer is made of foam, which cannot be applied metallization. Therefore, the patch was
placed on the bottom layer of h4. In result the radiating patch will be located between the layers
h3 and h4.

10. Result of measurements
Measurement of parameters and antenna characteristics were carried out at the Laboratory for
Electromagnetic Compatibility of the Electronics Department of the Military Technical
Academy equipped with an anechoic chamber. A prototype is made and the following
measured results in the frequency range (5,5-11,5 GHz) for :
• Standing wave ratio VSWR
• Input impedance Z
• Resistance R
• Reactance X
• Radiation patterns
Figure 16 shows the model of antenna VSWR during measurements. In the next Figure 17
shows the results of measurements of VSWR, which reaches a value of less than 2 in frequency
range from 5.8 GHz to 10.15 GHz. during the measurement parameters and antenna charac‐
teristics of dielectric parameters was also studied based on the methodology described in the
articles[12,13,14].
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Figure 16. Model of antenna during VSWR measurmeants.

Figure 17. Measured VSWR of optimal single patch.

Obtained in the measurement bandwidth of the work is:

B=

2( fmax - fmin )
2(10150 - 5800)
2 × 4350
× 100%=
× 100%=
× 100% » 55%
fmax + fmin )
(10150 + 5800)
15950

Figure 18 shows the measured values of resistance and reactance of antenna model.

(2)
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Figure 18. Measured input impedance of optimal single patch antenna.

Figure 18 shows the measured values of resistance and reactance of antenna model. The meas‐
ured resistance value ranges from 35 to 55 ohms. Reactance varies in the range from -10 to 5 ohms.

Figure 19. Photos of the antenna during measurments in the anechoic chamber.
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The subject carried out by the author toprimarily study broadening the antenna bandwidth
properties, which confirm the elimination of the problem of narrowband in the structures of
planar antennas and directional properties. Particular attention is paid to the impedance
properties defined by examining the standing wave ratio (VSWR) in the bandwidth of the
antenna, the ratio was determined relative to a standard value of impedance 50Ώ. Radiation
Figure 19. Photos of the antenna during measurments in the anechoic chamber.
characteristics was investigated for frequencies from 5.5 GHz to 11.5 GHz in steps of 1 GHz.
The paper The
presents
characteristics
for a center
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work sheet in the computer simulations.

GHz to 11.5 GHz in steps of 1 GHz. The paper presents the characteristics for a center frequency band operation (7.6 GH
two frequencies distant by about 1 GHz bandwidth from the ends of the work, the frequency of 6.5 GHz and 9.5 GHz. F
shows the far field radiation characteristics of the antenna at the center frequency
frequency were also determined and presented in the work sheet in the computer simulations.

Figure 20
(7.6 GHz) and at 6.5 and 9.5 GHz

Figure 20 shows the far field radiation characteristics of the antenna at the center frequency (7.6 GHz) and at 6.5 and 9.5

5.8 GHz

7.6 GHz
Figure 20. Radiation
- plane). - plane).
Figure 20.paterrns(H
Radiation paterrns(H

6.5 GHz

9.6 GHz
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Width of the main lobe at the level of -3 [dB] in the whole operating band is approximately
140 °. Radiation pattern has a stable shape in the frequency domain.

confirm the
attention is
na, the ratio
ies from 5.5
Hz) and for
For the same

Width of the main lobe at the level of -3 [dB] in the whole operating band is approximately 140 °. Radiation pattern has a stable
shape in the frequency domain.

GHz

Figure 21. Measured antenna gain versus frequency.

Antenna gain is in the range from 4 dBi to 5.7 dBi. For multilayer structure with a bandwidth
be very good gain values.
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array,
thereby increasing antenna gain. For this purpose, designed four element array,
whose design is shown in Figure 21.

Presented in a multi-layer structure despite the complex structure can be used to construct the antenna array, thereby increasing
antenna gain. For this purpose, designed four element array, whose design is shown in Figure 21.

Figure 22. Antenna array.

Figure 22. Antenna array.

Parameters and characteristics of the antenna array were also measured in the anechoic chamber (fig.21). For the model was made
the following we measured in this same frequency range (5,5-11,5 GHz) following parameters: standing wave ratio VSWR, input
impedance Z, resistance R, reactance X, radiation patterns. Measurement results are shown in Figures 23 and 24.
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Parameters and characteristics of the antenna array were also measured in the anechoic cham‐
Figure 22. Antenna array.
ber (fig.21). For the model was made the following we measured in this same frequency range
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Figure 23. Antenna array during measurments in anechoic chamber.
Figure 23. Antenna array during measurments in anechoic chamber.

Figure 24. Impedance of antenna array- measurmeants.
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Figure 24. Impedance of antenna array- measurmeants.
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11. Comparison of simulations and measurements

The most important
in view of and
the article
is the course of VSWR as a function of frequency. The result obtained for
11. Comparison
ofparameter
simulations
measurements

physical model confirms the correctness of the analysis and calculations obtained using the calculation method based on
method of moments, as well as the FDTD method.

The most important parameter in view of the article is the course of VSWR as a function of
frequency. The result obtained for the physical model confirms the correctness of the analysis
and calculations obtained using the calculation method based on the method of moments, as
well as the FDTD method.

Figure 26. VSWR – simualtions and measurments.
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Reduction of bandwidth in the upper-frequency of band (as confirmed by further simulations
and calculations exploring the effects of precision interfaces between layers of the antenna on
its parameters), the inaccuracy of the interfaces between layers of the dish. Three of the four
laminates used in its construction include Teflon, and one of the layers is made of foam
polimethacrylamid. This causes some technological difficulties in the process of connecting
them together and produce a minimum of contact inaccuracy of subsequent layers. The
simulations confirm the situation.

(a)

(b)

Figure 27. Radiation paterrns of antenna measurments (a) and simualtions (b).

12. Conclusion
This article presents issues related to the theory and technique of multilayer planar antennas
fed by the slot. This paper describes multilayer configuration to increase the BW of the antenna.
This configuration has many advantages, including wide BW, reduction in spurious feed
network radiation, and a symmetric radiation pattern with low cross-polarization. The antenna
configuration with a resonant aperture yields wide BW by proper optimization of the coupling
between the patch and the resonant slot. The basic characteristics and the effects of various
parameters on the overall antenna performance are discussed.
The results of the study are satisfactory. The paper describes a clear advantage of multilayer
antennas over monolayer ones, where the bandwidth is significantly narrower. The coupling
aperture antenna after optimization can result in a considerable increase of bandwidth. The
bandwidth of aerial is the outcome of the way feed as well as the utilization to build the multi-

Bandwidth Optimization of Aperture-Coupled Stacked Patch Antenna
http://dx.doi.org/10.5772/54661

layer substrates and they parameters. Calculations show how difficult it is to choose optimal
value for laminates when we want to obtain wide band. Permittivity and thickness are equally
important for bandwidth antenna. The analysis of the antenna was done by the usage of IE3D
- Zeland Software (method of moments - MoM). The method has been applied to the micro‐
strip-fed slot antenna and to the aperture coupled antenna with a good result when compared
with measured data.
The model of antenna allows use of all the positive properties of planar antennas with
simultaneous work in a wide frequency range, which so far has been the main element to
eliminate this type of the antenna of use in many designs. Given the trend for miniaturization
of antenna devices and the development of radio technology and integrated systems presented
in the paper of construction seems to be very prospective. The design of this antenna is a
modern solution to the antenna, which is especially important in the use of the moving objects.
The results of experimental studies measuring fully confirm the possibility of constructing
planar antenna with wide bandwidth operation. In addition, ease of implementation of
antenna arrays using planar antennas opens up new possibilities in the use of this construction.
Designed antenna operates in X-band and certainly could be an interesting alternative to the
currently used antenna antennas operating in this band.
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Chapter 3

Full-Wave Spectral Analysis of Resonant Characteristics
and Radiation Patterns of High Tc Superconducting
Circular and Annular Ring Microstrip Antennas
Ouarda Barkat
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/54665

1. Introduction
During the last decades, superconducting antenna was one of the first microwave compo‐
nents to be demonstrated as an application of high-temperature superconducting material [1-3].
High Tc superconducting microstrip antennas (HTSMA) are becoming popular and getting
increased attention in both theoretical research and engineering applications due to their
excellent advantages. Various patch configurations implemented on different types of
substrates have been tested and investigated. In the design of microstrip antennas, anisotrop‐
ic substances have been increasingly popular. Especially the effects of uniaxial type anisotro‐
py have been investigated due to availability of this type of substances. These structures
characterized by their low profile, small size, light weight, low cost and ease of fabrication,
which makes them very suitable for microwave and millimeter-wave device applications [4-6].
HTSMA structures have shown significant superiority over corresponding devices fabricated
with normal conductors such as gold, silver, or copper. Major property of superconductor is
very low surface resistance; this property facilitates the development of microstrip antennas
with better performance than conventional antennas. Compared to other patch geometries, the
circular and annular ring microstrip patches printed on a uniaxial anisotropic substrate, have
been more extensively studied for a long time by a number of investigators [7-11]. Circular
microstrip patch can be used either as radiating antennas or as oscillators and filters in
microwave integrated circuits (MIC's). The inherent advantage of an annular ring antenna is:
first, the size of an annular ring for a given mode of operation is smaller than that of the circular
disc resonating at the same frequency. Second, The presence of edges at the inner and outer
radii causes more fringing than in the case of a circular microstrip antenna, in which fringing
occurs only at the outer edge, and this implies more radiation from these edges, that leads to
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high radiation efficiency. These structures are quite a complicated structure to analyze
mathematically. Different models are available to model a microstrip antenna as the transmis‐
sion-line model and the cavity model in simple computer aided design formulas. However, the
accuracy of these approximate models is limited, and only suitable for analysing simple
regularly shaped antenna or thin substrates. The full-wave spectral domain technique is
extensively used in microstrip antennas analysis and design. In this method, Galerkin’s method,
together with Parsval’s relation in Hankel transform domain is then applied to compute the
resonant frequency and bandwidth. The integral equation is formulated with Hankel trans‐
forms which gives rise to a diagonal form of the Green’s function in spectral domain.
The numerical results for the resonant frequency, bandwidth and radiation pattern of micro‐
strip antennas with respect to anisotropy ratio of the substrate, are presented. The Influence
of a uniaxial substrate on the radiation of structure has been studied. To include the effect of
the superconductivity of the microstrip patch in the full wave spectral analysis, the surface
complex impedance has been considered. The effect of the temperature and thickness of HTS
thin film on the resonant frequency and bandwidth have been presented. Computations show
that, the radiation pattern of the antenna do not vary significantly with the permittivity
variation perpendicular to the optical axis. Moreover, it is found to be strongly dependent with
the permittivity variation along the optical axis. The computed data are found to be in good
agreement with results obtained using other methods. Also, the TM and TE waves are naturally
separated in the Green's function. The stationary phase method is used for computing the farzone radiation patterns.

2. Theory
The antenna configurations of proposed structures are shown in Figure 1. The superconduct‐
ing patches are assumed to be located on grounded dielectric slabs of infinite extent, and the
ground planes are assumed to be perfect electric conductors. The substrates of thickness d are
considered to be a uniaxial medium with permittivity tensor:
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Figure 1. Cross section of a superconducting microstrip patch on uniaxial anisotropic media. (a) circulaire ; (b) annu‐
laire ring
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Where εjx= εjy≠ εjz (j=1, 2), and the permeability will be taken as μ0.
Starting from Maxwell’s equations in the Hankel transform domain, we can show that the
transverse fields inside the uniaxial anisotropic region can be written as [12]:
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We can put these equations in the following form:
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The kernel of the vector Hankel transform is given by [12]:
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Ā and B̄ are two unknown vectors and ḡ(kρ ) is determined by:
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Where
k0 : is the free space wavenumber,
k jze = (ε jx k02 − (ε jx kρ2 / ε jz ))1/2 : is TM propagation constants in the uniaxial substrate.
1

k jzh = (ε jx k02 − kρ2) 2 : is TE propagation constants in the uniaxial substrate.
In the spectral domain, the relationship between the patch current and the electric field on the
microstrip is given by [10, 11]:
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( ) ( )
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(14)

K̃ (kρ )is the current on the microstrip which related to the vector Hankel transform of K(ρ).

The unknown currents are expanded, in terms of a complete orthogonal set of basis functions,
issued from the magnetic wall cavity model. It is possible to find a complete set of vector basis
functions to approximate the current distribution, by noting that the superposition of the
currents due to TM and TE modes of a magnetic-wall cavity form a complete set. The current
distribution of the nth mode of microstrip patch can be written as [11, 12]:
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Here anp and bnq are unknown coefficients.
For superconducting annular ring patch, (αnq , βnp )

φn (αnq b / a) = 0 and

ψn'

are the roots of dual equations

(βnp b / a) = 0.

The Hankel transforms of ψnp and φnq functions are described as [12]:
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Using the same procedure, the basis functions for superconducting circular patch, are given
by the expressions [11]:
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Jn(.) and Nn (.) are the Bessel functions of the first, and second kind of order n.
Ḡ(kρ ) is the spectral dyadic Green’s function, and after some simple algebraic manipulation,

we determine the closed form of the spectral Green dyadic at z=d for a grounded uniaxial
substrate.
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In order to incorporate the finite thickness, the dyadic Green’s function is modified by
considering a complex boundary condition. The surface impedance of a high-temperature
superconductors (HTSs) material for a plane electromagnetic wave incident normally to its
surface is defined as the ratio of |E| to |H| on the surface of the sample [13]. It is described
by the equation:
Zs = Rs + i Xs

(25)

Where Rs and Xs are the surface resistance and the surface reactance.
If the thickness t of the strip of finite conductivity σ is greater than three or four penetration
depths, the surface impedance is adequately represented by the real part of the wave impe‐
dance [13].
Zs = w0 / (2.s )

(26)

If t is less than three penetration depths, a better boundary condition is given by [13]:
Zs = 1 / ts

(27)

Where the conductivity σ = σc is real for conventional conductors. These approximations have

been verified for practical metallization thicknesses by comparison with rigorous mode
matching result.
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where σn is often associated with the normal state

conductivity at Tc and λ0 is the effective field penetration depth.
Now, we have the necessary Green’s function, it is relatively straightforward to formulate the
moment method solution for the antenna characteristics. The boundary condition at the surface
of the microstrip patch is given by:
(28)

Escat + Einc - Zs × Kn =
0

Here Ē inc and Ē scat are tangential components of incident and scattered electrics fields. Electric

field is enforced to satisfy the impedance boundary condition on the microstrip patch, and the
current vanishes off the microstrip patch, to give the following set of vector dual integral
equations [3]. For superconducting annular ring microstrip antenna, we have:
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Where
Z̄ s =

Zs

0

0

Zs

Galerkin’s method is employed to solve the coupled vector integral equations of (29)-(32).
Substituting the Hankel transform current expansion of (15) into (29) and (32). Next, multi‐
+
+
(ρ) (p=1, 2,....... P) and ρφnq
(ρ) (q=1, 2,....... Q) and using
plying the resulting equation by ρψnp

Parseval’s theorem for VHT, we obtain a system of Q+ P linear algebraic equations for each
mode n which may be written in matrix form. Following well known procedures, we obtain
the following system of linear algebraic equations:
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Each element of the submatrices Z̄ CD is given by:
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Where C and D represent either ψ or φ, for every value of the integer n.
The integration path for the integrals of (32) is, in general, located in the first quadrant of the
complex plane kρ. This integration path must remain above the pole and the branch point of
Ḡ. Although other choices of branch cut are possible, the choice made in this paper is very
convenient, this treated in section 3. Once the impedance and the resistance matrices have been
calculated, the resulting system of equations is then solved, for the unknown current modes
on the microstrip patch. Nontrivial solutions can exist, if the determinant of Eq. (35) vanishes,
that is:
det[Z ' ( f )] = 0

(35)

In general, the roots of this equation are complex numbers indicating, that the structure has
complex resonant frequencies ( f = f r + i f i ). The bandwidth of a structure operating around its

resonant frequency, can be approximately related to its resonant frequency, though the wellknown formula (BW = 2 f i / f r ). Once the problem is solved for the resonant frequency, far field
radiation, co-polar and cross- polar fields in spherical coordinates are given from.
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The losses in the antenna comprise dielectric loss Pd, the conductor loss Pc, and the radiation
loss Pr, are given by [4-6]:
Pr = (1 / 4h )òò Eq Eq * + Ej Ej * r 2 sin q dq dj

(37)
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The efficiency of an antenna can be expressed by:
(40)

efficiency = Pr / ( Pr + Pc + Pd )

3. Convergence and comparison of numerical results
Computer programs have been written to evaluate the elements of the impedance, resistance
matrices, and then solve the matrix equation (35). To enhance the accuracy of the numerical
calculation, the integrals of the matrix elements (33) are evaluated numerically along a straight
path above the real axis with a height of about 1k0 (Figure 2). In this case, the effects of the surface
waves are included in the calculation and knowledge of the pole locations is not required, while
the length of the integration path is decided upon by the convergence of the numerical results.
The time required to compute the integral depends on the length of the integration path. It is
found that length of the integration path required reaching numerical convergence at 100k0, also
Muller’s method that involves three initial guesses, is used for root seeking of (35).
Im(k )

1 k0

100 k0

Re(k )

Figure 2. Integration path used for computing the integrals in the complex kρ plane

To check the correctness of our computer programs, our results are compared with results of
other authors. The comparisons are shown in Table 1 for imperfectly conducting microstrip
annular ring antennas. The resonant wave number times the inner radius of the ring is kr a
(kr a = 2π f r a εx ε0μ0), as functions of different sizes of the ratio of the substrate thickness d

normalized by the inner radius a is fixed of (0.71cm), and an outer radius of b=2a, the relative
permittivity was ε1z=ε1x=2.65. Annular ring microstrip antenna is excited in the TM11 and TM12
modes. We found that, for the TM11 mode, the real part of (kra) increases as d/a increases. At the
same time, for this mode, the imaginary part of (kra), which includes the losses by radiation of the
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structure, is approximately zero. This means that, the TM11 mode has narrow bandwidth and
weak-radiation. In addition, we observe that, for the TM12 mode, the real part of (kra) decreases
as (d/a) increases, the TM12 has relatively wide bandwidth and high-radiation. Therefore, the
TM11 mode is good for resonator applications and the TM12 mode for antennas. It is for that one
does the applications of the annular ring microstrip antenna in the TM12 mode, better than in the
TM11 mode. Thus, for this reason, the considered mode in this work is the TM12 mode. It is clear
from Table 1 that our results agree very well with results obtained by other authors [14, 12].
Mode TM11

Mode TM12
Results of

Results of

[14]

[12]

d/a

Our results

Re

Im

Re

Im

Re

(kra)

(kra)

(kra)

(kra)

(kra)

0.005

3.26

0.002

3.24

0.002

3.257

0.01

3.24

0.003

3.23

0.002

0.05

3.13

0.008

3.10

0.1

3.01

0.014

2.96

Results of [14]

Our results

Re

Im

Re

Im

(kra)

(kra)

(kra)

(kra)

0.002

0.67

1,6.10-4

0.676

1,6. 10-4

3.248

0.003

0.68

1,7. 10-4

0.682

1,8. 10-4

0.006

3.085

0.006

0.70

5,4. 10-4

0.695

5,5. 10-4

0.0103

2.968

0.016

0.71

0.0012

0.705

0.0012

Im (kra)

Table 1. Calculated (Kra) of annular ring microstrip antennas.

In table 2, we have calculated the resonant frequencies for the modes (TM11, TM21, TM31, and
TM12) for perfect conducting circular patch with a radius 7.9375mm, is printed on a substrate
of thickness 1.5875mm. These values are compared with theoretical and experimental data,
which have been suggested in [10]. Note that the agreement between our computed results,
and the theoretical results of [10], is very good.
In our results, we need to consider only the P functions of ψnp, and the Q functions of φnq. The
required basis functions for reaching convergent solutions of complex resonant frequencies,
using cavity model basis functions are obtained with (P=5, Q=0).
Results of [10 ]
Mode

Our results

Resonant

Quality factors

Resonant

Quality factors

Frequency (GHz)

(Q)

Frequency (GHz)

(Q)

TM11

6.1703

19.105

6.2101

19.001

TM12

17.056

10.324

17.120

10.303

TM21

10.401

19.504

10.438

19.366

TM01

12.275

8.9864

12.296

8.993

Table 2. Comparison of resonant frequencies of the first four modes of a perfect conducting circular patch printed on
a dielectric substrate (a=7.9375mm, εx = εz = 2.65, d=1.5875 mm).
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4. Resonant frequency of superconducting patch antenna
Shown in Figures 3-4, is the dependence of resonant frequency on the thickness t of super‐
conducting patch of the antennas. It is observed that, when the film thickness (t) increases, the
resonant frequency increases quickly until, the thickness t reaches the value penetration depth
(λ0). After this value, the increase in the frequency of resonance becomes less significant.

Figure 3. Real part of resonant Frequency against thickness of superconducting annular ring patch antenna.
(d=254µm, a=815µm, b=2a, T/ TC=0.5, λ0=1500Å, σn=210S/mm). (–––– ) εx= 9.4, εz= 11.6;(– – – ) εx= 11.6, εz= 11.6;
(―∙―∙) εx= 13, εz=10.3; (……) εx=10.3, εz= 10.3.

Figure 4. Real part of resonant Frequency against thickness of superconducting circular patch antenna. (d=254µm,
a=815µm, TC =89K, T/ TC=0.5, λ0=1500Å, σn=210S/mm).(–––– ) εx= 9.4, εz= 11.6;(– – – ) εx= 11.6, εz= 11.6; (―∙―∙) εx=
13, εz=10.3; (……) εx=10.3, εz= 10.3.
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Figures 5-6 demonstrated relations between the real part of frequency resonance, and the
normalized temperature (T/Tc), where the critical temperature used here for our data (89K).
The variations of the real part of frequency due to the uniaxial anisotropy decrease gradually
with the increase in the temperature. This reduction becomes more significant for the values
of temperature close to the critical temperature. These behaviours agree very well with those
reported by Mr. A. Richard for the case of rectangular microstrip antennas [2].

Figure 5. Real part of resonant frequency of superconducting annular ring patch antenna against T/TC (d=254µm,
a=815µm, b=2a, t=0.02µm, λ0=1500Å, σn=210S/mm). (–––– ) εx= 9.4, εz= 11.6;(– – – ) εx= 11.6, εz= 11.6; (―∙―∙) εx= 13,
εz=10.3; (……) εx=10.3, εz= 10.3.

Figure 6. Real part of resonant frequency of superconducting circular patch antenna against T/TC (d=254µm,
a=815µm, TC =89K, h= 0.02µm, λ0=1500Å, σn=210S/mm ). (–––– ) εx= 9.4, εz= 11.6;(– – – ) εx= 11.6, εz= 11.6; (―∙―∙) εx=
13, εz=10.3; (……) εx=10.3, εz= 10.3.
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5. Radiations patterns and efficiency of superconducting patch antenna
The calculated radiations patterns (electric field components, Eθ; Eφ), of the microstrip anten‐
na on a finite ground plane in the E plane, and in the H plane are plotted in Figs. 7 -10, printed on
an uniaxial anisotropy substrate thickness (d=254μm). The mode excited for superconducting
annular ring patch antenna is the TM12 and for superconducting circular patch antenna is the
TM11. It is seen that the permittivity εz has a stronger effect on the radiation than the permittivi‐
ty εx. The radiation pattern of an antenna becomes more directional as its εz increases. Another
useful parameter describing the performance of an antenna is the gain. Although the gain of the
antenna is related to the directivity, the gain of an antenna becomes high as its εz increases.

Figure 7. Radiation pattern versus angle θ of superconducting annular ring patch antenna at φ=0° plane (a=815µm,
b=2a, t=0.02µm,d=254µm, λ0=1500Å, σn=210S/mm). (–––– )εx= 9.4, εz= 11.6; ( – – – )εx= 11.6, εz= 11.6;(― ∙ ― ∙) εx= 13,
εz=10.3 ;(……) εx=10.3, εz= 10.3.

Figure 8. Radiation pattern versus angle θ of superconducting annular ring patch antenna at φ=90° plane (a=815µm,
b=2a, t=0.02µm, d=254µm, λ0=1500Å, σn=210S/mm).(–––– )εx= 9.4, εz= 11.6;( – – – )εx= 11.6, εz= 11.6; (― ∙ ― ∙) εx= 13,
εz=10.3 ; (……) εx=10.3, εz= 10.3.

In calculation of losses, we have found that, the values of dielectric loss (Pd), the conductor loss
(Pc), and the radiation loss (Pr) will depend on frequency. We use results precedents to calculate
the variation of radiation efficiency as a function of resonant frequency, for various isotropic
dielectric substrates. Our results are shown in Figs. 11 and 12. It is seen that the efficiency
increases with decreasing frequencies. The same behaviour is found by R. C. Hansen [1].
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Figure 9. Radiation pattern versus angle θ of superconducting circular patch antenna at φ=0° plane (a=815µm,
t=0.02µm, T/ TC=0.5, d=254µm, λ0=1500Å, n=210S/mm). (–––– ) εx= 9.4, εz= 11.6; ( – – – ) εx= 11.6, εz= 11.6; (― ∙ ― ∙)
εx= 13, εz=10.3 ; (……) εx=10.3, εz= 10.3.

Figure 10. Radiation pattern versus angle θ of superconducting circular patch antenna at φ=π/2 plane (a=815µm,
h=0.02µm, T/ TC=0.5, d=254µm, λ0=1500Å, n=210S/mm). (–––– ) εx= 9.4, εz= 11.6; ( – – – ) εx= 11.6, εz= 11.6; (― ∙ ― ∙)
εx= 13, εz=10.3 ; (……) εx=10.3, εz= 10.3.

Figure 11. Superconducting annular ring patch antenna efficiency for the mode TM12 (d=254µm, a=815µm, b=2a,
t=0.02µm, λ0=1500Å, σn=210S/mm, εx= εz=11.6, δ=0.0004).
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Figure 12. Superconducting circular patch antenna efficiency for the mode TM11 ( (d=254µm, a=815µm,h=0.02µm, T/
TC=0.5, λ0=1500Å, σn=210S/mm, εx= εz=11.6, δ=0.0024).

6. Conclusion
This work presents a fullwave analysis for the superconducting microstrip antenna on uniaxial
anisotropic media. The complex resonant frequency problem of structure is formulated in
terms of an integral equation. Galerkin procedure is used in the resolution of the electric field
integral equation, also the TM, TE waves are naturally separated in the Green’s function. In
order to introduce the effect of a superconductor microstrip patch, the surface complex
impedance has been considered. Results show that the superconductor patch thickness and
the temperature have significant effect on the resonant frequency of the antenna. The effects
of a uniaxial substrate on the resonant frequency and radiation pattern of structures are
considered in detail. It was found that the use of such substrates significantly affects the
characterization of the microstrip antennas, and the permittivity (εz) along the optical axis has
a stronger effect on the radiation of antenna. Thus, microstrip superconducting could give high
efficiency with high gain in millimeter wavelengths. A comparative study between our results
and those available in the literature shows a very good agreement.
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1. Introduction
This chapter focuses on the design of compact planar multiband antennas intended for exist‐
ing wireless services including LTE, GPS, GSM, PCS, DCS, GPS, UMTS, WLAN and Wi‐
MAX bands. The present techniques available in the open literature include the modification
of the main radiator via bending, folding, meandering and wrapping. Each approach offers
different advantages, depending on the required application. The constraint for the lower
band generation is the main challenge in radiator miniaturization. The quarter wavelength
radiator that is subjected to miniaturization may suffer from limited bandwidth and low ra‐
diation efficiency. An alternative approach which relies on modifications to the ground
plane is a promising technique, which often has been previously overlooked by antenna de‐
signers. The introduction of a ground slot in a finite antenna ground plane can be further
extended to include reconfigurable features. Thus, such antennas that are compact and have
multiband capability can be promising candidates for many wireless applications.

2. Design guidelines for planar antenna configurations
Antennas for wireless communications are commonly developed in the form of passive pla‐
nar structures, which consist of a main radiating element, a supporting ground plane, a sup‐
porting substrate, and a feeding structure. The design configurations, sizes and type of
substrates will depend on the desired frequency of operation and its radiation performan‐
ces. Nowadays, planar antennas for wireless devices are mainly constructed using printed
planar technology. Fundamentally, the small antenna design is based on the configuration
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of a monopole. Following the expansion of research on antenna design, the monopole config‐
uration started to change, forming many alternative designs such as the popular planar in‐
verted-F antenna abbreviated as PIFA and coplanar inverted-F antenna abbreviated as CIFA.
In general, there are two main considerations that govern planar antenna designs; antenna
miniaturization techniques and multiband operation. In antenna designs, multiband opera‐
tion can be achieved by modifications to the main radiator applied using two strategies. The
first strategy is to create several radiators for different resonances from a single feeder. The
second strategy is to elongate the main radiator’s physical length to achieve multiple reso‐
nant modes. However, creating several radiating branches may occupy more space, hence
making the antenna physically larger than the desired volume. For this reason, while de‐
signing a multiband antenna, the designs must also apply miniaturization approaches, such
as the ones presented in the following design strategies section.

3. Design strategies
3.1. Modification of the main radiator
The main radiator of a monopole/PIFA/CIFA type antenna plays a major role in determining
the resonant frequency of the antenna. For a small antenna, particularly the λ/4 radiator con‐
figuration, miniaturization can be achieved in many ways. The main radiator arm can be
modified by changing its configuration in such a way that it occupies optimally the limited
area/volume provided for it.
One of the design techniques to achieve multiband operation is to have branches for the
main antenna radiator. The branches are of monopole strips or arms to create different cur‐
rent paths for different resonances. This technique allows the excitation of multiple resonant
frequencies at their fundamental mode. Multi-stacking or multi-layering is another techni‐
que that offers similar operation as the multi-branching technique. Similarly, it is capable of
creating different current paths and thus different resonances.
A multi-resonator configuration is also achievable through proper application of some sort
of slot or slit, sometimes also known as a notch geometry. In this approach, the radiator is
modified in such a way that its original geometry is introduced with fine-tuned defined con‐
figurations of slots or slits. The resulting modification separates the main current stream in‐
to several other paths, which in turn create different resonators. It is worthwhile to mention
that designs utilizing slots are not necessarily limited to straight lines or rectangular geome‐
tries. Other shapes have also been proposed such as a U-slotted PIFA, a V-slot loaded patch
antenna, a Z-shaped slot antenna, or an open-ended Rampart-slot antenna.
The second strategy for the antenna design has the goal of obtaining a compact design and
multi-band operation while using a single radiator without splitting it into branches. A con‐
siderable number of work employing this design strategy can be identified in the antenna
literature. Among the popular techniques to elongate a single radiator to achieve multiple
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mode resonances without diminishing the antenna’s compact feature include spiralling,
looping, folding into a 3-D geometry, and bending.
Miniaturization can also be accomplished by meandering the antenna structure. The work‐
ing principle is similar to that of spiralling. The meandered geometry preserves the original
length of the radiating element but miniaturizes its overall size. The resulting input impe‐
dance of the meandered geometry is usually different from its spiral counterpart. Several
factors determine the variation of the input impedance such as the gap between the opposite
meandered lines and the width of the meandered structure. The meandered geometry can
be applied in a variety of antenna types.
All the above-considered techniques for compact multi-band antennas offer reasonable solu‐
tions. However, they introduce considerable complexity with regard to the control of match‐
ing the input impedance of the antenna. Because of this problem, some antenna designers
have focused their attention on providing better control of the input impedance match with‐
out being constrained by miniaturization. This strategy is the main motivation behind the
approach involving parasitic elements within the antenna geometry. The aim of using para‐
sitic elements is to compensate the impedance mismatch and to achieve better resonant fre‐
quency tuning.
3.2. Modification of the ground plane
As a result of the advancement in RF transceivers, the space allocated for its radiating ele‐
ment has become smaller. The reduced space is due to the increase in the number of new
circuitry needed to provide better data channelling. The modification of the radiating ele‐
ment in a compact volume has been very challenging. An alternative solution is a better uti‐
lization of its ground plane. Even though the geometry of the main radiating element plays
a main role in determining the resonant frequency and other performances of an antenna,
the importance of the ground plane as the natural complimentary agent to a radiating cur‐
rent must not be neglected. The modification includes size variation, location of radiating el‐
ement within the ground plane area or inserting slots in the ground plane.
Variations in a finite ground plane size and geometry affect the performance of an antenna.
The resonant frequency of a conventional PIFA starts to converge to that of the case of an
infinite ground plane when the size of the finite ground plane is increased above a unit
wavelength. Also, the bandwidth increases with the length of the ground plane. With re‐
spect to the PIFA antenna used in a cellular phone, it was shown that an increased band‐
width, especially with respect to the lowest resonant frequency of operation, is achieved
with a longer ground plane.
With respect to the complimentary role of ground plane to the main radiator, any modifica‐
tion to its geometry should also affect the overall antenna performance. Inserting slots is one
obvious example. The insertion of ground slots creates some sort of discontinuity which
causes the electric current launched by the primary radiator to reroute its path along the
conducting surface of the ground. As a result, the electrical length of the ground is in‐
creased. With the strong coupling from the radiator, the ground slots cause a considerable
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impact on the input impedance. This positive impact includes the introduction of new reso‐
nances which are advantageous for the multiband design
3.3. Reconfigurable approach
With multiband capability, reconfigurable antennas can utilize more efficiently the radio fre‐
quency spectrum, facilitating better access to wireless services in modern radio transceivers.
Reconfigurable antennas are generally divided into two main categories: frequency tunable
and pattern diversity antennas. Furthermore, the selection of electronic switches is of para‐
mount importance. Depending on the type of antennas, switches such as RF MEMS, varac‐
tors and PIN diodes can be used. The choice is governed by electrical specifications,
fabrication complexity, bias requirement, switching time, and price.

4. Design examples
4.1. Coplanar IFA with fixed ground slots
Coplanar inverted-F antennas (CIFA) feature a low proﬁle, compact size, and easy integra‐
tion with an RF front-end. On the other hand, they feature a narrow operational bandwidth.
Several techniques to increase the operational bandwidth or achieve multiband operation
can be applied as discussed in [1, 2]. However, most of these techniques focus on modiﬁcati‐
ons of the radiating element to either provide several radiating branches or elongating the
radiator’s dimension to generate multiple resonant modes. This approach faces a problem
when the antenna has to be embedded into a small space as demanded by a compact trans‐
ceiver. An alternative technique to provide multiple resonant frequencies or bandwidth en‐
hancement is through a better utilization of the ground plane [3-10]. In this technique,
secondary radiators are formed by ground slots, which introduce new resonant frequencies
or enhance the already existing ones. The feasibility of this approach to enhance an impe‐
dance bandwidth has been demonstrated for a planar inverted-F antenna (PIFA) [6-8]. It has
been shown that with the proper tuning of slot parameters, new resonant frequencies can be
generated to provide multiband operation or increase the bandwidth [7, 8]. In all of these
designs, a coaxial probe was used to feed the radiating patch. This conﬁguration requires
ground slots to be in close proximity of the primary radiator to excite efficiently new reso‐
nances. A shortfall of such a conﬁguration is a limited means for tuning the slot dimensions.
Also, the restricted slot locations may limit the antenna integration with the RF circuitry [9].
Recently, an alternative approach involving a CIFA and a microstrip feedline coupled to
ground slots has been proposed [10]. According to the work described in [10], the use of the
microstrip feedline in conjunction with the CIFA eliminates the shortcoming of a coaxial
probe-fed patch. The reason is that this feeder can be positioned arbitrarily on the printed
circuit board (PCB) and thus offers a more ﬂexible coupling with ground slots to introduce
new resonant frequencies. The work presented in [10] considers a single ground slot and
was limited to WLAN frequency bands. In the following design, the work is extended to
multiple ground slots and includes detailed simulation and experimental investigations.
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Two conﬁgurations of CIFAs with slots in the ground plane are simulated, fabricated, and
measured to validate the proposed multiband design technique. The design is accomplished
with the aid of CST Microwave Studio 2009 [11].
4.1.1. Single and double ground slot configurations
The two investigated configurations of CIFAs are shown Figure 1. The design assumes a 0.508
mm thick RO4003 substrate with a relative permittivity εr = 3.38 and tan δ = 0.0027. The total
length of the meandered CIFA tail is designed to be of quarter wavelength of its operational
frequency which is 2.45 GHz. The meandered tail including the shorting strip is set to be con‐
tained within an area of Wp × Lp = 6 × 13 mm2. A 50 Ω microstrip line which is arranged in the
same plane as the main radiator is used to feed this antenna. Note that the length and position
of the microstrip feedline is only limited by the size of the finite ground, otherwise it can be ar‐
bitrary. The shorting strip of the CIFA is connected to the ground plane via the substrate. The
other parameter of the CIFA are the shorting strip to the antenna feeder gap, g = 1.15 mm, while
the width and gap of the meandered tail are set to 1 mm. On the opposite side of the substrate,
the size of the ground plane is set to W × H = 40 × 50 mm2.

(a)

(b)

Figure 1. Antenna configurations. (a) Single ground slot CIFA for dual-band operation. (b) Double ground slot CIFA
for tri-band operation.

Two configurations of CIFAs are introduced with two different ground slot outlines, as
shown in Figure 1. As observed in Figure 1(a), the introduced slots are open-circuited in one
arm and short-circuited at the other. The open-circuited arms of the ground slots are respon‐
sible for introducing new resonances, while the short-circuited ones act as tuning stubs. The
initial lengths of the radiating arms are about one quarter-wavelength. The coupling loca‐
tions along the microstrip feedline are selected to avoid an adverse loading of the primary
radiator. The final dimensions are obtained from a parametric analysis performed using CST
Microwave Studio. For the first conﬁguration (Figure 1 (a)), an open-end slot with an opti‐
mized distance of Ws × Ls = 1 × 33 mm2 and at a distance of Hs = 4 mm from the upper ground
edge is designed. The second configuration (Figure 1 (b)) features two slots of dimension Ws1
× Ls1 = 0.5 × 33 mm2 and Ws2 × Ls2 = 0.5 × 13.2 mm2, respectively, placed at opposite edges. The
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distance of both slots with respect to the upper ground edge are Hs1 = 4 mm and Hs2 =7.5 mm.
These two configurations indeed indicate that the microstrip feedline feed offers more flexi‐
bility to the ground slot coupling than a coaxial probe operating in conjunction with a PIFA.

Figure 2. Simulated and measured reflection coefficient, |S11|, for the CIFA of Figure 1(a) with and without a single
slot.

Figure 3. Simulated and measured reflection coefficient, |S11|, for the CIFA of Figure 1(b) with and without a double
slot.

The performances of both the CIFA conﬁgurations are assessed in terms of their reflection
coefficients, radiation characteristics, and gain. Figure 2 shows the simulated and measured
reflection coefficients of the ﬁrst slot conﬁguration of the CIFA. The presented results vali‐
date the proposed idea that the coupling of a single open-ended slot with a microstrip feed‐
line is capable of generating a new resonant frequency at about 5.5 GHz (900-MHz
impedance bandwidth with |S11| below -10 dB). Together with the fundamental resonance
of the CIFA radiator at 2.4 GHz, the dual-band CIFA can support the WLAN 2.4/5.5-GHz
system. There is good agreement between the simulation and experimental results. The si‐
mulated and measured reflection coefficients for the CIFA conﬁguration with a double
ground slot are shown in Figure 3. The presented results demonstrate a promising multi‐
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band operation of the CIFA. The proposed technique introduces two additional resonant
frequencies. The ﬁrst one is above 3 GHz, and another one is above 5 GHz. The impedance
bandwidths are quite wide and accommodate not only the 2.4/5.5-GHz WLAN, but also in‐
clude 2.5/3.5/5.5 GHz for WiMAX. Again, there is a relatively good agreement between the
simulated and measured results for the reflection coefficients. In addition, the proposed cou‐
pling to the ground slots does not affect the reflection coefficient performance of the CIFA
around the original resonance of 2.4 GHz. This means that the design procedure does not
introduce any extra complexities.

(a)

(b)

(c)

Figure 4. Fabricated prototypes of the meandered-tail CIFA. (a) Top view. (b) Bottom view of the single-ground-slot
CIFA for dual-band operation. (c) Bottom view of the double-ground-slot CIFA for tri-band operation.

The measured radiation patterns for these antennas indicate approximately omni-directional
characteristics along the principal planes. The measured gains of the dual-band CIFA are
greater than 1.6 dBi, while for the tri-band CIFA they are more than 2.2 dBi. The photo‐
graphs of the two manufactured varieties of CIFAs with ground slots are shown in Figure 4.
They confirm a simple manufacturing structure for these multi-band antennas. Their overall
size is quite compact and the slotted ground leaves still plenty of space for inclusion of RF
and signal processing electronics.
4.1.2. Parallel and perpendicular ground slot configurations
In the following work, an investigation to study the effect of different orientations of
open-end ground slots that are coupled to the microstrip feedline is presented. In con‐
trast to the previous work, the CIFA conﬁguration with a straight quarter wavelength ra‐
diating arm accompanied by differently oriented ground slots is considered. The substrate
used is Rogers RO4003 with a dielectric constant of 3.38, tan δ = 0.0027 and thickness of
0.508 mm. The antennas are fabricated and their prototypes are experimentally tested. In
the investigated antennas, a basic CIFA with a straight radiating arm is assumed, as
shown in Figure 5. The microstrip feedline was then chosen to achieve coupling to
ground slots that were located and oriented in different positions. In Figure 5(a), the
open-end ground slot is offset by some distance from the CIFA and its orientation was
chosen to be parallel to the CIFA radiating arm. Assuming a 0.508 mm thick RO4003 sub‐
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strate, the total length of the PIFA arm is a quarter wavelength at 2.45 GHz. The width of
the radiating arm is set to 1 mm. The total area of the antenna including the shorting
strip is set to be contained within an area of la × ha = 24 mm × 3.5 mm. A 50 Ω microstrip
feedline is arranged in the same plane as the CIFA. The length of this feedline is gov‐
erned by the location of the input port of the RF front-end to which it has to be connect‐
ed. A shorting connection of the CIFA is made using a conducting strip through the
substrate. The shorting strip to the antenna feeder gap is g = 1.15 mm.

(a)

(b)

Figure 5. The first (a) and second (b) configurations of CIFAs with ground slots parallel and perpendicular to the main
radiating arm, respectively.

On the opposite side of the substrate, the size of the ground plane is set to W × H = 40 mm ×
55 mm. An open-end slot with a length (l) and width of 13 mm × 0.5 mm is inserted in a
parallel position with respect to the radiating arm as shown in Figure 5(a). The second con‐
figuration with the ground slot perpendicular to the CIFA is shown in Figure 5(b). In this
case, the microstrip feeder is bent halfway exactly at a right angle towards the RHS edge of
the ground plane, as shown in Figure 5(b). Concerning the length of the feeder, it can be ar‐
bitrary. However it must be properly coupled to the slot. Notice that the overall location of
the primary radiator has been shifted by a few millimeters to the left to avoid the microstrip
feed point from overpassing the edge. This time, the open-end slot with length (l) and width
of 10 mm × 1 mm is inserted in a position that is perpendicular with respect to the radiating
arm. It is noticeable that the length, width and position of the slots for both configurations
are different. Their optimum dimensions are derived from parametric analyses performed
with the use of CST Microwave Studio.
Figures 6 and 7 show the simulated reflection coefficients for the CIFAs without and with
the slots. It is apparent from the results for the first configuration of CIFA shown in Figure 6
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that the introduction of the slot has successfully introduced two additional resonant fre‐
quency bands apart from the original 200 MHz band (|S11| below -10 dB) at around 2.45
GHz due to the primary CIFA radiating element. From the simulated reflection coefficient,
the new frequency bands can approximately cover a bandwidth of almost 300 MHz at 3.3
GHz and up to 1.14 GHz around 5.5 GHz with reference to the -10 db |S11| coefficient crite‐
rion. These bands cover WLAN 2.45/5.25/5.85 GHz, HiperLAN/2 5.6 GHz and WiMAX
2.5/5.5 GHz. The 3.3 GHz resonant frequency band however is close to WiMAX 3.5 GHz.
Figure 7 shows the simulated reflection coefficient for the second configuration of CIFA.
Again, the multiband operation of this antenna is clearly observed. The slot insertion is
again responsible for the introduction of a new frequency band of 720 MHz bandwidth (|
S11| below -10 dB) at around 5.4 GHz. Together with the original 2.45 GHz resonant frequen‐
cy band for the primary radiating element, the second configuration of the antenna covers
WLAN 2.45/5.25 GHz, HiperLAN/2 5.6 GHz and WiMAX 2.5/5.5 GHz.

Figure 6. Simulated reflection coefficient, |S11|, for the first configuration of the proposed CIFA shown in Figure 5 (a)
with and without a parallel slot.

Figure 7. Simulated reflection coefficient, |S11|, for the second configuration of the proposed CIFA shown in Figure 5
(b) with and without a perpendicular slot.
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Figure 8. Fabricated prototypes of the two antenna configurations. (a) Top view of the first configuration of the CIFA.
(b) Bottom view of the first configuration of the CIFA. (c) Top view of the second configuration of the CIFA. (d) Bottom
view of the second configuration of the CIFA.

Figure 9. Measured reflection coefficient, |S11|, for the first configuration of the CIFA prototype shown in Figures 8 (a)
and (b), compared to the simulated result.

Figure 10. Measured reflection coefficient, |S11|, for the second configuration of the CIFA prototype shown in Figures
8 (c) and (d), compared to the simulated result.
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To verify the simulated performance, the two antennas were fabricated and experimentally
tested with respect to their reflection coefficients, radiation patterns and gain. Photographs
(front and back view) of the fabricated antenna prototypes are shown in Figure 8. Figures 9 and
10 present the measured reflection coefficient of the fabricated antennas compared with the si‐
mulated results presented earlier. A very good agreement between the experimental and sim‐
ulation results for the two antenna prototypes is obtained confirming the validity of the
presented designs. The measured radiation patterns for both the antenna configurations are
shown in Figures 11 and 12. They were obtained in an indoor far-field range using a broad‐
band linearly polarized horn antenna as a receiving antenna. For the first configuration of the
CIFA, the co-polar component of the radiation pattern, except for one dip, is nearly omni-direc‐
tional in the xy plane at 2.45 GHz, 3.3 GHz and 5.5 GHz, as observed in Figure 11. The cross-po‐
lar component in that plane is quite weak at 2.45 GHz but increases with frequency and is
comparable to the cross-polar component at 5.5 GHz. In the remaining xz and yz planes the coand cross-polar components are comparable in magnitude across the frequencies of 2.45, 3.3
and 5.5 GHz. This is the desired feature for portable wireless devices in mobile applications.
For the second configuration of CIFA, the cross-polar component of the merasured radiation
patterns at 2.45 GHz and 5.5 GHz show nearly omni-directional properties in the xy-plane. In
this plane the cross-polar component is considerably larger than the cross-polar component.
For the remaining xz and yz planes, the co- and cross-polar components are of similar strength.
The measured gain of the antennas ranges between -0.45 to 3.95dBi.

Figure 11. Measured radiation patterns for the first configuration of the CIFA prototype shown in Figures 8 (a) and (b)
with a parallel ground slot, at 2.45 GHz, 3.3 GHz and 5.5 GHz.
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Figure 12. Measured radiation patterns of the second configuration of the CIFA prototype shown in Figures 8 (c) and
(d) with a perpendicular ground slot, at 2.45 GHz and 5.5 GHz.

4.2. Coplanar IFA with reconfigurable ground slot
A reconfigurable coplanar inverted-F antenna to operate at the lower bands of wireless serv‐
ices; the GSM, PCS and UMTS service bands is presented. By introducing a dimension-tuna‐
ble ground slot, the original resonance from the antenna main radiator is not affected. At the
same time, frequency reconfigurability is achieved at the ground slot excitations. With mul‐
tiband capability, reconfigurable antennas can utilize more efficiently radio frequency spec‐
trum, facilitating a better access to wireless services in modern radio transceivers. Several
methods have been reported in the literature to achieve reconfigurable antennas. Generally,
they are divided into two main categories: frequency tunable and pattern diversity anten‐
nas. For frequency tunable antennas, much attention has been given to reconfigurable slot
antenna designs [5, 12-14] due to the flexibility of slots in integrating electronic switches.
The frequency tuning characteristics of a slot antenna can be achieved by changing the slot
effective length [5, 12, 13] or by switching the connection between the feed and the ground
[14]. Apart from using ground slots, frequency reconfigurability can also be achieved by
changing the induced current distribution [15] or varying the ground plane electrical length
[16] supporting a patch antenna. For pattern diversity antennas, reconfigurability can be ob‐
tained by adjusting the physical configuration of the antenna radiator to produce tunable ra‐
diation patterns [13, 17-22]. Another important element in reconfigurable configuration is
the selection of electronic switches. Depending on the type of antennas, the switches such as
RF MEMS [23-25], varactors and PIN diodes can be used. The choice is governed by electri‐
cal specifications, fabrication complexity, bias requirement, switching time, and price. For
instance, RF MEMS switches are very low loss and their other advantages are that they do
not require bias lines [23]. However, they are costly. PIN and varactor diodes are low cost
and have a simple fabrication process. They require a proper bias network isolating the dc
bias current from the RF signal, which usually leads to a complicated biasing network. The
complicated dc bias network can sometimes be avoided, and one such solution has been re‐
ported in [13]. Furthermore, the limited operating frequency of some commercial low cost
PIN diodes can be overcome using solutions proposed in [26]. Most of frequency reconfigur‐
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able slot antennas generate only single operating bands at a particular reconfigurable mode.
Although many conventional multiband techniques exist such as multi-mode resonator or
multi-resonator [27], they are difficult to implement in reconfigurable slot antennas. Howev‐
er, as mentioned in Section 4.1, a coplanar inverted-F antenna (CIFA) with ground slots is
capable of generating a new higher-band resonance from a ground slot without affecting the
original resonance of the patch radiator. This work on reconfigurable ground slots provides
a logical extension to the previous work using a fixed ground slot CIFA, and describes a
new solution to achieve a reconfigurable antenna capable of generating multiband operation
at each reconfigurable mode. By means of a length-tunable ground slot, a new reconfigura‐
ble coplanar inverted-F antenna achieves dual-band operation at four different modes. The
generated frequency bands cover several popular wireless services including GSM900,
PCS1900 and UMTS2100.
In the antenna configuration, a λ/4 900 MHz microstrip radiator of width L2 = 2 mm is de‐
signed in CST Microwave Studio v2010. The radiator is fed by a 50 Ω microstrip feedline of
width Wf = 3 mm and placed Wd = 6 mm from the antenna edge. To occupy a small area of Lr
= 10 mm × Wg = 40 mm, one end of the radiator is folded twice with L1 = 3 mm and W1 = 26
mm to form the configuration shown in Figure 13. To realize an inverted-F antenna, the oth‐
er end of the radiator is grounded through a via. This is to compensate the large capacitance
introduced from the coupling of the folded arm to the ground. The other parameters are the
gap between the feedline to the shorting strip G = 4 mm and the Lg = 90 mm × Wg = 40 mm
ground plane supporting the antenna. The chosen ground plane size is typical for many
wireless transceivers such as a mobile phone.

(a)

(b)

Figure 13. Proposed reconfigurable antenna. (a) Passive antenna configuration. (b) Close-up view of the short-end
section of the ground slot and the configuration of the PIN diode switch bias network (marked by the red box in (a)).
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Following the technique in [28], a slot is introduced in the ground plane to excite the higher
frequency band centred about 1850 MHz. The ground slot is placed Ld = 5 mm from the
ground top edge and has a dimension of Ls = 3 mm × Ws = 26 mm as shown in Figure 13(a).
In order to achieve an electronically variable (reconfigurable) slot length, three identical 1
mm × 1 mm conducting pads (P1, P2 and P3) and three pairs of PIN diode switches are in‐
troduced in the ground slot as presented in Figure 13(b). The gap d = 1 mm in Figure 13(b) is
chosen to allow uniform decrease of the slot effective length, thus allowing uniform increase
in the excited resonant frequency. All final dimensions are achieved through optimization
using a parametric study in CST Microwave Studio. The PIN diode used in the antenna is
MAP4274-1279T (MACOM). It is a single-diode series with dimension of 1 mm × 0.7 mm
and height of 0.6 mm. It is forward biased with a voltage of 0.7 VDC and a current of 10 mA.
During forward bias, it exhibits an intrinsic capacitance of 0.1 pF with forward bias resist‐
ance of 3 Ω.

Diode States
Diode Combination
Mode 1

Mode 2

Mode 3

Mode 4

D1 & D2

OFF

ON

OFF

OFF

D3 & D4

OFF

OFF

ON

OFF

D5 & D6

OFF

OFF

OFF

ON

Table 1. Reconfigurable Antenna Modes of Operation

The switches are designed to operate in three diode pairs. The switch states at each mode
are given in Table 1. From the table, the ON-state indicates the diode is forward biased
while the OFF-state indicates it is reverse biased. For simplicity in the simulation model, the
ON-state diode is represented by a 1 mm × 1 mm PEC. In this case, the effect of the PIN di‐
ode forward biased resistance is neglected. The PEC is removed to represent the OFF-state
diode. The photograph of the manufactured reconfigurable antenna is shown in Figure 14.
The antenna is fabricated on a 1.6 mm FR4 substrate with relative permittivity of εr = 4.4.
During measurements, the PIN diode switches are biased with a simple DC bias network as
proposed in [13]. Each conducting pad (P1, P2 and P3) is initially soldered to a 1.2 kΩ resis‐
tor to protect the diodes and the VNA, as shown in Figure 14(d). A GW GPC-3030D dc pow‐
er supply unit is used to bias the diodes. The S-parameter measurements are carried out
using a R&S ZVA24 VNA.
Figure 15 shows both the simulated and measured S11 of the proposed antenna. A close
agreement between the measured and simulated results is observed in each mode. The dis‐
crepancies are due to the idealized switches used in CST simulations. The measured results
show that the proposed reconfigurable antenna covers two frequency bands: between 850
MHz to 960 MHz at the lower band and between 1800 MHz to 2140 MHz at the upper band
(at 6 dB reflection coefficient or VSWR 3:1). As a result, the proposed antenna can be consid‐
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ered as a good candidate for wireless services application such as GSM900, PCS1900 and
UMTS2100. In fact, the proposed antenna can cover additional bands surpassing mode 4,
with extra pairs of switches in the tunable ground slot. In addition, the parameter d can be
easily adjusted to obtain the desired band separation between adjacent modes. The meas‐
ured radiation patterns at the desired frequencies are close to omni-directional. The antenna
gain ranges from 1.4 dBi to 3.45 dBi, while the efficiency is between 63% and 80%. The gains
are expectedly low due to the small electrical size of the antenna. The obtained efficiencies
are due to conduction losses partially incurred in the PIN diodes switches, and are accepta‐
ble for portable wireless applications [27].

(a)

(b)

(c)

(d)

Figure 14. Fabricated prototype of the reconfigurable antenna. (a) Front view. (b) Back view. (c) Integrated PIN diode
configuration. (d) Bias line connection to PIN diode switches.

Figure 15. Measured and simulated results for the antenna input refection coefficient, |S11|, for the four modes when
the individual diodes are turned on or off.
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4.3. Slim IFA with a modified ground plane
Apart from the coplanar configurations, inverted-F antennas can also be designed with‐
out a dielectric substrate for different transceiver applications. However, without the sizereduction factor by the substrate, the main problem with this antenna configuration is the
large size of the main radiator and the ground. In the following work, a novel configura‐
tion of an antenna that combines wrapping, folding, ground slots/strips to achieve a su‐
per-slim (IFA) with enhanced operational bandwidth is proposed. To fulfill this
challenging configuration, multiband radiators have to be miniaturized to fit into the
small volume available for modern tranceiver modules. At present, there are many ap‐
proaches used by antenna designers to reduce the overall projection area of a typical an‐
tenna to fit a portable wireless transceiver. Most of them require the use of a single feed
structure, as preferred by the majority of wireless device manufacturers. The commonly
used antenna for these purposes is a planar inverted-F antenna (PIFA). To meet the multi‐
band operation requirement, its main radiator consists of either an increased single arm/
branch or multiple arms/branches to excite multiple resonant modes [7]. The length of
each radiating arm has to be at least one quarter wavelength (λ/4) at the lowest reso‐
nance frequency to meet the operation requirements in the lowest frequency band [7]. As
a result, this is the longest part of the PIFA which requires miniaturization to fit the avail‐
able space in a compact transceiver. Nevertheless, folding, meandering and wrapping of
the arm and the remaining parts of the PIFA can drastically reduce its projection area.
However, these miniaturization techniques have to be carefully applied as they shift reso‐
nant frequencies and adversely affect the radiation efficiency [29]. The shift in resonant
frequencies is due to the constructive/destructive effects of parasitic reactances which are
created during the PIFA structure modification. Usually the length of the electric current
path becomes reduced when a thick radiating arm is bent or folded. In turn, a reduction
in radiation efficiency is due to the coupling between adjacent parts of radiating arms in‐
troduced by folding, meandering or wrapping [29]. The opposite directions of current
paths created in this process are responsible for a gradual cancellation of the radiated
electromagnetic fields. As a result, the above mentioned miniaturization techniques in‐
clude a tradeoff between the antenna size and its efficiency. To ease the design challenge,
tuning and optimization is usually accomplished with the use of commercial full EM
wave simulators such as CST Microwave Studio or Ansoft HFSS. For a typical portable
device, such as a cellular phone, the height (thickness) of the primary radiator from 11
mm is reduced down to 7 mm [30]. However with the recent demand for slimmer trans‐
ceivers, an even smaller height is required and can be as little as just 3 mm. One of the
most attractive approaches to meet this miniaturization challenge is to wrap the main ra‐
diator in three dimensions. The main advantage of this technique is that it provides extra
size reduction on top of folding and meandering of the radiating element. The benefits of
this technique in relation to achieving compact antenna designs have been demonstrated
in many recent works. For example, the wrapped monopole antenna proposed in [31] fea‐
tures a small volume of 12 x 15 x 7 mm while providing GSM/DCS operation. A similar
slim design of a monopole antenna, which is based on wrapping, has been described in
[32]. The presented antenna has a height of only 5 mm and delivers GSM, DCS and PCS
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operation. Another example of a wrapped monopole antenna has been shown in [33] and
covers almost all popular the frequency bands between 850 MHz to 6 GHz at 6 dB reflec‐
tion coefficient (VSWR 3:1). This antenna only occupies a volume of 60 x 13 x 5.6 mm. In
[34], a wrapped PIFA capable of operating in frequency bands between 850 MHz and 3
GHz features a volume of 44 x 15 x 8 mm. A further example presented in [35] has
shown that the height of the wrapped PIFA can be further reduced to only 4.8 mm while
the coverage of GSM/PCS/DCS/UMTS/WLAN bands can still be well maintained. Howev‐
er all these designs do not met the super-slim height of 3 mm. In the following proposed
solution, a super slim wrapped inverted-F antenna for GSM/DCS/PCS operation is initial‐
ly designed by miniaturizing the main radiator. To achieve a reduced-size ground plane,
the proposed solution includes the use of a narrow side strip and a small size ground
slot. The proposed antenna occupies a low profile volume of just 40 x 10 x 3 mm3 with a
ground plane of 40 x 90 mm2. The proposed antenna covers several LTE Bands, GSM850
(824-894 MHz) and PCS1900 (1850-1990 MHz) at 6 dB reflection coefficient or 3:1 VSWR.

(a)

(b)

Figure 16. (a) Unwrapped, and (b) wrapped antenna configuration.

Initially, the main radiator configuration of the proposed antenna is shown in Figure 16. The
antenna is 40 x 10 mm in area (in the xy-plane) and its height is 3 mm (along the z-axis). The
supporting ground plane is 40 x 120 mm. The antenna uses no plastic substrate and is
formed by a copper foil. Its very low profile is obtained using a fourth order folding/wrap‐
ping technique. As shown in Figure 16(a), it is fed at the middle part of the lowest folded
arm with a 50 Ω U.FL mini coaxial cable that is commonly used in many portable devices
such as computer notebooks. The lower end of the antenna main radiator arm is shorted to
the ground as shown in the figure. The figure also shows the folding transition of the pro‐
posed antenna to transform its main radiator into a smaller wrapped dimension. It starts
with an inverted-F radiator that has a λ/4 projection length between its open and short ends
at 850 MHz. The arm is folded and meandered as shown in Figure 16(a). Finally the antenna
is wrapped using the fourth order folding technique, giving the final height of 3 mm. Figure
17 presents the comparison between the measured and simulated reflection coefficient of the
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developed antenna. Good agreement between the measured and simulated results is appa‐
rent. The measured lower and upper resonant frequency bands of the proposed antenna for
the 6-dB reflection coefficient (or VSWR 3:1) reference are 770 MHz to 970 MHz and 1710
MHz to 1990 MHz respectively. They cover the GSM 850/900/1800/1900 MHz, DCS 1800
MHz and PCS 1900 MHz wireless services.

Figure 17. Measured and simulated (CST) reflection coefficient, |S11|, for the wrapped antenna of Figure 16 (b).

To achieve a smaller size ground plane, the original 120 mm length is reduced to 90 mm.
This reduction is about 25% from the original length. To maintain its original electrical
length, the 30 mm long section could be folded. However, this idea does not work because
of a large capacitance between the two sections.
A viable alternative is presented in Figure 18 where a 1 x 10 mm2 slot and 2 x 83 mm2 strip
are introduced in the ground plane following the earlier work presented in [33]. As ob‐
served in Figure 18(b), the introduced modifications do not adversely affect any RF or signal
processing modules that are usually placed on the ground plane. The small slot is in the
close vicinity of the PIFA while the narrow strip is on the side of the ground plane. The two
modifications use less than 5% of the reduced size ground plane area. Photographs of the
proposed antenna with the ground modifications are shown in Figure 19. From the photo‐
graphs, it can be seen that in these structures the plastic foam with air-like dielectric con‐
stant is used to support the wrapped radiator and the strip.
In the simulation results, the bandwidth of the lower frequency band reduces with the re‐
duction of the ground plane length. However, the quality of the impedance match improves
at the upper band. The reduction of the impedance bandwidth in the lower band is due to
the analogous reduction of the optimal electrical length of the ground plane [7, 27].

Compact Planar Multiband Antennas for Mobile Applications
http://dx.doi.org/10.5772/52053

(a)

(b)

Figure 18. Detailed view of the proposed antenna with a ground plane modification. (a) Side view of the strip config‐
uration. (b) Front view.

Figure 19. Fabricated prototype of the slim IFA with a modified ground plane.

Figure 20 shows the comparison between the measured and simulated values of the reflec‐
tion coefficient for the developed antenna that includes the ground plane modifications. It is
observed that at 6 dB reflection coefficient (3:1 VSWR), the measured bandwidths cover two
bands; from 775 to 925 MHz and from 1800 to 2080 MHz. These bands include several LTE
Bands, GSM850 and PCS1900 services.

93

94

Advancement in Microstrip Antennas with Recent Applications

Figure 20. Measured and simulated reflection coefficient, |S11|, for the slim IFA with a modified ground plane shown
in Figure 19.

The measured radiation patterns in the lower band reveal that the developed antenna fea‐
tures high levels of cross-polarization which are welcome in mobile applications. In this
case, the signal reception is unaffected by the orientation of the transceiver. Similar prop‐
erties of the radiation pattern of the developed antenna are observed in the results for the
upper band. The E-theta component dominates in the x-z plane while the E-phi compo‐
nent is predominant in the y-z plane. The cross-polarization is smaller than observed in
the lower band. The measured peak gain of the antenna at both bands ranges between -1
to 2.5 dBi in the GSM bands and about 3 dBi in the PCS bands. These obtained gains are
adequate for modern portable transceivers [27].

5. Conclusions
This chapter has presented the designs of compact planar multiband antennas for mobile
and portable wireless devices. The antennas presented use miniaturization techniques of
the main radiator, including meandering, bending, folding and wrapping to achieve com‐
pact size features, while the multiband operation of the antennas is generated from
ground plane modifications using fixed slots, reconfigurable slots, and a ground strip. All
the designs have utilized their ground planes to achieve multiband operation. Following
the design guidelines, several novel solutions have been presented. All the presented de‐
sign models have led to promising configurations for applications in wireless and mobile
services.
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Shared-Aperture Multi-Band
Dual-Polarized SAR Microstrip Array Design
Shun-Shi Zhong and Zhu Sun
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/54666

1. Introduction
Since the 1970s, the remote sensing synthetic aperture radar (SAR) systems have been devel‐
oping increasingly. The SIR-C/X SAR mounted on the American Space Shuttle Endeavour
firstly completed the high resolution 3D imaging all over the globe in Feb. 2000 [1]. It employs
three dual-polarized sub-arrays operating at L-, C- and X-bands, respectively, as shown in Fig.
1[2]. The multi-band dual-polarized array receives more target information than that of a
single-band one-polarization counterpart, and thus enhances the capability of target detection
and identification. The common bands of space-borne SARs are L (center at 1.275 GHz), S (3.0
GHz), C (5.3 GHz) and X (9.6 GHz) bands. To minimize the volume and weight of a SAR
antenna, a common aperture configuration for dual or multiple bands are expected, which will
share the sub-systems behind the array as well. As a result, a lot of shared-aperture dual-band
dual-polarization (DBDP) integrated planar antennas have been proposed in the last two
decades [2].
The typical configurations of the shared-aperture DBDP planar arrays include the perforated
structure, the interlaced layout and the overlapped layout. The perforated structure mainly
includes perforated-patch/patch [3,4], ring/patch [5-7] and cross-patch/patch[8]. The interlaced
layout includes interlace patch with dipole/slot [9-11] and interlaced slot with slot/dipole
[12-13], etc. [14-15] present the review and comparison for these arrays. Both the perforated
structure and interlaced layout are commonly adopted in space- or air-borne applications
because of their low profile performance. On the other hand, the overlapped layout can provide
further improvement in the bandwidths of dual bands, but with larger antenna profile. In [16],
the thick air layer and an L-probe feed are applied to design a dual-band element of overlapped
layout and a wide bandwidth is achieved at both low and high bands. Meanwhile, in the
element aspect, some shapes [17-18] and a considerable number of feed methods, such as
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Figure 1. Antenna of SIR-C/X SAR

probe-feed [19], aperture-coupled [17-18], proximity-coupled [20], and L-shape feed [21] are
proposed to improve the key performances. Besides, balanced-feed [22, 23] and hybrid-feed
[24-27] are also proposed to enhance the port isolation or cross-polarization performance.
Recently, a DBDP array with an impressive S11 ≤ -15 dB bandwidth of 8% in the low band is
introduced by using the feed skills above mentioned [28].
In this chapter a universal multi-band SAR array synthetic method is introduced to extend the
shared-aperture DBDP array to a shared-aperture MBDP SAR array. As a validation, a sharedaperture L/S/X tri-band dual-polarized (TBDP) array prototype was fabricated and measured
with the central frequencies of 1.25 GHz, 3.5 GHz, and 10 GHz for L-, S- and X- bands,
respectively [29]. The array design and measured results are presented and discussed.

2. Array configuration
2.1. TBDP array configuration
From the system view, a similar beamwidth in the transverse (elevation) direction for each
band is desired, which means that the transverse dimension of aperture for each band should
be in proportion to its wavelength [3]. As an example, the transverse dimensions of aperture
in L-, S- and X- bands for the SIR-C/X-SAR are 2.95 m, 0.75 m, and 0.4 m, respectively, which
have the ratio of 7.375:1.875:1. Then for a TBDP array with three independent apertures of
L/S/X bands, its corresponding transverse dimension of aperture may be 2.88 m for L-band,
1.08 m for S-band and 0.36 m for X-band with the ratio of 8:3:1, as seen in Fig.2a.
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In this chapter a novel design method is proposed, as shown in Fig.2b, where L/S and L/X subarrays are set on the two sides, and L-band sub-array is located in the middle. Then the
transverse dimensions of aperture is 1.08+1.44+0.36 =2.88m for L-band, 1.08 m for S-band and
0.36 m for X-band, with ratio of 8:3:1 that is close to the central wavelength ratio of L-, S- and
X-bands. Thus S-band and X-band elements are physically separated by a large spacing to
avoid mutual interference, and a 33% off in aperture size is achieved as compared to its
counterpart with independent tri-band aperture of 1.08 + 2.88 + 0.36 = 4.32 m. Actually, this
method divides a TBDP shared-aperture array into two DBDP shared-aperture sub-arrays and
one single-band DP sub-array so that the foregone works of DBDP shared-aperture arrays can
be consulted and eventually the development of a TBDP shared-aperture array will be
simplified.
S-band DP sub-array
1.08m

4.32 m

1.44m

1.44m

L-band DP sub-array

L/S DBDP sub-array

0.36m

(a)

X-band DP sub-array

1.08m
2.88 m

1.44m
0.36m
L-band DP sub-array

(b)

L/X DBDP sub-array

Figure 2. TBDP array configuration

2.2. L/S, L/X & L sub-array configuration
The interlaced configuration of Fig.3 is adopted for the L/S and L/X DBDP shared-aperture
sub-array designs, which is more flexible for the odd frequency ratio than the perforated
one[10]. Moreover, the “pair-wise anti-phase feeding” technique [30] is used in both S- and Xbands to improve the cross-polarization performance and the polarization isolation of whole
array as well.
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10 Two-wire feeder 11 Balun of L-band 12/14/16/18/19/21/21 Substrate (Rogers 6002)
13/15/17/20/22 Foam

Figure 3. TBDP array configuration

The S-band and X-band elements in L/S and L/X DBDP arrays are distributed in square lattices,
with the element spacing of 0.65 λ0 at X-band and 0.62 λ0 at S-band for convenience in the
integration and satisfying the requirement of scanning capability (± 25°). In the L/S, L/X and L
sub-arrays, the same L-band element is used to keep uniform radiation characteristic and S
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parameters. Besides, on the purpose of realizing dual polarization as well as enhancing the
polarization isolation, “T”-shaped orthogonal-set microstrip dipoles are applied. Since that the
phase centers for H- and V- polarization will deviate from each other as the “T”-shaped
configuration is adopted, to ensure the superposition of the phase centers for H- and Vpolarization, one more vertical microstrip dipole is added in the array prototype. This makes a
little difference in the beamwidths of H- and V- polarization, however, this may not be a problem
when the array aperture becomes larger, which is the case for most space-borne SAR anten‐
nas, e.g. the lengthwise aperture dimension of the SIR-C/X-SAR for all three bands is 12 m.
Since this is a phased array with two-dimensional scanning capability, each element is
terminated to a T/R module and a beam controller is employed to steer the beam rather than
a fixed feed network. Thus final output of each element is connected to a SMA connector.

3. Element design
3.1. S- & X-band element
To meet the requirements of bandwidth and cross-polarization as well as to simplify the design
and fabrication, stacked patches are adopted for the S-band (in L/S sub-array) and X-band (in
L/X sub-array) elements. To realize the dual-polarized radiation, the element should be
symmetric in two dimensions, so that circular and square (rectangular) shapes are the most
common ones. In this design, the square patch is adopted for its better cross-polarization
performance [27] and lower fabrication tolerance, as shown in Fig.4.
The feeding approach greatly refers to the isolation and the cross-polarization level of an
element. [17, 21] have presented profound studies on the feeding technique of stacked patches.
In [26], the excellent isolation of better than 40dB is measured by using the hybrid excitation
and a balanced feed. As the cost, however, these feeding approaches are too complicated as
they are applied to the array environment, because that the aperture coupling and the balanced
feed are difficult for the vertical connection, while the balanced feed needs a 180 degree feed
network. To ensure the fabrication reliability, the dual-probe feed is finally employed,
although its isolation is not as good as the aforementioned methods.
To overcome this drawback, an asymmetric slot is etched on the driven patch to improve the
port isolation [31]. Fig.5 and Fig.6 are the calculated S parameters and radiation patterns
simulated by HFSS 10.0, showing the change of isolation and cross-polarization with the slot
loaded. Different slot shapes are used for the S- and X- band driven patches to improve the
isolation. In addition, it is found that the “H”-shaped slot in Fig.4b has less impact to S11 than
the “cross”-shaped slot in Fig.4a, thus one has to rematch the element of latter while the “H”shaped needs not. As seen from Fig.7, the field disturbance introduced by the slot deteriorates
the element cross-polarization level. Fortunately, this would not be a problem for an array as
the “pair-wise anti-phase feed” technique is used in the array configuration. The detailed
design of the S/X stacked patches has been introduced in [32].
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3.2. L-band element
For L/S, L/X and L sub-arrays, the structure of L-band microstrip dipole is almost the same.
The only difference is the length of L-band dipole in L/S sub-array, which is shortened by 20%
than its counterparts in L/X and L sub-arrays. In order to avoid the conflicting in sub-array
splitting caused by the odd frequency ratio of about 3:1 for L- to S-band, the capacities are
intentionally introduced in its feed network to realize a minimized design (See Fig.4).
The structure of L-band dipole is detailed in Fig.6. The microstrip dipole is printed on the top
layer with a height of λ0/4 above the ground, while the ground, in this case, serves as a reflecting
metal plate. An microstrip feed network is designed to generate 180 degree phase shift, and
then it is vertically transferred to a parallel two-wire line, finally this line connects to the
microstrip dipole. In addition, an open-ended microstrip stub is adopted at the exciting point
to realize the impedance match.

(L/S)12 13 14 15 16

dl

6,7

10

t

fl

11

Pin

Excite
point 6,7

hf1

hf2

11 10

6/7 Printed dipole 10 Two-wire feeder 11 180 degree phase shifter 12/14/16 Substrate 13/15 Foam (Rogers 6002)
Figure 7. L-band microstrip dipole

This element as well as its feed structure is very slim and thus can be flexibly interlaced in the
gap of S- and X-band elements. Although the profile of L-band element is somewhat high, its
intrinsic broadband and good cross-polarization performance make it suitable for the TBDP
SAR antenna mission.
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4. Measurement results
A shared-aperture L/S/X TBDP array prototype was fabricated and measured to validate the
design. Figs.8 a and b show the back and the front side of the array, respectively, which is
incorporated with the L/X, L and L/S sub-arrays (from up to bottom in Fig.8a). The S-param‐
eters were measured using the Agilent 8722ES and the measured radiation patterns were
obtained in an anechoic chamber, while all the losses such as the insert losses of coaxial line,
connectors and power dividers were compensated in the process.

(a)

(b)
Figure 8. Photos of TBDP array
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4.1. L-band
The measured L-band S11 and radiation patterns are shown in Fig.9 and Fig.10. It is seen
that though the boundary conditions of L-band elements in L, L/S and L/X sub-arrays are
quite different, similar return loss performance is measured except for LS4, which perhaps
is caused by the solder false. The measured VSWR≤2 bandwidth is 167MHz
(1.163-1.330GHz, 13.4%), and the array isolation is better than 37dB over the whole
bandwidth (See Fig.9b). The array isolation hereinafter is defined as -10log10|S21|, which is
a positive dB value.
Although the whole L-band array is compounded by the elements in three separate sub-arrays,
the measured radiation patterns keep in accordance with the theoretical ones, which means
that the compound method raises little impact on the resulting radiation patterns. The crosspolarization level remains lower than -30 dB within the main lobe. The measured gain is 13.2dB
(H-port) and 14.6dB (V-port), corresponding to the antenna efficiency of 62% and 61.2%,
respectively. These lower figures may be related to its long electric-length of the microstrip
and two-wire line feeder.
4.2. S-band
The narrowest VSWR≤2 bandwidth among all elements is defined as the array VSWR≤2
bandwidth. In S-band, an array VSWR≤2 bandwidth of 14.8% (3.25-3.768GHz) is measured
according to Fig.11a, while the measured array isolation remains better than 45dB over the
bandwidth (Fig.11b).
The measured radiation patterns agree well with the theoretical ones and the cross-polariza‐
tion level keeps lower than -30dB in the main lobe (See Fig.12). Its measured front-back ratio
is 37.8dB. The measured gain of 18.6dB is achieved for the 8×2 elements aperture, which means
an antenna efficiency of 92.4%. Moreover, instead of the phase shifter, the coaxial line with
custom-made length is applied to realize the scan experiment, as shown in Fig.13. From Fig.
14, a scan capability of ±27°is observed.
4.3. X-band
As shown in Fig.15, an array VSWR≤2 bandwidth of 16.8% (9.098- 10.781GHz) is measured in
X-band with the array isolation better than -43dB over the whole bandwidth. From Fig.16, the
measured radiation patterns fit well with the theoretical ones with the cross-polarization level
better than -35dB in the main lobe. The measured front-back ratio is 42.3dB at the broadside
direction, which is more than 4dB better than that of S band. It benefits from the larger electric
size of the ground. Measured gains of 22.19dB (16×2 elements, V port) and 21.79dB (16×2
elements, H port) are realized, which mean the efficiencies of 92.7% and 84.5% at V- and Hports, respectively. The scan radiation patterns of 30° in both ports and both planes were also
measured. As shown in Fig. 17a-c,, the grate lobe of a little higher than -10dB appears around
80°-90°.
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Figure 13. Custom-made coaxial lines instead of phase shifters
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5. Conclusion
The method of assembling two DBDP shared-aperture sub-arrays and one single-band DP subarray to form a MBDP shared-aperture array has been introduced. An array prototype has
been fabricated and measured to validate the method. According to the measured results, the
array prototype achieves satisfactory results: similar bandwidth of 13.4%~16.7% in three
bands, the array isolation of better than 37dB for all bands and the cross-polarization level of
lower than -30dB within the main lobe region and the scanning capacity of ±27 degree at Sand X- bands. The array prototype has a 33% off in the aperture size as compared with tri-band
independent aperture antenna and exhibits robust characteristics throughout the bandwidths.
This array design method can be extended to the shared-aperture arrays with more than three
bands.
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1. Introduction
Currently, there is an increased interest in ultra-wideband (UWB) technology for use in sev‐
eral present and future applications. UWB technology received a major boost especially in
2002 since the US Federal Communication Commission (FCC) permitted the authorization
of using the unlicensed frequency band starting from 3.1 to 10.6 GHz for commercial com‐
munication applications [1]. Although existing third-generation (3G) communication tech‐
nology can provide us with many wide services such as fast internet access, video
telephony, enhanced video/music download as well as digital voice services, UWB –as a
new technology– is very promising for many reasons. The FCC allocated an absolute band‐
width up to 7.5 GHz which is about 110% fractional bandwidth of the center frequency. This
large bandwidth spectrum is available for high data rate communi-cations as well as radar
and safety applications to operate in. The UWB technology has another advantage from the
power consumption point of view. Due to spreading the ener-gy of the UWB signals over a
large frequency band, the maximum power available to the antenna –as part of UWB sys‐
tem– will be as small as in order of 0.5mW according to the FCC spectral mask. This power
is considered to be a small value and it is actually very close to the noise floor compared to
what is currently used in different radio communica-tion systems [2].
1.1. Different UWB Antenna Designs
UWB antennas, key components of the UWB system, have received attention and significant
research in recent years [3]-[28]. With theincreasing popularity of UWB systems, there have
been breakthroughs in the design of UWB antennas. Implementation of a UWB system is
facing many challenges and one of these challenges is to develop an appropriate antenna.
This is because the antenna is an important part of the UWB system and it affects the overall
performance of the system. Currently, there are many antenna designs that can achieve
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broad bandwidth to be used in UWB systems such as the Vivaldi antenna, bi-conical anten‐
na, log periodic antenna and spiral antenna as shown in Fig. 1. A Vivaldi antenna [3]-[4] is
one of the candidate antennas for UWB operation. It has a directional radiation pattern and
hence it is not suitable for either indoor wireless communication or mobile/portable devices
which need omni-directional radiation patternsto enable easyand efficient communication
between transmitters and receivers in all directions. Mono-conical and bi-conical antennas
[5] have bulky structures with large physical dimensions which limit their applications. Al‐
so, log periodic [6] and spiral antennas [7] are two different UWB antennas that can operate
in the 3.1-10.6 GHz frequency band but are not recommended for indoor wireless communi‐
cationapplications or mobile/portable devices. This is because they have large physical di‐
mensions as well as dispersive characteristics with frequency and severe ringing effect [6].
This is why we are looking for another candidate for UWB indoor wireless communications
and mobile/portable devices that can overcome all these shortcomings. This candidate is the
planar or printed monopole antenna [8]-[28]. Planar monopole antennas [8]-[10] with differ‐
ent shapes of polygonal (rectangular, trapezoidal...etc), circular, elliptical…etc have been
proposed for UWB applications as shown in Fig. 2.
1.2. UWB Antennas for Wireless Communications
Due to their wide frequency impedance bandwidth, simple structure, easy fabrication on
printed circuit boards (PCBs), and omni-directional radiation patterns, printed PCB versions
of planar monopole antennas are considered to be promising candidates for applications in
UWB communications. Recent UWB antenna designs focus on small printed antennas be‐
cause of their ease of fabrication and their ability to be integrated with other components on
the same PCBs [11]-[19]. Fig. 3 illustrates several realizations of planar PCB or printed anten‐
na deigns.
1.3. UWB Antennas with Bandstop Function
However, there are several existing NB communication systems operating below 10.6 GHz
in the same UWB frequency band and may cause interference with the UWB systems such
as IEEE 802.11a WLAN system or HIPERLAN/2 wireless system. These systems operate at
5.15-5.825 GHz which may cause interference with a UWB system. To avoid the interference
with the existing wireless systems, a filter with bandstop characteristics maybe integrated
with UWB antennas to achieve a notch function at the interfering frequency band [21]-[28].
Fig. 4 shows several developed bandstop antenna designs.
This chapter focuses on the development of different novel UWB microstrip-line-fed printed
disc monopole and hybrid antennas with an emphasis of their frequency domain perform‐
ance. Different antenna configurations are proposed and designed in order to find a good
candidate for UWB operation. The reasonable antenna candidate should satisfy UWB per‐
formance requirements including small size, constant gain, radiation pattern stability and
phase linearity through the frequency band of interest. Also, the designed UWB antenna
should have ease of manufacturing and integration with other mi-crowave components. We
have simulated, designed, fabricated and then tested experi-mentally different printed disc
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monopole antenna prototypes for UWB short-range wireless communication applications.
The printed disc monopole antennas are chosen because they have small a size and omnidirectional radiation patterns with large bandwidth. In order to understand their operation
mechanism that leads to the UWB characteristics, those antenna designs are numerically
studied. Also, the important physical parameters which affect the antenna performances are
investigated numerically using extensive parametric studies in order to obtain some quanti‐
tative guidelines for designing these types of antennas.

Figure 1. (a) Vivaldi antenna [4] (b) Mono-conical and bi-conical antenna [5] (c) Log-periodic antenna [6] and (d) Spi‐
ral and conical spiral antenna [7].

Figure 2. Modified shape planar antennas for UWB applications (a) rectangular, (b) circular and elliptical, (c) other
shapes.

Figure 3. Planar PCB or printed antenna designs [8]-[20].

Figure 4. Printed antenna designs with single bandstop functions [21]-[28].
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2. Operation Mechanism of UWB Monopole Antennas
Printed disc monopole antennas are considered to be good candidates for UWB applications
because they have a simple structure, easy fabrication, wideband characteristics, and omnidirectional radiation patterns [11]-[28]. The geometry of the reference printed circular disc
monopole antenna is shown in Fig. 5. To determine the initial parameters of the printed cir‐
cular disc monopole antenna, we should first understand their operation mechanism. It has
been shown that disc monopoles with a finite ground plane are capable of supporting multi‐
ple resonant modes instead of only one resonant mode (as in a conventional circular patch
antenna) over a complete ground plane [29]. Overlapping closely spaced multiple resonance
modes (f1, f2, f3, …, fN) as shown in Fig. 6 can achieve a wide bandwidth and this is the
idea behind the UWB bandwidth of circular disc monopole antennas. The frequency of the
first resonant mode can be determined by the size of the circular disc. At the first resonance
f1, the disc antenna tends to behave like a quarter-wavelength monopole antenna, i.e. λ/4.
That means the diameter of the circular disc is 2r = λ/4 at the first resonant frequency.

Figure 5. The configuration of the reference printed circular disc monopole antenna showing the necessary anten‐
na parameters.

Figure 6. The concept of overlapping closely-spaced multiple resonance modes for the reference circular disc monop‐
ole antenna (reproduced from [30]).
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Then the higher order modes f2, f3, …,fN will be the harmonics of the first or fundamental
mode of the disc. Unlike the conventional patch antennas with a complete ground plane, the
ground plane of disc monopole antennas should be of a finite length LG to support multiple
resonances and hence achieve wideband operation. The width of the ground plane W is
found to be approximately twice the diameter of the disc or W=λ/2 at the first resonant [17].
The printed disc monopole antenna can be fed using different feeding techniques such as
microstrip line, coplanar waveguide (CPW), aperture coupling, or proximity coupling. In
the case of a microstrip line feed, the width of the microstrip feed line Wfeed is chosen to
achieve a 50Ω characteristic impedance. The other antenna parameters such as the feed gap
between the finite ground plane and the radiating circular disc d and the length of the finite
ground plane LG can be determined using a full-wave EM numerical modeling techniques.
The small feed gap between the finite ground plane and the radiating circular disc d is a
very critical parameter which greatly affects the antenna impedance matching between the
microstrip feedline and the radiating disc.

Figure 7. The idea of integrating a bandstop filtering element to the reference circular disc monopole antenna.

To avoid interference with some existing wireless systems in the 5.15-5.825 GHz frequency
band, a filter with bandstop characteristics maybe integrated with UWB antennas to achieve
a notch function at the interfering frequency band. The idea of integrating a bandstop filter‐
ing element to the monopole antenna is illustrated in Fig. 7. Recently, several techniques
have been introduced to achieve a single band notch within this frequency band. The most
popular technique is embedding a narrow slot into the radiating patch. The slot may have
different shapes such as C- shaped, slit ring resonator (SRR), L- shaped,U- or V- shaped, πshaped slot.…etc. Some other techniques are based on using parasitic strips, i.e., inverted Cshaped parasitic strip. Other techniques are based on using a slot defected ground structure
in the ground plane, i.e., H-shaped slot DGS.

3. UWB Disc Monopole Antennas
As mentioned in the introductory section of this chapter, there are several types of printed
disc monopoles which exhibit ultra-wide impedance bandwidth. Here, different categories
of disc monopoles will be investigated both numerically and experimentally.
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3.1. Printed Circular Disc Monopole Antenna with Two Steps and a Circular Slot
For better understanding the antenna characteristics, the antenna reflection coefficient (S11)
curves are plotted in decibel or dB scale, i.e. (S11dB = 20 log|S11| = –Return loss RL).The
geometry and photograph of the proposed printed circular disc monopole antenna with two
steps and a circular slot is shown in Fig. 8. The radiating element is fed by a 50Ω microstrip
feed line with width of Wf = 4.4 mm. The substrate used in our design is Rogers RT/duroid
5880 high frequency laminate with thickness of h = 1.575 mm, relative permittivity of εr = 2.2
and loss tangent of tanδ = 0.0009. A finite ground plane of length LG and width W lies on
the other side of the substrate. The feed gap of width d between the finite ground plane and
the radiating patch is a very critical parameter for antenna matching purposes and to obtain
wide bandwidth performance. This proposed antenna has a reduction in the overall antenna
surface area compared to those reported in [16] and [19]. A parametric study is carried out
to investigate the effect of antenna physical parameters such as the width of the substrate W,
the width of the feed gap d, the radius of circular slot RS and the steps dimensions W1, W2,
L1 and L2 on the performance of the proposed UWB antenna.

Figure 8. (a) Geometry and (b) photograph of the proposed microstrip line fed monopole antenna.

3.1.1. Design Analysis
During the parametric study, one parameter varies while all other parameters are kept fixed.
The optimized antenna parameters are: W = 41 mm, L = 50 mm, LG = 18 mm, R = 10 mm, Δy
= 2 mm, RS = 3 mm, W1 = 8 mm, W2 = 4 mm, L1 = 3 mm and L2 = 3 mm. Fig. 9 shows the
simulated antenna reflection coefficient (20 log|S11|) curves using CST Microwave Studio
TM package for different values of substrate width W, feed gap width d, slot radius RS and
the steps dimensions W1, W2, L1 and L2. It can be noticed from results that the smallest sub‐
strate width for obtaining the maximum available bandwidth is W = 41 mm. It can be also
seen that the reflection coefficient impedance bandwidth is greatly dependent on both the
feed gap width d and the circular slot radius RS and by controlling these two parameters,
the impedance matching between the radiating patch and the feed line can be easily control‐
led. By tuning the width of the feed gap d, the maximum achieved impedance bandwidth is
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determined. The circular slot inside the radiating patch acts as an impedance matching ele‐
ment which controls the antenna impedance matching as well as the antenna bandwidth.
Also, the circular slot inside the radiating patch can be used for miniaturizing the monopole
antenna. Also, it can be noticed that the rectangular steps have no remarkable effect on the
overall antenna impedance bandwidth. The opti-mum values for feed gap width, slot radius
and steps dimensions are d = 1 mm, RS = 3 mm and W1 (= 2W2) = 8 mm and L1 (= L2) = 3
mm, respectively.

Figure 9. Parametric studies of effect of (a) substrate width W (b) feed gap width d (c) circular slot radius RS and (d)
steps dimensions W1 and L1 on antenna reflection coefficient.

Cutting out two rectangular steps and a circular slot from the radiating patch to reduce the
overall metallic area and hence reduce the antenna copper losses without affecting the an‐
tenna operation or disturbing the current distribution of the antenna is a challenging task.
This can be done by investigating the antenna surface current distributions. Fig. 9 presents
the antenna surface current and electric field distributions for the proposed disc monopole
antenna. From the electric field distributions, it is noticed that the monopole antenna sup‐
ports multiple resonant modes. It can be seen that the current distribution is mainly located
close to the radiating patch edges rather than in the center. For increasing the maximum
achieved impedance bandwidth, the lower resonant frequency should be decreased. This
can be done by increasing the antenna perimeter which directly affects lower resonant fre‐
quency and then the antenna impedance bandwidth. To increase the antenna perimeter, cut‐
ting out steps from the radiating patch are used here. This is simply because the surface
current will take longer path when the antenna perimeter p is larger and the new antenna
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with larger perimeter appears to be like a longer length monopole and then the lowest reso‐
nance frequency fL will be decreased according to [14]:

Figure 10. Simulated (a) surface current and (b) electric field distributions at the three re-sonant frequencies 3.3, 6.9
and 10.2 GHz.

εeff ≈ (εr + 1) / 2

(1)

f L (GHz) = 300 / ( p εeff )

(2)

where εeff is the effective dielectric constant and the perimeter p units are in millimeters.
For example, in the proposed antenna design, p = 71.4 mm, εr = 2.2, then εeff = 1.6 and the
calculated lower resonant frequency using Eq. (2) is found to be fL ≈ 3.3 GHz. From the si‐
mulated and measured reflection coefficient results shown in Fig. 10, the lower resonant fre‐
quency is fL ≈ 3.3 GHz which agrees well with the calculated value.
3.1.2. Experimental and Simulation Results
A prototype of the microstrip-line-fed monopole antenna with optimized dimensions was
fabricated as shown in Figure8and tested experimentally in the Applied Electromagnetics
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Laboratory at Concordia University. All scattering parameters measurements were carried
out using Agilent E8364B programmable network analyzer (PNA). The measured and simu‐
lated reflection coefficient (S11) curves are presented in Fig. 11. It can be noticed that both
measured and simulated results are in good agreement with each other and the measured 10
dB return loss bandwidth ranges from 3.0 to 11.4 GHz which covers the entire UWB fre‐
quency spectrum. Compared to the simulated results, the second resonant frequency at 7
GHz is shifted up while the third resonant frequency at 10 GHz is shifted down. This may
be due to the sub-miniature version A (SMA) connector losses and/or substrate losses espe‐
cially at high frequencies (7-10 GHz). Even the loss effect of the substrate is modeled correct‐
ly and taken into account in the simulations; the simulation results did not change too much
and did not agree with the measured results. In general, the proposed antenna exhibits an
UWB impedance bandwidth (3.1-10.6 GHz) in both simulated and measured results.

Figure 11. Measured and simulated reflection coefficient curves of the proposed antenna.

For further understanding the antenna performance, the Ansoft HFSS simulated maximum
realized total directive gain in the boresight direction and the phase of reflection coefficient
∠S11 for the proposed antenna are presented in Fig. 12. The boresight of directional antenna
is defined as the direction of maximum gain of the antenna. For most of antennas, the bore‐
sight is the axis of symmetry of the antenna, i.e. z-axis. It can be seen that the antenna has
good gain stability across the frequency band of interest (3.1-10.6 GHz).It ranges from 3.4 dB
to 5.2 dB with gain variation of about 2dB. The behavior of the phase of reflection coefficient
∠S11 versus frequency is also studied and shown in the same figure. It can be noticed that
the phase seems to be linear across the whole UWB frequency range.
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Figure 12. The simulated gain and phase of reflection coefficient ∠S11 versus frequency of the proposed microstripline-fed monopole antenna.

Fig. 13 shows the radiation characteristics for the proposed antenna. Both yz-cut plane (Eplane) and xz-cut plane (H-plane) radiation patterns have been simulated using Ansoft
HFSS and measured in an anechoic chamber at the three resonant frequen-cies 3.3, 6.8, and
10.2 GHz. From the measured results, the proposed antenna has omni-directional radiation
pattern in H-plane at lower frequency (3.3 GHz) and near omni-directional at higher fre‐
quencies (6.9 and 10.2 GHz) with good agreement with simula-tions. The measured E-plane
radiation patterns agree with the simulations especially at lower frequency (3.3 GHz) while
the agreement is not as good as the H-plane patterns at higher frequencies (6.9 and 10.2
GHz). There are some ripples and discrepancies in the measured radiation patterns especial‐
ly at the higher frequencies which may be due to sen-sitivity and accuracy of the measuring
devices at higher frequencies in addition to the ef-fects of the SMA feed connector and the
coaxial cable. The E-plane is identified by most of UWB antenna patterns which is perpen‐
dicular to H-plane (almost symmetric). Re-searchers in UWB antenna typically define Eplane as the plane containing the feedline and the maximum radiation of the antenna. Hplane is the plane perpendicular to E-plane.
We have investigated both simulated and measured E-plane patterns. From simu-lations,
nulls in E-plane at θ = 90° depend on the size of the finite ground plane and the contact
point of SMA feed connector in particular at the upper edge frequency. By searching several
published UWB antennas of similar disc monopole antennas, similar behavior of measured
results are reported in many papers including [31]-[34].
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Figure 13. Measured co-pol (blue solid line), cross-pol (red dashed line), Ansoft HFSS simulated co-pol (green dashdotted line) and cross-pol (magenta dotted line), (a) E-plane and (b) H-plane radiation patterns of the proposed antenna.

3.1.3. UWB Bandstop Antenna Design
A modification can be made to the above designed antenna for achieving the bandstop func‐
tion to avoid possible interference to other existing WLAN systems. A very narrow arcshaped slot is cut away from the radiating patch as shown in Fig. 14 (a) will act as a filter
element to make the antenna will not respond at the bandstop frequency. For perfect bandrejection performance of UWB antenna, the return loss of the stop-band notch should be al‐
most 0dB or the reflection coefficient is almost 1.0. However, in our first band-stop antenna
design, we could achieve voltage standing wave ratio (VSWR) of about 8 (reflection coeffi‐
cient is 0.78 or -2.1 dB). The arc-shaped slot filter element di-mensions will control both the
bandstop frequency fnotch and the rejection bandwidth of the band-notched filter BWnotch.
The arc-shaped slot filter dimensions are: the radius of the slot R1, the thickness of the slot T
and the slot angle 2α. Fig. 14 (b) illustrates the simulated reflection coefficient curves using
both HFSS and CST MWS for comparison. From the simulation results, it can be seen that
the band-notched characteristic in the 5.0-6.0 GHz band is achieved with good agreement
between them.
Parametric studies were carried out to address the effect of arc-shaped slot dimen-sions on
the band-notched performance. Figures 15 shows the effect of varying the slot radius R1, slot
thickness T and the slot angle 2α parameters on the simulated antenna ref-lection coefficient,
respectively. From results in Fig. 15 (a) & (c), it can be seen that the notch frequency fnotch
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decreases by increasing both the arc-shaped slot radius R1 and the angle 2α while the notch
bandwidth BWnotch is almost the same. On the other side, both the notch frequency and
bandwidth increase at the same time by increasing the slot thickness T. For achieving a
band-notched performance in the 5-6 GHz frequency band, the arc-shaped slot parameter
dimensions are: R1 = 7.5 mm, T = 0.7 mm and 2α = 160°.

Figure 14. (a) Geometry of the band-notched antenna, R1 = 7.5 mm, T = 0.7 mm and 2α = 160° (b) Simulated reflec‐
tion coefficient curves versus frequency.

Figure 15. Simulated reflection coefficient curves versus frequency for different values of (a) arc-shaped slot radius R1,
(b) thickness of the slot T and (c) the slot angle 2α.
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3.2. Maple-leaf Shaped Monopole Antennas
In this section, we developed different maple-leaf shaped monopole antennas with two bandrejection techniques for the 5.0-6.0 GHz frequency band. Fig. 16 (a) & (b) show the geometri‐
cal configuration and the photograph of the proposed UWB maple-leaf-shaped monopole
antenna prototype. The radiating element consists of a maple-leaf-shaped patch as a radiat‐
ing element which represents the Canada flag symbol. The radiat-ing patch is fed by a micro‐
strip line and both are etched on a Rogers RT Duroid 5880 substrate with dielectric constant
εr = 2.2, dielectric loss tangent tanδ = 0.0009, and thickness h = 1.575 mm. The proposed antenna
parameters L1 ~ L10 are determined using an extensive parametric study and optimization in
both Ansoft HFSS and CST MWS to address the effect of those parameters on the overall
performance of the antenna. Details of the optimized parameters are summarized in Table 1.
Our target here is to design a compact antenna for UWB operation. So, we tried to reduce the
overall antenna size by reducing the substrate dimensions from 50 × 41 mm2 as in the previ‐
ous antenna design to 35.48 × 30.56 mm2 as in the present antenna design. Here, there is a
reduction in the an-tenna size by almost 47% compared to our first proposed antenna proto‐
type, i.e. circular disc monopole antenna with two steps and a circular slot.
Parameter

W

L

LG

W1

Wf

d

L1

L2

Value (mm)

30.48

35.56

12.95

5.59

4.06

0.84

2.27

7.47

Parameter

L3

L4

L5

L6

L7

L8

L9

L10

Value (mm)

2.65

4.10

4.34

3.05

5.39

7.73

4.02

5.24

Table 1. Maple-leaf Shaped Printed Monopole Antenna Dimensions (Units in mm).

The maple-leaf shaped monopole antenna is used to achieve wider impedance matching
bandwidth by introducing many leaf arms into the main radiating patch. This will lead to
increasing the overall perimeter of the antenna and hence the monopole an-tenna looks big‐
ger in size than its real physical size. This is simply because the current takes paths close to
the edges rather than inside the radiating patch. The proposed maple-leaf shaped monopole
antenna has a wider bandwidth with smaller size compared to the first UWB antenna design
(stepped monopole antenna).
Fig. 17 (a) illustrates the simulated and measured reflection coefficient curves against the
frequency for the designed maple-leaf antenna. It can be noticed from the re-sults that the
proposed antenna exhibits a simulated impedance bandwidth from 3 to 13 GHz with good
agreement between Ansoft HFSS and CST simulation programs while the measured impe‐
dance bandwidth becomes dual-band, one in 4.1-7.0 GHz and the other one in 8.7-13.3 GHz.
The explanation for the difference between the measured and simulated results can be easily
understood if we mention that both simulated reflection coefficient curves are already very
close or even touch the -10 dB level in the region 7.0-9.0 GHz frequency band. So, if there is
any manufacturing error in the antenna parameters L1 ~ L10 during the fabrication proposes
of the antenna prototype will be a big issue. This is in addition to calibration errors during S-

137

138

Advancement in Microstrip Antennas with Recent Applications

parameters measurement and the effect of SMA connector which was not taken into account
during simulations. Also, the manufacturing tolerance as well as the effect of SMA connec‐
tor has been simulated in CST MWS program and simulation results are shown in Fig. 17 (b)
and it is found from the obtained result that it confirms the above explanation.

Figure 16. (a) Geometry and (b) photograph of the proposed maple-leaf shaped printed monopole antenna prototype.

The antenna radiation characteristics across the whole UWB frequency band were also in‐
vestigated. Fig. 18 shows both the measured and simulated E- and H-plane radiation pat‐
terns at frequencies 3, 5, 7, and 9 GHz, respectively. The measured H-plane radiation
patterns are very close to those obtained in the simulation. It can be noticed that the H-plane
patterns are omni-directional at all frequencies of interest. The measured E-plane patterns
follow the shapes of the simulated ones, though the agreement is not as good as the H-plane
patterns. There are some fluctuations, ripples and distortions on the measured curves,
which may be caused by the SMA feed connector and the coaxial cable.

Figure 17. (a) Measured and simulated reflection coefficient curves of the maple-leaf an-tenna (b) effect of fabrica‐
tion tolerance on the performance of maple-leaf antenna.
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Figure 18. Measured (red solid line) and simulated (blue dashed line) (a) E-plane and (b) H-plane radiation patterns of
the maple-leaf antenna.

3.2.1. Bandstop Antenna Design Prototypes
We developed two different band-notched antennas using two different tech-niques for
band rejection. Fig. 19 (a) introduces the first proposed band-notched anten-na which is de‐
signed by modifying the above maple-leaf antenna by cutting a narrow H-shaped slot away
from the radiating patch. The H-slot acts as a filtering element where slot dimensions con‐
trol the rejection band of the band-notched filter. Fig. 19 (b) presents the second proposed
band-notched antenna which is designed by cutting two narrow rectangular slits in the
ground plane making a DGS. In the maple-leaf band-stop antennas, we achieved VSWR of
10 (reflection coefficient is 0.82 or -1.7 dB) with H-shaped slot and VSWR of 24 (reflection
coefficient is 0.92 or -0.7 dB) with two slits in the ground. It can be concluded that using two
slits in the ground plane achieves better rejection characteristics compared to using narrow
slots (either arc-shaped or H-shaped) in the radiating patch.

Figure 19. Photograph and geometry of the proposed bandstop antennas using (a) H-slot (b) two slits.
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In both techniques, we can control both the notch center frequency fnotch and the band‐
width BWnotch by adjusting the H-slot and the two slits dimensions, respectively. In the
first band-notched antenna, we adjust the slot length LS, thickness WS, and location from
the substrate edge DS to control the bandstop characteristic. In the second band-notched an‐
tenna, we control the bandstop characteristic by adjusting the two rectangular slits length
LS, thickness WS, and distance between them S. The remarkable thing here is that the notch
center frequency fnotch is controlled by adjusting the mean length of the slot or the two slits
to be about one half-wavelength, i.e. λ/2 at the desired notched frequency. For example, the
calculated mean length of the H-shaped slot is about 26 mm and the calculated λ/2 at the
notch frequency fnotch = 5.5 GHz is 27.7 mm. It is found that the notch bandwidth BWnotch
can be controlled by adjusting the thickness of the slot or the two slits.
Fig. 20 (a) & (b) present the simulated and measured reflection coefficient curves of both
band-notched antennas with H-slot (WS = 0.65 mm, LS = 8.6 mm and DS = 18.6 mm) and two
slits (WS = 0.5 mm, LS = 10.2 mm, and S = 3 mm), respectively. It is ob-vious from the results
that the bandstop function in the 5.0-6.0 GHz is successfully achieved for both antenna de‐
signs. The discrepancies in the 7-9 GHz frequency band come from the maple-leaf antenna
itself not from the filter elements for band rejection. It can also be noticed that these discrep‐
ancies in the 7-9 GHz frequency band are more re-markable in the first prototype than the
second one. This is may be due to the effect of using DGS in the finite ground plane en‐
hanced the antenna performance in the 7-9 GHz frequency band.

Figure 20. Measured and simulated reflection coefficient curves for bandstop antennas (a) using an H-slot and (b)
using two slits.

Fig. 21 and Fig. 22 show the CST simulated surface current distributions over different fre‐
quencies, i.e. 3, 5.5 and 7 GHz for both band-notched antenna designs with H-slot and two
slits, respectively. It can be noticed that at the bandstop frequency 5.5 GHz, nearly all the
currents are trapped at the H-shaped slot or two slits which are preventing the current from
radiation while at the radiation frequencies 3 and 7 GHz, the current is uniformly distribut‐
ed through the whole radiating patch.
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The CST simulated antenna maximum realized gains in the bore-sight direction versus fre‐
quency for the maple-leaf antenna, band-notched antennas with H-slot and two slits are pre‐
sented in Fig. 23. It can be seen that the maple-leaf antenna gain is almost stable over the
whole frequency band and it ranges from 2 dB to 4.3 dB with gain variation about 2.3 dB
through the whole frequency band of interest. For band-notched antenna designs with Hslot and two slits, a sharp gain decrease is remarkably happened in the 5.0-6.0 GHz frequen‐
cy band. Gain results ensure that the band-notched antennas are not responding in the
bandstop frequency range between 5.0 and 6.0 GHz.

Figure 21. Current distributions for the first bandstop antenna at the (a) radiating frequency f1 = 4 GHz, (b) bandstop
frequency f2 = 5.5 GHz and (c) the radiating frequency f3 = 7 GHz.

Figure 22. Current distributions for the second bandstop antenna at the (a) radiating frequency f1 = 4 GHz, (b) band‐
stop frequency f2 = 5.5 GHz and (c) the radiating frequency f3 = 7 GHz.
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Figure 23. Simulated gain curves versus frequency for all three maple-leaf antennas.

3.3. Other Shaped Disc Monopole Antennas
In this section we continue to enhance the UWB antenna performance to obtain a compact in
size antenna with maximum possible impedance bandwidth for UWB opera-tion. We are
considering the design of two compact omni-directional UWB antennas with different shape
of radiating patches. The first design is the butterfly-shaped monopole antenna while the
second one is trapezoidal-shaped monopole antenna with a bell-shaped cut as shown in Fig.
24 (a) and (b), respectively. The butterfly-shaped monopole an-tenna size is 35 × 35 mm2
which is bigger than the previous maple-leaf-shaped antenna (35.5 × 30.5 mm2) by about
13%. The other proposed design is the trapezoidal-shaped monopole antenna of size 34 × 30
mm2 which is smaller than the maple-leaf-shaped an-tenna by about 6%. The best candidate
among all printed disc monopole antennas from the antenna size point of view is the trape‐
zoidal antenna with bell-shaped cut. Moreover, the candidate antenna still has UWB impe‐
dance bandwidth with reasonable stable radia-tion characteristics and constant gain through
the desired frequency range.
Both proposed antennas are etched on 1.575mm-thick Rogers RT 5880 substrate and fed by
50Ω characteristic impedance microstrip line. The finite ground plane length is LG = 10 mm
and the feed gap width is d = 0.5 mm. The butterfly-shaped antenna consists of a radiating
element of two overlapped elliptical discs of major radius a = 16.6 mm and a minor radius b
= 10.4 mm (elliptically ratio a/b ≈ 1.6 forming the two wings of the butterfly). Two annular
slot rings of an outer radius r1 = 2 mm and an inner radius r2 = 1 mm have been cut out from
the radiating patch. They are located at distance c (= e) = 5.2 mm from the two ellipses’
edges. These slot rings can increase the bandwidth of the proposed antenna and they are
useful to reduce the overall metallic area.
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Figure 24. Geometry and photograph of the (a) butterfly-shaped (b) trapezoidal-shaped monopole antenna.

The trapezoidal-shaped antenna consists of a trapezoidal patch of dimensions L1 = 12 mm,
L2 = 11 mm, W1 = 10 mm and bevel angle α = 55.7°. Two elliptical cuts have been cut out
from the radiating patch forming a bell shaped cut. The first elliptical cut is of a major radius
Rx1 = 10 mm and a minor radius Ry1 = 6 mm (elliptically ratio Rx1/Ry1 = 1.67). The second
elliptical cut is of a minor radius Rx2 = 6 mm and a major radius Ry2 = 14 mm (elliptically
ratio Ry2/Rx2 = 2.33). An antenna prototype of both structures with optimized parameters
has been fabricated for experimental investigation.

Figure 25. Measured and simulated reflection coefficient curves of the (a) butterfly antenna and (b) trapezoidal antenna.
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The measured and simulated reflection coefficient curves against frequency for butterfly and
trapezoidal antennas are plotted in Fig. 25, respectively. It is observed from the results that the
simulated reflection coefficient with Ansoft HFSS and CST are almost in good agreement and
both antennas exhibit wide impedance bandwidth from 3 GHz to beyond 12 GHz (FBW is >
110%) for both antennas. The measured results shows that the both antenna designs still have
wide impedance bandwidth covering the UWB frequency range. It is shown that there are
different resonances occur at different frequencies across the UWB frequency range and the
overlap among these resonances achieve the wide bandwidth characteristic of those types of
printed monopole antenna. The measured and simulated E- and H-plane radiation patterns at
frequencies 3, 5, 7 and 9 GHz are illustrated in Fig. 26 and Fig. 27, respectively. As expected,
both antennas exhibit a dipole-like radiation patterns in E-plane and good omni-directional
radiation patterns in H-plane.

Figure 26. Measured (red solid) and simulated (blue dashed) (a) E-plane and (b) H-plane radiation patterns for butter‐
fly antenna.

Figure 27. E- and H-plane radiation patterns of the trapezoidal antenna. Blue dashed lines for simulated and red solid
lines for measured.
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Both physical and electrical properties of different UWB disc monopole antennas for shortrange wireless communications are summarized in Table 2. The comparison includes the
overall antennas dimensions, 10 dB return loss bandwidth, realized gain and groub delay
features. It can be seen that the Trapezoidal monopole antenna with bell-shaped cut is the
good candidate among all proposed antenna designs in terms of both physical and electri‐
cal propoerties.

Parameter

Circular disc

Maple-leaf antenna

Butterfly antenna

Trapezoidal antenna
with bell-shaped cut

monopole with two
steps and a circular
slot
Dimensions (mm)

41 × 50 × 1.575

30.5 × 35.5 × 1.575

35 × 35 × 1.575

30 × 34 × 1.575

10 dB RL bandwidth 3.0~11.5

4.1~7.0, 8.7~13.3

3.0~10.8

3.2~11.4

(GHz)

(Dual-band)

10 dB RL bandwidth 117%

52%, 42%

113%

112%

3.4~5.2

2.0~4.3

2.0~4.7

2.7~5.3

±1.8

±2.3

±2.7

±2.6

4.2

2.7

1.5

4.2

(%)
Realized gain (dB)

Group delay (ns)

Table 2. Comparison among Different UWB Antenna Design Prototypes.

3.4. Transmission Characteristics of UWB Antennas
In this section, we investigate the transmission/reception (Tx/Rx) characteristics of different
UWB antennas discussed above in both time and frequency domains. We set up various sce‐
narios and study the communication link between two identical prototype an-tennas. The
distance between the transmitting and receiving antennas is assumed to be 30 cm which is
approximately 3 wavelengths at the lower frequency of the considered band of operation
(antennas are in the far field of each other). Two different scenarios are established for our
study. The first one is the face-to-face scenario where the two identic-al antennas are placed
in vertical position facing each other at a separation distance be-tween the two antennas of d
as shown in Fig. 28(a). The second case is the end-to-end scenario where the two antennas
are placed in horizontal position facing each other at a separation distance d as shown in
Fig. 28(b). This study is carried out calculated in the E-plane (ϕ = 90°) at different observa‐
tion angles θ.
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Figure 28. Configuration of UWB transmission system in case of (a) face-to-face scenario and (b) end-to-end scenario.

3.4.1. Time-Domain Characteristics
For a complete description of the antenna characteristics, the time domain behavior is calcu‐
lated in the E-plane (ϕ = 90°) at different observation angles: θ = 0°, 30°, 60°, 90°. Referring to
Fig. 29(a), the incident wave arriving at the receiving antenna is assumed to be the fourth
derivative of a Gaussian function

( ( )t + ( ) t ) ∙ e

si (t ) = A 3 - 6

4π
τ

2

2

4π 2 4
τ2

-2π

( V / m)

( τt )2

(3)

where A = 0.1 and τ = 0.175 ns. The normalized spectrum of this pulse is illustrated in Fig.
29(b), and proves to comply with the required FCC indoor emission mask. Further refining
the pulse spectrum can be achieved by utilizing some optimization algorithms. The pulse
spectrum is then multiplied by the normalized antenna transfer functions and an inverse
Fourier transform (IFT) is performed to achieve the required time domain response. The
output waveform at the receiving antenna terminal can therefore be expressed by where
represents an ideal bandpass filter from 1 to 18 GHz.
Fig. 30 presents the CST Simulated radiation waveforms in the E-plane at different angles θ
= 0°, 30°, 60°, 90° in face-to-face scenario for different UWB antenna prototypes.

Figure 29. (a) Received UWB pulse shape and (b) spectrum of a single received UWB pulse [35].
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Figure 30. CST Simulated radiation waveforms in the E-plane at different angles θ = 0°, 30°, 60°, 90° in face-to-face
scenario for (a) circular disc with two steps and a circular slot antenna (b) maple-leaf monopole antenna (c) butterfly
monopole antenna (d) trapezoidal monopole antenna.

3.4.2. Frequency-Domain Characteristics
Since virtual probes are situated in the E-plane (ϕ = 90°), we expect the Tx/Rx system fre‐
quency-domain transfer function in face-to-face scenario to become more flat than end-toend scenario. The separation distance between two transmit and receive antennas is set to d
= 30 cm. The simulated impulse responses for both scenarios are given in Fig. 31(a) and (b),
respectively. It is shown the ringing effect is slightly less in the face-to-face case compared to
the end-to-end case. Fig. 32 shows the simulated transmission coefficients |S21| against fre‐
quency at different angles θ = 0°, 30°, 60°, 90° in face-to-face scenario for different UWB an‐
tenna prototypes.
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Figure 31. CST Simulated transmission coefficients |S21| as a function of frequency for different UWB antennas in case
of (a) face-to-face scenario (b) end-to-end scenario.
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Figure 32. CST Simulated transmission coefficients |S21| as function of frequency at different angles θ = 0°, 30°, 60°,
90° in face-to-face scenario for (a) circular disc with two steps and a circular slot antenna (b) maple-leaf monopole
antenna (c) butterfly monopole antenna (d) trapezoidal monopole antenna.

4. Summary
In this chapter, different UWB disc monopole antennas have been developed in microstrip
PCB technology to achieve low profile and ease of integration. Parametric studies to see the
effect of some antenna parameters on its performance have been numer-ically investigated.
For further understanding the behavior of the proposed antennas, sur-face current distribu‐
tions have been simulated and presented. Different techniques for obtaining bandstop func‐
tion in the 5.0-6.0 GHz frequency band to avoid interference with other existing WLAN
systems have been numerically and experimentally presented. The effects of band-notched
parameters on the band-notch frequency and bandwidth have been studied. The chapter has
investigated the frequency domain performances of different printed disc monopole anten‐
nas and hybrid antenna. Experimental as well as the simulated results have confirmed UWB
characteristics of the proposed antennas with nearly stable omni-directional radiation prop‐
erties over the entire frequency band of interest. These features and their small sizes make
them attractive for future UWB applications.
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Printed Wide Slot Ultra-Wideband Antenna
Rezaul Azim and Mohammad Tariqul Islam
Additional information is available at the end of the chapter
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1. Introduction
With the beginning of the new information era, necessity of wideband wireless communica‐
tions technology is increasing rapidly due to the need to support more users and to provide
information with higher data transmitting rates. Ultra-wideband (UWB) technology could
be the most suitable technologies that promise to revolutionize high data rate transmission
and enable the personal area networking industry leading to new innovations and greater
quality of services to the end users. A UWB system is found to be extremely useful and con‐
sists of various satisfying features such as high data rate, high precision ranging, fading ro‐
bustness, and low cost transceiver implementation. UWB is regarded as a very promising
and fast emerging low-cost technology with uniquely attractive features inviting major ad‐
vances in wireless communications, sensor networking, radar, imaging, and positioning sys‐
tems [1, 2].
Antennas are indispensable elements of any wireless communication systems. For UWB
communication systems, the antennas must be of low profile, compact size, light weight,
low cost and conformable to the architecture of the mounting devices. Amongst various
types of antennas such as log periodic, TEM horn, stacked patch, spiral and planar structure,
the antenna with planar profile seems to be the most preferred choice [3-5]. It has the ad‐
vantage of low profile in size, compactness, and easily embeddable into wireless devices or
integratable with other RF circuitry
In recent years, printed slot antennas are under consideration for use in UWB applications
and are getting more and more popular because of the merits of wide frequency bandwidth,
low profile, lightweight, ease of fabrication and integration with other devices or RF circui‐
tries. Compared to the electrical antennas, slot antennas have relatively large magnetic fields
that tend not to couple strongly with near-by objects, which make them suitable for applica‐
tions wherein near-filed coupling is required to be minimized [6]. A conventional narrow
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slot antenna has limited bandwidth, whereas wide-slot antennas exhibit wider bandwidth.
Recently, different printed wide-slot antennas fed by a microstrip line or coplanar wave‐
guide have been reported [7, 8]. Apart from these antennas, monopole like slot antennas
have also been reported to have wide bandwidth characteristics [9-11]. By using different
tuning techniques or employing different slot shapes such as rectangle, circle, arc-shape, an‐
nular-ring, U-shaped [12-16], different slot antennas achieved wideband or ultra-wideband
performance. A square slot antenna excited by a CPW-fed widened tuning stub was pro‐
posed in [17]. By properly choosing the location and size of the tuning stub, the proposed
antenna achieved a bandwidth of 60% with an overall dimension of 72 mm × 72 mm. In [18],
a novel broadband design of a CPW-fed square slot antenna loaded with conducting strips
has been introduced. The -10 dB impedance bandwidth of the proposed slot antenna is more
than 60%. In [19], a printed wide-slot antenna fed by a microstrip line is introduced. By em‐
ploying an arc-shaped slot and a square-patch feed, the antenna achieved an impedance
bandwidth ranging from 1.82 GHz to 7.23 GHz. Although the antenna achieved a good im‐
pedance bandwidth with an overall dimension of 110 mm × 110 mm, it does not operate
within the entire UWB. The design of a printed wide-slot antenna with a rotated slot is pre‐
sented in [20]. The impedance bandwidth of the antenna varies with the rotation angle of
the slot and can maintain 50.2% with suitable angle. More recently, the design of a printed
wide-slot antenna for wideband applications is proposed in [21]. The antenna consists of an
E-shaped patch and E-shaped slot and achieves an impedance bandwidth of 120% (2.8 - 11.4
GHz). However, the antenna does not possess a compact profile having a dimension of 85
mm × 85 mm. A new CPW-fed tapered ring slot antenna was presented in [22]. With an
overall size of 66.1 mm × 44 mm, the proposed antenna achieved an impedance bandwidth
range of 8.9 GHz (ranging from 3.1 - 12 GHz). The actual bandwidth was, however, limited
by the distortion of radiation patterns.
In this chapter, a printed wide slot antenna that achieves a physically compact planar profile
having sufficient impedance bandwidth and omnidirectional radiation pattern is proposed
for UWB communication systems. By etching a microstrip fed rectangular tuning stub as ra‐
diating element and a tapered shape slot in the ground plane, the proposed antenna ach‐
ieved a UWB characteristics. The antenna structure is flat, and its design is simple and easy
to fabricate.

2. Antenna configuration
The geometry and configuration of the proposed antenna is illustrated in Figure 1. The an‐
tenna consists of a tapered shape slot etched out of the ground plane and a microstrip line
fed rectangular tuning stub for excitation. The tuning stub fed by microstrip line of 50 Ω
characteristics impedance is printed on one side of an inexpensive FR4 substrate of thickness
1.6 mm, with relative permittivity 4.6 and loss tangent 0.02 while the slot is etched out on
the other side. The reason for choosing FR4 substrate material is its low cost. Despite of rela‐
tively high loss tangent, the antenna fabricated on FR4 achieved moderate gain and efficient,
which are sufficient for UWB wireless communications. The slot in the ground plane con‐
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sists of two sections: the rectangular section of dimension W3 × L1 and the triangular section,
which is tapered with a slant angle α = 900 for a length L2 and has strong coupling to the
feeding structure. The distance between bottom edge of the tuning stub and lower edge of
the tapered shape slot is h. Therefore by properly selecting the slot shape and tuning stub, a
good impedance bandwidth and radiation characteristics can be achieved. The overall size
of the proposed antenna is only 22 mm × 24 mm, which can be considered as one of the
smallest UWB slot antenna found in open literature.
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Figure 1. Geometry and detailed view of the proposed slot antenna.

3. Effects of designed parameters
Based on this design, some sensitive parameters are studied numerically in order to investi‐
gate the influence of the parameters on antenna performance. In the simulation only one pa‐
rameter was varied each time, where as the others were kept constant. All simulation was
carried out by employing Zeland’s IE3D based on method of moment [23].
3.1. Effect of the tuning stub
Usually a large slot is used in a wide-slot antenna to achieve a high level of electromagnetic
coupling to the tuning stub. Therefore variation of the tuning stub shape and slot shape will
change the coupling; and thus control the impedance matching. In order to optimize the
coupling between the microstrip-line and the tapered slot, different stub shapes are studied.
The rectangular shape tuning stub is compared with four other stubs as shown in Figure 2.
Figure 3 shows the simulated return loss curves for the five different stubs. It is observed
that, for elliptical and circular shape tuning stubs, the impedance matching become very
poor due to poor electromagnetic coupling between the feed-line and tapered slot. The rec‐
tangular shape tuning stub shows a good coupling with tapered shape slot proving a wider
impedance matching for UWB application.
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(b)

(a)

(c)

(e)

(d)

Figure 2. Different tuning stub shape (a) Rectangular (b) Circular, (c) Square, (d) Elliptical and (e) Tapered.
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Figure 3. Simulated return loss curves for different tuning stub shape

3.2. Effect of slot shape
The wide-slot antenna is well-known to have wide impedance bandwidth though its operat‐
ing bandwidth is limited due to the degradation of the radiation patterns at higher frequen‐
cies [7]. Through the numerical study on different slot shapes as shown in Figure 4, it is seen
that currents flowing on the edge of the slot will increase the cross-polarization component
in the yz-plane and cause the main beam to tilt away from the broadside direction in the xzplane. Unlike the conventional wide-slot antenna proposed in [17], the slot in the ground
plane of the proposed antenna with tapered shape is surrounded by ground strips of small
width, which makes the antenna very compact. Moreover, introduction of the tapered slot
instead of the rectangular slot changes the electric field distribution by reducing the longest
current path and reducing the slot size. As a result, the impedance matching is much im‐
proved, especially at lower frequencies, resulting in overall enhancement of operating band‐
width as shown in Figure 5. It is also observed that high-frequency performance can also be
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improved by employing tapered slot structure, and a tapered-shape slot matched with a rec‐
tangular tuning stub can produce wider bandwidth than with a circular, elliptical, and
square-shaped slot.

(a)

(b)

(c)

(d)

Figure 4. Different slot shape (a) Circular, (b) Elliptical, (c) Square and (d) Tapered.
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Figure 5. Simulated return loss curves for different tuning slot shape.

3.3. Effect of feed gap
The gap between the slot and the ground plane determines the matching between the feed
line and slot antenna. The effect of feed gap on the impedance matching was investigated in
[7] and [21]. It was found that by enhancing the coupling between the slot and microstrip
feed line, good impedance matching can be obtained. An optimum value of the impedance
bandwidth can be obtained for a certain optimum value of coupling. However, if the cou‐
pling increases further from this optimum value, the impedance matching becomes worse
due to over-coupling. Figure 6 shows the simulated results of the proposed antenna for dif‐
ferent feed gaps of -0.25, 0, 0.75 and 1.25 mm. It can be observed from the Figure that lower
edge frequency of the operating band is highly dependent on the feed gap, while the feed
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gap has a little effect on the upper edge frequencies. It is also observed that a feed gap of
0.75 mm can give the widest operating band with good return loss values. Table 1 is there‐
fore represents a good summary of the optimized parameters of the proposed antenna for
achieving the ultra-wide impedance bandwidth.
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Figure 6. Simulated return loss curves for different feed gap.

Parameter

Value(mm)

W

22

L

24

W1

2

L1

10.75

w2

11

L2

7

W3

18

w

13

l

7

wf

3

α

900

h

0.75

Table 1. Optimized antenna parameters
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4. Antenna performance and characteristics
A prototype of tapered shape slot antenna with optimal parameters tabulated in Table 1 is
fabricated for experimental verification as shown in Figure 7. The antenna performance is
measured in an anechoic chamber using Satimo’s antenna measurement system and Agilent
E8362C vector network analyzer.
4.1. Input impedance characteristics and current distribution
The measured and simulated return loss curves of the proposed antenna are depicted in Fig‐
ure 8. It is seen that the proposed antenna exhibits a wideband performance from 3 to 11.2
GHz (115.5%) for -10 dB return loss value. The measured result agrees reasonably with the
simulated one across the whole operating band. The disagreement between simulation and
measurement is mainly due to the fabrication tolerance. It may also be due to the effect of
the feeding cable as the antenna is small. Despite being physically small than the antenna
proposed in [7, 13, 17, 20, 21], the antenna still achieved wide bandwidth to cover the entire
ultra-wide frequency band.

Front
view

Back

Figure 7. Photograph of the realized antenna.
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Figure 8. Simulated and measured return loss curves of the proposed antenna.
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It is observed from the return loss curve that the proposed antenna is capable of supporting
multiple resonances. The first resonance emerges at around 3.4 GHz, the second resonance
at 6 GHz, third resonance at 8 GHz and fourth one at 10 GHz. The overlapping of these reso‐
nances, which are closely spaced over the spectrum leads to an ultra-wide operating band,
which support the principle presented in [24].
The input impedance of proposed antenna is shown in Figure 9. Though there is variation in
the frequency range from 5 - 8 GHz, it is seen in the Figure that the resistance is nearly flat
and tends to 50 Ω values while the reactance is relatively constant at 0 Ω. Moreover, at these
frequencies the measured phase of the input impedance is almost linear, which ensure that
all the frequency components of the signal have the same delay leading to less pulse distor‐
tions. It is also seen that at the higher frequency end the resistance and reactance are getting
away from 50 Ω and 0 Ω lines, respectively, i.e. the impedance matching is getting worse.
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Figure 9. Input impedance and phase of the proposed slot antenna.

The return loss curve or the input impedance can only illustrate the antenna performance as
a lumped load at the end of microstrip line [25]. The electromagnetic characteristics of the
antenna can only be understood by examining the current distributions behavior at reso‐
nance frequencies. Simulated surface current distributions on the antenna close to the reso‐
nance frequencies are depicted in Figure 10. Figure 10(a) shows the current distribution at
first resonance frequency of 3.4 GHz. The current pattern near the second resonance at
around 6 GHz is shown in Figure 10(b), representing approximately a second order harmon‐
ic. Figure 10(c) present third order harmonic at 8 GHz. Figure 10(d) plots a more complicat‐
ed current pattern at 10 GHz, corresponding to the fourth order harmonic. These current
distributions is also support the principle that the overlapping of closely spaced resonances
resulting in UWB characterization of the proposed antenna. At these four frequencies the
resonances are clearly observed on the edges of both the tapered shape slot and rectangular
tuning stub.
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Am-1

Am-1

(a)

(b)
Am-1

Am-1

(c)

(d)

Figure 10. Simulated current distributions at (a) 3.4, (b) 6, (c) 8 and (d) 10 GHz.

4.2. Radiation characteristics
Satimo Starlab 0.6–18 GHz anechoic chamber at University of Hong Kong is used for the
measurements of gain, total antenna efficiency, and radiation pattern [27]. This system uses
the near-field measurement techniques that allow measurement of electric fields within the
near-field of the antenna to calculate the equivalent far-field data of the antenna under test.
The near-field of an antenna is the area close to the antenna, where the electric charge and
electromagnetic induction effects occur. These effects fade out far more rapidly with increas‐
ing distance from the antenna (proportional to the cube of the distance) than the radiated
electromagnetic far-field that fades out proportional to the distance. Near-field effects be‐
come negligible more than a few wavelengths away from the antenna. Once the near-field
data have been measured, a Fourier transformation is used to calculate the equivalent farfield data. The antenna, mounted on the test board, is positioned in the center of a circular
“arch” that contains 16 separate measurement probes. These probes are spaced equally apart
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along the circular surface. The antenna is rotated horizontally through 360°, and the combi‐
nation of this rotation and the array of probes allows a full 3D scan of the antenna to be car‐
ried out, allowing full 3D radiation patterns to be measured, plotted, and analyzed.
Information about antenna gain and efficiency can then be calculated from the far-field radi‐
ation pattern data. A coaxial cable was incorporated in the measurement system and the sys‐
tem was calibrated.
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Figure 11. Measured radiation patterns at 3.4 GHz and 6 GHz [solid line: co-polarization, crossed line: cross-polariza‐
tion].

Figures 11 and 12 show the measured 2D radiation patterns in two principal planes-namely,
the E-(xz) and H-(xy) planes for four resonant frequencies of 3.4, 6, 8 and 10 GHz. It can be
observed that at lower frequencies the antenna exhibit an omni-directional radiation pat‐
terns for H-plane and donut shape for E-plane with low cross-polarization field and patterns
are about the same as that of a typical monopole antenna. As the frequency increases, higher
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order harmonic introduced to patterns and both H- and E-plane become more directional
but still retain omni-directionality. Polarization purity can only be seen at low frequency re‐
gion where the cross-to-co polarization ratio is around -20 dB, in contrast to higher frequen‐
cies, where the cross-polarization is dominant especially in H-plane. The slight asymmetry
observed at higher frequencies in both in H -and E -plane may be due to the fact that micro‐
strip feed line itself act as a radiator.
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Figure 12. Measured radiation patterns at 8 GHz and 10 GHz [solid line: co-polarization, crossed line: cross-polariza‐
tion].

Figure 13 depict the measured 3D radiation patterns at 3.4 and 8 GHz. In the patterns the
red color indicates the stronger radiated E-field and the blue is the weakest ones. At low fre‐
quency of 3.4 GHz, the radiation patterns are almost omni-directional similar to a typical
monopole antenna. The radiation is slightly weak in z-direction. At the higher frequency of 8
GHz, the radiation becomes slightly directional with a null in the z-direction due to higher
order harmonics. The 3D omni-directional radiation patterns of the proposed antenna make
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it suitable for being used in different wireless communications especially in mobile commu‐
nication.

Figure 13. Measured 3D radiation pattern in xy, yz and xz-planes at (a) 3.4 and (b) 8 GHz.
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4.3. Gain and radiation efficiency
The measured peak gain of the proposed slot antenna is shown in Figure 14. From the Fig‐
ure, it can be seen that the proposed antenna achieves an average peak gain of 3.81 dBi. The
maximum realized gain is 5.4 dBi at 9.8 GHz, where the radiation patterns become slight di‐
rectional.
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Figure 14. Measured peak antenna gain.
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Figure 15. Measured radiation efficiency.

The realized radiation efficiency of the proposed antenna is shown in Figure 15. It is seen
that the fabricated antenna achieves an average radiation efficiency of 77.9% and the maxi‐
mum efficiency is 88.2%. Despite of fluctuations observed in the curves due to wider band‐
width, the proposed slot antenna achieves good gain and radiation efficiency with a
compact profile in comparison with the other reported microstrip line fed planar antennas
and is similar to those proposed in [17] and [26].
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5. Time domain behavior
Since UWB systems directly transmit narrow pulses rather than continuous wave, the time
domain performances of the UWB antenna is very crucial. A good time domain performan‐
ces is a primary requirement of UWB antenna. The antenna features can be optimized to
avoid undesired pulse distortions. For a transmitting/receiving antenna system as shown in
Fig. 16(a), the transfer function (S21 parameter) is required to have flat magnitude and linear
phase response over the operating band to minimize the distortions in the received signal
waveform and is defined as [28-30]

T (q ,j ,w ) =

h0Z0

Z0 + ZA (w )

r
heff (q ,j ,w )

(1)

→
where h eff is the complex vector effective height and Z A(ω)is the antenna input impedance.
In terms of this transfer function the port-to-port S21 between transmitting and receiving an‐
tennas is
r
r
e - jkR
=
S21 (w ) jwTTX (w ) · TRX (w )
2p RC0

(2)

where ω=2πf, f is the operating frequency, C0 is the velocity of light, (θ, φ) is the orientation
→
→
and T TX and T RX are the transfer functions of the transmitting and receiving antennas re‐
spectively. If S21 is measured using two identical antennas, for single polarization, the trans‐
fer can be calculated as
æ 2p Rc0
jw R ö
T (w ) = ç
S21 (w )e
C0 ÷ø
è jw

(3)

The distance, R is to be derived from the S21 data itself.
The group delay is defined as the negative derivative of the phase response with respect to
frequency and usually used to evaluate the phase response of the transfer function. The
group delay gives an indication of the time delay of an impulse signal at different frequen‐
cies. Ideally, when the phase response is strictly linear, the group delay variation is zero.
The transfer functions and group delay between a pair of proposed antennas had been
measured inside an anechoic chamber with dimension of 4 m × 4 m × 8 m using Satimo’s
StarLab antenna measuring equipment. Since UWB technology employed in short range
communication systems, in the measurements the transmitting and receiving antennas are
placed face-to face at distance 0.5 m apart as illustrates in Figure 16. The measurements were
taken at different azimuth angle in xz-plane.
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Vector Network Analyzer

Antenna System

d = 0.5 m

Transmitting Antenna

(a)

Receiving Antenna

(b)

Figure 16. Setup for transfer function and group delay measurement (a) schematic diagram and (b) in anechoic
chamber.
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The magnitude and phase of the measured transfer function of the proposed antenna are
shown in Figure 17. It is observed that the magnitudes of the transfer function are relatively
smooth over the whole UWB frequency range and the variation is less than 10 dB. Linear
phase response is also observed within the frequency range from 3 - 10 GHz as depicted in
Figure 17. The measured group delay as shown in Figure 18 demonstrates relatively con‐
stant responses over the entire UWB frequency band. The average variation in the group de‐
lay is less than 1.3 ns, which corresponds very well to the phase of the transfer functions.
This small variation in transfer function indicates that the proposed antenna does not distort
the phase of the transmitted/received signals, which is a primary requirement of UWB appli‐
cations.
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Figure 18. Measured group delay of the proposed antenna.

6. Conclusion
The design of a compact printed wide slot antenna has been proposed and implemented for
ultra-wideband applications. The proposed antenna consist of a tapered shape slot and rec‐
tangular tuning stub, and fabricated onto a 22 mm × 24 mm× 1.6 mm size FR4 dielectric sub‐
strate. The measured results show that the proposed antenna achieves good impedance
matching constant gain, stable radiation patterns over an operating bandwidth of 3 to 11.2
GHz (115.5%) to cover the entire UWB. The stable radiation pattern with a maximum gain of
5.4 dBi and good time domain behaviors makes the proposed antenna a suitable candidate
for practical UWB applications.
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1. Introduction
After the Federal Communication Commission (FCC)’s authorization of frequency band of
3.1 to 10.6 GHz for unlicensed radio applications, ultra-wideband (UWB) technology be‐
come the most promising candidate for a wide range of applications that will provide signif‐
icant benefits for public safety, business and consumers, and attracted a lot attention both in
industry and academia. The antennas are the key components of UWB system. In wireless
communication system, an antenna can take various forms to fulfill the particular require‐
ment. As a result, an antenna may be a piece of conducting wire, an aperture, a patch, a re‐
flector, a lens, an assembly of elements (arrays). A good design of the antenna can fulfill the
system requirements and improve overall system performance.
Over the past few years, significant research efforts have been put into the design of UWB
antennas and systems for communications. The UWB antenna is essential for providing wi‐
deband wireless communications based on the use of very narrow pulses on the order of
nanoseconds, covering an ultra-wide bandwidth in the frequency domain, and over short
distance at very low spectral power densities. In addition, the antennas required to have a
non-dispersive characteristic in time and frequency, providing a narrow, pulse duration to
enhance a high data throughput [1]. Different kinds of antennas suitable for use in UWB ap‐
plications have proposed in past few decade, each with its advantages and disadvantages.
In this paper, a review on printed UWB antennas has been done historically. Then, a techni‐
que to miniaturize the antenna’s physical size by shrinking the ground plane is proposed.
To develop the design technique by which the antennas can be able to achieve both UWB
operating bandwidth and the stable radiation pattern across the entire frequency band by
reducing the ground plane effect is also described. Finally, the enhancement of operating
bandwidth as well as the pattern bandwidth by further modified the ground plane is ach‐
ieved in order to fulfill the requirements defined by the FCC.
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2. History of UWB antennas
The starting of UWB technology was the “spark-gap” transmitter, which broke new grounds
in radio technology. The design was first not realized as UWB technology, but then later
dug up by investigators. Also, even some of the ideas, which start out as designs for narrow‐
band frequency radio, reveal some of the first concepts of UWB antennas. The concept of
“syntony”, that is, the received signal can be maximized when both transmitter and receiver
are tuned to the same frequency, was presented by Oliver Lodge in 1898. With his new con‐
cept, Lodge developed many different types of “capacity areas,” or so called antennas.
Those antenna designs include spherical dipoles, square plate dipoles, bi-conical dipoles,
and triangular or “bow-tie” dipoles. The concept of using the earth as a ground for monop‐
ole antennas was also introduced by Lodge. In fact, Lodge’s design drawing of triangular or
bow-tie elements reproduced in Figure 1(a) clearly shows Lodge’s preference for embodied
designs. Bi-conical antennas designed by Lodge and shown in Figure 1(b) are obviously
used as transmit and receive links [1].

(a)

(b)

Figure 1. Lodge’s (a) preferred antennas consisting of triangular “capacity areas,” a clear precursor to the “bow tie”
antenna (b) biconical antennas [1].

Due to demands of increased frequency band and shorter waves, a “thin-wire” quarter
wave antenna dominated the market with its economic advantages over the better perform‐
ance of Lodge’s original designs. Especially, for television antennas, much interest was fo‐
cused on the ability of handling wider bandwidths due to increased video signals. In 1939,
the bi-conical antenna and the conical monopole (Figure 2) were reinvented by Carter to cre‐
ate wideband antennas. By adding a tapered feeding structure, Carter improved Lodge’s
original designs. Also, Carter was among the first to take the key step of incorporating a
broadband transition between a feed-line and radiating elements. This was one of the key
steps towards the design of broadband antennas [1]. In 1940, a spherical dipole antenna
combined with conical waveguides and feeding structures was proposed by Schelkunoff.
Unfortunately, Schelkunoff’s dipole antenna does not appear to have seen much use.
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(a)

(b)

Figure 2. Carter’s (a) biconical (b) conical monopole antenna [1].

At that time, the most well-known UWB antenna was the coaxial horn element proposed by
Lindenblad [1]. In order to make the antenna more broadband, Lindenblad took the design
of a sleeve dipole element and introduced a continued impedance change. In the year of
1941, Lindenblad’s elements were used by Radio Corporation of America (RCA) for experi‐
ments in television transmission. With the vision of broadcasting multiple channels from a
single central station, the need of a wideband antenna was necessary for RCA. On the top of
the Empire State Building in New York City, a turnstile array of Lindenblad’s coaxial horn
elements as an experimental television transmitter were placed by RCA for several years. In
1947, a wideband antenna concept was proposed by the staff of the U.S. Radio Research
Laboratory at Harvard University [2]. The concept of a wideband antenna evolves from a
transmission line that gradually diverges while keeping the inner and outer conductors ratio
constant. Several variations of the concept were developed, such as the teardrop antenna,
sleeve antenna and inverted trapezoidal antenna. By the year of 1948, two types of coaxial
horn antennas were presented by Brillouin. One of them is omni-directional and the other
one is directional [1]. Brilliant results were offered by conventional designs, but other as‐
pects started to grow in significance. In 1968, more complex electric antennas in different va‐
riety were developed. Two of those antennas were ellipsoidal monopoles and dipoles which
were proposed by Stohr as shown in Figure 3(a).

(a)

(b)

Figure 3. a) Stohr’s ellipsoidal monopole (left) and dipole (right) antenna (b) Harmuth’s large current radiator [1].
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Beside electrical antennas, major progress on magnetic UWB antennas has also been preced‐
ed. In 1984, an improved magnetic antenna was proposed by Harmuth as illustrated in Fig‐
ure 3(b). By presenting the idea of the large current radiator surface in the antenna design,
the antenna performance had been increased. The concept of this design is to make the mag‐
netic antenna perform like a large current sheet. However, since both sides of the sheet radi‐
ate, a lossy ground plane was intentionally constructed to avoid any unwanted resonances
and reflections. In this way, the lossy ground plane tends to cause limitations on the anten‐
na’s efficiency and performance.
One of the simplest practical resonant antennas is the dipole antenna. The antenna can only
radiate sinusoidal waves on the resonant frequency. Thus, the dipole antennas are not suita‐
ble for UWB system. On the other hand, a non-resonant antenna can cover a wide frequency
range, but special care must be taken in antenna design to achieve sufficient antenna effi‐
ciency. Moreover, the physical size of available non-resonant antenna is inappropriate for
portable UWB devices. Even with appropriate size and sufficient efficiency, until now nonresonant antennas have not been suitable for UWB systems [3].
In 1950’s, the spiral antennas were introduced in the class of frequency independent anten‐
nas. These Antennas whose mechanical dimensions are small compared to the operating
wavelength is usually characterized by low radiation resistance and large reactance [4]. Due
the effective source of the radiated fields varies with frequency, these antennas tend to be
dispersive. The equiangular spiral and archimedean spiral antennas are the most well
known spiral antennas. Spiral antennas have about a 10:1 bandwidth, providing the circular
polarization in low profile geometry [5]. Transverse electric magnetic (TEM) horns and fre‐
quency-independent antennas feature very broad well-matched bandwidths and have been
widely studied and applied [6-9]. However, for the log-periodic antennas structures, such as
planar log-periodic slot antennas, bidirectional log-periodic antennas, and log- periodic di‐
pole arrays, frequency-dependant changes in their phase centers severely distort the wave‐
forms of radiated pulses [10]. Biconical antennas are the earliest antennas used in wireless
systems relatively stable phase centers with broad well-matched bandwidths due to the ex‐
citation of TEM modes. The cylindrical antennas with resistive loading also feature broad‐
band impedance characteristics [11]. However, the antennas mentioned above are rarely
used in portable wireless devices due to their bulky size or directional radiation, although
they are widely used in electromagnetic measurements. In 1982, R.H. Duhamel patented the
sinuous antenna, which exhibits wide bandwidth characteristics with dual linear polariza‐
tion in a compact, low profile geometry [12]. The sinuous antenna is more complicated than
the spiral antenna. However, it provides dual orthogonal linear polarizations so that it can
be used for polarization diversity or for transmition and reception.
From 1992, several microstrip, slot and planar monopole antennas with simple structure
have been proposed [13-15]. They produce very wide bandwidth with a simple structure
such as circular, elliptical or trapezoidal shapes. The radiating elements are mounted or‐
thogonal to a ground plane and are fed by a coaxial cable. The large ground plane mounted
orthogonal to the patch made these antennas bulkier and are difficult to fit into small devi‐
ces. A novel UWB antenna with combination of two antenna concepts: a slot-line circuit
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board antenna and a bowtie horn were introduced in 1992 [16]. These two antenna concepts
are put together to form a novel antenna type that is wide band with easily controllable Eand H- plane beam-widths. The bowtie horn is known for its broadband radiation pattern;
whereas, the slot-line antenna provides a broadband and balanced feed structure. The mi‐
crostrip and slotline are on opposite sides of the substrate. However, a broadband balun is
needed for the transition between the microstrip and slotline transmission line. Proper de‐
sign of broadband balun is crucial to improve the antenna bandwidth.
In 1998, a new balanced antipodal Vivaldi antenna was proposed for UWB application [17].
The author extended the tapers of the balanced antipodal Vivaldi to make the Vivaldi an‐
tenna works as a dipole in lower frequency where the slot can not radiate to extend low‐
er edge frequency. However, the bandwidth of the antenna is limited by the transition from
the feed line to the slot line of the antenna. In 1999, Virginia Tech Antenna Group (VTAG)
invented and patented the Foursquare antenna. Even though this antenna does not offer as
much bandwidth as other elements, it has its unique characteristics such as unidirectional
pattern, dual polarization, low profile and compact antenna geometry [18-19]. The com‐
pact geometry of the Foursquare antenna is one of a desirable feature for wide scan, phased
array antenna.
Several stacked patch antenna have also been proposed for UWB applications. To increase
the gain and impedance bandwidth, various arrangements of stacked patch structures have
been investigated. A dual layer stacked patch antenna with 56.8% bandwidth was proposed
in [20] for UWB applications which does not increase the surface area and has a dimension
of 26.5 × 18 × 11.5 mm3. Elsadek et al. proposed another wide bandwidth by electromagneti‐
cally couple the V-shaped patch with the triangular PIFA [21]. UWB operation with 53%
bandwidth has been achieved by folding the shorting wall of the triangular PIFA in their re‐
search. These techniques can also be applicable to dual-band and wideband applications, al‐
beit more complicated geometrical configurations. An ultra-wideband suspended plate
antenna consisting four identical radiating top plates, connected to a common bottom plate
is proposed in [22]. This antenna has achieved an impedance bandwidth of 72.7% with a di‐
mension of 45 × 47 × 7 mm3. More recently, a novel compact stacked patch antenna with a
folded patch feed is proposed in [23]. By using a stacked patch fed with a folded patch feed,
the antenna achieved an impedance bandwidth of 90 %. Moreover, use of sorting wall sig‐
nificantly reduced the overall antenna size.
Most of the antennas discussed earlier have wider impedance bandwidth, high gain, non-dis‐
persive properties, stable radiation patterns which satisfy the requirement for UWB applica‐
tions. However, these antenna requires a perpendicular ground plane, which results in
increased antenna size, and hence, it is difficult for integration with microwave-integrated cir‐
cuits. Moreover, their bulky size and directional properties are not suitable for portable devi‐
ces. When compared with these three-dimensional type of antennas, flat-type UWB antenna
printed on a piece of printed circuit board (PCB) is a good option for many applications be‐
cause it can be easily embedded into wireless devices or integrated with other RF circuitry.

177

178

Advancement in Microstrip Antennas with Recent Applications

3. Planar UWB antennas
As for portable applications, the planar antennas printed on PCBs are the most suited com‐
pared to other types of UWB antennas. Mainly printed antennas consist of the planar radia‐
tor and ground plane etched oppositely onto the dielectric substrate of the PCBs. The
radiators can be fed by a microstrip line and coaxial cable.
Several techniques have been suggested to improve the antenna operating bandwidth. First,
the radiator may be designed in different shapes. As for example, the radiators may have a
bevel or smooth bottom or a pair of bevels to obtain good impedance matching [24]. Second‐
ly, a different types of slot maybe inserted in the radiators to improve the impedance match‐
ing, especially at higher frequencies. Besides, use of an asymmetrical strip at the top of the
radiator may decrease the height of the antenna and improve the impedance matching [25,
26]. Thirdly, a partial ground plane and feed gap between the ground plane and the radiator
may used to enhance and control the impedance bandwidth [27]. In addition, a notch cut
from the radiator may be used to control impedance matching and to reduce the size of the
radiator. Fourthly, cutting two notches at the bottom portion of the rectangular or square ra‐
diators can be used to further improvement of impedance bandwidth since they influence
the coupling between the radiator and the ground plane [28]. Finally several modified feed‐
ing structures may used to enhance the bandwidth. By optimizing the position of the feed
point, the antenna impedance bandwidth can be widening further since the input impe‐
dance is varied with position of the feed point [24].
In the past, one major limitation of the microstrip antenna was its narrow bandwidth. It was
15-50% of the centre frequency. This limitation was successfully overcome and now micro‐
strip planar antennas can attain wider impedance bandwidth by varying parameters like size,
height, volume or feeding and matching techniques [29]. To achieve wide band characteris‐
tics, many bandwidth enhancement techniques have also been suggested, as mention earlier.
Many microstrip line-fed and coplanar waveguide-fed (CPW) antennas have been reported
for UWB applications. These antennas use the monopole configuration, such as square, ellip‐
tical, circular ring, annular ring, triangle, pentagon, and hexagonal antennas [30-35], and the
dipole configuration [36-39] such as double-sided printed rectangular and bow-tie antennas.
Many of these antennas either have relatively large sizes or do not have a real wide band‐
width. For example, in [30] an investigation on a small UWB elliptical ring antenna fed by a
coplanar waveguide had been carried out. This antenna achieved wideband performance on
enlarging the length of the elliptical ring’s major axis, and demonstrated a bandwidth from
4.6 to 10.3 GHz. Despite having fairly compact dimensions, the antenna did not cover the
entire UWB. In [31], Rajgopal and Sharma proposed an UWB pentagon-shaped planar mi‐
crostrip slot antenna for wireless communication. Combining the pentagon-shaped slot, feed
line, and pentagon stub, the antenna obtained an impedance bandwidth of 124%. However,
its use in small wireless devices was limited due to large ground plane. For UWB communi‐
cation, a new ring antenna adopting a proximity-coupled configuration was proposed in
[32]. The antenna had an overall dimension of 44×40 mm2 with an average gain of 2.93 dBi.
In [33], a novel design of printed circular disc monopole antenna with a relatively large size
of 42×50 mm2 was proposed. However, the antenna failed to fulfill the requirement of UWB
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with an operating bandwidth range of 2.78–9.78 GHz. A miniaturized crescent microstrip
antenna for UWB application was proposed in [35]. The antenna had a relatively large size
(45×50 mm2) and did not cover the upper edge frequency of the UWB. An improved design
of planar elliptical dipole antenna for UWB applications was recently developed in [36]. By
using elliptical slots on the dipole arms, the antenna could achieve wideband characteristics
having an operating bandwidth of 94.4%. However, the antenna does not possess a physi‐
cally compact profile, having a dimension of 106 × 85 mm2. A double-sided printed bow-tie
antenna for UWB application was proposed in [37]. By cutting parts of the rectangular
patch, the antenna achieved an impedance bandwidth of 3.1-10.6 GHz to cover the entire
UWB frequency band. In [38], Zhang and Wang propose a double printed UWB dipole an‐
tenna with two U-shape arms. The antenna exhibit flat amplitude and linear phase respons‐
es in 3–8 GHz. However, the operating bandwidth of the antenna is insufficient to cover the
entire UWB band.
Compared to the electrical antennas mentioned earlier, slot antennas have relatively large
magnetic fields that tend not to couple strongly with near-by objects which make them suit‐
able for applications wherein near-filed coupling is required to be minimized [40]. A con‐
ventional narrow slot antenna has limited bandwidth, whereas wide-slot antennas exhibit
wider bandwidth. Recently, different printed wide-slot antennas fed by a microstrip line or
coplanar waveguide have been reported [41, 42]. Apart from these antennas, monopole like
slot antennas have also been reported to have wide bandwidth characteristics [43-45]. By us‐
ing different tuning techniques or employing different slot shapes such as rectangle, circle,
arc-shape, annular-ring [46-49], different slot antennas achieved wideband or ultra-wide‐
band performance.
Many of these proposed antennas either have large physical dimensions or do not have suf‐
ficient impedance bandwidth to cover the entire UWB frequency range. Moreover, variation
of the electrical length of antennas with frequency causes significant distortion in the radia‐
tion patters which posses a challenge to design new antennas for UWB application that ach‐
ieve physically compact profile and sufficient bandwidth with stable radiation patterns.
After 2003, the trend in UWB antenna was to design antennas with band notch characteris‐
tics. This antenna made insensitive to particular frequency band. This technique is useful for
creating UWB antennas with narrow frequency notch bands, or for creating multi-band an‐
tenna. Since then, many researchers extended their research to investigate the possible inter‐
ference between UWB system and existing narrow band wireless communication systems
such as WiMAX and WLAN. The commonly used techniques to achieve a notched band are
cutting a slot on the patch or embedding a quarter wavelength tuning stub within a large
slot on the patch. Recently different types of slots such as L-shaped slot [50], U-shaped slot
[51], square-shapes slot [52], T-shaped slot [53], pi-shaped slot [54], H-shaped slot [55] and
fractal slot [56] have been used to design band notched antenna. Another simple way is to
put parasitic elements near printed monopole, playing a role as filters to reject the limited
band. By adding either a split-ring resonator [57] or a multi-resonator load [58] in the anten‐
na structure, the undesired frequencies can also be stopped with better system performance.
An isolated slit inside a patch, two open-end slits at the top edge of a T-stub, two parasitic
strips [59] and a square ring resonator embedded in a tuning stub [60] have also been used
to design band-notched antennas.
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4. Reduction of ground plane effect on antenna performance
Antennas play a vital role in wireless communication systems and to fulfill UWB technology
requirement, various monopole-like UWB antennas have been proposed due to their attrac‐
tive features of simple configuration and ease of fabrication and numerous techniques have
been exploited to broaden their bandwidth as well as improving their performance. Several
broadband antennas such as vertical monopole, Vivaldi, log-periodic, cavity-backed, wave‐
guide, bow-tie, TEM horn and dielectric loaded rod antennas have been proposed to sup‐
port UWB communications. Recently, several broadband configurations, such as stack
patch, plate, elliptical, pentagonal and planar unidirectional with broadband feeding struc‐
ture have been proposed for UWB applications. These antennas characterizes with wide
bandwidth, stable radiation patterns, simple structures and ease of fabrication. However,
these antennas are relatively large and their structures make them difficult for low profile
system integration. Moreover, in these antennas, the radiators are perpendicular to the
ground plane resulted in increased antenna size and are difficult to be integrated with mi‐
crowave circuitry.
Compared with the three dimensional type of antennas, planar structure in which the anten‐
na can be printed onto a piece of printed circuit board is one of the possible options to satis‐
fy the requirements for small UWB antennas. For to this advantage, industry and academia
have put enormous efforts on researches to study, design and develop planar antennas for
UWB communication system. In the design of planar UWB antenna, the patch and the size
and shape of the ground plane as well as the feeding structure can be optimized to achieve a
wide operating bandwidth. However, the planar antennas consist of a radiator and ground
plane is essentially an unbalanced design. The electric currents in these antennas are distrib‐
uted both on the radiating element and on the ground plane, and the radiation from the
ground plane is unavoidable. Therefore, the performance of the printed UWB antenna is
considerably affected by the size and shape of the ground plane in terms of operating band‐
width, gain and radiation patterns [61, 62]. Moreover, due to large lateral size or asymmetric
geometry of the radiator, the planar monopole antennas suffer high cross-polarization level
in the radiation patterns.

4.1. Planar antenna geometry
The geometries of square patch planar monopole antennas that are considered in this chap‐
ter are shown in Figure 4. The planar monopole antennas is chosen due to their remarkably
compact size, low spectral power density, simplicity, stable radiation characteristics and easy
to fabricate and very easy to be integrated with microwave circuitry for low manufacturing
cost. A shortcoming of this structure is limited bandwidth and high cross polarization lev‐
els. The objectives of this study are to modify the structure of the ground plane and incorpo‐
rate the techniques to increase the bandwidth. The initial antenna in this study consists of an
almost square radiating patch which is feed by microstrip line and ground plane. WP and LP
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denote the width and length of the patch respectively while the ground plane has a dimen‐
sion of W × L. The width of the microstrip line is chosen as wf to achieve 50 Ω characteristics
impedance and is df mm away from the left edge of the substrate. The radiating patch and the
microstrip feed line is printed on one side of a low cost FR4 PCB substrate of thickness 1.6
mm, with relative permittivity 4.6 and loss tangent 0.02 while the ground plane is printed on
the other side. The radiating patch is 3.75 mm away from the left edge of the substrate.
WP

W
y
y

Radiator

LP

x
x

wf

L

Ground Plane

Microstrip
Feed Line

df

Substrate

dP

(a)

(c)

(b)

Figure 4. Geometry and dimensions of the proposed antenna (a) top view (b) bottom view and (c) side view.

4.2. Performance and characterization
The performance of the proposed initial design has been analyzed by commercially availa‐
ble full-wave electromagnetic simulator IE3D from Zeland which utilize the methods of mo‐
ment (MoM) for electromagnetic computation. Figure 5 illustrates the simulated return loss
curve for the initial design with a ground plane of dimension 30 mm × 22 mm and other pa‐
rameters are WP = 14.5 mm, LP = 14.75 mm, df = 6.75 mm, wf = 3 mm and dP = 3.75 mm.
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Figure 5. Simulated return loss curve of the initial antenna with W = 30 mm and L = 22 mm.
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Its simulated input impedance curve is depicted in Figure 6. It is noticed in Figure 5 that
first -10 dB bandwidth rages from 13.6 - 14.5 GHz, much away from UWB band. Although at
higher frequencies the -10 dB bandwidth is much wider, still it is out of our desire band.
This may be due to the impedance mismatching over an extremely wide frequency range
resulting from large ground plane below the radiating element. From input impedance
curve in Figure 6, it is seen that both the resistance and reactance fluctuate substantially in
the frequency range of 0 - 13 GHz. From 0 - 6 GHz, the fluctuation in both resistance and
reactance is quite high and has a peak value of around 1000 Ω. Furthermore, at the frequen‐
cies where resistance is close to 50 Ω, reactance is far from 0 Ω; when reactance reaches 0 Ω,
resistance is either in its maximum or near its lowest value. Therefore, the input impedance
mismatched to 50 Ω resulting in a very narrow impedance bandwidth. So it can be conclud‐
ed from Figures 5 and 6 that the input impedance characteristics of the printed antenna with
a ground size of 30 mm × 22 mm suffer from strong ground plane effects.
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Figure 6. Simulated input impedance of the initial antenna.

This phenomenon can be explained when the ground plane is treated as a part of the anten‐
na. When the ground plane size is large, the current flow on the top edge of the ground
plane is increases. This corresponds to an increase of the inductance of the antenna if it is
treated as a resonating circuit, which causes the first resonance mode either up-shifted or
down-shifted in the spectrum. Also, this change of inductance causes the frequencies of the
higher harmonics to be unevenly shifted. Therefore, the size of the ground plane makes
some resonances become not so closely spaced across the spectrum and reduces the overlap‐
ping between them. Thus, the impedance matching becomes worse (return loss ≥ -10 dB) in
ultra-wide frequency band.
The current distributions on the top (Patch) and bottom (Ground plane) surface of the initial
antenna at 3.5, 6 and 14 GHz are shown Figure 7 and radiation patterns at these frequencies
are depicted in Figure 8. As shown in Figure 7, at all frequencies the current is mainly dis‐
tributed along the edge the radiating patch. This is due to the reason that the first resonance
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frequencies are associated with the size of the patch. On the ground plane, the surface cur‐
rent is strongly directed towards x-axis which assures that the antenna characteristic is criti‐
cally dependent on ground plane size. At the low frequency of 3.5 GHz, Figure 7 (a)& (b)
shows the current is evenly distributed on the radiator as well as in the ground plane, thus
the radiation pattern in the H-plane as shown in Figure 8(a) is omnidirectional. At a higher
frequency of 6.5 GHz, the current shown in Figure 7 (c) is still roughly evenly distributed on
the radiator, and so the radiation pattern is still approximately omnidirectional. At these fre‐
quencies, both E- and H- plane radiation patterns are roughly the same as that of a monop‐
ole antenna. At the higher frequencies of 14 and 16.5 GHz, higher order current modes are
excited, and the surface current density is no longer evenly distributed on the radiator as
well as on ground plane. The radiation patterns, as can be seen in Figure 8 (c), become direc‐
tional with some nulls.

(a) Top view at 3.5 GHz

(b) Bottom view at 3.5 GHz

(c) Top view at 6 GHz

(d) Bottom view at 6 GHz

(e) Top view at 14 GHz
Figure 7. Surface current distributions at different frequencies.

(f) Bottom view at 14 GHz
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Figure 8. Simulated E (Left column) - and H (Right column)-field patterns at (a) 3.5, (b) 6 and (c) 14 GHz [solid line: copolarization; dotted line: cross-polarization].

From the current distribution in Figure 7 it is observed that the electric currents are uniform‐
ly distributed in the ground plane of the initial design as like as radiating element and it be‐
come stronger at higher frequencies. However, such a radiation from the ground plane of
planar antennas is undesirable because it creates an unbalanced structure between radiator
and ground plane resulting in degradation of the antenna performance in terms of operating
bandwidth and radiation patterns. Moreover, from radiation patterns display it is observed
that the initial antenna suffer high cross-polarization levels in both E- and H-plane. This is
due to large size of the ground plane. These sorts of ground plane effect may cause severe
practical engineering problem such as deployment difficulties and design complexity [61].
That is why, it is necessary to introduce a technique to reduce the effect of ground plane on
compact planar UWB antennas.
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5. New bandwidth enhancement technique in UWB antenna
As the operating bandwidth of the initial antenna does not fulfill the requirements by FCC,
i.e. 3.1 - 10.6 GHz, its ground plane (30 mm × 22 mm) is to be modified to improve the input
impedance characteristics at the lower frequency band. Moreover, the lateral size of the
ground plane has to be minimized to reduce the high cross-polarization level as well to com‐
pact the antenna which is desirable for many portable devices. For reducing the effect of
ground plane on antenna performance, the ground plane is modified by using the following
techniques.

Figure 9. Modification of initial ground plane.

First, the length of ground plane decreased to LG as shown in Figure 9, which is equal to the
length of microstrip feeding line, lf that is, the ground plane is printed only beneath of the
feeding line and the size and position of the radiating patch remain unchanged. As the
ground plane serves as an impedance matching circuit, it is seen the from the from the Fig‐
ure 10 that the antenna with a partially shrunken ground plane of W × LG can now achieved
an impedance bandwidth (return loss ≥ -10 dB) of 8.8 GHz (3.1 - 11.9 GHz) which covers the
entire ultra-wideband assigned by FCC. The overlapping of multiple resonance modes
which are closing distributed across the spectrum resulting in such an ultra-wide operating
bandwidth.
To further reduce the effect of ground plane on antenna performance and to improve oper‐
ating bandwidth, a rectangular shape slot is introduced at the top side of the ground plane.
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The slot is placed at a distance of dS mm from left edge of the substrate. The resultant
ground plane is shown in Figure 9(b). The return losses in Figure 10 shows that the rectan‐
gular slot of dimension 4 mm × 1 mm has small effect on the lower edge frequency while it
increase the upper edge frequency of the operating band and the antenna can provide an
impedance bandwidth of 9.3 GHz operating from 3.1 to 12.42 GHz. Compared to the partial
ground plane without any slot, the antenna with single slot on the top edge of the ground
plane can enhance the bandwidth by 520 MHz.

Figure 10. Comparison of return loss curves of the antenna with partial ground plane, partial ground plane with sin‐
gle slot and partial ground plane with sawtooth top edge.

To enhance the bandwidth and reduce the ground plane effect further, the top edge of the
partial ground plane is reshaped to form a symmetrical sawtooth shape top edge by cutting
of triangular shape slot as shown in Figure 9(c). This technique alter the distance between
the ground plane and lower part of planar monopole antenna and tune the capacitive cou‐
pling between them resulting in wider operating bandwidth. The optimized dimension of
the triangular shape slot is 4 mm × √5 mm × √5 mm. From the return loss curve shown in
Figure 10 it is seen that the modified ground plane with sawtooth shape top edge has a little
effect on lower edge frequency while it significantly influence the upper edge frequency of
the operating band as expected. It is also seen from the Figure that the antenna with modi‐
fied ground plane can be operated from 2.92 GHz to 15.70 GHz providing a -10 dB impe‐
dance bandwidth of 12.78 GHz. It is also observed that, introduction of triangular shaped
slots not only widens the bandwidth but also reduces the return loss. The insertion of slots
in the top edge of the ground plane increases the gap between the radiating patch and the
ground plane and as a result the impedance bandwidth increases further due to extra elec‐
tromagnetic coupling in between radiating element and the ground plane. Compared to the
result associated with the initial design, the antenna with modified sawtooth shape ground
plane can increase the bandwidth by 45.25% (3.98 GHz) as depicted in Figure 10.
The simulated input impedance curve with different types of partial ground plane is shown
in Figure 11. It is seen that compared to partial ground plane without any slot and with a

Recent Trends in Printed Ultra-Wideband (UWB) Antennas
http://dx.doi.org/10.5772/52056

rectangular slot, the antenna with sawtooth shape ground plane exhibit less capacitive load
to the antenna especially at higher frequencies of the operating band, which means the im‐
pedance match is getting better, thus leading to a wider operating bandwidth as illustrated
in Figure 10.

200
Partial ground plane without slot
Partial ground plane with single slot

Impedance(Ohm)

150

Partial ground plane with sawtooth shape

100

50

0
2

4

6

8
10
12
Frequency(GHz)

14

16

18

Figure 11. Simulated input impedance for different types of ground plane.

5.1. Operating principle of UWB characterization
It has been observed from the impedance characteristics that first resonance is occurs at 3.3
GHz when the ground plane is shrunk to 30 mm × 7.5 mm and modify its top edge. In input
impedance characteristics, the resonance frequencies are defined where the dips are located.
When the radiating patch is backed by a large ground plane of whole substrate size, the first
resonance frequency is slightly shifted towards higher frequencies. If the ground plane is
shrunk in length, the second and third resonance is also shifted slightly, but still not faraway
from initial one as shown in Figure 5 and Figure 10. This demonstrates that these resonant
frequencies is mostly determined by the radiating patch and slightly detuned by the ground
plane dimension. Furthermore, it is observed that the first resonance frequency is dependent
on the size of the patch while the second and third resonance frequencies as well as the
bandwidth obey the size of the triangular slots that cut the top edge of the partial ground
plane. However, the fourth and fifth resonance frequencies are strongly dominated by the
size of the ground plane as seen from Figure 5 and Figure 10.
At lower frequency of the operating band (first resonance) where the corresponding wave‐
length is larger than the antenna dimension, the electromagnetic signal can couple easily in‐
to the antenna configuration therefore it act as an oscillator, i.e. a stationary wave as
presented earlier in [33]. As the frequency increases, the antenna starts to operate in a dual
mode of stationary and travelling waves. At the upper edge frequencies, the travelling wave
becomes more influential to antenna operation since the electromagnetic signal required to
go down to the antenna structure which is large in terms of wavelength.
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The rectangular radiating patch of the printed planar antenna and the slots formed at top
edge of the partial ground plane with an appropriate dimension can support travelling
wave very well. Therefore the planar monopole antenna with modified sawtooth shape
ground plane can exhibit an ultra-wide operating bandwidth (return loss ≥ -10 dB) with op‐
timal design parameters. Furthermore, it is depicted from Figure 10 that the proposed anten‐
na is capable of supporting multiple resonance modes and the higher order modes are the
harmonics of the fundamental mode of the patch. It is also observed that these higher order
modes are very much spaced. Therefore, the overlapping of these resonance modes leads to
the characterization of ultra-wideband, as depicted in Figure 12.
Travelling wave

Stationary wave

f1

f2

f3

f4

f5

Frequency
Figure 12. Overlapping of multiple resonances leading to UWB characterization.

5.2. Current distributions analysis
The current distributions usually present an insight into the physical behavior of the anten‐
na. The simulated current distributions of the final design with modified ground plane at
different frequencies are depicted in Figure 13. The current pattern at first resonance fre‐
quency of 3.1 GHz is illustrates at Figure 13(a). Figure 13(b) show the current distribution
pattern at 6.1 GHz, representing a second order harmonics. A more complicated current dis‐
tribution at third resonance frequency of 9.5 GHz, corresponding to third order harmonics is
depicted in Figure 13(c). Figure 13(d) presents the fourth order harmonics at 11.3 GHz.
These current distributions support the principle that the overlapping of closely spaced res‐
onances resulting in the UWB characterization. At these frequencies the resonances are
clearly observed on the edge of the radiating patch as well as in the ground plane.
It can be observed from the current distribution pattern that majority of the electric currents
is concentrated around the edge of the radiating patch and the ground plane while the cur‐
rents at the centre of the patch and ground plane are very weak. It is also seen that the cur‐
rent is coupled from the top and bottom edge of the ground plane to the patch through
microstrip feed line and radiates to the free space. At lower frequencies, the current path
length in antenna with modified sawtooth shape ground plane is much smaller than the an‐
tenna with large ground plan. In the antenna with modified ground plane, the currents at
the junction between ground plane and patch is weaker than the currents in antenna large
ground plane. Therefore, very small amount of current is flow into the ground plane and
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thus its effects on antenna performance reduced significantly. Moreover, triangular slots on
the top edge of the partial ground plane effectively alleviate the changes in antenna impe‐
dance by altering the current path and creating a symmetrical current distribution to a small
ground plane which reduce the effect of ground plane on antenna performances. However,
at higher frequencies, the currents are mainly distributed on the microstrip line and the
junction between patch and ground plane. As a result, the currents on the ground plane be‐
come stronger than lower frequencies and impedance matching becomes worse for travel‐
ling wave dependent modes.
Am

-1
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-1

(a)
Am

-1

(b)
Am

(c)

-1

(d)

Figure 13. Surface current distributions at (a) 3.3 GHz, (b) 6.1 GHz, (c) 9.5 GHz and (d) 11.3 GHz.

5.3. Experimental verification
After a comprehensive investigation of the effect of different parameters and ground plane
on antenna performance it is found that the final design had the optimized structural param‐
eters of W = 30 mm, L = 22 mm, LG = 7.5 mm, WP = 14.5 mm, LP = 14.75 mm, wf = 3 mm, df = 6.75
mm, dS = 3.5 mm and dP = 3.75 mm. The very small sized ground plane would be able to cope
with the increasing demand for compact antenna for portable devices. Moreover, since the
antenna is printed on substrate, no additional space is required for height of the antenna. A
set of prototype of the final design of the proposed antenna with optimal parameters was fab‐
ricated for experimental verification as shown in Figure 14. The prototype consist of two
35μm-thick copper layers with the antenna printed on the top side for better radiation per‐
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formance while the modified partial ground is etched out at the bottom side. The antenna is
printed on a 1.6 mm-thick FR4 dielectric substrate with relative permittivity of 4.6 and loss
tangent of 0.02. An SMA connector is connected to the port of the microstrip feed line.
The input impedance characteristic of the realized antenna has been measured in an anecho‐
ic chamber using Agilent E8362C vector network analyzer. Figure 15 plotted the measured
and simulated return loss curves. The simulated -10 dB return loss bandwidth ranges from
2.92 GHz to 15.70 GHz which is equivalent to a fractional bandwidth of 137.3%. This UWB
characteristic of the compact planar monopole antenna is confirmed in measurement, with
only a small shift of the lower and upper edge frequency to 2.95 GHz and 15.45 GHz respec‐
tively. Despite very compact size, the performance of the proposed antenna exceeds the UWB
as defined by FCC. Although there is a disparity between the measured and simulated reso‐
nances which possibly attributed due to manufacturing tolerance and imperfect soldering ef‐
fect of the SMA connector, the measured resonance frequencies are nearly identical to the
simulate one. This mismatch also may be due to the effect of the RF feeding cable, which is
used in the measurements but not considered during simulation. Despite some mismatched
as observed in Figure 15, it is confirmed that reduction of length and modification of shape
of the ground plane is not lead to any sacrifice of the operating bandwidth.

(a)

(b)

Figure 14. Photograph of realized antenna (a) Top view, (b) Bottom view.
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Figure 15. Measured and simulated return loss curves of the final design.
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The phase of the input impedance is another important parameter of the planar UWB anten‐
na. Since UWB antenna operates in wide range of frequencies, the phase across the operat‐
ing band should be linear for preventing the pulse distortions. Figure 16 illustrates the
measured phase variation of the input impedance of the final design measured in anechoic
chamber using Agilent E8362C PNA series network analyzer. The phase variation across the
entire operating band is reasonably linear except at around 10 and 14 GHz. This linear varia‐
tion in the phase with frequency ensures that all the frequency components of signal have
same delay leading to less pulse distortion.
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Figure 16. Measured phase variation of the input impedance.

The final design with symmetrical sawtooth shape partial ground plane was characterized
in the anechoic chamber using SATIMO’s StarLab antenna measuring equipment in order to
measure the radiation patterns, peak gain and radiation efficiency. To achieve untruncated
extent near field sampling using a probe array, the spherical scanning system was utilized
for this near-field antenna measurement system.
Based on the antenna orientation with respect to the axes in Figure 4, yz-plane is the E-plane
while xz-plane represents the H-plane and θ = 00 corresponds to z-axis, while θ = 900 corre‐
sponds to y-axis and x-axis for E-and H-planes respectively. The radiation patterns of the
proposed antenna in E- and H- planes are measured at frequencies that are very close to res‐
onance frequencies. The measured 2D radiation patterns at 3.3 GHz, 6.2 GHz and 9.4 GHz in
E- and H- planes are presented in Figures 17. The radiation patterns are normalized by the
taking the highest value as reference. It is observed that, in both E- and H-plane, the co-po‐
larized field is omni-directional at lower frequencies and retain a good omni-directional pat‐
terns even at higher frequencies. In, E-plane the cross-polarized fields are much lower than
that of the co-polarized one especially at lower frequencies. Although some harmonic is in‐
troduced at higher frequencies, the proposed antenna with modified partial ground plane
exhibits a symmetric omni-directional radiation patterns that are same as that of a monopole
antenna. Compared to radiation patterns of the antenna with large ground plane, the radia‐
tion pattern of the antenna with partial ground plane is more omni-directional and size re‐
duction does not deteriorate the radiation characteristics.

191

192

Advancement in Microstrip Antennas with Recent Applications

0
315

270

0

-10

0
315

45

-20

-30

-30

0

0
315

45

-20

-30

-30

0

135
180

(b)

0

45

315

-20

-30

-30

90

225

270

(c)

45

90

-40

225

135
180

0

-10

-20
-40

90

-40

0

-10

45

225

135
180

270

270

90

0

-10

-20

225

315

135
180

(a)

-40

90

-40

0

-10

45

225

135
180

270

270

90

225

315

-10

-20
-40

0

135
180

Figure 17. Measured E(left)-and H-(right)-plane radiation patterns at (a) 3.3 GHz, (b) 6.2 GHz and (c) 9.4 GHz[co-polar‐
ization :solid line; cross-polarization: cross line].
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Figure 18. Measured 3D radiation patterns at 3 GHz (left column) and 8(right column GHz (a) xy-, (b) yz- and (c) xzplane.

The measured 3D radiation patterns for total electric field at 3 and 8 GHz is shown in Figure
18. In the patterns the red color indicates the stronger radiated E-field and the sky blue is the
weakest ones. The radiation is slightly weak in z-direction. It is observed from the figures
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that the proposed antenna exhibits almost omni-directional radiation patterns which similar
like a typical monopole antenna. This 3D omni-directional radiation pattern is required for
many wireless applications such as mobile communication.

Figure 19. Measured peak antenna gain in UWB frequency range.
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Figure 20. Measured radiation efficiency with sawtooth shape ground plane.

The measured peak gain of the final realized antenna at boresight (+z direction) is shown in
Figure 19. It is observed that the antenna has a good gain with a maximum value of 5.9 dBi at
9.4 GHz. The average gain in the operating band is 3.97 dBi and the measured gain variation
is less than ± 2 dBi. The measured radiation efficiency of the proposed antenna at boresight is
shown in Figure 20. The antenna has a maximum of 90.2% radiation efficiency with an aver‐
age of 76.79%. As the antenna was fabricated on FR4 dielectrics substrate with modified par‐
tial ground plane, the dielectric loss was high, which affected the gain as well as the efficiency.
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Since UWB systems directly transmit narrow pulses rather than continuous wave, the time
domain performances of the UWB antenna is very crucial. A good time domain performan‐
ces is a primary requirement of UWB antenna. The antenna features can be optimized to
avoid undesired pulse distortions. The group delay is defined as the negative derivative of
the phase response with respect to frequency. The group delay gives an indication of the
time delay of an impulse signal at different frequencies. Since UWB technology employed in
short range communication systems, in the measurements the transmitting and receiving
antennas are placed at distance 50 cm apart in face to face orientation.
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Figure 21. Magnitude of the measured transfer function in UWB range.
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Figure 22. Measured group delay of the proposed antenna in UWB range.

The measured transfer functions of the proposed planar antenna with modified ground
planes are shown in Figures 21 and 22. It is observed from Figure 21 that the magnitude
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curve has little variation with some ripples due noise. The group delay characteristics are
almost smooth across the UWB frequency band as shown in Figure 22. The measured group
delay is flat at about 2.2 ns and variation is only about 0.17 ns. This small variation in group
delay indicates that the proposed antenna has good linear transmission function characteris‐
tics and could be useful for UWB impulse radios applications.

6. Conclusion
UWB is a promising technology that brings the convenience and mobility of communica‐
tions to high-speed interconnections in wireless devices. As a vital part of the communica‐
tion system, the design of antenna is challenging since there are more particular
requirements for UWB antenna compared to its narrow band counterpart. In addition, in or‐
der to be easily integrated into portable devices, printed UWB antennas with small size and
compact planar profile are highly desirable and essential for a wide variety of applications.
Therefore, the design of printed planar antenna for UWB applications and its trends has
been analyzed in this article. Rectangular planar antenna is initially chosen as conventional
structure due to its low profile and ease of fabrication. However, its performance is signifi‐
cantly affected by the large ground plane. A technique, reducing the size of the ground
plane and cutting of different slots has then been applied to reduce the ground plane de‐
pendency. It has been revealed that modification of large ground plane reduces the ground
plane dependency as well the cross-polarization component and increases the impedance
bandwidth while the addition of different types of slots enhances the bandwidth further. It
has been observed that shortening of current path due to removal of the upper portion of
the ground plane and insertion of the slots contributes to the wider bandwidth at low fre‐
quency end. Studies indicate that the rectangular antenna with modified sawtooth shape
ground plane is capable of supporting closely spaced multiple resonant modes and overlap‐
ping of these resonances leads to the UWB characteristic. It is observed that the cutting tri‐
angular shape slots on the ground plane help to increase the bandwidth by 45.25% and in
overall the antenna achieve an impedance bandwidth of 137.3% (2.92 GHz to 15.70 GHz).
Moreover, it exhibits stable radiation patterns with satisfactory gain, radiation efficiency and
good time domain behavior.
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1. Introduction
Ultra-wideband (UWB) technology has become one of the most promising technology for
short- range high speed data communication due to its high data transmission rate and large
bandwidth. These systems utilize the frequency band from 3.1GHz to 10.6 GHz, which is al‐
located to the UWB systems by the Federal Communications Commission (FCC) [1]. In this
ultra-wide spectrum, several unlicensed short range communication bands are overlapping
such as IEEE 802.11a WLAN and HIPERLAN/2. Therefore, one of the most effective techni‐
que to eliminate these intereferences is to integrate a narro band reject filter in the UWB an‐
tenna [2-4].
In this emerging technology, antenna plays the role of a key system element. The design of low
profile, easy to construct antennas in a limited space with good radiation characteristics is a
challenging task for antenna engineers. The planar antennas are very attractive mainly because
of their interesting physical features such as simple structure, compactness and low manufac‐
turing cost [5, 6]. However, the requirements such as via-hole connection in probe-fed anten‐
nas, larger ground plane size in microstrip fed designs and precise alignment between layers in
multilayer configurations result in increased system complexity. One of the most commonly
used feeding technique for modern antennas is the Coplanar Waveguide(CPW) which facili‐
tates key advantages such as low dispersion, less radiation loss and ease of integration with
monolithic microwave integrated circuits in uniplanar configuration [7].
In this chapter, we present a comprehensive study on the design, analysis, and characteriza‐
tion of two Uniplanar Ultra Wide-Band(UWB) antennas which have the potential to serve
the requirements of future wireless communication systems. The studies were also extended
to pulse based, time domain analysis to ensure that it will enable rich broadband services of
data, voice, HD video along with high speed internet.

©
This
is a
distributed
underdistributed
the terms of
the Creative
Commons
© 2013
2013 Augustin
Augustinet
etal.;
al.;licensee
licenseeInTech.
InTech.
This
is paper
an open
access article
under
the terms
of the
Attribution
License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted
use,
Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0),
which
permits
distribution,
any
medium, provided
original
work is properly
cited.
unrestrictedand
use,reproduction
distribution, in
and
reproduction
in any the
medium,
provided
the original
work is properly cited.

204

Advancement in Microstrip Antennas with Recent Applications

In the first section of the chapter, we present an integrated uniplanar UWB antenna for cate‐
gory A cognitive radio application. The Federal Communications Commission (FCC) de‐
fines a cognitive radio as “a radio that can change its transmitter parameters based on the
interaction with the environment in which it operates” [8]. This concept has originated from
the urgent need to effectively utilize the available spectrum with the explosive growth in
high-data rate wireless services. In general, cognitive radio networks can utilize different
spectrum sensing and allocation methods namely category A and category B, in which cate‐
gory A uses two antennas. In these systems one antenna is wideband, feeding a receiver for
spectrum sensing task meanwhile, the second antenna feeds a front end that can be tuned to
the selected transmission band. The motivation behind this work is to illustrate a new inte‐
grated antenna for category A cognitive-radio systems by utilizing the uniplanar properties
of coplanar wave guide [7], time domain characteristics of vivaldi inspired antennas [9] and
recent developments in antenna integration techniques [10]. Although cognitive radio may
initially cover lower frequencies, the integration method is demonstrated through UWB and
WLAN bands.
A uniplanar antenna for diversity application is presented in the second section of this chap‐
ter. Diversity techniques are highly desirable in modern wireless communication systems to
increase the channel capacity and to combat the multipath fading problem in the environ‐
ment, which usually causes larger degradation in the system performance [11, 12]. There are
different types of diversities and they are categorized in a broad perspective as spatial diver‐
sity, pattern diversity and polarization diversity [13-15]. Depending on the environment,
footprint specificatons and the expected interference, designers can employ one or more of
these methods to achieve diversity gain. In this era of compact wireless communication sys‐
tems, the pattern or polarization diversity is more suitable for portable devices than spatial
diversity. In present wireless communication systems, particularly in a dense environment,
a UWB system with diversity technique is a promising solution to enhance the system per‐
formance with high data rate and improved resolution [13, 16]. Such a system has potential
applications in advanced instruments for microwave imaging, weapon detection radar
which uses short impulses and require high speed data transfer. There have been significant
efforts in recent years in various designs of dual polarized UWB antennas for future wireless
communication systems [14, 17-21]. However most of them offers a large size [17] multilayer
structure [14, 18], complex feeding network [20] and not equipped with band notch func‐
tionality [19].To full fill this gap, a compact, uniplanar, CPW fed, dual polarized UWB an‐
tenna with embeded notch filter is presented in this chapter.

2. Integrated wide-narrowband antenna for cognitive radio applications
2.1. Antenna geometry and design
Geometry: The evolution of integrated wide-narrowband antenna configuration along with
associated parameters is shown in Figure1. The antenna lies in the XZ-plane with its normal
direction being parallel to the Y-axis. Compared to the existing integrated antennas for cog‐
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nitive radio application [10, 22, 23] this design has advantages of uniplanar configuration,
group delay variation less than 1ns and good isolation between the ports. The major design
elements of this antenna are,
i.

A coplanar wave guide (CPW) to coplanar strip line (CPS) transition (Figure 1a)

ii.

Tapered slot antenna with elliptical tapering (Figure 1b) and

iii.

A rectangular loop slot antenna (Figure 1c).

In this design each of these antenna elements were effectively integrated to form a dual port
antenna with ultra wideband characteristics in first port and narrow band performance in
the second port. The side and top view of the developed antenna in uniplanar configuration
is shown in Figure 1d

Figure 1. Geometry of the Proposed Antenna. (a) CPW to CPS transition (b) Tapered slot antenna (c) rectangular ring
slot antenna (d) integrated antenna.

Design:
CPW to CPS Transition: The design is initiated by designing a coplanar waveguide with
characteristic impedance 50Ω on Rogers™ TMM6 thermoset microwave laminate with die‐
lectric permittivity (εr) 6, loss tangent 0.0037 and thickness (h) 0.762mm using conventional
design procedure [7].The open end of the coplanar waveguide is extended with a smooth
curvature to form a CPW to coplanar stripline (CPS) transition [24], which is specified by
geometrical parameters lgt, wg1 and g as shown in Figure 1a. In order to maintain geometri‐
cal symmetry lgt and wg1 are maintained constant on both sides of the transmission line re‐
sulting two striplines terminated at port –Pa and port-Pb. The parameters were optimized
for wide impedance bandwidth while maintaining the compact size.
Tapered Slot antenna: An elliptically tapered slot antenna characterized by two identical el‐
lipses with X and Y radius of wg2 and lgt, respectively is shown in Figure 1b. The tapering
is optimized for wideband operation specified by FCC [1], while maintaining the initial ta‐
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pered slot width as ‘g’. The length of curvaure AB and AC are defined [25] as ¼thof the pe‐
rimeter formed by the ellipse (1),

AB = AC =

p (lg t 2 + wg 2 2
2
2

(1)

Rectangular loop slot antenna: The rectangular loop slot antenna inspired from [26], with
geometrical parameters l2, w2, g1 and g2 is shown in Figure 1c. The antenna is fed with an
inset open circuited single layer CPW stub for good impedance matching and radiation
characteristics.
The Integrated Antenna: At the first stage of integration, the elliptically tapered slot anten‐
na is integrated to the ports Pa and Pb of CPW to CPS transition, resulting uni-planar UWB
antenna configuration. The antenna parameters wg2 and lgt were fine tuned to fix the lower
cut-off frequency to facilitate wide impedance bandwidth covering the FCC specified spec‐
trum from 3.1GHz to 10.6GHz. In the second stage, the narrow band antenna with CPW
feed is embedded at the space between two tapered slots, without affecting the performance
of the UWB antenna. The geometrcial parameters of the antenna were optmized using com‐
mercial tool CST Microwave Studio® (CST MWS) based on finite integration technique
(FIT). The optimum parameters are listed in Table 1 which are a trade off between wide im‐
pedance bandwidth, small foot print and improved isolation.
Parameters

Value, mm Parameters

Value, mm Parameters

Value, mm

wc

3

lgt

10

l2

5

wg1

15

lct

12.9

g2

0.5

wg2

22

g

0.35

g1

0.25

lgb

25.8

w2

14

h

0.762

Table 1. Geometrical parameters of the integrated antenna shown in Figure 1

2.2. Simulation with experimental validation
After optimizing the integrated antenna, a prototype is fabricated using LPKF® circuit board
plotter. The entire fabrication process is relatively simple and can also be performed using
conventional low cost PCB processing technology such as photolithography. In addition, the
single layer design eliminates the requirement of alignment holes. Therefore this design fa‐
cilitates accurate, efficient and cost effective fabrication. The fabricated prototype with a me‐
chanical calibration standard is shown in Figure 2a for comparison. A perspective view of
the wide-narrowband antenna mounted for measurement in the anechoic chamber is pro‐
vides in Figure 2b.
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(a)

(b)

Figure 2. Photograph of the fabricated prototype (a) front view (b) perspective view

Measurement of both frequency and time domain characteristics are essential to evaluate the
performance of an UWB antenna. In frequency domain the S-parameters, gain, efficiency, ra‐
diation pattern and polarization are measured and analysed in section 2.2.1. In time domain,
the antenna performance is evaluated using very short pulses. The group delay, antenna
transfer function, impulse response and fidelity were analysed and discussed in section 2.2.2
2.2.1. Frequency domain characteristics
The measured reflecton and transmission coefficients of the antenna along with the simula‐
tion results are plotted in Figure 3.

Figure 3. Simulated and measured S parameters of the Wide-Narrowband Antenna.

It is found that the UWB antenna excited through port-P1 provides a 2:1 VSWR bandwidth
from 2.6GHz to 11GHz, meanwhile, the narrowband (NB) antenna excited through port-P2
provides 2:1 VSWR bandwidth from 5 GHz to 5.5 GHz. Thus the integrated antenna meets
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the VSWR bandwidth requirement for the FCC specified UWB band and for the WLAN
spectrum. The trasmission coefficients in Figure 3 shows that, the inter-port isolation is bet‐
ter than 15dB which is a reasonable value to eliminate the cross talk between the antennas.
The simulated and measured s-parameters are in reasonable agreement. However, there is a
slight discrepancy between the theorectical and experimental results. This is mainly because
of the approximation of boundary conditions of computational domain. In addition, as ex‐
plained in [27], RF cables from the vector network analyzer slightly influences the measure‐
ment of small antennas.
The isolation mechanism and polarization of the electromagnetic radiation is investigated
through simulated surface current analysis. The magnitude and vector plot of surface cur‐
rent density at 5.2 GHz is illustrated in Figure 4.

Figure 4. Simulated surface current distribution at 5.2GHz. (a) Magnitude of Jsurf of UWB antenna without integrat‐
ing NB antenna (b) Magnitude of Jsurf with P1-excited, P2=50Ω (c) Magnitude of Jsurf with P2-excited, P1=50Ω (d)
Vector of Jsurf with P1-excited, P2=50Ω (e) Vector of Jsurf with P2-excited, P1=50Ω

It is evident from Figure 4a that, the tapered surface regions on both sides of the integrated
antenna contributes for the radiation. Meanwhile, the current excited at the top region be‐
tween two tapered slot antennas, indicated by the rectangular dashed box, is almost nil. This
region is effectively utilized to integrated the ring slot antenna for narrow band operation.
In Figure 4b, the surface currents in the integrated configuration is provided, which shows
that the current coupling from UWBA to the NBA and vice versa(figure 4c) is very low. This
results in an efficient integration with good inter-port isolation. The vector analysis of sur‐
face current in the integrated antenna is shown in Figures 4 (d-e). It is clear from the plot
that the dominant radiating current vector at both the tapering is vertical in direction. This
shows that the polarization of the radiated electromagnetic wave from the ultra wideband
antenna is vertically polarized. Similarly, the resultant current vector at the vertical slot
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edges of NBA are vertical in direction and in turn results in vertical polarization. However,
it is worth to note that, while estimating the composite current vector, the surface regions
where equal and opposite current vectors exists, indicated by Fc, are not taken into account.

Figure 5. Measured and simulated radiation patterns (a) 3.5 GHz [P1] and (b) 5.2GHz [P1] (c) 10.5 GHz [P1] and (d)
5.2GHz [P2]
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The simulated and measured radiation pattern of both the UWB and NB are presented in
Figures 5(a-d). These radiation patterns were measured independently, that is, port-P2 is
loaded with 50Ω termination while exciting port-P1 and vice versa. It is clear from the pat‐
tern that the UWB antenna is directional towards 0º and 180º because of the two tapered slot
antennas radiating to the corresponding directions. This indicates that, the UWB and NB an‐
tenna has beam maxima at ±X and ±Z directions respectively, which are not highly attractive
for applications which utilize the simultaneous utilization of both antennas.
However, the radiation patterns are suitable for cognitive radio applications such as IEEE
802.11 wireless rural area networks (WRAN) in which the spectrum sensing take plane dur‐
ing the interval between intra-frame and inter-frame, when the transceiver is switched off
[28]. It is also visible from the radiation pattern that, at higher frequencies, the polarization
purity is degraded due to the finite ground plane effect. A good agreement between simu‐
lated and measured radiation patterns are observed except for the cross polar patterns in the
YZ plane. This is mainly because of the spurious reflections from the SMA connectors and
cables that are not incorporated in the computational simulation. In conclusion, the patterns
are similar to those observed for antennas used in cognitive radio systems [10, 22] and in
wireless system terminals [29]. It is worth to note that, these patterns are also suitable for
applications in indoor wireless communication systems including ad-hoc networks, where
cross polar performance is not a high priority requirement and channels are dominated by
rich Rayleigh fading [30]

Figure 6. Separately measured gain and efficiency of UWB (port 1) and NB (port 2) antenna.

The gain of UWB and NB antenna are measured independently in the XZ-plane using the
gain comparison method and shown in Figure 6. In the graph ‘φ’ denotes the direction of
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radiation corresponding to the peak gain. It is clear from the measurement results that, the
gain variations are within 2.2dBi and 2.4 dBi in the ultra wide band and narrow band spec‐
trum of the integrated antenna, respectively. The radiation efficiency is also measured using
wheeler cap method [31]and incorporated in Figure 6. It is found that the average efficiency
of 81% and 75% are observed for UWB antenna and NB antenna, respectively.
2.2.2. Time domain characteristics
As depicted in the introduction, the UWB antenna need to possess high level of pulse han‐
dling capabilities in order to handle high frequency impulses. In this section the time do‐
main characteristics including group delay, antenna transfer function, implulse response
and fidelity factor were measured and discussed.
In order to measure the group delay of the UWB antenna, two identical antenna prototypes
were made. As illustrated in the inset of Figure 7, these two identical antennas were kept in
in the anechoic chamber at far field(R=1m) with two orientations; face-to-face and side-byside. The time domain measurement capability of the vector network analyser is utilized for
this measurement. Prior to the measurement, a full two port calibration is performed to
eliminate the effects of cables and connectors. The measurement is performed by exciting
the identical antennas through port-P1 while port-P2 is terminated with a broadband 50Ω
termination. It is clear from Figure 7 that, the group delay remains constant with variations
less than a nanosecond for both orientations.

Figure 7. Measured group delay and normalized antenna transfer function in two different orientations of the UWB
antenna (R = 1m)

The antenna transfer function of the antenna is also calculated using (2) and incorporated in
Figure 7.
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2p RcS21 (w )e jw R / c
jw

H (w ) =

(2)

where c is the velocity of light in free space and R is the distance between two antennas [25].
The antenna transfer function remains fairly stable throughout the UWB spectrum with var‐
iations less than 10dB except for the lower end of the spectrum in the face-to-face orienta‐
tion.
The transient response of the antenna is evaluated using fourth derivative of the Gaussian
pulse defined by (3)

( ( )t + ( ) t ) e

V in (t ) = A 3 - 6

4π

T

2

2

4π

T

2

4

-2π

( Tt )2

/

V m

(3)

The impulse response of the wideband antenna is obtained by convoluting the fourth deriv‐
ative of (3) with the inverse Fourier transform of antenna transfer function (2). The spectrum
of this pulse fully covers the FCC band and comply with the emission standards specified
when the amplitude constant A = 1.6 and pulse duration parameter T = 67ps. [32]
The input pulse and the output pulses at face-to-face orientation and side-by-side orienta‐
tion are shown in Figure 8. It is evident from the plot that the UWB antenna retains the in‐
formation contained in the impulse with minimum distortion.

Figure 8. Input and radiated pulses of the proposed antenna.
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Fidelity factor, F is an effective parameter to analyze the distortion between two pulses [33],
which is defined as,
F=

∫-∞∞St (t )Sr (t - τ )dt
∫-αα |St (t )|2dt ∫-αα |Sr (t - τ )|2dt

(4)

where τ is the delay between the input pulse St (t) and the output pulse Sr (t). The fidelity
factor of the wideband antenna is also evaluated and presented in Table 2. The fidelity factor
remains greater than 0.85 which shows that, the antenna imposes negligible effects on the
radiated pulses.
Orientation

Fidelity Factor,F

Face-to-Face

0.86

Side – to –Side

0.88

Table 2. Fidelity Factor of the wide band antenna

2.3. Parametric analysis
A parametric analysis of the key antenna prameters which influence the lower cut-off fre‐
quency of the UWB antenna and the resonant frequency of the NB antenna is studied in this
section. This will help the antenna engineers to pay more attention to those parameters dur‐
ing the design, optimizaton and prototyping.

Figure 9. Influence of key antenna parameters on reflection coefficient (a) Tapering aprature, AB (b) loop width, w2

The variation of relfection coefficient with tapering aprature AB is the most sensitive param‐
eter which determins the lower cut-off frequency of the UWB antenna. Figure 9a shows the
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variation of reflection coefficient with wg2 (and in turn AB). It is clear from the plot that the
lower resonance shifts drastically for small variations of wg2. As wg2 increases from 20mm
to 24mm the lower cut-off frequency of the UWB antenna moves from 3.2GHz to 2.4 GHz. It
is also worth to note that the impedance matching throughout the wide band remains with‐
in the FCC specifications when the tapering aprature varies from 24.8mm to 28.9mm. In nar‐
row band antenna, the variation of resonant frequency with the loop width, w2 is depicted
in Figure 9(b). It is found that when the loop width varies from 12mm to 16mm the resonant
frequency of the narrow band antenna drifts from 6GHz to 4.6GHz.
2.4. Conclusion
An integrated dual port antenna with good inter-port isolation in uniplanar configuration
for congnitive radio systems is presented in this section. The space between two tapered
slot antennas which forms the ultra wideband antenna, is effectively utilized to integrate a
narrow band sqare loop slot antenna. The measurement results indicate that, the UWB and
NB antenna provides a 2:1 VSWR bandwidth from 2.7 GHz to 11 GHz and 5 GHz to
5.5GHz, respectively. The antenna also provides inter-port isolation better than 15 dB
throught the resonant band. Measured readiaton pattern reveals that the wide-band anten‐
na can fulfill the needs of spectrum searching task, and the narrow-band antenna can be
used for trasmission in cognitive radio systems. The time domain characteristics of the
UWB antenna in the integrated configuration is also studied and the results reveals that it
facilitate transmission and reception of pulses with minimum distortion. Therefore, the an‐
tenna can also be a good candidate for future applications, such as medical imaging /
weapon detection systems, which are connected to the host system through high speed
WLAN link.

3. Ultra-wideband slot antenna for polarization diversity applications
In this section an Ultra wideband Antenna for polarization diversity application is present‐
ed. The development, analysis and characterization of this dual port antenna is discussed in
detail. Both frequency and time domain analysis of the fabricated prototype reaveals that,
this antenna is an attractive element in future wireless communication systems where the
challenges such as multipatch fading is a major concern.
3.1. Antenna geometry and design
The proposed antenna is inspired from the design proposed in [34], where wideband char‐
acteristics is obtained by exciting a compact annulus ground plane with a circular patch. In
this work, a polarization diversity antenna is devoloped by feeding an annulus ground
plane with dual orthogonal ports. This feeding mechanism is on of the effective technique
for diversity antennas [14, 17].

Dual Port Ultra Wideband Antennas for Cognitive Radio and Diversity Applications
http://dx.doi.org/10.5772/52209

Figure 10. Geometry of the proposed antenna (a) Top view, (b) Side view

The proposed antenna geometry in cartesian coordinate system are shown in Figure 10. The ba‐
sic antenna structure consists of an annulus slot and two orthogonal, identical CPW signal
strips at same distance from the annulus center. Compared to dual polarized UWB slot anten‐
nas recently reported in [14, 17], the ground plane of the proposed antenna is modified as an an‐
nulus slot with radius r1 and thickness t, which creatively reduces the antenna footprint. The
CPW feedline is exciting two U-shaped elements with geometrical parameter r2, r3. In addition
to the the broad impedance bandwidth of this unique design, an impedance transformer with
length l4 and gap g2 is also incorporated in the CPW line for further bandwidth enhancement.
Since, inter-port isolation is one of the highly desirable characteristics of a diversity antenna, a
cross shaped strip with dimensions l1, l2 and l3 is embeded diagonally in the antenna. In order
to avoid interferences with the overlaping unlicensed bands in the UWB spectrum, an arc shap‐
ed slot resonator with specifications r4,ts and ls is also integrated in the antenna. This slot reso‐
nator facilitates band notch functionality for the diversity antenna.
Design: The antenna is realized on a Rogers® RT/Duroid 6035HTC laminate with permittivity
(r) 3.6, loss tangent 0.0013, and thickness (h) 1.524mm. The CPW line with characteristics impe‐
dance 50Ω is first designed using the conventional design procedure [7]. The annulus ground
plane parameters (r1) and U-shaped stub dimensions(r2,r3,d) were selected [35]to cover the
FCC specified UWB spectrum. In this design the radius r1 of the ground plane determines the
first resonant frequency and the radius r2 ensures the impedance matching. In conclusion, the
merging of several dominant resonances, which are produced by the annulus ground, the U
shaped feeding structure, and the coupling between them provides a broad impedance band
width [36]. In order to increase the inter port isolation a cross shaped stub [37] is then inserted at
an optimum position diagonally in the ground plane. Finally the semicircular arc shaped reso‐
nators were designed [38] and integrated for notch functionality. The antenna provides de‐
sired notch in the IEEE 802.11a and HIPERLAN/2 bands, when the length of the slot resonator ls
is approximately half wave length long at the center notch frequency.
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Figure 11. Photograph of the fabricated prototype

The initial analysis of the geometrical parameters and optimization of the antenna is per‐
formed using the FDTD based CST Microwave Studio®. The optimum parameters are listed
in Table 3 which is a tradeoff between wide impedance bandwidth, better isolation, sharp
notch and small foot print.
Parameters

Value, mm

Parameters

Value, mm

Parameters

Value, mm

W

57

g1

0.3

t

2.5

L

57

g2

0.4

t1

2

r1

23

d

0.2

ts

0.4

r2

10

lg

8.5

l1

16

r2

5

wg

7.5

l2

5

r4

7

wc

3.5

l3

10

Table 3. Geometrical parameters of the diversity antenna shown in Figure.10

3.2. Simulation and experimental results
After the initial design and optimization of the diversity antenna using 3D full wave electro‐
magnetic solver, a prototype is fabricated using LPKF milling machine. Extreme care is taken
during the milling process to ensure fabrication accuracy especially at the most sensing ele‐
ments such as the width of the slot resonator. The fabricated prototype is shown in Figure 11.
The measurement results in frequency and time domain are discussed in the following sections.
3.2.1. Frequency domain
The measured and simulated S-parameters of the proposed dual polarized antenna at port-1
(P1) and port-2 (P2) are presented in Figure 12. Due to geometrical symmetry the simulated
results for both ports are identical. The slight difference in the measured S11 and S22is owing
to the fabrication inaccuracies. The antenna displays a 2:1 VSWR bandwidth from 2.80 GHz
to 11GHz with an inter-port isolation better than 15dB except at the lower and higher fre‐
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quency end. It also provides a notch band with high band rejection from 4.99 to 6.25GHz.
The small differences in the measured and simulated results are due to the approximate
boundary conditions in the computational domain. Moreover, RF cable from the vector net‐
work analyzer slightly affects the measurements of small antennas [27]

Figure 12. Simulated and Measured S-parameters of the diversity antenna.

The transmission coefficient shown in Figure 13(a) provides the influence of cross shaped
stub throughout the resonant band. It is observed that, the isolation is improved by inserting
the stub diagonally between the U-shaped elements. In addition the cross stub improves the
impedance matching at the lower end of the spectrum.
The magnitude of surface current density at 3.5GHz and 8.5 GHz are illustrated in Figure 13(be) which aid better understanding about the isolation performance of the antenna. It is evident
from the results that, when P1 is excited without the isolation strip, the current from P1 has a
tendency to couple to P2 through the common ground plane. However the integration of the
isolation strip drastically reduces the current on the ground plane around P2 (vice-versa when
P2 is excited) with a strong current excitation on the strip. This results in better inter-port isola‐
tion and thereby significantly improves the diversity performance. It is also worth to note that
the isolation strip has negligible influence over the surface current on the antenna elements con‐
nected through P1 at both lower and higher end of the UWB spectrum.
The far-field (2D) radiation pattern of the proposed antenna is also measured and compared
with the simulation results at three different frequencies in the UWB band. The patterns are
measured in a fully automated anechoic chamber, which is connected to Agilent® E8362b
Performance Network Analyzer. A standard horn antenna is connected to the first port of
the PNA while the second port is connected to the antenna under test. The radiation pat‐

217

218

Advancement in Microstrip Antennas with Recent Applications

terns in the XZ and YZ planes at 3.1 GHz, 7.5 GHz and 10.5 GHz seperatly measured for
both ports in orthogonal planes are illustrated in Figure 14. Nearly omnidirectional patterns
are observed in the lower frequency region of the UWB spectrum meanwhile slight distor‐
tions exists at the higher frequency region. This is partially due to the effect of connecters
and cables [39, 40]and magnetic current variations along the circumference of the slot [14]. It
is also worth to note that the patterns at P1 and P2 are almost similar with a 90º rotation,
which in turn confirms dual polarization. In general, the patters are similar to those ob‐
served for diversity applications [14] and in wireless system terminals [29]

(a)

(b)
Figure 13. a) Simulated transmission coefficient, Magnitude of Jsurf (b) at 3.5GHzwithout isolation strip (c) at 3.5GHz
with isolation strip (d) at 8.5GHzwithout isolation strip (e) at 8.5 GHz with isolation strip
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Figure 14. Measured and simulated radiation patterns (a) 3.5 GHz [P1] and (b) 7.5GHz [P1] (c) 10.5 GHz [P1] (d) 3.5
GHz [P2] and (e) 7.5GHz [P2] and (f) 10.5 GHz [P2]

In a diversity system the envelope correlation coefficient (ECC) is an important measure of
diversity performance. ECC with a value of greater than 0.5 can typically degrade the diver‐
sity performance. The envelope correction coefficient of the proposed antenna is also calcu‐
lated from the simulated and measured S-parameters as described in [41] using (5) and
shown in Figure 15.

|S *11 S22 + S *21 S 22|2
ρc = (
2
|
|
1 - S11 + |S21|2 )(1 - |S22|2 + |S12|2 )

(5)

It is evident from Figure 15 that, the proposed antenna has a very low value of ECC
throughout the operating band which clarifies that the antenna is a good candidate for mod‐
ern wireless communication systems employing polarization diversity.
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Figure 15. Measured and simulated envelope correlation coefficients from S parameters

The gain of the antenna for both ports are measured independently (when P1 is excited, P2
is terminated with 50Ω load and vice-versa) using gain comparison method. In this the gain
is measured in both the planes of the radiation pattern and the peak gain is selected from
either plane which gives the larger value. It is clear from the Figure 16 that, the antenna has
moderate gain with variations less than 2.23dBi throughout the operating band while the
gain drops up to -9.3dBi in the notch frequency.

Figure 16. Measured peak gain and radiation efficiency
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The efficiency of the antenna for both ports is measured using Wheeler cap method [31] and
is also incorporated in Figure 16. The antenna provides efficiency better than 70% in the
UWB spectrum while it drops to 25% in the notch band.
3.2.2. Time domain analysis
Advanced UWB systems are realized using an impulse-based technology in which the time
domain performance are equally as important as frequency domain properties. The time do‐
main characteristics including group delay, antenna transfer function, impulse response and
fidelity are measured, analyzed and discussed in this section.
The group delay of the antenna for face to face orientation is measured using the time do‐
main measurement facility of Anritsu Ms4647A network analyzer by exciting two identical
antennas kept in the far field (when P1 is excited P2 is terminated with 50 Ω load and viceversa).The antenna provides a group delay (Figure 17) which remains almost constant with
variations less than 1ns except at the notch band. The antenna transfer function defined by
(2) is also calculated and incorporated in Figure 17.It shows fairly flat magnitude variations
for each port of the antenna, which is less than 10dB throughout the band. The impulse re‐
sponse of the antenna is evaluated by convoluting the modulated Gaussian monocycle de‐
fined in (3) with h(t), the inverse Fourier transform of antenna transfer function. The
spectrum of this impulse fully covers the FCC band and comply with the emission stand‐
ards specified when, the amplitude constant A = 1.6 and pulse duration parameter T = 67ps.
The input and output waveforms for both ports are shown in Figure 18. It can be seen that
the radiated pulse through two ports of the proposed antenna retain the information with
minimum dispersion.

Figure 17. Measured group delay and antenna transfer function between identical antennas
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Figure 18. Input and output impulses through P1 and P2 of the antenna

The cross correlation between the source pulse St (t) and the radiated pulse Sr(t) is then eval‐
uated by the fidelity factor, F using (4). As shown in Table 4, high value of Fidelity reveals
that the antenna imposes negligible effects on the transmitted pulses [42].
Orientation

Fidelity Factor

P1

0.88

P2

0.85

Table 4. Fidelity Factor of the proposed antenna for both ports.

3.3. Parametric analysis
In order to provide more information to the antenna engineers during the design and opti‐
mization process, a parametric analysis of important antenna parameters which influence
the lower cutoff frequency (r1) and notch band (ls) are conducted and presented.
Figure 19a shows that the first resonant frequency of the antenna drifts down when the
ground radius r1 is increased from 22 to 25 mm. This clarifies the initial assumption that, the
first resonance frequency is determined by the radius r1. It is also clear that the ground strip
length has a slight influence on the isolation characteristics. An optimum value r1=23mm is
selected for required performance. The tuning of notch band with slot length ls is shown
through the parametric analysis in Figure 19b. As the ls varies from 16mm to 20mm, the
peak notch frequency shifts from 6.1 GHz to 5GHz. These parameters are very sensitive to
the overall performance of the antenna and therefore it is required to provide extreme care
during the fabrication process.
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(a)

(b)

Figure 19. Effect of major antenna parameters on antenna characteristics (a) r1 (b) ls

3.4. Conclusions
A compact uniplanar dual polarized UWB antenna with notch functionality is developed for
diversity applications. The antenna features a 2:1 VSWR band from 2.8-11 GHz while show‐
ing the rejection performance in the frequency band 4.99-6.25 GHz along with a reasonable
isolation better than 15dB. The measured radiation pattern and the envelop correlation coef‐
ficient indicate that the antenna provides good polarization diversity performance. Time do‐
main analysis of the antenna shows faithful reproduction of the transmitted pulse even with
a notch band.
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Circular Polarization
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Axial Ratio Bandwidth of a
Circularly Polarized Microstrip Antenna
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1. Introduction
Microstrip antenna has been widely used due to its many advantages, such as, small volume,
light weight, easy to get various polarization and easy to be integrated (Dang & Liu, 1999).
Microstrip antenna can adopt many methods to obtain circular polarization (Xue and Zhong,
2002). And some technologies can achieve the miniaturization of the microstrip antenna (Xue
and Zhong, 2002). Also there are some methods to enhance the impedance bandwidth of the
miniaturized microstrip antenna (Liu et al., 2002) ; (Wang & Gao, 2003).
In this chapter, we focus on the axial ratio bandwidth of a circularly polarized microstrip
antenna. The previous reference books discussed the axial ratio bandwidth less, always said
that the axial ratio bandwidth of a circularly polarized microstrip antenna was limited, and it
was less than the impedance bandwidth of a linearly polarized microstrip antenna (Lin & Nie,
2002). The group of Professor Ahmed A. Kishk has done a lot of research work on the circularly
polarized microtrip antenna recently (Yang et al., 2008); (Yang et al., 2007); (Yang et al., 2006);
(Chair et al., 2006); (Kishk et al., 2006). We adopt theoretical analysis and simulation by CST
Microwave Studio to give out the method of improving the axial ratio bandwidth of the
circularly polarized microstrip antenna.
First, we briefly introduce the basic methods which can form the circular polarization for a
microstrip antenna, including the single-feed and the multiple-feed. When using multiple-feed
for one patch, the sequential rotation technology (Hall et al., 1989) can be adopted. Starting
from the mechanism of circular polarization obtaining from multiple-feed method, the
multiple-feed can improve the axial ratio bandwidth of a microstrip antenna effectively than
the single-feed microstrip antenna is demonstrated by theoretical analysis and simulation. The
more feeds, the better the axial ratio bandwidth is.
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Then, the detail analysis of the axial ratio bandwidth including when the amplitudes have
some difference and the phase excitation of the feed point has an offset according to the
designed central frequency in manufacture are described.
At last, the example of circularly polarized microstrip antenna design and test are in the section
5. Due to the volume limited in the project, we choose two feeds for the microstrip antenna.

2. Circularly polarized method
2.1. Simple microstrip antennas
Generally, the configuration of the simple microstrip antenna (Ung, 2007) is showed as in Fig.
1. It can be simply formed by a dielectric substrate through photoetching technology or etching
process. In the configuration, there are the metallic patch of certain shape on the top, the
substrate layer of certain thickness and the ground plane on the bottom. The dielectric constant
and the thickness of the dielectric substrate material, the shape and size of the top patch and
the feeding method determine the performance of the microstrip antenna.

Figure 1. Configuration of the microstrip antenna

The shape of the top metallic patch can be various. Such as square, rectangle, circle, triangle,
ellipse and unconventional shape, etc. The feed methods include coaxial probe feed, microstrip
line feed, aperture couple feed, etc (Ung, 2007); (stutzman & Thiele, 1997). The simple micro‐
strip antenna is usually linearly polarized. The bandwidth of the linearly polarized microstrip
antenna is described by the impedance bandwidth.
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Figure 2. Patch shape

Figure 3. Feed methods

2.2. Single-feed realization method
Single-feed for the patch to form circular polarization is based on the cavity model of microstrip
antenna. The two orthogonal polarized degenerate modes which can formed the circular
polarization can be obtained by corner cut, quasi-square, slot, etc, and the patch shape (Lin &
Nie, 2002) can be seen in Fig.4. The feed methods can adopt coaxial probe feed, aperture couple
feed, etc.

Figure 4. Patch shape of single-feed circularly polarized microstrip antenna

The axial ratio 3dB bandwidth of the circularly polarized microstrip antenna is much less than
the impedance bandwidth of the linearly polarized microstrip antenna. Via application, the
axial ratio 3dB bandwidth the single-feed circularly polarized microstrip antenna is limited at
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about 35%of the difference of the two resonant frequencies (Lin & Nie, 2002). So we must find
methods to improve the axial ratio bandwidth of the circularly polarized microstrip antenna.
2.3. Multiple-feed realization method
A circularly polarized electromagnetic wave can be divided into two equal amplitudes linearly
polarized components both in space and in time. Suppose that the two orthogonal polarized
components are
⇀
⇀
E x = E, E y = Ee

j

π
2

,

then we have
p
j
v
v
Ey = Ee 2 = jEx .

(1)

Multiple-feed for one patch can adopt the sequential rotation technology. The technology of
sequential rotation is successfully used in circularly polarized antenna array design (Hall et
al., 1989). Multiple-feed has an appropriate phase difference between excitations, and this can
improve the axial ratio bandwidth and reduce the cross-polarization. The mode exited by each
feed for one patch can be regarded as the mode exited by each element in the array. So, in the
case of using M feed points, the mth feed point’s phase φem can be expressed as

jem = ( m - 1)

pp
1 £ m £ M,
M

(2)

where P is an integer.
Each feed point’s physical position must have some symmetry, seen in fig.5. Through simu‐
lation, finding that fixing the first feed point position, other feed points rotate the correspond‐
ing phase differences between itself and the first feed point. The center is the disc center. In
the case of P<M, and the last feed point does not rotate to the first feed point, it can improve
axial ratio bandwidth.

Figure 5. Feed position of multiple-feed
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Suppose that
⇀
⇀
E 1 = E, E 2 = Ee

pπ

j M

⇀
, E 3 = Ee

2 pπ

j M

⇀
, ......, E M = Ee

j

(M −1) pπ
M

so the two orthogonal components are
⇀ ⇀
⇀
pπ ⇀
2pπ
(M − 1)pπ
+ E 3cos
+ ⋯ + E M cos
Ex = E 1 + E 2cos
M
M
M
2 pπ
(M −1) pπ
pπ
2pπ
(M − 1)pπ
j
j
M
+ Ee M cos
+ ⋯ + Ee
cos
M
M
M
1
2pπ
4pπ
2(M − 1)pπ
2 pπ
2 2pπ
2 (M − 1)pπ
+ cos
+ ⋯ + cos
+ j sin
+ sin
+ ⋯ + sin
= 1 + cos
M
M
M
2
M
M
M
→
⇀
Pπ ⇀
2Pπ
(M − 1)Pπ
+ E 3sin
+ ⋯ + E M sin
Ey = E 2sin
M
M
M

= E + Ee

= Ee
=

pπ

j M

pπ

j M

sin

cos

pπ
+ Ee
M

2 pπ
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According to the following formula,
1
sin nα
1
2
sin x + (n + 1)α ,
∑ sin(x + kα) =
2
1
k=1
sin α
2

(

n

)

we can get
sin
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so
pπ
2pπ
(M − 1)pπ
pπ
2pπ
(M − 1)pπ M
+ cos2
+ ⋯ + cos2
= sin2
+ sin2
+ ⋯ + sin2
=
M
M
M
M
M
M
2
Therefore we can get

1 + cos2

Ey = jEx .

(3)

That is (1), so the multiple-feed method above has realized the circular polarization.

3. Theoretical analysis of the axial ratio bandwidth
3.1. Axial ratio
We can use the polarization ellipse to describe the elliptical polarization. The instantaneous
electric field orientation can figure out an ellipse in the space, seen in Fig.6.

Figure 6. Polarization ellipse

The axial ratio is defined as
=
AR OA

OB

(1 £ AR £ ¥)

(4)
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where OA is the half major axis of the polarization ellipse, and the OB is the half minor axis of
the polarization ellipse.
The elliptical polarization of electromagnetic wave can be divided into two linearly polarized
components. One’s orientation is along x-axis, and the other is along y-axis. Suppose that the
two linearly polarized components are Ex = E1sin(ωt − βz), Ey = E2sin(ωt − βz + δ),
where E1 is the amplitude of the linear polarization along x-axis Ex, and E2 is the amplitude of
the linear polarization along y-axis Ey. δis the phase difference between Ex and Ey. Based on
the above, we will analyze the axial ratio bandwidth of the multiple-feed microstrip antenna
in the next section.
3.2. Axial ratio bandwidth of two feeds
Assume that the amplitudes excitation of each feed are equal, mutual coupling is small, and
it can be neglected. Only the frequency changes the phase excitation relationship between the
feed points. In the real case, usually using power splitter with separation to realize the equal
amplitude excitation, and using different microstrip line length to realize the phase excitation
difference. So the assumption is reasonable.
Two feeds: M=2, P=1. The two orthogonal electric fields are
=
Ex E1 sin(wt - b z),

=
Ey E2 sin(wt - b z + d ).

(5)

(6)

At z=0,

where sinωt = Ex

Ex = E1 sin wt ,

(7)

Ey = E2 (sin wt cos d + cos wt sin d ),

(8)

Ex
2
E1, cosωt = 1 − ( E1)

Substitute (7) into (8), we can get
aEx 2 - bEx E y + cEy 2 =
1,

(9)
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where
a=

1
2cosδ
1
, b=
, c=
.
E12sin2δ
E1E2sin2δ
E22sin2δ

Construct an ellipse equation
Ex' 2
A2

+

Ey' 2
B2

(10)

= 1,

where
Ex ' = Ex cosθ − E y s inθ, Ey ' = Ex sinθ + E y c osθ.
Thus (10) becomes,

(

cos 2 q
A2

+

sin 2 q
B2

)Ex2 - (

sin 2q
A2

-

sin 2q
B2

)Ex Ey + (

sin 2 q
A2

+

cos 2 q
B2

)Ey2 =
1.

(11)

Through (9) and (11), we can get
A=
B=

2
a + c + (a − c)2 + b 2
2
a + c − (a − c)2 + b 2

,

.

So

AR =

( E1 E2 )2 + 1 - ( E1 E2 )4 + 1 + 2 cos 2d ( E1 E2 )2
A
.
=
B
( E1 E2 )2 + 1 + ( E1 E2 )4 + 1 + 2 cos 2d ( E1 E2 )2

(12)

Two feeds, when E1/E2=1, we can get (13) from (12).

d
AR = tg .
2

(13)

3.3. Axial ratio bandwidth of four feeds
We analyze the axial ratio bandwidth of multiple-feed antenna, in the case of ampli‐
tude excitations are equal, and mutual coupling is neglected. Four feeds, when M=4, P=2.
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In other words, the phase excitation difference is 90°. At z=0, the two orthogonal electric
fields are
Ex =E1 sin wt - E3 sin(wt + 2d ),

=
Ey E2 sin(wt + d ) - E4 sin(wt + 3d ),

(14)

(15)

where
Ey = ( E2 cos d - E4 cos 3d )sin wt + ( E2 sin d - E4 sin 3d )cos wt.

(16)

In the case of E1=E2=E3=E4,
cosωt =

2Ex cosδ − Ey
− 2E1sinδ

sinωt = 1 − (

2Ex cosδ − Ey 2
)
− 2E1sinδ

Substitute into (16), we can get
aEx 2 - bEx E y + cEy 2 =
1,

(17)

where
a=

1

4E1

2sin4δ

,

b=

cosδcos2δ
cosδ
+
,
E12sin4δ
E12sin2δ

c=

cos2δ
1
+
.
4E12sin4δ 4E12sin2δ

So

AR =

a + c - ( a - c )2 + b 2
A
1 - 2 cos 3 d
=
=
.
B
1 + 2 cos 3 d
a + c + ( a - c )2 + b 2

(18)
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That is

AR =

1 - 2 cos 3 d
1 + 2 cos 3 d

(19)

.

3.4. Comparison of the two feeds and the four feeds
Next we give out the expression for phase excitation difference δ between the two feeds. The
feed network substrate’s relative dielectric constant is εr, the substrate thickness is h, and the
width of the microstrip line is W. With the theory of the microstrip line, the effective dielectric
constantεre is (Lin & Nie, 2002)

e re =

1

er + 1 er - 1
12 h - 2
+
(1 +
) .
W
2
2

(20)

The phase velocity’s wavelength λp of the quasi-TEM wave propagated in the micro‐
strip line is

lp =

c
f e re

,

(21)

where c is the velocity of light in the vacuum, and f is frequency.
Assume that the microstrip line length x which providing 90° phase excitation according to
the central frequency, provide δ phase excitation in fact due to the changing of the frequency,
δ/x = 360/λp, then

d=

360 xf e re
c

.

(22)

The phase excitation difference of each feed in the feed network is designed according to the
central frequency. The phase excitation difference which provided by the microstrip line is
changing according to the changing frequency. This will affect the circular polarization out
side the central frequency.
We use the CST microwave studio to simulate the multiple-feed microstrip antenna. The
simulation files are showed in Fig.7. Thorough simulation and calculation, we give out the
axial ratio bandwidth comparison between two feeds and four feeds in Fig.8. Through the
theoretical computation, we demonstrate that multiple-feed for one patch can effectively
improve the axial ratio bandwidth. The axial ratio 3dB bandwidth of two feeds can achieve
42.6%, and four feeds can achieve 74%.
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Figure 7. Simulation files of two feeds and four feeds

Figure 8. Axial ratio bandwidth comparison between two feeds and four feeds

4. Axial ratio bandwidth analysis when manufacture error exist
When two feeds, assume that the amplitudes excitation are equal at every frequency. But if we
substitute (22) into (12), we can get the changing of the axial ratio bandwidth according to the
different ratio of E1 and E2, showing in Fig.9.
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Figure 9. Axial ratio bandwidth of different amplitudes excitation of the two feeds

We can get the conclusion that the amplitude difference between the two feeds affects the axial
ratio badly. When the amplitude ratio of the two feeds is 3dB, the axial ratio 3dB bandwidth
has already disappeared.
Next we have a look at the axial ratio bandwidth changing when the phase excitation designed
at the central frequency has an offset. In the feed network, change the microstrip line length x
which provides 90° phase excitation to the length which provides 85.8° phase excitation. Using
the same process, we can give out the changing of the axial ratio bandwidth when two feeds
amplitudes are equal in Fig.10. When two feeds amplitudes ratio is 2dB in Fig.11.

Figure 10. Axial ratio bandwidth of phase excitation has an offset at the central frequency in case of E1/E2=0dB

Axial Ratio Bandwidth of a Circularly Polarized Microstrip Antenna
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Figure 11. Axial ratio bandwidth of phase excitation has an offset at the central frequency in case of E1/E2=2dB

We can see that there is an offset on the axial ratio bandwidth when the phase excitation
designed at the central frequency has an offset. From our theoretical analysis, we can get the
conclusion that the multiple-feed technology can improve the axial ratio bandwidth of the
microstrip antenna effectively. To get a wide band circularly polarized microstrip antenna,
first, we must determine the most feed points we can use in the design according to the size
limited in the project.

5. Antenna design example
5.1. Design
The more feeds, the better the axial ratio bandwidth of the circularly polarized microstrip
antenna. But the feed network is more complicated and the feed network needs more space to
realize.
We design a small antenna, using two feeds. Two linearly polarized components which are
equal amplitude and 90°phase difference form the circular polarization. The patch shape is in
Fig.12 (Hall et al., 1989), and the stubs on the patch are used to debug the resonant frequency
in antenna manufacture. The feed network is in Fig.13.
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Figure 12. Patch shape

Figure 13. Feed network

Axial Ratio Bandwidth of a Circularly Polarized Microstrip Antenna
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5.2. Simulation analysis
Simulate the two feeds microstrip antenna we design in the above section using the CST
microwave studio. We compare the difference in the axial ratio bandwidth between the singlefeed and the two feeds through simulation. The configurations of the single-feed and the two
feeds microstrip antenna are showed in Fig.14.

Figure 14. Simulation configuration of the single-feed and the two feeds

The simulation results of the axial ratio of the single-feed and the two feeds at zenith are
showed in Fig.15. We can see that the axial ratio bandwidth of the single-feed is very limited.
For the two feeds, the phase difference of the two equal amplitudes and 90° phase difference
linearly polarized components according to the centre frequency change slowly and smoothly
with the frequency band. This can improve the axial ratio bandwidth of a circularly polarized
microstrip antenna.

Figure 15. Axial ratio simulation results of the single-feed and the two feeds

243

244

Advancement in Microstrip Antennas with Recent Applications

5.3. Test result
The manufactured two feeds microstrip antenna is tested in the anechoic chamber. The test
result of the axial ratio is showed in Fig.16.

Figure 16. Axial ratio test result

In simulation, the two feeds are ideal equal amplitudes and 90° phase difference. In the
manufacture, the microstrip line feed network provides the two equal amplitudes and 90°
phase difference excitations. Due to the dielectric constant error of the substrate material and
error of manufacture, the axial ratio bandwidth of the microstrip antenna get worse compared
to the simulation result. The axial ratio 3dB bandwidth tested of the microstrip antenna is about
10MHz.

6. Conclusion
Microstrip antenna has been used in every field, due to its many advantages. Our main research
topic in this chapter was how to improve the axial ratio bandwidth of a circularly polarized
microstrip antenna. Multiple-feed method can realize the circular polarization for a microstrip
antenna. Circularly polarized microstrip patch antenna designed by the multiple-feed method
adopting the sequential rotation technology can improve the axial ratio bandwidth effectively.
In this chapter, we demonstrate it by theoretical analysis.
Through simulation by CST Microwave Studio and theoretical computation, the axial ratio
3dB bandwidth of two feeds can achieve 42.6%, and four feeds can achieve 74%.
In engineering, choosing the most feed points according to the feed network space limited in
the project can improve the axial ratio bandwidth of a circularly polarized microstrip antenna.
And it is at the price of a complicated feed network compared to the few feed points design.

Axial Ratio Bandwidth of a Circularly Polarized Microstrip Antenna
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Section 5

Recent Advanced Applications

Chapter 11

Planar Microstrip-To-Waveguide Transition in
Millimeter-Wave Band
Kazuyuki Seo
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/54662

1. Introduction
Many kind of millimeter-wave automotive radars have been developed [1], [2]. The microstrip
antenna becomes a good candidate when radar sensors are widely used in vehicle due to its
advantages of low cost and low profile. Generally microstrip antennas are placed on the surface
of a radar sensor and are connected to millimeter-wave circuits inside of the sensor via
waveguides. Therefore, transitions from waveguide to microstrip line are required, as shown
in Figure 1.
Rectangular waveguides were one of the earliest types of transmission lines used to transport
microwave signals and are still used today for many applications. Because of the recent trend
toward miniaturization and integration, a lot of microwave circuitry is currently fabricated
using planar transmission lines, such as microstrip or strip line, rather than waveguide. There
is, however, still a need for waveguides in many applications such as millimeter wave systems,
and in some precision test applications.
Various types of millimeter-wave transitions from waveguide to microstrip line have been
proposed. The ridge waveguide type [3], quasi-Yagi type [4], and planar waveguide type [5]
have been studied as longitudinal connection of waveguide with microstrip line. With regard
to vertical transitions, a conventional type of probe feeding has a wideband characteristic [6],
[7], but it needs a metal short block with a quarter-wavelength on the substrate. The replace‐
ment of the metal short block is a patch element in the waveguide to achieve sufficient coupling
between waveguide and microstrip line. The slot coupling type [8] achieves coupling between
the microstrip line and the patch element in the waveguide by means of a slot, it is composed
of two dielectric substrates without a metal short block. The proximity coupling type [9] has
been developed more recently. It can be composed of a single dielectric substrate attached to
the waveguide. A rectangular patch element on the lower plane of the dielectric substrate
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couples with a microstrip line on the upper plane of the dielectric substrate. It is suitable for
mass production. The proximity coupling type has been further developed for wideband [10].

Waveguide

Waveguide-to-microstrip transition
Millimeterwave circuit

Digital signal
processing
unit

Transmitting antenna

Receiving antenna

Transmitting antenna

Receiving antenna

Figure 1. Construction of millimeter-wave automotive radar sensor and photograph for example

2. Probe transition with back-short
The transitions with short-circuited waveguide of 1/4 guided wavelength on the substrate are
very popular [6], [7] because their principle of mode transformation is almost the same with
that of ordinary transitions of a waveguide and a coaxial cable [11]. The probe transition
connects a microstrip line and a waveguide as shown in Figure 2. A probe at one end of the
microstrip line is inserted into the perpendicular waveguide whose one end is short-circuited
by the back-short waveguide.
The configuration is shown in Figure 3. A dielectric substrate with conductor patterns on
its both sides is placed on an open-ended waveguide (WR-12 standard waveguide). An
aperture of the substrate is covered with an upper waveguide. A short circuit of the upper

Planar Microstrip-To-Waveguide Transition in Millimeter-Wave Band
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waveguide is essentially λg/4 (λg: guided wavelength of the waveguide) above the
substrate. Consequently, the electric current on the probe couples to the magnetic field of
TE10 dominant mode of the waveguide as shown in Figure 4. Via holes are surrounding
the waveguide in the structure in order to reduce the leakage of parallel plate mode
transmitting into the substrate. Impedance matching could be achieved by controlling the
length ρ of the probe and the length Ss of the upper waveguide. Each parameters in Figure
3 are shown in Table 1 for example.

Dielectric substrate

Back-short waveguide
Upper waveguide
Upper ground
Substrate with
metal pattern

z

y
x
Lower ground
Microstrip line port

Waveguide port

Figure 2. Probe transition with back-short

In order to reduce the leakage from the waveguide window at the insertion of the microstrip
line, the width of the window should be narrow than the width of the cut off condition and is
0.9 mm in this case. S-parameters of the reflection S11 and the transmission S21 are calculated
by using an electromagnetic simulator based on the finite element method (Ansys HFSS) as
shown in Figure 5. From the simulated results, this transition has wide frequency bandwidth.
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A

f

S

Ground

B

Ground

Via holes

Waveguide

Probe

l

b
y

er
Dielectric
substrate

z

Wm

Microstrip
line

A’

Port #2

a

x

Waveguide short

(a) Upper pattern

B’

(b) Lower pattern

Upper waveguide

Microstrip line

Ss

A’

A
B

B’
T

Via hole

z

Port #1
y

x

Waveguide port

(c) Sectional view in yz-plane

Figure 3. Detailed configuration of the probe transition with back-short

Magnetic
field

Short

Waveguide

lg 

Microstrip
line

b

Electric
field
Upper
waveguide

Lower
waveguide
z
x

Figure 4. Magnetic and electric field lines

Ss

Quasi
TEM

Probe
current

(a) Magnetic field distribution in xz-plane.



y

TE10

(b) Electric field distribution in yz-plane.
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Description

Name

Broad wall length of

Value

Description

(mm)

Name

Value
(mm)

a

3.1

Narrow wall length of waveguide

b

1.55

Wm

0.3

Length of inserted probe

ρ

0.675

Ss

0.61

Relative permittivity

εr

2.2

Thickness of substrate

T

0.127

Diameter of via hole

ϕ

0.2

Space between via holes

S

0.5

waveguide
Width of microstrip line
Length of back short
waveguide

Table 1. Parameters of probe transition with back-short

0.11 dB @ 76.5 GHz
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Frequency [GHz]

81.5
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Figure 5. Reflection characteristic |S11| and insertion loss |S21| of probe transition with back-short

3. Planar proximity coupling transition
Planar proximity coupling transitions shown in Figure 6 and Figure 7 have been proposed
[9]. This transition can be composed of only a single dielectric substrate attached to the
waveguide end and suitable for mass production. The conductor pattern with a notch (it is
named a waveguide short pattern because of its function) and the microstrip line are located
on the upper plane of the dielectric substrate. A rectangular patch element and a surrounding
ground are patterned on the lower plane of the dielectric substrate. Via holes are surrounding
the aperture of the waveguide on the lower plane of the dielectric substrate to connect the
surrounding ground and the waveguide short electrically.
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Microstrip line

Waveguide short
Via holes

Substrate with
metal pattern

Substrate
Rectangular patch element

z

Surrounding ground
y
Waveguide

x

Figure 6. Planar proximity coupling transition
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Figure 7. Detailed configuration of planar proximity coupling transition

The microstrip line is inserted into the waveguide and overlaps on the rectangular patch
element with overlap length ρ = 0.34 mm. The parameters of the transition are presented in
Table 2 for example.
Figure 8 shows the electric field distribution of each mode in yz-plane. The modes of the
microstrip line, the rectangular patch element and the waveguide are quasi TEM transmission
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mode, TM01 fundamental resonant mode and TE10 fundamental transmission mode, respec‐
tively. Low transmission loss is realized by exchanging quasi TEM transmission mode and
TE10 fundamental transmission mode with high efficiency utilizing TM01 fundamental resonant
mode. Each parameters in Figure 8 are shown in Table 2 for example.
S-parameters of the reflection S11 and the transmission S21 are calculated by using an electro‐
magnetic simulator based on the finite element method (Ansys HFSS) as shown in Figure 9.
From the simulated results, frequency bandwidth of the planar proximity coupling transition
is narrow than the ordinary probe transition with back-short.

z

Quasi
TEM

TM01

x

y

Electric field

TE10

Figure 8. Electric field lines of each mode in yz-plane

Description
Broad wall length of

Name

Value

a

3.1

Width of patch element

W

2

Width of microstrip line

Wm

0.3

Width of gap

G

0.1

Thickness of substrate

T

0.127

Space between via holes

S

0.5

waveguide

Description

(mm)

Table 2. Parameters of planar proximity coupling transition

Narrow wall length of

Name

Value
(mm)

b

1.55

L

1.1

ρ

0.34

Relative permittivity

εr

2.2

Diameter of via hole

ϕ

0.2

waveguide
Length of patch element
Overlap length of inserted
probe
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Figure 9. Reflection characteristic |S11| and insertion loss |S21| of planar proximity coupling transition

3.1. Bandwidth of planar proximity coupling transition
The relationships between the parameters and the bandwidth were investigated to specify the
optimum parameters for wideband [10]. Figure 10 shows an analytical model that uses a cavity
model, which is used for the design of microstrip patch antennas, and the dyadic Green's
function of the waveguide. Le and We are the effective length and width of the patch element,
including the fringing effect. t and εe are the thickness and the effective relative permittivity
of the dielectric substrate. The waveguide dimensions are a by b.

Rectangular patch element

We

y
x

Le

z

ee

t
Substrate

Magnetic current

b
a

Waveguide

Figure 10. Analytical model using cavity model and dyadic Green's function of waveguide
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The quality factor QE of the patch element is given by
1
QE

=

1
QWG

1
QC

+

+

1
QD

(1)

Where, Qwg, QC, and QD are quality factors of the power transmitted into the waveguide,
conductor loss, and dielectric loss.
The quality factor QWG is given with the cavity model and the dyadic Green's function of the
waveguide [9] as follows:
QWG =

15ωπε0εe L e ab

1

2W e t

1-

( )
λg

2a

2

( ( ) ))
sin

(

1

W eπ

2

(2)

2a

W eπ
2a

where, ω, ε0 and λg are angular frequency, permittivity in free space, and guided wavelength
of waveguide. Relationship between the quality factor QE and the effective width We is solved
and the maximum bandwidth is obtained when We is expressed in (3) as follows:
We =

2ac
π

(3)

where, C is a constant value of 1.666. Equation (3) gives the minimum Q factor. QWG is then
given by
QWG

|W =
e

2aC
π

=

15ωπ 2ε0εe L e b
4t

1
1-

( )
λg

2

C
(sin C )2

(4)

2a

The bandwidth increases with increasing a, while the effective width We is set to the optimum
width for wideband.
The relationships between the parameters and the bandwidth are summarized in Table 3.

Parame ters
Effective width W e of patch eleme nt

Bandwidth

We = 2aC

Broad wall length a of waveguide
Narrow wall length b of waveguide
Effective relative permittivity ee
Thickness of substrate t
Effective length Le of patch eleme nt

Table 3. Relations between parameters and bandwidth

l e 2

p

Max.
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4. Broadband microstrip-to-waveguide transition
This section presents broadband techniques of the proximity coupling type transition. Refer
to the 79 GHz UWB applications, 4 GHz bandwidth is required [12]. The proximity coupling
type transition has bandwidth of 6.9 % (5.29 GHz) for the reflection coefficient below -15 dB
[10]. Considering the tolerance for the manufacturing accuracy, much wider bandwidth is
required. The boradband transition was presented using waveguide with large broad-wall
[13]. Maximum width of the waveguide where higher order mode dose not propagate is
applied and the distance from the edge of broad-wall of the waveguide to via holes on the
broad-wall side of the waveguide is examined to have optimum length for wideband.
4.1. Transition structure
Configuration of the transition is shown in Figure 11 and Figure 12. A microstrip line, a probe
and a waveguide short are located on the upper plane of the dielectric substrate. A rectangular
patch element and a surrounding ground are patterned on the lower plane of the dielectric
substrate. Via holes surround the aperture of the waveguide on the lower plane of the dielectric
substrate to connect the surrounding ground and the waveguide short electrically. The
required operation bandwidth is from 77 GHz to 81 GHz.
In terms of the bandwidth, it becomes wider as broad-wall length a of the waveguide increases,
and narrow-wall length b of the waveguide decreases [10]. First, standard waveguide WR-10
can be applied for dominant mode propagation at the design frequency (79 GHz). Therefore
narrow-wall length b of the waveguide is determined to be 1.27 mm which is the same as the
narrow-wall length of WR-10 standard waveguide.
Next, the broad-wall length a of the waveguide is increased as large as possible to 3.1 mm
where higher order mode in the waveguide dose not propagate. A rectangular patch element
with the width W = 2.26 mm and the length L = 0.98 mm is located on the lower plane of the
dielectric substrate at the center of the waveguide. The width Wm of the microstrip line is 0.3
mm corresponding to approximately 56 ohm of characteristic impedance. The probe with the
width Wp = 0.35 mm is inserted into the waveguide and overlaps on the rectangular patch
element with length ρ = 0.32 mm. The distance from the edge of broad-wall of the waveguide
to via holes on the broad-wall side Vy is 0.46 mm. The distance from the edge of narrow-wall
of the waveguide to via holes on the narrow- wall side Vx is 0.4 mm. The thickness of dielectric
substrate T is 0.127 mm with relative permittivity εr is 2.2. The parameters of the transition are
presented in Table 4.
4.2. Design and numerical investigation
The transition is investigated numerically by using the electromagnetic simulator based on the
finite-element method (Ansys HFSS). In this calculation, loss tangent tanδ = 0.001 and con‐
ductivity σ = 5.8 × 107 S/m of a copper clad are used as loss factors. The reflection characteristic
|S11| and the insertion loss |S21| of the transition with parameters in Table 4 are presented in
Figure 13.
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Figure 12. Detailed configuration of broadband transition
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Value

Description

Name

Broad wall length of waveguide

a

3.1

Width of patch element

W

2.26

Length of patch element

Width of microstrip line

Wm

0.3

Width of probe

ρ

0.32

Thickness of substrate

T

Space between via holes

Overlap length of inserted
probe

Distance from broad wall to via
hole

Description

(mm)

Value

Name

Narrow wall length of

(mm)

b

1.27

L

0.98

Wp

0.35

Width of gap

G

0.1

0.127

Relative permittivity

εr

2.2

S

0.4

Diameter of via hole

ϕ

0.2

Vy

0.46

Vx

0.4

waveguide

Distance from narrow wall to via
hole

Table 4. Parameters of the broadband transition

It can be seen from the simulation results that the bandwidth for the reflection coefficient |S11|
below -15 dB is 14.4 GHz, and the insertion loss |S21| is -0.28 dB from 77 GHz to 81 GHz. In
this case, two different resonances are observed. Lower resonant frequency is 76.4 GHz and
higher resonant frequency is 85.5 GHz.
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Figure 13. Reflection characteristic |S11| and insertion loss |S21| of broadband transition
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Figure 14 shows the calculated electric field distributions in the xy-plane including BB'-line at
76.4 GHz, 79 GHz and 85.5 GHz. It is observed that fundamental mode of TM01 is excited at
76.4 GHz and 79 GHz in Figure 14 (a) and (b). On the other hand, a higher order mode is
observed at 85.5 GHz as shown in Figure 14 (c).
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y
z

(a) Electric field intensity
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x

(b) Electric field intensity
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(c) Electric field intensity
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Figure 14. Electric field intensity distributions in xy-plane.

4.2.1. Lower operation frequency by L
The length L of the rectangular patch element affects to the lower resonant frequency as shown
in Figure 15. The lower resonant frequency can be controlled by the length L of the rectangular
patch element.
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Figure 15. |S11| vs. length L of the patch element (Lower resonant frequency control)
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4.2.2. Higher operation frequency by Vy
The distance Vy from the edge of the broad-wall of the waveguide to via holes affects to the
higher resonant frequency as shown in Figure 16. The higher resonant frequency can be
controlled by the distance Vy from the edge of the broad-wall of the waveguide to via holes.
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Figure 16. |S11| vs. distance Vy from the edge of the broad-wall of the waveguide to via holes (Higher resonant fre‐
quency control)|

4.2.3. Impedance matching by ρ and Wp
The overlap length ρ of the inserted probe is most effective for the impedance matching to the
waveguide as shown in Figure 17. Increment of the overlap length ρ of the inserted probe with
rectangular patch element causes increase of inductance.
The width Wp of the prove is also effective for the impedance matching to the waveguide as
shown in Figure 18. Increment of width Wp of the prove causes decrease of resistance. These
Smith charts are observed from the waveguide port#1 in Figure 12 (c) at a distance of 2.0 mm
under the surrounding ground on the lower plane of the substrate.
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Figure 17. Impedance vs. overlap length ρ of the inserted probe

Figure 18. Impedance vs. width Wp of the probe

So, the impedance matching can be controlled by optimizing of the overlap length ρ of inserted
probe and the width Wp of the prove.
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4.2.4. Wideband impedance matching by ρ and Wp
For the wideband impedance matching, both of the length ρ of the inserted probe and the
width Wp of the probe are optimized as shown in Figure 19. It can be seen from the simulation
results that both of ρ and Wp affect the wideband impedance matching. In these design, other
parameters except ρ and Wp are same as in Table 4.
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Figure 19. Comparison of three type transitions

4.3. Experiment
Three transitions for the results shown in Figure 19 are fabricated. The photograph of the
fabricated transitions are in Figure 20. Figure 20 (a) shows the upper plane of the substrate and
is common for each design except the width Wp of the probe and the overlap length ρ of the
inserted probe as each design. Figure 20 (b) shows the lower plane of the substrate and is
common at each design.
4.3.1. Measured banwidth
Measured the reflection coefficient are shown in Figure 21. Maximum bandwidth for reflection
coefficients below -15 dB is 15.1 GHz when Wp is 0.45 mm and ρ is 0.29 mm. In this measure‐
ment, the device-under-test (DUT) was composed of a pair of transitions with one microstrip
line between them as shown in Figure 21. The measured |S11| and |S21| in Figure 22 were given
by taking the transmission coefficient of the DUT, subtracting the loss of the microstrip line,
and dividing by two. The loss of the microstrip line was measured as 0.05 dB/mm from 77 GHz
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Figure 20. Fabricated transitions

to 81 GHz. A time gate function was used to exclude undesired waves, and high accuracy was
achieved in this measurement. The distance between the center of the waveguides was set at
50 mm, which was long enough to distinguish between desired and undesired waves in the
time domain.

50 mm

Figure 21. DUT in measurement

4.3.2. Comparison of measured performance
Figure 23 shows the comparison of three designed transitions. Refer to the bandwidth,
measured results are approximately 1.8 GHz decreased compared with the simulation results.
For the insertion loss, the measured results are approximately 0.38 dB increased compared
with the simulation results.
In these results, design of increased bandwidth causes increase of insertion loss. Therefore, the
bandwidth and the insertion loss is in tradeoff relation. So, the transition required each
application can be designed by optimizing of each parameters.
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4.4. Conclusion
Broadband microstrip-to-waveguide transition using waveguide with large broad-wall were
developed in millimeter-wave band. By applying large broad-wall, the bandwidth is extended.
Moreover, the distance from the edge of the broad-wall of the waveguide to via holes are
examined to create double resonances, consequently the bandwidth is extended.
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Three types of design are presented. It is confirmed by experiments that the most wideband
transition exhibits a bandwidth of 19.1 % (15.1 GHz) for the reflection coefficient below -15 dB
and insertion loss of -0.71 dB from 77 GHz to 81 GHz.

5. Narrow-wall-connected microstrip-to-waveguide transition
Narrow-wall-connected microstrip-to-waveguide transition using V-shaped patch element in
millimeter-wave band was proposed [14]. Since the microstrip line on the narrow-wall is
perpendicular to the E-plane of the waveguide, the waveguide field does not couple directly
to the microstrip line. The current on the V-shaped patch element flows along the inclined
edges, then current on the V-shaped patch element couples to the microstrip line efficiently.
Three types of the transitions are investigated. S-parameters of the reflection S11 and the
transmission S21 are calculated by using an electromagnetic simulator based on the finite
element method (Ansys HFSS). The numerical investigations of these transitions show some
relations between the bandwidth and the insertion loss. It is confirmed that the improved
transition exhibits an insertion loss of 0.6 dB from 76 to 77 GHz, and a bandwidth of 4.1 % (3.15
GHz) for the reflection coefficient below -15 dB.
5.1. Background
In some applications, narrow-wall-connected micro-strip-to-waveguide transition is required.
Refer to the former developed proximity coupling type transition [9],[10], the microstrip line
is located on the waveguide broad-wall and the microstrip line probe is parallel to E-plane of
the waveguide, therefore, current on the rectangular patch element couples to the microstrip
line efficiently. However, on the occasion of the microstrip line on the narrow-wall of the
waveguide, the microstrip line probe is orthogonal to E-plane of the waveguide. Therefore,
they do not couple essentially. To couple currents on the microstrip line and the patch element,
a V-shaped patch element is applied instead of the rectangular patch element.
5.2. Transition structure and design
5.2.1. Transition structure
Configuration of the transition is shown in Figure 24 and Figure 25. The microstrip line and
the waveguide short are located on the upper plane of the dielectric substrate. The V-shaped
patch element and the surrounding ground are patterned on the lower plane of the dielectric
substrate. Via holes are surrounding the aperture of the waveguide on the lower plane of the
substrate to connect the surrounding ground and the waveguide short electrically. The design
frequency range is from 76 GHz to 77 GHz. The V-shaped patch element is designed as follows.
Refer to the conventional proximity coupling type [9],[10], the current on rectangular patch
element has only y-component which is parallel to E-plane of the waveguide shown in Figure
26 (a). In this case, the current on the rectangular patch element is parallel to the microstrip
line, therefore, the current on the rectangular patch element couples to the microstrip line. On
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the other hand, current on the patch element which is excited by electromagnetic field in the
waveguide must have both of x-component and y-component in order to couple to the
microstrip line on the waveguide narrow-wall. The current on the V-shaped patch element is
divided to two directions along the side edge as shown in Figure 26 (b). Consequently, the
current on the V-shaped patch element creates parallel component with the microstrip line,
and effective coupling is achieved with the microstrip line.
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5.2.2. Transition design
First, the rectangular patch element with the width W = 2.6 mm and the length L = 1.02 mm is
located on the lower plane of the dielectric substrate at the center of the waveguide. Then, both
sides of the rectangular patch element are cut by the patch-cut-angle θ = 30 degrees and also
middle of upper horizontal edge of the rectangular patch element is cut as shown in Figure 25
(b). The microstrip line is located on the waveguide narrow-wall as shown in Figure 25 (a) with
the shift length Y = 0.34 mm from the center of the waveguide. The microstrip line is located
just above the side edge of the V-shaped patch element as shown in Figure 25 (b). The
microstrip line is inserted into the waveguide and overlaps over the V-shaped patch element
with the length ρ = 0.23 mm. The parameters of the transition are presented in Table 5.
Mode conversion from the waveguide to the microstrip line is achieved by the resonance of the
V-shaped patch element. The dominant TE10 mode of the waveguide is converted to the quasiTEM mode of the microstrip line. Figure 27 shows the calculated electric field intensity distribu‐
tion in the xy-plane including BB'-line. The electric field intensity E includes x,y and z components
of the electric field. The V-shaped patch element is resonated in two directions, by the reso‐
nance of current distribution along the both side edges of the V-shaped patch element.

Description

Name

Value
(mm)

Description

Name

Value
(mm)

Width of patch element

W

2.6

Width of gap

G

0.1

Length of patch element

L

1.02

Thickness of substrate

T

0.127

Patch cut angle

θ

30 deg.

Relative permittivity

εr

2.2

ρ

0.23

Broad wall length of waveguide

a

3.1

Width of cut patch element

Wc

0.46

Narrow wall length of waveguide

b

1.55

Length of cut patch element

Lc

0.1

Diameter of via hole

ϕ

0.2

Wm

0.3

Space between via holes

S

0.5

Y

0.34

Overlap length of inserted
microstrip line

Width of microstrip line
Shift length of microstrip line
from center of waveguide
Table 5. Parameters of transition
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Figure 27. Electric field intensity distribution in xy-plane

5.3. Numerical investigation
5.3.1. Operating frequency by L
The reflection characteristic of the V-shaped patch element with the length L = 1.02 mm is
presented in Figure 28. It can be seen from the simulation results that the bandwidth for |S11|
below -15 dB is 2 GHz, and the insertion loss |S21| is 0.32 dB over the frequency range from 76
GHz to 77 GHz. The length L of the V-shaped patch element affects to the resonant frequency
as shown in Figure 28. Increment of the length L of the V-shaped patch element causes the
lower resonant frequency. So, operating frequency of this transition can be controlled by the
length L of the V-shaped patch element.
5.3.2. Impedance matching by ρ
The overlap length ρ of the inserted microstrip line affects to the impedance as shown in Figure
29. Increment of the overlap length ρ causes increases of capacitive reactance at the desired
frequency, and decrement of the overlap length ρ causes increases of inductive reactance. This
Smith chart is observed from the waveguide port#1 in Figure 25 (c) at a distance of 1.5 mm
under the surrounding ground on the lower plane of the substrate. So, impedance matching
can be controlled by adjusting the overlap length ρ to cancel reactive component.
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Figure 28. |S11| vs. length of V-shaped patch element L and transition characteristic |S21|

Figure 29. Relation between Impedance and Length of Inserted Microstrip Line ρ from 66.5 GHz to 76.5 GHz
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5.3.3. Bandwidth by θ
The patch cut angle θ affects to the bandwidth for the reflection coefficient below -15 dB as
shown in Figure 30. The transition characteristic change is investigated by change of the patch
cut angle θ from 5 degrees to 50 degrees. Some parameters of W, L, ρ, Wc, Lc and Y are optimized
at each patch cut angle θ. Least insertion loss |S21| is obtained at 30 degrees of the patch cut
angle θ. In this case, the bandwidth for |S11| below -15 dB is 2 GHz and the insertion loss |S21|
is -0.32 dB.
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On the occasion of the patch cut angle θ = 10 degrees, the bandwidth is extended to 3.5
GHz, but the insertion loss |S21| is increased to -0.41 dB compared with the patch cut angle
θ = 30 deg.
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Loss |S21|

Figure 30. Bandwidth and transition characteristic |S21| related by patch cut angle θ

In the design with the small patch cut angle θ, current on the V-shaped patch element has small
x-component, therefore the loss increases. The cause is that the magnetic field is small. This
magnetic field is excited by the current of x-component on the V-shaped patch element and
the magnetic field surrounds the microstrip line. Small magnetic field causes weak coupling
between the V-shaped patch element and the microstrip line. Figure 4.31 shows calculated
magnetic field distribution in the yz-plane at the x position of 2.48 mm. The magnetic field
intensity H include x,y and z components of the magnetic field. On the other hand, in the design
with large patch cut angle θ, the area of the V-shaped patch element decreases and the quality
factor Q of the patch element increases, then bandwidth decreases.

Planar Microstrip-To-Waveguide Transition in Millimeter-Wave Band
http://dx.doi.org/10.5772/54662

V-shaped patch element

Microstrip line

Waveguide
z
x

y

Figure 31. Magnetic field distribution in yz-plane at x = 2.48 mm

5.4. Design variety of transition
5.4.1. Low loss design
As shown in Figure 30, least insertion loss is obtained at the patch cut angle θ = 30 degrees.
Configuration is shown in Figure 25 and design parameters are just the same as shown in Table
5. The bandwidth for |S11| below -15 dB is 2 GHz and the insertion loss |S21| is -0.32 dB.
5.4.2. Wideband design
In this design, the patch cut angle θ of 10 degrees is applied. Configuration is shown in Figure
30 and some parameters must be changed as Table 6, but other parameters are the same as
Table 5. Characteristic of this transition is shown in Figure 4.13. The bandwidth for |S11| below
-15 dB is 3.5 GHz and the insertion loss |S21| is -0.41 dB.

Description

Name

Value
(mm)

Length of patch element

L

1.11

Patch cut angle

θ

10 deg.

Overlap length of inserted microstrip line

ρ

0.28

Wc

0.5

Y

0.385

Width of cut patch element
Shift length of microstrip line from center of waveguide
Table 6. Parameters of wideband design

5.4.3. Wideband and low loss design
The transition with the wideband design described before is modified. At the y-directional
position Cy = 0.32 mm from the top of the V-shaped patch element, the V-shape patch element
is cut to x-direction with the length Cx of 0.1mm as shown in Figure 32. The basic configuration
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is as shown in Figure 25 but the V-shaped patch element is modified as shown in Figure 32.
Some parameters are optimized and changed as Table 7, although other parameters are the
same as Table 5.
To get the wideband of the transition, the patch cut angle θ is kept to 10 degrees. To achieve
strong coupling, this modification of V-shaped patch element is effective. Due to this structural
modification, horizontal component of electric current on the patch element increases.
Consequently strong coupling to the microstrip line is achieved. The bandwidth for |S11| below
-15 dB is 3.1 GHz and the insertion loss |S21| is 0.34 dB. The bandwidth is 0.4 GHz narrow than
the wideband design and the loss is approximately equal as the low loss design.

Figure 32. Lower pattern of the transition with modified V-shaped patch element

Description

Name

Value
(mm)

Cut length in x-direction

Cx

0.1

Cut length in y-direction

Cy

0.32

Length of patch element

L

1.08

Patch cut angle

θ

10 deg.

Overlap length of inserted microstrip line

ρ

0.27

Wc

0.45

Y

0.37

Width of cut patch element
Shift length of microstrip line from center of waveguide
Table 7. Parameters of wideband and low loss design
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5.5. Measured performance of three transitons
The photograph of the fabricated transitions are shown in Figure 33. Figure 33 (a) shows the
upper plane of the substrate and is common for each design except y-position of the microstrip
line(Y). As described before, the shift length Y of the microstrip line from the center of the
waveguide is changed at each design. Figure 34 shows the comparison of three designed
transitions. Refer to the bandwidth, measured results agree with the simulation results. For
the insertion loss, the measured results are approximately 0.3 dB increased compared with the
simulation results.
Three types of design are presented and as a compatible design of low loss and wideband, a
new modified V-shape patch element is proposed. It is confirmed by experiments that the
improved transition exhibits an insertion loss of 0.6 dB from 76 to 77 GHz, and a bandwidth
of 4.1 % (3.15 GHz) for the reflection coefficient below -15 dB.

Figure 33. Fabricated transitons
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1. Introduction
The Navigation Satellite Timing and Ranging (NAVSTAR) GPS is a space-based system
designed primarily for global real-time, all-weather navigation. There are 30 GPS satellites in
six nearly circular, approximately 20,000 kilometer orbital planes, with an inclination of 550
relative to the equator [1]. Each satellite transmits two unique, Right Hand Circularly Polarized
(RHCP) L band signals. The L1 (1.57542 GHz) carrier is bi-phase modulated with two pseudorandom noise sequences; the P and C/A codes. The L2 (1.2276 GHz) carrier is modulated only
with the P code and is used mainly to determine and correct phase advance caused by the
ionosphere. Superimposed on the P and C/A codes is the navigation message which contains,
among other things, satellite ephemerides, clock biases, and ionosphere correction data [1].
Due to their light weight, reduced size, low cost, conformability, robustness, and ease of
integration with MMIC, tremendous research has been reported over the last three decades
into the use of microstrip antennas in GPS navigation [2]-[20]. Antenna designers are often
faced with interrelated, strict, and conflicting performance requirements in order to meet the
accuracy, continuity, and integrity of differential GPS, relative geodetic and hydrographic
surveying, ship-borne and aerospace navigation [21]-[27].
The design specifications of a GPS antenna depend on the performance requirements peculiar
to the application under consideration. A GPS user antenna requires RHCP and adequate copolarized radiation pattern coverage over almost the entire upper hemisphere to track all
visible satellites. Moreover, the antenna should ideally provide a uniform response in ampli‐
tude and, more critically, in phase to the full visible satellite constellation [21]. The angle cutoff
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and roll-off characteristics of the radiation pattern can be altered to suit the application of
interest. For example, fixed ground reference stations and relative static geodetic surveying
demand a rapid fall-off near the horizon, a high cross-polarization rejection, and a front-toback gain ratio in excess of 20 dB to mitigate deleterious effects of severe multipath [28], [29].
In real-time kinematic positioning, few if any of the above constraints may be effective [30]
and it may be necessary to operate the antenna under less than optimal conditions in regard
to cross polarization performance if a wide beamwidth is of precedence. Precise GPS hydro‐
graphic surveying on a vessel cruising at speeds of 10 to 20 knots in open oceans is a challenging
task due to the rotational disturbances from a relatively harsh sea environment. Pitch and roll
amplitudes as high as 100 to 150 may be encountered in stormy weather, which presents a major
obstacle to GPS derived attitude determination [21], [22]. Another envisaged application for
the drooped microstrip antennas introduced in this chapter involves normal pitch or roll
maneuvers of a general aviation aircraft, which may cause loss of some satellite signals for a
range of flight orientation.
There is significant interest in the commercial and military sectors to develop antennas that
could cover much of the upper hemisphere, including GPS satellites at elevation angles as low
as 100, and to extend the coverage to negative elevation angles [3], [4], [15], [21]. This will lead
to fewer occurrences of cycle slips and loss of lock to satellites while rising or setting, will
maintain the proper Dilution of Precision (DoP) by maximizing the number of satellites in
view, and will reduce the RMS error in range and velocity [1]. Notably, on the negative side,
undesired multipath reflections off water and conducting bodies are also strongest at lowelevation angles. Nevertheless, whatever type of antenna is chosen, multipath reception will
still have to be dealt with as a common problem [30]. It is fair to say that no single antenna
design in the open literature has satisfactorily fulfilled all the above-mentioned requirements
on coverage, phase center stability, and multipath rejection for real-time highly dynamic GPS
marine and aerospace applications.
A pedestal ground plane is reported in [31], based on a trial-and-error experimental design
approach, consisting of a cylindrical structure with a flat elevated center surrounded by
sloping sides, to address beam shaping of crossed dipoles. This structure was found to be
successful in improving the pattern coverage of the crossed dipole at low-elevation angles.
Additional elements were also examined such as folded, serrated, rolled edges, monofilar, and
quadrafiliar helices [32]-[35], although none achieved the same degree of radiation pattern
control as the crossed dipole. This is attributed in part to the extent of ground plane illumina‐
tion produced by the different sources and serves to highlight the importance of the ground
plane as a secondary source with which to produce pattern changes. Further modifications to
the ground plane using choke rings [28] were investigated primarily for multipath rejection.
It is well known that a stand-alone microstrip antenna mounted on a flat ground plane suffers
from a lack of pattern control and reduced gain at low-elevation angles. This may result in a
loss of contact with satellites when the antenna is mounted on a highly-dynamic platform, an
attractive use for this low-profile structure. Fundamental to the design of a patch antenna is
the interaction with the ground plane. In fact, the size, orientation, and shape of the ground
plane are among the most important parameters that have an influence on the radiation pattern
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[36]. However, a fundamental distinction exists in the relationship between a patch and the
ground plane when compared with helical or dipole elements in that the ground plane of a
microstrip antenna forms an integral part of the radiating structure and may not best be defined
as a "secondary" source.
Building on our previous design experiences [28], [31]-[35], our research group at the Univer‐
sity of New Brunswick, Fredericton, NB, Canada was the first to rigorously investigate the
potential performance enhancements and limitations involved when these design modifica‐
tions are applied to the more appealing microstrip antenna element [37]. The advantages
associated with the microstrip antenna are such that one patent has been issued to a GPS
manufacturer [38] based only on a downward drooped antenna structure. Neither the
dimensions nor the performance of the proposed antennas were quantified in [38]. Later, a
corner truncated square patch, partially enclosed within a flatly folded conducting wall,
mounted on a pyramidal ground plane, was reported in [39]. However, neither the cross
polarization performance nor the phase center stability were provided in [39].
In contrast to the antenna reported in [39], the drooped microstrip antennas introduced in this
chapter have the ground plane and actual element deformed such that the corners or edges of
the resonant cavity region fall away from the plane occupied by the element. A fundamental
understanding of the operation and limitations of the drooped microstrip antenna is still
lacking. A diffraction technique was attempted in [40] to model the effects of a sloping ground
plane. This, however, was limited by the difficulty of implementing a realistic source term as
well as the inclusion of finite lossy dielectric materials. A rigorous full-wave 3-D model, which
incorporates the coaxial feed and detailed geometrical features of the drooped microstrip
antenna, has not yet been reported.
For these reasons, we have performed the research reported in this chapter, which is the first
to our knowledge that combines rigorous 3-D full-wave simulations and experimental
measurements to provide a comprehensive characterization of downward and upward
drooped microstrip antennas. A FDTD model has been developed, validated experimentally,
and used to compute the input impedance and far-field radiation patterns. The FDTD model
was used to examine the effects of a wide range of structural variations to gain an insight into
the benefits and limitations of the proposed antennas. The parameters of interest include the
location and angle of the bend, length of the ground plane, dielectric constant, and thickness
of the substrate. Prototype structures were constructed, and their characteristics measured and
then compared against simulated results. The authors wish to point out that the antennas
described in this chapter are not intended to target multipath mitigation; on the contrary, they
demonstrate the range of pattern modifications that could be accomplished by manipulating
the orientation and size of the ground plane to suit GPS applications in marine and aerospace
navigation.
The rest of the chapter is organized as follows: Section 2 summarizes the FDTD algorithm
developed to perform the design and parametric studies and presents results from experimen‐
tal tests performed to validate the implementation of the model and to demonstrate its ability to
correctly predict the behavior of the drooped antennas. Section 3 addresses the design proce‐
dure, introduces parametric studies, and describes the drooped antennas constructed and tested
for the control of the radiation patterns. Finally, Section 4 provides concluding remarks.
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2. The contour path FDTD model: Experimental validation
The basic microstrip antenna, which consists of a conducting patch radiator rotated by 450 with
respect to the center of the ground plane, and separated from the ground plane by a thin
dielectric substrate, and the downward drooped antenna are shown in Figure1.

(a)

(b)
)

(c)
Figure 1. (a) The reference flat microstrip antenna, (b) the downward geometry, (c) cross sectional view of the reso‐
nant cavity.

The element is driven by a 50 Ω coaxial cable passing through the ground plane and the
substrate. The antenna operates at the L1 GPS frequency of 1.57542 GHz since the majority of
commercial GPS receivers use only the L1 frequency. Due to the relatively low cost, time
savings, and repeatability, computer simulations can often complement and reduce the
empiricism involved in an otherwise purely experimental approach, particularly in the initial
design phase, allowing the antennas to be characterized carefully prior to their construction.
Because of the complex geometries involved, the task of modeling the drooped microstrip
structures is by no means a simple endeavor; it better lends itself to numerical simulation
techniques. The FDTD method has been adopted in this research due to its conceptual
simplicity and ease of implementation. Because it is a time-domain scheme, it is straightfor‐
ward to impose a pulse excitation to perform broadband analysis using the Discrete Fourier
Transform (DFT).
The FDTD algorithm is implemented in a 3-D Cartesian coordinate system with the formula‐
tion allowing for different spatial increments along each coordinate direction. Provision is
made for modeling symmetrical objects by applying the Neumann boundary condition along
one surface of the computational space. The antenna is excited either by a sinusoidal signal at
the resonant frequency of the dominant mode or by a Gaussian pulse with a specified width
and delay. The excitation is applied to either the electric or magnetic field, depending on
whether a voltage or current source is desired.

Drooped Microstrip Antennas for GPS Marine and Aerospace Navigation
http://dx.doi.org/10.5772/55002

In order to compute the input impedance, the instantaneous voltage and current are calculated
at a fixed location in the coaxial feed by integrating the radial electric field and the magnetic
field components encircling the inner conductor of the coaxial cable. A Gaussian pulse is used,
and a DFT is performed to obtain broadband results. The impedance is then translated into
the ground plane aperture by standard transmission line methods. The far-field radiation
patterns are next determined by driving the model to steady state, using a sinusoidal wave at
the fundamental resonant frequency of the antenna.
With pulse excitation, the fields must settle toward zero as energy escapes through the
absorbing boundary. The condition used to judge if steady state is reached requires that the
energy monitored at several observation points within the computational domain remains
below 1% of the peak observed value with lower values enforced for cases continuing to
display periodic oscillations in the fields. For a sinusoidal excitation, the solution must
converge to an oscillation. The magnitude and phase at several observation points are extracted
from the DFT at each temporal cycle. A 1% variation in steady state is permitted in phase.
The methodology we followed involves extracting the antenna characteristics for a given
geometry selected from a parametric study using the FDTD code; constructing a prototype;
measuring the frequency response of the input impedance, far-field radiation patterns at the
measured resonant frequency; and finally comparing simulated results against measurements.
To validate the operation of the FDTD model, several antenna structures were simulated and
measured. The first antenna used to validate the code was a flat rectangular microstrip. The
50 mm × 47 mm patch was constructed on a square ground plane, 150 mm in side length. The
substrate has a relative dielectric constant, εr = 4.2 and a thickness of 1.5 mm. The frequency
spectrum of the real and imaginary parts of the input impedance and the far-field radiation
pattern in the E plane are shown in Figs. 2 and 3, respectively.

Figure 2. Measured and calculated input impedance for a 50 mm × 47 mm microstrip on a flat, 150 mm square
ground plane.

The calculated impedance correctly predicts the resonant frequency measured using a network
analyzer. Similarly, excellent agreement is observed between the amplitude and phase of the
measured and simulated far-field radiation patterns.
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Figure 3. Normalized amplitude and phase of the far-field radiation pattern in the E plane for a 50 mm × 47 mm flat
microstrip on a 150 mm square ground plane.

As a progression toward the drooped structure, a microstrip antenna with two edges bent
down at an angle of 450 was modeled. This structure requires special consideration in that the
boundary conditions imposed by the element and ground plane do not fall along the coordi‐
nate planes. The most straightforward approach is to discretize the sloping sides with the
traditional stair-stepped approximation. However, it has been observed that this can result in
a slight change in the resonant frequency of high Q structures [41]. To avoid errors associated
with the conventional FDTD method, we used the contour path method introduced in [42]. In
this approach, a field component adjacent to a boundary is not updated in terms of the spatial
derivatives of the surrounding fields but by an integration of adjacent fields along the
perimeter of the cell. This allows for partial or deformed cells, thus better approximating the
drooped surfaces.
Three different step approximations, shown in Figure 4, were used to model the sloping sides,
depending upon the angle of the bend. For fine adjustments, the ratio of the vertical to horizon‐
tal spatial increments is adjusted to yield the desired slope angle. This has an additional benefit
of simplifying the implementation of the contour method when applied to field components
adjacent to the sloped surfaces. Because each cell is truncated in the same way, the contour
corrections proceeded without the need to calculate intercepts of the actual slope line at each cell.
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Figure 4. Stepped approximation of shallow, intermediate, and steep bend angles. Fine adjustments are made by
varying the Δx/Δz ratio. The contour integral correction is made to adjacent H fields to define the actual surface.

A rectangular microstrip with two 450 drooped edges fed by a coaxial cable was constructed
and tested to compare measured and simulated input impedance, E and H plane patterns. The
geometry of the antenna is shown in Figure 5 along with the phase of the E plane elevation
cut. The measured phase displayed in Figure 5 showed a slight asymmetry due to the offset
in antenna mount necessary to accommodate the bends and the connector. For comparison,
we referenced the calculated far-field patterns to the same offset origin. The E plane and H
plane patterns shown in Figs. 5 and 6 along with the impedance of Figure 7 reveal good
correspondences between measured and simulated results.

Figure 5. E plane (x-z plane) elevation phase for a 55 mm × 47 mm microstrip with a 45° bend, centered on a 83 mm ×
75 mm ground plane.

Before progressing to the double-bend antenna, a test was conducted to verify that the FDTD
model maintained continuity at the point where the stepped approximation changed from a
2:1 to a 1:1 ratio. To accomplish this, we modeled a 40 mm × 50 mm bent microstrip antenna
near the change of an angle of 550 using both ratios. A comparison of the input impedance and
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Figure 6. H plane elevation pattern for a 55 mm × 47 mm microstrip with a 45° bend, 10 mm from each short side,
magnitude (top) and phase (bottom).

Figure 7. Measured and calculated input impedance for a 47 mm × 55 mm microstrip on a 45° bent ground plane (33
mm flat top with 11 mm bent over each angle).

elevation patterns depicted in Figure 8 show good agreement between results obtained from
each approximation.
To duplicate the bend on the two remaining sides to achieve the full drooped structure, we
constructed two drooped antennas and used them to verify the performance of the completed
model. The first antenna, shown in Figure 9, consists of a 62 mm × 62 mm patch, a 40 mm
square elevated section, printed on a 1.5 mm thick substrate, εr = 4.2, and a 600 droop angle.
The second is a 64 mm × 64 mm patch, a 50 mm square elevated section, printed on a 3 mm
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substrate, εr = 2.2, and a 300 droop angle. Results obtained for the real and imaginary parts of
the input impedance and far-field radiations patterns, as shown in Figs. 9 and 10, respectively,
display good agreement between simulated and measured results. The excellent agreement
demonstrated thus far between the amplitude and phase of the simulated and measured farfield radiation patterns prompted further exploration of the possibility of controlling the
radiation pattern by manipulating the droop parameters.

Figure 8. E plane pattern and impedance comparison for 50 mm × 40 mm microstrip (εr = 2) with a 55° bend, calculat‐
ed for a 1:1 and 2:1 step approximation of the sloped sides.
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Figure 9. Measured and calculated input impedance for a 60° double bend microstrip.

Figure 10. Measured and calculated elevation patterns for 64 mm square microstrip with a 300 bend, εr = 2.2, E plane
(x-z) top and H plane (y-z) bottom (1550 MHz).
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3. Parametric analysis of the drooped microstrip antennas
Further parametric analyses were conducted to determine the range of structural variations
that can be utilized to optimize the performance of the drooped microstrip antennas. The
design process was complicated due to the several interacting parameters that must be
considered in order to provide adequate low-angle coverage, uniform phase response, and
polarization purity. Parameters investigated include the angle and location of the bend, length
of the ground plane skirt, thickness and dielectric constant of the substrate. The results are
assessed on the basis of their impact on antenna gain at bore sight, phase performance in the
upper hemisphere, pattern beamwidth, cross polarization rejection, and near horizon gain
reduction.
In all cases to be presented, the radiation patterns were obtained at the resonant frequency of
the dominant mode. The amplitude and phase of the radiation patterns were obtained from
anechoic chamber measurements in a 50× 50 grid, following the procedure described in [43].
These were then analyzed to determine the 3 dB beamwidth and near horizon gain reduction
with respect to bore sight (zenith). In order to determine the absolute gain, we integrated the
calculated patterns over the upper and lower hemispheres with a 50 step in azimuth and
elevation. All field calculations were then referenced to the resulting isotropic power density.
Whereas an enormous volume of literature is available on patch antennas for GPS applications
[2]-[20], a close scrutiny revealed that the design objectives in the majority of these studies and
the performance characterization were based entirely on the amplitude of the co- and crosspolarized radiation patterns. Only few have considered the phase response as a figure of merit
in the design process and/or in the analysis or measurements [28], [31]-[35], [43]. The phase
response directly weighs the arriving signals and produces a phase-shaping effect, which
depends on the angle of arrival of the satellite signals. The calibration of the phase response
provides invaluable information regarding the level of accuracy one can ultimately achieve
for sub-centimeter static geodetic positions [43].
The measured upper hemispherical phase response of the antennas under test was matched
to an ideal hemisphere in a 50 × 50 grid, using equal solid angle weighting. The position of the
ideal hemisphere was adjusted to minimize the RMS error between the measured and ideal
phase [43]. The origin of this hemisphere is defined as the “center of best fit” or “phase center,”
and the difference between the measured and ideal phase is defined as the “phase residual”
or “phase error.” The RMS value of the phase error is used as a figure of merit to describe the
phase distortion introduced by the antennas considered in the rest of this chapter.
3.1. Drooped microstrip with a downward bend
For the initial test, a 40 mm × 40 mm patch was placed on three different ground planes. These,
in turn, were bent at three different distances from the center, forming a flat square top that was
10, 30, or 50 mm2. Simulations were carried out for bend angles, ranging from 0 to 900 in a 150 step.
Figure 11 depicts the parameters and geometries used for the initial set of simulations.
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Figure 11. Initial structural variations included three bend locations at 5, 10, and 25 mm from the patch center, droop
angles ranging from 0° to 90° and 3 ground planes having flat (unbent) dimensions of 60, 80, 100 mm. Three sub‐
strate materials with relative permittivity of 2.2, 4.2, and 10.

Three dielectric constants were used in the course of the simulations to examine the effects of
different substrate materials; values of 2.2 and 4.2 were selected because of the availability of
substrates to construct the verification cases, while an εr of 10 was chosen as an example of a
ceramic substrate frequently used in industry. Copper tape applied to bulk Teflon, one eighth
inch thick, was used to form several fixed and adjustable structures. A standard polyesterbased circuit board was used to construct others.
A sequence of elevation patterns is presented in Figure 12, which displays the progression of
the radiated fields with the size and bend angle of the ground plane. Not unexpectedly, smaller
ground planes with larger bends allow more energy to escape off the back, until it appears that
the main beam is 1800 from the bore sight direction. This is made obvious by plotting the polar
patterns for Eθ, using a linearly polarized excitation. With a circularly polarized excitation,
backward radiated energy appears predominately in the cross polarized component, making
the effect less noticeable. Notably, all subsequent results for gain, beamwidth, or phase are
presented while exciting circular polarization as this would be the normal operating mode of
the antenna.
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Figure 12. Elevation patterns for bend angle variations of 0° to 90° with 60 (left), 80 (center), and 100 (right) mm
ground planes. Eθ component, εr = 2.2, all with 30 mm top. All patterns are normalized to 0 dB maximum, 10 dB/divi‐
sion.

Next, a prototype was constructed with adjustable bend plates, and the measured beamwidths
were compared against simulated results. For construction simplicity, the antenna was excited
using linear polarization with only two sloped sides. In Figure 13, the measured and computed
beamwidths show a slight improvement with increasing bend angle.
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Figure 13. Measured and computed 3 dB beamwidth for an adjustable bend microstrip antenna.

Variations in bore sight gain, 3 dB beamwidth, near-horizon gain roll-off, and RMS phase error
as a result of increasing the bend angle are summarized in Tables 1 to 3. The 10 mm case shows
a sharp gain reduction at extreme bend angles. The results reveal a relatively minor improve‐
ment in the pattern beamwidth, even for large bend angles and varying ground plane sizes
for the higher dielectric substrates. Indeed, the radiation patterns above the horizon remain
virtually unchanged for bend angles up to 600.

εr=2.2
Width-mm
Bend angle (10 mm top)
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Boresight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

(dBi)

(deg)

Roll-off (dB)

(deg)

60

80

100

60

80

100

60

80

100

60

80

100

0

7.2

7.5

7.7

88

83

80

-11.

-12.

-13.

3.0

2.6

2.0

15

7.1

7.5

7.7

88

84

80

-10.

-11.

-13.

2.5

3.3

3.4

30

6.9

7.1

7.1

90

86

86

-9.7

-10.

-11.

1.5

1.8

1.7

45

5.5

6.5

6.4

96

95

96

-9.0

-9.1

-9.1

2.2

1.6

2.0

60

0.9

5.6

6.2

100

94

97

-7.9

-9.5

-9.0

4.3

6.5

2.6

70

0.8

3.3

5.4

119

91

95

-5.5

-9.3

-9.0

12.

4.4

2.8

90

-24

-25

-26

354

356

356

22

23

24

11.9

2.7

2.8
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εr=2.2

Bend angle (50 mm top)

Bend angle (30 mm top)

Width-mm

Boresight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

(dBi)

(deg)

Roll-off (dB)

(deg)

60

80

100

60

80

100

60

80

100

60

80

100

0

7.2

7.5

7.7

88

83

80

-11.

-12.

-13.

2.9

2.6

2.0

15

7.1

7.5

7.8

88

83

78

-11.

-11.

-13.

2.4

3.3

3.4

30

6.9

7.4

7.4

89

83

82

-9.6

-11.

-11.

1.5

1.8

1.7

45

6.6

7.1

7.0

90

87

87

-10.

-10.

-11.

1.9

1.6

2.0

-10.

-10.

-9.7

2.3

6.5

2.6

6.5

91

90

93

6.4

6.2

92

92

96

-10.

-9.9

-9.1

1.6

4.4

2.8

2.3

3.78

97

84

85

-9.6

-11

-12

8.2

2.7

2.8

7.2

7.5

7.7

88

83

80

-11.

-12.

-13.

2.9

2.6

2.0

7.0

7.7

7.9

89

81

77

-10.

-12.

-13.

2.4

3.3

3.4

-11.

1.5

1.8

1.7

60

5.5

6.7

70

5.2

90

0.1

0
15
30

7.1

7.5

7.4

87

82

83

-9.9

-11.

45

6.9

7.2

7.1

89

86

87

-9.6

-10.

-10.

1.9

1.6

2.0

60

6.8

7.2

7.0

89

87

88

-9.7

-10.

-10.

2.3

6.5

2.6

70

7.1

7.2

6.8

87

87

91

-10.

-10.

-9.4

1.6

4.4

2.8

89

-9.4

-9.7

-10.

8.2

2.7

2.8

90

6.4

89

91

6.9

6.9

Table 1. Results for the drooped microstrip, substrate permittivity 2.2.

εr=4.2

Boresight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

(dBi)

(deg)

Roll-off (dB)

(deg)

60

80

100

60

80

100

60

80

100

60

80

100

0

4.7

5.8

6.2

106

100

100

-11.6

-13.5

-14.5

1.6

1.2

1.1

15

4.5

5.7

6.0

106

103

100

-9.9

-10.8

-10.9

2.2

3.6

4.3

30

4.8

5.9

6.0

106

100

101

-8.6

-11.0

-10.7

1.5

1.0

1.0

45

3.4

5.2

6.5

149

107

108

-3.7

-9.0

-9.7

2.0

1.5

1.2

60

0.9

4.3

6.1

360

129

115

2.5

-5.7

-8.4

3.6

2.7

2.6

70

-1.1

1.5

3.3

360

360

144

6.5

0.8

-3.8

12.8

2.9

3.3

90

-27

-28

-29

360

360

360

-

-

-

-

-

-

Bend angle (30 mm top)

Bend angle (10 mm top)

Width-mm

0

4.7

5.8

6.2

114

106

100

-11.6

-13.5

-14.5

1.6

1.2

1.1

15

4.5

6.0

6.0

119

103

103

-10.6

-13.8

-13.7

1.2

1.1

0.9

30

4.6

5.9

6.0

113

104

102

-11.1

-13.3

-13.5

0.9

0.5

0.5

45

4.9

5.8

5.9

107

104

106

-12.2

-13.4

-13.4

1.2

0.8

0.7

60

3.5

4.4

5.3

106

109

112

-11.3

-11.4

-12.0

1.6

1.9

1.3

70

3.0

4.3

4.8

116

114

115

-9.2

-10.9

-11.3

0.9

0.9

0.8

90

1.0

1.5

2.4

121

110

103

-6.7

-8.2

-10.1

1.6

1.5

1.4
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εr=4.2

Boresight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

(dBi)

(deg)

Roll-off (dB)

(deg)

60

80

100

60

80

100

60

80

100

60

80

100

0

4.8

5.8

6.2

114

106

100

-11.6

-13.5

-14.5

0.8

0.9

1.2

15

4.9

5.9

6.3

119

103

103

-11.5

-13.6

-14.6

0.7

0.7

0.9

30

5.3

6.0

6.2

113

104

102

-12.5

-13.6

-14.1

0.6

0.5

0.6

45

5.0

5.8

6.0

107

104

106

-12.4

-13.4

-13.4

0.7

0.6

0.6

-11.7

-12.8

-13.3

0.6

0.6

1.0

Bend angle (50 mm top)

Width-mm

60

4.7

5.6

5.8

106

109

112

70

5.2

5.5

5.4

116

114

115

-12.2

-12.5

-12.0

0.4

0.4

0.5

90

4.4

5.2

5.4

121

110

103

-11.6

-12.6

-12.8

0.8

0.6

0.6

Table 2. Results for the drooped microstrip, substrate permittivity 4.2.

εr=10

Bend angle (30 mm top)

Bend angle (10 mm top)

Width-mm

Bend angle (50 mm top)
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Boresight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

(dBi)

(deg)

Roll-off (dB)

(deg)

60

80

100

60

80

100

60

80

100

60

80

100

0

3.1

4.7

5.3

114

108

104

-9.4

-11.5

-12.5

0.80

0.49

0.53

15

3.4

4.4

5.2

116

115

111

-9.3

-10.4

-11.4

0.89

1.0

0.87

30

3.8

4.4

5.1

117

113

111

-9.7

-10.7

-11.3

0.59

0.46

0.42

45

2.5

3.6

4.5

123

117

116

-7.8

-9.5

-10.6

0.41

0.41

0.38

60

3.3

2.6

3.6

139

120

118

-8.2

-8.3

-9.5

3.0

0.80

0.86

70

2.4

3.0

3.5

134

122

120

-7.4

-8.5

-9.3

2.0

0.72

0.97

90

-38

-40

-43

360

360

360

-

-

-

-

-

-

0

3.1

4.7

5.3

114

108

104

-9.4

-11.5

-12.5

0.80

0.49

0.53

15

3.8

4.5

4.9

119

108

106

-9.6

-11.3

-11.9

0.40

0.46

0.48

30

3.8

5.0

5.4

116

106

106

-9.8

-12.1

-12.5

0.25

0.33

0.36

45

2.9

4.1

4.7

116

114

114

-8.9

-10.3

-10.9

0.39

0.32

0.30

60

2.7

3.6

4.3

119

104

104

-8.6

-11.1

-12.0

0.56

1.2

1.2

70

2.3

2.9

3.5

122

119

119

-7.8

-8.6

-9.3

0.24

0.21

0.18

90

1.5

1.4

1.5

134

132

127

-6.0

-6.1

-6.6

0.29

0.31

0.34

0

3.1

4.7

5.3

114

108

104

-9.4

-11.5

-12.5

0.80

0.49

.53

15

2.9

4.6

5.4

133

114

109

-7.6

-10.7

-11.7

0.34

0.70

0.80

30

3.2

4.9

5.5

121

110

109

-8.7

-12.4

-11.8

0.46

0.90

0.32

45

3.4

4.5

4.8

119

112

117

-9.0

-10.7

-10.4

0.37

0.56

0.41

60

3.0

3.7

4.9

122

124

119

-8.4

-8.9

-11.8

0.51

0.51

0.90

70

3.7

3.6

4.5

117

123

107

-9.5

-9.1

-10.3

0.28

2.2

1.5

90

2.0

2.6

3.2

113

110

108

-8.3

-9.2

-10.0

2.1

2.4

2.2

Table 3. Results for the drooped microstrip, substrate permittivity 10.
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The phase of the elevation cuts shown in Figure 14 shows a remarkable change in the belowhorizon phase. For small bend angles, the phase diminishes from the bore sight value when
approaching the horizon, while at higher bends the phase increases from the bore sight value.
At about 150 to 300 of bend, a region exists where the elevation phase remains relatively constant
above the horizon. Bending of the structure in this manner could provide an additional
beamwidth and, more importantly, the phase stability necessary to achieve a design specifi‐
cation, particularly if further modification of the substrate is not feasible.

Figure 14. Elevation phase patterns for different bend angles (00, 150, 300, 600, and 700), with a 100 mm ground plane
and a 30 mm flat (εr = 4.2).

Another consideration for GPS antennas is the cross polarization behavior. Odd reflections
from nearby objects tend to be orthogonally polarized. Hence, it is important that the antenna
be able to reject these, particularly near the horizon. To demonstrate the effect of bending the
structure on the polarization performance, we examined the ratio of the right- to the left-hand

Figure 15. Cross polarization rejection (Defined as the ratio of the cross-polarized to the co-polarized components) for
different bend angles (00, 150, 300, 600, and 900); top, εr = 4.2, bottom, εr = 2.2.
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circular components for several bend angles. Almost without exception, the bend degraded
the cross polarization rejection near the horizon as shown in Figure 15, making the antenna
more susceptible to spurious signals.

Figure 16. Geometry of the upward bend antenna.

3.2. Drooped microstrip with an upward bend
The modification of the FDTD model to accommodate upward bends was accomplished by
interchanging the positions of the ground plane and the element. The structure would then be
upside down in the computational space but would have an upward bend. Initially, we
considered the antenna shown in Figure16, which has a 30 mm flat top on a substrate with εr
= 2.2. Three ground plane sizes were analyzed with bend angles varied up to 900. Figure 17

Figure 17. Gain and beam width variation with upward bend angle for three ground plane sizes, εr = 2.2. (Bend form‐
ing a 30 mm flat center section).

Drooped Microstrip Antennas for GPS Marine and Aerospace Navigation
http://dx.doi.org/10.5772/55002

shows the gain and the 3-dB beamwidth for the upward bend cases. As seen, a noticeable beam
broadening is evident at the higher bend angles with 3-dB beamwidths up to 60% greater than
the equivalent flat case. One can observe, however, a distinct reduction in the beamwidth for
the initial small bend angles, particularly for larger ground planes. The beamwidth did not
recover to that of the equivalent downward case until the bend angle exceeded 600.
A prototype antenna was constructed and tested to allow comparison against experimental
results. The antenna is identical to the one shown in Figure 13; only two variable upward bends
were used in this case. For measurement purposes, a linearly polarized excitation was used. The
initial dip in the beamwidth did not occur in the simulated and measured results shown in Fig. 18.

Figure 18. E plane elevation pattern and beamwidth behavior of the adjustable upward bend antenna.

With the completion of the initial set of simulations and measurements, we pursued the model
with additional parameter variations. Bend locations at the 10 and 50 mm positions were tested
for the εr = 2.2 substrate. Also, the εr = 4.2 substrate was examined when the bend was positioned
at the 30 mm position. The results are summarized in Tables 4 and 5.
A changing upward bend produced little effect on the phase in the upper hemisphere. All
phase curves above 900 elevation fell within 300 of each other over the full range of bend angles.
Like the downward bend, the RMS phase error over the hemisphere did not vary substantially
with bend angle, although a slightly greater differentiation is evident between different ground
plane sizes. The elevation gain and cross polarization rejection for various upward bend angles
are displayed in Figs. 19 and 20, respectively. When compared to Figure 15, it is apparent that
the rejection is better by 2 dB near the horizon for upward bends, but the opposite is true below
the horizon. In both cases, bending the ground plane reduces the cross-polarization discrimi‐
nation near the horizon.
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εr=2.2

Boresight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

(dBi)

(deg)

Roll-off (dB)

(deg)

60

80

100

Bend angle (50 mm top)

Bend angle (30 mm top)

Bend angle (10 mm top)

Width-mm

60

80

100

60

80

100

60

80

100

0

7.2

7.5

7.7

88

83

80

-11.

-12.

-13.

3.0

2.6

2.0

15

4.0

6.2

6.4

158

134

118

-14.

-11.

-11.

6.2

6.8

9.1

30

4.7

6.5

1.3

143

122

120

-9.4

-10.

-12.

3.6

3.5

5.5

45

5.1

3.5

3.5

137

170

106

-7.2

-7.6

-9.4

4.5

3.3

3.3

60

4.1

-.8

2.6

142

302

214

-3.8

-6.7

-7.1

6.6

5.2

4.6

70

2.5

-4.4

-.42

127

327

300

0.44

5.8

5.7

35.8

6.5

11.2

90

-1.5

-6.1

-6.4

188

360

360

-2.3

-6.6

0.93

11.0

69.9

80.1

0

7.2

7.5

7.7

88

83

80

-11.

-12.

-13.

3.0

2.6

2.0

15

7.7

8.4

8.7

75

69

63

-12.

-13.

-15.

1.8

1.6

3.9

30

7.1

7.6

7.7

81

75

73

-11.

-12.

-13.

2.8

2.4

4.0

45

6.6

7.0

7.3

89

83

79

-9.1

-9.8

-11.

2.3

1.5

2.0

60

6.0

6.2

6.0

95

91

91

-8.3

-7.8

-7.9

2.2

1.3

1.5

70

4.9

4.9

4.9

104

110

114

-6.7

-5.8

-5.3

4.4

2.8

1.9

90

5.1

0.6

3.7

112

176

142

-6.1

-2.1

-3.9

6.8

4.7

1.5

0

7.2

7.5

7.7

88

83

80

-11.

-12.

-13.

3.0

2.6

2.0

15

7.3

7.6

7.9

82

75

73

-12.

-13.

-14.

1.2

1.5

2.5

30

7.0

7.4

7.9

79

77

69

-12.

-12.

-13.

1.6

2.4

3.4

45

7.3

7.5

7.8

83

79

73

-10.

-11.

-12.

1.1

1.5

1.9

60

7.1

6.8

7.1

87

81

87

-9.7

-9.4

-10.

1.0

1.1

1.3

70

6.9

6.8

6.9

83

87

81

-9.4

-5.4

-4.5

2.5

2.9

2.0

90

6.5

5.8

5.1

89

99

110

-8.9

-7.2

-6.4

5.6

12.6

10.3

Table 4. Results for the drooped microstrip, substrate permittivity 2.2.

εr=4.2

Bore-sight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

(dBi)

(deg)

Roll-off (dB)

(deg)

Width-mm

60

80

100

60

80

100

60

80

100

60

80

100

0

4.7

5.8

6.2

114

106

100

-11.

-14.

-14.

1.6

1.2

1.1

89

81

75

-8.4

-9.4

-11.

0.8

1.0

1.7

Bend angle (30 mm top)
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15

6.6

7.0

7.5

30

5.1

5.4

5.6

106

102

93

-7.8

-8.6

-9.4

4.2

3.8

4.7

45

5.6

6.0

6.4

91

89

83

-7.1

-7.4

-8.1

2.1

2.0

2.6

60

4.5

4.9

5.1

102

104

100

-7.7

-7.3

-7.3

5.2

3.9

3.8

114

110

118

-7.2

-6.1

-5.0

5.0

2.7

1.6

102

100

110

-6.7

-6.0

-5.1

2.5

2.1

1.4

70

3.4

4.2

4.3

90

4.7

4.7

4.4

Table 5. Results for the drooped microstrip, substrate permittivity 4.2.
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Bend angle (deg.)
Figure 19. Gain variation with upward bend angle for three ground plane sizes, εr = 4.2. (Bend forming a 30 mm flat
center section).

Figure 20. Cross polarization rejection (Defined as the ratio of the cross-polarized to the co-polarized components) for
different bend angles (00, 150, 450, 600, and 900), 100 mm ground plane, εr = 2.2.

4. Concluding remarks
In this chapter, we have presented numerical simulations and experimental measurements to
analyze downward and upward drooped microstrip antennas with the intent of modifying
the radiation pattern of the basic planar patch to accommodate the coverage requirements of
GPS marine navigation and positioning. Magnitude and phase of the simulated and measured
far-field radiation patterns are presented to reveal the tradeoffs in performance between patch
geometry, ground plane size, and orientation. Results reported for the wide range of structural
variations applied to the base antenna along with changes in the substrate material should be
valuable to designers seeking to achieve a specific coverage performance.
It has been found that an accurate and stable phase center can be obtained over the entire
hemisphere for moderate upward bends. Numerical simulations and measurements demon‐
strate that the 3-dB beamwidth of the flat microstrip patch can be increased by at least 15%
and 60% for the downward and upward bends, respectively. The phase stability demonstrated
by the slightly bent structures may be viewed as advantageous in cases where circumstances
require distorting the element but where a significant alteration in the pattern is not desired.
These were accomplished, however, at the expense of some loss of the low-profile character
of the antenna.
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Although not dramatically affected, the cross polarization discrimination of the bent antennas
is reduced by 3 dB at the horizon compared to the equivalent flat case. Calculations of the RMS
error in the spherical phase fit over the upper hemisphere showed little change with bend
angle or position. In general, there is a tradeoff in achieving broad-beam pattern coverage, and
maintaining high cross polarization discrimination.
The crossed dipole source, when used with the pedestal ground plane, demonstrated signifi‐
cant pattern improvements which inspired our interest in the drooped microstrip structure. It
should be noted, however, that the crossed dipole is fundamentally different from the
microstrip antenna, being itself a stand-alone radiator which operates in the presence of
secondary sources created by the ground plane image. For the microstrip antenna, the ground
plane is an integral part of the structure. The interior field distribution of the fundamental
mode remains essentially unchanged with ground plane manipulation, and pattern modifi‐
cation can come about only by repositioning of the radiating edges in space.
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Chapter 13

Wearable Antennas for Medical Applications
Albert Sabban
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/54663

1. Introduction
Microstrip antennas are widely employed in communication system and seekers. Microstrip
antennas posse's attractive features such as low profile, flexible, light weight, small volume
and low production cost. In addition, the benefit of a compact low cost feed network is attained
by integrating the RF frontend with the radiating elements on the same substrate. Microstrip
antennas are widely presented in books and papers in the last decade [1-7]. However, the effect
of human body on the electrical performance of wearable antennas at 434 MHz is not presented
[8-13]. RF transmission properties of human tissues have been investigated in several articles
[8-9]. Several wearable antennas have been presented in the last decade [10-14]. A review of
wearable and body mounted antennas designed and developed for various applications at
different frequency bands over the last decade can be found in [10]. In [11] meander wearable
antennas in close proximity of a human body are presented in the frequency range between
800 MHz and 2700 MHz. In [12] a textile antenna performance in the vicinity of the human
body is presented at 2.4 GHz. In [13] the effect of human body on wearable 100 MHz portable
radio antennas is studied. In [13] the authors concluded that wearable antennas need to be
shorter by 15% to 25% from the antenna length in free-space. Measurement of the antenna gain
in [13] shows that a wide dipole (116 x 10 cm) has -13dBi gain. The antennas presented in
[10-13] were developed mostly for cellular applications. Requirements and the frequency range
for medical applications are different from those for cellular applications
In this chapter, a new class of wideband compact wearable microstrip antennas for medical
applications is presented. Numerical results with and without the presence of the human body
are discussed. The antennas VSWR is better than 2:1at 434 MHz + 5%. The antenna beam width
is around 100º. The antennas gain is around 0 to 4 dBi. The antenna resonant frequency is
shifted by 5% if the air spacing between the antenna and the human body is increased from 0
mm to 5 mm.
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2. Dually polarized 434 MHz printed antenna
A new compact microstrip loaded dipole antennas has been designed to provide horizontal
polarization. The antenna dimensions have been optimized to operate on the human body by
employing Agilent Advanced Design System (ADS) software [16]. The antenna consists of two
layers. The first layer consists of RO3035 0.8 mm dielectric substrate. The second layer consists
of RT-Duroid 5880 0.8 mm dielectric substrate. The substrate thickness determines the antenna
bandwidth. However, thinner antennas are flexible. Thicker antennas have been designed with
wider bandwidth. The printed slot antenna provides a vertical polarization. In several medical
systems the required polarization may be vertical or horizontal. The proposed antenna is
dually polarized. The printed dipole and the slot antenna provide dual orthogonal polariza‐
tions. The dimensions of the dual polarized antenna presented in Figure 1are 26 x 6 x 0.16 cm.
The antenna may be used as a wearable antenna on a human body. The antenna may be
attached to the patient shirt, patient stomach, or in the back zone. The antenna has been
analyzed by using Agilent ADS software. There is a good agreement between measured and
computed results. The antenna bandwidth is around 10% for VSWR better than 2:1. The
antenna beam width is around 100º. The antenna gain is around 2 dBi. The computed S11 and
S22 parameters are presented in Figure 2. Figure 3 presents the antenna measured S11 parame‐
ters. The computed radiation patterns are shown in Figure 4. The co-polar radiation pattern
belongs to the yz plane. The cross-polar radiation pattern belongs to the xz plane. The antenna
cross polarized field strength may be adjusted by varying the slot feed location. The dimen‐
sions of the folded dually polarized antenna presented in Figure 5 are 7 x 5 x 0.16 cm. Figure
6 presents the antenna computed S11 and S22 parameters. The computed radiation patterns of
the folded dipole are shown in Figure 7. The antennas radiation characteristics on human body
have been measured by using a phantom. The phantom electrical characteristics represent the
human body electrical characteristics.

presented in Figure 5 are 7 x 5 x 0.16 cm. Figure 6 presents the antenna computed S11 and S22 parameters. The computed
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A new loop antenna with ground plane has been designed on Kapton substrates with thickness
of 0.25mm and 0.4mm. The antenna without ground plane is shown
in Figure 8. The loop
2
antenna VSWR without the tuning capacitor was 4:1. This loop antenna may be tuned by
adding a capacitor or varactor as shown in Figure 8. Tuning the antenna allow us to work in
a wider bandwidth. Figure 9 presents the loop antenna computed S11on human body. There
is good agreement between measured and computed S11. The computed radiation pattern is
shown in Fig 10.
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Figure 4. Antenna Radiation patterns
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The computed 3D radiation pattern and the coordinate used in this chapter are shown in Fig 11. C
Antenna with a tuning capacitor is given in Figure 12.
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computed by employing ADS software. The analyzed structure is presented in Figure 14. The
patient body thickness was varied from 15mm to 300mm. The dielectric constant of the body
was varied from 40 to 50. The antenna was placed inside a belt with thickness
4 between 2 to
4mm with dielectric constant from 2 to 4. The air layer between the belt and the patient shirt
may vary from 0mm to 8mm. The shirt thickness was varied from 0.5mm to 1mm. The dielectric
constant of the shirt was varied from 2 to 4. Properties of human body tissues are listed in
Table II see [8]. These properties were employed in the antenna design. Figure 15 presents
S11 results (of the antenna shown in Figure 1) for different belt thickness, shirt thickness and
air spacing between the antennas and human body.

Wearable Antennas for Medical Applications
http://dx.doi.org/10.5772/54663

311

S11
Figure 9: Computed S11 of new Loop Antenna

Figure 9. Computed S11 of newSLoop Antenna
11

Figure 9: Computed S11 of new Loop Antenna
S11
Figure 9: Computed S11 of new Loop Antenna

Computed S11 of the Loop
E

Figure 10: New Loop Antenna Radiation pattern on human body
ted by employing ADS
E
d from 15mm to 300mm. The
z
r
th thickness between 2 to 4mm
θ
Figure 10: New Loop Antenna Radiation pattern on human body
from 0mm to 8mm. The shirt
to 4. Properties of Figure
human10.
body
New Loop
E Antenna Radiation pattern on human body
e 15 presents S11 results (of the
z
θ
he antennas and human body.
y
Figure 10: New Loop Antenna Radiation pattern on human body
φ
x
Figure 11: New Loop Antenna 3D Radiation pattern

z

θ

r

r

y
x φ
One may conclude from results shown in Figure 15 that the antenna has V.S.W.R better than 2.5:1 for air spacing u
betweenFigure
the antennas
and
patient
body.3D
ForRadiation
frequencies
ranging from 415MHz to 445MHz the antenna has V.S.W
11: New
Loop
Antenna
pattern
y
2:1 when there is no air spacing between the antenna and the patient
body.
Results shown in Figure 16 indicates th
x φ
antennaOne
(the may
antenna
shown
in
Figure
5)
has
V.S.W.R
better
than
2.0:1
for air
up to
5mm
between
the air
ante
conclude from results shown in Figure 15 that the antenna
hasspacing
V.S.W.R
better
than
2.5:1 for
s
results
of
the
folded
antenna
results
for
different
position
relative
to
the
human
patient body.
Figure
16
presents
S
11
between the antennas and patient body. For frequencies ranging from 415MHz to 445MHz the antenna has
Figure
11: New
Loop
Antenna
pattern
Explanation
of Figure
16
is 3D
given
in Table
3. If the
spacingand
between
the sensors
and theshown
humaninbody
is increase
2:1 when
there
ispattern
no
airRadiation
spacing
between
theair
antenna
the patient
body. Results
Figure
16 indi
Figure 11. New Loop Antenna
3D Radiation
to 5mmantenna
the antenna
resonant
frequency
is
shifted
by
5%.
The
loop
antenna
with
ground
plane
has
V.S.W.R
better
(the antenna shown in Figure 5) has V.S.W.R better than 2.0:1 for air spacing up to 5mm between
Oneair
may
conclude
from
results
shown
Figure
15 that
has V.S.W.R
than 2.5:1
for air relative
spacingto
uptht
spacing
up to
5mm
between
the in
antennas
and
patient
body.
ofthe
theantenna
folded antenna
resultsbetter
for different
position
patient
body.
Figure
16 presents
S11 results
between theExplanation
antennas and
patient
body.
For
frequencies
ranging
from
415MHz
to
445MHz
the
antenna
has
V.S.W.R
of Figure 16 is given in Table 3. If the air spacing between the sensors and the human body isb
2:1 when there
is nothe
airantenna
spacingresonant
between frequency
the antenna
the by
patient
Results
shown
Figure plane
16 indicates
that th
to 5mm
is and
shifted
5%. body.
The loop
antenna
withinground
has V.S.W.R
antenna (theairantenna
shown
in
Figure
5)
has
V.S.W.R
better
than
2.0:1
for
air
spacing
up
to
5mm
between
the
antenna
spacing up to 5mm between the antennas and patient body.
patient body. Figure 16 presents S11 results of the folded antenna results for different position relative to the human bo
Explanation of Figure 16 is given in Table 3. If the air spacing between
the sensors and the human body is increased fr
5
to 5mm the antenna resonant frequency is shifted by 5%. The loop antenna with ground plane has V.S.W.R better than
air spacing up to 5mm between the antennas and patient body.

312

Advancement in Microstrip Antennas with Recent Applications

Tissue
Skin

Stomach

Colon, Muscle

Lung

Property

434 MHz

600 MHz

σ

0.57

0.6

ε

41.6

40.43

σ

0.67

0.73

ε

42.9

41.41

σ

0.98

1.06

ε

63.6

61.9

σ

0.27

0.27

ε

38.4

38.4

Table 2. Properties of human body tissues

S11

Figure 12: Computed S11 of Loop Antenna, without ground plane, with A tuning capacitor
Figure 12. Computed S11 of LoopS11
Antenna, without ground plane, with a tuning capacitor

Figure 12: Computed S11 of Loop Antenna, without ground plane, with A tuning capacitor

E
Figure 13: Radiation pattern of Loop Antenna without ground on human body
E
Tissue

Property 434 MHz 600 MHz
σ
0.57
0.6
Skin
Figure 13: Radiationε pattern of
Loop Antenna
41.6
40.43without ground on human body
Figure 13. Radiation pattern of Loop Antenna without
ground
σ
0.67 on human
0.73 body
Stomach
Tissue
Property
434
600 MHz
ε
42.9MHz 41.41
σ
0.57
0.6
Colon,
σ
0.98
1.06
One may conclude from results
Skinshown in Figure 15 that the antenna has V.S.W.R better than 2.5:1
41.6
40.43
Muscle
εε
63.6
61.9
for air spacing up to 8mm between the antennas
and
body. For frequencies ranging from
0.67 patient
0.73
σσ
0.27
0.27
Stomach
Lung
ε
42.9
41.41
ε
38.4
38.4
415MHz to 445MHz the antenna has V.S.W.R better than 2:1 when there is no air spacing between
1.06
Properties of humanσbody tissues0.98
Table 2.Colon,
Muscle
ε
63.6
61.9
σ
0.27
0.27
Lung Ground
ε
38.4
38.4
Belt 2. Properties
of human body tissues 3-4 mm
Table
Sensor

ε=2-4

Air
Ground

Belt ShirtSensor
ε=2-4

ε=2-4

0.0-5mm
0.5-0.8mm
3-4 mm

E

Wearable Antennas for Medical Applications
http://dx.doi.org/10.5772/54663

Figure 13: Radiation pattern of Loop Antenna without ground on human body
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Figure 15. S11 results for different antenna positions relative to the human body
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If the air spacing between the sensors and the human body is increased from 0mm to 5mm the
computed antenna resonant frequency is shifted by 2%. However, if the air spacing between
the sensors and the human body is increased up to 5mm the measured loop antenna resonant
frequency is shifted by 5%. Explanation of Figure 17 is given in Table 4.
Plot colure

Sensor position

Red

Shirt thickness 0.5mm

Blue

Shirt thickness 1mm

Pink

Air spacing 2mm

Green

Air spacing 4mm

Sky

Air spacing 1mm

Purple

Air spacing 5mm

Table 3. Explanation of Figure 16

5. Wearable antenna
An application of the proposed antenna is shown in Figure 18. Three to four folded dipole or
loop antennas may be assembled in a belt and attached to the patient stomach. The cable from
each antenna is connected to a recorder. The received signal is routed to a switching matrix.
The signal with the highest level is selected during the medical test. The antennas receive a
signal that is transmitted from various positions in the human body. Folded antennas may be
also attached on the patient back in order to improve the level of the received signal from
different locations in the human body. Figure 19 and Figure 20 show various antenna locations
on the back and front of the human body for different medical applications.
Plot colure

Sensor position

Red

Body 15mm air spacing 0mm

Blue

Air spacing 5mm Body 15mm

Pink

Body 40mm air spacing 0mm

Green

Body 30mm air spacing 0mm

Sky

Body 15mm Air spacing 2mm

Purple

Body 15mm Air spacing 4mm

Table 4. Explanation of Figure 17

transmitting and receiving antennas is less than 2D²/λ. D is the largest dimension of the radiator.
In these applications the amplitude of the electromagnetic field close to the antenna may be quite
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powerful, but because of rapid fall-off with distance, the antenna do not radiate energy to infinite
distances, but instead the radiated power remain trapped in the region near to the antenna. Thus,
the near-fields only transfer energy to close distances from the receivers. The receiving and
transmitting antennas are magnetically coupled. Change in current flow through one wire
induces a voltage across the ends of the other wire through electromagnetic induction. The
amount of inductive coupling between two conductors is measured by their mutual induc‐
tance. In these applications we have to refer to the near field and not to the far field radiation.

S11
Figure 16: Folded antenna S11 results for different antenna position relative to the human body

S11 S11 results for different antenna position relative to the human body
Figure 16. Folded antenna

Figure 16: Folded antenna S11 results for different antenna position relative to the human body

S11
Figure 17: Loop antenna S11 results for different antenna position relative to the human body
S11

Figure 17: Loop antenna S11 results for different antenna position relative to the human body
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Figure 18. Printed Wearable antenna

Antennas

Antennas

Figure 19: Printed Patch Antenna locations for various medical applications
Figure 19. Printed Patch Antenna locations for various medical applications
In Figure 20 and 21 several microstrip antennas for medical applications at 434MHz are shown. The Backside of the an
presented in Figure 20.b. The diameter of the loop antenna presented in Figure 21 is 50 mm. The dimensions of the fol
dipole antenna are 7x6x0.16cm. The dimensions of the compact folded dipole presented in Figure 21 are 5x5x0.5cm.
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In Figure
20 and 21 several microstrip
antennas for medical applications at 434MHz are shown.
Antennas
Antennas
The Backside of the antennas is presented in Figure 20.b. The diameter of the loop antenna
Figure 19:
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in Printed
Figure
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dimensions
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folded
presented
in Figure
21The
areBackside
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In Figure 20 and of
21 several
microstrip antennas
fordipole
medical applications
at 434MHz
are shown.
of the antennas is
presented in Figure 20.b. The diameter of the loop antenna presented in Figure 21 is 50 mm. The dimensions of the folded
dipole antenna are 7x6x0.16cm. The dimensions of the compact folded dipole presented in Figure 21 are 5x5x0.5cm.

Loop Antenna
With GND
GND
Figure 20. a. Microstrip Antennas for medical Applications b. Backside of the antennas

Figure 6.
20.
a. Microstrip
medical
Applications b. Backside of the antennas6. Compact dual polarized
Compact
Dual Antennas
Polarized for
Printed
Antenna
printed antenna
A new compact microstrip loaded dipole antennas has been designed. The antenna consists of two layers. The first layer consists

A new compact microstrip loaded dipole antennas has been designed. The antenna consists of
9
two layers. The first layer consistsof FR4 0.25mm dielectric substrate. The second layer con‐
sists of Kapton 0.25mm dielectric substrate. The substrate thickness determines the antenna
bandwidth. However, with thinner substrate we may achieve better flexibility. The proposed
antenna is dual polarized. The printed dipole and the slot antenna provide dual orthogonal
polarizations. The dual polarized
is shown
in Figure
Thelayer
antenna
dimensions
are dielectric subst
of FR4 antenna
0.25mm dielectric
substrate.
The 22.
second
consists
of Kapton 0.25mm
determines the antenna bandwidth. However, with thinner substrate we may achieve better flexib
5x5x0.05cm.

dual polarized. The printed dipole and the slot antenna provide dual orthogonal polarizations. T
shown in Figure 22. The antenna dimensions are 5x5x0.05cm.
Folded Dual
polarized
Antenna

Loop Antenna
With GND

Figure 21. Microstrip Antennas for medical Applications

Figure 21. Microstrip Antennas for medical Applications

The antenna may be attached to the patient shirt in the patient stomach or back zone. The antenn
Agilent ADS software. There is a good agreement between measured and computed results. The
10% for VSWR better than 2:1. The antenna beam width is around 100º. The antenna gain is ar
parameters are presented in Figure 23. Figure 24 presents the antenna measured S11 parameters
field strength may be adjusted by varying the slot feed location. The computed 3D radiation patte
Figure 25. The computed radiation pattern is shown in Figure 26.
5cm

Folded Dual
polarized
Antenna

318

Advancement in Microstrip Antennas with Recent Applications

The antenna may be attached to the patient shirt in the patient stomach or back zone. The
antenna has been analyzed by using Agilent ADS software. There is a good agreement between
AntennaThe antenna bandwidth is around 10% for VSWR better than
measured and computedLoop
results.
With GND
2:1. The antenna beam width is around 100º. The antenna gain is around 0dBi. The computed
S11 parameters are presented in Figure 23. Figure 24 presents the antenna measured S11
Figure
21. Microstrip Antennas
for medicalmay
Applications
parameters. The antenna
cross-polarized
field strength
be adjusted by varying the slot
feed location. The computed
3D
radiation
pattern
of
the
antenna
shown
in Figure
25.zone.
TheThe antenna has b
The antenna may be attached to the patient shirt in theispatient
stomach
or back
computed radiation pattern
shown
in Figure
Agilent is
ADS
software.
There is26.
a good agreement between measured and computed results. The antenn

10% for VSWR better than 2:1. The antenna beam width is around 100º. The antenna gain is around 0d
parameters are presented in Figure 23. Figure 24 presents the antenna measured S11 parameters. The a
field strength may be adjusted by varying the slot feed location. The computed 3D radiation pattern of th
Figure 25. The computed radiation pattern is shown in Figure 26.
5cm

5cm

Slot
Dipole
Feed
Lines

Figure 22. Printed Compact dual polarized antenna
Figure 22. Printed Compact dual polarized antenna

7. Helix Antenna Performance on Human Body

In order to compare the variation of the new antenna input impedance as function of distance from the
a helix antenna has been designed. A helix antenna with 9 turns is shown in figure 27. The backside o
under the microstrip matching stubs. However, in the helix antenna area there is no ground plane. T
6. Helix antenna performance
on human body
designed to operate on human body. A matching microstrip line network has been designed on RO4003
thickness. The helix antenna has VSWR better than 3:1 at the frequency range from 440MHz to 4
dimensions are 4x4x0.6cm. Figure 28 presents the measured S11 parameters on human body. The compu
In order to compare the
variation of the new antenna input impedance as function of distance
plane of the helix antenna is shown in Figure 29. The helix antenna input impedance variation as functio
from the body to other
antennas
a helix antenna
has been
designed.
Aantenna
helix antenna
with body
9 is increased f
body is very sensitive.
If the air spacing
between
the helix
and the human
antenna
resonant
frequency
is
shifted
by
5%.
turns is shown in figure 27. The backside of the circuit is copper under the microstrip matching

stubs. However, in the helix antenna area there is no ground plane. The antenna has been
designed to operate on human body. A matching microstrip line network
10 has been designed
on RO4003 substrate with 0.8mm thickness. The helix antenna has VSWR better than 3:1 at the
frequency range from 440MHz to 460MHz. The antenna dimensions are 4x4x0.6cm. Figure
28 presents the measured S11 parameters on human body. The computed E and H radiation
plane of the helix antenna is shown in Figure 29. The helix antenna input impedance variation
as function of distance from the body is very sensitive. If the air spacing between the helix
antenna and the human body is increased from 0mm to 2mm the antenna resonant frequency
is shifted by 5%.
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been analyzed by using
na bandwidth is around
dBi. The computed S11
antenna cross-polarized
he antenna is shown in
S11
Figure 23. Computed S11 results of compact antenna
Figure 23. Computed S11 results of compact antenna

S11

Figure 23. Computed S11 results of compact antenna
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Figure 24. Measured S11 on human body
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Figure 24. Measured S11 on human body

Figure 24. Measured S11 on human body
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3 substrate with 0.8mm
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Figure 25. Compact Antenna 3D Radiation pattern
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Figure 25. Compact Antenna 3D Radiation pattern
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However, if the air spacing between the new dual polarized antenna and the human body is
increased from 0mm to 5mm the antenna resonant frequency is shifted only by 5%.

However, if the air spacing between the new dual polarized antenna and the human body is increased fr
antenna resonant frequency is shifted only by 5%.

However, if the air spacingTuning
between
the new dual polarized antenna and the human body is increased from 0mm to
stubs
Helix
Line
antenna resonant
frequency is shifted only byMicrosrip
5%.

Helix

Tuning stubs

Microsrip Line

Figure 27. Helix Antenna for medical Applications

Figure 27. Helix Antenna for medical Applications

Figure 27. Helix Antenna for medical Applications
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Figure 28. Measured S11 on human body
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Figure29. E and H plane radiation pattern of The Helix antenna
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S11
Figure 28: Measured S11 on human body
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Figure29. E and H plane radiation pattern of The Helix antenna

8. Wearable Tunable Printed Antennas for Medical Applications
Figure 29. E and H plane radiation pattern of The Helix antenna
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A new class of wideband tunable wearable microstrip antennas for medical applications is presented in this section. The
antennas VSWR is better than 2:1at 434MHz+5%. The antenna beam width is around 100º. The antennas gain is around
2dBi. A voltage controlled varactor is used to control the antenna resonant frequency at different locations on the human

8.1 Dually
Polarized
Tunable
Printedfor
Antenna
7. Wearable
tunable
printed
antennas
medical applications

A compact tunable microstrip dipole antenna has been designed to provide horizontal polarization. The antenna consist
two layers. The first layer consists of RO3035 0.8mm dielectric substrate. The second layer consists of RT-Duroid 5880

A new class of wideband tunable wearable microstrip antennas for medical applications is
presented in this section. The antennas VSWR is better than
122:1at 434MHz+5%. The antenna
beam width is around 100º. The antennas gain is around 0 to 2dBi. A voltage controlled varactor
is used to control the antenna resonant frequency at different locations on the human body.
7.1. Dually polarized tunable printed antenna

A compact tunable microstrip dipole antenna has been designed to provide horizontal
polarization. The antenna consists of two layers. The first layer consists of RO3035 0.8mm
dielectric substrate. The second layer consists of RT-Duroid 5880 0.8mm dielectric substrate.
The substrate thickness affects the antenna band width. The printed slot antenna provides a
vertical polarization. The printed dipole and the slot antenna provide dual orthogonal
polarizations. The dimensions of the dual polarized antenna are 26x6x0.16cm. Also tunable
compact folded dual polarized antennas have been designed. The dimensions of the compact
antennas are 5x5x0.05cm.Varactors are connected to the antenna feed lines as shown in Figure
30. The voltage controlled varactors are used to control the antenna resonant frequency. The
varactor bias voltage may be varied automatically to set the antenna resonant frequency at
different locations on the human body. The antenna may be used as a wearable antenna on a
human body. The antenna may be attached to the patient shirt in the patient stomach or back
zone. The antenna has been analyzed by using Agilent ADS software. There is a good agree‐
ment between measured and computed results. The antenna bandwidth is around 10% for
VSWR better than 2:1. The antenna beam width is around 100º. The antenna gain is around
2dBi.

Slot
Coupling stubs

Dipole
Feed

Varactors

Dipole

Slot feed

Figure
30. Dual
polarizedcm.
tunable antenna, 26x6x0.16 cm.
Figure 30. Dual polarized tunable
antenna,
26x6x0.16
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polarization. The printed dipole and the slot antenna provide dual orthogonal polarizations. The dimensi
antenna are 26x6x0.16cm. Also tunable compact folded dual polarized antennas have been designed. Th
compact antennas are 5x5x0.05cm.Varactors are connected to the antenna feed lines as shown in Figure
controlled varactors are used to control the antenna resonant frequency. The varactor bias voltage may b
antenna
resonant
frequency at different locations on the human body. The antenna may be used
to set thewith
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on a human body. The antenna may be attached to the patient shirt in the patient stomach or back zone. T
analyzed by using Agilent ADS software. There is a good agreement between measured and computed r
bandwidth is around 10% for VSWR better than 2:1. The antenna beam width is around 100º. The anten
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Figure 31 presents the antenna measured S11 parameters without a varactor. Figure 32 presents
the antenna S11 parameters as function of different varactor capacitances. Figure 33 presents
the tunable antenna resonant frequency as function of the varactor capacitance. The antenna
Figure 32. The Tunable S11 parameter as function of varactor capacitance
resonant frequency varies around 5% for capacitances up to 2.5pF. The antenna beam width
Figure
presents
antenna cross
measured
S11 parameters
a varactor.
Figure
32 presents
the antenna
parameters
is 31
100º.
The the
antenna
polarized
field without
strength
may be
adjusted
by varying
theS11slot
feed as
function of different varactor capacitances. Figure 33 presents the tunable antenna resonant frequency as function of the varactor
location.
capacitance. The antenna resonant frequency varies around 5% for capacitances up to 2.5pF. The antenna beam width is 100º. The
antenna cross polarized field strength may be adjusted by varying the slot feed location.
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Figure 33. Resonant frequency as function of varactor capacitance

Figure 33. Resonant frequency as function of varactor capacitance

7.2. Antenna S11 varitaion as function of distance from body
7.2. Antenna S11 varitaion as function of distance from body
The Antennas input impedance variation as function of distance from the body had been
8
computed by employing ADS software. The
analyzed structure is presented in Figure 14.
Properties of human body tissues are listed in Table 2 see [8]. Figure 34 presents S11 results for
different belt and shirt thickness, and air spacing between the antennas and human body.

ntenna S11 parameters as
s function of the varactor
enna beam width is 100º.

Figure 34. S11 results for different antenna positions
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If the air spacing between the sensors and the human body is increased from 0mm to 5mm the
antenna resonant frequency is shifted by 5%. There is good agreement between measured and
calculated results. The voltage
controlled varactor may be used to tune the antenna resonant
Figure 34. S11 results for different antenna positions
frequency due to different antenna locations on a human body. Figure 35 presents several
If the
air spacing
between the sensors
and the human
body is increased
0mm
5mm the antenna resonan
compact tunable Antennas for
medical
Applications.
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varactorfrom
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shifted by 5%. There is good agreement between measured and calculated results. The voltage controlled vara
also to tune the loop antennatoresonant
frequency
at different
locations
on the
tune the antenna
resonant frequency
due toantenna
different antenna
locations
on a body.
human body. Figure 35 presents

tunable Antennas for medical Applications. A voltage controlled varactor may be used also to tune the loop an
frequency at different antenna locations on the body.
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Figure 37 presents the C-V curves of varactors MA46H070 to MA46H074

nt frequency is
actor may be used
s several compact
ntenna resonant

Figure 37. C-V curves of varactors MA46H070 to MA46H076
Figure 37. C-V curves of varactors MA46H070 to MA46H076

Figure 38 presents a .compact tunable antenna with a varactor. Figure 39. presents measured S11
ents. Varactors are as function of varactor bias voltage. We may conclude that varactors may be used to compen‐
be used at higher sate variations in the antenna resonant frequency at different locations on the human body.

plied control

Figure 45. RFID printed antenna, 8.4x6.4x0.16cm.
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Figure 38. Tunable antenna with a varactor
Figure 38. Tunable antenna with a varactor
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Figure 39. Measured S11 as function of varactor bias voltage

8. Compact wearable RFID antennas
RFID (Radio Frequency Identification) is an electronic method of exchanging data over radio
frequency waves. There are three major components in RFID system: Transponder (Tag),
Antenna and a Controller. The RFID tag, antenna and controller may be assembled on the same
board. Microstrip antennas are widely presented in books and papers in the last decade [1-7].
However, compact wearable printed antennas are not widely used at 13.5MHz RIFD systems.
HF tags work best at close range but are more effective at penetrating non-metal objects
especially objects with high water content.
A new class of wideband compact printed and microstrip antennas for RFID applications is
presented in this chapter.
RF transmission properties of human tissues have been investigated in several papers [8-9].
The effect of human body on the antenna performance is investigated in this chapter. The
proposed antennas may be used as wearable antennas on persons or animals. The proposed
antennas may be attached to cars, trucks, containers and other various objects.
8.1. Dual polarized 13.5MHz compact printed antenna
One of the most critical elements of any RFID system is the electrical performance of its
antenna. The antenna is the main component for transferring energy from the transmitter to
the passive RFID tags, receiving the transponder's replying signal and avoiding in-band
interference from electrical noise and other nearby RFID components. Low profile compact
printed antennas are crucial in the development of RIFD systems.
A new compact microstrip loaded dipole antennas has been designed at 13.5MHz to provide
horizontal polarization. The antenna consists of two layers. The first layer consists of FR4
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The antenna S11parameter is better than -21dB at 13.5MHz. The antenna gain is around -10dBi.
The antenna beam width is around 160º. The computed S11 parameters are presented in Figure
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41. There is a good agreement between measured and computed results. Figure 42 presents
the antenna measured S11 parameters. The antenna cross- polarized field strength may be
adjusted by varying the slot feed location. The computed radiation pattern is shown in Figure
43. The computed 3D radiation pattern of the antenna is shown in Figure 44.
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loop antennas have low efficiency and narrow bandwidth. As an example the measured
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Figure 45. RFID printed antenna, 8.4x6.4x0.16cm.
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TABLE 5. COMPARISON OF LOOP ANTENNA AND MICROSTRIP ANTENNA

PARAMETERS
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Table 5. Comparison of Loop Antenna and Microstrip antenna parameters
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9.4 PROPOSED ANTENNA APPLICATIONS

8.4. Proposed antenna applications
An application of the proposed antenna is shown in Figure 51. The RFID antennas may be assembled
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In RFID systems the distance between the transmitting and receiving antennas is less than
2D²/λ, where D is the largest dimension of the antenna. The receiving and transmitting
antennas are magnetically coupled. In these applications we refer to the near field and not
to the far field radiation pattern.

in a belt and attached to
antennas may receive or

Figure 52. New Microstrip Antenna for RFID applications

Figure 52 and Figure 53 present compact printed antenna for RFID applications. The presented
antennas may be assembled in a belt and attached to the patient stomach or back.

where D is the largest
applications we refer to
Figure 53. Loop Antenna for RFID applications

9. Conclusions
This chapter presents wideband microstrip antennas with high efficiency for medical appli‐
cations. The antenna dimensions may vary from 26x6x0.16cm to 5x5x0.05cm according to the
medical system specification. The antennas bandwidth is around 10% for VSWR better than
2:1. The antenna beam width is around 100º. The antennas gain varies from 0 to 4dBi. The
antenna S11 results for different belt thickness, shirt thickness and air spacing between the
antennas and human body are presented in this chapter. If the air spacing between the new
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dual polarized antenna and the human body is increased from 0mm to 5mm the antenna
resonant frequency is shifted by 5%. However, if the air spacing between the helix antenna
and the human body is increased only from 0mm to 2mm the antenna resonant frequency is
shifted by 5%. The effect of the antenna location on the human body should be considered in
the antenna design process. The proposed antenna may be used in Medicare RF systems.
A wideband tunable microstrip antennas with high efficiency for medical applications has
been presented in this chapter. The antenna dimensions may vary from 26x6x0.16cm to
5x5x0.05cm according to the medical system specification. The antennas bandwidth is around
10% for VSWR better than 2:1. The antenna beam width is around 100º. The antennas gain
varies from 0 to 2dBi. If the air spacing between the dual polarized antenna and the human
body is increased from 0mm to 5mm the antenna resonant frequency is shifted by 5%. A
varactor is employed to compensate variations in the antenna resonant frequency at different
locations on the human body.
This chapter presents also wideband compact printed antennas, Microstrip and Loop anten‐
nas, for RFID applications. The antenna beam width is around 160º. The antenna gain is around
-10dBdBi. The proposed antennas may be used as wearable antennas on persons or animals.
The proposed antennas may be attached to cars, trucks and other various objects. If the air
spacing between the antenna and the human body is increased from 0mm to 10mm the antenna
S11 parameters may change by less than 1%. The antenna VSWR is better than 1.5:1 for all tested
environments.
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1. Introduction
An increasing demand for radio spectrum has resulted from the emergence of feature-rich
and high-data-rate wireless applications. The spectrum is scarce, and the current radio
spectrum regulations make its use inefficient. This necessitates the development of new
dynamic spectrum allocation policies to better exploit the existing spectrum.
According to the current spectrum allocation regulations, specific bands are assigned to
particular services, and only licensed users are granted access to licensed bands. Cognitive
radio (CR) is expected to revolutionize the way spectrum is allocated. In a CR network, the
intelligent radio part allows unlicensed users (secondary users) to access spectrum bands
licensed to primary users, while avoiding interference with them.
Two approaches to sharing spectrum between primary and secondary users have been
considered: spectrum underlay and spectrum overlay. In the underlay approach, secondary
users should operate below the noise floor of primary users, and thus severe constraints are
imposed on their transmission power. Ultra-wideband (UWB) technology is very suitable as
the enabling technology for this approach. In spectrum overlay CR, secondary users search
for unused frequency bands, called white spaces, and use them for communication.
In this chapter, we report and discuss antenna designs for overlay and underlay CR. We start
by studying techniques employed in the design of UWB antennas. This is done in Section
3. Such antennas are used for underlay CR, but also for channel sensing in overlay CR. We
then move in Section 4 to antennas that allow the use of UWB in overlay CR. These are
basically UWB antennas, but have the ability to selectively induce frequency notches in the
bands of primary services, thus preventing any interference to them and giving the UWB
transmitters used by the secondary users the chance to increase their power, and hence to
achieve long-distance communication. In Section 5, we investigate the design of antennas for
overlay CR. In this scheme, an antenna should be able to monitor the spectrum (sensing),
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and communicate over a chosen white space (communication). For the latter operation,
the antenna must be frequency-reconﬁgurable. Single- and dual-port antennas for overlay
CR can be designed. In the dual-port case, one port has UWB frequency response and is
used for channel sensing, and the second port, which is frequency-reconﬁgurable, is used
for communicating. In the more challenging single-port design, the same port can have
UWB response for sensing, and can be reconﬁgured for tunable narrowband operation when
required to communicate over a white space.

2. Dynamic spectrum access and cognitive radio
The increasing demand for wireless connectivity and current crowding of licensed and
unlicensed spectra necessitate a new communication paradigm to exploit the existing
spectrum in better ways. The current approach for spectrum allocation is based on assigning
a speciﬁc band to a particular service. The FCC Spectrum Policy Task Force [1] reported
vast temporal and geographic variations in the usage of allocated spectrum with utilization
ranging from 15 to 85% in the bands below 3 GHz. In the frequency range above 3 GHz the
bands are even more poorly utilized. In other words, a large portion of the assigned spectrum
is used sporadically, leading to an under utilization of a signiﬁcant amount of spectrum.
This inefﬁciency arises from the inﬂexibility of the regulatory and licensing process, which
typically assigns the complete rights to a frequency band to a primary user. This approach
makes it extremely difﬁcult to recycle these bands once they are allocated, even if these users
poorly utilize this valuable resource. A solution to this inefﬁciency, which has been highly
successful in the ISM (2.4 GHz), the U-NII (5–6 GHz), and microwave (57–64 GHz) bands,
is to make spectra available on an unlicensed basis. However, in order to obtain spectra for
unlicensed operation, new sharing concepts have been introduced to allow use by secondary
users under the requirement that they limit their interference to pre-existing primary users.

2.1. Cognitive radio
Cognitive radio (CR) technology is key enabling technology which provides the capability
to share the wireless channel with the licensed users in an opportunistic way. CRs are
foreseen to be able to provide the high bandwidth to mobile users via heterogeneous wireless
architectures and dynamic spectrum access techniques.
In order to share the spectrum with licensed users without interfering with them, and meet
the diverse quality of service requirements of applications, each CR user in a CR network
must [2]:
• Determine the portion of spectrum that is available, which is known as Spectrum sensing.
• Select the best available channel, which is called Spectrum decision.
• Coordinate access to this channel with other users, which is known as Spectrum sharing.
• Vacate the channel when a licensed user is detected, which is referred as Spectrum
mobility.
To fulﬁll these functions of spectrum sensing, spectrum decision, spectrum sharing and
spectrum mobility, a CR has to be cognitive, reconﬁgurable and self-organized. An example
of the cognitive capability is the CR’s ability to sense the spectrum and detect spectrum
holes (also called white spaces), which are those frequency bands not used by the licensed
users. The reconﬁgurable capability can be summarized by the ability to dynamically
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choose the suitable operating frequency (frequency agility), and the ability to adapt the
modulation/coding schemes and transmit power as needed. The self-organized capability
has to do with the possession of a good spectrum management scheme, a good mobility
and connection management, and the ability to to support security functions in dynamic
environments.

2.2. Spectrum sharing approaches
Dynamic spectrum access (DSA) represents the opposite direction of the current static
spectrum management policy. It is broadly categorized under three models: the dynamic
exclusive use model, the open sharing model, and the hierarchical access model. The
taxonomy of DSA is illustrated in Fig. 1 [3].

Figure 1. Dynamic spectrum access models [3]

In the dynamic exclusive use model, the spectrum bands are still licensed to services for
exclusive use, as in the current spectrum regulation policy, but flexibility is introduced
to improve spectrum efficiency. Two approaches have been proposed under this model:
spectrum property rights and dynamic spectrum allocation. The first approach, the spectrum
property rights, allows licensees to sell and trade spectrum and to freely choose technology.
In the second approach, the dynamic spectrum allocation, the aim is to improve spectrum
efficiency through dynamic spectrum assignment by exploiting the spatial and temporal
traffic statistics of different services.
The open sharing model employs open sharing among peer users as the basis for managing
a spectral region. Supporters of this model rely on the huge success of wireless services
operating in the ISM band.
A hierarchical access structure with primary and secondary users is adopted by the third
model. Here, the spectrum licensed to primary users is open to secondary users while
limiting interference to the primary users. Two approaches to spectrum sharing between
primary and secondary users have been considered: spectrum underlay and spectrum
overlay.
In the underlay approach, secondary users should operate below the noise floor of primary
users, and thus severe constraints are imposed on their transmission power. One way to
achieve this is to spread the transmitted signals of secondary users over an ultra-wide
frequency band (UWB), leading to a short-range high data rate with extremely low
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Figure 2. Underlay (a) and overlay (b) spectrum sharing approaches

transmission power (less than -42 dBm/MHz in the 3.1–10.6 GHz band). Assuming that
primary users transmit all the time (worst case scenario), this approach does not rely on
detection and exploitation of spectrum white space.
The spectrum overlay approach, also termed opportunistic spectrum access or OSA, imposes
restrictions on when and where secondary users may transmit rather on their transmission
power. In this approach, secondary users avoid higher priority users through the use of
spectrum sensing and adaptive allocation. They identify and exploit the spectrum holes
defined in space, time, and frequency.
The underlay and overlay approaches in the hierarchical model are illustrated in Fig. 2. They
can be employed simultaneously for further spectrum efficiency improvement. Furthermore,
the hierarchical model is more compatible with current spectrum management policies and
legacy wireless systems as compared to the other two models.

3. UWB antennas
UWB antennas are required for underlay CR, and for sensing in overlay CR. UWB antennas
were originally meant to radiate very short pulses over short distances. They have been
used in medical applications, GPRs, and other short-range communications requiring high
throughputs. The literature is rich with articles pertaining to the design of UWB antennas
[4–9]. For example, the authors in [4] present a UWB knight’s helm shape antenna fabricated
on an FR4 board with a double slotted rectangular patch tapered from a 50-Ω feed line, and
a partial ground plane flushed with the feed line. Three techniques are applied for good
impedance matching over the UWB range: 1) the dual slots on the rectangular patch, 2) the
tapered connection between the rectangular patch and the feed line, and 3) a partial ground
plane flushed with the feed line. Consistent omnidirectional radiation patterns and a small
group delay characterize this UWB antenna.
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In general, the guidelines to design UWB antennas include:
• The proper selection of the patch shape. Round shapes and round edges lead to smoother
current ﬂow, and as a result to better wideband characteristics,
• The good design of the ground plane. Partial ground planes, and ground planes with
specially designed slots, play a major role in obtaining UWB response. This property is
discussed in 3.2,
• The matching between the feed line and the patch. This is achieved using either tapered
connections, inset feed, or slits under the feed in the ground plane,
• The use of fractal shapes, which are known for their self-repetitive characteristic, used to
obtain multi- and wide-band operation, and their space-ﬁlling property, which leads to
increasing the electrical length of the antenna without tampering with its overall physical
size.
To investigate the above guidelines, several UWB antennas have been designed [10–14]. Only
two of them will be described in this Section.

3.1. Combination of UWB techniques
The UWB design presented in [12] features a microstrip feed line with two 45◦ bends and
a tapered section for size reduction and matching, respectively. The ground plane is partial
and comprises a rectangular part and a trapezoidal part. The patch is a half ellipse with
the cut made along the minor axis. Four slots whose location and size relate to a modiﬁed
Sierpinski carpet, with the ellipse as the basic shape, are incorporated into the patch. The
conﬁguration of this antenna is shown in Fig. 3.

(a)

(b)

Figure 3. (a) Configuration and (b) photo of the UWB antenna in [12]. The antenna combines several bandwidth enhancement
techniques.
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Figure 4. Reflection coefficient of the UWB antenna in Fig. 3

Four techniques are applied for good impedance matching over the UWB range: 1) the
specially selected patch shape, 2) the tapered connection between the patch and the feed
line, 3) the optimized partial ground plane, and 4) the slots whose design is based on the
knowledge of fractal shapes. As a result, this antenna has an impedance bandwidth over
the 2–11 GHz range, as shown in Fig. 4, and thus can operate in the bands used for UMTS,
WLAN, WiMAX, and UWB applications. Consistent omnidirectional radiation patterns, and
good gain and efficiency values characterize this UWB antenna. The radiation patterns are
shown in Fig. 5.

Figure 5. Patterns of the antenna in Fig. 3 in the X−Z plane (dotted line) and Y−Z plane (solid line) for (a) 2.1 GHz, (b) 2.4
GHz, (c) 3.5 GHz, and (d) 5.1 GHz

3.2. Effect of ground plane
The effect of the ground plane on the performance of UWB antennas is studied in [14–16].
The design in [14] is a coplanar-waveguide-fed antenna based on an egg-shaped conductor,
and is taken as an example. The shape of the patch is suitable for UWB response. A large
egg-shaped slot, with parametrized dimensions, was made in the ground, as shown in Fig. 6.
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Figure 6. Design with parametrized ground plane slot [14]

The effect of changing the parameter R g on the reflection coefficient is shown in Fig. 7. The
results show that a slot of a specific size (R g = 14.5 mm) results in a UWB response, so does
a partial rectangular ground plane (corresponds to R g = ∞). The configurations of these two
optimal designs are shown in Fig. 8.

(a)

(b)

Figure 7. Reflection coefficient of the antenna in Fig. 6 for different R g values

The measured and computed reflection coefficients of the two optimal designs are given in
Fig. 9. Since the studied antenna is the type of a printed monopole, both optimal cases (with
ground slot or partial rectangular ground) have omnidirectional radiation patterns, as shown
in the measured patterns of Fig. 10, taken at 4 GHz.

4. Antennas with reconfigurable band rejection
UWB technology is usually associated with the CR underlay mode [17]. It can, however, be
implemented in the overlay mode. The difference between the two modes is the amount of
transmitted power. In the underlay mode, UWB has a considerably restricted power, which
is spread over a wide frequency band. In the overlay mode, however, the transmitted power
can be much higher. It actually can be increased to a level that is comparable to the power
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Figure 8. Two UWB antennas with optimized ground planes [14]

(a) Optimal Design I

(b) Optimal Design II

Figure 9. Measured and computed reflection coefficients of the designs in Fig. 8

of licensed systems, which allows for communication over medium to long distances. But
this mode is only applicable if two conditions are met: 1) if the UWB transmitter ensures
that the targeted spectrum is completely free of signals of other systems, or shapes its pulse
to have nulls in the bands used by these systems, and 2) if the regulations are revised to
allow this mode of operation [18]. Pulse adaptation for overlay UWB CR has been discussed
in [19]. UWB can also operate in both underlay and overlay modes simultaneously. This
can happen by shaping the transmitted signal so as to make part of the spectrum occupied
in an underlay mode and some other parts occupied in an overlay mode. In the overlay
UWB scenario, the antenna at the front-end of the CR device should be capable of operating
over the whole UWB range, for sensing and determining the bands that are being used by
primary users, but should also be able to induce band notches in its frequency response to
prevent interference to these users. Even if the UWB power is not increased, having these
band notches prevent raising the noise floor of primary users.
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Figure 10. Measured radiation patterns of Optimal Design I (left column) and Optimal Design II (right column) in the XZ-plane
(solid line) and the YZ-plane (dotted line) [14]

Antennas that allow the use of UWB in overlay CR are discussed in this Section. Several
band-notching techniques are used in such antennas, the most famous of which being the use
of split-ring resonators (SRRs) and the complementary split-ring resnators (CSRRs), which
are discussed in 4.1. UWB antennas with fixed band notches are reported in [20–23]. Some
UWB antennas with reconfigurable band notches, which are suitable for CR, are discussed
below.

4.1. SRRs and CSRRs
Split-ring resonators (SRRs), originally proposed by Pendry et al. [24], have attracted great
interest among electromagneticians and microwave engineers due to their applications to the
synthesis of artificial materials (metamaterials) with negative effective permeability. From
duality arguments, it has been shown that negative permittivity media can also be generated
by means of resonant elements, namely, complementary split-ring resonators (CSRRs) [25].
These particles are simply the negative image of SRRs, and roughly behave as their dual
counterparts.
The basic topologies of the SRR and the CSRR, and their equivalent-circuit models, are
shown in Fig. 11. The equivalent-circuit models are reported in [26]. The SRR consists
of two concentric metallic split rings printed on a microwave dielectric circuit board. The
complementary of a planar metallic structure is obtained by replacing the metal parts of the
original structure with apertures, and the apertures with metal plates. According to their
lumped element models, SRRs and CSRRs do resonate. At the resonance frequency, SRRs
have negative permeability, and CSRRs give negative permittivity, properties that lead to
band rejection.
Single-ring SRRs and CSRRs are discussed in [27], where the relationship between the SRR
and CSRR dimensions and their resonance frequencies are studied by simulations. The band
rejection they cause about their resonance frequency can be controlled by mounting electronic
switches across them and activating/deactivating these switches. This is illustrated in the
example of Fig. 12, where two configurations of a reconfigurable bandstop filter are shown.
In both configurations, a rectangular single-ring CSRR is incorporated in a 50-Ω microstrip
line, which is printed on a 1.52mm-thick Rogers RO3203 substrate with ε r = 3.02.
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In the first configuration, an electronic switch (PIN diode or RF MEMS) is mounted on one
side of the ring slot, as shown. Setting the switch ON leads to a resonating CSRR, which
creates a stop band around the resonance frequency. When the switch is OFF, we end up with
a complete unsplit ring, which does not have the characteristics of a CSRR, and as a result
the stop band is removed. In the second configuration, a hard connection (or a capacitor
with high capacitance) is present on one side of the ring slot, and a switch is mounted on
the opposite side. When the switch is OFF, we have a CSRR with one gap, resonating at a
certain frequency, and when the switch is ON, the CSRR will have two gaps, thus resonating
at the higher frequency. The dimensions of the ring slot are chosen such that the stop band
(of the single-gap case) is centered at 3.5 GHz. These dimensions are the same for both
configurations.

Figure 11. Topologies of the: (a) SRR and (b) CSRR, and their equivalent-circuit models. Grey zones represent the metallization.
[26]

(a) Configuration 1

(b) Configuration 2

Figure 12. Reconfigurable bandstop filter based on a CSRR. (a) Configuration 1: electronic switch mounted over ring slot. (b)
Configuration 2: hard connection on one side and an electronic switch over the CSRR slot on the other side.
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The computed reflection and transmission coefficients for the first configuration are shown
in Fig. 13. For the switch-ON case, a stop band, centered at 3.5 GHz, is created (Fig. 13(a)).
When the switch is OFF, the stop band disappears, and the all-pass behavior is retrieved (Fig.
13(b)). Fig. 14 plots the computed reflection and transmission coefficients for the second
configuration. A stop band, centered at 3.5 GHz, results when the switch is OFF, as shown in
Fig. 14(b). A narrower stop band is created at a higher frequency, 6.6 GHz, when the switch
is ON (Fig. 14(a)). It is to note that theses result hold if the CSRR is instead incorporated in
the ground plane below the microstrip line. Similar properties hold for SRRs, as reported in
[27]. The switching components can be replaced with varactors, to obtain notch tunability.

4.2. Antennas with a single reconfigurable rejection band
The design of a UWB antenna with a single switchable band rejection is reported in [28].
Two inverted T-shaped slits are embedded on the ground plane to allow band rejection
characteristic from 5 to 6 GHz, and a PIN diode is connected to each slit to enable the
switching capability for this band rejection function.
In [29], a wideband antenna with reconfigurable rejection within the operation band is
presented. The antenna is a CPW-fed bow-tie, where a slot etched along the bow-tie upper
edge provides the rejection of a certain band. Six PIN diodes mounted across the slots
are used as switching elements, but only four switching cases are of use: one results in a
notch-free wideband response, and the remaining three result each in a rejection in separate
bands.
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A UWB design with a single reconfigurable band notch is proposed in [30]. The configuration
of this design and a photo of its fabricated prototype are shown in Fig. 15. Originally, the
antenna is a UWB monopole, printed on a 30 × 30 × 1.6 mm3 Rogers RO3006 substrate with
a dielectric constant ε r = 6.15. It has a microstrip line feed and a partial ground plane. The
patch is rectangular and is 14 mm × 15.5 mm in size, the ground is 30 mm × 10 mm, and the
feed line is 2.4 mm × 10.5 mm. For better matching, the corners of the patch are rounded,
by intersecting it with a circle of radius 8.75 mm, and a slit is etched in the ground below the
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Figure 13. Reflection coefficient and transmission of CSRR-based filter in Fig. 12(a). (a) Switch is ON. (b) Switch is OFF.
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Figure 14. Reflection coefficient and transmission of CSRR-based filter in Fig. 12(b). (a) Switch is OFF. (b) Switch is ON.

(a)

(b)

Figure 15. Configuration and photo of an antenna with one reconfigurable rejection band [30]

feed. The slit is 3 mm × 1 mm. As a result, this antenna has an impedance bandwidth that
covers the whole UWB frequency range. Four nested CSRRs are incorporated in the patch.
Three electronic switches, 1mm×0.5mm in size, are mounted across the slots. The sequential
activation (deactivation) of the switches leads to the functioning of a larger (smaller) CSRR,
and thus results in a notch at a lower (higher) frequency. The following switching cases are
considered: Case 1 when all three switches are ON, Case 2 when only S3 is deactivated, Case
3 when only S1 is ON, and finally Case 4 when all switches are OFF. The resulting reflection
coefficient plots, corresponding to the different switching states, are shown in Fig. 16. The
plots show one notch, which can occur in one of 3 bands, or can completely disappear. In
the latter case, the antenna retrieves its UWB response, which enables it to sense the whole
UWB range.
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(a) Computed

(b) Measured

Figure 16. Computed and measured reflection coefficient for the different switching cases of the antenna in Fig. 15

4.3. Antennas with multiple reconfigurable rejection bands
The antenna reported in [31] is capable of inducing three band notches, which are
independently controllable, using only three RF switches. Illustrated in Fig. 17, the antenna
is a monopole printed on a 1.6-mm-thick Taconic TLY substrate with ε r = 2.2, and features
a partial rectangular ground plane. The patch is rectangular in shape, but the corners of the
rectangle around the feed line are rounded to create a matching section. The dimensions of
the different parts are optimized for an impedance bandwidth covering the 2–11 GHz range.

(a)

(b)

Figure 17. (a) Configuration of a UWB antenna with three independently reconfigurable band notches, and (b) photo of its
prototype [31]

To create the band notches, two rectangular and one elliptical CSRRs are etched on the
patch. Their shapes are selected to suit the part of the patch they are fitted in. Their sizes
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Case
1
2
3
4
5
6
7
8

Notch bands (GHz)
None (UWB operation)
2.4
3.5
5.2
2.4, 3.5
2.4, 5.2
3.5, 5.2
2.4, 3.5, 5.2

S1
ON
ON
ON
OFF
ON
OFF
OFF
OFF

S2
ON
OFF
ON
ON
OFF
OFF
ON
OFF

S3
ON
ON
OFF
ON
OFF
ON
OFF
OFF

Table 1. The 8 switching cases for the design in Fig. 17 and the corresponding notched bands.

are optimized so that the larger rectangular CSRR causes a notch in the 2.4 GHz band, the
smaller one in the 3.5 GHz band, and the elliptical one in the 5.2 GHz band. To enable
band notch reconfigurability, three electronic switches (S1, S2, and S3) are mounted across
the CSRRs.
The state of a switch controls the notch causing by the corresponding CSRR. When S1 is
OFF, the elliptical CSRR induces a notch in the 5.2 GHz band. When S2 is OFF, the large
rectangular CSRR causes a notch in the 2.4 GHz band. For the smaller rectangular CSRR, a
notch appears at 3.5 GHz when S3 is OFF. When a switch is ON, the corresponding CSRR
behaves as one with two gaps, and its resonance moves up in frequency and becomes too
weak to affect the UWB response of the antenna. The different switching cases lead to
different band notch combinations. These include the scenarios of one, two, three concurrent
notches, or no notch at all. In the latter case, the antenna has a UWB response, which is
required for channel sensing.
There are eight possible switching scenarios for this antenna, which are listed in Table 1. Fig.
18 shows the computed and measured reflection coefficient plots for some of the switching
cases. For Case 1, a UWB response is obtained. The results for Case 2 reveal a single notch
in the 2.4 GHz band, those for Case 4 show a single notch in the 5.2 GHz band, the results
for Case 5 show two notches in the 2.4 and 3.5 GHz bands, and those for Case 8 show three
notches in the 2.4, 3.5, and 5.2 GHz bands. A notch in a certain band helps to prevent
interference to a primary user or the service operated in that band.

(a)

(b)

Figure 18. (a) Simulated and (b) measured reflection coefficient plots for the antenna in Fig. 17 for some of the adopted
switching cases
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(a)

(b)

Figure 19. (a) Configuration of a filter antenna with two reconfigurable band notches, and (b) photo of its prototype [32]

The antenna has omnidirectional radiation patterns. It also has good gain values in its
band(s) of operation. In a notched band, the gain drops to negative values due to strong
reflections at the antenna’s port.

4.4. Filter antennas with reconfigurable band notches
A UWB antenna with reconfigurable band notches can be designed by incorporating a
bandstop filter in the feed line of a UWB antenna. With this structure, the switching elements
will be mounted on the feed line, away from the radiating patch, which makes the bias circuit
simpler to design.

(a)

(b)

Figure 20. (a) Simulated and (b) measured reflection coefficient plots for the antenna in Fig. 19 for the four adopted switching
cases.

A filter antenna with two reconfigurable rejection bands is presented in [32]. Its structure is
shown in Fig. 19. The UWB antenna is based on a rounded patch and a partial rectangular
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Figure 21. Radiation patterns of the antenna in Fig. 19 in the H-plane (dotted line) and E-plane (solid line)

ground plane. The Rogers RO3203 material is used for the 1.52mm-thick substrate. A
reconfigurable filter with two stop bands is incorporated along its microstrip feed line. The
filter is based on one rectangular single-ring CSRR etched on the line, and two identical
rectangular single-ring SRRs placed in close proximity to it. The resonance of the CSRR
is controlled via a switch, and that of the two SRRs via two switches that are operated in
parallel. As a result, there are four switching scenarios. The simulated and measured S11
plots are shown in Fig. 20. Case 1, where no band notches exist, allows the antenna to sense
the UWB range to determine the narrowband primary services that are transmitting inside
the range. In the other three cases, the notches block the UWB pulse components in the 3.5
GHz band, the 5.5 GHz band, or both. It should be noted that notches due to the SRRs and
the CSRR around the feed are stronger than those due to CSRRs or any notching structures
implemented in the patch. This is because energy is concentrated in a smaller area in the
feed, and coupling with the SRRs/CSRR is higher.
The normalized gain patterns of the filter antenna, for Case1, are shown in Fig. 21. The
antenna has good omnidirectional patterns, and this is expected since its is a printed
monopole with a small ground plane not covering the radiating patch. Since the patch is
untouched, the patterns are independent of the switching cases. The realized peak gain of
the antenna is plotted in Fig. 22 for Case 1 and Case 4. In Case 4, the gain drops sharply,
to below -10 dB, at 3.5 GHz and at 5.5 GHz. In these two bands, very high reflections occur
at the antenna’s input. The gain drop in the notch band is large, as the coupling the CSRR
and the SRRs cause is high. Due to the location of the switches, connecting the DC bias
lines, especially to the SRRs, which are DC-separated from anything else, is an easy task. A
wire can be used to drive the switch on the CSRR. A note is that extra band notches can be
obtained by placing more SRRs around the feed line.
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Figure 22. Realized peak gain of the antenna in Fig. 19. Case 1: gain is positive. Case 4: gain is negative in the 3.5 and 5.5
GHz bands.

5. Antennas for overlay CR
Antennas designed for overlay CR should have the capability to sense the channel and
communicate over a small portion of it. These antennas can be implemented as dual-port,
where one port is UWB, and the other is narrowband and frequency reconfigurable. The
design of UWB antennas was discussed in Section 3. They can also be designed as single-port,
where the same port is used for both sensing and communicating, and thus should switch
between wideband and narrowband operations. The advantages of each design will be
revealed in the rest of this Section.

5.1. Dual-port antennas for overlay CR
A dual-port antenna for overlay was proposed by Ebrahimi et al. [33, 34]. The structure
consists of two printed antennas namely a wide- and a narrow-band antenna. Because the
two antennas are in close proximity, high coupling exists between them, and the patterns
of the NB antenna are affected by the presence of the UWB one. The authors successfully
designed modified versions of the antenna system to solve the coupling issue.
A simpler design that offers good isolation between the two antenna ports is presented in
[35]. The configuration of this design, which comprises two microstrip-line-fed monopoles
sharing a common partial ground, is shown in Fig. 23. The sensing UWB antenna is based
on an egg-shaped patch, obtained by combining a circle and an ellipse at their centers. A
small tapered microstrip section is used to match the 50-Ω feed to the input impedance of
the patch. The UWB response of the sensing antenna is guaranteed by the design of the
patch, the partial ground plane, and the feed matching section. The reflection coefficient of
the sensing antenna, and its normalized 5-GHz patterns, are shown in Fig. 24.
The communicating antenna is a microstrip line connected to a 50-Ω feed line via a matching
section. Two electronic switches are incorporated along this line. By controlling the switches,
the length of the antenna is changed, which leads to various resonance frequencies inside
the UWB range. Three switching cases are considered: Case 1 where both switches are
deactivated, Case 2 where Switch 1 is ON and Switch 2 is OFF, and Case 3 where both
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(a)

(b)

Figure 23. Dual-port UWB-NB antenna for overlay CR (a) configuration and (b) photo of a fabricated prototype [35]

(a)

(b)

Figure 24. (a) Reflection coefficient of the sensing UWB antenna, and (b) its normalized gain patterns at 5 GHz: H-plane (solid
line) and the E-plane (dashed line) [35]

switches are activated. The resulting measured reflection coefficient plots are given in Fig.
25, which shows clear frequency reconfigurability and coverage of most of the UWB range.
The transmission S21 at the resonance frequencies, for the three switching cases, are given in
Table 2. Good isolation between the UWB and NB port is achieved, given the simplicity of
the design.
f (GHz)
S21 (dB)

Case 1
5.55
9.15
-31.4 -14.8

Table 2. Transmission S21 for the design in [35]

Case 2
4.85
8.15
-16.8 -15.5

4.44
-21.3

Case 3
7.41 10.33
-22.6 -15.7
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Figure 25. Measured reflection coefficient of the communicating antenna [35]

The communicating antenna has also omnidirectional patterns, but some degradation occurs
due to the presence of the UWB patch.

5.2. Single-port antennas for overlay CR
Dual-port antennas enable simultaneous sensing and communicating over the channel, but
have limitations in terms of their relatively large size, the coupling between the two ports,
and the degraded patterns. These limitations are solved by the use of single-port antennas,
but these are only suitable when the channel does not change very fast, and thus sensing and
communication are possible, sequentially. Single-port CR antennas are also more challenging
to design.
A reconfigurable wideband/dual-band double C-slot microstrip patch antenna is proposed
in [36]. The frequency tuning is performed by switching ON and OFF two patches. The
antenna operates in one of two different dual-band modes when either patch is activated,
and in very wide band mode when both patches are excited.
In [37], a single-port Vivaldi antenna with added switched band functionality to operate in a
wideband or narrowband mode is presented. Frequency reconfigurability in this design
is attained by inserting four pairs of ring slots into the structure, and switching them
using PIN diodes. A wide bandwidth mode covering the 1.0–3.2 GHz range, and three
narrowband modes within this range, can be selected. A single pair of ring slots, and
fifteen PIN diode switches across, are used on the single-port Vivaldi design in [38]. For this
antenna, a wideband operation is obtained over the 1–3 GHz band, inside which there are
six narrowband states of use. In these two Vivaldi antenna designs, the switching elements,
PIN diodes in this case, are mounted on the radiating parts of the antennas. This makes
the design of the DC bias circuits a complex task, as the designers have to make sure these
circuits have little interference to the antenna performance.
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The single-port overlay CR antenna in [39] has the switching elements mounted along its
microstrip feed line, away from the radiating patch. This property has the advantage that
the DC bias circuit causes limited interference to the antenna characteristics. The antenna
is initially UWB, which makes it sensing-capable. A reconfigurable bandpass filter is then
embedded along its feed line. When activated, the filter can transform the UWB frequency
response into a reconfigurable narrowband one, which is suitable for the communication
operation of the CR system. The configuration of the antenna, and a closer view of its
embedded filter part, are shown in Fig. 26. It features a partial rectangular ground plane, a
rectangular patch, and a curved matching section between the microstrip feed line and the
patch. The filter is based on a symmetrical defected microstrip structure (DMS) implemented
in the feed line of the UWB antenna. It has a T-shaped slot, which by itself, has bandstop
characteristics. However, when placed between a pair of gaps, which act as capacitors, a
bandpass structure results [40].

(a)

(b)

Figure 26. A reconfigurable UWB/NB filter antenna. (a) Configuration, and (b) closer view of the embedded filter [39]

For the purpose of achieving frequency reconfigurability, three pairs of gaps are
symmetrically placed around the T-slot, and seven electronic switches are placed across
the slots as shown. Six switching cases are considered, as indicated in Table 3. Case 0
corresponds to all the switches being ON. In this case, the effect of the filter is canceled,
bringing back the UWB response of the antenna. The frequency characteristics of the filter
depend on the dimensions of the slots, and on the switching state.
The computed and measured reflection coefficient plots for the six switching cases are given
in Fig. 27. The operation of the antenna makes it suitable for employment in cognitive radio
applications, where Case 0 could be used for sensing the channel (to determine the white
spaces), and the other cases for communicating in the corresponding white space. Further
resonances can be obtained by including more gaps around the T-slot and appropriately
choosing their locations and widths.
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Case
0
1
2
3
4
5

Switches in OFF state
None (all ON)
S0, S1, S6
S0, S1, S5
S0, S2, S5
S0, S3, S5
S0, S3, S4

Table 3. The six adopted switching cases for the single-port design in [39]

(a)

(b)

Figure 27. (a) Simulated, and (b) measured reflection coefficient [39]

5.3. A Single-port tunable filter antenna for overlay CR
Reconfigurable NB antennas can operate over a limited number of bands inside a designated
frequency range. Tunable antennas, on the other hands, can be reconfigured to resonate at
theoretically an infinite number of frequencies within a certain band. Tunable antennas can
be used for communicating in a CR system, by tuning to a white space. They can also be
employed for channel sensing, by progressively scanning small portions of the band. This
depends of course on the rate at which the channel is changing, and on the tuning speed.
A tunable filter antenna is shown in Fig. 28. The initially UWB design features a tunable
bandpass filter embedded along its microstrip feed line. It has a rounded patch and a partial
rectangular ground plane. The Rogers RO3203 material, with ε r = 3.02, is used for the
1.52mm-thick substrate. The filter is based on a T-shaped slot incorporated in the microstrip
line between a pair of gaps.
For the purpose of achieving frequency tunability, a varactor is included in the design, as
indicated. Changing the capacitance of the varactor changes the notch band caused by the
T-slot, and as a result the narrow pass band of the overall filter. The DC lines of the varactors
are connected with ease. Due to the presence of the two gaps, DC is separated from both the
antenna port and the patch. Two surface-mount inductors are used over the DC lines as RF
chokes. The reflection coefficient plots, obtained in Ansoft HFSS, are given in Fig. 29. They
show narrowband tunability over the 4.5–7 GHz frequency range, for capacitance values
between 0.3 and 7 pF.
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(a)

(b)

Figure 28. (a) Configuration of a tunable filter antenna, and (b) photo of a fabricated prototype. This antenna has a tunable
bandpass filter embedded along its feed line.
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Figure 29. Reflection coefficient of the tunable filter antenna. Narrowband tunability is achieved

A UWB operation of the antenna can be made possible by installing 3 switching elements
(e.g. PIN diodes) across the T-shaped slot and the two gaps. When these switches are ON,
the effect of the narrowband bandpass filter is canceled, and the original UWB response of
the antenna is retrieved. Tunablility would still be possible by putting the switches to the
OFF state and adjusting the varactor capacitance. Extra DC biasing lines are required to
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control the switches, but they will be installed away from the radiating patch. This makes
their design relatively simple.

6. Summary
This chapter has discussed the design of antennas for Cognitive Radio applications. CR is a
revolutionary spectrum allocation technology that allows unlicensed users to access spectrum
bands licensed to primary users, at the condition of avoiding interference to them. Spectrum
underlay and spectrum overlay are two approaches to sharing spectrum between primary
and secondary users.
UWB antennas are required for sensing in overlay CR, and for communicating in underlay
CR. Modified UWB antennas with reconfigurable band notches allow to employ UWB
technology in overlay CR and to achieve high-data-rate and long distances communications.
Overlay CR requires reconfigurable wideband/narrowband antennas, to perform the two
tasks of sensing a wide band and communicating over a narrow white space. UWB antennas,
antennas with reconfigurable band rejections, and single-port/dual-port wide-narrowband
and tunable antennas suitable for these approaches have been reported.
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Design, Fabrication, and Testing of Flexible Antennas
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Additional information is available at the end of the chapter
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1. Introduction
Recent years have witnessed a great deal of interest from both academia and industry in the
field of flexible electronics. In fact, this research topic tops the pyramid of research priorities
requested by many national research agencies.
According to market analysis, the revenue of flexible electronics is estimated to be 30 billion
USD in 2017 and over 300 billion USD in 2028 [1].
Their light weight, low-cost manufacturing, ease of fabrication, and the availability of inex‐
pensive flexible substrates (i.e.: papers, textiles, and plastics) make flexible electronics an ap‐
pealing candidate for the next generation of consumer electronics [2]. Moreover, recent
developments in miniaturized and flexible energy storage and self-powered wireless com‐
ponents paved the road for the commercialization of such systems [3].
Consistently, flexible electronic systems require the integration of flexible antennas operat‐
ing in specific frequency bands to provide wireless connectivity which is highly demanded
by today’s information oriented society.
Needless to say, the efficiency of these systems primarily depends on the characteristics of
the integrated antenna. The nature of flexible wireless technologies requires the integration
of flexible, light weight, compact, and low profile antennas. At the same time, these anten‐
nas should be mechanically robust, efficient with a reasonably wide bandwidth and desira‐
ble radiation characteristics.
This chapter deals with the design, numerical simulation, fabrication process and methods,
flexibility tests, and measurements of flexible antennas. As a benchmark, a flexible, compact,
and low profile (50.8 μm) printed monopole antenna intended for the ISM band applications
at 2.45 GHz is presented and discussed in details. The antenna is based on a Kapton Polyi‐
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mide substrate and fabricated using the ink-jet technology. Finally, the performance of the
antenna is compared with different antenna types reported in the literature in terms of elec‐
tromagnetic performance and physical properties.

Figure 1. Flexible printed monopole antenna based on Kapton Polyimide substrate.

2. Choice of Antenna Substrate
To comply with flexible technologies, integrated components need to be highly flexible and
mechanically robust; they also have to exhibit high tolerance levels in terms of bending re‐
peatability and thermal endurance. A plethora of design approaches of flexible and confor‐
mal antennas were reported in the literature including Electro-textile [4], paper-based [5],
fluidic [6], and synthesized flexible substrates [7]. In [4], a 150 mm × 180 mm flexible Electro
textile antenna based on a 4 mm felt fabric is proposed. The antenna operates in the ISM 2.45
GHz band. Although it is suitable for wearable and conformal applications, fabric substrates
are prone to discontinuities, fluids absorption, and crumpling.
In [5], a flexible single band antenna printed on a 46mm × 30mm paper-based substrate was
proposed for integration into flexible displays for WLAN applications. However, paper
based substrates are found to be not robust enough and introduce discontinuities when
used in applications that require high levels of bending and rolling. Moreover, they have a
relatively high loss factor (loss tangent (tanδ) is around 0.07 at 2.45 GHz) which compromis‐
es the antenna’s efficiency [8].
Kapton Polyimide film was chosen as the antenna substrate in [9] due to its good balance of
physical, chemical, and electrical properties with a low loss factor over a wide frequency
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range ( tan δ = 0.002 ). Furthermore, Kapton Polyimide offers a very low profile (50.8 μm) yet
very robust with a tensile strength of 165 MPa at 73°F, a dielectric strength of 3500-7000
volts/mil, and a temperature rating of -65 to 150°C [10]. Other Polymer based and synthe‐
sized flexible substrates have been also used in several designs [11-14].
It is worth mentioning that there are several techniques used to characterize the electromag‐
netic properties of thin and flexible films/substrates such as: the near field microscopy, co‐
planar waveguide approach, differential open resonator method, and goniometric timedomain spectroscopy method [15-18]. However, the most popular method based on
measurements of deposited transmission lines incorporating the material to be characterized
which determine the dielectric constants of thin films and the conductivities of the metallic
lines over a broad frequency range [19].

3. Choice of Antenna Type
Needless to say, conventional microstrip antennas are not a practical solution for flexible
electronics due to their inherently narrow bandwidth which is a function of the substrate’s
thickness. In [20], a flexible aperture coupled antenna is reported. This technique is known
to enhance the impedance bandwidth significantly, however, it leads to an increase in the
overall profile; moreover, it involves multi layers, which complicates the fabrication process.
Planar Inverted-F antennas (PIFA) are widely used in mobile phones due the fact that wider
impedance bandwidth is obtained despite the presence of a ground plane. Also, antennas
incorporating a ground plane promote reduced Specific Absorption Rate (SAR); further‐
more, their matching is less affected by the proximity of the human body.
In [21], a 50mm × 19mm textile based broadband PIFA fabricated using conductive textiles
is proposed for Wireless Body Area Network (WBAN) applications. Although the antenna
exhibits a good impedance bandwidth and radiation characteristics, its overall thickness is
6mm which is considered high for the technology under consideration; moreover, it in‐
volves a multi-layer complex, and inaccurate fabrication process.
On the other hand, planar monopole and dipole antennas have received much interest over
other antenna types due to their relatively large impedance bandwidth, low profile, ease of
fabrication, and omni directional radiation pattern which is highly preferred in many wire‐
less schemes.
Given the technology envisioned in this chapter, Co-Planar Waveguide (CPW) is preferred
over other feeding techniques since no via holes or shorting pins are involved, in addition to
several useful characteristics such as: low radiation losses, larger bandwidth, improved im‐
pedance matching, and more importantly, both radiating element and ground plane are
printed on the same side of the substrate, which promotes low fabrication cost and complex‐
ity in addition to the capability of roll to roll production.
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4. Choice of Fabrication Method
This section reviews the currently available methods for fabrication of flexible and wearable
antennas. Method overview, advantages, and drawbacks of each technique are discussed.
4.1. Screen Printing
Screen printing is one of the simplest and most cost effective techniques used by electronics
manufacturers. This technique is based on a woven screen that has different thicknesses and
thread densities. To produce a printed pattern, a squeegee blade is driven down forcing the
screen into contact with the affixed substrate. This in turn forces the ink to be ejected through
the exposed areas of the screen on the substrate, and thus, the desired pattern is formed [22].
Polyester and stainless steel are the most common materials used in this technology.
Three different screen printing methods are currently used: flat bed, cylinder, and rotary.
Flat bed is the simplest and most common screen printing method. Cylinder screen printing
is quite similar to the flat bed except the pattern is deposited as the substrate rotates while
attached to the screen roll. In rotary screen, ink and squeegee assembly are rotated inside a
rolled screen where impression cylinder produces pressure to substrate [23]. Rotary screen
enables much higher throughput capacity than flat bed screen; hence, it is often integrated
into a roll to roll production line.

Figure 2. Illustration of the screen printing process.

Screen printing is an additive process as opposed to the subtractive process of chemical
etching which makes it a more cost-effective and environmentally friendly. Rather than
masking a screen, the patterned mask is applied onto the substrate directly where the con‐
ductive ink is administered and thermally cured. Several RFIDs and flexible transparent an‐
tennas have been prototyped successfully using this technique [24-26]. However, there are
some problems associated with this technique including the limited control over the thick‐
ness, number of passes, and resolution of the printed patterns. Layer consistency is also a
challenge, as thermal curing of solvent based inks could leave behind artifacts that change
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with ink viscosity and surface energy of the substrate [22]. Figure 2 depicts a scheme of the
screen printing process.
4.2. Chemical Etching
Chemical etching often accompanied by photolithography is the process of fabricating met‐
allic patterns using a photoresist and etchants to mill out a selected area corrosively. This
technique has emerged in the 1960s as a branch-out of the Printed Circuit Board (PCB) in‐
dustry. Chemical etching gained a wide popularity since it can produce highly complex pat‐
terns with high resolution accurately [27].
Photoresist materials are organic polymers whose chemical characteristics change when ex‐
posed to ultraviolet light. When the exposed area becomes more soluble in the developer,
the photoresist is positive. While if it becomes less soluble, the compound is considered a
negative resist.
A major drawback of negative resists is that the exposed regions swell as the counterpart is
dissolved by the developer, which compromises the resolution of the process. Swelling oc‐
curs due to the penetration of the developer solution into the photoresist material which in
turn leads to a distortion in the patterned region [27]. Hence, current practice in the photoli‐
thography based antenna and RF circuits Industry relies mainly on positive resists since
they present higher resolution than negative resists.

Figure 3. Process flow of the chemical etching (photolithography) process.

Although patterns with high complexity and fine details can be produced using this techni‐
que, its lengthy process, low throughput, involvement of dangerous chemicals (neutraliza‐
tion is required), clean room requirement, in addition to byproduct and waste leftovers are
major drawbacks of this technology. The reader is referred to [28] for further information on
this method. The chemical etching process is illustrated in Figure 3.
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4.3. Flexography
Flexography is a type of relief printing. An image is produced by a printmaking process
where a protuberating surface of the printing plate matrix is inked while the recessed areas
are free of ink. Image printing is a simple process since it only involves inking the protrud‐
ing surface of the matrix and bringing it in contact with the substrate [29]. Due to its rela‐
tively fine resolution, low cost, and high throughput, flexography gained a great interest by
RFID antenna manufacturers. Moreover, this technique requires a lower viscosity ink than
screen printing inks, and yields imaged (printed) dry films of a thickness of less than 2.5 μm.
Hence, flexography inks need to posses higher bulk conductivity than those used in screen
printing to compensate for the increase in sheet resistance since the efficiency of printed an‐
tennas depends mainly on the electrical conductivity of the traced pattern. Substrate param‐
eters like surface porosity, hydrophobicity, and surface energy have a direct influence on the
ink film thickness of the printed trace [23]. The consistency in ink film thickness and line
width has also a profound impact on the sheet resistance. The process scheme is demon‐
strated in Figure 4.

Figure 4. Illustration of the flexography printing process based on flexible relief plate.

4.4. Ink Jet Printing
Inkjet printing of RF circuits and antennas using highly conductive inks have become ex‐
tremely popular in recent years. New inkjet material printers operate by depositing ink
droplets of a size down to few pico liters, and hence, these high resolution printers can pro‐
duce compact designs with tiny details accurately [30].
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This new technology utilizes conductive inks based on different nano-structural materials
such as silver nano-particle based ink, which is widely used due to its high conductivity.
This type of printing technique can be categorized into two types: drop-on-demand and
continuous inkjet. Drop on demand print heads apply pressurized pulses to ink with either
a piezo or thermo element in which drives a drop from a nozzle when needed. Most printed
electronics manufacturers utilize the piezo pulse type [31]. Printing quality depends mainly
on the ink characteristics such as viscosity, surface tension, and particle size. The surface
topology of the substrate, the platen temperature and the print head parameters are also im‐
portant factors.
Printing processes and setups are completely controlled from the user's computer, and do
not require a clean-room environment which reduces the levels of environmental contami‐
nation [31].
Unlike photolithography, which is a subtractive method since it involves removing unwant‐
ed pattern from the substrate's metallic/conductive side; inkjet printing deposits a controlled
amount of ink droplets from the nozzle to the specified position. Hence, no waste or by‐
product is produced resulting in an economical, clean, and fast solution. Figure 5 depicts the
ink jet printing process.

Figure 5. Illustration of the ink jet (droplet on-demand) printing process.

5. Benchmarking Prototype
To benchmark the performance of flexible antennas, a single band printed monopole is pre‐
sented in this section which has the merits of light weight, ultra low profile (50.8 μm), large
bandwidth, robustness, compactness, and high efficiency. The antenna design which is fab‐

369

370

Advancement in Microstrip Antennas with Recent Applications

ricated using the inkjet printing technology covers the ISM 2.45 GHz and fed by a CPW
feed. Moreover, the performance of the antenna is evaluated under bending effects in terms
of impedance matching and shift in resonant frequency. Finally, the characteristics of the an‐
tenna under study are compared to several flexible antenna types reported in the literature.
5.1. ISM Band Printed Monopole Antenna
The ISM 2.45 GHz band is internationally recognized as one the most commonly used stand‐
ards in wireless communication systems [32]. For example, all of Wireless local-area net‐
works (WLAN), IEEE 802.11/WiFi, Bluetooth and Personal Area Network (PAN) IEEE
802.15.4, ZigBee utilize the ISM 2.45 GHz band. Additionally, several potential applications
based on these technologies are possibly applied in the future.
Obviously, the integration of a wireless connectivity based on the abovementioned technolo‐
gies within flexible devices triggers the need for ultra light/thin/flexible antennas. At the
same time, these antennas should be robust, cost effective, and highly efficient with desira‐
ble radiation characteristics.
In response to such needs, several design approaches of flexible and conformal antennas
based on flexible substrates were reported in the literature [33-39]. In [32], a flexible antenna
printed on a 46mm x 30mm paper-based substrate was proposed for integration into flexible
displays for WLAN applications. However, paper based substrates are found to be not ro‐
bust enough and introduce discontinuities when used in applications that require high lev‐
els of bending and rolling as mentioned earlier. Moreover, they have a high loss factor (loss
tangent (tanδ) is around 0.07 at 2.45 GHz) which compromises the antenna’s efficiency. In
[34], a stretchable antenna based on an elastic substrate is presented. The design offers a
good solution in terms of flexibility and stretchability; however, it involves a complex man‐
ufacturing process where the conductors are realized by injecting a room temperature liquid
metal alloy into molded micro-structured channels on an elastic dielectric material followed
by channels encapsulation. In [35], a conformal exponentially tapered slot antenna based on
a 200 μm Liquid Crystal Polymer (LCP) substrate is reported. The design exhibits excellent
radiation characteristics; however, the dimensions (130mm × 43mm) are too large for inte‐
gration within modern compact and flexible electronics. In this section, a flexible compact
split ring printed monopole antenna intended for flexible/wearable/conformal applications
is presented. The antenna is printed on a 50.8 μm Kapton substrate and fed by a CPW. Both
radiating element and ground plane are printed on the same side of the substrate which pro‐
motes low fabrication cost and complexity in addition to roll to roll production.
5.1.1. Antenna Design
As shown in Figure 2, the antenna consists of a square split ring shaped radiating element
fed by a CPW. The winding lengthens the current path which in turn reduces the structure
size without significant efficiency degradation or disturbance to the radiation pattern. The
separation distance between the arms is optimized as 5 mm to achieve the least return loss.
It is worth mentioning that a smaller separation leads to an increased capacitive coupling
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between the arms which in turn degrades the impedance matching. The split ring monopole
is fed by CPW feed, which adds the merit of fabrication simplicity since both the radiating
element and ground plane are printed on the same side of the substrate.

Figure 6. Dielectric constant Vs. frequency for the HN type Kapton polyimide (125 µm). The characteristics are similar
to the 50 µm used in the reported prototype. Curve A is for measurement at 25°C (77°F) and 45% RH with the electric
field in the plane of the sheet, while Curve B is the same measurement after conditioning the film at 100°C [10].

Figure 7. Geometry and dimensions of the reported Split Ring printed monopole antenna (the grey colored area rep‐
resents the ground plane and the radiating element).
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The antenna structure is printed on a 38 mm × 25 mm Kapton Polyimide substrate with a
dielectric constant of 3.4 and a loss tangent of 0.002 (dielectric constant versus frequency is
provided in Figure 6). The geometry and dimensions of the antenna are depicted in Figure 7
and Table 1.
L1

38

W1

25

L2

26

W2

18

L3

19

W3

10.5

L4

9.5

W4

6.5

L5

3

W5

2

G1

2

G2

0.5

Table 1. ISM Band Printed Monopole Antenna Dimensions in Millimeter.

5.1.2. Simulations, Fabrication and Measurements
Design and analysis of the reported printed monopole antennas have been carried out using
the full wave simulation software CST Microwave Studio which is based on the Finite Inte‐
gration Technique (FIT) [40].
To ensure a high simulation accuracy, the number of mesh cells was mainly determined through
sufficient meshing of the antenna element where the smallest geometric detail (i.e. CPW gap,
microstrip line, etc,..) is covered by at least three mesh cells both horizontally and vertically.
The total number of the mesh cells generated for the antenna under study is 498,750 cells.

Figure 8. Installing the polyimide substrate on the platen of the material printer.

Before starting the printing process which is performed using the Dimatix DMP 2831 Fuji‐
film material printer [41], the final simulated design is exported to the printer using Dima‐
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tix Drop Manager Software in a Gerber file format which contains all the geometrical dimensions
of the antenna design. Moreover, all printing processes and setup conditions can be control‐
led using the Dimatix Drop Manager software such as the number of layers to be printed,
heating temperature of the platen desk, number of nozzles used in operation and height of
the cartridge head with respect to the substrate.
A conductive ink based on sliver nano particles is deposited over the substrate utilizing 16
nozzles with 25 μm drop spacing. After the printing process is completed, thermal anneal‐
ing is required to evaporate excess solvent and to remove ink impurities. Furthermore, the
thermal annealing process provides an increased bond of the deposited material. The report‐
ed antenna is cured at 100° for 4 hours by a LPKF Protoflow industrial oven. It is worth
mentioning that 2 layers of ink were deposited on the substrate to achieve a robust and
continuous radiating element and more importantly to increase the electrical conductivity. It
should be noted that due to the excellent thermal rating of kapton polyimide (-65 to 150°C),
no shrinking was experienced during the annealing process. For measurement purposes, the
antenna is fed by a 50 Ω SubMiniature Version A (SMA) coaxial RF connector.

Figure 9. Final printed Polyimide based antenna prototype after thermal annealing.

5.2.1. Reflection Coefficient S11
The S-parameters were measured using an Agilent PNA-X series N5242A Vector Network
Analyzer (VNA) with (10 MHz-26.5 GHz) frequency range. As can be seen in Figure 10, a good
agreement is achieved between the simulated and measured reflection coefficient S11 for the
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split ring antenna. The simulated return loss for the antenna is 27 dB at 2.45 GHz, with a -10
dB bandwidth of 430 MHz. The measured return loss is -28.5 dB at 2.39 GHz with a -10 dB
bandwidth of 540 MHz. The increase in the measured bandwidth is attributed to the de‐
creased electrical conductivity caused by the solvent and impurities found in the silver nanoparticle ink, which in turn increases the quality factor and leads to bandwidth enlargement.

Figure 10. Measured and simulated reflection coefficient S11 for the split ring antenna.

5.2.2 Far-field Radiation Patterns
The far-field radiation patterns of the principal planes (E and H) were measured in a fully
equipped anechoic chamber. The Antenna Under Test (AUT) was placed on an ETS Lindg‐
ren 2090 positioner and aligned to a horn antenna with adjustable polarization.

Figure 11. Radiation pattern measurement setup inside an anechoic chamber.
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E-plane (YZ cut) and H-plane (XZ cut) far-field radiation patterns are shown in Figure 12. It
can be seen that the radiation power is omni-directional at the resonant frequency. The an‐
tenna achieved a measured gain of 1.65 dBi which fairly agrees with the simulated value.

Figure 12. Measured and simulated radiation patterns for the split ring printed monopole at 2.45 GHz (a) E-plane (YZ)
and (b) H-plane (XZ).
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5.2.3. Flexibility Tests
Since the antenna is expected to be bent and rolled when worn or integrated within flexible
devices, three tests need to be conducted for operative validation:
• Durability and robustness tests are required, which is performed by repeated testing of the
fabricated antennas under bending, rolling and twisting to monitor the deposited conduc‐
tive ink for any deformations, discontinuities, and to ensure there are no cracks wrinkles
or permanent folds are introduced, which might compromise the antennas performance.
• Resonant frequency and return loss need to be evaluated under bending conditions since
they are prone to shift/decrease due to impedance mismatch and a change in the effective
electrical length of the radiating elements.
• Radiation patterns and gain of the antenna are required to be tested for distortion and/or
degradation when conformed on a curved surface.
As stated before, Polyimide Kapton substrate was chosen for this technology mainly due to
its physical robustness and high flexibility. Furthermore, the fabricated prototype demon‐
strated an excellent performance as it was tested repeatedly against bending, twisting, and
rolling effects.
AUT is conformed on foam cylinders with different radii (the first is r=10mm and the sec‐
ond is r=8mm) to emulate different extents of bending while it is connected to the net‐
work analyzer.

Figure 13. Flexibility test setup (AUT is conformed over a cylindrical foam with different radii to reflect different ex‐
tents of bending).

As can be seen in Figure 14, around 35 MHz shift to a higher resonant frequency is experi‐
enced when the antenna is horizontally conformed on a 10 mm radius cylinder which mim‐
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ics a moderate extent of bending; while a shift of 80 MHz is observed in the extreme case
where the antenna is curved on a 8mm radius foam cylinder, while the antenna is less affect‐
ed when bent in the vertical plane. However, the impedance bandwidth of the AUT is rela‐
tively large, which could overcome the shift caused by the bending effect. Figure 13 shows
the flexibility test setup for the dual band antenna rolled on a foam cylinder with an 8 mm
radius. Figure 14 depicts the reflection coefficient of the bent cases in both horizontal and
vertical planes compared to the flat case.

Figure 14. Measured S11 for the reported antenna when bent on a foam cylinder with different radii (r=10 mm and
r=8 mm) to mimic different bending extents. (a) horizontal plane, (b) vertical plane.
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5.2.4 Comparative Study
The split ring antenna design is compared to different types of flexible antennas reported in
[4]-[7]. Given the applications envisioned in this study, the comparative study is focused on
compactness (size and thickness), electrical properties and robustness. Robustness encom‐
passes the major mechanical properties related to flexible/conformal electronic devices such
as tensile strength, flexural strength, deformability, and thermal stability. Fabrication com‐
plexity criterion is also considered in this comparative study. Table 2 depicts these charac‐
teristics of the antenna under study.
Polyimide

Textile antenna

Paper based

Fluidic

Flexible Bow-tie

based antenna

[4]

antenna [5]

antenna [6]

antenna [7]

Size in mm

38 x 27

180 x 150

46 x 35

65 x 10

39 x 25

Thickness mm

0.05

4

0.25

1

0.13

Dual/2.2, 3 GHz

Single/2.4 GHz

Variable

Single/7.6 GHz

Paper ɛr= 3.4

PDMS ɛr= 2.67

PEN film ɛr=3.2

Character-istics

Band/fₒ
Substrate
Dielectric loss
Tensile strength

Single/ 2.45
GHz

Polyimide ɛr=3.4 Felt fabric ɛr=1.5
Low loss

Low loss

Medium loss

High loss

Low loss

tan δ=0.002

tan δ=0.02

tan δ=0.065

tan δ=0.37

tan δ=0.015

Low (2.7 MPA)

Low (30 MPA)

High (165
MPA)

Flexural strength

High (50000
p.s.i)

Low (3.9 MPA) High (74 MPA)

Low (8900 p.s.i) Low (7200 p.s.i) Low (650 p.s.i)

High (13640
p.s.i)

Deform-ability

Low

High

High

High

Low

Thermal stability

High

Low

Low

Low

High

Fabrication

Simple/

Complex/Non-

complexity

printable

printable

Simple/Printable

Complex/Nonprintable

Simple/Printable

Table 2. Comparative Study of Different Types of Flexible Antennas.

As shown in Table 2, the antenna reported in this chapter offers a relatively smaller size,
highly robust and flexible design. Furthermore, the antenna is printable and provides low
cost and roll to roll production.

6. Conclusion
In this chapter, the design, fabrication, and measurement of flexible antennas are discussed
in details. Types of substrates and available fabrication methodologies for flexible antennas
are reviewed. As a benchmark, a single band printed monopole antenna operating in the
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2.45 GHz ISM band is presented which has the merits of light weight, ultra low profile, wide
bandwidth, robustness, compactness, and high efficiency. The reported design is based on a
Kapton Polyimide substrate which is known for its flexibility, robustness and low dielectric
losses. The prototype was fabricated using the inkjet printing technology. Furthermore, the
antenna is tested under bending effects since it is expected to be flexed or conformed on
curved surfaces. Flexibility, robustness, compactness, fabrication simplicity along with good
radiation characteristics suggest that the reported methodology, antenna type and substrate
is a reasonable candidate for integration within flexible electronics.
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