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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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(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

Figure 1.
Parallel Plate PEC/PMC structure. (a) PRGW with mushroom EBG cells. (b) achieving propagation with added
longitudinal middle strip (c) blockage condition.

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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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 Ωmicrostrip line through a taper transformer
with length Lt and width W t [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.

Dimension a h hs d2 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.
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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 90o 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�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

Figure 3.
Microstrip to printed ridge gap waveguide transition. (a) Front and side views of the model. (b) Fabricated
transition. (c) simulated and measured S-parameter responses.

Dimension Lt Wt Ws Wl Wp

Value (mm) 3.045 0.5 0.946 1.265 1.55

Table 2.
Dimensions of the microstrip\PRGW transition illustrated in Figure 3.
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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

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 R1 Lm W1 Wline a dvia dcap hpin

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

Dimension L4 W2 dvia1 Lline x1 y1 x2 y2

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.
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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

Figure 5.
Quadrature 3 dB hybrid coupler: (a) design details and dimensions. (b) S-parameters simulation results. (c)
phase difference of output ports.

Parameter W L ΔL1 ΔL3 Δw1 Δw2 Δw3 Δw4 Δw5 Δw6

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.
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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.

Parameter Wline Wmatch Lmatch rcenter Wring1 Wring2

Value (mm) 1.38 1.582 3.14 1.753 1.595 3.05

Table 5.
Dimensions of the design in Figure 6a.

Figure 6.
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.
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Reference Technology Impedance bandwidth Amplitudebalance dBð Þ Phase balance Size λ0 � λ0ð Þ

[52] Rectangular waveguide 6.5% at 14 GHz 3.1 � 0.2

BW = 6.5%
900 � 0:30

BW = 6.5%

1:6� 1:7

[53] Substrate integrated waveguide (SIW) 18% at 24 GHz 4.7 � 0.5

BW = 10%
920 � 20

BW = 18%

1:4� 1:5

[54] Half mode SIW 11% at 27.5 GHz 4.8 � 0.25

BW = 7%
1800 � 100

BW = 11%

Not included

Proposed PRGW 26% at 30 GHz 3.7 � 0.75

BW = 13%
900 � 50

BW = 23%

1:3� 1:1

Table 6.
Comparison of PRGW hybrid coupler design with other technologies.
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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 450 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

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 response of the crossover along isolation and coupling directions.

Parameter Wline W1 W2 W3 W4 L1 L2 L3

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.
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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

Figure 8.
Design of 0 dB coupler using rectangular 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 ΔLi 7.5 6 5.2 4.7 4.3 3.8 0.5 0.3

L 10 ΔW i 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 dBð Þ Size λ
2

� �

[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.
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device achieves 21.7% relative bandwidth at 30 GHz with 450phase shift �2:50

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 1800 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

1800 ensuring differential output.

Figure 9.
Design and performance of the Schiffman 45

0 phase shifter. (a) detailed design dimensions. (b) simulated
S-parameters magnitude. (c) phase difference between the input and output ports.

Parameter Wline Wline2 W1 W2 W3 W4 L1 L2 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.
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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 1800 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 3λ=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.

Figure 10.
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 Lt1 Wt1 Lf Wf Ls Ws

Value (mm) 1.8 2.85 1.6 5.5 0.65 1.9 5

Parameter Li W i WR1 WR2 h1 h2 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.
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4. Antenna structures

The use of antenna arrays in communication handsets is feasible inmm-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

Figure 11.
Rat-race coupler design. (a) design with details and dimensions. (b) simulated S-parameters. (c) Phase difference
between output ports.

Parameter Lq Wq Lstub Wstub R1 R2

Value (mm) 2.5 1.7 2.4 0.8 1.85 3.35

Table 12.
Values of the rat-race coupler dimensions illustrated by Figure 11a.

Reference Technology Center

frequency

Bandwidth Return

loss dBð Þ

Insertion loss dBð Þ Amplitude

balance dBð Þ

[65] SIW 13 GHz 30% 18 20 3:35� 1:35

[66] Half mode SIW 10.15 GHz 24.6% 12 15 3:8� 0:5

[67] T-type folded

SIW(TFSIW)

25.7 GHz 12.7% 20 20 4:3� 0:6

[68] RSIW 8 GHz 12.5% 12 20 3:79� 0:5

Proposed

PRGW

30 GHz 27.9% 15 16.5 3:39� 0:5

Table 13.
Comparison with other technologies design for power dividers.
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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 12c. 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 12c, reveal a wide bandwidth

Figure 12.
Linearly polarized planar aperture antenna. (a) Top view. (b) bottom view. (c) simulated and measured
S-parameter and realized gain.
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over 25.6–34.3 GHz band with more than 10 dB return loss and with 12.28 dBi 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

Dimension LT WT Lx1 Ly1 Lpx Lpy Wpx Wpy p Wline

Value (mm) 23.8 25.5 12.45 10.94 11.09 4.36 1.7 2.97 0.84 1.38

Dimension d Ls W s Lm1 Lm2 Lm3 Wm1 Wm2 Wm3 dcap

Value (mm) 0.3 5.47 1.68 4.83 1.49 0.94 0.95 1.33 1.38 1.5

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

Figure 13.
Radiation properties of the linearly polarized planar aperture antenna. (a) simulated and measured co- and
x- polarization patterns in E-plane at 30 GHz. (b) simulated and measured co- and x- polarization patterns in
H-plane at 30 GHz.
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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

Figure 14.
Design and performance of the CP antenna: (a) design details. (b) simulated and measured ∣S11dB: (c) simulated
and measured gain and axial ratio over the band. (d) simulated co- and x- polarization patterns (RH and LH
CP’s) in E-plane. (e) simulated co- and x- polarization patterns (RH and LH CP’s) in H-plane.
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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].

Dimension wa1 la1 wa2 la2 wa3 t1 lc Ra1 Ra2 Ra3

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 circularly polarized antenna illustrated by Figure 14a.

Figure 15.
ME dipole antenna design and detailed dimensions of each layer.
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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 dBi 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� 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� 4 butler matrix
achieves two-dimensional beam scanning in the horizontal plane. The obtainable beam

directions are θ0 ¼ 450 and ϕ0 ¼ �450, 450, 1350 and �1350 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 dBi where the reduction from the simulated
results is mainly caused by feeding network losses. The simulated and measured radia-

tion patterns in ϕ ¼ �450 and ϕ ¼ 1350 planes are given for Port 1 and Port 3

Parameter wa1 wa2 wh1 wh2 wh3 wh4 wv1 wvr whr ϕa ϕh

Value (mm) 0.5 4.1 5.6 1 0.75 7.3 0.4 1.37 1.37 1.6 1.3

Parameter lh1 lh2 lh3 la1 lv1 lv2 da1 da2 dh1 ϕv

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.
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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� 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

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
polarization in E- and H-planes respectively.

20

Hybrid Planar - 3D Waveguiding Technologies



Figure 17.
4 � 4 butler matrix, realized 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
ϕ ¼ �45

0 with Port 1 excited (left) and at ϕ ¼ 135
0 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 dBi to 11.35 dBi 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.

Figure 18.
Design and performance of the second 4� 4 butler matrix for beam switching network. (a) design details. (b)
simulated and measured reflection and isolation for Port 1. (c) simulated and measured realized 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 450 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� 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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