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Preface

A rectangular waveguide (RWG) is the best technology to guide high-frequency
signals in traditional high-performance communication systems. As is well known,
it is characterized by low losses, high power handling capacity and mechanical
robustness. Its main drawbacks are size, weight and cost, which invalidate its use in
new and emerging communication systems, such as constellations of low-cost and
low-Earth-orbit satellites.

The most popular alternative to RWG is usually printed circuit technology, such as
microstrip or coplanar lines. Despite the benefits of reduced cost, volume and ease of
manufacture, these technologies present high power losses.

Since 2001, new planar and substrate-integrated waveguides have been developed
that approach the desirable performance of an RWG, but are synthesized on one or
more printed circuit boards. The first was the substrate-integrated waveguide (SIW),
which emulates a dielectric-filled RWG in a single circuit board where the side walls
are made of metallic via holes. Although SIW is a good alternative to classic planar
technologies, the presence of lossy dielectric makes it impossible to achieve perfor-
mance similar to that of the RWG. In 2014, the empty substrate-integrated waveguide
(ESIW) was introduced as a composite of three soldered metalized circuit board
layers where the middle layer had been emptied to emulate an RWG. ESIW is now

the best approach to an RWG in terms of performance, but retains the characteristics
of planar circuits: ease, compactness, mass production, low volume, low weight and
low cost. Among other alternatives are the air-filled substrate-integrated waveguide
(AFSIW), which is the practical implementation of the modified substrate-integrated
waveguide (MSIW); the hollow substrate-integrated waveguide (HSIW), similar to
AFSIW but implemented in low-temperature cofired ceramic (LTCC) technology;
and the partially dielectric-filled empty substrate-integrated waveguide (PFESIW),
which is an ESIW loaded with a longitudinal dielectric slab. Newer hybrid planar-3D
waveguiding structures have arisen, implementing waveguides of either a single
conductor (no TEM mode) or two conductors (pure TEM mode).

These novel hybrid technologies are receiving much research attention. Among the
studies that have been published are several devices, advances in topology variations
and in the manufacturing process, and newer techniques combining traditional
planar processes with metal and plastic 3D printing. The maturity of these technolo-
gies and their use by the communications industry may increase the performance

of communication devices, which in turn will have a major economic impact on the
high-frequency communication sector.

The goals of this book are to present the basis of these new hybrid structures and
to introduce advances in the design of devices and systems, manufacturing processes
and tests, as well as the various applications where these technologies can be used.



The academic editorial board of this book wishes to thank all the colleagues whose
contributions have made this project possible.

Marcos D. Fernandez, José A. Ballesteros and Angel Belenguer
Escuela Politécnica de Cuenca,
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Cuenca, Spain
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Chapter 1
SIW-Based Devices

Zhongmao Li, Mengjie Qin, Pengzhan Liu and Xin Qiu

Abstract

With the development of microwave wireless communication technology,
microwave passive frequency selectivity circuits are developing toward
multi-function and miniaturization. Substrate-integrated waveguide (SIW) devices
have good development prospects in miniaturization and integration. The research on
devices based on SIW is lack unified theoretical combing. This chapter describes the
novel circuits based on substrate-integrated waveguide, including filter, power
divider, switch, phase shifter, diplexer, and crossover. This chapter describes the
design methods and special properties of these circuits. The display of these circuits is
expected to give some inspiration to your research.

Keywords: substrate-integrated waveguide, filter, power divider, switch, phase
shifter, diplexer, crossover

1. Introduction

Microwave devices are generally designed using metallic waveguides and planar
technology. Traditional metallic waveguide is low insertion loss (IL), and high-quality
factor (Q value), but the components are bulky and nonplanar, which cannot be
integrated into RF integrated circuits. Planar technology (microstrip transmission
lines or coplanar waveguides) could be easily integrated, but the insertion loss and Q
value are worse. At higher frequencies (>30 GHz), planar structures are prevented to
apply due to high transmission losses [1].

To tackle the above-mentioned problems, the concepts of SIW are proposed [2, 3].
The SIW is considered a quasi-waveguide, developed by two parallel copper sheets
with rows of conducting cylinders embedded in a dielectric substrate on each side to
connect the two plates, as shown in Figure 1. When the parameters of the design
conform following rules, SIW can be equivalent to a conventional rectangular wave-

guide [4].

s>d (1)

s/ <0.25 ()
Ik, <1x107* (3)
s/A.>0.05 (4)

Where s is the gap between the adjacent vias, d is the diameter of a via, 4, is the
cutoff wavelength, [ is the total loss, and k, is the wave number in a vacuum.
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Figure 1.
Three-dimensional view of SIW.

In this way, a rectangular metallic waveguide filled with a dielectric material is
constructed in planar form, the most key advantage, thus making a complete integra-
tion with other planar transmission-line circuits on the same substrate. Meanwhile,
SIW structures maintain most of the benefits of classical metallic waveguides. Thus,
SIW is a suitable choice for less lossy, compact, and simple microwave and mm-wave
systems.

After 20 years of development, SIW has been used to design all kinds of passive
circuits, such as filters, power dividers, switches, phase shifters, diplexers, and cross-
overs, and presents high performance. At the same time, many techniques have been
developed in recent times. This chapter provides a brief, yet necessary, understanding
of current research on the SIW components.

2. SIW filters

Traditional planar transmission structures, such as microstrip and coplanar
waveguide (CPW), have been widely used in filter design. Compared with these two
structures, the substrate-integrated waveguide technology has the advantages of high
Q coefficient, low cost, and high integration, and is widely used in the design of
narrowband and broadband band-pass filters. The substrate-integrated waveguide
technology can realize a variety of filters with different characteristics, including
multi-band filters, wide stop-band filters, and reconfigurable filters. In the early days,
SIW filters focused on the realization of circuit functions, and reports on the minia-
turization of SIW filters appeared around 2005 [5]. There are various miniaturization
technologies for SIW filters, and miniaturization has become the main trend in the
development of SIW filters. This section introduces the application of SIW technology
in filters from five aspects.

2.1 Conventional substrate-integrated waveguide filters

The design of the SIW bandpass filter can follow a similar approach to the design
of gas-filled waveguide filters, or it can be based on the coupled matrix approach. In
[6], a three-pole Chebyshev filter is designed through the inductive column synthesis
technology, and its insertion loss and return loss are more than 1 dB and 17 dB,
respectively. This STW-based filter reduces size, weight, and cost significantly.
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Figure 2.
Configuration of proposed SIW filter [7].

A novel wide-stopband SIW filter using an angular cavity is performed in Ref. [7].
For each corner cavity, two transmission zero points can be introduced, and the
position of each transmission zero point can be easily controlled by adjusting the
appropriate geometric dimensions. Figure 2 shows the configuration of the proposed
SIW filter.

2.2 Multilayer substrate-integrated waveguide filters

The emergence of multi-layer technology can extend the traditional two-
dimensional planar structure to a three-dimensional direction, greatly increasing the
flexibility and freedom of filter design, and can increase the coupling mode. At
present, the realization process of multi-layer structure mainly includes low
temperature cofired ceramic (LTCC) process and multi-layer PCB process. The sec-
ond part mainly introduces the multi-layer structure design of the filter applied to the
substrate-integrated waveguide.

The first multilayer technology is the substrate-integrated-folded waveguide
(SIFW), which was proposed by Grigoropoulos et al. [8]. The use of substrate-
integrated folded waveguides in filter design can greatly reduce the overall circuit size
of the filter.

Figure 3 shows a filter based on a SIFW resonator design [9]. The filter was
developed using LTCC technology to achieve miniaturization. Resonators of the same
layer, such as resonator 1 and resonator 4, resonator 2 and resonator 3, are horizon-
tally coupled through the corresponding sensing window of the through hole. The
different layers of resonators, such as Resonator 1 and Resonator 2, Resonator 3 and
Resonator 4, are vertically coupled through a slot in the common wall between the
two layers. Compared with the traditional planar direct coupled waveguide filter, the
area of the filter can be reduced to 26.3%.

The second multilayer technology is the ridged substrate-integrated waveguide
(RSIW). As shown in Figure 4 [10], RSIW is the introduction of a longitudinal
metal ridge into a classical waveguide without any degradation in RF performance.
At the same time, the use of ridge waveguides can increase the bandwidth by 37%.
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— Resonator 4

Resonator 1 T

— Resonator 3
Resonntor 2 |

Narrow slot
Long slot

Figure 3.
Configuration of proposed SIFW filter [9].

Figure 4.
The dimensional structure of the RSIW [10].

2.3 Fractional mode substrate-integrated waveguide filters

The electric field distributions in the conventional SIW, half-mode SIW (HMSIW),
quarter-mode SIW (QMSIW), eighth-mode SIW (EMSIW), sixteenth-mode STW
(SMSIW), and 32-mode SIW (TMSIW) cavities at the dominant (TE101) mode are
shown in Figure 5. The symmetry planes A-A1, B-B1, C-C1, and D-D1 are considered
to be magnetic walls, and the remaining planes are electric walls. The full-mode SIW
cavity can be cut into half-modes by cutting along the symmetry line B-B1, as shown
in Figure 5b. It is obvious that the fundamental mode remains unchanged and the
volume is reduced by half. The HMSIW cavity can be cut into quarter modes along the
0O-A1 line, as shown in Figure 5c. Compared with HMSIW, QMSIW achieves a 50%
reduction. The QMSIW can be reduced to the EMSIW by cutting the QMSIW cavity
along the O-D1 line, as shown in Figure 5d. Similarly, the electric field distribution is
unchanged. SMSIW and TMSIW can be obtained by cutting the EMSIW cavity along
the O-E line and O-F line, respectively, as shown in Figure 5e and f. The resonant
frequency and electric field distribution of all sub-modes remain the same.

It is worth noting that since the topology of the fractional mode technique is
inherently open-structured, there will be undesired radiation leakage, which can
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Figure 5.
Electric field distributions of (a) full-mode SIW, (b) HMSIW, (c) QMSIW, (d) EMSIW, (e) SMSIW,
() TMSIW [11].

-
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Figure 6.
Electric field distribution for the fundamental mode of the SIW resonators. (a) Conventional QMSIW cavity,
(b) shielded QMSIW cavity [12].

sometimes significantly reduce the quality factor. To solve this problem, some
methods are applied. Taking quarter mode as an example, the shielded QMSIW is used
to design the filter in Ref. [12]. As shown in Figure 6, the shielded quarter-mode
resonator is made by placing two rows of metal through holes in the opening, which
are called shield walls. Adding shielding walls can partially block the propagation of
waves along the surface, reducing the efficiency of the radiating side of the structure.
Compared with the conventional QMSIW, the shielded QMSIW exhibits better
performance.

2.3.1 Half-mode SIW (HMSIW) filters

The half-mode substrate-integrated waveguide was proposed by Wei Hong et al. in
2006 [13]. This waveguide structure is obtained by cutting the SIW so that the
symmetry plane along the transmission direction is equivalent to the magnetic wall.
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As shown in Figure 7, the HMSIW is 50% smaller in size while keeping the electric
field distribution unchanged. Since the volume of HMSIW is reduced by half and the
propagation characteristics remain unchanged, it has attracted the attention of many

scholars.

A compact dual-band filter based on HMSIW is shown in Figure 8 [14]. The dual-
band filter is designed by the quasi-TEM mode and the TE102 mode of the novel
HMSIW resonator. The resonant frequency of TE102 can be adjusted by the slot line,
which has little effect on the performance of the quasi-TEM mode. To improve the
out-of-band rejection, the source negative coupling structure is applied. The mea-
surement results show that the first and second passbands are mainly concentrated at
2.41 and 3.51 GHz, the relative bandwidths are 10.8% and 6.4%, respectively, and the
minimum insertion losses of the two passbands are 1.45 and 1.74 dB, respectively.

SIW

Figure 7.
Dominant field distribution in HMSIW and SIW [13].
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Figure 8.
Configuration of the proposed dual-band filter [14].
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2.3.2 Quarter-mode SIW (QMSIW) filters

The authors of Ref. [15] proposed the bandpass filter based on QMSIW for the first
time. The geometries of the two filters are shown in Figure 9. The bandpass filter
consists of cascaded QMSIW cavities, and its overall size is greatly reduced. For
verification, two filters are designed. The prototype I is designed at the center fre-
quency of 5.85 GHz with a fractional bandwidth of about 14%. Prototype II is designed
at the center frequency of 5.5 GHz with a fractional bandwidth of about 26%.

The authors of Ref. [16] reported a QMSIW for designing a series of bandpass
filters. Quarter-mode SIW cavities can be connected in various ways, such as sharing a
side or sharing a corner, with some metal vias removed to allow cavity coupling. The
authors introduce novel filter topologies based on the proposed two different tech-
niques, side-coupling, and corner-coupling. Taking the filter shown in Figure 10 as an

= L1 - - 1.1 "
w2 I w2
L2 k2
- - §
| e Wl * wi
wi ' wi — -—
i A T
L3
W3
L3 \l_‘
Input Output . !
| 4 1 f i, Metdizd /
/ Metalized / Input | #=- ¥.Z__ Substrare  trench Metal Qutput
Substrate trench Metal |
(a) (b)
Figure 9.

The geometries of the two filters. (a) The prototype I, (b) the prototype II [15].

Figure 10.
Configuration of the side-coupled four-pole filter [16].
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Port 2

Figure 11.
Configuration of the corner-coupled four-pole filter [16].

example, the resonator is laterally coupled by removing some through holes in the
common wall. By using a plus-single topology, it can be used to implement filters with
any number of poles. Figure 11 shows the filter composed of the new coupling. By
using a coplanar resonator and quarter-mode cavity together, a three-pole filter with a
center frequency of 4 GHz is designed, and its relative bandwidth is 16%.

2.3.3 Eighth-mode SIW (EMSIW) filters

The QMSIW can be further bisected into two parts along the symmetrical plane
with one electric wall and two magnetic walls forming the EMSIW.

The authors of Ref. [17] reported a systematic research campaign on the EMSIW filter.
The authors conducted a series of studies on eighth-mode filters. Compared with the
traditional SIW cavity, the one-eighth mold cavity has a compact size. This paper first
explores the four feeding modes of the eighth mode, then designs a variety of bandpass
filters for the eighth mode utilizing electrical coupling and magnetic coupling, and finally
designs two bandpass filters. The first filter takes the form of a combination of an eighth
mode and a coplanar waveguide. Through the mutual coupling between the TE101 mode
of the two EMSIW cavities and the quasi-TEM mode of the folded coplanar waveguide, a
band-pass filter with a center frequency of 9.1 GHz is finally designed. The second filter
adopts a multi-layer process, and the upper and lower substrates are coupled through two
rectangular slots. Compared with filter 1, this filter has more transmission zeros. The
proposed EMSIW BPFs have the merits of being compact in size and high selectivity. The
geometry of the two filters is shown in Figures 12 and 13.

2.3.4 High-mode SIW (SMSIW and TMSIW) filters

A miniaturized bipolar bandpass filter based on a SMSIW was investigated [18].
The geometry of the filter is shown in Figure 14. The filter operates in fundamental
mode TMO1. Under the same resonant frequency, the size of the SMSIW cavity is only
1/16 of that of the traditional SIW cavity. To suppress the higher-order mode TM02, a
rectangular slot is etched in the ground plane below the transmission line. The overall
size of the filter is compact and has good out-of-band performance.

10
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Geometry of the triple-order EMSIW BPF with CPW [17].
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Top Layer
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2 QMSIW
" Resonator
Figure 13.

Geometry of the triple-order EMSIW BPF with QMSIW cavity [17].

A TMSIW bandpass filter is presented in Ref. [19]. The geometry of the filter is
shown in Figure 15. By adjusting the position of the feed and the coupling distance,
the frequency position of the passband can be selectively achieved. The TMOn0 mode
has a good unloaded quality factor in addition to providing different frequency
options. In addition, the perturbation of the arc slot can effectively tune the coupling
and achieve high selectivity.

2.4 SIW filters loaded with complementary Split-ring resonators (CSRR)

As an electromagnetic metamaterial, CSRR is often used in the miniaturization of
filters. CSRR is an electrical resonator that can be excited by an axial electric field,
which is proposed by Pendry [20]. In Ref. [21], two HMSIW filters loaded with the
stepped-impedance CSRRs are presented. The geometries of the two filters are shown

11
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Geometry of the proposed filter [18].
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Figure 15.
Geometry of the triple-order EMSIW BPF with QMSIW cavity [19].

in Figure 16. By loading both CSRR and stepped-impedance complementary split-ring
resonator (SICSRR) into the two sides of the HMSIW cavity, a dual-band resonator is
formed. By adjusting the size of CSRR and SICSRR, the position of the two passbands
can be flexibly adjusted. Compared with other dual-band filters, the HMSIW-SICSRR
filter size is reduced by 48.5% and 50%, respectively.

Novel bandpass filters are reported by using HMSIW loaded with CSRR and a
capacitive metal patch [22]. The geometry of the proposed filter is shown in Figure 17.
Based on this combined structure, independent double passbands can be generated. In
addition, the external quality factor and coupling factor of the two frequency bands
can be adjusted independently.

2.5 Tunable SIW filters

A new method to design tunable filters is shown in Figure 18 [23]. The proposed
filter consists of a conventional STW resonator and an additional via. The vial contains
an open-loop slot in the top metal wall, where the size, location, and orientation of the

12
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Figure 16.
Geometry of the proposed filters. (a) Loaded with CSRR and SICSRR, (b) loaded with SICSRRs [21].
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Figure 18.
Geometry of the proposed filter [23].
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Figure 19.
Geometry of the proposed filter [24].

open-loop slot determine the current and field distribution paths, which in turn
controls the tuning range, resulting in an 8% tuning range.

A tunable filter based on microstrip patch resonators is proposed [24]. The
overall layout of the filter is shown in Figure 19. The designed filter is similar to
the SIW structure, that is, an electrical wall composed of through-holes is placed
around the microstrip patch to reduce radiation, thereby reducing the insertion loss
of the filter. In addition, the varactor diode is selected as the tuning element because
of its small size, fast tuning speed, and large tuning range. The final designed filter
covers six different states from 2.0 GHz to 2.53 GHz, and its insertion loss is
1.68 dB-3.90 dB.

Table 1 shows the performance parameter of the filters following different
technological approaches.

Device Technology Size Center FBW Insertion  Return loss
(Ag ™ Ag) frequency (%) loss (dB) (dB)
(GHz)
[7] SIW — 20 27.5 2.78 16
[9] SIFW 0.3%0.88 30.2 11.3 37 13.5
[14] HMSIW 0.45*0.67 2.41/3.51 10.8/6.4 1.45/1.74 20/20
[15] QMSIW 0.5%0.5 5.85 14 2 13
[15] QMSIW 0.5%0.5 5.5 26 12 13
[17] EMSIW-CPW 0.33*0.33 9.1 22 0.9 23
[17] EMSIW-Multilayer ~ 0.32%0.32 9.1 19.8 13 20
[18] SMSIW — 2.05 7 12 16
[19] TMSIW 0.4680.198 7.26 6.8 1.5 —
[21] HMSIW+ SICSRR  0.046*0.046 5.51/8.83 9.4/5 1.3/1.8 18/18
[21] HMSIW+ SICSRR  0.045*0.045 5.52/8.81 9/5.4 1.3/2 23/14
Table 1.

Comparison of different filters.
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3. SIW power divider

Power divider (PD) can be used in phased array antennas, multiplexers, power
amplifiers, and so on. Substrate-integrated waveguides have attracted attention in the
design of power dividers due to their strong anti-interference, smaller radiation loss,
and higher quality factor (Q value). There are three main research directions on SIW
power dividers in recent years. Firstly, SIW PDs are developed with higher isolation
and lower insertion loss. The main isolation networks include one or more resistors
and the microstrip-based network [25, 26]. Secondly, the filtering power dividers
(FPD) are proposed to combine the power divider and filter to realize the miniaturi-
zation of the circuit [27-29]. Thirdly, ultra-wideband and wideband isolation PDs are
fabricated [30, 31]. The main technical parameters of the power divider include
insertion loss, return loss, isolation between ports, amplitude balance and phase
balance, etc.

3.1 PD with high isolation

Wilkinson PD is used to achieve a high degree of isolation between output ports.
An architecture of Wilkinson PD is based on fixed-width SIW lines with isolation
resistors as shown in Figure 20 [25]. The resistors are formed of various surface-
mounted parallel resistors to reduce the effect of SIW-resistance discontinuity. The
present topology shows enhanced isolation and adaptation in a wide bandwidth.

Another SIW PD with high output isolation is shown in Figure 21 [26]. The power
divider is constructed by using two substrate layers and three metal layers. Five
microstrip lines are placed on the top metal layer and coupled with the SIW through
three-slot lines located on the middle metal layer (common ground). Three resistors
are used to improve the output isolation. This device has input return loss and

Figure 20.
The novel Wilkinson PD.
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Figure 21.
Structure of proposed PD (a) 3D view. (b) Top view [26].

insertion loss greater than 17 dB and 1.6 dB, respectively. However, this structure
increases the complexity of the process.

3.2 Filtering power divider

Loading a resonator or multiple resonators on the power divider can realize the
dual function of filtering and power division. Figure 22 shows a triple-band FPD and a
quad-band FPD [27]. Two unequal CSRRs are engraved face to face on the top of
the SIW rectangular cavity to achieve two operating frequencies. An outer pair of
U-shaped slots (USS) or two pairs of USS is engraved on the bottom of the SIW to
achieve the third or the fourth operating frequency. The fabricated FPD presents good
isolation and return loss.

A
H ‘
x]'
TERE X eceeooe 00ceo
|
- Pl ===  NEII— »
| |
P2 = |
® ofoo eee e ee oo
) Triple-band PDQuad-band PD
Top ‘E'V'ew Bottom View
Figure 22.

Prototypes of Triple-band and quad-band PDs [27].
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Fabricated dual-band balanced SIW FPD.

Compared to the above FPD, the balanced SIW FPD is relatively less explored,
especially for dual-band applications. Figure 23 shows a single-layer dual-band SIW
FPD which has three bisected substrate-integrated cavities [28]. By adjusting the
position of metal vias, each cavity is designed to not only form three-pole dual
passbands but also attain high in-band common-mode (CM) rejection. An isolation
resistor is loaded across each output pair to attain high isolation easily.

3.3 Ultra-wideband and wideband isolation PD

Another filtering method is to load the slot line. As shown in Figure 24, two-slot
lines are loaded on the SIW to get a third-order filtering response [30]. The isolation
network consisting of the coplanar waveguide feeding line of Port 1, the interdigital
capacitor, and the resistor is embedded in SIW, which expands the bandwidth of
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Port2
Port3
Figure 24.
Proposed SIW FPD [30].
Device Technology Bandwidth Isolation Insertion loss Return loss
(GHz) (dB) (dB) (dB)
[25] Isolation network 8.85-10.6 20 33 15
[26] Isolation network 9.2-10.8 20 1.6 17
[27] FPD 3.47/4.73/6.31 14 3.8/4.85/4.06 20
3.34/4.82/6.17/7.66 12 3.5/3.95/4.26/4.85 19
[28] FPD 28/39 20/14.9 1.7/2.2 —
[29] FPD 10.64-11.84/ 16.1 1.4/2.2 17.8/
13.37-13.97 18.4
[30] Wideband 5.59-6.4 21 1.05 20
isolation
Table 2.

Comparisons with different power dividers.

isolation and achieves lower insertion loss and good isolation. The proposed STW FPD
has isolation higher than 21 dB from 5.59 to 6.4 GHz.

Table 2 shows the performance parameter of the power dividers following differ-
ent technological approaches.

4, SIW switch

The working principle of the SIW switch is to control the transmission of waves in the
needed SIW path by various control methods, mainly including electronic control
switches, magnetic control switches, and mechanical switches. Because of the ease of
integration and low cost, PIN diodes are used as tunable devices loading on the surface of
SIW for most electronic control switches. There have been many examples of designing
switches using the difference of characters in diode forward and reverse bias [32-35].
Magnetic control switches are mostly loaded with ferrite [36, 37]. The permeability of the
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ferrite slabs loaded in the SIW cavity is tuned by an external transverse magnetic field, so
that the cutoff frequency of the SIW mode is changed and the switching function is
realized. Magnetic control switches have higher power handling capability and longer
service life. The mechanical switch has the deficiencies of a short operation lifetime and
slow switching speed [38]. However, it can avoid the problem of parasitism. A switch
mainly focuses on three factors: insertion loss, return loss, and isolation.

4.1 Electronic control switch

An electronic control single-pole single-throw (SPST) switch is shown in Figure 25.
Firstly, make a narrow slot in the SIW top wall, then, the diodes are capacitively
coupled to the slot by metal pads on a very thin insulating layer. With the pin diodes
being switched between on-state and off-state, the propagation could be transformed
between two different types of modes. When the diodes are turned on, the top slot is
closed and the waveguide becomes an ordinary SIW. When the diodes turn off, the
electric field and propagation characteristics of the structure can be seemed as
HMSIW, as long as the slot has an appropriate size [32]. The difference in cut-off
frequency between SIW and HMSIW gives a switching bandwidth from 3 to 4.7 GHz.
The fabricated switch is presented with isolation of 50 dB and 3 dB IL in 3-3.5 GHz.

In addition, PIN diodes are also used in a single pole double throw (SPDT) switch.
Inductive posts with rectangular slots are embedded in the SIW to increase the
impedance of the SIW, which can disturb the incident signal flow. The PIN diodes and
bias networks are placed to control the operating mode of the inductive posts, as
shown in Figure 26. The proposed SPDT switch has measured isolation(S31) of
greater than 10 dB, isolation(S32) of greater than 15 dB, and an IL of less than 2.55 dB
from 8.24 to 10.36 GHz [33]. However, SIWs are narrow at higher frequency ranges
and cannot use switched vias. Thus, this method is no longer suitable at higher
millimeter-wave frequencies.

Different from the above internal through-hole design, a SIW switch with a reso-
nant slot is made innovatively [34]. The proposed switch in Figure 27 has an IL of less
than 1.3 dB and isolation of more than 10 dB in the switchable frequency band. The

Insulato% TD{—‘_
AT

< »
% l >

Figure 25.
Structure of switched waveguide [32].
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Structure of the SIW SPDT switch [33].
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Figure 27.

A switch with a resonant slot [34].

resonant slot vanishes when the PIN diode is in the forward-biased state, while the
resonant slot presents a high impedance load on the SIW when the PIN diode is in the
reverse-biased. This novel device can be particularly suitable for higher millimeter-
wave frequency due to its simple structure.

4.2 Magnetic control switch

There are many attempts to magnetically control using ferrite loading. A way to
load is shown in Figure 28, which consists of rectangular ferrite slabs loaded on the
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Figure 28.
Ferrite-loaded SIW switch.
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Figure 29.
(a) The proposed SIW switch (b) simulated e-fields within the switch(off-state) [37].

sidewall slots of SIW [36]. By applying external magnetic bias on the ferrite slabs, the
cutoff frequency of the waveguide can be changed. The proposed switch has an IL of
less than 1 dB and an isolation of 20 dB.

Figure 29a shows another magnetic control SIW switch with loading ferrite. A dc
magnetic bias is applied to control the propagation capability. A Ferrite slab is placed
on the surface of the SIW. The surfaces of the ferrite slab are covered with silver
except for the one touching the substrate. As shown in Figure 29b, when the switch is
off-state, e-fields present a strong transverse field displacement, causing the cutoff in
TE10 mode. This way is easy to be handled by PCB technology and achieves better
performance.

4.3 Mechanical switch

The following introduces a high-isolation SPDT SIW mechanical switch in V
and W bands. Four via holes with the ring and cross are used in each SIW path to
block the waves, as shown in Figure 30. A copper pad is put on top of the via holes.
When a copper pad touches the SIW, via holes connect the copper pad and top layer
copper. Via holes begin to block waves. When lifting the copper pad, via holes are
invisible, and the switch is off-state. The proposed switch has a more than 50 dB
isolation [38].

Table 3 shows the performance parameter of the switches following different
technological approaches.

21



Hybrid Planar - 3D Waveguiding Technologies

OO@@O%OO@@)O

Port2 Port3

oS

Q Portl O

(a)

(b)
Figure 30.

(a) Mechanical SPDT switch (b) schematic of the proposed SPDT.

Device Technology Bandwidth Isolation Insertion loss Return loss

(GHz) (dB) (dB) (dB)
[32] PIN diode / electric control 3-4.7 50 3 10
[33] PIN diode/ electric control 8.24-10.36 15 2.55 10
[34] PIN diode/ electric control 20-25 10 1.3 10
[35] PIN diode/ electric control 4.6-5.3 23 135 15
[36] Ferrite/magnetic control 9.5-10 20 — 10
[37] Ferrite/magnetic control 9.5-11 27 1.6 15
[38] Mechanical switch 50-75 50 3.5 10

75-105 50 7.5 10

105-110 50 10 10

Table 3.

Comparisons with different switches.

5. SIW phase shifter

Phase shifters are very important devices for signal phase adjustment and antenna
beam steering. A SIW phase shifter has the advantages of low insertion loss, high
power handling capability, and excellent immunity to electromagnetic interference
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(EMI). The classical design methods of phase shifters based on SIW are mainly to
control the equivalent dielectric constant of the transmission line [39-41], make self-
compensating wideband shifters [42-44], and take advantage of the slow-wave effect
[45, 46]. Controlling the equivalent dielectric constant of transmission is the most
widely used method. There are many designs such as using air-filled slabs and loading
extra metallic posts. The designed phase shifters have good performance in a narrow
band, but all of them are sensitive to frequency, which has poor performance in a wide
bandwidth. Self-compensating technology is used to realize wide-band phase shifters.
A phase shifter that takes advantage of the slow-wave effect can get a more compact
size. In addition, dynamic tunable phase shifters are also popular. The main criteria
for SIW phase shifter include insertion loss, operating bandwidth, phase deviation,
and power handling capabilities. Next, we will introduce several phase shifters with
excellent performance.

5.1 Self-compensating wideband shifter

A phase shifter just using a delay line cannot be used to achieve the phase shift in
a wide frequency range because it will cause a large phase deviation. To solve this
problem, we can use the phenomenon that the delay line and the unequal-width
structure to make an opposite dispersive phase shift and realize a wideband
compensation phase shifter [42]. As shown in Figure 31, a broadband SIW self-
compensating phase shifter is proposed. The differential topology reduces the fre-
quency sensitivity. The fabricated phase shifter achieves a 90° phase shift from 25.11
to 39.75 GHz, and the phase imbalance between the two paths is within 0.2 dB and
2.5 dB, respectively [43].

Another compensation method is slotting compensation [44]. By taking advantage
of the effects of the slots on the value and slope of the phase shift, slotted SIW is
proposed to produce the phase shift slopes which are opposite to the microstrip delay
lines to achieve a wide bandwidth phase shifter. The concept of such a technique is
verified by designing —90°, —45°, 45°, and 90° phase shifter prototypes, as shown in
Figure 32.

5.2 Dynamic tunable phase shifter
By incorporating switches into the circuits, a phase shifter can achieve

multiple phase changes easily. According to the different types of switches, controlla-
ble phase shifters are divided into electrically controlled tunable phase shifter,
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Figure 31.
Structure of the proposed SIW self-compensating phase shifter.
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Figure 32.
Photograph of five prototypes [44].

magnetically controlled tunable phase shifter, and mechanical tunable phase shifter.
Compared with the fixed phase shifter, the variable phase shifter is more flexible to
meet the requirements of the system, which facilitates the evolution of phased array
techniques strongly. Early SITW multiple phase shifters were designed with a
multi-phase channel side by side, which increased the size [47]. At present, most of the
adjustable phase shifters are single-channel structures, and the phase shift is adjusted
by switching the equivalent dielectric constant of the transmission line in the channel.

A cylindrical metal post inserted in SIW is equivalent to a T-network high-pass
filter [48]. When a PIN diode is buried within a SIW, the diode shows the same
behavior as the metal post [49]. The difference is that diode on or off can change the
value of the phase shift on the SIW. Accordingly, a new approach to designing a
dynamic phase shifter is proposed. A bias circuit is placed on top of the SIW to control
the diode states, as shown in Figure 33.

Different from diode tuning, a SIW phase shifter which can be reconfigured
using liquid metal is presented [50]. A series of holes that can be filled or emptied of
liquid metal is placed on the SIW. The holes with filled liquid metal can be seen as a
wall to block the passage of energy. Figure 34 illustrates the operating paths in
different states. By using the different electrical lengths among the three paths, the
device achieves coarse steps of phase change, from 0° up to 180°, in steps of 60°.
Utilizing reactive loading (placing a single hole in each path), the phase shifter can
achieve a phase shift in steps of 10°, from 0° up to 180°.

5.3 Slow wave effect

Based on the slow-wave effect, an excellent phase shifter is fabricated using
a CSRR-loaded SIW, as shown in Figure 35. CSRR provides the slow-wave effect
in the TE10 mode of SIW. The phase velocity reduction resulting from the slow-wave
effect provides a phase shift [45]. By controlling the phase velocity and the physical
length of the transmission line, different degrees of phase shift can be achieved. The
CSRR-loaded SIW realizes a direct conversion between the fast wave and the slow
wave, which makes the phase shifter integrate with other devices easily.

Table 4 shows the performance parameter of the phase shifters following different
technological approaches.
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Figure 33.
Proposed SIW controllable phase shifter (a) structuve. (b) Biasing circuit of the NIP diodes [49].

Figure 34.
The three operating states of the proposed phase shifter [50].

=
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Figure 35.
Proposed a slow-wave structure.

6. SIW diplexer

The diplexer is a three-terminal device used for transmitting and receiving signals.
One port is connected to the antenna and the other two are used for transmitting
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Device Technology Bandwidth Phase Amplitude Return loss
(GHz) shift (°) imbalance (dB) (dB)
[39] Equivalent dielectric constant 26.5-40 43+ 6 0.23+0.2 12.5
[40] Equivalent dielectric constant 26.5-40 40.8 +2.6 — 10
[41] Equivalent dielectric constant 20-32 45+5 0.1 12
90 +5
[42] Self-compensating 25.11-39.75 90.5+25 0.2 12
[44] Self-compensating 21.2-32.7 -90+5 — 15
—45+£25
45+25
90 +£5
[45] Slow-wave effect 7-10 90 £5 — 15
[46] Slow-wave effect 10.5-11.5 180 + 10 — 12
[49] Tunable/PIN diode 10 0-45 — 10
[50] Tunable/liquid metal 10 0-180 — 15
Table 4.

Comparisons with different phase shifters.

and receiving signals, respectively. The two processes are completed independently
without any effect on each other. Thus, isolation, insertion loss, cost, and size should
be paid more attention to. Diplexers can be divided into the following classes
according to the shunting method of signals. Traditional diplexers mainly consist of
two filters in different frequency bands and a T-junction [51-54], which increase the
design complexities and the insertion loss. In recent years, there are two main ways to
replace the T-junction. Firstly, multiple dual-mode resonators (MDMR) are used to
replace the T-junction [55]. At the same time, good isolation is achieved through the
orthogonality of the dual modes. However, the design flexibility of these diplexers is
limited by the dual-mode coupling mechanisms. The second way is employing the
scheme of a common dual-mode resonator (CDMR) and multiple single-mode
resonators [56-59]. This method solves the problem of flexibility and achieves circuit
miniaturization. Three structures are shown in Figure 36. In addition, there are also
some other hot spots and trends, such as the miniaturization design of diplexers
based on sub-mode SIW, balanced SIW diplexers, and the tunable design of SIW
diplexers.

| Multiple Dual-mode | P3
[Resonators and singlef‘
| _mode resonators

Joge_reforators o

Figure 36.
(a) T-junction scheme (b) multiple dual-mode resonators scheme (c) a common dual-mode and multiple single-
mode resonators scheme.
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6.1 T-junction structure

A SIW diplexer with CSRRs loaded is shown in Figure 37 [52]. A direct microstrip
line insert-feeding is adopted on the top working as a T-junction. The left and right
structures are two bandpass filters operating in different frequency bands.

6.2 Multiple dual-mode resonators

Figure 38 shows a six-port balanced SIW diplexer by using dual-mode resonators
[55]. Because the electric field responds differently to each mode and the characteris-
tics of differential signals, there is better isolation performance between two channels.
The electric field distribution of the lower channel and the higher channel is shown in
Figure 39. Additionally, differential input can enhance common-mode rejection and
increase the stability of circuits.

Port3

BlE)

T

Jdo oo o0 go0 0 0 o'

Figure 37.
Topology of the proposed SIW CSRR diplexer.
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Figure 38.
Structure of the balanced diplexer.
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(a) (b)

Figure 39.
Electric field distributions in (a) lower channel. (b) Higher channel [55].

6.3 A common dual-mode and multiple single-mode resonators

A wide passband SIW diplexer with a common half-mode dual-mode resonator
and multiple single-mode resonators is shown in Figure 40. The first half-mode
dual-mode resonator is used to flexibly allocate fractional bandwidths. The rest of
the resonators are single-mode couplings, which almost be mapped independently.
Figure 41 shows the electric field distributions in this diplexer at 3.5 and 5.0 GHz,
respectively. Different channels are dominated by different modes.

The schematic of a tunable SIW diplexer with various single-ended and balanced
ports is shown in Figure 42 [59]. Resonator A is a common dual-mode resonator,
Resonator B and A form the lower channel, while Resonator C and resonator A form
the upper channel. The bottom of each resonator is covered with a silver disk, which
attaches to a piezo disk. Piezoelectric actuator is used to tune the operating passband.
The single-end structure and balanced structure are both fabricated and have
state-of-the-art performance.

Table 5 shows the performance parameter of the diplexers following different
technological approaches.
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Figure 40.
Structure of the fabricated prototype [58].
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Electric field distributions in the proposed SIW diplexer [58].
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Figure 42.

Silver disk

The schematic of the tunable diplexer [59].
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Device Technology Lower channel/ Isolation Size Insertion Loss
Upper channel (GHz) (dB) (mm x mm) (dB)

[51] T-junction 24.31-25.66/ 50 e 1.95/2.09
25.96-27.34

[52] T-junction 4.66/5.8 30 17.5 x 14 1.6/2.3

[54] T-junction 24.3-25.65/ 50/40 — 2/2.5
25.95-27.35

[55] MDMR 8.62-8.98/9.17-9.63 35 47.45 x 62.5 2223

[56] CDMR 8/9 40 31.13 x 31.13 2.86/3.04

[57] CDMR 11.8-12.2/ 27 33.6 x 23.4 1.34/1.41
13.24-14.26

[58] CDMR 3.44-3.56/5.41-5.59 10.1/21.6 87.2 x 46.4 2.7712.55

Table 5.

Comparisons with different diplexers.

7. SIW crossover

As a microwave element, the crossover is not only able to make two signals cross-
transmit and maintain high isolation, but also usually appears in the array antenna
beamforming network, and is an important part of the Butler array. The use of SIW
technology to design the crossover has become a research hotspot for many scholars.
According to the circuit structure, the existing SIW crossovers can be divided into two
categories, one is the traditional cascaded 3-dB directional coupler structure, and the
other is based on the coupling theory, utilizing the orthogonality of the modes in the
SIW resonators to achieve isolation of two signals.

7.1 Cascaded 3-dB directional coupler structure

The planar structure of cascading two 3-dB SIW couplers is the earliest SIW
crossover. As shown in Figure 43, the proposed crossover has a measured return loss
of lower than 13-dB, isolation of better than 20 dB, and an insertion loss of less than

Figure 43.
The crossover at 60 GHz [60].

30



SIW-Based Devices
DOI: http://dx.doi.org/10.5772/intechopen.105421

0.5 dB within 5% bandwidth [60]. However, cascading inevitably brings the problem
of excessive circuit size. To reduce the size, a two-layer cascaded 3-dB coupler is
proposed based on the two-layer folded SIW directional coupler [61]. The electric
field and magnetic field are coupled through the middle slot.

7.2 SIW resonators

For the SIW resonator, on the one hand, using signal resonance to cascade multiple
cavities on one channel can realize signal filtering; on the other hand, using the
orthogonality of the resonant modes in the cavity, the signals in two channels can be
isolated. The combination of the two can realize the dual-function integration of
filtering and crossover in one device, which will reduce the complexity of the circuit
and help reduce signal transmission loss.

In a general filter crossover circuit structure, according to the duality principle,
each channel needs three cavities, and the design and implementation of the crossover
require at least five SIW cavities, as shown in Figure 44.

The commonly used dual-mode SIW resonators are mostly TE201 and TE102
modes. As shown in Figure 45, the electric field distributions of the two modes
are orthogonal to each other. The strongest electric field of one mode is the weakest
of the other mode. The four ports are arranged according to the strength of the
electric field, and the two signals are transmitted in the TE201 and TE102
modes respectively, which can realize the cross isolation of the signals. On this
basis, a filter crossover circuit with cascading five dual-mode resonators is
designed [62].

From the perspective of reducing circuit area and heat dissipation loss, the
industrial field has higher and higher requirements for device performance.

SIW crossovers are developing in the direction of better filtering performance,
smaller size, and higher integration. Three ways to improve development are
summarized below.

Port A

Port B

Port A’

Figure 44.
Traditional filter crossover.
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Figure 45.
Distributed electric fields of TE102 and TE201 in rectangular SIW cavity.

7.3 Filtering crossover

In the traditional filter crossover circuit with five cavities, to further reduce
the circuit size, the four peripheral dual-mode cavities are changed to single-mode
resonators whose fundamental mode is TE101 [63, 64], and the cavity
arrangement is different, but the signal filtering selectivity of the crossover is
enhanced in [64]. By increasing the number of cavities, and flexibly arranging
single-mode and dual-mode resonator cavity arrangements, a variety of filter
crossovers with different center frequencies and bandwidths are realized [65]. The
circuit only retains one dual-mode resonator, and four CPW half-wave resonators
are cascaded at the four ports, which further reduces the circuit size [66]. In
addition, square SIW cavities with TE102 and TE201 modes are used as building
blocks, and multi-channel filtering crossover is designed and fabricated by ratio-
nally arranging coupling ports and feed ports [67].

Figure 46 shows the electric field distribution of a filter crossover circuit with a
single resonator. The circuit is based on a four-mode resonant SIW rectangular reso-
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Figure 46.
Electric field distribution in the crossover: (a) TE103 mode, (b) TE104 mode, (c) TE201 mode, (d) TE202
mode [68].
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nant cavity, and the middle through holes and slots are used to adjust the electric field
distribution. Compared with the above-mentioned circuits with multiple resonant
cavities, on the one hand, the structure only uses a single resonant cavity, which
further reduces the size, and on the other hand, the operating frequencies of the two
channels in the above structure are the same, but the center frequencies of the two
channels in this structure are different, which realizes the dual-frequency crossover of
the two-channel signals and expands the application range.

In [69], the circuit structure is still in the traditional cross form, but the SIW
evanescent-mode (EVA) resonator is applied. The coupling coefficient between the
resonators is controlled by diodes, which makes the coupling coefficient of the adja-
cent cavities 0, and the diagonal cavities are not 0, thus completing the isolation of
two signals. Piezoelectric actuators are utilized to form a tunable filtering channel, and
the application range of the crossover is expanded.

7.4 Crossover with balanced structure

The above-mentioned crossover circuits are all used for single-ended circuits,
but considering the reduction of signal noise interference, the crossover circuits
applied to balanced circuits are also studied. The multi-layer circuit topology is the
main structure.

Based on the traditional filter crossover circuit, five SIW cavities are
cascaded as shown in Figure 47. The CM is suppressed in this structure. Under
differential mode (DM), the crossover part is realized by orthogonal modes TE102
and TE201.

Another balanced structure is shown in Figure 48. The 1-3 channels and the 2-4
channels are arranged in different layers, and the signals are transmitted through the
middle slots. TE202 and TE204 in a single rectangular cavity are orthogonal to each
other to complete the cross isolation of the two signals.

Table 6 shows the performance parameter of the crossovers following different
technological approaches.
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Figure 47.
The crossover circuit layout [70]. (a) 3D figure; (b) Planar graph.
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3D diagram of crossover [71].
Device Technology Bandwidth Isolation Insertion loss Return loss
(GHz) (dB) (dB) (dB)
[60] 3-dB Directional coupler 5 20 0.5 13
[65] Filtering crossover 11.57-12.43 21.8 1.61 18.5
[67] Filtering crossover 8.83 23 2.29 20
[68] Filtering crossover 7.11/8.77 14.65 2.7/2.57 13.1
[70] Balanced structure 10.2 30 32 —

Table 6.
Comparisons with different crossovers.

8. Conclusions

As an easy-to-integrate planar circuit, the SIW technology lays the foundation for
the design and implementation of high-performance, planar, low-cost, and easy-to-
integrate microwave passive circuits. This chapter describes the novel circuits based
on substrate-integrated waveguide, including filter, power divider, switch, phase

shifter, duplexer, crossover, and so on.
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Chapter 2

Challenges and Perspectives for
SIW Hybrid Structures Combining
Nanowires and Porous Templates

Vivien Van Kerckhoven, Luc Piraux and Isabelle Huynen

Abstract

The chapter presents a review of properties and applications of a particular category
of Substrate Integrated Waveguide (SIW) named NWSIW, for NanoWire-based
Substrate Integrated Waveguide. The NWSIW topology combines metallic nanowires
embedded in a porous template in order to form planar compact integrated waveguides;
nanowires selectively grown in the template are used for building the walls of the
waveguide, but also allow to achieve microwave functionalities such as filtering, isola-
tion. Through the chapter the comparison made with classical waveguides including
SIW will lead to a discussion on future perspectives and possible improvements of this
NWSIW topology. Their performances will be explained and illustrated with regards to
current state-of-the art, and based on results obtained at UCLouvain.

Keywords: SIW, porous template, metallic nanowires, microwaves, isolator, filter,
design, fabrication

1. Introduction

High-quality transmission lines become mandatory to fulfill the requirements of
the nowadays applications. Indeed, the constraints applied to microwave and
millimeter-wave circuits are continuously reviewed and increased: low cost, low con-
sumption, high density, high operational frequency, ... At frequencies higher than
30 GHz, interferences, radiation and material losses prevent the use of conventional
microstrip and coplanar transmission lines. Within this context, the substrate inte-
grated waveguide (SIW) topology, introduced in [1], represents a promising perspec-
tive. This technology uses two rows of vertical metallic wires or metallized via holes
inserted throughout the substrate entire height to form a shielded line of rectangular
section, reducing subsequently radiation and conductor losses. The presence of walls
also prevents spurious crosstalk interferences between devices in a same circuit [2-4].

The two virtual walls have to be carefully placed to allow the appearance of the same
propagation modes as in a macroscopic rectangular waveguide. It is possible to integrate
various components in a same substrate, including passive or active devices, as well as
antennas. Different variations of the concept emerged for several functionalities (filter,
coupler, antenna power supply, ... ) with applications up to 180 GHz, and in different
types of substrates (PCB, paper, polymers or alumina) [5, 6].

4 IntechOpen



Hybrid Planar - 3D Waveguiding Technologies

Over the last decades also, the interactions between nanowires embedded in
porous templates and microwave signals have been intensively studied and exploited
to create planar monolithic devices. Both the permeability and permittivity of the
template filled with nanowires can be modulated in order to create various microwave
and millimeter-wave components. The advantages of microwave devices based on
nanowires compared to classical components are manifold: wide range of operating
frequencies, temperature stability, monolithic integration into a single substrate and
possible miniaturization. Moreover, compared to classical ferrites, ferromagnetic
nanowire arrays display higher saturation magnetization and ferromagnetic resonance
(FMR) frequencies as well as high operation frequencies at remanence due to their
large aspect ratio.

Thanks to those properties, noise suppressors [7], absorbers [8, 9], inductors [10],
or filters based on electromagnetic bandgap effect [11] have been developed, together
with non-reciprocal devices, such as phase shifters [12], isolators [13] and circulators
[14]. More recently slow-wave transmission lines were designed exploiting the high
permittivity of metallic nanowire arrays [15], while a filter was designed using the
double ferromagnetic resonance effect in magnetic nanowires [16]. The reported
devices use microstrip or coplanar waveguide topologies combined with different
ferromagnetic materials for the nanowires.

Given the respective advantages of nanowires and SIW [17-19], using nanowires
to conceive Substrate Integrated Waveguide (SIW) devices is an interesting alterna-
tive. The basic idea underlying this concept is to use metallic nanowire arrays
electrodeposited into a porous template to form the waveguide walls. With two
copper layers deposited onto the template’s both faces, a simple rectangular wave-
guide is created, denoted NWSIW for nanowire-based substrate integrated wave-
guide. To achieve different microwave functionalities, various nanowire arrays can be
added inside the cavity of the NWSIW, combining different heights, shapes and
materials (magnetic or not).

Concepts presented in this chapter are widely inspired by the work of Van
Kerckhoven et al. [17-22]. The chapter is organized as follows; Section 2 introduces
the Nanowired-based Substrate Integrated Waveguide (NWSIW) topology and com-
pares it with the classical STW and metallic rectangular waveguide (MRW) geome-
tries. Section 3 details the design features of the NWSIW, while Section 4 discusses
fabrication techniques. Section 5 presents some experimental realizations of micro-
wave devices based on NWSIW topology, while Section 6 discusses challenges and
perspectives of this new technology.

2. Geometries in presence

Figure 1 shows the transformation of a classical metallic rectangular waveguide
(MRW) into an SIW, next into a NWSIW.

The MRW is formed by the assembly of four metallic plates acting as perfect
electric conductors and forming a hollow metallic pipe of rectangular section for the
guidance of electromagnetic waves.

The SIW has a fully planar thin topology since it bases on planar dielectric sub-
strates commonly used for the fabrication of RF and microwave devices and circuits.
The top and bottom faces of the substrate are covered by a metallic clad typically 17 or
35 pm-thick, as available for commercial copper clad laminates (CCL). These layers
form the top and bottom walls of the waveguide. Lateral walls are obtained by
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Figure 1.

Frg::z metallic rectangular waveguide (MRW) to Nano-wire substrate integrated waveguide (NWSIW). In STW
lateral metal plates of MRW are replaced by two rows of metallized vias. In NWSIW rows of nanowires (NW)
electrodeposited in nanoporous substrate form continuous metallic walls. Vertical arrows indicate the positioning of
covering metal plates (blue).

mechanically drilling two rows of holes that are next filled by metallic vias; periodicity
and diameter of the vias must be adjusted in order to achieve a similar metallic
shielding level as in an MRW.

In a NWSIW the difference with respect to SIW is the nanoporous substrate used
for its design and fabrication. Instead of drilling vias in a CCL substrate, metallic
nanowires (NW) are grown by electrodeposition in dedicated row areas in the
nanoporous substrate in order to form a virtual metallic lateral shielding. The bottom
side of the waveguide is formed by the thin metallic layer electroplated as ground
electrode for the electrodeposition of NW, while top side is achieved by another
electroplating realized after the growth of NW is completed.

3. Design rules and constraints for NWSIW
3.1 Alumina porous template

The template considered for the NWSIW is nanoporous alumina wherein metallic
nanowires can grow. Commercial solutions are based on anodic alumina oxide (AAO);
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Figure 2.
Schematic top view (left) and side view (right) of AAQO template. T is the thickness of the template, D is the
diameter of the pores.

Pore diameter range D 30 nm - 1um
Type and conductivity of NW Cu - 5.65x 107 S/m
Porosity range (P) 4% - 60%
Dielectric constant bulk alumina (e,) 9.8
Relative permeability bulk alumina () 1
Loss tangent factor bulk alumina (tand) 0.015
Thickness T 50 pm or 100 pm
Operational frequency range 1GHz - 50 GHz
Table 1.

Characteristics of AAO porous template.

the oxide is obtained by anodization of aluminum. The result is an array of vertical
cylindrical pores arranged as a hexagonal pattern, as illustrated in Figure 2. The
diameter of the pores is fixed by the process and typically ranges between 25 nano-
meters and 0.5 pm. Another characteristic parameter is the porosity P of the template,
defined as the total surface occupied by pores in a given area reported to the surface of
this area. The available thicknesses of the AAO template and its electrical parameters
are also reported in Table 1.

3.2 Building of NWSIW walls

Contrarily to classical a SIW where walls are created by the insertion of metallic
vias, the NWSIW architecture exploits the nanoporous nature of AAO to grow arrays
of metallic nanowires (MNW) inside pores. Instead of bulk metal for classical RW
having bulk conductivity o, each wall of the NWSIW formed by the nanowire array
has a total equivalent conductivity reduced by a factor P [20]. As a consequence, the
skin depth Sxw of the nanowire array expresses as

ey

The extinction thickness ET is here defined as the thickness of the nanowire array
forming the MNW wall that ensures that 99.9% of the electromagnetic field is
blocked/attenuated by the MNW wall:
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0.001 = ¢ ET/omw 5 ET = 7 OMNW (2)

Figure 3 shows the extinction thickness ET as a function of porosity, for different
values of operating frequency, from DC up to 50 GHz, and for Copper (Cu)
nanowires of conductivity given in Table 1. It is concluded that a thickness of 10 pm is
sufficient to satisfy condition (2) for most values of porosity higher than 3% and
frequency above 1 GHz.

Practically two rows of MNW are grown in the AAO template, having a 10 pm
width and a length equal to the desired length of the NWSIW. The nanoporous AAO
template imposes a close packing of the electrodeposited MNW array from which an
efficient shield is obtained. This is different and easier than designing the diameter
and spacing of metallic vias drilled in the dielectric substrate of classical STWs.

3.3 Propagation in NWSIW

In this section the propagation of microwave signals is investigated through the
description of the effective medium present in the waveguide, as influencing the
propagation, and the formulation of the propagation constant and characteristic
impedance of the waveguide.

3.3.1 Effective medium filling the NWSIW

The porous medium resulting from alumina anodization was illustrated in
Figure 2. The (complex) permittivity of the equivalent effective medium, noted gaa0,
can be calculated using a simple volumetric law [20] involving porosity P of AAO and
properties of bulk alumina reported in Table 1:

EAAO :P-i-(l—P)SV (1—itﬂn5) 3)

As illustrated in Figure 4, both dielectric constant (left figure) and loss tangent
factor (right figure) of porous AAO show a linear dependence on porosity P.

Extinction thickness

0 20 40 60 80 100
porosity P (%)

Figure 3.
Extinction thickness (Eq. (2)) as a function of porosity P.
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€, - porous AAQ substrate tan § - porous AAO substrate
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Figure 4.
Electrical properties of porous AAO depending on porosity P, according to Eq. (3). Left: Dielectric constant, right:
Loss tangent factor.

For P = 0, the dielectric constant is that of bulk alumina given in Table 1, while for
P = 100% it corresponds to air since no more alumina is present.

The same is true for the loss tangent factor; it goes from 0.0125 for P = 0%,
corresponding to the value in Table 1 for bulk alumina, to zero since for P = 100% the
substrate reduces to air having no significant losses.

It has to be noted however that for practical use, AAO templates having high
porosity should be avoided since they are much more brittle.

3.3.2 Propagation characteristics

The propagation inside a NWSIW is very similar to that occurring in a classical
MRW. Given its width noted W and height equal to the thickness T of AAO template
given in Table 1, the complex propagation constant, noted v, is given by the following
general expression [23]:

y=a+jp= \/(%)2 + (g)z — €440 (2;:}”)2 (4)

In Eq. (4) m and n are indices associated to TE,, and TM,, modes of propagation
in an MRW. In the case of NWSIW, the thickness of the AAO being much lower than
the width W of the guide, the first modes of propagation are TE,,o modes. Eq. (4)
indeed reveals that the propagation constant presents a cut-off phenomenon; propa-
gation occurs (B > 0) only above a certain frequency named cut-off frequency and
noted f.. Below f_, the signal is attenuated instead of propagating (p = 0, a > 0).
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Cut-off frequency - Cut-off frequency

w181

GH
GHz

0 10 20
porosity P (%) width of NWSIW (mm)

Figure 5.
Cut-off frequency f., o, according to Eq. (5). Left: Function of porosity P, for W = 6 mm. Right: Function of NWSIW
width W, for P = 50%.

Derived from setting v in Eq. (4) equal to zero, f. writes as:

mec,
fcmo_zngAO (5)

where W is the width of the waveguide and ¢, the light velocity in air. For the
NWSIW the three lowest cut-of frequencies occur for TE,,o modes.

Two statements can be derived. At first, the permittivity of AAO filling the
waveguide depends on porosity P. This obviously influences the cut-off, hence the
propagation constant, by virtue of (4-5). This illustrated in Figures 5 and 6, left. As
porosity P increases, the dielectric constant decreases so that cut-off moves to higher
frequencies (Figure 5), and this is reflected in the behavior of propagation constant
(Figure 6). For a proper operation, that is allowing propagation in the 10-60 GHz
range, porosity P should not exceed 40%.

Secondly, similar conclusions can be drawn as concerns the influence of the width
of the waveguide. The cut-off frequency decreases as the width of the NWSIW
increases, and a width superior to 5 mm is necessary for obtaining propagation in the
NWSIW starting at 10 GHz.

3.3.3 Chavacteristic impedance of NWSIW

The characteristic impedance of a NWSIW has an expression similar to an MRW,
expressed here as function of geometrical parameters W and T of the waveguide [23]:

_2T joufy,

Z;
w oy

(6)
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[ versus porosity B versus NWSIW width
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Figure 6.
Frequency dependence of propagation coefficient f given by Eq. (4). Left: For diffevent values of porosity P, and
W = 6 mm. Right: For different values of NWSIW width W, and P = 50%.

Zc versus porosity Zc versus NWSIW width
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Figure 7.
Frequency dependence of characteristic impedance Z, given by Eq. (6). Left: For different values of porosity P, and
W = 6 mm. Right: For different values of NWSIW width W, and P = 50%.
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Figure 8.
Schematic representation of tapered microstrip-to-NWSIW transition for impedance matching.

Introducing expression (4) of y into (6), the characteristic impedance Z. can be
represented in Figure 7 as a function of frequency and for different values of porosity
(left) and width of NWSIW (right). Resulting from definition (6) Z. has a singularity
at cut-off frequency, since at this frequency y present in the denominator of (6) tends
to zero.

Another important feature is the low level of characteristic impedance far
above cut-off. Even for the most favorable conditions, i.e. high porosity in order
to decrease the effective permittivity inside the waveguide (P = 80%), and
moderate width of NWSIW (W = 4 mm), Z. does not exceed 10 Q in the flat
constant regime above 20 GHz. As a result, a mismatch occurs with respect to the
conventional 50 Q reference impedance used for measurements of microwave
devices.

3.3.4 Tapered transmission for improved matching

As a way to solve the problem of mismatch between the low impedance of
the NWSIW and 50 Q reference impedance, tapered transitions can be inserted
between accesses of the NWSIW and microstrip or coplanar waveguides lines
used for the connection with other devices. A schematic view of the microstrip-
to-NWSIW transition is shown in Figure 8. The taper allows a smooth
progressive change of characteristic impedance along taper length, which favors
the matching.

Figure 9 shows simulated performances of microstripline -to - NWSIW transition
for various values of taper length L = Le,pe, (left) and taper width W, (right).

Adequate values for maximizing transmission S;; and minimizing reflection S;; are
Liaper = M4 where ) is the wavelength at the operating frequency assumed here equal
to 10 GHz, and Wi,per = 0.6 x W = 3.6 mm.

4. Fabrication techniques

Figure 10 shows the fabrication process for the NWSIW. As explained in Section 2,
this technology differs from classical SIW since it takes advantage of the porous AAO
template for creating by electrodeposition metallic nanowires inside the pores in order
to form equivalent metallic shielding walls as explained in sections 3.1 and 3.2.
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Figure 9.

Performances of tapered transition of Figure 8 as a function of taper length (left) and taper width (right). Top
row: S, ,, bottom row: S, . Simulations are made for W = 6 mm and P = 50%.

The first step is the deposition of a metallic layer (blue color) by electroplating on
the back side of the AAO template, step 1 in Figure 10; this layer is used as cathode
during the electrodeposition process.

Then in step 2 the areas where electrodeposition of NW is needed are
defined; equivalently the areas where electrodeposition is unwanted are
determined. As detailed in [19-21] two options are possible, named A and B. In
option A, a metal layer is electroplated on top of AAO. Openings are created by
laser etching this top metal layer in areas where electrodeposition of MNW is
desired, to allow the penetration of the electrolytic solution inside pores that are
not covered by the metal. Option B is dual/opposite; the areas where MNW are
unwanted are selected by laser burning locally the surface of the AAO in order to
destroy locally the porosity and clog the pores, making electrodeposition of
MNWimpossible in these areas. The burned surface of AAO is represented as a
magenta layer in Figure 3B. It remains present during step 3 to 5. The result of step 2
for both option A and B is step 3, where only open pores are available for electrode-
position. The result of step 2 for both option A and B is step 3, where only open pores
are available for electrodeposition.

The last 2 steps are similar for option A and B. In step 4, electrodeposition
process described in [21] is used to grow MNW in free pores in such a way that
pores are slightly overfilled. By doing so, during step 5 when electroplating of top
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Figure 10.
Steps of fabrication process for the NWSIW.

metal layer occurs, good electrical contacts are created between top metal layer and
upper end of MNW, forming efficient metallic shielding walls for the equivalent
waveguide.

5. Practical realizations
5.1 NWSIW transmission line

Figure 11 shows the transmission measured in a NWSIW transmission line having
a width W = 6 mm, and built on a 100 pm-thick AAO template. The location of the
three first cut-off frequencies corresponding to TE 14, TE;o and TE3o modes are
visible; their values are in good correspondence with Eq. (5). For a proper operation of
NWSIW devices, they should be designed for the 8-18 GHz frequency range, i.e.
between the first and second cut-off frequencies.
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Transmission in NWSIW line
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Figure 11.
Transmission measured on a NWSIW built in a 100 pm-thick AAO template. Inset shows picture of the device
having width W = 6 mm.

Insert of Figure 11 shows a picture of the fabricated NWSIW line. Material for
MNW is Cu and areas filled by MN'W are visible as lighter strips on upper and lower
side of the brown rectangle forming the top metallization of the NWSIW, and having
a length equal to 12 mm. On left- and right-hand sides of the picture taper microstrip
transitions aiming at improving impedance matching are visible.

5.2 NWSIW isolator

Figure 12 shows a practical realization of a NWSIW isolator basing on the opera-
tion mode of a ferrite-slab resonant mode isolator in classical MRW technology
[24, 25]. Here in order to mimick the ferrite slab, a narrow wall made of ferromagnetic
NW (alloy of Nickel and iron, noted NiFe, red color) is grown close to a wall of the
NWSIW (blue color), made of Cu NW grown in AAO, as shown in the inset of
Figure 12. It has to be noted that NiFe NW forming the slab are not grown over the
full height of AAO template in order to avoid the formation of a short-circuit due to
contacts between conductive NiFe NW and top metallization of the waveguide, since
a short-circuit would prevent the transmission of the signal.

As expected a nonreciprocal transmission is observed in the NWSIW, due to
the presence of ferromagnetic material located at a specific position in the
waveguide. Transmission S,; in forward direction is more than 10 dB lower than
transmission S;, in reverse direction. We can conclude that the device ensures an
isolation level superior to 10 dB [21], which is close to the state-of-the art, as shown in
Table 2.

Compared to isolators based on ferrite slabs in MRW (resonant-mode isolator), the
planar devices are much thinner and usually do not require an external magnetic field
to bias the ferrite. The best result is obtained by Cheng et al. [26]: their planar ferrite
resonance isolator is 635 pm-thick and works without DC magnetic field bias. Hemour
et al. [27] propose an SIW isolator based on ferrite, with lower performances reported
in Table 2.
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Figure 12.

Measurement of NWSIW isolator. Inset shows the topology: Cu NW (blue) form lateral walls, while NiFe NW
(red) form a ferromagnetic slab. Electroplated copper metal layers (orange) form bottom and top walls of
NWSIW.

Reference Topology/ Material F Isolation Insertion losses Thickness
technology (GHz) (dB/cm) (dB) (mm)
[26] SIW in PCB Ferrite slab 10 20 3 0.635
[27] SIW in PCB Ferrite slab 11 8 7 na
[28] Microstrip on PC Co NW 41 7 15 0.021
[29] CPW on AAO Ni NW 20 6.5 na 0.06
[13] Microstrip on AAO  CoFe NW 24 14 10 0.20
[18] NWSIW on AAO  NiFe NW 13 7 na 0.05
Figure 12 NWSIW on AAO  NiFe NW 12 11 na 0.10
[21]
Table 2.

Comparison of performances of planar SIW isolators.

The first demonstration of an isolator based on ferromagnetic nanowires (NW)
was reported in [28]. Cobalt NW are included in nanoporous polycarbonate (PC) thin
substrate, and 10 dB isolation is obtained, however with 15 dB insertion losses and
requiring a 9 kOe DC magnetic bias. Next two other devices based on NW in AAO
porous template are reported in the literature. Kuarn [29] proposed a coplanar wave-
guide (CPW) technology including Nickel (Ni) MNW in AAO. Reported isolation
level is 6 dB/cm at 23 GHz under 5.6 kOe DC magnetic bias. The best performances for
nanowire-based planar isolators were obtained by Carignan et al. [13], who measured
an isolation of 14 dB/cm without DC bias on a microstrip topology including CoFeB in
AAO.

Two realizations of UCLouvain combining NW in AAO and planar SIW into an
NWSIW isolator are reported in the literature and do not require external DC bias.
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The first one [18] shows an isolation level of 7 dB/cm, while the second one [21]
shown in Figure 12 has an isolation of 11 dB/cm. These two last realizations are among
the thinnest according to Table 2.

5.3 NWSIW EBG filter

As last illustration in this chapter, Figure 13 presents the topology of the so-called
EBG filter (for Electromagnetic Band Gap) realized in NWSIW technology. The EBG
effect associated to periodic structures was introduced in the “90s [11, 30-32]. The
filter is based on the cascade of three NWSIW sections partially filled with Nickel
MNW and separated by empty NWSIW sections.

Measurement of transmission in Figure 14 shows that a gap in the transmission
occurs at 20 GHz. It is created by the contrast between the dielectric constant of AAO

Empty NWSIW section Partially-filled NWSIW section

Figure 13.

Topology of EBG filter in NWSIW technology. Blue NW form vertical walls of NWSIW, while red NW having
filling height h = 75% are grown in the NWSIW in order to create the EBG effect. Electroplated copper metal layers
(orange) form bottom and top walls of NWSIW.

Transmission in NWSIW EBG structure

Nanowire array

dB
&

.55 T
EBG reflection

10 15 20 25 30
Frequency (GHz)

Figure 14.
Measured transmission in EBG filter in NWSIW technology. Inset: Photograph before electroplating realized at
step 5 of Figure 10.
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Figure 15.
Influence of filling height of NW on dielectric constant.

empty sections and the much higher value of dielectric constant for sections partially
filled with Ni NW over a relative filling factor h. The behavior of the dielectric
constant versus h is shown in Figure 15 and was initially introduced in [15]. The
generation of the bandgap at a dedicated frequency f, requires that the length of each
section, empty and filled, is equal to a quarter wavelength at f,. This condition is
expressed by equations (7-8):

Co
Lempty section = —F———— = 2.6 . 7
pty sect 7 — mm 7)

C
Lfilled section — ° =51mm (8)

41, & filled

The realized filter has a filling factor h = 75% yielding 34 as value for &, fyed,
while dielectric constant of empty AAO with P = 4% is close to 9.8. The contrast
between dielectric constant of filled and empty sections is high and responsible for
the bandgap at f, = 20 GHz. The depth of the bandgap is —50 dB, which, compared
to the maximal transmission level of - 25 dB, means a stopband rejection effect of 25 dB.

6. Challenges and perspectives of the new NWSIW technology

Coming to the end of this chapter, it is now time to conclude on the performances,
the maturity and the perspectives of the NWSIW technology.

The NWSIW presented in this chapter and the classical planar SIW of Figure 1
share about the same pros and cons:

* A fully planar geometry, based on a thin planar substrate, much more compact
than classical MRW

o The resulting disadvantage is that both topologies require specific matching
structures to solve the impedance mismatch issue resulting from the low
thickness of the substrate.

o However, the issue disappears if a whole architecture of devices is built in the
same NWSIW technology on a single AAO substrate. The design can be made
for a same reference impedance, so that a single transition will be needed for
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Reference Topology Technology f (GHz) Insertion losses
(dB/cm)

[33] CPW NixSiy/Si 10 2

[34] CPW MMIC 20 5

[35] SIW LTCC 50 2.5

[36] SIW LTCC 38 4

[37] Microstrip NW in AAO 60 7

[38] SIW NW in AAO 20 7.4

[20] NWSIW NW in AAO 12 4.4

Table 3.

Comparison of insertion loss.

interfacing the designed circuit in NWSIW technology with 50 Q reference
impedance.

* An improved immunity to radiation and crosstalk interferences compared to
open planar structures

o For classical SIW, vias have to be carefully dimensioned and spaced in order
to induce an efficient shield.

o while for NWSIW a thin wall of grown nanowires is sufficient to form an
efficient shield, since the nanoporous AAO template imposes a close packing
of the electrodeposited MNW array.

* Compared to MRW that are empty, both SIW and NWSIW structure are filled by
a medium having permittivity higher than air.

o This reduces the size of the device for a given operational frequency

o Devices have to cope with dielectric loss of the substrate filling the
waveguide.

However, the insertion losses observed in Figure 11 for NWSIW (8 dB at 12 GHz,
corresponding to 4.4 dB/cm) are comparable or lower than other technologies/topol-
ogies, as shown Table 3. Insertion losses should be significantly decreased by further
improvement of fabrication process. Indeed, the upper and lower Cu layers
electroplated on the two faces of the AAO membrane can be thickened in order to
attenuate the effect of the roughness of the metallization due its imperfect contact
with porous template during step 1 and 5 of the fabrication (Figure 10). This will
increase the shielding effect while reducing ohmic losses, in order to achieve insertion
losses lower than 1 dB/cm.

The road to achieving these objectives is not actually that long. We have shown
that the combination of nanowires and SIW technologies is meaningful, since it allows
a facile integration of various functionalities such as filtering and nonreciprocity on a
same substrate thanks to the growth of various kinds of MNW in AAO while tuning

56



Challenges and Perspectives for SIW Hybrid Structures Combining Nanowires and Porous...
DOT: http://dx.doi.org/10.5772 /intechopen.105148

their filling height. The fabrication of a platform of miniaturized NWSIW devices that
rival the state-of-the-art will be made possible by some optimizations of the fabrica-

tion process as outlined above.
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Nomenclature

The following abbreviations are used in this manuscript:

AAO
CCL
CPW
Cu

EBG
NiFe
MMIC
MNW
LTTC
NW
NWSIW
PCB
SIW
UCLouvain
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Anodic Aluminum Oxide

copper clad laminate

Coplanar Waveguide

Copper
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nickel-iron alloy

Monolithic Microwave Integrated Circuit
metallic nanowire
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Printed Circuits Boards
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Chapter 3

Novel Filtering Applications in
Substrate-Integrated Waveguide
Technology

Angela Coves and Maurizio Bozzi

Abstract

The SIW technology combines complete shielding and fairly low losses with simple
and cost-effective manufacturing, thus representing the ideal platform for the devel-
opment of the next generation of wireless systems, including the band-pass filters
among them. In this chapter, a number of novel SIW filter configurations will be
presented to improve the filter performance, reduce losses, and minimize the filter
footprint. To this end, different topologies of band-pass filters in SIW technology will
be described based on stepped-impedance configurations (with high and low dielec-
tric constant sections) making use of the impedance inverter model, extending this
concept to half-mode SIW structures, with the aim to reduce the size of the filters.

Keywords: filters, substrate-integrated waveguide (SIW), effective permittivity

1. Introduction

Substrate-integrated waveguides (SIWs) are planar structures that emulate a
dielectric-filled rectangular waveguide (RWG) in a single circuit board, in which the
lateral metallic walls are replaced with a periodic array of metallic vias (see Figure 1)
[1, 2]. Thus, SIWs are good candidates to be used as building blocks for the imple-
mentation of microwave waveguide filters with different topologies, benefiting from
the advantages of such technology (mainly low cost and easy integration), combined
with the well-known advantages of conventional rectangular waveguides (complete
shielding and high-power-handling capability).

In the following sections, we begin analyzing the main properties of ordinary SIWs
with the homogeneous substrate, and those whose substrate is periodically loaded
with either cylindrical air holes or with metallic cylinders, thus achieving a reduced/
higher effective permittivity, respectively. After that, different topologies of band-
pass filters in SIW technology are briefly described, starting from classical iris-type
SIW filters and moving to more novel topologies, consisting of step impedance filters
based on high and low dielectric constant sections, extending this concept to half-
mode SIW structures, with the aim to reduce the size of the filters, showing in all cases
good performances in terms of insertion and return losses in their passbands, along
with deep and wide rejection bands.
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metalized

Figure 1.
The geometry of the classical SIW structure.

2. Ordinary SIW and SIW periodically loaded with cylindrical air holes or
with metallic cylinders

SIWs are planar structures that emulate dielectric-filled rectangular waveguides
(see Figure 1). The two ground planes represent the top and bottom metal walls of
the rectangular waveguide, and the rows of metal vias replace the sidewalls of the
waveguide. The ordinary STW made with a homogeneous substrate basically has
the same guided-wave characteristics as the conventional rectangular waveguide [3],
and its fundamental mode is similar to the TE;o mode of the rectangular waveguide.
However, since the electric current density on the metal vias can only flow in the
vertical direction, only TE, o modes are supported by SIWs [4]. The metallic
vias are characterized by their separation s and diameter 4. Their values must be
appropriately chosen [5] to avoid radiation losses, so they must fulfill the following
conditions:

d<2/5 s<2 e

where /, is the guided wavelength. The propagation constant of the STW
fundamental mode is mainly determined by the width ag;w of the SIW (see Figure 1).
A previous study [3] demonstrates that a SIW can be analyzed as an equivalent
rectangular waveguide of effective width a given by

P
0.95s°

()

a = asiw —

Therefore, all the presented results in this section have been obtained using the
equivalent waveguide of width 4, related to the cutoff frequencyf ,, of the TE;o mode
and the relative permittivity of the substrate material by:

c

_2fc10 C

Going a step further, some propagation regions of the SIW can be conveniently
modified so that it can behave as if it is loaded by a different dielectric permittivity in
such regions with respect to that of its substrate, which may be of practical interest in

a

(3)
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Figure 2.
Scheme of a SIW with periodic air holes with a rectangular pattern.

filtering applications, as shown in the following sections. A simple way of it can be
achieved when the propagation region of the SIW is periodically loaded by air holes
(see Figure 2), in which case a considerable reduction of the effective permittivity
can be obtained (as long as the perforated substrate is shielded in the top and

bottom walls, so the electric field distributes transversely through both the substrate
and the air holes regions following the TE;o mode profile). Additionally, it is expected
a decrease in dielectric losses due to the removal of substrate material, which may be
of special interest in high-frequency bands. Effective permittivity of the periodically
perforated SIW can be obtained to be used in filtering design by analyzing a unit cell
of the perforated structure, by using the eigenmode solver of the commercial software
tool Ansys HFSS [6], so that it is possible to relate the effective permittivity of the
waveguide with the cutoff frequency of the TE;q mode through the following
expression:

2

Y
4a’f o

(4)

&y

A parametric study of the effective permittivity obtained in a SIW periodically
loaded with cylindrical air holes following a rectangular pattern can be found in
Ref. [7], where it has been analyzed the effect of the air holes parameters (the
diameter d, and separation s,) in the resultant effective relative permittivity of the
waveguide, achieving a reduction of more than a 60% of the substrate relative
permittivity.

Alternatively, the use of high effective permittivity structures, which behave as
slow-wave structures, are also of special interest for device miniaturization in filtering
applications. With this regard, the increase of the effective permittivity of a SIW can
also be obtained by inserting in the dielectric an array of metallic inclusions, as already
demonstrated in Refs. [8, 9]. A simple implementation of a STW with a high effective
permittivity can be achieved by inserting an array of metallic cylinders (see Figure 3),
whose height must be lower than but not far from the waveguide height, to achieve a
high effective permittivity in the waveguide. In Ref. [10], a parametric study of the
effective permittivity in a SIW has been done, in which an array of metallic cylinders
with a triangular pattern has been inserted to synthesize a higher effective permittiv-
ity, obtaining an effective permittivity that is more than twice the value of the
substrate permittivity with the proper selection of the cylinder parameters (the
diameter d. and separation s).
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Figure 3.
Scheme of a SIW with an array of periodic cylinders with a triangular pattern.

Both types of periodically loaded SIWs with reduced or increased effective
permittivity can be employed in novel filter solutions, as shown in the following
section.

3. Band-pass step impedance filters in SIW technology

In this section, the design procedure of novel band-pass filters in SIW technology
using the impedance inverter model has been described [11], where the quarter-wave
sections constituting the resonators are coupled through evanescent mode sections,
which can be implemented by classical iris waveguides, or alternatively, by reduced
permittivity SIW sections.

3.1 Band-pass iris filter in SIW technology

We begin this section by giving the basic guidelines for the practical design of a
waveguide iris filter in SIW technology using the well-known impedance inverter
model [11], which will be used as the basis for more sophisticated stepped-impedance
configurations of SIW filters (with high and low dielectric constant sections). The
filter design is made using the equivalent rectangular waveguide of effective width a
given in Eq. (2), and the final design of the equivalent filter in SIW technology is
accomplished using such equivalence in each of the respective waveguide sections.
For the design of the waveguide-based filter, the equivalent circuit model of imped-
ance inverters of an inductive waveguide iris through a T network can be employed
[11], as can be seen in Figure 4(a). The filter consists of half-wave resonators sepa-
rated by the inductive iris. Using an electromagnetic simulator, the iris scattering
matrix can be obtained and therefore its equivalent T network. Each iris is represented
by two series reactances denoted by X and a shunt reactance denoted by X,,. The
equivalent circuital rectangular iris filter is shown in Figure 4(a). To transform it into
the impedance inverter model, we use the impedance inverter circuit consisting of an
inductive T network and two sections of length ¢/2 on each side. The inverter is
created by adding a length ¢/2 and —¢/2 on each side of the discontinuity, as shown
in Figure 4(b). In this case, the resonators are transmission lines of length L,
connected to two transmission lines of artificial lengths —¢, /2 and —¢,,,/2. These
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Figure 4.
(a) Equivalent circuit model of an inductive waveguide iris through a T network. (b) Equivalent impedance
inverters model of an inductive waveguide iris through a T network.

lengths represent the load of the resonator from the adjacent coupling inverters
(Figure 4(b)).

As an example, we show the design of a five-pole Chebyshev filter, as illustrated in
Figure 5, consisting of several sections of rectangular waveguide coupled with an
inductive iris. The filter is designed with a center frequency f, = 4 GHz, a bandwidth
of 600 MHz, and return loss RL = 15 dB. The rectangular waveguide dimensions are
a =15.8 mm and b = 0.63 mm, b equal to the thickness / of the employed substrate.
We have used a Taconic CER-10 substrate with &, = 10 and tan () = 0.0035. Irises in
all cases have a thickness ¢ = 3 mm.

The filter center frequency f, and bandwidth BW are expressed by:

fO:\/fle’ BW =f1 —f5 5)
which give f; = 3.7 GHz, f, = 4.3 GHz, and the filter relative bandwidth is:

Ae1 — 4
% = 0.3636 (6)
lg0

A =

Figure 5.
Fifth ovder classical irvis-type vectangular waveguide filter.
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Then, the values obtained for the impedance inverter factors are:

Ko _Kss_ | 78 _ 45051 )
Zo Zo 2g0g1 )
Ko Ko 78 _ 4 45546 (8)
Zo Zo 288
Kn _Kau_ 7A 34706 9)

Zo - Zo - 2« /g2g3

Using an electromagnetic simulator, the scattering parameters of a rectangular iris
(referred to the discontinuity planes) can be obtained, which are related to the T
network elements shown in Figure 4(a), X, and X, by the following Egs. (10) and (11):

X; 1-Sn+Sn
]Zo 1-S11+Sn
j&:i
ZO (1 — 811)2 — S%Z

(10)
(11)

where S11, S21, and Sy are the scattering parameters of the TE;o fundamental mode
of the input waveguide at the filter center frequency f ;. For the impedance inverter
shown in Figure 4(b), X, and X, are related to K/Z, and ¢ by:

K X
7= tan (% atan Z_;> ‘ (12)
X X X
@ = —atan <2Z—‘: +Z—;> — atanZ—; (13)

The scattering parameters of several iris of different widths have been obtained, so
the values of the iris widths for this filter are W, = Wg = 12.4 mm, W, = W5 = 10.65 mm,
and W3 = W, = 9.85 mm. For these values of iris widths, the values of the phases
provided by Eq. (13) are: ¢, = 95 = —1.7rad, ¢, = 5 = —1.28 rad, and @3 = ¢, =
—1.07 rad. Finally, the resonator lengths are obtained as:

00 1
anzg_ﬂ- 7[+§(§0n +§0n+1) 5 Vl:]., ’N (14)

so the values of the resonator lengths are L; = Ls = 9.4 mm, L, = L4 = 11.2 mm, and
L3 = 11.8 mm. Figure 6 shows the simulated response of the designed rectangular
waveguide filter.

The final step is to obtain the equivalent waveguide and iris widths in STW tech-
nology with the equivalence given by Eq. (2), considering via holes diameter of
d = 0.7 mm and separation of s = 0.95 mm, and also the design of microstrip to SIW
transitions. For the microstrip to SIW transition, a microstrip taper has been
implemented [5]. Finally, an optimization process of the designed filter response has
been performed, providing the following final filter parameters: a1siw = desiw =
11.86 mm, asiw — assiw — 10.48 mm, assiw — A4SIw — 9.90 mm, L1 = L5 =94 mm,
L, =Ls=112mm, L3 =11.8 mm, W; = 2.60 mm, L, =7.08 mm, and W,, = 0.6 mm.
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Electrical response of the designed rectangular waveguide ivis filter.

The designed iris SIW filter with its final dimensions is shown in Figure 7(a), while its
simulated and measured response is shown in Figure 7(b) with solid and dashed lines,
respectively, showing a good impedance matching in the passband (better than

12.5 dB), and also a good out of band rejection performance (better than 20 dB).

3.2 SIW filters based on high and low dielectric constant sections

By combining the filter design procedure detailed in the previous section with the
obtained results in Section 2, the same concept of band-pass filter in SIW technology

W
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Figure 7.

(a) Scheme of the designed iris filter in SIW technology. (b) Simulated and measuved response of the iris filter in
SIW technology.

69



Hybrid Planar - 3D Waveguiding Technologies

] Lower permittivity sections
(b)
Figure 8.

SIW filter with periodic perforations. (a) Physical geometry of the filter. (b) Equivalent structure based on the
homogeneous permittivity of the perforated area.

can also be implemented by exploiting SIW sections with reduced (perforated) or
increased (periodically loaded with metallic cylinders) effective permittivity with
ordinary SIW sections. For instance, the SIW may be perforated in some regions
(see Figure 8(a)) to synthesize evanescent mode sections, as it has been proposed in
Ref. [7], where the perforations in the dielectric substrate allow for reduction of the
local effective permittivity, thus creating waveguide sections below cutoff (see
Figure 8(b)). The lengths of the evanescent perforated waveguide sections, which
are related to the impedance inverter factors in the impedance inverter model (see
Figure 8(a)), are related to the number of hole columns. An example of SIW filter
implementation with periodic perforations is shown in Figure 9(a) along with its
simulated and measured response (Figure 9(b)), whose waveguide width, vias
parameters, and employed substrate are the same as in Subsection 3.1. It is worth
mentioning that the depth of the upper rejection band of the filter observed around
5 GHz (see Figure 9(b)) is directly related to the value of the reduced effective
permittivity obtained in the perforated regions.

On the other hand, the combination of lower-permittivity (perforated) SIW sec-
tions with higher-permittivity (loaded with metallic cylinders) SIW sections can yield
a better performance of this filter topology in terms of the rejection band, due to a
higher contrast of permittivities, along with a reduction of the transversal dimension
of the waveguide. An example of this phenomenon can be observed in the band-pass
filter design shown in Figure 10(a), constituted by the combination of rectangular
perforations of the dielectric substrate and the insertion of metallic cylinders, where
the SIW width has been reduced by a factor of 2 with respect to the SIW width
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Frequency (GHz)

(b)

Figure 9.

(a) Example of SIW filter implementation with periodic perforations. Parameters of the air holes: d, = 1.7 mm
and s, = 1.95 mm. Filter pavameters: L, = Ly = 10.12 mm, L, = L, = 6.79 mm, Ly = 6.42 mm. W; = 3.74
mm, and L, = 7.37 mm. (b) Simulated and measured vesponse of this filter.

employed in the filter of Figure 9 for a similar center frequency, and with the same
dielectric permittivity (being the employed substrate in the filter of Figure 10 of
thickness b = 1.5 mm). In this case, the perforations of the dielectric substrate have
been done with a rectangular cross-section for a better selection of their widths. The
simulated response of this filter is represented in Figure 10(b), which reveals a deeper
and wider rejection band in this case.

The perforated SIW filters described above have proven to show a good perfor-
mance, exhibiting lower sensitivity to fabrication inaccuracies compared to iris-type
filters with analogous frequency response. However, a limitation of such structures is
that the length of the evanescent waveguide sections depends on the number of hole
columns, and only discrete values are possible. To overcome it, with the aim to add
flexibility to the design, a gap between the central hole rows in the perforated evanes-
cent waveguide sections can be inserted, as it has been proposed in Ref. [12] (see
Figure 11(a)), so a wide range of coupling coefficients can be achieved with them by
changing the number of hole columns and the central gap 4. This allows to design filters
with the desired passband—narrow band filters, which require small couplings, can be
obtained by increasing the length of the waveguide sections below the cutoff (i.e., the
number of hole columns), and reducing the central gaps, and vice versa. An example of
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Frequency (GHz)

(b)

Figure 10.

( a%t;i'xample of SIW filter implementation with the combination of rectangular perforations of the dielectric
substrate and the insertion of metallic cylinders. asrw = 9.4 mm and b = 1.5 mm. Parameters of the metallic
cylinders: d.= 1.1 mm, s. = 1.6 mm, and thickness of 1.25 mm. Parameters of the rectangular perforations: L, =
Ly =0.7mm, L, =L, = 1.7mm, Ly = 2.5 mm. W, = 8.05 mm, L, = 8.1 mm, and W,, = 1.45 mm. (b)
Simulated response of this filter.

SIW filter implementation employing Taconic CER-10 substrate with these guidelines
can be seen in Figure 11, with the geometrical dimensions of the filter and a photograph
of the fabricated prototype, along with its simulated and measured response.

Finally, further developments of SIW filters with perforations of the dielectric
substrate extending this concept to half-mode SIW structures can be done [12], with
the aim to reduce the size of the filter. As an example, the perforated SIW filter in
Figure 11 has been applied to the half-mode SIW configuration by removing half of
the top metal layer (where an HFSS reoptimization has been done). Figure 12 shows
the geometry of the filter with the geometrical dimensions and a photograph of the
top layer, along with the comparison of the simulated and measured response. In this
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Example of a four-pole perforated SIW filter incorporating gaps between the central hole rows in the perforated
evanescent waveguide sections. (a) Geometry of the filter (dimensions in millimeter: v = 0.6, b = 2.6, d, = 10, d, =
7.95, 41 = 4, 4, = 0.55, d3 = 0.25, W = 17.8, ¢ = 7, and | = 81). (b) Photograph of the prototype. (c) Scattering
parameters of the four-pole filter (HFSS simulation compared with measured data). Reprinted with permission

from Ref. [12]; copyright 2017 IEEE.
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Example of a four-pole filter based on perforated half-mode SIW structure. (a) Geometry of the filter (dimensions in
millimeter:v = 0.6,b=1.6,d, =9.6,d,=835,4,=1,4,=0.2,45=0.4, w =83, c= 7, and | = 83). (b) Photograph
of the prototype. (c) Electrical vesponse of the half-mode filter (HFSS simulation compared with measured data).
Reprinted with permission from Ref. [12]; copyright 2017 IEEE.
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Scattering parameters (dB)

Figure 13.

Example of a three-pole half-mode SIW filter in folded configuration. (a) Geometry of the filter (dimensions in
millimeter: v = 0.6, b = 2.6, d, = 1.65,d, =10.56,d; =3.9,d, = 6.7, a, = 2.45, a, = 1.95, a3 = 5, 4, = 9.45,
w=9.2,¢c=7g=1,andl = 25.1). (b) Photograph of the prototype. (c) Electrical response of the folded filter (HFSS
simulation compared with measured data). Reprinted with permission from Ref. [12]; copyright 2017 IEEE.

75

2 3 e

> d} 3 H—dzﬂ -Hdlh' Port 1

< BBy B x
a
S S

., SR bogg woe

> di e | / » Port 2

15 4

20

25

=30 4

35

— Simulation
= =Measurement

[S14]

3 4 5 6 7
Frequency (GHz)

(c)



Hybrid Planar - 3D Waveguiding Technologies

Number of Center freq. FBW’ IL Minimum RL Size

resonators (GHz) (%) (dB) (dB) (mm?)
[13] 2 4.75 25 1.4 13 1085
[14] 1 7.4 16.9 2.0 18 66.6
[15] 2 10.0 0.02 1.0 20 401
This 5 4.0 15 1.6 12 327.4

work

FBW: fractional bandwidth.

Table 1.
Comparison of performance of the SIW filter topology of this work (filter shown in Figure 9) with other filter
topologies.

case, a significant size reduction of the circuit has been achieved, although the struc-
ture is affected by radiation leakage (which is directly related to the observed higher
insertion loss of the filter), due to the field distribution along the open boundary of the
half-mode SIW. A folded filter configuration can be adopted to mitigate radiation
losses of the half-mode SIW filter (see Figure 13), so the open boundaries of the half-
mode SIW structure are located face-to-face, which reduces the radiation loss, and at
the same time introduces a transmission zero in the frequency response through the
direct input-output coupling. As an example, Figure 13(a) shows a three-pole half-
mode SIW filter in folded configuration (geometry of the filter and final dimensions),
while a photograph of the filter and its electrical response is shown in Figure 13(b)
and (c). The effect of the absence of radiation leakage is the flat insertion loss
observed in Figure 13(c).

A comparison between the obtained results of one of the filters in SIW technology
presented in this chapter is based on stepped-impedance configurations with high and
low dielectric constant sections (filter shown in Figure 9), and some other band-pass
filters in SIW technology reported in the technical literature are presented in Table 1.
As can be seen from Table 1, the proposed filters in this work show a clear improve-
ment in bandwidth and insertion losses with respect to similar band-pass SIW filter
topologies reported in the technical literature.

4, Conclusions

In this chapter, we provide guidelines for the design of novel SIW filters based on
the alternation of SIW sections with reduced (perforated) or increased (periodically
loaded with metallic cylinders) effective permittivity with ordinary SIW sections,
making use of the impedance inverter model. Examples of several SIW filter configu-
rations show that this solution can lead to the design of compact filters with good
performance and low sensitivity to fabrication inaccuracies.
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Chapter 4

Ridge Gap Waveguide
Beamforming Components and
Antennas for Millimeter-Wave
Applications
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Abstract

With the improvement of mobile communication technologies and their broad
applications, mobile communication will have more impact on our life. Such systems
will support a variety of personal communication services with high-data rate and
very low latency applications. To achieve such demands, many proposals associated
with the development of 5G identify a set of requirements for which different tech-
nological directions are independently emerging. One direction is utilizing the
millimeter-wave (mm-Wave) frequency bands where more spectrums are available.
Millimeter-wave frequencies offer the advantage of physically smaller components
that results in cost-effective RF transceivers and feasible large-scale integrated phased
arrays. The smart RF transceivers of 5G along with the potential high-frequency
innovative designs must satisfy the growing consumer and technology requirements.
This implies utilizing the state-of-the-art guiding structures, especially printed ridge
gap waveguide (PRGW), that have low loss and minimal dispersion compared with
traditional PCB-based structures. The present chapter focuses on the necessary
components for a beamforming antenna system which is implemented using PRGW
technology. Millimeter wave antennas with different polarizations have been
addressed. Power combining and dividing components have been also developed.
These components have been used for integration in a complete beamforming antenna
system working at an mm-Wave frequency band.

Keywords: millimeter wave, electromagnetic band gap (EBG) structure, printed
ridge gap waveguide (PRGW), butler matrix, beam switching

1. Introduction

Wireless technology and devices are fundamental components in many aspects of
life including personal communications, internet activities, sensing, and imaging appli-
cations for industrial and medical purposes. Wireless technology development is always
encouraged by the needs of these applications to enhance their performance in terms of
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service quality and cost. A fundamental issue in wireless technology is the system
operating frequency which varies according to the target application. An overview of
the operating standards in wireless technology reveals that most systems nowadays
operate in the microwave frequency band below 3 GHz [1-7]. The current state of
wireless applications reflects the demand for using higher frequency bands to enhance
the performance of the wireless system. For instance, communication technology is
rapidly pushed toward next-generation networks where massive data rates, very low
latency, and a high level of service integration are required to enhance the performance
of the wireless communication system [8, 9]. To achieve these demands, much higher
bandwidths must be used to increase the capacity of the communication channel.
Imaging systems are also in the demand of using higher frequencies to overcome the
resolution limits at the lower microwave band. Millimeter-Wave frequency range is
beyond 30 GHz, where the relative bandwidth is equivalent to multiples of frequency
channels at the sub 3 GHz range. Moreover, the signal wavelength at mm-Wave is
significantly small and enables high-resolution imaging. These advantages have
encouraged the move to the mm-Wave band and have ignited the spark of innovating
components with superior characteristics in these high frequencies [10-13].

Many challenges are addressed in the literature, where the small-signal wavelength
at the mm-Wave band results in components with small physical dimensions that need
high tolerance fabrication facilities with an extremely large cost. In addition, being an
advantage that enables integrating large systems in a small area, this is also a limiting
property for the power that can be handled by an mm-Wave communications device
[14-16]. Hence, antenna arrays must be used in mm-Wave transceivers to provide a
suitable amount of gain, especially to compensate for the large path loss caused by
atmospheric attenuation at frequencies like 60 GHz and such [17, 18]. Furthermore, the
high level of versatility in the next generation network requires running multiple
services simultaneously, a property that forces the use of a diversity technique to enable
various communications without the need to add bandwidth [19, 20]. Such demand can
be realized using multiple-input multiple-output (MIMO) systems employing
beamforming techniques to benefit from the deployed high gain array [21, 22]. There-
fore, the beamforming antenna array is an essential subject in mm-Wave research in the
context of next-generation networks and imaging systems. Several techniques are pro-
posed to implement a beamforming antenna array, which required the usage of various
microwave components including power dividers, crossovers, phase shifters, hybrid
couplers, and antennas [23-26]. However, the realization of these components at mm-
Wave frequencies using traditional printed guiding technologies is another key chal-
lenge that needs to be tackled. Although traditional guiding structures such as
microstrip line and stripline support a Q-TEM mode, which is subject to minimal
dispersion, it has high radiation and dielectric losses at mm-Wave frequencies [27]. On
the other hand, a modern guiding structure such as substrate integrated waveguide
(SIW) is developed at mm-Wave frequencies as it has low radiation losses compared to
microstrip line and stripline structures [28, 29]. However, it can support only TE mode
which is subject to large dispersion and causes signal distortion [30, 31]. In addition, the
signal is totally propagating inside a dielectric, which leads to high losses at mm-Wave
frequencies. Therefore, a novel technology of guiding structures is introduced to pro-
vide a solution for the mentioned challenges. This technology is the printed ridge gap
waveguide (PRGW) technology that was introduced as a novel low loss Q-TEM guiding
structure for the mm-wave frequency range [32-40].

The printed ridge gap structure is shown in Figure 1a, where the operating mech-
anism is based on the idea of wave suppression between a perfect electric conductor
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Figure 1.
Parallel Plate PEC/PMC structuve. (a) PRGW with mushroom EBG cells. (b) achieving propagation with added
longitudinal middle strip (c) blockage condition.

(PEC) and a perfect magnetic conductor (PMC) parallel to each other. Such parallel
plate structure does not allow wave propagation unless the separation between the
plates is enough for achieving zero tangential fields at one plate and zero normal at the
other. This cannot happen for separations less than a quarter wavelength. Such con-
dition is used to prevent wave leakage through the sides of the guiding structure,
where adding a middle ridge allows having a propagating mode in the longitudinal
direction as shown in Figure 1b. Since the PMC material does not exist in practice, an
emulation of such material is the artificial magnetic conductors (AMCs) that can be
implemented using the mushroom-like Electromagnetic Band Gap (EBG) structure in
Figure 1a. The design of PRGW has been well addressed in the literature, which starts
by designing the EBG-cells to support the required bandgap over the operating
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Figure 2.

Design of electromagnetic band gap (EBG) structure. (a) EBG unit cell. (b) PRGW line segment and simulated
dispersion diagram showing the propagating Q-TEM mode.
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Dimension a h hy d, Wr
Value (mm) 1.32 0.289 0.3065 1.52 1.37
Table 1.

dimensions of unit cell in EBG structure designed for 26—40 GHz band.

bandwidth. Figure 2a shows the EBG unit cell used to design the PRGW feeding line,
where the geometrical parameters are listed in Table 1. As shown in Figure 2b,
modelling the cell on CST MWS simulation software proves to achieve a bandgap
covering the entire mm-Wave Ka-band of 26-40 GHz [41].

This chapter is organized in four sections as follows: Section 2 introduces two main
transitions, from microstrip line and from coaxial line to PRGW that allow the inte-
gration with other technologies. Section 3 focuses on the design of PRGW hybrid
couplers, crossovers, and phase shifters, which are the main building blocks of the
beam switching networks. Section 4 discusses several designs of antenna elements and
arrays with various polarizations and excitation techniques. The integration of the
previous components to form a beam scanning antenna system will be discussed in
Section 5, while the last section concludes the introduced material.

2. Transitions

To ensure the full integrability of the PRGW technology with other TEM guiding
structures such as microstrip and coaxial lines, several types of PRGW transitions
have been proposed in the literature correspondingly [42, 43]. The microstrip line to
PRGW is considered the most simple and straightforward transition that can be used
to excite the PRGW with a deep matching level over a broad bandwidth. Figure 3
shows the geometrical configuration of microstrip line to PRGW transition, where the
PRGW is directly connected with the 50 Q microstrip line through a taper transformer
with length L, and width W, [44, 45]. These two parameters are then optimized to
adjust the matching level over the operating bandwidth, where the optimum dimen-
sions are listed in Table 2. The operation of the transition is assessed using a PRGW
bend junction as shown in Figure 3a. Comparison between the simulated and mea-
sured S-parameter results are shown in Figure 3c, where a matching level below
—15 dB over the operating frequency bandwidth is achieved. It can be noticed that the
measured insertion loss of this type of transition reaches —1 dB, where a large part of
these losses results from the microstrip line radiation losses. This results in an inaccu-
rate assessment of the PRGW devices through using this type of transition [44, 45].

Therefore, another type of transition, from coaxial to PRGW, is proposed to
reduce the radiation losses, with the configuration illustrated in Figure 4. Such tran-
sition is useful in many circumstances where the PRGW device is the first component
in the system taking the feed from the output coaxial terminal of the source. Like the
previous design, mushroom shape periodic patch cells are used for emulating the
artificial magnetic conductor. Two substrate materials are used in this multilayer
configuration with an empty region in one substrate to provide the air gap [46].
Additionally, a group of metal vias is drilled around the transition to the ground plane
to enhance the device performance [46]. The design dimensions are optimized to
cover the whole band of 24-42 GHz and are listed in Table 3, while the simulation and
measurement results in Figure 4c assess that operation.
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Figure 3.
Microstrip to printed ridge gap waveguide transition. (a) Front and side views of the model. (b) Fabricated
transition. (c) simulated and measuved S-parameter responses.

Dimension L, W, W w; w,
Value (mm) 3.045 0.5 0.946 1.265 1.55
Table 2.

Dimensions of the microstrip\PRGW transition illustrated in Figure 3.

3. Feeding structures
3.1 Hybrid couplers

Hybrid couplers are the main building blocks of the beam switching network, which
is used to divide the power equally with 90° phase shift and high isolation between the
ports [47]. The design and analysis of several PRGW hybrid couplers configurations
have been proposed in the literature, where two featured designs will be discussed in
this section as are mainly deployed in beam switching antenna systems [45, 48-50].

The first design is shown in Figure 5, where four identical PRGW lines are
connected through a rectangular coupling section with dimensions (L x W). These
dimensions mainly control the coupling in the desired operating bandwidth, where
the initial dimensions are calculated through applying the even/odd mode analysis
[49]. Since the impedance of the four PRGW ports is different from the impedance of
the coupling section, a taper matching transformer is introduced to achieve a deep
matching level over the operating frequency band, where the final dimensions of the
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Figure 4.
The design of coaxial to PRGW transition. (a) transition section with detailed dimensions. (b) fabricated layers.
(c) simulated and measured results of the scattering parameters.

Dimension Ry L, w; Wiine a dvia Aeap hpin

Value (mm) 0.79 2.2 1.95 1.38 1.7 0.39 1.5 2.8

Dimension Ly W, Avia1 Liine X1 1 X2 )2

Value (mm) 2.6 2.508 0.35 52.2 1 1.6 1.1 1.9
Table 3.

Dimensions of the coaxial to PRGW transition in Figure 4.

coupler are listed also in Table 4. The performance of the coupler is evaluated through
simulation, where —15 dB matching level and isolation over a relative bandwidth of
26.5% at 30GHz are achieved as shown in Figure 5b. In addition, 90°£5° phase shift is
achieved between the output ports over the whole operating bandwidth [49]. How-
ever, one major drawback of this coupler is the amplitude imbalance (3.5 dB + 1.5) is
large, where high performance beam switching systems require both precise ampli-
tude and phase balance over the operating frequency band.

Therefore, an alternative model targeting the same frequency band is presented in
Figure 6a, where a circular coupling section is used rather than the rectangular
junction in the former design [51]. The circular junction consists of two rings with
different radii representing the widths of the equivalent branched line directional
coupler. A bowtie shape slot is introduced in the center of the rings with specific
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Quadrature 3 dB hybrid coupler: (a) design details and dimensions. (b) S-pavameters simulation vesults. (c)
phase difference of output ports.

Parameter w L AL, ALj3 Aw, Aw, Aws; Awy Aws Awg
Value (mm) 6.7 6.1 0.32 2.1 4.1 3 1.1 0.7 4.5 0.9
Table 4.

Dimensions of the coupling section illustrated in Figure 5a.

orientation to adjust the coupler performance [51]. Furthermore, a step matching
section is added to each transmission line to adapt the impedances over the operating
band. The design depends on the suitable adjustment of each ring width, the bowtie
slot, and the dimensions of the matching section. These parameters are given in
Table 5, while the simulation results are illustrated in Figure 6b and c proving
efficient operation over the frequency range of 26.4-33.75 GHz. As an assessment of
the advantage of PRGW technology over other new technologies, Table 6 summarizes
a comparison among the performance of the rectangular hybrid coupler in Figure 5
and other designs in the literature.

3.2 Crossover

Beam switching networks impose the usage of crossover connections when two
PRGW lines cross each other at a point while at the same time must be totally isolated
[55, 56]. Two main techniques can be used to implement crossovers, and two featured
designs will be presented in this section [51, 57].

The first design is based on the traditional technique of cascading 3 dB directional
couplers to implement the crossover. However, three quarter wavelength sections are
used to widen the bandwidth more than that of the traditional designs which use two
sections only [51]. Using three cascaded sections introduces more design variables and
more degrees of freedom to optimize the performance. The analysis of the structure is
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Design and performance of the ring coupler. (a) design details and dimensions (b) full S-parameters for a single
port. (c) phase difference between output ports.

Parameter Wline Wmatch L match Vcenter Wringl Wringz
Value (mm) 1.38 1.582 3.14 1.753 1.595 3.05
Table 5.

Dimensions of the design in Figure 6a.

done by even\odd mode analysis, and the design parameters are optimized for mini-
mum isolation and reflection [58]. The design is shown in Figure 7a and b, while the
parameters are given in Table 7. As seen by the results in Figure 7c, the device
achieves a relative bandwidth of 23% at 30 GHz with more than 15 dB isolation.

A disadvantage of the traditional technique of using cascaded couplers is the large
size of the crossover. Aiming to avoid that common shortage, another model is
presented in Figure 8a. This design is based on achieving 0 dB coupling in a directional
coupler by designing even and odd impedances with 5% difference between each other
over the frequency band of interest [57]. The design has the structure of four PRGW
lines connected through a rectangular coupling section in the middle. By suitable choice
of the dimensions of the coupling section, full isolation can be ensured between a single
port and two of the four ports, yielding 0 dB coupling with the remaining port [57].
Multiple steps are added in the coupling section as tuning parameters to enhance the
operating bandwidth [57]. The final dimensions of these steps and the coupling section
are given in Table 8, for which the device produces the S-parameters illustrated by
Figure 8c and obtained through CST simulation. These results indicate acceptable
operation over the frequency range of 28.5-32.5 GHz in terms of isolation and coupling.
The device achieves relative bandwidth of about 13.3%, which is typically higher than
usual single layer crossover designs of the same size. Moreover, comparison with
designs from other technologies is listed in Table 9, featuring the advantages of both
the compact size and high relative bandwidth obtained by PRGW technology.
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Figure 7.
Crossover design by cascaded couplers. (a)3D view of the PRGW crossover. (b) details and dimensions of the
cascaded couplers. (c) simulated S-parameter vesponse of the crossover along isolation and coupling divections.

Parameter Wiine W, w, w; Wy L, L, L;
Value (mm) 1.38 1.56 1.49 0.52 1.23 3.65 3.65 3.65
Table 7.

Parameters of the crossover illustrated by Figure 7b.

3.3 Phase shifters

Phase shifters are essential components in Butler matrices, implemented to pro-
vide the required phase difference between the antennas in the beam scanning arrays.
For efficient beam control, the introduced phase shift must be stable over the operat-
ing bandwidth with low insertion loss, where several techniques have been investi-
gated in the literature to achieve that property [47, 61]. One technique is based on
using four port directional couplers with the isolated and through ports connected to
each other. This produces the well-known Schiffman phase shifter for which the
differential phase shift can be adjusted through careful selection of impedances of the
coupled lines [62].

Figure 9a illustrates a Schiffman phase shifter based on PRGW technology,
designed to achieve a 45° differential phase shift around 30 GHz [62]. Widths of the
input and output lines, as well as those of the coupled section were all designed using
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Design of 0 dB coupler using vectangular coupling section to provide a crossover around 30 GHz. (a) 3D view of the
crossover. (b) details of the coupling section. (c) simulated S-parameters assessing the isolation and coupling
around 30 GHz.

Coupling Section Step 1 2 3 4 5 6 7 8

w 8 AL; 7.5 6 5.2 4.7 4.3 3.8 0.5 0.3

L 10 AW; 0.22 0.24 0.26 0.31 0.25 0.33 0.26 0.92
Table 8.

Dimensions (in mm) of the coupling section and the matching steps in the crossover of Figure 8b.

Reference Technology Center frequency Bandwidth Insertion Loss (dB)  Size ()})
[59] SIW 20 GHz 10.5% — 2
[60] Slot SIW 30 GHz 16.7% 0.9 3.1
Proposed PRGW 30 GHz 13.3% 0.5 2.25
Table 9.

Comparison of a proposed PRGW crossover with other technologies.

even\odd mode analysis of directional couplers [58]. The length of the coupled section
was optimized for increased operating bandwidth. Final dimensions are given in
Table 10, while the simulated S-parameters response is given in Figure 9b. The
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Design and performance of the Schiffman 45° phase shifter. (a) detailed design dimensions. (b) simulated
S-parameters magnitude. (c) phase difference between the input and output ports.

Parameter Wiine Wiine2 W, w, w3 W, L, L, S
Value (mm) 1.38 1.35 1.49 1.28 0.88 1.4 5.99 10.64 0.15
Table 10.

Dimensions of the Schiffman phase shifter illustrated in Figure 9a.

device achieves 21.7% relative bandwidth at 30 GHz with 45%phase shift +2.5°
differential phase error and less than 0.4 dB insertion loss [62].

3.4 Differential feeding power dividers

One of the main targets of mm-Wave beam switching arrays is to overcome the
multipath fading in wireless communication channels by using space or polarization
diversity techniques [9, 10]. These diversity techniques require the array to have
highly stable radiation characteristic and low cross polarization level [61]. Such
demands impose the usage of differential feeding for the array elements, which can
be provided through out of phase power dividers. In this section, two designs for
differential feeding power dividers are introduced.

The first design is shown in Figure 10a, where the power divider is implemented
using two layers of PRGW structure coupled by I-shaped slot [63]. The first layer has
the input feeding line connected to a matching stub optimized to achieve a deep
matching level over a wide bandwidth, while the upper layer contains the two output
PRGW lines, where the coupling through the I-shaped slot achieves the 180° phase
difference [63]. The design dimensions are listed in Table 11, and the simulated
S-parameters response shown in Figure 10b reveals a 20% relative bandwidth with
more than 15 dB return loss and less than 0.3 dB insertion loss over the whole
operating bandwidth. The phase difference between the output ports is stable around
180° ensuring differential output.
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Power divider design (a) detailed design dimensions for the feeding and divider layers. (b) Simulated
S-parameters. (c) Phase difference between output ports.

Parameter a Ly Wu Lf Wf Ly W,

Value (mm) 1.8 2.85 1.6 5.5 0.65 19 5

Parameter L; W; Whr Wra hy hy h3

Value (mm) 0.34 4 1.37 1.37 0.5 0.5 0.127
Table 11.

Dimensions of the power divider in Figure 10a.

An alternative design is shown in Figure 11a where a hybrid ring or rat-race
directional coupler is used to satisfy the power divider function with 180° in the
output phase shift [64]. One advantage of rat-race couplers is that they can be used to
produce in-phase or out-phase feeding according to the choice of the input port. The
illustrated design has an introduced open circuited stub at the middle of the 31/4 part
of the ring which controls the signal splitting ratio between the output ports. Further-
more, at each port of the coupler, a quarter wavelength transformer is added to
enhance the relative bandwidth [64]. The design dimensions of the ring, the stub and
the quarter transformers are given in Table 12. With these dimensions, the device
achieves 27.69% bandwidth at 30 GHz with more than 15 dB isolation as shown by the
S-parameters in Figure 11b. A brief comparison is listed in Table 13 among the former
rat race coupler and other designs based on SIW technology, revealing the promising
performance of the PRGW design.
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Rat-vace coupler design. (a) design with details and dimensions. (b) simulated S-pavameters. (c) Phase difference

between output ports.

Parameter L, w, Ltub Wtub Ry R,
Value (mm) 2.5 1.7 2.4 0.8 1.85 3.35
Table 12.

Values of the rat-vace coupler dimensions illustrated by Figure 11a.

Reference  Technology Center Bandwidth Return Insertion loss (dB) Amplitude
frequency loss (dB) balance (dB)
[65] SIW 13 GHz 30% 18 20 3.35+£1.35
[66] Half mode SIW  10.15 GHz 24.6% 12 15 38+£05
[67] T-type folded 25.7 GHz 12.7% 20 20 434+0.6
SIW(TFSIW)
[68] RSIW 8 GHz 12.5% 12 20 379+ 0.5
Proposed 30 GHz 27.9% 15 16.5 339405
PRGW
Table 13.

Comparison with other technologies design for power dividers.

4. Antenna structures

The use of antenna arrays in communication handsets is feasible in mm-Wave com-
munications due to the inherently small size of the antennas. However, applying diversity
techniques in these systems require specific properties of the antennas, like stable and
controllable radiation patterns, and the ability to produce a desired polarization with low
cross polarization level. In this section, we present different antenna designs covering the
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possible polarizations, namely linear, circular, and dual polarizations as candidates for
mm-Wave applications. The presented designs show promising performance in terms of
beam stability, wide bandwidth, and low cross polarization level.

4.1 Linearly polarized antenna

As shown in Figure 12, a linearly polarized planar aperture antenna is presented, based
on a similar design [69]. The antenna aperture has a cross-shaped patch in the middle, all
in one top layer, fed by capacitive coupling from a differential feeding line in a bottom
layer [58, 69]. The benefit of using planar radiating aperture is the ability to produce
highly directive beam without need for increased dimensions. The feeding line is tapered
and loaded with stubs to achieve acceptable matching level. The dimensions of the
radiating element and the feeding structure are tuned to achieve optimum bandwidth, in
terms of return loss and beam stability over the band [58]. The final dimensions are given
in Table 14, while simulated and measured reflection coefficient and realized gain are
plotted in Figure 12¢. To obtain the measured results, the fabricated antenna was fed by
the rat-race directional coupler, described in the previous section, to provide the differ-
ential feeding signal [64]. The results, as shown by Figure 12¢, reveal a wide bandwidth

Wy
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P L = ‘_p}: _[_!Enfl !sz
]pr Lpy Ly |Lr Lo
= m3
d"% L - lf‘mz
W,|‘—‘—’ Wiy
Lml
(a) (b)
0 T T T T — 1 T ]3
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Figure 12.
Linearly polarized planar aperture antenna. (a) Top view. (b) bottom view. (c) simulated and measured

S-parameter and realized gain.

95



Hybrid Planar - 3D Waveguiding Technologies

Dimension Lt Wr L,y Ly L« Lyy Wik Wy Y4 Wiine

Value (mm) 23.8 25.5 12.45 10.94 11.09 4.36 17 2.97 0.84 1.38

Dimension d L W, Lo Lo L3 Wni Wy Wy deap

Value (mm) 0.3 5.47 1.68 4.83 1.49 0.94 0.95 133 1.38 15

Table 14.
Dimensions of the planar aperture antenna and its differential feeding layer shown in Figure 12a and b.
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Figure 13.

Radiation properties of the linearly polarized planar aperture antenna. (a) simulated and measured co- and
x- polarizgation patterns in E-plane at 30 GHz. (b) simulated and measured co- and x- polarization patterns in
H-plane at 30 GHz.

over 25.6-34.3 GHz band with more than 10 dB return loss and with 12.28 dB; maximum
gain. Moreover, the 3 dB gain bandwidth covers the range from 25.6 GHz up to 33.7 GHz,
indicating a stable beam of the antenna. Beam stability is further revealed by measuring
the radiation pattern at multiple frequencies over the band [58]. The simulated and
measured patterns at the center frequency of 30 GHz are shown in Figure 13a and b.
These patterns illustrate a very low cross polarization level in both E- and H- planes.

4.2 Circularly polarized antenna

Alternatively, the antenna design illustrated in Figure 14 provides circular
polarization (CP) at the same frequency band around 30 GHz. Unlike typical CP antenna
designs, which depend on feeding the radiating element by two equal amplitude and
quadrature phase signals, this design uses differential feeding to a planar aperture loaded
with a polarizer [63]. The polarizer consists of an annular ring with two opposite cuts
adjacent to the feeding position. These cuts perturb the excitation and cause the formu-
lation of two orthogonal modes. The circular polarization is then adjusted through the
circular patch added at the center to tune the amplitude and the phase relation of these
orthogonal modes [63]. This tunning is performed by adjusting the patch size, and the
orientation of the two introduced non-radiating edge slots. The antenna is designed on
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Figure 14.

Design and performance of the CP antenna: (a) design details. (b) simulated and measured |S,,a5. (c) simulated
and measured gain and axial ratio over the band. (d) simulated co- and x- polarization patterns (RH and LH
CP%) in E-plane. (e) simulated co- and x- polarization patterns (RH and LH CP’s) in H-plane.

the Rogers RT5880 substrate with 0.127 mm thickness and 2.2 relative permittivity [63].
All the design dimensions are given in Table 15, for the planar aperture, the polarizer,
and the patch in the center. Since this antenna is mainly aimed for use in communication
arrays, the performance is investigated for an array of 4 elements shown by the 3D view
of the design layers in Figure 14a. The simulated and measured reflection coefficients of
that array are given in Figure 14b and indicate below —10 dB reflection over the

28-32.5 GHz frequency range, which is equivalent to 15% relative bandwidth at 30 GHz.
Simulated and measured axial ratio illustrated in Figure 14c¢ is showing 3 dB axial ratio
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Dimension W Ia Wy Lo W,3 121 I R, R, R,3

Value (mm) 8.2 8.6 3.7 1.47 0.5 0.26 0.4 1.45 2.36 2.85

Table 15.
Dimensions of the civcularly polarized antenna illustrated by Figure 14a.

over 28.5-31.5 GHz range, a slightly smaller relative bandwidth of 10%. However, these
achievements are greater than the usually narrow bandwidths for CP antennas reported
at 30 GHz. Regarding the cross polarization level and the beam angle, simulated and
measured radiation patterns at 30 GHz are plotted in Figure 14d and e, showing less than
—20 dB cross polarization levels at the direction of maximum radiation [63].

4.3 Dual polarized antenna

Finally, a dual polarized antenna is presented in Figure 15, where horizontal and
vertical polarizations can be excited from two different isolated ports [70]. The two
isolated ports are in different layers as shown in Figure 15. The antenna structure is
implemented on the top layer and consists of two orthogonal magneto electric (ME)
dipoles in the vertical and in the horizontal directions. Therefore, vertical and hori-
zontal linear polarizations are obtained upon exciting the antenna. Each ME dipole is
formed by means of two square patches, connected to the ground by five conducting
plates at the patch corner [70]. This configuration, when excited properly, formulates
an electric dipole from the plates, and a dual magnetic dipole from the vias. The
structure in Figure 15 has then two vertical and horizontal dipoles of each type [70].

Antenna <
L =
' =2 .
Layer <~

Figure 15.
ME dipole antenna design and detailed dimensions of each layer.
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Parameter Wa1 Wa2 Wh1 Wh2 Wh3 Wha Wy1 Wyr Whr . [

Value (mm) 0.5 4.1 5.6 1 0.75 7.3 0.4 137 137 1.6 13

Parameter I I Iz In In Lo dan A dm &,
Value (mm) 0.6 1.6 1.5 2.5 0.9 3.2 1.8 1 1.7 1.3
Table 16.

Dimensions of the magneto-electric dipole antenna and its feeding structure illustrated in Figure 15.

Among the benefits of using ME dipole antennas are the directive pattern obtained
identically in the E- and H-planes, and the stable beam of the antenna as to be
illustrated in the subsequent results. Table 16 summarizes the design dimensions of
the ME dipole antenna and its feeding structure.

Figure 16a illustrates the simulated and measured S-parameters of this dual polar-
ization ME dipole antenna. With respect to the self-matching of each port, the
antenna achieves more than 10 dB return loss over 26.5-33.5 frequency range, which is
approximately equivalent to 23% relative bandwidth at 30 GHz [70]. The isolation
between the two ports exceeds 20 dB over the band. The simulated and measured gain
values for each port are given in Figure 16b, indicating around 10 dB; gain for each
polarization [70]. The stability of the antenna beam is tested by measuring and
simulating the radiation pattern at different frequency values, of which the results at
30 GHz are shown in Figure 16c and d. These drawn patterns are in E- and H- planes
for the two co-polarizations along with their corresponding x-polarization level. The
antenna achieves less than —20 dB x-polarization in each case, proving a great
performance for polarization diversity applications [70].

5. Beamforming techniques

Beamforming is performed by means of a beam switching network (BSN) or a
butler matrix which controls the signal feeding to\from the antennas in the array. The
essential components constituting BSNs are the phase shifters, hybrid couplers, power
dividers and crossovers discussed in the former sections. Upon introducing these
components, we present two designs of butler matrices in this section and the
deployment of these matrices to design beam scanning antenna arrays.

Figure 17a shows a 4 x 4 butler matrix realized by four directional couplers to
distribute the signals, with the desired phase relations, between the four feeding ports
and the four array elements [71]. Various designs of hybrid couplers are presented in
Section 3.1, which cover the whole desired band of 27-33 GHz. This 4 x 4 butler matrix
achieves two-dimensional beam scanning in the horizontal plane. The obtainable beam
directions are g = 45° and ¢, = —45°, 45°,135° and —135° for excitations from Ports
1, 2, 3 and 4 respectively. The performance of this matrix is first evaluated in terms of
ports’ matching and isolation. Simulated and measured scattering parameters of Port 1
are shown in Figure 17b where more than 10 dB return loss and isolation is obtained
over the band. These levels are then expected for all other ports due to the design
symmetry. To test the scanning abilities, the matrix is used to feed an array of four ME-
dipole antennas and the radiation pattern is simulated and measured [71]. The array
shows a measured realized gain of 9.7 £0.4 dB; where the reduction from the simulated
results is mainly caused by feeding network losses. The simulated and measured radia-

tion patterns in ¢ = —45° and ¢ = 135° planes are given for Port 1 and Port 3
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Figure 16.

Magneto-electric dipole antenna performance. (a) simulated and measured S-parameters. (b) simulated and
measured gain over the band. (c) simulated and measured radiation patterns at 30 GHz for horizontal
polarization in E- and H-planes. (d) simulated and measured radiation patterns at 30 GHz for vertical
polarizgation in E- and H-planes respectively.

excitations. The beam is nearly identical, emphasizing efficient scanning, with low
cross-polarization level of less than —20 dB at the main direction [71].

An alternative 4 x 4 butler matrix is shown in Figure 18a, where the ring power
divider, cascaded crossover and the Schiffman phase shifter described in the previous
sections are all integrated in one network [51]. The four input ports to the matrix are
all coaxial ports where coaxial to PRGW transition are used. The matrix is feeding four
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4 X 4 butler matrix, vealized by four directional couplers, and achieves 2D beam scanning. (a) detailed 3D view
of the matrix and the fed antennas. (b) simulated and measured reflection coefficient and isolation of the first port.
(c) simulated and measured gain and efficiency over the band. (d) simulated and measured radiation pattern at
¢ = —45° with Port 1 excited (left) and at ¢ = 135° with Port 3 excited (right).
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wideband semi-log periodic dipole antennas to test the array performance [72]. Since
the radiating elements are all printed antennas with microstrip feeding input, MSPL to
PRGW transition is used at each matrix output. Two secondary antennas are added to
enhance the symmetry of the radiation pattern.

The array performance is illustrated by Figure 18b-d. The simulated and mea-
sured scattering parameters indicate isolation and return loss levels of more than
10 dB over the frequency range of 26-34 GHz. The array achieves radiation efficiency
of 78% with gain value ranging from 10 dB; to 11.35 dB; over the whole frequency
band (for excitation from port 1). The obtainable angles of the beam are —13, —36, 36,
and 13° for excitation from ports 1, 2, 3, and 4 respectively [51]. The simulated and

measured gain patterns in Figure 18d are obtained at 30 GHz and emphasize the
scanning ability of the array.

®

o 10‘ | — 51y simulated === §;; measured ‘ 12
= —— 834 simulated === S;; measured =
20 —— 83, simulated ===~ S3; measured %
4 =S4y simulated —==S;; measured “E’
% -10 E,,
E.20 v
] g
2"30 s —Simulated (port 1) !
40 (el bl ] ! = P ] } ! . Measured (port 1)] |
26 27 28 29 30 31 3 33 34 26 27 28 29 30 31 32 33 34
Frequency (GHz) Frequency (GHz)
(b) ©
60 300
90— 1270
120 240
150 L 210
180
(d)

Figure 18.

Design and performance of the second 4 x 4 butler matrix for beam switching network. (a) design details. (b)
simulated and measured veflection and isolation for Port 1. (c) simulated and measured vealized gain for Port 1.
(d) simulated and measured radiation pattern for the excitation from the four ports.
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6. Conclusions

Printed ridge gap waveguide is an emerging technology with powerful capabilities
that allow designing efficient beam switching networks for mm-Wave communica-
tions. In this chapter, various PRGW components designed for beam switching arrays
at 30 GHz are presented. First, we present transitions to\from other guiding standards
like coaxial and MSPL structures. These transitions provide efficient integration with
these guiding standards. Then, hybrid couplers with rectangular and circular coupling
sections are introduced. Crossover designs are also provided with various design
techniques; either using multistage directional couplers or using compact single stage
stepped design. A Schiffman phase shifter with 45° phase shift is also presented.
Differential power dividers are introduced, one relying on slot coupling to two iden-
tical lines and the other depending on rat race design. The chapter also presents
different designs of antennas covering all possible polarizations. It is then revealed
how the usage of PRGW technology can provide efficient excitation of antennas with
different polarizations and design profiles. Full beam switching networks are
presented in the last section, where two different 4 x 4 butler matrices are introduced
with their usage in achieving the beam scanning function of the array. Assessment of
these various devices reveals the promising performance of the new PRGW structure
over other competing technology candidates. The new PRGW technology can give
better performance in terms of device size, bandwidth and fabrication costs.
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Manufacturing Methods Based on
Planar Circuits

Dario Herraiz, Leticia Martinez, José A. Ballesteros,
Marcos D. Fernandez, Héctor Esteban and Angel Belenguer

Abstract

Manufacture of hybrid 3D-planar circuits, especially those incorporating empty
waveguides on substrates, can benefit from most standardized planar fabrication
processes, although they are not exactly the same. For this reason, planar circuit
manufacturing methods must be adapted to the requirements of these new circuits.
Through numerous fabrications and successful designs, several enhancing strategies
have been established to improve all the manufacturing phases to achieve better
results. They all have been proved in the following substrate-integrated technologies
for the manufacturing of microwave devices: ESIW, ESICL, continuous profile, and
microstrip. Thanks to these improvements, good-quality prototypes such as transi-
tions, filters, circulators, couplers, antennas, among others, have been fabricated.
Throughout the next chapter, these strategies applied along the manufacturing pro-
cess will be explained: from the first manufacturing phase to the final welding of the
whole circuit and taking into account external elements such as wires that may be
present in these structures. For this purpose, some devices that have been published
will be used as examples.

Keywords: ESIW, ESICL, waveguide, microstrip, planar, 3D, manufacturing,
fabrication, substrate integrated circuits, coaxial

1. Introduction

Planar circuit manufacturing processes have a long-term way. Many of the fabri-
cation techniques of planar circuits can be applied to build 3D structures (substrate-
integrated waveguides—SIW [1], empty substrate-integrated waveguides—ESIW [2],
ridge empty substrate-integrated waveguides—RESIW [3], double-ridge empty
substrate-integrated waveguides—DRESIW [4], substrate-integrated coaxial line—
SICL [5] and empty substrate-integrated coaxial line—ESICL [6] or a combination
with others as a continuous profile [7]) piling up layers of planar substrates.

In this chapter, some strategies and techniques adapted from planar to planar-3D
structures will be explained with examples of manufactured prototypes, this philoso-
phy being ideal for microwave prototypes (300 MHz-300 GHz), because the sizes of
cavities are small enough to build heaping up with few small height substrates, of no
more than 1.5 mm.
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The prototypes can be fed with planar circuits such as coplanar or microstrip
lines; because of this, at some point the feeding planar line needs to be connected with
the inner waveguide or the connector through transitions, which needs to be also
taken into account. One of the most typical transitions to do this are tapers, that is,
transitions with a progressive geometrical variation of the guide which replicates the
3D launchers but planarly [8, 9]. Another way to do this is through wires [10].

2. Machines

The whole manufacturing procedure needs machines to fabricate each layer and
measuring systems to check each manufacturing step.

2.1 Manufacturing machines

To manufacture the different layers, some machines must be used. A few possible
ones are explained in the following paragraphs.

2.1.1 Plotter/cutter laser

This kind of machines use lasers to mill, cut, and drill substrates. Lasers are usually
conical, so that the incidence angle is not 90°, but slightly lower, being necessary to
minimize this effect as it will be explained in section 4.3. Laser machines are slower
than mechanical milling machines, but they have a higher precision. In Figure 1, an
example of these machines can be seen.

2.1.2 Milling machine

These machines use different mechanical drilling tools to mill, cut, and drill. The
main downsides are the precision in comparison with laser ones and corner inner cuts,
which are rounded because of the cylindrical shape of this tools. Although milling
machines are very useful, they have some limitations: First, milling drills sizes vary
from 0.2 mm to 3 mm, and their intermediates’ values depend on the commercial
drilling tools. In Figure 2, an example of these machines can be seen.

Both laser and milling machines can work independently or combined, given that
mechanical machines are much faster than laser ones, especially in the drilling pro-
cesses; being good enough for those kind of prototypes or parts in which drilling
accuracy is not crucial. The combination of both machines decreases hugely the total
production time without decreasing the accuracy, and it is highly recommended for
prototypes with rigorous requirements. Resolutions of high-performance machines
shift from 0.1 pm to 2 pm, and their repeatability oscillates from + 0.1 pm to + 2 pm;
it depends on the machine. Theoretically, both machines can reach similar
resolutions; however, drilling tools tend to be slightly bigger/smaller reducing
resolution till 100 4+ pm.

2.1.3 Multipress

These machines press the layers of prototypes and heat them up to high tempera-
tures, melting the soldering paste to weld the prototype. Temperature, pressure, and
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Figure 1.
Plotter/cutter laser machine.

time can be configured among a wide spectrum of values. In Figure 3, an example of

these machines can be seen.

2.1.4 Reflow oven

Reflow ovens heat the prototype up to high temperatures to melt the welding paste
and solder the prototype. The pressure must be applied with auxiliar elements such as
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Figure 2.
Multipress machine.

Figure 3.
Milling machine.

screws and nuts. Temperature can be selected to fit the recommended values and
times for each soldering paste, this oven reaches around 270 °C (it can be higher
depending on the specific model) with 1°C resolution steps. In Figure 4, an example
of these machines can be seen.
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Figure 4.
Reflow oven.

2.1.5 Soldering plate

These hot plate systems have a flat area to heat prototypes and allow manipula-
tion at the same time. They are very useful combined with welders to manually
solder specific parts of the structure. In Figure 5, an example of these machines can
be seen.

2.1.6 Welder

These tools heat up fastly small areas by contacting with the welding head,
allowing soldering paste and welding wires to melt. In Figure 6, an example of these
machines can be seen.

2.1.7 Galvanic metallizer for PCBs

This machine adds a layer of copper to the PCB, being necessary to metallize
holes and cuts in the prototype. The layer of metal can be estimated
mathematically depending on temperature, time, and current, or it could be
measured if necessary. Maximum dimensions for substrates are around
200 x 290 mm/230 mm x 330 mm for the typical models. In Figure 7, an example of
these machines can be seen.

2.1.8 Through plating hole

Although it is not a machine but a process, this technique is included in this section
to exemplify this manufacturing process, which consists of a set of chemicals that can
metallize holes without any machine but a vacuum bed and a reflow oven. There are
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Figure 5.
Soldering plate.

Figure 6.
Welder.

many commercial solutions in the market, and the results are good enough. The
vacuum bed makes this dense liquid metal to cross along the wholes, and then, it must
be treated with the reflow oven. Laser and milling machines usually include this
vacuum bed in their systems. Figure 8 shows an example of through plated holes.
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Figure 7.
Galvanic metallizer.

Figure 8.
Through plated holes.

2.2 Measure machines
In addition, high-performance manufacturing machines are needed; so essential

are also the measuring machines to improve the results. When the design frequency is
increased, the dimensions of the prototype are reduced and manufacturing tolerances
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become more important, being necessary to characterize and avoid them as much as
possible. To do that, some of the measuring machines explained next could be used.

2.2.1 Microscope

It is very important to check the correct metallization of holes and walls, the
correct milling of the prototype to avoid shortcuts, etc. To do that, a microscope can
be used to check if there are manufacturing errors such as parts of copper that have
not been properly removed or vias that are not properly metallized. Once identified,
some of these errors can be handly solved to assure the correct behavior of the
prototype.

2.2.2 Vision measurement system

This kind of machines are high-efficient systems that allow very high accurate
measurements. These machines measure not only distances, but also geometrical 2D
shapes, such as holes or lines and their deviations in shape and size from the initial
requirements, allowing to compensate systematic errors during the manufacturing
process.

2.2.3 Profilometer/surface roughness measuring systems

These instruments measure the rugosity of the layers of the prototypes. They are
very useful in order to estimate the effect of metallization.

2.2.4 Vector network analyzer

These N-port devices are capable of measuring S-parameters, magnitude, phase,
and time-domain analysis of prototypes. Combined with an anechoic chamber, it can
measure antennas and radiation of prototypes.

3. Layer manufacture

As it was explained formerly, to create a 3D structure, an undetermined number of
layers have to be piled up. These layers can have different heights and can be
manufactured using the same or different substrates, with a careful alignment of them
being necessary. Figure 9 shows an exploded schematic view of a prototype. It shows
different layers with different geometries and different heights making up the whole
3D structure.

Figure 10 shows a full assembled prototype besides a euro coin to compare sizes,
where it is possible to observe how different layers with different heights (among 0.5
mm and 0.8 mm) are assembled.

These layers are manufactured using standard PCB processes such as cutting,
drilling, milling, and plating. Once the layers are manufactured in the PCB, they are
carefully extracted to be piled up. Figure 11 shows the prototype layers before being
extracted from the PCB. These PCBs are slabs that can be none, single, or twice
metallized. Metallized substrates present a thin metal layer in one or both faces,
usually copper. Later on, these PCBs can be additionally metallized such as the slab at
the right in Figure 11 using the process explained in section 2.1.7.
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Figure 9.
Exploded view of the layers of a prototype.

Figure 10.
Assembled prototype.

4. Set-up issues for measurement

In this section, some example of feeding lines to feed the prototypes and connect them
to a vector network analyzer are shown. Furthermore, a detailed explanation of each one
of the issues that can appear during the manufacturing process is expound and analyzed.

4.1 Feeding lines

3D structures based on planar layers must include planar feeding lines such as
microstrip lines or coplanar-grounded waveguides to feed the prototypes and connect
them to a vector network analyzer. Moreover, prototypes fed with these lines can be
accurately calibrated with TLR (Through-Reflect-Line) calibration kits. That allows to
move the reference plane to the beginning of the waveguide and removes the losses and
effects of the feeding line and connectors. It is recommended to design the prototypes
with the same length as the calibration Kkits, so the same kit can be used to measure
multiple prototypes. For different frequency bands, feeding lines with different lengths
and widths must be used, and obviously, different calibration kits will be required.
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Figure 11.
Layers in PCB.

Depending on the connectors used to measure, the design of the feeding line
changes slightly. Usually, these connectors are either typical removable coaxial RF
connectors or soldered ones. In Figure 12, some calibration kits can be seen with
different connectors.

4.2 External metallization

The main raw material for building 3D structures piling up layers is PCBs; there are
lots of commercial choices with different characteristics and heights depending on the
working frequency and requirements of the prototype. These substrates are made of
different components and have none, one (top or bottom), or two (top and bottom)
thin layers of copper or other metals. The main idea is to stack different layers of
different heights extracted from these substrates to create a whole 3D structure.

With the aim of building a metallic external wall, some layers must be externally
metallized, and this can be done with a die cut system similar to the example shown in
Figure 13. As it can be seen, the layer is almost fully metallized externally except for the
small tabs located in the corners, which are needed to hold the structure to the PCB. The
substrate around the external metallization of the prototype can be removed by simple
exterior cuts shortened enough to hold the structure. The result is a completely metal-
lized edge of these layers, but for the small corners as it was noted before.

4.3 Machine corrections

To reduce errors during the manufacturing process, machinery side effects must
be identified and characterized. In case of using a multipurpose UV Laser System such
as a cutter/plotter laser, these lasers are slightly tilted [11]. So that substrates will be
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Figure 12.
Calibration kits. a) Microstrip calibration kit without removable connectors, (b) coplanar calibration kit with
removable connectors, (c) coplanar calibration kit with soldered connectors.

cut with certain angle, producing a small ramp instead of a 90° cut (see Figure 14),
which can be measured with a microscope or a vision system to incorporate the proper
correction during the design phase of the prototype. Thus, an over-cut equal to the
measured deviation compensates the effect of non-perpendicular laser cutting.

As it is shown in Figure 15, this ramp can be divided in three points: 1 (upper point
of the ramp), 2 (lower point of the ramp), and 3 (middle point or average point of the
ramp). Without correction or overcut, points 2 and 3 are lightly smaller than they
should be. Over-cutting enlarges this cut adding this laser error and moving the
desired size to point 3, the middle point, instead of point 1. This shifting produces
point 1 to be a bit larger and point 2 to be a bit smaller; however, on average this cut is
just as it should be. By doing this, the frequency shift presented by selective devices,
such as filters, is drastically reduced, with the measured parameters of the prototype
being more similar to the simulated ones.

Some cuts have complex geometries or are very tiny. These machines may have
problems doing them correctly, because of that, additional cutting phases with simple
shapes in certain areas are interesting to solve these issues. The same can happen for
difficult milling areas and the solution is similar; additional milling layers should be
defined, but it must be done carefully to avoid substrate from burning or getting
damaged.
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Figure 13.
Die cut example.

Although these machines work similar along the time, tools may need to be
adjusted manually to seek for optimal performance every few months. This can be
done easily using scraps of previous substrates.

If the prototype has holes used to pass through a wire or alignment pins, the over-
cut must be double to assure enough clearance in the whole hole to pass the wire or
pin properly. In case there is a metallization, holes and cuts are reduced due to the
presence of the additional metal and need to be taken into account to define the
needed overcutting. Metallization can be either measured or calculated depending on
the process, with the measured value being preferable when possible.

In case of using a mechanical cutter such as a drilling machine, the drill is really
close to a perfect perpendicular cut. However, drilling tools are usually bigger or
smaller to the theoretical size, due to fabrication tolerances. To avoid this, the size can
be easily measured by doing a small cut in the substrate that we are using and
measuring it, applying the proper correction in case it was needed.
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Figure 14.
Laser cut error. Lasers are slightly tilted, and this produces a small vamp instead of a 90° cut with some negative
impact.

Figure 15.
Laser cut error, Figure extracted from [12].

The absence of these corrections can produce frequency shiftings and misfunctions
in the performance of the prototypes, among other effects.

4.4 Assembling and weldering

One of the easiest and better ways to ensemble properly the layers of the prototype
is by using alignment rivets, screws, or dowel pins. The position of the alignment holes
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to pass the pins through is arbitrary as long as they are outside the sensible areas of the
circuit, but need to be the same in all the circuit layers [13].

Taking the former into account, the process consists of stacking all the circuit
layers and roll out soldering paste between layers. Once all the layers have been
stacked, a heating process must be done to melt the paste and weld the different layers
of the prototype.

The soldering paste can be rolled out manually, but an automatic dispenser will
provide more repeatable results. The soldering paste must be set by small dots and
evenly separated among them. If there is too much paste, it will overflow inside the
cavity, increasing the losses of the prototype, and producing missmatches and
undesired frequency shifts. On the other hand, if there is not enough soldering
paste, this will produce a poorly welded device with a highly degraded perfor-
mance. After having manufactured several prototypes, the technician will have the
experience to know almost the exact amount of paste to be used for each kind of
circuit.

The first option to align the layers could be to use alignment screws with nuts
properly tightened to make the needed pressure all around the prototype and to weld
the soldering paste in a reflow oven. However, pressure could be not evenly distrib-
uted on the welding area, as it depends on the number and distribution of the screws.
Moreover, the pressure done by the screws directly over the prototype layer can
externally damage the structure. To prevent this, press covers can be used.

Press covers consist of some additional non-metallized and non-adherent layers
that are located above the top cover and below the bottom one to make a more
uniform pressure along the prototype. If covers were metallized or adherented, they
could be welded to the prototype due to an eventual overflow of soldering paste. Once
the prototype has been properly soldered, press covers should be removed, as well as
screws and dowel pins.

When the welding among layers is not good enough, the discontinuities between
successive layers can result in small cavities. This effect, for structures such as ESIW,
will cause the magnetic currents to modify their path by coinciding these cavities with
their direction due to the TEM mode (Transverse Electro-Magnetic), degrading the
response of the device and causing anomalies. In ESICL lines, however, the magnetic
currents do not coincide with the possible discontinuities (cavities) produced; for this
reason, welding is not necessary in these prototypes, and screws and nuts can assure a
proper performance of the device, this assembling process being quicker due to the
lack of welding process.

Rivets work similar to screws for alignment, being the pressure along the proto-
type uneven and not as tight as screws.

Dowel pins combined with a multipress usually produce better results as pressing
machines press evenly the circuit. For this process, press covers (additional layers
similar to those described to be used with screws) must be used to protect the circuit.
If pressing machines do too much pressure on the circuit, this can lead to a bending of
the covers deforming the inner cavities. To prevent this, different press covers
adapted to the geometry of the welded area must be designed [14]. The same idea
improves the results using screws and a reflow oven; however, whenever possible,
press machines and dowel pins give much better results than screws and reflow oven.

Another thing to be taken into account is that the presence of soldering paste
produces a little layer of a few microns that can enlarge/enheight the waveguide, with
enough pressure while the paste melts this layer being reduced, and this effect can be
negligible.
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4.4.1 Manufacturing process of vias

Although soldering and fencing vias have different purposes, from the
manufacturing point of view, both are metallized holes along the surface layers.

Soldering vias: Soldering vias are metallized holes used to fill in with soldering
paste instead of spreading along the layers or to be used as a leak for excessive
soldering paste.

Fencing vias: To assure a good isolation of the prototype, sometimes it is necessary
to use fencing vias that work as a perfect electromagnetic wall [15], and whose
diameter changes with the frequency at which the prototype is designed and the
technology used. Fencing vias must be metallized; otherwise, the prototype will have
big losses due to the resonant effect of these holes.

These metallized elements can work as resonators if the wavelength of the proto-
type is similar to the size of these vias, the same happens with the separation between
them. The vias must follow these rules and use the formulas for SIWs design [15]:

* They must be equally separated in each row.

* They must be equally separated from the edges of the prototype.

* They must be small enough compared with the wavelength of the prototype.

* They must be separated enough compared with the wavelength of the prototype.

Figures 16 and 17 show an schematic view of fencing vias located around cavities.
The layer in Figure 16 has holes for alignment purposes (blue), vias (purple), and the
inner cavity (yellow) named as long. In the example of Figure 17 a separation of 0.1
mm toward the cavity was chosen to fulfill the requirement explained above.

4.5 Procedures requiring more than one soldering phase

Some prototypes, for example, RESIW or DRESIW devices [16], may need to be
welded in two or more phases. To make possible a welding process divided into two or
more phases, the methods described previously can be combined together. The only
requirement for multiple soldering phases is to use different solder pastes with differ-
ent melting temperatures, so that the following phases will not de-solder the already
soldered layers in previous ones. For that, the soldering paste with the highest melting
temperature will be used for the initial phase, and soldering pastes with lower melting
temperatures will be used afterward when these phases contain the already welded
parts of the circuit. This procedure is very useful for ridge prototypes; ridge pro-
totypes may need different pressing covers with different geometries of each one of
the pressing phases. Figure 18 shows these press covers.
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Figure 16.
Vias position.
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Figure 17.
Vias position toward edge example.

Figure 18.
Press covers of an RESIW filter [14].
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Figure 19.
Handly backing weld prototype examples.

This technique is also quite useful when prototype junctions are not good enough
and need to be fixed manually with soldering paste and a welder. Moreover, if there
was an overflow of solder paste, it can be removed with a de-soldering iron or roll out
manually with a welder. These press covers are different to apply differently pressure
in each soldering phase [14].

4.6 Handly backing weld

Some prototypes have sensible areas that need to be welded once the whole
circuit has been ensemble. The idea is to roll out some solder paste in this places and
melt it with a welder to ensure a good welding. In Figure 19, examples of this can
be seen.

4.7 External elements

External elements, such as wires and rods, are very useful in order to design
transitions [10, 17] or filters [18]. In the case of transitions, wires are used to connect
the layers of the prototype (rods can also be used if they are small enough). On the
other hand, rods are used as filter resonators.

Two factors are essential when wires and rods are used in the prototypes: their
position and shape. Wires must be stretched as much as possible in order to reduce
deformations and foldings of itself. On the other hand, the easiest way to ensure the
position is through a hole. To assure a good electrical contact in the weldering, the hole
must be fully metallized, a galvanic or a through-hole plating metallization is
recommended for that. The metallization must be taking into account, as the hole will
narrow some microns. If a laser cutting machine is used, the diameter of this hole
must be found out by testing different diameters in order to take into account the laser
error due to the non-perpendicular hole and the reduction of the hole due to the
metallization process, as it was explained in Section 4.3. Figure 20 shows an example
of this testing; in each column each hole is increased by a few microns regarding the
previous one.

After the wire is crossed through the hole, it has to be welded to the hole with
soldering paste. It must be done trying to minimize the residues of this paste. Once
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Figure 20.
Swept hole diameter.

this wire is welded, the spare wire must be removed by cutting it. Then, depending on
the structure of the prototype, the other end of the wire can be welded to its own hole.
While crossing the wire through the whole, if the hole is very tight, metallization can
be detached as the wire pushes it away. Therefore, electrical contact would be spoiled,
so that it must be done carefully. If metallization is taken away, performance of the
prototype will degrade.

There are other considerations to take into account. If there are more welding
phases after weldering the wire, a soldering paste with higher melting point must be
used to weld the wire to avoid de-soldering in the following processes which will have
lower melting points.

The higher the conductivity of the wire is, the better the results will be. However,
due to the small size of these elements in microwave devices, conductors such as brass
or tinned copper are enough to achieve good results.

When possible, wires should be replaced by rods. In case wires were used, they
must be stretched in order to reduce foldings and deformations.

5. Conclusions

3D prototypes can be done with planar procedures piling up different layers to
build three-dimensional structures. The techniques used for manufacturing planar
circuits can be adapted to build these prototypes, which can be combined with exter-
nal elements such as wires or rods.

Different modifications have been shown to improve results in each
manufacturing phase; errors and specific features of each machine must be taking
into account to reduce its impact in the manufactured layers. Over-cut, under-cut,
measurement and estimations are some of the techniques used to reduce these
effects.

Regarding the assembling techniques with screws or dowel pins, the issues due to
pressure, excess/lack of soldering paste, etc., should be considered. Finally, the use of
press covers is also recommended in soldering phases, taking into account that tech-
nologies such as RESIW or DRESIW have some variations.

All the information collected in this chapter has been extracted from empirical
evidence and real circuits that have been manufactured.
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Abstract

This chapter intends to show the strong potential brought by metal 3D-printing to
the field of waveguide components and antennas. General co-design guidelines are
firstly provided. These guidelines enable to benefit from the advantages associated to
metal 3D-printing. The implementation of filters and ortho-mode transducers is con-
sidered, together with horns and slotted antennas. Finally, multifunctional periodic
structures benefiting from metal 3D-printing are discussed.

Keywords: 3D-printing, additive manufacturing, selective laser melting, ortho-mode
transducers, filters, polarizers, leaky-wave antennas

1. Introduction

3D-printing has made a profound impact in the development of radio-frequency
(RF) devices in the past decade. Initially, this manufacturing technique represented
an opportunity to implement new ideas as well as to enjoy fast, cost-effective, and
monolithic prototyping [1-8]. However, non-negligible constraints were found in the
first attempts to 3D-print RF components. Such constraints were associated, for
example, to surfaces rough finish, the appearance of undesired supports, and the need
for electroless plating. Neither the resulting manufacturing tolerances were optimal,
nor the quality of the printed pieces. With time, as a result of collective efforts, it has
been understood that the full benefit of this technique (i.e., short lead time, low cost,
single piece prototyping, and high RF quality) implies a change of mindset in RF
design [9-13]. As a result, today we are witnessing the most disruptive impact of 3D-
printing: the challenge of the bounds of our creativity and the need for new co-design
guidelines.

3D-printing consists in the layer-by-layer additive manufacturing (AM) of objects.
Different materials can be employed to build the piece. For example, plastic polymers
can be used to build objects through stereolithography (SLA) [6, 7]. The case of the
present chapter considers selective laser melting (SLM), which allows to use metal alloys
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as the building material [10, 14-16]. Examples found in the literature include aluminum
(which is the most extended one, AlSi10Mg), titanium, stainless steel, or Invar. This
option is the preferred one when dealing with aerospace applications. The main associ-
ated advantage is that it directly leads to a body that can easily meet the stringent
mechanical and thermal conditions associated to space or other harsh environments.
Additionally, metallic 3D-printed parts are compatible with high-power handling, spe-
cially if they are monolithic, as passive inter-modulation issues are minimized.

The main disadvantage of metal 3D-printing is the surface finish of the 3D-printed
part. The resulting surface roughness is larger than what is normally obtained with
conventional manufacturing techniques, which results in higher insertion losses.
Consequently, 3D-printed parts might exhibit higher loss than the counterpart pro-
duced with CNC milling. For that reason, postprocessing and additional surface met-
allization techniques are currently being developed in order to improve the
conductivity of a metal part [17]. The effective conductivity of a 3D-printed wave-
guide depends on many aspects such as the frequency of operation, the chosen print-
ing direction, or the shape; however, an average value for a raw (not metallized)
finish is 0.5 x 10”7 S/m. With treatments, values of up to 3 x 10’ S/m can be achieved.
This is still less than the ideal conductivity of aluminum; however, it has been noticed
that the devices do give competitive loss thanks to the avoidance of assembly, which
might create leakage or reflections.

Current metal 3D-printers offer printing volumes that range from 250 mm x
250 mm x 250 mm [18] to 400 mm x 400 mm x 400 mm [19], which are well suited
for devices operating from X-band. At the time this chapter is being written, one can
find stories in the media where the main space primes have announced the use of 3D
printing in their future high-throughput satellites [20-22]. On the other hand, in 2021,
a European Cooperation for Space Standardization (ECSS) standard with require-
ments for processing and quality assurance of powder bed fusion technologies for
space applications has been issued [23]. All this together proves that the space indus-
try recognizes the maturity of metal 3D-printing and accepts its use for present and
future systems.

The authors of this chapter have been involved in several R&D projects related to
3D-printing of RF components and antennas. Such projects have been mainly
conducted in France, at the laboratory IETR (Institut d’Electronique et des Technolo-
gies du numéRique), and they have been funded by the European Union, the Euro-
pean Space Agency (ESA), the Centre National d’Etudes Spatiales (CNES), and the
Region of Brittany. Such projects have allowed the conception of general design
guidelines for successful SLM prototyping, which are next provided in Section 2. In
the following sections, advanced 3D-printed parts are described. Section 3 includes
the implementation of waveguide components, such as filters and ortho-mode trans-
ducers. Section 4 considers the development of horns and slotted antennas. The case
of periodic structures implementing frequency selective filtering and polarization
conversion is considered in Section 5. Finally, conclusions are drawn in Section 6.

2. General design guidelines

A general belief when approaching 3D-printing is that any RF geometry can be
fabricated. Still, while there is significant freedom and possibility to fabricate complex
shapes, there are also a series of rules and guidelines that allow to obtain optimal
results out of 3D-printing.
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The set of guidelines is indeed very broad, since it goes from the initial RF design
of geometry to the type of machine parameters used to fabricate the part. This section
will only cover the ones concerning the RF designer, since the rest will change
depending on many considerations, ranging from the type of machine to productivity.
In any case, and as it will be demonstrated in this chapter (which contains many
examples from different authors and therefore different manufacturers), the basic RF
guidelines are enough to produce very good performance regardless of the 3D printer,
alloy, or manufacturer.

Concerning RF design, the most basic consideration when 3D printing RF devices
is the orientation that the piece will have in the 3D printer. Such orientation deter-
mines the manufacturing tolerances, the degree of symmetry of the printed compo-
nent, the eventual need of supports if the printer finds surfaces that are hanging, and
the number of parts that one can print in the same platform. In order to attain both
high precision and high symmetry, the piece should be oriented in a way that either
the main waveguide propagation axis is parallel to the building direction (vertical
printing) or the main waveguide propagation axis is perpendicular to the building
direction (horizontal printing).

The remaining of the subsection discusses the basic guidelines that a designer may
follow to adapt a waveguide device to vertical or horizontal printing.

2.1 Overhanging faces

Overhanging faces are those that are perpendicular to the printing direction and
facing down, as illustrated in Figure 1(a). As part of the design process, such over-
hanging faces should be modified, since they can suffer strong deformation or even
collapse if they are too big. The recommended design practice is to chamfer or tilt the
face with an angle of 45° or larger. As it will be shown later, this technique can be
applied to corrugations, irises, cavities, posts, etc.

2.2 Wall thickness

In certain microwave devices, thin walls are needed as part of the RF design
(e.g., septums in orthomode transducers, irises in filters, inner walls in power
dividers, etc). To the best knowledge of these authors, the lowest wall thickness
that can be 3D-printed nowadays with a good reliability is 0.5 mm. In certain

(a) (b)

Figure 1.
Nonfeasible overhanging face (a) and feasible inclined overhanging face (b). The orange arvow indicates the
printing direction.
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Impossible Acceptable Best

Figure 2.
In ovder to successfully print very thin walls, it is important that they ave supported by adjacent thicker walls. The
orange arrow indicates the printing direction.

occasions, it can be possible to achieve thicknesses of 0.3 mm, although only for very
short walls and supported by thicker adjacent walls, as illustrated in Figure 2.

2.3 Height

When creating elongated structures such as posts, it is important to take into
account that their height should not be greater than five times the diameter of the
base. If this requirement is not satisfied, the post can suffer deformations. In the case
that it would be necessary to use a feature that does not satisfy the previous criteria,
the recommendation is to use a truncated post (or a prism whose base is larger than
the top face), as it is indicated in Figure 3.

2.4 Rounded edges

Rounding of the edges of the structure is welcome for 3D-printing. The
recommended rounding radius is at least 0.3 mm (although the larger, the better). The
reason for this recommendation is the avoidance of local overheating when printing a
certain edge, which can result in deformations of the structure [24].

2.5 De-powdering

The “de-powdering” is the activity where all the unmelted powder is removed
from the fabricated part. The RF designer should conceive the device avoiding highly
concave cavities (those whose only opening is very small when compared with the size
of the cavity) as well as minimizing (if possible) the presence of siphon waveguide
sections.

Figure 3.
Different approaches to increase the stability of elongated structuves. The orange arrow indicates the printing
divection.
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2.6 Machining of waveguide flanges

Finally, a highly recommended RF practice is the reworking of the flanges using
CNC milling in order to ensure a perfect connection with the rest of the devices.

3. Waveguide components
3.1 Filters

Waveguide filters are devices used to select and/or reject signals in an RF chain.
The implementation in waveguide technology ensures low losses and high-power
handling, while its main disadvantages are the associated mass and the volume. In
contrast to other waveguide devices listed in this chapter, filters are, in general, rather
sensitive to the manufacturing tolerances. As a result, the use of the previous design
guidelines is even more relevant in the present case.

In the domain of metallic 3D-printed filters, it is possible to find multiple articles
where AM is used to enable the prototyping of complex geometries [25]. In such
examples, the printing direction has not been specifically considered as part of the
design process, which is the purpose here. In the following, two examples are illus-
trated that are based either on vertical and horizontal printing (associated respectively
to waveguides whose propagation axis is either parallel or perpendicular to the print-
ing direction) (Figure 4).

In the case of vertical printing, traditional filter topologies shall be adapted by
tilting all their down facing parts so that they become self supporting. A first example
is proposed in [15], where 1/4 rejection stubs are tilted. The authors of such paper
present prototypes in Ku/K-band that have been fabricated using different metal
alloys. All the filters present high rejection (50 dB) and low insertion losses (from 1 to
0.1 dB, depending on the type of surface finish). Another example can be seen in [11],
where a bandpass filter with titled irises is presented. The design in the article is a
11-pole filter operating from 17.3 to 20.2 GHz. The two fabricated filters exhibit a
bandwidth slightly narrower than the simulated one. An interesting result is the great
similarity between the two prototypes, which have been produced using different
processes with the same alloy. The latter is a confirmation of what was stated in
Section 1: using guidelines for 3D-printing enables robust filter designs. A third
example can be found in [16], where a corrugated filter with chamfered corrugations
is presented. The filter also operates in the Ka-band (17.7-20.2 GHz) and provides
all-mode rejection up to 43 GHz. This work also provides a comparison between raw

] JH|

(a) (b) (©)

Figure 4.
Different orientations of a filter (gray) on the building platform (black) and the required supports (magenta) for
each of them. The orange arrow indicates the printing direction.
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(not metallized) and metallized finish, where the associated ohmic losses are 0.35 and
0.25 dB, respectively.

Interestingly, there are also filter examples that by default (without requiring
dedicated design guidelines) are compatible with vertical printing such as the filters
based on spherical or quasi-spherical resonators. In [26], a dual-mode filter at
8.25 GHz implemented with spherical cavities (which can support two modes) and
compatible with vertical printing is presented. Dual-mode filters are known for being
very sensitive and often require tuning screws; however, the 3D-printed filter in the
article achieves a performance very close to simulation without the need of tuning
screws, which is another demonstration of the suitability of vertical printing for the
production of waveguide filters.

Ridge waveguide evanescent mode filters can also be adapted to vertical printing.
These filters are based on the cascading of ridge and hollow waveguide sections of the
same width and height. By chamfering the ridges as in Figure 5, the filter becomes
vertically printable, as demonstrated in [12].

Figure 6 shows the measured and simulated performance of one filter of this kind.
Two identical samples of the filter have been manufactured in order to verify its
repeatability. As it can be appreciated, the results of both prototypes show excellent
agreement between them and also with the simulation. The insertion losses (0.3 dB)
are in agreement with the expected value for a nonmetallized component.

Figure 5.
Representation of an evanescent mode ridge waveguide filter designed to be vertically printable. The ridges have
been chamfered with a 45° angle so that they become self-supporting.
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Figure 6.

Simulated and measured scattering parameters of an evanescent mode filter with chamfered ridges. Two copies of

the prototype have been manufactured in order to assess the repeatability. These figures ave shown here for the first
time.
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An example of horizontal printing can be found in [17]. In that work, the authors
report a combline filter where the cavities have triangular cross section. When 3D-
printing this filter, the combline post grows from the base of the triangle, while the
other two sides of the triangle (with an angle with respect to the base larger than 45°)
converge vertically until they find each other, thus closing the cavity.

Another common practice in 3D-printed filters is the introduction of features in
order to improve the performance (quality factor enhancement, extension of
spurious-free band, etc). One example can be seen in [11], where a dimple has been
created at the center of each cavity. Such feature has negligible impact on the insertion
loss but pushes up the repeat band.

3.2 Orthomode transducers and polarizers

Orthomode transducers (OMTs) are commonly used to separate or combine two
orthogonally polarized signals from or into the same waveguide. OMTs typically
operate in linear polarization, and its key figures of merit relate to the isolation
between the rectangular ports and cross-polarization discrimination (XPD) between
the signals in the dual-polarized port. Septum polarizers are a type of OMT that also
converts from linear to circular polarization and vice versa.

The isolation and XPD of an OMT depend on the structural symmetry of the
component [27]. Potential asymmetries as consequence of fabrication will produce
unwanted coupling between signals that are supposed to be orthogonal. As it has
already been mentioned, the structural symmetry is better assured when the compo-
nents are printed in vertical direction, hence the importance of the design guidelines
for OMTs.

It is worth starting by the contribution in [9], which reports both side-arm OMT
and septum polarizer in the Ka-band that are adapted to vertical printing. While the
septum polarizer does not require much effort for 3D-printing, the side-arm OMT has
been redesigned in a way that the “side” waveguide presents the top faces tilted in
order to be self-supporting. Several E-plane matching steps are required to obtain
optimal matching. Both devices are single-band and exhibit measured isolation and
XPD in excess of 30 dB.

In [28], the authors present a Ka-band dual-band Bgifot OMT also adapted for
vertical printing. The back face of the inner septum in charge of splitting/combining
the polarizations has been chamfered according to the printing direction. It exhibits
isolation and XPD greater than 40 and 30 dB, respectively, over 18.6-20.2 GHz and
28-30 GHz.

Interestingly, and despite being one of the most commonly used OMTs, there is no
work in the literature with vertically printable turnstile OMTs. Two design concepts
are discussed here for the first time. The first concept of such a design is depicted in
Figure 7(a)-(b), which shows the CAD model of the five-port turnstile junction. The
main difference with respect to conventional designs is the four rectangular single-
polarized waveguides, which are tilted to the junction axis so that they do not show
unsupported faces. As Figure 7(c) also proves, the performance of the modified
junction (reflection coefficient level lower than —25 dB is achieved for the full Ku-
band SATCOM bandwidth, 10.7-14.8 GHz) does not show any limitation despite the
modification.

The second design concept, in Figure 8, exploits the use of truncated cones for the
realization of the turnstile post. One design approach when the bandwidth of OMT gets
larger is the use of multistep posts [29]. As it has been discussed earlier, this type of
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Figure 7.

First concept of a Ku-band (10.7-14.8 GHg) self-supporting turnstile-based OMT in vertical full-metal 3D-
printing to avoid overhanging parts during the print process: (a) perspective view of the RF layout of the five-port
Junction (the transparent blue part is vacuum and the brown part is the metallic turnstile post), (b) transparent
vertically cut view of the mechanical layout of the five-port junction (the blue part is vacuum and the gray part is
metal), and (c) simulation results (port 1 vefers to the common circular port).

feature is not well suited for vertical printing, hence truncated cones are used to design
components with increased bandwidth (17.7-31 GHZ, with matching better than —20 dB
in the uplink and downlink SATCOM bands). In this case, the OMT is terminated

using E-plane power combiners designed in hexagonal waveguide. This second design
has been fabricated and measured, and the results are depicted in Figure 8(c). The
measured reflection coefficients for both polarizations remain below —20 dB over the
bands of interest (18-21.2 GHz and 27.5-31 GHz), while they also show a good
agreement with simulations (not shown for clarity). The cross-polarized transmission
coefficients and the rectangular ports present coupling levels below —35 dB and — 45 dB,
respectively. The transmission coefficients are better than 0.5 dB (it must be noticed that
the test setup requires extra waveguides in order to match the device nonstandard ports
to standard ports and therefore the measured losses are higher than the ones of the
component itself).

To complete the section, it is worth highlighting an interesting recent trend
consisting in the combination of several OMTs in a single device to create a N-way
OMT, possibility, which is enabled by the design freedom inherent to 3D-printing.
The work in [30, 31] presents a four-way OMT-power divider, which is built as an
array of 2 x 2 asymmetric side-arm OMTs in a tight square grid (around 1.251¢) fed by
two distributed 1 x 4 single polarized power dividers. The component was conceived
without overhangs so it can be vertically printed. The measured prototypes feature
isolation and XPD better than 40 dB.

4. Antennas
4.1 Horns

Horn antennas are widely used in various microwave and millimeter-wave appli-
cations, from feeds for reflectors to phased arrays or in antenna measurements. Such
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Figure 8.

Secgound concept of a dual-Ka-band (18-22 GHz and 27-31 GHz) self-supporting turnstile-based OMT in vertical
full-metal 3D-printing to avoid overhanging parts during the print process: (a) perspective view of the total OMT’s
RF layout (the blue part is vacuum,), (b) vertically cut view of the total OMT’s RF layout (the blue part is vacuum
and the gray part is the metallic turnstile post), (c) photograph of the printed prototype, and (d) measurement
results. These results are shown here for the first time and they ave courtesy of SWISSto12.

wide range of applicability is attributed to their robust RF performance such as
medium or high gain, wide bandwidth, high XPD, and low losses.

As far as 3D-printing is concerned, horn antennas can be separated into two
fundamental categories: (1) smooth-walled flared horns (this category includes
different type of profiles such as pyramidal, spline, or Potter) [9, 31-36]; and
(2) axially corrugated horns [37-39]. Regardless of the horn type, the printing
direction shall be vertical in order to preserve the symmetries of the structure.

Stepped smooth-walled horns are discussed in [33], which presents designs
operating in Ku-, Ku/K-, and Q/V-band. The three horns are printed vertically;
consequently, the measured and simulated results of all antennas exhibit a good
agreement. Particularly interesting is the results of the Q/V-band device, where a XPD
better than —28 dB over the whole frequency band has been obtained experimentally.
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Spline horns (smooth-wall horns whose flare follows a spline function) are presented
in [32, 35]. These industrial works coincide in presenting Ku-band horns that are later
integrated in a horn cluster (monolithic device including several horns as well as their
corresponding feed devices). Moving on to horn clusters for the production of large horn
arrays enables strong mass and cost reduction: on the one hand, the total number of parts
(from bolts to mechanical brackets to the RF device) is drastically reduced, which has an
impact on both the mass and the cost (dealing with all these parts requires an associated
effort). On the other hand, the integration of a cluster is much simpler and faster, which
reduces the overall program cost. This trend, which is enabled by 3D-printing, seems to
be the future of Geostationary (GEO) telecommunication satellites [40].

In [34], a ridged horn antenna with multistep flare is presented. It is worth
highlighting the high frequency achieved by this design (110 GHz), which is another
proof of the very high performance that one could achieve when following the design
guidelines. Moreover, extra features (corrugations) are added around the horn aperture
in order for the horn to maintain high RF performance over a very wide bandwidth
(45-110 GHz). This is another example of exploiting the design freedom of 3D-printing
to improve the RF performance without increasing the manufacturing complexity.

Similarly, the work in [36] exploits the design freedom to consider perforations on
the metallic walls of the horn to reduce mass without affecting the performance. The
considered perforated gaps are smaller than 1y/15 and hence opaque for the electric
field. The experimental results demonstrate the suitability of such practice, which
leads to a mass reduction in the order of up to two-thirds with respect to a horn.

To complete the survey of smooth-walled horns, it is also worth highlighting the
work in [31], which presents a very high efficiency horn operating in the downlink Ku-
band (10.7-12.75 GHz). The device, which is called quad-furcated profiled horn
antenna, consists of four asymmetric small horns forming a 2 x 2 array that feeds a
square waveguide aperture. The device also includes the feed network. All features in
the component are compatible with vertical printing. The measured performance (S-
parameters and radiation patterns) shows excellent agreement with the simulated one.
This approach, which holds potential to use the power on board the GEO satellite more
efficiently than other horn designs, can only be conceived with use of 3D-printing.

The design and fabrication of axially corrugated horns are presented in [37-39]. In
particular, the accuracy and repeatability of 3D-printed choke horns at X/Ku band are
investigated in [38]. Fifteen antennas were manufactured and tested, showing a
coherent agreement between simulations and measurements in terms of matching,
radiation efficiency, and radiation patterns. An axially corrugated horn covering the
full Ka-band (26.5-40 GHz) is presented in [39], whose measured radiation patterns
show good beam symmetry and XPD better than 29 dB. Reference [37] shows a choke
horn that acts as feed in a transmitarray for cubesat applications. The antenna works
in the range 23-26 GHz and is fabricated together with a septum polarizer.

Finally, to the best knowledge of these authors, there is no work reporting conven-
tional corrugated horns where the corrugations are adapted to vertical printing. Never-
theless, the techniques described in [15] or [16] should be applicable to horns too.

4.2 Slotted antennas
Slotted waveguide antennas (SWAs) are attractive solutions for millimeter-wave

applications because they enable high gain with a simple and flat beamforming net-
work architecture. SWAs consist of a waveguide where one of the walls is periodically
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perforated with radiating slots. Generally speaking, SWAs can be grouped into two
categories: resonant SWAs and non-resonant SWAs.

Resonant SWAs, which produce broadside radiation, use J;/2 inter-element
spacing between the successive slots (where 4,/2 is the wavelength in the waveguide)
as well as they have a shorted termination. On the contrary, non-resonant SWAs do
not produce broadside radiation and have inter-slot spacing that is different from 4,/2
as well as a matched termination.

Regardless of the antenna type, SWAs exhibit a narrow bandwidth, which depends
on several geometrical parameters, such as slot dimensions and shape, metal thick-
ness, and inter-slot distance [41]. Nevertheless, this bandwidth can be widened using
well-known design approaches such as separation of the array into several sub-arrays
[42], use of ridge-waveguide [43], use of elliptical slots and direct coaxial feeding
[44], as well as coupled-slot and differential feeding mechanisms [45].

Although the printing rules described in Section 1 apply also for slotted antennas,
most of the works available in the literature report printing orientations of 45" with
respect to broadside direction. Such works are not sensitive to the symmetry of the
piece, therefore such orientation gives satisfactory results.

In [3], an 8x8-element resonant SWA in Ku-band with a corporate beamforming
network is presented. Interestingly, this work also reports a counterpart based on
subtractive manufacturing of several parts that are later assembled. The comparison
between the two antennas shows that the 3D-printed antenna has a gain that is
1-1.5 dB larger than the traditionally manufactured antenna. In the latter, gaps and
alignment errors between metal layers cause leakages and reflections, which are
critical enough to eventually degrade the antenna performance. The article also dis-
cusses the fabrication orientation and the fabrication supports, which are the main
disadvantages of this manufacturing approach. The same authors expand their work
on SWAs in [46], which also operates in Ku-band but is much larger (16 x 16) as well
as implements a monopulse comparator. As in the previous work, and despite the
higher complexity and size of this component, the measured results show great
similarity with the simulation, which validates the printing direction orientation.

An assessment on planar and conformal 1D and 2D resonant SWAs is presented in
[47]. Several orientations and machine settings were studied to obtain consistent parts
with high detail resolution and quality. The study includes also investigation of
manufacturing defects and surface roughness of the components.

Concerning non-resonant SWAs, it is worth highlighting the leaky-wave antennas
[48] reported in [49-51], operating in different frequencies ranging from K- to V-band.
Despite these publications involving plastic printing, the antenna in [50] was later used
to build an array in metal. The novelty in these works is that additive manufacturing
enables dual-polarization radiation from a single leaky-wave aperture and to consider
an OMT printed together with the antenna. Moreover, inner ridges with modulated
geometry have been considered inside the leaky waveguide, which enable low side-lobe
level for the two linear polarizations. The array shown in Figure 9 was conceived as an
extension of the previous work and is here presented for the first time. The
beamforming network is folded toward the back side of the antenna, and the whole is
printed in a single piece. A summary of the measured performance is presented in
Figure 10. A very good agreement with simulation is obtained for patterns and direc-
tivity over the operating bandwidth, demonstrating again the suitability of 3D-printing
for SWA. The backward lobe in the pattern is produced by the short-circuit created at
the end of the antenna. Such beam could be avoided by using a matched load.
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Figure 9.
SLM printed compact vidged linearly polarized 2D leaky-wave array with folded beam-forming network.
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Figure 10.
E-plane pattern (dBi) of the SLM shorted array at 20 GHz.

Finally, an evolution of the previous works is presented in [52], which reports a fully
metallic leaky-wave antenna radiating in circular polarization. One of the main original
contributions of such work is related to the further plating of the SLM antenna. Such
posttreatment step allows to reduce surface roughness and to improve the antenna
radiation efficiency (around 10% improvement), as it can be seen in Figure 11.

5. Versatile periodic and quasi-periodic structures

Screens based on the periodic and quasi-periodic arrangement of unit cells are
widely used nowadays due to their capability to alleviate the complexity of RF feeds in
terms of operation frequency, beam shape, polarization, impedance matching, and
focusing of the beam, among others. The screens that are currently employed in RF
systems are mostly implemented in printed-circuit board (PCB) technology [53]. In
order to allow for the wide industrialization of full-metal solutions, a change of
paradigm is needed, both in RF design and in manufacturing.
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Figure 11.
Radiation efficiency (%) for both the raw and posttreated SLM civcularly-polarized SWA in [52].

On the one hand, getting rid of the dielectric materials in the design of periodic
surfaces is not evident, and it brings significant limitations to the RF designer. A
monolithic architecture is needed that allows to be manufactured in metal without
supports. A 3D topology is expected to be the future choice in this context, since it
allows for greater design freedom. Additionally it is needed to count on a cell with
sub-wavelength periodicity in order to avoid the appearance of grating lobes. Such an
objective is easily attained in PCB solutions due to the miniaturization brought by the
dielectric permittivity. However, when full-metal solutions are made sub-wavelength,
they become very reactive and thus, tend to present a high reflection to the impinging
waves. As a conclusion, a trade-off seems to appear in full-metal unit cells between the
periodicity and the reflectivity when operating in transmission.

On the other hand, 3D-printing appears in this context as the technology for that
enables greatest design freedom. However, the guidelines for metal 3D-printing have
to be considered early in the phases of RF design.

Most of the metallic 3D screens that can be found in the literature are implemented
through plastic 3D-printing and postprocessing of the piece with additional metal
coating. This method can be effective, but it is very sensitive to such coating process.
In addition, the effective conductivity of some commercial metallic inks or sprays can
sometimes be lower than expected, contributing to a strong rise of ohmic losses. Some
examples can be mentioned in this category. Negative-refractive index lenses have
been reported in [54], metallic reflectarrays in [55, 56], and pass-band frequency
selective surfaces in [57-59].

SLM has been applied for the design of periodic distributions of 3D helices, which
would be very difficult to implement with other manufacturing techniques. Arrays of
helices create artificial anysotropic panels that can be used for the design of polariza-
tion converters [60, 61]. Furthermore, additional dielectric supports were necessary
to gain robustness. This fact dilutes the term “fully metallic” and strengthens the
complexity of conceiving full-metal and self-supporting surfaces.

A metallic transmittarray has been reported in [62]. Its behavior is based on the
excitation of a dispersive mode in a waveguide-shape unit cell. Solutions based on
waveguide unit cells have also been proposed for the design of dual-band polarizers
that provide orthogonal sense of polarization rotation in each band [63]. Such struc-
ture was based on highly subwavelength cells, in order to avoid excitation of grating
lobes. Unfortunately, the previous designs were not driven by any co-design guide-
line. The previous geometries were conceived basing on classical RF guidelines, and
they did not allow to be implemented in additive manufacturing.
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Figure 12.
3D-printed polarizing screen: (a) photograph of the prototype, (b) insertion losses (measured and simulated).

More recently, a topology of 3D unit cell has been proposed, which is specially
suited to be 3D-printed [10, 64]. To the best knowledge of these authors, this is the
first proof of concept in the literature of a periodic structure that is self-supporting
and monolithically 3D-printed in metal. Such a screen is designed to achieve polariza-
tion conversion in a broad frequency band. The screen is low dispersive thanks to the
excitation of transverse electromagnetic modes within the unit cell. A co-design
approach based on the design guidelines detailed in Section 1 was followed in this case,
thus enabling accurate prototyping. As an interesting example, bent metallic columns
(inclined 45 with respect to the printing direction) were considered. The concept is
illustrated in Figure 12(a), which shows a Ku-band prototype printed in aluminum.
The bent columns can be easily visualized in the photograph. The insertion losses are
plotted in Figure 12(b), they remain below 0.5 dB in the whole frequency band. These
results are shown here for the first time. The axial-ratio level is quite similar to that
reported in [10]. The architecture depicted in the picture can be adapted for other
dual-polarization functionalities beyond polarization-conversion [64].

6. Conclusions

This chapter provides a wide overview of metal 3D-printing applied to the design of
various types of waveguide components, antennas, and versatile periodic structures. It
can be concluded that the use of 3D-printing can bring multiple relevant advantages
when a set of guidelines are followed from early steps in the conception of the RF
devices. This chapter opens wide perspectives for the conception of new disruptive RF
devices through 3D-printing. The future trend concerns the development of 3D topolo-
gies with enhanced performance, complex functionality, and many degrees of freedom.
New synergies are expected in RF design combined with powerful optimization tech-
niques that are capable of managing such amount of geometrical parameters. Finally,
new theoretical models are expected to appear, providing valuable physical insight on
the phenomena underlying the operation of this new 3D structures.
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Chapter7

Additive Manufacturing of Optical
Waveguides

Yushi Chu, Liling Dong, Yanhua Luo, Jianzhong Zhang
and Gang-Ding Peng

Abstract

Optical waveguides play an important role in both scientific research and
industrial applications. Additive manufacturing (AM) or three-dimensional
(3D)-printing technology has great potential to revolutionize manufacturing of
optical waveguides. AM offers a great opportunity in developing optical waveguides
demanding new material compositions and structure designs for functionalities
needed in fast-evolving modern applications such as Internet of things (IoT). These
demands have become so diverse and sophisticated that the traditional waveguide
manufacturing cannot meet. In this chapter, we briefly introduce optical fibers one of
the most common typical optical waveguides and present the process and perspective
of optical fiber fabrication by AM technology.

Keywords: waveguides, 3D printing, waveguides fabrication, 3D-printing silica optical
fibers

1. Introduction

Optical waveguides have achieved great success in information transmission in the
past decades, mainly due to the ultralow loss, large capacity, high power, and excellent
mechanical robustness. Optical fiber as one of the most useful optical waveguides
plays an essential role in telecommunications and forms today’s Internet backbone.

In this chapter, optical fiber is briefly presented in Introduction part, then some AM
technologies are focused, and finally, the fabrications of optical fibers based on AM
technology are introduced including the fabrication process and perspective.

Optical fiber is a flexible, transparent fiber made of glass or plastic that acts as
a light-transmitting tool. Optical fiber usually consists of a core surrounded by a
transparent cladding and a coating in order, shown in Figure 1a. The refractive index
of the core is higher than cladding, creating the waveguide structure to transmit light
by total internal reflection (TIR) as demonstrated in Figure 1b. Charles K. Kao firstly
promoted that the loss of optical fiber could be reduced by removed impurities and
applied as the communication medium when he worked at ITTT Standard Telephones
and Cables in 1966. This pioneering work made him earn the Nobel Prize in Physics in
2009 [1-3]. However, it was impossible to fabricate ultrapure silica as Kao mentioned
due to the technical limitation at that time. Fortunately, the first low-loss (20 dB/km
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Figure 1.
(a) Diagram of typical optical fiber; (b) TIR in optical fiber.

at 632.8 nm) silica fiber was achieved by Robert D. Maurer from Corning in 1970 [4],
and the modified chemical vapor deposition (MCVD) technology was invented by

J. B. MacChesney from Bell Labs in 1974 [5]. Then, the optical fibers have developed
rapidly and formed today’s internet backbone. In 1999, Kao, Maurer, and MacChesney
received the Charles Stark Draper Prize because of making the communication
revolution possible [6].

Nowadays, there are some specialty optical fibers except the optical fiber for infor-
mation transmission. The most representative ones are active fiber and microstructure
optical fiber. For the active fiber, rare earth (RE) ions or metal ions are doped into
optical fibers, generating luminescence under excitation, such as ytterbium (Yb) [7],
erbium (Er) [8], thulium (Tm) [9], holmium (Ho) [10], and bismuth (Bi) [11]. Specific
functions can also be achieved by codoping of two or more ions, for example, an ultra-
broadband emission covering O-L telecommunication band was obtained from Bi/Er
codoped optical fiber under 830-nm pumping, shown in Figure 2a [12, 13]. For the
microstructure optical fiber, it usually consisted of one or more materials arranged peri-
odically along the fiber length, realizing the refractive index modulation. The principles
of light transmission are photonic bandgap effect and anti-resonance effect besides the
TIR mentioned above. Microstructure optical fiber has many unique and novel physical
properties, such as controllable nonlinearity, endless single-mode behavior, adjustable
singular dispersion, low bending loss, and large mode field. Figure 2b-e shows the
structures of typical PCFs [14-16].

The fabrication of optical fiber usually consists of two steps of preform manufacturing
and fiber drawing, shown in Figure 3. The fiber drawing process is usually operated on
a fiber drawing tower. The silica preform is heated to around 2000°C and becomes soft,
then a thin bare fiber can be pulled out and cooled to solid, and finally, the bare fiber is
coated and rolled into a coil, demonstrated in Figure 3c. For preform fabrication, chemi-
cal vapor deposition (CVD) is usually used for regular optical fiber, and microstructure
optical fiber preform is manufactured by the stacking method. CVD utilizes SiCl, and
GeCl, to oxidize into SiO, and GeO, at high temperature, which are deposited layer by
layer onto the inner side of the quartz tube and sintered to form an optical fiber preform.
According to the different deposition ways and heating source, CVD technologies can be
divided into plasma chemical vapor deposition (PCVD) [17], outside vapor deposi-
tion (OVD) [18], vapor axial deposition (VAD) [19], and also MCVD [5] mentioned
above. Figure 3a shows the schematic view of the four preform fabrication pro-
cesses. Stack-and-draw method is usually used for PCF fabrication; glass capillaries
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(a) Emission spectra of Bi/Er codoped optical fibers [12]; (b)-(e) structures of large mode area fibers, hollow core
fiber, Bragg fiber, and anti-vesonance fiber.

and rods of a specific size are stacked according to the designed structure as shown
in Figure 3b and then drawn into PCF [20].

However, as the Internet has evolved into the ubiquitous Internet of things (IoT),
the role of optical fibers is expanding from passive telecommunications transmis-
sion medium to lasers, sensors, devices, and beyond. This is creating the demand for
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Figure 3.
Optical fiber fabrication process, (a) preform fabrication-based CVD technology, (b) preform fabrication-based
stack technology, (c) fiber drawing process.
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increasingly sophisticated optical fibers. Unfortunately, the traditional fabrication
technologies, for example, the CVD mentioned above, have limited capability in both
material and structure flexibility for diverse and custom-designed functionalities.
AM technology provides a solution to this problem.

2. Additive manufacturing technology

AM technology is a kind of rapid prototyping technology, also known as 3D-printing
technology. It is a technique of constructing objects by layer-by-layer printing using
bondable materials such as metal powder or plastic, based on a 3D digital model.
Compared with traditional manufacturing methods, AM technology has outstanding
performance in terms of economic cost, time efficiency, and customized design and has
been successfully applied to various materials such as metals, polymers, metamaterials,
and composite materials. These materials are shaped using different principles such as
sintering, melting, extrusion, and laser/ultraviolet light curing, exhibiting different
manufacturing accuracies, printing speeds, and resolutions. According to different
materials, AM technology can be divided into solid-based AM technology and liquid-
based AM technology, shown in Figure 4. For the solid-based AM technology, powder
and filament are manufactured to objects by laser sintering/melting (selective laser
sintering, SLS; selective laser melting, SLM) and nozzle extrusion (fused deposition
modeling, FDM). For liquid-based AM technology, ink or photosensitive resin is shaped
by gelation (direct ink writing, DIW) and light polymerization (stereolithography, SLA;
digital light processing, DLP; and polymer jet, Polyjet). The above technologies have
made great contributions to AM technology waveguides, providing new possibilities for
the diversity of waveguide structures and functions.
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Print material
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Printed structure
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: ' ! ! Fabrication platform -
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Figure 4.

Classification and schematic diagram of AM technology, (a) SLS/SLM, (b) FDM, (c) DIW, (d) SLA, (e) DLB
and (f) Polyjet.
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2.1 Powder-based additive manufacturing technology

SLS/SLM technology is a solid powder-based AM technology that uses a laser to
selectively scan the powder bed and utilizes the interaction of the laser with the solid
powder to sinter/melt loose powders together as shown in Figure 4a [21]. The basic
bonding mechanisms of SLS/SLM include solid-state sintering, chemically induced
bonding, liquid-phase sintering-partial melting, and full melting [22]. The essence
of solid-state sintering is the thermal diffusion of the melting temperature of the
material between the particles through heat transfer, which can realize the processing
and combination of a variety of materials. When the laser-powder interaction time
is short and no binder is present, a chemically induced bonding mechanism occurs,
forming a new binder phase that helps facilitate the post-curing process. Liquid-phase
sintering-partial melting occurs when insufficient laser heat is provided and only par-
tial melting is achieved to obtain the bonding of structural particles. Full melting is
mainly used in metal materials, which can directly produce nearly full dense materials
without post-processing.

Compared with other AM technologies, the main advantage of SLS/SLM is the
flexibility of material selection. Single-component powder particles, composite
powder particles, mixtures of different powder particles, and different binder materi-
als are all suitable for SLS/SLM. The size and shape of the particles directly determine
the shrinkage, precision, and density of the constructed object [23, 24]. There are van
der Waals forces between particles of smaller size, and it is easy to form agglomerates,
which may directly lead to uneven dispersion of powder particles; while larger-sized
particles directly affect the porosity, showing poor surface roughness, even significant
cracking or delamination effects may form [25]. The quality of the constructed object
is highly dependent on the correct choice of the processing parameter setting, such as
laser power, layer thickness, scan speed, as well as hatch spacing [26]. Uniform par-
ticle size distribution and optimized processing parameters can effectively reduce the
occurrence of “step effect” and shrinkage deformation and finally obtain a satisfac-
tory SLS/SLM construction object [27].

2.2 Filament-based additive manufacturing technology

FDM—the most famous AM technology, belongs to filament-based technology,
which is also one of the most widely used technologies in rapid prototyping technol-
ogy. FDM uses a form similar to squeezing toothpaste to extrude material to build
alayered structure. By heating the filamentous thermoplastic material, the nozzle
extrudes the material along the printing path under computer control and deposits it
on the hotbed. After one layer, the hotbed moves up the distance of one layer of mate-
rial thickness and then prints the second layer; layer-by-layer deposition finally real-
izes the overall printing, shown in Figure 4b [21]. The key to FDM is the temperature
at which the nozzle is heated. At higher temperatures, the viscosity of the filamentous
material decreases, resulting in reduced accuracy and even collapse and deformation
during the printing process; the filamentous material does not melt completely at
lower temperatures, which is prone to delamination and even blocks the nozzle [28].

FDM has the characteristics of simple process flow, low cost, and low environ-
mental requirements. It can also realize multi-material printing by switching nozzles.
However, FDM also has disadvantages, such as low-printing accuracy, poor mechani-
cal strength, and being prone to the “step effect” [28]. When using FDM to build an
object with a certain degree of complexity, the support of supporting materials is

157



Hybrid Planar - 3D Waveguiding Technologies

required to ensure the stability of the built part; otherwise, there may be collapse,
which directly affects the manufacturing accuracy. In the actual construction process,
the support structure can be printed with water-soluble filaments and then removed
after post-processing, and the related problems caused by the support structure can
be effectively reduced by optimizing the topology structure [29], optimizing the
printing direction [30], and decomposing the printing structure to reduce the use of
support materials [31].

2.3 Ink-based additive manufacturing technology

DIW technology is fabricated by layer-by-layer deposition, using an ink with
shear-thinning properties that is extruded from a nozzle, shown in Figure 4c. The
ink needs good viscoelasticity and fluidity to ensure smooth extrusion and maintain a
good shape without clogging the nozzles. Because of the high accommodating capac-
ity of ink materials, multi-component printing can be realized under the condition
of meeting the basic requirements of ink, which can be widely used in many fields.
Usually, the resolution of DIW technology is directly limited by the diameter and path
of the nozzle. Latest studies have found that by adjusting the printing-related param-
eter set, it can successfully break through the constraints of line width and shape to
achieve higher-resolution printing.

DIW technology has the advantages of simple process and multi-material printing,
but there is also a disadvantage. Green bodies printed with DIW usually require long-
term low-temperature drying to remove unnecessary solvents, so this step is critical to
avoid cracks formed by drying.

2.4 Photosensitive resin-based additive manufacturing technology

SLA technology uses a laser with a specific wavelength to scan the photosensitive
resin from point to line and to the surface according to the set path. After the layer
is cured, move the worktable and apply a new layer of liquid resin on the surface of
the original cured resin, so as to scan and cure the next layer, so that the newly cured
layer can be firmly bonded to the previous layer. Repeating until the entire object has
been fabricated, shown in Figure 4d. The key process parameters for SLA technology
include initiator concentration, laser intensity, and scan rate. The initiator concentra-
tion and laser intensity directly determine the speed of the photopolymerization
reaction, which in turn affects the processing efficiency. The spot size of the laser
directly determines the resolution of the SLA [32]. Compared with FDM and SLS/
SLM technologies, SLA shows better surface finish (nanoscale) and precision (micron
scale), but the materials used are limited and it is difficult to achieve multi-material
printing.

DLP technology is another AM technology that uses UV lamp curing. Its working
principle is similar to SLA. The light source is changed from laser to UV lamp, and
the introduction of digital micromirror devices (DMD) significantly shortens the
construction time. The working principle of DLP technology is that the UV lamp
is used as the light source, the three-dimensional CAD model is sliced through the
software to form a two-dimensional dynamic mask pattern, and the sliced image
is projected onto the surface of the photosensitive resin by DMD and cured, and
the curing of one layer is completed, demonstrated in Figure 4e. The build plate is
coated with a new layer of photosensitive resin, and the process is repeated layer by
layer until the overall build is complete. DLP technology is one of the most widely
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used rapid prototyping technologies [33]. Compared with SLA technology, DLP
technology has the characteristics of fast printing speed, high printing accuracy, and
uniform mechanical strength [34]. The curing depth is the key to the success of the
layer connection. The setting of the layer thickness should be appropriately smaller
than the curing depth to ensure the connection between each layer while avoiding
the shrinkage and deformation problems caused by excessive curing and eliminating
anisotropy [35].

Polyjet technology also uses UV lamp curing. Its working principle is that the
nozzle controlled by the X-/Y-axis sprays photosensitive resin on the printing
platform, and each layer of material is sprayed and irradiated with UV light for
photocuring. After each layer is cured, the printing platform drops along the Z-axis
direction, and the previous process is repeated until the printing is finished, exhib-
ited in Figure 4f. Like the FDM technology, a support structure is usually required.
The support material and the structural material are sprayed at the same time to
achieve stable support for complex or overhanging structures. The support materials
are generally water-soluble materials, which are easy to remove later [36]. Polyjet
technology has many advantages of rapid prototyping manufacturing, providing
good surface finish, high precision and layer resolution, high printing efficiency, and
also enabling multi-material printing.

3. Optical fiber fabrication by additive manufacturing technology

With the rapid development of modern technology and application fields, the
requirements for optical fibers in terms of structure and materials are more com-
plex and diverse, striving to achieve the customized structural design and free and
flexible material combinations. However, traditional optical fiber manufacturing
methods such as CVD or stack-and-draw are difficult to meet this demand. Optical
fiber manufacturing based on CVD processes is limited by the lathe itself, which has
limited structural flexibility, and it is difficult to realize the manufacture of complex
optical fiber structures, and it is necessary to maintain a highly uniform radially sym-
metrical temperature and pressure during the manufacturing process [37]. Although
the stack-and-draw can achieve a certain degree of structural complexity, the flexibil-
ity of materials is limited, and it is very time-consuming and labor-intensive [38]. AM
technology provides huge opportunities for the development of new cylindrical fibers
such as new structural fibers.

3.1 Polymer optical fiber fabricated by additive manufacturing technology

Polymer optical fibers (POFs) are ideal materials for short-range communica-
tions and are increasingly used due to their low cost and high elastic strain limit.
POF is usually fabricated by extrusion or drilling method, until Cook et al. reported
that POFs were fabricated using FDM 3D-printing technology in 2015 [39]. The
commercially available 3D-printing filament consisting of a propriety polystyrene
mixture containing styrene-butadiene-copolymer and polystyrene was used as the
raw materials. An optical fiber geometry consisting of a solid core surrounded by
six air holes was chosen as an example and shaped to preform by FDM 3D printer, as
shown in Figure 5a. The preform was then annealed and drawn to fibers. The light-
guiding images of fiber end faces at 630 nm and 515 nm, white-light output projected
onto a screen, and the relative schematic setup are demonstrated in Figure 5b. The
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loss of the as-made POF was ~1.5 dB/cm, ~0.75 dB/cm, and ~ 1.51 dB/cm at 632 nm,
1064 nm, and 1550 nm, respectively.

Compared with the traditional POF manufacturing technology, the optical fiber
preform manufactured by AM technology greatly simplifies the manufacturing
process and saves a lot of time and labor costs. In addition, due to the integrated
manufacturing, the waste of materials caused by drilling and other methods in the
traditional manufacturing process is avoided. Despite the great advantages of using
AM technology to manufacture preforms, the loss of manufacturing optical fibers is
still high. These losses mainly come from the scattering caused by the gap between
layers during the printing process, which can be reduced by an additional annealing
process or optimized fiber drawing process [39].

After the first demonstration of POF by AM technology, various types of POFs
fabricated by AM technology were reported, such as terahertz (THz) fiber, photonic
bandgap fibers, anti-resonant fibers, Bragg fibers, step index fiber with two materials,
and magnetically doped fiber with multi-materials by FMD, DLP, STL, and Polyjet
methods [40-46].

3.2 Silica optical fiber fabricated by additive manufacturing technology

Although POFs realize low-cost AM technology and are widely used in short-
distance communication, silica fiber plays an irreplaceable role in the long-distance
transmission process. Besides, silica material has unparalleled optical transparency,
excellent electrical insulation, chemical resistance, and thermal stability. How to break
through the traditional silica fiber manufacturing method and realize the AM of silica
fiber has become a problem worthy of further study. In 2016, F. Kotz et al. proposed
a soft lithography method and successfully mixed silica nanoparticles with monomer
solution, combined with light curing to prepare “liquid glass,” which provided a
new way for silica glass fabricated by AM technology [47]. After that, the combina-
tion of organic matter and silica has been widely used in the AM of silica glass. For
example, in order to bridge the gap between fused silica glass and polymer processing,
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(a) Illustration of POF preform design, photos of annealed preform and preform after fiber draw. (b) The light-
guiding images of fiber end faces at 630 nm and 515 nm, white-light output projected onto a screen, and relative
schematic setup.
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“Glassomer” was introduced, which successfully combined the advantages of polymer
processing with the excellent material properties of fused silica glass, which was heat
treated to form the same optical properties as commercial fused silica glass [48].
Based on the previous two methods, the organic-inorganic hybrid photosensitive resin
was prepared, and optical glass was successfully printed by DLP technology [49].

In addition, the use of DLP technology to induce the phase separation of the photo-
sensitive resin provides the possibility for the fabrication of complex structures, and
multi-component glass [50]. Lawrence Livermore National Laboratory (LLNL) has
also developed a similar organic-inorganic hybrid silica material with sol-gel ink, silica
glass printed by DIW technology, and optical glass doped with Ti and Ge [51-53].

3.2.1 Silica fiber fabrication based on DLP technology

The above-mentioned technologies for AM of silica glass lay the foundation for
the AM of silica optical fibers. However, the size of silica glasses produced by AM was
small, usually only 10 millimeters, which was far from the size of the optical fiber
preforms. The main reason may be that the size of the preform is large, impurities are
likely to remain in the preform after debinding, and the cooling rate after sintering is
too slow, resulting in crystallization or ceramicization, and the overall devitrification
of the preform. In response to this problem, Chu. Y et al. optimized the method and
successfully used DLP AM technology to manufacture traditional single-mode fiber
and multimode fiber in 2019 [54]. Then, the research group continued their work
and fabricated multi-component and multicore optical fibers using DLP 3D-printing
technology [55]. The process of bismuth and erbium codoped optical fiber (BEDF)
manufactured by AM technology is shown in Figure 6.

Firstly, silica nanoparticles were dispersed into a UV photosensitive monomer
forming a stable photosensitive resin. Secondly, the pre-designed optical fiber pre-
form was printed by DLP printer, and functional materials such as Ge*', Er’*, and Bi**
were doped into the core. Ge** was used to adjust the refractive index to realize the
waveguide structure, but Er* and Bi** were utilized to achieve the broadband near-
infrared luminescence, presented in Figure 6a—c. Thirdly, the printed preform was
moved to a furnace to remove the organic components and achieves densification. The
temperature setting is shown in Figure 6d, the mass and size change clearly pointed
out that the organics were removed before 600°C and the preform started to densify
after 600°C. Finally, the preform was drawn to the fiber at 1855°C. Before draw-
ing, the preform was heated to 810°C and kept for 3 hrs for removing the moisture
absorbed by the preform due to the porous structure during storage.

The drawn fiber was characterized by X-ray diffraction (XRD) using the pow-
dered BEDF without coating, and the pattern pointed out that the fiber was amor-
phous, shown in Figure 6e inset. The cross-sectional microscopy images and electron
probe micro-analysis (EPMA) of BEDF are shown in Figure 6f and Figure 6g, respec-
tively. Although the crack and shrinkage were noticed, multicore structures were
kept. Elements distribution of BEDFs was as excepted, resulting in a refractive index
difference between the core and cladding to form the waveguide structure, shown in
Figure 6g—i. The loss and emission spectra of BEDF are demonstrated in Figure 6j-k.
Typical characteristic peaks of bismuth and erbium were clearly identified.

DLP additive preform manufacturing has received attention from peers. In
2021, Zheng et al. have made progress in the AM of microstructured optical fibers;

a ytterbium-doped microstructured optical fiber preform with a diameter of about
12 mm and a length of 20 mm was fabricated. The preform was then drawn to fibers,
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Figure 6.

(c a%ispersz’on of silica nanoparticle into ultraviolet curable vesin, (b) preform cured by DLP 3D printing with

UV light at 385 nm, (c) preforms before and after core filling, the scale bar is 10 mm, (d) temperature setting of the
preform debinding process, inset is the remaining ratio of mass and size during the debinding process, (e) temperature
change of the fiber drawing process. Insets are the XRD pattern of the drawn fiber and the photo of the drawing
towes; (f) fiber cross-sectional images vecorded by a microscope with a 50-pm scale bar, (g) cross-sectional view of
seven-core BEDF, and EPMA-WDS mappings of different elements from the cross section (scale bar: 10 pm),

(h)- (i) three-dimensional vefractive index profiles of single- and seven-core BEDE, (j) loss spectrum of the single-
core BEDE, (k) emission spectra of a single-core BEDF excited by the 830-nm and 980-nm lasers [54, 55].

the core was doped with 0.1 wt% ytterbium oxide, and six air holes were evenly
distributed in the cladding [56]. The relevant information is shown in Table 1.

However, there are several difficulties in the process of printing silica fiber with
DLP technology:

1. Due to the small particle size distribution of silica nanoparticles, clusters are
prone to occur. It is necessary to ensure that the silica nanoparticles are evenly
dispersed in the UV photosensitive resin to avoid scattering caused by particle
accumulation; at the same time, it is necessary to ensure the stable suspension of
silica nanoparticles for several weeks, to avoid the sedimentation of silica due to
long-term placement under the influence of gravity, especially in the case of high
solid content.

2.The correct selection of the printing parameter is the key to the AM process.
The determination of layer thickness is closely related to the irradiation dose,
Cq = DyIn(E/E.), where Cq is the depth of cure, E is the exposure energy, E. is the
critical exposure energy, and D, is the depth of penetration [60]. A semi-empirical
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formula suggests that the layer thickness should be slightly lower than the cure
depth to ensure a close connection between the layers. In addition, attention
should be paid to the balance between printing efficiency and layer thickness

exposure time parameter selection while ensuring successful printing.

3.In the heat treatment process, the choice of heating rate and temperature is
decisive. High transparency and compactness are guaranteed with all organics
removed, and cracks during debinding and anisotropy due to non-uniform
shrinkage are avoided as much as possible.

4. Controlling the fiber drawing parameters during the fiber drawing process
can effectively avoid collapse and deformation, for example, the fiber drawing
temperature directly determines the surface tension and viscosity of the fiber.

AM Year Preform Fiber References
Type Size Type Size Materials Loss
(mm) (pm) (dB/m)
DLP 2019 Solid D: 25 SM d:131 Mclaa: SiO, 13.4@532 [54]
L: d:4 Mcore: SiO,- 13.9@660
50-100 Ge0,-TiO, 114@1550
D:25 MM d:242 My Si0, 11@1300
L: de14  Meoe:SiO-  58@1550
50-100 Ge0,-TiO,
2021 Micro- D:12 — d: 110 Mcpg: SiO, 11@800 [56]
Stru. L:20 de: - Mcore: SiO5: 14@1100
Yb
2022 Solid D:22 SM d: 80 Mclaa: SiO, 9.6@1300 [55]
L: d: 35 Mcore: SIO5- 6@1550
40-100 Ge0,-TiO,:
Al/Bi/Er
D:22 7 cores d: 150 Mcjaa: SiO, 10.7@633
L: dc5 Mcore: SiO5-
40-100 3-11 GeO,-TiOs:
Al/Bi/Er
DIW 2020 Solid D:2 MM d: 100 Mcpg: 63@980 [57]
L:7 d.: 40 Fluoride 152@1535
MCore: SIOZ
Er
SLS 2019 Solid D: 12 MM d: 200 Mcpg: Si0, 23@800 [58]
L:- de- Mcore: SiO, 28@1100
Micro- D: 40 — — — _
Stru. L:-
2020 Solid D: 18 — d: 150 Mcpg: Si0, 8.32@800 [59]
L:- d:11 Meore: 24@1100
SiOZ-GCOZ
Micro- D:38 — — — —
Stru. L:-
Table 1.

Additive manufacturing on silica optical fibers (Micro-Stru.: micro-structure, D: outer diameter of preform,
L: length of preform, SM: single mode, MM: multimode, d: diameter of optical fiber, d.: diameter of fiber core,
Meiaa: matervial of fiber cladding, Mc,,.: material of fiber cove).
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3.2.2 Silica fiber fabrication based on DIW technology

At present, silica fiber preforms can also be made by DIW AM technology using
inks mixed with silica and organics besides the DLP method. Erbium-doped optical
fiber (EDF) was reported by the University of Southampton using DIW method
[57]. Hydrophobic fumed silica and erbium chloride were doped in organics, such
as tetraethylene glycol dimethyl ether and polydimethylsiloxane, to form the ink.
Then, the ink was printed layer by layer with a printing speed of 40 mm/s at room
temperature, and each layer was fixed at 500 pm. The printed rod was debinded
and consolidated to glass. Finally, the glass rod was inserted into a fluorinated tube
and drawn to EDF, and the fluorinated tube was used to provide the refractive
index contrast, resulting in the waveguide structure. The typical absorption peaks
of erbium were clearly observed at 980 nm and 1535 nm with the absorption of
62.98 dB/m and 151.49 dB/m, respectively. In addition, the overall absorption was
still notable mainly due to the residual OH, PDMS, and impurities from the starting
materials.

3.2.3 Silica fiber fabrication based on SLS technology

The use of SLS technology to print silica optical fibers fully utilizes the advantages
of SLS technology in producing complex geometric shapes and multi-component
printing. Optical fiber preforms with various structures and multi-components are
formed by selectively scanning powder layers layer by layer with a CO, laser beam
[58]. Microstructured fibers and anti-resonant fibers were printed by SLS technology.
In order to evaluate the performance of the printed silica, a solid preform with 12 mm
diameter was printed and inserted into a glass tube and drawn to fiber. A refractive
index difference of 4x10~* was achieved between the printed preform and glass tube.
The attenuation of the optical fiber was measured in the range of 600-1150 nm, and
the lowest attenuation was 23 dB/m around 800 nm. The high attenuation was mainly
induced by the purity of the starting silica powder and parameters setting during the
3D-printing process.

After a series of SLS manufacturing technology optimization, photonic crystal
fiber, anti-resonance fiber, and multicore Ge-doped optical fiber preforms were suc-
cessfully fabricated by the same research group. The multicore Ge-doped optical fiber
realizes a waveguide structure with a step index of refraction, and the lowest loss after
the drawing reduced to 8.32 dB/m around 800 nm. Experiments have proved that the
transmission loss can be effectively reduced by optimizing the powder characteristics
and printing parameters [59].

4, Conclusions

In this chapter, we mainly introduced the fabrication of optical fibers using addi-
tive manufacturing technology and briefly presented the basic concepts of optical
fibers and typical additive manufacturing techniques. Compared with traditional
waveguide manufacturing techniques, such as CVD, additive manufacturing technol-
ogy has higher manufacturing precision and manufacturing efficiency and lower
manufacturing costs. At the same time, additive manufacturing technology exhibits
unparalleled flexibility in structural and material designs that is essential to the
realization of new and multifunctional optical fibers and devices.
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At present, the additive manufacturing of polymer optical fiber preform mainly
includes melt extrusion and light curing. Although the melt extrusion method has
relatively low cost, the resolution of the manufacturing preform is low. While the
light-curing technology is just the opposite. The manufacturing cost is higher than
that of melt extrusion, and the resolution is also high, which is suitable for manufac-
turing preform with complex structures, such as bandgap optical fiber preform.

For the silica optical fiber preform, there are two main additive manufacturing
methods. The first method is to combine silica and organic matter to form the resin,
then use additive manufacturing technologies, such as light or heat curing, to shape,
and finally obtain the optical fiber through debinding, sintering, and fiber drawing.
This manufacturing method has a very high fabricating resolution and becomes the
main way of additive manufacturing of silica optical fiber preform. However, due to
the introduction of organic matter, an additional debinding process is required in the
later stage, even if a small amount of organic matter remains, it will cause high loss.
The second method is to directly sinter or melt the silica powder by laser. This method
can effectively avoid the organic matter, but its development is also restricted by the
problems of manufacturing accuracy and ceramics caused by phase transformation.
The technologies above make full use of the advantages of additive manufacturing
technology in molding, such as short time, low labor cost, and low material cost, and
fully reflect its potential in the manufacturing of complex geometry silica optical
fiber.

Although optical fiber fabricated by additive manufacturing has so many advan-
tages, loss, manufacturing size, and multi-materials are still the factors limiting its
development, and it is also the research direction in future. For the loss of additive
manufacturing optical fiber, especially for the silica optical fiber, the loss mainly
comes from microbubbles, microcracks, stripes between layers during printing,
organic matter not removed during debinding process, and the purity of raw materi-
als. For the manufacturing size, the main problems rise from the loss caused by
incomplete removal of internal organic matter during debinding due to the large size
of preform, and the cracking caused by uneven stress distribution during debind-
ing, sintering, or cooling process. For the additive manufacturing of multi-material
optical fiber, the integration of glass, semiconductor, crystal, metal, or polymer into
the so-called hybrid fiber is also another research focus of additive manufacturing
of fibers, and the key point is how to balance the relationship between melting point
and thermal expansion coefficient of each material. At present, a large number of
researchers have carried out systematic research on the above problems. We have
reason to believe that just like the development trend of traditional optical fiber, the
optical fiber fabricated by additive manufacturing will also experience the develop-
ment trend of reducing loss, multi-structure, and multi-material and bring revo-
lutionary changes to the optical fiber manufacturing industry with its unparalleled
advantages.
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