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ABSTRACT

High Gain Antenna Array Design for SG & MIMO Antenna Systems using Microsrtip Ridge
Gap Waveguide

Abdelmoniem Tajelsir Mahmoud Hassan, Ph.D.
Concordia University, 2020.

The demand for high data rates and the unavailability of low-frequency bands have driven the need
to explore and develop millimeter-wave (mm-wave) frequency bands. Indeed, the development of
mm-wave frequencies has led to smaller radio frequency (RF) components and more compact
profiles, creating more design constraints and challenges. Millimeter-wave technologies are the
best-suited candidates that meet the requirements of 5G standards; specifically, for indoor
communication, which requires higher gain and more directive beams. Gap waveguide
technologies can be used to design high-gain antenna arrays and multiple input multiple output
antenna systems (MIMO).

In this thesis, we are mainly focusing on Microstrip Ridge Gap Waveguide (MRGW) to design the
antenna array systems for the 60 GHz band. Therefore, it is necessary to facilitate the design
procedures and propose new design techniques. Here, we propose new design techniques for a
large antenna array system using MRGW. The work of this thesis can be divided into two parts.
Firstly, developing an efficient modeling and design tool for the MRGW to facilitate the design
process. Recently, the use of MRGW has increased due to the need for self-packaged and low loss
structures for millimeter-wave applications. The MRGW consists of a grounded textured surface,
which is representing an artificial magnetic conductor (AMC) surface. The AMC surface is loaded
with a thin low dielectric constant substrate with a printed strip topped with another air-filled or
dielectric-filled substrate in which the wave propagates between the strip and the conducting plate
covering such a substrate.

Currently, full-wave and optimization tools are usually used to design the MRGW structure, which
makes the design slow and computationally expensive. Thus, an efficient modeling and design tool
for the MRGW is proposed. Empirical expressions are developed for different MRGW parameters
to provide the effective dielectric constant, characteristic impedance, and the dispersion effect. The
expressions are verified with the full-wave solution. The results show the potential of the proposed

approach in modeling and designing the MRGW structure. Secondly, an efficient procedure to



design a large finite planar array and its corporate feeding network is presented. The procedure is
verified by an 8 X 8 and 16 %16 array of magneto-electric (ME) dipoles fed by a network of
MRGW. The procedure is based on designing the corporate feeding network by replacing the
elements ports with the corresponding effective input impedance of each element that accounts for
the mutual coupling between the antenna elements. In addition, the far-field characteristics of the
array parameters such as the directivity, gain, and radiation patterns are predicted using pattern
multiplication, including the mutual coupling effects. The results are verified with the full-wave
numerical solution.

The procedure requires limited resources and speed up the design cycle. The use of the MRGW
helps in having the feeding network lines to be titer than using the ridge gap technology. Thus,
allowing the distance between the radiating elements becomes smaller than one wavelength to
avoid grating lobes. In addition, to avoid undesired bends and very tight lines that cause undesired
interaction between the lines, unique power dividers are designed. Furthermore, a transition from
waveguide WR-15 to the MRGW is proposed to feed two halves of the array antenna perfect out
of phase at all frequencies and rotating each half to form a mirrored array that better radiation
pattern symmetry and low cross-polarization. Then, this procedure is implemented to design a
circularly polarized antenna array with excellent performance. To further enhance the antenna,
gain, and reduce the number of elements, a superstrate dielectric lens with the proper parameters
is added. Study of a 4 x 4 MIMO system is studied, where each antenna is a sub-array to achieve
the high gain requirements.

Finally, A low-profile, compact, and high-efficiency monopulse array antenna has been presented.
The monopulse is built based on a hybrid coupler that has a wideband response for the reflection
and the transmission coefficients. Then the monopulse system is used to present a multiplexing
antenna system for short-range in the near filed region wireless communication. The multiplexing
system works as a MIMO system that has four independent channels. The performance of the
system is evaluated through the simulation, which shows that it can be a promising candidate for

the next wireless communication systems.
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Chapter 1: INTRODUCTION



1.1 Introduction

Current wireless and mobile communication systems use a frequency range between 800MHz and 3GHz,
including different telecommunication generation (2G/3G and 4G) and Wireless Local Area Networks
(WLAN) for indoor communications. Using these frequency bands has less attenuation and can provide
long distance coverage. However, the upcoming communication systems and (IoT) require tremendous
data rates. In other words, the focus of future technology is on data capacity rather than coverage, where
many users can utilize a large amount of capacity simultaneously and efficiently. Obtaining high data rates
can be realized through the millimeter-wave band (mm-wave) [1][2]. Wave propagation at mm-wave is
vulnerable to atmospheric absorption and attenuation; it is useful for indoor application and short-range
applications. However, using mm-wave for long distances can take place along with other technologies,
such as massive multiple-input multiple-output (MIMO) and beamforming [3]. MIMO and beamforming
play a vital role in future communication systems. They provide channel orthogonality, which is also
required to increase the channel capacity and isolate the channels in MIMO systems. Mm-wave
Technologies are the candidates that are expected to be mostly used for the next communication systems.
Hence, the antenna with high gain and a more directive beam is required [3]. Some unlicensed frequency
bands such as the 60-GHz band (57-64 GHz), the 76-81 GHz band, and above 100 GHz are good
candidates for the fifth-generation (5G) and the upcoming communication systems. In contrast, designing
electric components in the mm-wave frequency is challenging and more complicated since the dimensions
become very small. Electromagnetic waveguiding structures that are used to realize these components
play an essential role, especially in the mm-wave frequency range, and have a direct effect on the
component performance where low loss, small profile, less interference, and high efficiency are needed.
Therefore, significant attention has been focused on researches around mm-wave to validate new

technologies that can be used for designing future communication systems [3] [4].

1.2 Millimeter-Wave and waveguide problems

The mm-wave frequency band includes frequencies from 30 to 300 GHz. Recently, the V-band (57-
64GHz) has received increased interest and attention because of the unlicensed bands, large available
bandwidth, and the ability to provide a high gain antenna with small physical dimensions. Some

applications such as high-quality video transmission, WiGig (Wireless Gigabit) [4, 5], and automotive
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radars and sensor systems [6] are popular nowadays using unlicensed mm-wave frequency bands (60 GHz
and 30GHz bands). Moreover, Mm-wave systems are proposed to be used for point-to-point wireless
communication links as backhaul in base stations using LTE 4G cellular services in high-density areas
[7]. In addition, mm-wave gigabit broadband (MGB) solution that provides gigabit-per-second links to
mobile small cells and fixed broadband access points was proposed [3]. Nevertheless, designing for the
radio frequency (RF) front end at mm-wave frequencies creates technological and mechanical challenges.
Since the guidance structures for the wave propagation are playing a crucial role at mm-wave,
conventional metallic waveguides have been used to design with low loss and high performance.
However, at mm-wave frequencies, the design for the feed network becomes more complicated and
difficult for manufacturing, especially the electrical contact between the metals [8] [9]. On the other hand,
planar microstrip technologies are used for implementing antenna array feed networks at mm-wave
because of many advantages such as a low cost, compact profile structure, easy fabrication, and
manufacturing [10]. However, dielectric losses, radiation loss, and surface waves are the most frequently
encountered obstacles in the design using Microstrip technologies [11]. These losses have a direct effect
in reducing the radiation efficiency and gain. Substrate integrated waveguide (SIW) is another guiding
structure, which was introduced in [12]. SIW resembles waveguide technologies. However, the
electromagnetic waves are propagating through the dielectric material with metal on the top and bottom,
and the side walls are realized by two rows of metalized via holes on the left and right side [13]. SIW
provides similar advantages to the conventional metallic waveguide. However, these guide structures
suffer from dielectric loss, which could be unacceptable at millimeter-waves; accurate via holes
placements are required. Dielectric material with low loss tangent can be used to reduce the dielectric
losses, but dielectric materials with low losses might increase the cost. The limitation of these guidance
structures can be overcome, especially at millimeter-wave frequency range through the gap waveguide
technology that has been introduced in [14-18]. Gap waveguide (GWGQG) technologies have shown
exemplary performance in the mm-wave bands and have proven to be a good candidate and an alternative
for the conventional guiding technologies. Gap waveguide technologies provide some advantages
compared to other technologies. GWG parts don’t need to be electrically connected. Furthermore,
propagating waves are quasi-TEM waves, which means less dispersive compared to the waveguides that
are required to keep the signal integrity. Most of the field is confined along the ridge in the direction of
the propagation, which means no radiation losses due to the self-packaged nature of the guiding structure.
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Therefore, the mutual coupling between the components has less effect, and more components can be

placed adjacently, which provides a compact and small size.

1.3 Problem statement and work motivation

One of the main requirements for the next generation of wireless communication devices is compactness
and low profile. In other words, more components should be placed close to each other. Therefore, the
technology that should be used to design such components must provide good isolation between these
different components (low interference) and must be easily manufactured and fabricated. Microstrip Ridge
Gap Waveguide (MRGW) is one of the promising versions of the ridge gap waveguide. However, one of
the main problems to design using MRGW is the absence of closed-form expressions to calculate or
synthesize the characteristic impedance and the effective dielectric constant. Therefore, the design of these
lines and components, such as power dividers, delay lines, and hybrids, is based on optimization tools. In
addition, MRGW can be used to design high gain antenna arrays. However, the design of such antenna
arrays can be challenging to meet the high performance required in terms of high gain and efficiency with
less complexity, especially at mm-wave frequencies. The complexity is mainly caused by compensating
for the effect of mutual coupling. Particularly, in the phased array, the mutual coupling between the
radiating elements has a noticeable effect. The spacing between the array elements is less than half a
wavelength to avoid grating lobes. The surface and space waves are the main contributors to the mutual
coupling between the radiating elements. Therefore, an efficient design procedure for designing a large
finite array feeding network is required, including the effect of mutual coupling by considering the
effective input impedance of each element of the array. The design of large arrays can be achieved with
less computational and processing time without the need for the full-wave analysis. In consequence,
designing a large antenna array efficiently, including the mutual coupling effect, can reduce the
complexity of the massive MIMO antenna system. Basically, in a massive MIMO, a huge number of
antennas (antenna array, especially at mm-wave frequencies) act as a single element in order to achieve

the required gain.

1.4 Objectives

The main objective is designing high gain antenna arrays at mm-wave to be used in 5G applications and

MIMO systems at 60GHz. the design procedures for the high gain antenna need to be efficient and reliable
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when the full-wave simulations have limited resources to process and simulate large antenna systems. The

process to realize these objectives can be described as follows:

>

MRGW is the electromagnetic waveguide that will be used to design the antenna array systems.
Consequently, an efficient modeling and design tool for the MRGW needs to be proposed to
provide closed-form empirical expressions for the effective dielectric constant and characteristic
impedance.

A new method will be used to predict the performance of a large finite array from a small array,
including the effect of the mutual coupling between the elements. The method will provide us with
the radiation characteristics of the large array as well as the effective impedance (active
impedance) of all the array elements at its port. Then, this information is used to design the
corporate feeding network as terminating loads without the need to introduce the radiating
elements in the computation and then introducing an efficient design procedure of the large finite
array feeding network. The procedure is applicable to any feeding network technology. The
procedure will be applied to design an 8x8 and 16x16 antenna array with Single-Layered
Corporate-Feed besides an 8x8 circular polarized antenna array based on MRGW at 60GHz.
Using the method in (2), a high gain 4x4 MIMO antenna system will be designed for a 60 GHz
band using MRGW for the indoor application that can be used at the physical layer (front end of
the radio frequency (RF)) for 5G WIFI devices.

In addition, design a high gain antenna array using super dielectric substrate and a limited number
of radiating elements 2 X 2 and 4x4 array with gain equivalent to 4 X 4 and 8 X 8 antenna array
gain. The antenna array will be designed using corporate feed based on MRGW technology for 60
GHz band applications with spacing between the elements exceeds one wavelength and suppressed
grating lobes.

To design a 3dB hybrid coupler that can be used to design a comparator system. The comparator contains
a radiation part of an 8x8 antenna array and provides four independent channels through pattern

orthogonality that can be used as a MIMO antenna system.

1.5 Contribution and Novelty

In this work, the main contributions of this work can be summarized as follows:

1) Analysis and synthesis formulas for the MRGW to facilitate the design process.
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2) Provide empirical expressions for the effective dielectric constant and characteristic impedance
for several possible configurations of the MRGW.

3) Demonstrate the validity of the proposed formulas for various cases of the MRGW.

4) Verify the method of predicting the performance of a large finite array from a small array for certain
bandwidth. The method provides us with the radiation characteristics of the large array as well as the
effective impedance (active impedance) of all the array elements at their ports. Then, this information is
used to design the corporate feeding network as terminating loads instead of a conventional matching load,
which avoids the need to make the design in the presence of the radiating elements in the computation.
Facilitate using three different 3-port MRGW that allow avoiding some bends in the feeding network that
deteriorate its performance.

5) A rectangular waveguide transition to the MRGW provides a differential phase power division from the
rectangular waveguide to the MRWG.

6) Finally, an efficient design procedure of the large finite array feeding network is introduced. The procedure
is applicable to any feeding network technology. The procedure is applied to a microstrip ridge gap
waveguide (MRGW) to design an 8x8 and 16x16 antenna array with linear polarization and an 8x8 circular
polarized antenna array.

It is worth emphasizing that the procedure in [2] depends on the knowledge of the mutual admittance matrix (it
could be the scattering parameters or the mutual impedance matrix) of the small array that can be obtained from a
full-wave solution or measurements. Then, the effective input impedance of each element of the array is used to
separately design the feeding network by using the radiating elements as the loads terminating the feeding network.
Therefore, large array processing time is reduced because the radiators are excluded from the numerical solution to
reduce the numerical domain to the internal domain of the feeding network. Therefore, the optimization process
could be implemented on the feeding network only. Then the appropriate design of the feeding network structure
can be obtained to minimize the radiation and surface wave losses. From the active voltage terminal of the elements,
an array factor, including the mutual coupling, can be computed to predict the radiation patterns as well as the array
gain. This analysis gives useful estimations of the array performance under different scenarios in which we can
design the proper feeding networks. Besides, the use of commercial full-wave simulation tools, such as CST, in
designing large array becomes more efficient and faster. Lastly, the concept is used to design 8x8 and 16x16 antenna
arrays of ME-dipole with high gain and high efficiency based on MRGW. The antenna array design to cover the
bandwidth of 57-64 GHz with a feeding network and radiating layers only and overcomes the problem of

introducing the cavity layer. Moreover, less computation time and memory consumption are needed.



Chapter 2:GAP WAVEGUIDE
TECHNOLOGY



2.1 Introduction

Materials with electric conductivity are physically present in nature (metals). However, materials with
magnetic conductivity do not physically exist. Therefore, researchers have artificially realized these
surfaces using periodic structures. These structures are frequency dependent and should be designed for

the specified frequency band.

2.2 Soft and Hard Surfaces

Soft and hard surfaces with anisotropic properties can be considered as metamaterials that satisfy the
condition of the Magnetic Conductor. The anisotropic properties provide high surface impedance, which
cut off the wave with a specific direction of propagation. In which case, soft surfaces suppress the
electromagnetic waves from propagating, and hard surfaces allow the waves to propagate [19] [20].
Basically, the idea of soft and hard surfaces has been realized by corrugated structures where ground strips
or corrugations with a height of quarter guided wavelength, as shown in Fig. 2.1.

Hard surface

Soft surface

A4

1/

Figure 2.1 Soft and hard surfaces realized with corrugations.

The main idea has been developed from the transmission line concept, such that the short circuit becomes
an open circuit at the surface of the corrugation. As a result, a high anisotropic surface impedance (high
in the transverse direction of the corrugation acting as an artificial magnetic conductor and zero along the
corrugations) is generated and stop all the waves from propagating within a specific frequency band.
Corrugated surfaces can be considered as a 1D bandgap configuration that can provide high impedance
(soft) in one direction (for wave propagation transverse to the corrugation wall) and low impedance (hard)
for wave propagation along the corrugation wall. In addition, the bandgap can be in 2D configurations
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(periodic structures) to provide a higher degree of freedom for high surface impedance implementation
[21] [22]. In other words, 2D bandgap structures can manipulate the electromagnetic signals to cut off the

waves from propagating isotopically within a specific frequency band.

2.3 The Gap Waveguide Theory

Consider two parallel plates, as shown in Fig. 2.2, PEC plate above the PMC plate with spacing (d)
between them. According to Maxwell equations for transverse electric (TE), electric and magnetic fields

traveling in the +z direction satisfy the following equations [23]:

PEC
y [
Z
|/ W g
|
PMC
Figure 2.2 Gap waveguides concept with ideal PEC-PMC parallel-plates.
E = 10F, 91
E = 10F, 99
Y g ox @2
E,=0 (2.3)
Ho= i 1 azFZ 24
* 7 wuedx 0z (24)
U 1 0%F, 5t
Y wuedy oz (2:5)
Hy = —j— o +B* |F 2.6
e CE L (2.6)

where F;(x, y, z) is the z-component of the electric vector potential in the rectangular coordinate system

that must satisty [23]:



V2F,(x,y,2z) + B*F;(x,y,2) =0 (2.7)
which can be expressed as:
d0%F, 0°F, 0°F.
z 9tz 077
dx?  0y?  0z?

+B%F, =0 (2.8)
To simplify the analysis, we consider no variation in the x-direction and the width in the x-direction is

infinite, so that % =0. Then the solution for F; (x, y, z) can be obtained using separation of variables as
[23]:

F;(xy,2) = k(y)g(2) (2.8)

By" + B, = p? (2.9)
where f,, and B, are the wave constants in y- and z-directions, respectively. Since the wave is bounded
in the y-direction, then the solution for k() represents standing wave while g(z) travelling wave, thus,

F;(xy,z) = [Acos(B, y) + Bsin(B,y)]|e "F*  (2.9)

By substituting (2.9) in (2.6) and (2.1) and apply the boundary conditions on the bottom (PMC) and top
(PEC) plates, we obtained:

H,(y=0,2)=0 (2.10)
Ex(y=d,z) =0 (2.11)
Then the solution can be written as:
Fz(x,y,2) = [B' sin(Byy)|e~Fz* (2.12)
T
By = 2n+ Dﬁ n=20,12,.. (2.13)

where B’ is constant. From (2.12) 8, must be greater than zero for propagation. However, to cut off the
propagation, the field must be attenuated (Evanescent waves are exponentially decaying fields); this
implies that 5, must be imaginary:

B, =B%—B,% - (2771)2 — (%)2 <0 (n=0)

d<A 2.14

The distance between these two plates controls the propagated waves, such that if this distance is smaller
than a quarter wavelength, then all parallel-plate modes are stopped from propagation. Also, when PMC
is used, the bandgap acts as a high pass filter, which allows the propagation until the cutoff frequency.
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However, when the PMC is realized as an artificial magnetic conductor (AMC), the bandgap acts as a
bandstop filter, which creates another cutoff at a lower frequency. This concept is used to realize the ridge
gap waveguide (RGW). It should also be clear that the TE case is entirely dual for the TM case. Therefore,
the condition of attenuation is valid for the TM case as well. The ridge gap waveguide (RGW), in
summary, is based on an air gap sandwiched between two parallel conducting plates where most of the
fields (The parallel-plate TEM modes) are confined. The parallel-plate TEM waves are the modes that
propagate when the parallel plates are both PECs. To assure that most of the fields are confined between
the parallel plates, soft surfaces can cut-off the parallel-plate modes from propagating in one direction
(anisotropic). However, it is necessary that all the waves must be prohibited from propagation off the
PEC/PEC parallel plates. To achieve that electromagnetic bandgap (EBG), surfaces are used to realize the
PMC condition artificially, which provide a high impedance surface [24] to stop parallel plate modes and
surface waves from traveling within a frequency range in all directions (isotropic characteristics) when d

is less than a quarter wavelength as shown in Fig. 2.3.

PEC

{ <t i

PMC EEC PMC

Figure 2.3 Gap waveguide’s basic structure.

Hence, the bottom plate has a smooth continuous metal (ridge) surrounded by textured surfaces acting as
AMC,; a flat metal plate covers all. The distance between these two parallel plates should be smaller than
a quarter wavelength, which creates a high impedance condition [25] to stop and cut-off the waves over
the textured surface and only allows it between the two smooth top and bottom metals; forcing the field
to be guided along the required direction only reduces the radiation loss. In addition, since the wave is
attenuated (cut-off) along the other undesired direction, then maintaining good metal contacts is no longer
necessary.

Furthermore, the main advantages of this technology are the alleviation of dielectric losses, surface wave
suppression, and resolving the electrical contact between metals. The AMC implementation has been

realized using different approaches. It can be implemented using a metal pin (bed of nails) [26] or using
11



mushroom patches [27], in which case it is referred to as printed RGW (PRGW) [28]. A different version
of the ridge gap can be made based on the AMC, as indicated in Fig. 2.4; for example, in the ridge gap

and groove gap waveguides, metal pins are used without the dielectric.

pins_/\i Ridge

(@)
]
Top metallic
layer Groove
(b)

Ridge 0 ~—Aa
Substrate /\ T

©

Ridge — —— —— ~__a

| —

LN
\
Substrate

(d)

Figure 2.4 Gap waveguides: (a) Ridge gap waveguide, (b) Groove gap waveguide, (¢) Microstrip ridge gap waveguide, and
(d) Printed ridge gap waveguide.

However, the propagating mode in the ridge gap is the quasi-transverse electromagnetic mode (quasi-
TEM) because part of the field (fringing) experience a different propagation environment. On the other
hand, the propagating mode in the groove gap is the TE10 mode, which resembles the conventional metallic
waveguide. Different mm-Wave devices using groove gap waveguides have been reported, such as
antennas [29-35], filters [36-42], and diplexers [43-46] with good performance. Another version of the

ridge gap is an inverted microstrip gap waveguide [47], which is close to the inverted microstrip lines.
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However, the main field propagates in the air gap between the ridge and the upper metal plate. It is worth
mentioning that within the stopband of the AMC, the parallel modes and surface waves are cut-off.
Furthermore, RGW and PRGW have also been used to design a different kind of components in mm-
wave, as reported in [14] [48-49]. RGW and PRGW have a problem of making arbitrary circuits, with
bends and discontinuities, disturb the bed of nails and mushroom periodicity, which requires adjusting the
nails or the mushroom positions. To avoid such a problem, the ridgeline is elevated up away from the bed
of nails or mushroom surfaces without the need to connect the ridge surface to the ground and spacing
between them with a thin low dielectric constant substrate. As such, the periodicity of the bed of nails or
mushrooms is not disturbed. In addition, the air gap can be filled with dielectric materials, which is
advisable to be of low dielectric constant to keep the wideband characteristics of the guiding structure. In
this case, a microstrip circuit with all the needed discontinuities can be printed on a grounded substrate
and then flipped to face the periodic texture. Such a structure is referred to as the inverted microstrip line,
as the signal is propagating in the dielectric substrate of the microstrip line. The inverted microstrip
structure is considered as a packaged microstrip line [50], which was treated in several publications [51-
55]. These are very complicated structures to be analyzed and designed. However, they have received
significant interest because of merging the advantages of the metallic waveguides, in terms of low losses,
with the advantages of microstrip technologies; in terms of compact size and ease of fabrication. Hence,

it can be a preferred candidate for feeding network design at the mm-frequency range.
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Chapter 3: MODELING AND DESIGN
EMPIRICAL FORMULAS OF MICROSTRIP
RIDGE GAP WAVEGUIDE (MRGW)
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3.1 Introduction

MRGW can be considered as a parallel plate waveguide filled with air or dielectric with a thickness (d)
and relative permittivity (erl); or a microstrip line with a possible air substrate. The inner conductor
surface of the microstrip line is the surface of the ridge. The microstrip line (ridge) is elevated above the
AMC surface by a dielectric spacer that has relative permittivity (er2) and thickness (t). The geometry of
the MRGW is presented in Fig. 3.1, which can be seen as an inverted microstrip line enclosed with an
AMC. The electric field is mostly within the air gap. However, some of the fringing field lines are in the
substrate. Therefore, the propagating mode is not a pure transverse electromagnetic mode (TEM) but
quasi-TEM. In addition, the substrate material underneath the ridge is nonmagnetic with unity relative
magnetic permeability (i.e., p =1). An attractive advantage of MRGW configurations with an air gap is
that the effective dielectric constant is much smaller than the spacer dielectric constant. Therefore, the loss
tangent is substantially reduced, and the component dimensions can be increased, which gives more

flexibility in the design at mm-wave frequencies.

Metallic layer
| | | |

Electric
r1 < -

field
ﬁw

Figure 3.1 Microstrip Ridge Gap Waveguide (MRGW) structure with Electromagnetic Band Gap (EBG) mushrooms with
arrows indicate the field lines of the quasi-TEM mode.

Ridge
Substrate

EBG Mushroomi

3.2 Impedance Design Formulas

The characteristic impedance equation of the quasi-TEM mode [56], propagating along the MRGW, can

be express as:
120md

Jc=—mr— (3.1)
Er—effWerr
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where Wy is the effective width of the line, and ¢-.¢5is the effective dielectric constant of the guiding
medium. Inspired by the microstrip line analysis expressions, it should be stated that the above expression
assumes that the physical parameters are known to get Weyrand &,.oj. Both Weyrand &, are represented in
empirical expressions that contain the rational functions of the physical parameters. Using a nonlinear

curve fitting routine to a microstrip-like, W can be expressed as such:

Weff—W(d+1)o438+111 [3708+W<d+1>] 3.2
7 —a\z . .11n|3. 7\3 (3.2)

The effective dielectric constant &...rcan be computed by treating the MRGW geometrical configuration
as a parallel plate capacitor. Analyzing the effective dielectric constant using this method is similar to the
method that has been used by Wheeler for the standard microstrip [57].

However, here we considered the effect of the closed structure with AMC. In order to find an accurate
empirical expression to estimate &5, we define a function F' (d, W) and G (d, W, t) to compensate for the

capacitance effect between the top metal, ridge, and mushroom such that:

£+ E E.4—&
E ey = %F(d,w) +%G(d,w, t) (3.3)

Using a non-linear curve fitting routine to a microstrip-like .. can be expressed as:

® If 87"1:1
1.011 _ -1.91
€ rooff = @[1 +0.0001 (g) ] - @l(l 0322 <%) + 2598 (%)) ~
-1.197
1.025 (1 +0.876 (%)) l (3.4)

e If1<&,<E&,

€ roepy = [1 +0.001 (%)1'369] - [(1 0,904 (%) +2.096 (& ))_0'069 _

w

0.534 (1 +0.206 (%))ﬂml (3.5)
o IfE,4>E,,
€ roepy = 15 [1 ~ 0.0004 (%)0'987] —fncin [(1 — 1428 () + 1.572 (%»_0.141 =
0.714 (1 +0.126 (¥)>_1'9861 (3.6)
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3.3 Width Design Formulas

An expression for width design can be obtained empirically in terms of rational functions of the physical
parameters and the dielectric constant of the material via non-linear curve fitting. Consequently, the

MRGW width can be obtained for a given Z viz:

e &,71
w 3.414
(E) = — [A 4+ 0.062 —In(3.1814 + 1.663) — 0.266In(4 — 1.369)] (3.7)
o [f1< 81‘1 < 81‘2
14 3.361
(E) = - [A—0.392 —In(0.361A4 + 3.681) — 0.3541n(4 — 1.283)] (3.8)
® Ifg r1 > & r2
14 3.02
(3) = 2[4 1544~ In(34474 — 1.933) + 135 (4 + 1489)] (39
Ao 120m (3.10)
VE TlZC .

The analysis and synthesis equations are found to be accurate with a maximum error of 6% from the exact
theoretical data over the range € ,; < 6.15, € ,, < 10.2, 0.2 < é <1, and 0.1 < % < 2. The MRGW
ridge thickness can affect the characteristic impedance and the effective dielectric constant since both are

being functions of the MRGW width. According to [58], thick microstrip 0.05 < }:—h < 0.2 is used for the

transmission lines that can be used for quasi-DC operations. However, the thin line 0.01 < ’:—h < 0.051s
m

used for the microwave devices, where 4, 1s the thickness of the substrate in the conventional microstrip
line. Similarly, MRGW can be used to design the transmission line for quasi-DC and microwave devices.
Therefore, the closed-form expressions for the width ( W},), considering the effect of the thickness (t1),

can be obtained empirically as such:

@)=+ ) 11

In [59], it has been noticed that Z, value decreases as the strip thickness increases. Therefore, the effect
of the finite thickness of the MRGW line may be thought of as an increase in width. Equation (3.11) is

similar to the one used for the conventional microstrip in [60]. However, different coefficients are used in
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(3.11) since the estimation of W; in MRWG is different from the conventional microstrip line. When the
line thickness is considered, the W term in (3.2), (3.4), (3.5), and (3.6) needs to be replaced by W},, which

can be obtained from (3.11). A flow chart that illustrates the curve fitting process is shown in Fig 3.2.

3.4 Port Definition and Data Extraction

The definition of the waveguide port used for MRWG is similar to the definition in [61], with port width
dimensions of at least one-unit cell period p from both sides of the MRGW line in the transverse direction.
Hence, most of the fields (confined and fringing) are considered. Also, the port length is designed to cover
the gap region d substrate ¢ and half of the mushroom pin height (%) in the longitudinal direction, as shown
in Fig. 3.2. The propagation constant $and Z. can be obtained directly from the waveguide port

information using full-wave analysis at a specific frequency. The relation between 3 and €, can be found

in [62] for quasi-TEM. Then the empirical expressions are developed by using curve fitting.

start

'

Collect data for Z.W. €& and f from Full-wave solution
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! !

Set Equation (3.2) for Set Equation (3.7) (3.8 Set Equation (3.4)
calculating Z, and (3.9) for (3.5) and (3.6) for
calculating W calculating €,/

Yes ?

analysis

Yes

l o No I No

End End End

Figure 3.2 Flow chart for the curve fitting.
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W+2p

Figure 3.3 Port definition for MRGW.

3.5 Equations Verification

To verify the proposed formulas, different cases have been studied based on €,; and €,,. First, the case
when €,4is air, the MRGW structure in [38] is used. The unit cells are designed to provide a stopband
between 20-40 GHz loaded with €,= 3. The unit cell with €,,= 3 is used in case A. On the other hand, a
unit cell for stopband 50-80 GHz with €,,= 3 is also used with the thickness = 0.13 mm and air gap = 0.18
mm. The mushroom is designed with radius = 0.7 mm, via diameter = 0.33 mm, period = 0.85 mm and
loaded with €,= 3 in case B. Moreover, a unit cell for stopband 10-20 GHz with €,,= 3 is also used with
the thickness = 0.508 mm, and the air gap = 0.508 mm. The mushroom is designed with radius = 1.3 mm,
via diameter = 0.3 mm, period = 3 mm and loaded with €,= 3 in case C. The same dimensions that used
in case C are used for case D; however, with €,,= 6.15 is used. Then, €,¢f is calculated using (3.4) and
compared with the full-wave analysis of the different cases (A, B, C, D) at the center frequencies 30 GHz,
60 GHz, and 14 GHz, respectively. The variation of €.5r with % is shown in Fig 3.4. It may be observed

that the empirical expressions are in good agreement with the full-wave analysis results within a maximum
error of less than 5%, as shown in Fig 3.5. In addition, it may be noticed that the value of €, gets close
to one when the width of the MRGW line increases because most of the electric field becomes more
confined within the air gap. From the different cases, it can be observed that the approximation of using

€efr=1 1s no longer valid, especially when the value of €, is high.
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Figure 3.4 Effective dielectric constant when €, is air: (a) case A, (b) case B, (c) case C, and (d) case D.
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Figure 3.5 Errors when €, is an air: (a) case A, (b) case B, (c) case C, and (d) case D.

Since the empirical formulas are generalized to accommodate the gap filled with dielectric martial, several
MRGW unit cells are used for verification. When €,1 < €,5. A unit cell is designed to provide a stop-band
between 8-18 GHz. A substrate dielectric material is used with €,.,= 3 and thickness = 0.508 mm. The gap
thickness = 0.508 mm is filled with substrate dielectric martial that has €,4=2.2 and €,4= 1.96 for case E
and case F, respectively. The EBG mushroom has the same dimensions as case C to provide the required

stopband. Moreover, another unit cell for the case when €,.1< €,,are designed to provide stopband between
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8-18 GHz with €,,= 6.15 and thicknesses = 0.508 mm. The gap thickness of 0.508 mm is filled with
substrate dielectric material that has a permittivity €,,=2.2 and €,.;= 3 for case G and case H, respectively.
The variation of €.5f over the line width at 14 GHz is shown in Fig 3.6. From the results, it may be
observed that the value of €, gets close to the substrate dielectric permittivity filling the gap as the width
of MRGW line increases. As expected, most of the electric field becomes more confined within the layer
between the top metal and the ridge. The values obtained from the empirical expressions are in good
agreement with the full-wave analysis results in a maximum error of 3%, as shown in Fig 3.7. The error
has been calculated as an absolute percentage error for the values obtained from the full-wave analysis.

R 4

_ =Full-wave | : : : =Full-wave
3.6 = Equation (3.5) 3.67 == Equation (3.5)
:}::3.2 - 1 %3.2 - .
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Figure 3.6 Effective dielectric constant when the gap is filled with €,; < €,,: (a) case E, (b) case F, (c) case G and (d) case H.
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Figure 3.7 Error when the gap filled with €,.; < €,,: (a) case E, (b) case F, (c) case G, and (d) case H.

On the other hand, the case when €,; >€,,1s verified through different MRGW unit cells. A unit cell is
designed to provide stopband between 8-18 GHz with €,;=6.15 and €,.,= 3 each with thicknesses = 0.508
mm in case X. Another unit cell is designed to provide stopband between 8-18 GHz with €,,=10.2, and
€,2= 3, and both substrates have thicknesses = 0.508 mm in case Y. The EBG mushroom is designed with
the same dimensions as case C. Then, the variation of €. over the line width at 14 GHz is shown in Fig
3.8. From the results, it may be observed that the value of €, increases as the line width increases, which
is similar to the behavior of the microstrip. The values obtained from the empirical expressions agree with
the full-wave analysis results within a maximum error of 2%, as shown in Fig 3.9. The design expressions
for the width are also verified by known Z,.. Using the previous unit cell structures, the estimation of
MRGW width is calculated using (3.7), (3.8), and (3.9). Figs 3.10 - 3.12 show the characteristic impedance
calculated from the full-wave analysis and the empirical expressions. Agreement between the empirical
expression and the full-wave results can be observed within a maximum error of less than 8%, as shown
in Fig 3.13- 3.15. In addition, as expected, the larger the MRGW width, the lower the characteristic
impedance. Besides, in the case of filling the gap with dielectric martial, it can be observed that the

dimensions (width of the line) are getting smaller for specific Z,. compared with the case of air-filled.
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Figure 3.8 Effective dielectric constant when filled with €,; > €,,: (a) case X, and (b) case Y.
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Figure 3.9 Errors when the gap filled €, > €,,: ( a) case X, and (b) case Y.

It can be observed that the thickness of the dielectric underneath the ridge with €,, has a negligible effect
on calculating Z . since most of the fields are concentrated at the gap between the top metal plate and the
ridge. For example, in case C and case D, the thickness of the substrate dielectric underneath the ridge is
0.508 mm with different €,,But the width for Z,=50 is approximately 2 mm for both. It is essential to
mention that case C, case G, and case Y were used for data fitting. However, other cases are used for
testing. Finally, for the case with €,,;= €,,, the same dimensions in Case C are used in the unit cell.
However, both the gap and the dielectric martial underneath the ridge have €,,=€,,=3 in case Z. As
expected, confined fringing fields within the gap experience the same material such that €,_, ¢ is almost

3, as shown in Fig 3.16.
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The effect of MRGW line thickness is verified in Fig. 3.17, where the empirical expression (3.11) is used,
and compared with the full-wave analysis, it can be noticed that the change of the width versus MRGW
thickness is very small. The width of MRGW in Case A is selected to give 58Q with zero thickness.
However, the thickness variation changes the impedance up to -5Q. On the other hand, MRGW width,
Case B, is selected to give 54 Q with zero thickness. By including the effect of the thickness, up to -3 Q

of variation can be observed.
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Figure 3.10 MRGW characteristic impedance with an air gap: (a) Case A, (b) Case B, (c¢) Case C, and (d) Case D.
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Figure 3.11 MRGW characteristic impedance with a gap filled €,; <€,, ): (a) Case E, (b) Case F, (c) Case G and (d) Case H.

Moreover, a comparison between the present work and previously published work, using MRGW, is
conducted by comparing the values obtained from the present model with those used in the other works.
In [63], the line width for Z.=50, quarter wavelength transformer length and width were 0.9 mm, 2.5 mm,
and 1.6 mm, respectively. However, the values obtained from our model are 1.06 mm, 2.22 mm, and 1.8
mm, respectively. The difference between values obtained by the proposed model and those in [63] is due
to the correction used in [63] to account for the discontinuities using optimization. It is worth mentioning

that our model values were close to the optimized values, which means that the optimizer starts from a
good guess and reduce the processing time. In addition, in [61] where % =2 the line width for Z.=50 was

0.78 mm, where the value of our model is 0.71 mm. The AMC layer can be implemented using metal pins
instead of EBG mushrooms. In [64], the line width for Z.=50 was 1.11 mm, and the value of our model
is 1.06 mm. In [14], where MRGW technology is used with metal pins to design a 4 x 4 planar dual-mode
horn array, the line width for Z,=50 was 7.362 mm and from our model is 6.812 mm; whereas for the
power divider line width for Z,=50 changed to 8.8 mm. The quarter wavelength transformer length and

width for Z.=70 were 6.6 mm and 4.39 mm, respectively. However, the values obtained from our model
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are 6.1 mm and 3.5 mm, respectively, at 10.5 GHz. Another line for Z.=100 is used with width 2.4 mm,

and the value of our model is 1.6 mm, where the effect of the continuity is not included.
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Figure 3.12 MRGW characteristic impedance with a gap filled with €,; > €,,: (a) Case X and (b) Case Y.
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Figure 3.13 MRGW characteristic impedance errors with an air gap: (a) Case A, (b) Case B, (c) Case C, and (d) Case D.
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Figure 3.15 MRGW characteristic impedance errors with a gap filled with €,1 > €,,: (a) Case X and (b) Case Y.
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Chapter 4: DESIGN LARGE FINITE
ARRAY
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4.1 Introduction

Phased antenna arrays have received increased attention recently because of their applications in satellite,
military, and vehicular communications for high gain [65]. Most of the design procedures for phased
arrays start with a study of the radiation characteristics of the single element and then design for the large
antenna array structure. However, the environment of a single isolated element is different from that of an
array environment where the coupling has a direct effect on the resonance frequency, bandwidth, and the
radiated power of each element [66-67]. Besides, the pattern multiplication for an antenna array in [68],
which can be used to estimate the far field parameters, is valid when the mutual coupling can be ignored.
Practically, in the phased array, the mutual coupling between the radiating elements has a noticeable effect.
The spacing between the array elements is less than half a wavelength to avoid grating lobes.

The surface wave is the main contributor to the mutual coupling between the radiating elements. On the
other hand, the estimation of the antenna array performance can be improved by including the effects of
mutual coupling and considering the effective input impedance in designing the feeding network. The
effective (active) input impedance can be defined as the active input impedance of the radiating element
in the array environment, which includes the mutual coupling effect. Generally, optimization tools of a
full-wave solver can be used to design a large antenna array. However, using optimization is a time
consummating and requires huge computing resources, which is costly, especially for the large antenna
arrays. There are many different reported techniques in the literature [69-75] for designing large antenna
arrays using different numerical techniques. Some of these techniques are for specific array types and
elements.

Recently, accurate modeling and analysis to design a large antenna array is reported [76]. However, the
procedures are complicated in a way that the mutual coupling needs to be calculated through Fourier
integral. Besides, the effect of the mutual coupling is not related to each element port impedance to help
in the design of the feeding network. Moreover, the estimation for the radiation patterns requires a
minimum of 9 elements pattern to be extracted to consider the effect of the edges and corners, which add
more complexity. In [66], a more general and efficient technique was introduced to consider the effect of
the mutual coupling regardless of the element type. Furthermore, the presented method can predict array
performance for the entire scan range by studying the far field characteristics of the single element in an
infinite array numerically, then predict the far field parameters of the large array. Since the edge elements

of the array have a different environment than the other antenna elements, it is expected that the edge
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elements perform differently. Simulations using the infinite array environment cannot describe the edge
effects. Therefore, the edge element effect is considered. Following the procedure in [66], by considering
a small array full-wave solution, or measurements to get its Scattering matrix (S-matrix) or admittance
matrix (Y-matrix) as an N-port network, where N is the number of elements. Using this matrix of a small
array, a similar matrix of a larger array with a similar array lattice can be obtained. The larger matrix is
obtained by neglecting the mutual coupling of elements further away than those of the small array. From
the S- or Y-matrix of the desired large array, the effective input admittance or input impedance can be
obtained.

Moreover, phased antenna arrays with high gain are required, especially for millimeter-wave (mm-
Wave) applications. Design such antenna arrays can be challenging to meet high performance in terms of
high gain and efficiency with less complexity. Lots of research is performed to design a high gain antenna
array [77-80]. The feeding network of the array differs based on the guiding structure used. The Microstrip
line technology is known to be highly lossy at mm-wave frequencies and has significant dielectric and
radiation losses; however, SIW suffers from dielectric losses since most of the electric field propagates
through the dielectric substrate. Therefore, the recently developed ridge gap waveguide (RGW)
technology has been used because it is self-package and can be designed to have an air propagating
medium, and the line width of the characteristic impedance is narrower than the conventional microstrip
lines. However, it was found that this technology requires a significant distance between the guiding lines
that prevented having a direct feeding to the array elements with a distance less than a guiding wavelength.
To reduce the distance between the radiating elements, the RGW feeding network is used to feed an array
of 2x2 subarrays made on a substrate integrated waveguide cavity [78], [81]. In terms of losses between
the MRGW and SIW, a quantitative study in [63] has been conducted, and it showed that smaller losses
in MRGW than SIW if designed with the same dielectric material.

This has complicated the antenna array by adding an extra layer. As such, optimization takes a long time.
In addition, as the subarrays become the elements of the feeding network, it has a higher directivity than
the subarray elements, but it becomes vulnerable to the grating lobe in the large broadside arrays. In order
to overcome this problem, the microstrip ridge gap waveguide (MRGW) is used, which made it possible
to reduce the distance between the feeding network lines and make the distance between the directly fed
radiating elements less than the wavelength [64]. However, it was possible to design a 4 x 4 array
achieving the required bandwidth. When the same topology is used to design an 8x8 array, the bandwidth

is reduced, and it was difficult to optimize the feeding network to achieve a similar bandwidth. After
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careful investigation, we found that the main reason for failing to achieve the required bandwidth is the
strong coupling between the terminating stubs with the guiding structures in several positions of the

network. Therefore, we have modified the feeding network topology to avoid such coupling.

4.2 Design Large Finite Array theory

Considering an NxN antenna array with identical elements in XY-plane, as shown in fig 4.1. According

to [66], the effective input impedance can be calculated as

N
VAV
Zf =Ry 2214y Y) (4.1)
=18 — 4i) v,
-1
Ay = YR + 5] (4.2)

where R; the input impedance of the isolated element, §;; = 1 for i = j and zero for i #j (element in a row
i and column j), V; the applied voltage and Y;; is the port mutual admittance between the i and j radiating
elements.

Mutual Coupling

Figure 4.1 Antenna array of NxN in XY-plane and equivalent circuit of one element.

Then, the effective input impedance of each element of the array is used to design the feeding network by
using the radiating elements as the loads terminating the feeding network. Therefore, large array
processing time is reduced because the radiators are excluded from the numerical solution to reduce the
numerical domain to the internal problem domain. Therefore, the optimization process could be
implemented on the feeding network only. Then the appropriate design of the feeding network structure

can be obtained to minimize the radiation and surface wave losses. From the active voltage terminal of
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the elements, an array factor, including the mutual coupling, can be computed to predict the radiation
patterns as well as the array gain. This analysis can give useful estimations of the array performance under
different scenarios in which we can design the proper feeding networks. Besides, the use of commercial

full-wave simulation tools, such as CST, in designing large array becomes more efficient and faster.

4.3 Mutual Admittance Matrix Construction for a Large Array

The calculation for the effective input impedance in (4.1) requires the mutual admittance for the large
array. However, such calculation can be time-consuming; therefore, in [66], a new method to predict this
matrix from the small matrix and construct a large array using the small array information as shown in

fig. 4.2 where the internal, edge and corner elements have the same environments as the large array.
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Figure 4.2 Construction of 8x8 and 16x16 array from 4x4 array.

The mutual admittance matrix of 4 x 4 small array can be mapped into the large matrix for 8x8, 16x16, or
even larger arrays, as shown in Fig. 4.3. Such mapping reserves a mutual coupling environment of
elements with similar relative positions. Thus, a large matrix retains the properties of a small matrix. Also,
the mutual coupling is ignored between elements when the distances are greater than three times the

spacing between the adjunct elements.
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Figure 4.3 Mutual admittance matrix arrangement (a) 4x4elemet array and (b) constructed for the 8x8element array.

4.4 Effective Input Impedances Calculation for Antenna Array

4.4.1 Basic element design

The design starts with the design of the AMC layer that is realized by periodic structure. The periodic
structure unit cell is a metal pin loaded with a thinner dielectric substrate topped with an air gap between
its upper surface and an upper conducting plate. The dimensions of pin and cell parameters are selected
and adjusted to have an electromagnetic bandgap (EBG) with a central frequency around 60 GHz. AMC
layer design for the MRGW with a pin of 0.51x0.51x1.05 mm’ and a period of 1.1 mm. For the upper
layer that accommodates the microstrip line and feeds network, a RO3003 (loss tangent=0.001) is used
with a thickness of 0.13 mm. The air gap between the upper substrate and the top metal layer is selected
at 0.165 mm to provide an EBG between 46 and 89 GHz. The single-cell dispersion diagram is omitted
for brevity. The presence of a microstrip line as a guiding ridge in the center of the EBG structure creates
the dispersion diagram given in Fig. 4.4, showing the structure modes. In this figure, the dotted line is the
ridge mode indicating its presence within the bandgap of the periodic structure. The presence of the thin
dielectric substrate on the bed of the nail does not have an effect on the mode propagation, such as surface

waves within the EBG frequency band.
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Figure 4.4 Dispersion diagram of MRGW.

The magneto-electric (ME) dipole antenna excited by a narrow slot is considered as the radiating element
using RO4003C (loss tangent=0.0027) with a thickness of 0.508 mm. A similar design can be found in
[64] in the Ka-band and in [82] excited with a slot in a substrate integrated waveguide (SIW). One of the
main advantages of the ME is providing a stable gain and radiation pattern across the operating bandwidth
[83]. The ME-dipole is designed to work at 60 GHz band and the radiating element in [82] with SIW as a
guiding structure. Here, the MRGW is used, as shown in Fig. 4.5. The ME-dipole antenna has a 10 dB
matching bandwidth over 19.6% bandwidth (55.3—-67.1 GHz), as shown in Fig. 4.6. The input impedance

of the ME-dipole antenna is shown in Fig. 4.7, with a gain of 8.8 dBi at 60 GHz.

(ME) dipole
antenna

Rogers 4003C
(0.508 mm) S

Coupling slot
2.5 mmx0.2 mm)
Top Metallic

MRGW
Line

Air Gap

(0.165 mm)

RO3003
0.13 mm

Figure 4.5Fig. Structure of PRGW ME-dipole antenna.
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Figure 4.6 Simulated reflection coefficient of the ME-dipole antenna.
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Figure 4.7 Input impedance of ME-dipole antenna.

A 4x4-element array of ME-dipoles with a separation distance of 4.5 mm between the elements in both
x- and y-direction is analyzed using the full-wave simulator of Microwave Studio (CST). Then the
obtained mutual admittance matrix is used to construct and estimate the mutual admittance matrix of an
8x8 and 16x16 -element array according to [66]. Finally, the effective impedance for the 64-element array
is calculated at different frequencies. Moreover, full-wave simulation is used to obtain the effective
impedance for the 64 and 256 elements as actual values and compared with the estimated values calculated
by the method in [66]. The element arrangement is shown in Fig. 4.8. Briefly, the procedure for this

efficient method to design large antenna arrays can be summarized as follows:
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1) Select the radiating element and distribute it in a small 4x4 array with the same array lattice of the
large array;

2) Compute or measure the mutual admittance matrix (Y-matrix) or the S-matrix of the small array;

3) Predict the Y-matrix or S-matrix of the large array following the procedure in [66];

4) Design the feeding network based on the effective impedance loads that include the mutual coupling
effect. Here, only the effective impedances of the elements are used as terminating loads to the

feeding network.
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Figure 4.8 64 Elements arrangement to calculate effective input impedances.

4.4.2 8x8 elements for array design

For an §x8 antenna array, effective input impedances are estimated. It can be pointed out that the edge
elements have different characteristics from the central elements, as can be noticed from Fig. 4.9, 4.10,
and 4.11 at frequencies 57 GHz, 60 GHz, and 64 GHz, respectively. In other words, the edge elements
experience a different environment compared with the central elements. In addition, it may be observed
that the estimated values are in good agreement with the full-wave analysis results. However, a small
difference might exist because the relative position of the ridgeline with respect to the EBG mushroom

cells is not always the same. Conventionally, the antenna array is designed based on fixed input impedance
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that is usually the input impedance of an isolated element at the central frequency. Such a design usually
ignores the effect of the feeding network discontinuity as well as the mutual coupling effect on the input

impedance of the elements in the array environment.
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Figure 4.9 Effective impedance of 8x8-element array using the 4x4-element array at 57 GHz.

80 T T T T T T T T

60

40 Using 4X4 in (Real)
Using 4X4 in (Imaginary)
----------------- Actuall 8x8 (Real)
—=— Actuall 8x8 (Imaginary)

Effective Input Impedance

_2() 1 1 - 1 1 1 I‘ ) 1 - 1
1 8 15 22 29 36 43 50 57 64
Elements

Figure 4.10 Effective impedance of 8x8-clement array using the 4x4-element array at 60 GHz.
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Figure 4.11 Effective impedance of 8x8-element array using the 4x4-element array at 64 GHz.
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Here, the feeding network of the 8x8 array is constructed such that each element has its effective
impedance, which is represented by a different line width terminated by the effective impedance of the
element, where the coupling effect is considered. Then a transformer with different width and length is
used to match the actual impedances, which have real and imaginary parts, as shown in Fig. 4.12. The
initial design parameters are calculated using [84]. Then, the overall corporate distribution network is

optimized to compensate for the discontinuities in the feeding layer.
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Figure 4.12 (a) Feed network structure of the 8x8-element array, (b) 8x8-element array full structure with the ME-dipole
elements.

It is worth mentioning that using this procedure reduces the processing time a lot to optimize the reflection
coefficient by replacing the radiating elements with their effective impedances at their ports. In Fig. 4.13,
the reflection coefficient is shown where four cases are introduced. In the first case, the feeding network
is designed at 60 GHz with terminating loads of Z,,. In the second case, the feeding network is optimized
when a complex effective input impedance terminates each port at 60 GHz. In the third case, the feeding
network of the second case is terminated by the actual radiating antenna elements (ME dipole). In the
fourth case, the feeding network is optimized for the whole frequency band when terminated by the
frequency dependent Z, ¢ using HFSS. The frequency dependent loads have been optimized using HFSS,
where the lumped ports are loaded with snp/znp or ynp files which include the effective input (impedance/
admittance or the S parameters) as frequency dependent. The effective impedance termination provides
comparable performance to the actual structure, which agrees very well at 60 GHz, at which the feeding
network is designed and optimized. One can also notice that there is no much difference between the third

case and the fourth case.
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Figure 4.13 Reflection coefficient of 8§ x 8 ME-dipole antenna arrays.

The bandwidth obtained from the conventional method is smaller than that based on the concept of small
to large, which leads to achieving a bandwidth closer to the single element bandwidth. In addition, a better
matching level using the actual elements to realize the whole structure and obtain the far-field results. As
mentioned in [20], the total radiation patterns and gain can be estimated by using the concept of pattern
multiplication, considering the effective input impedance in the active voltage terminal of the elements as

such

Eg) _ (Eo
{Eg,} - {Ew} F (6, 9) (4.3)

where Ey and E,, are the 0 and ¢ components of the element radiation patterns, respectively. E % and E(f,

are the corresponding total array radiation patterns. F (6, ¢) is the array factor that can be expressed as

N
F(6,p) = Z Vi eJkopisindcos (p—¢;) (4.4)
i=1
and
N
Vai = Z AV, (4.5)
j=1

where (p;, @;) is the cylindrical coordinates of the i™" element. Then the directivity, D, and the gain, G of

the array with respect to an isotropic radiator at a distance » can be expressed as:

. |ES(0, 9)|” + |ES (6, 9|
2nkb.

D(6,p) =4 (4.6)
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E56, )| + |E5 6, 0)|°

G(6,9) = 4n 3P (4.7)
t
N N 2
p, = Z real(Z¢) Z na (4.8)
i=1 =1
Pr = 777‘adPt (4-9)

where 77 is the intrinsic impedance of free space, P is the total radiated power, P; is the total input power
that contributes to the radiation from the array and 7,,4 is the total radiation efficiency, which includes
the reflection losses of the radiating elements due to mismatch, dielectric and Ohmic losses, surface waves
losses, and the losses due to connector and transition. It is important to highlight that 7,.,4 is calculated
after designing the feeding network. Moreover, the technology of design the feeding network plays a
significant role in calculating the total radiation efficiency. Hence, our method can estimate the gain
without considering the feeding network losses. However, the realized gain (including the mismatch and
feeding network losses) can still be calculated after designing the feeding network using (4.7), (4.8), and
(4.9). Since 1,44 can be obtained from the full-wave simulation, it should be mentioned that for the pattern
multiplication, three cases are considered for the ME-dipole element pattern: Case A uses the radiation
pattern of the isolated element; Case B, the embedded radiation pattern of an intermediate element of the
small 4x4- array; Case C, the embedded radiation pattern of an element in an infinite arrays environment.
The normalized radiation patterns are shown in Figs. 4.14, 4.15, and 4.16 at 57, 60, and 64 GHz,
respectively. The 8x8-element array normalized radiation patterns considering the above cases are given
in Figs. 4.17, 4.18, and 4.19 for E-plane and Figs. 4.20, 4.21, and 4.22 for H-plane. A good agreement
between the estimated radiation pattern using the effective impedance method and the full-wave analysis

can be observed. Besides, the first sidelobe levels in both E- and H-plane are around -12.8 dB.
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Figure 4.14 Normalized radiation patterns of the ME-dipole antenna at 57 GHz.
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Figure 4.15 Normalized radiation patterns of the ME-dipole antenna at 60 GHz.
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Figure 4.16 Normalized radiation patterns of the ME-dipole antenna at 64 GHz.
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Figure 4.17 Normalized radiation patterns of the 8x8-element array at 57 GHz (E-plane).
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Figure 4.18 Normalized radiation patterns of the 8x8-element array at 60 GHz (E-plane).
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Figure 4.19 Normalized radiation patterns of the 8x8-element array at 64 GHz (E-plane).
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Figure 4.20 Normalized radiation patterns of the 8x8-element array at 57 GHz (H-plane).
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Figure 4.21 Normalized radiation patterns of the 8x8-element array at 60 GHz (H-plane).
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Figure 4.22 Normalized radiation patterns of the 8x8-element array at 64 GHz (H-plane).

The simulated array gain for Cases A, B, and C, compared to the full-wave analysis using CST (time-

domain), are indicated in Table I. It can be seen that all the cases provide close values for the gain.
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However, Case C shows better agreement when the element is considered in an infinite array and can be

used to estimate the array far field parameters.

Table 1. 8x8-Element Array Gain

Frequency (GHz) Case A CaseB CaseC Full- Wave

57 25.86 25.80 25.85 25.60
60 26.01 26.08 26.03 25.98
64 26.32 26.29 26.35 26.27

The radiation efficiency over the operating frequency is better than 72%. The total radiation efficiencies
and the simulated gain over the operating frequency without including the total losses are illustrated in

Fig. 4.23.
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Figure 4.23 Full-wave simulated gain compared to those calculated based on different cases (A, B, and C) and total radiation
efficiencies of the 8x8 element array antenna.

4.43 16x16 antenna array design

A 16 x 16 antenna array is a substantial numerical structure considering the feeding network within a
periodic mushroom structure. Thus, a full-wave solution is not always possible for verification because of
the limited computational resources. The 16x16 array characteristics are predicted based on a 4 x 4 array
and 8x8 array and comparing the effective input impedances from these two predictions. A good
agreement can be observed, and the coupling effect appears clearly on the edge elements, as shown in Fig.

4.24, 425, and 4.26 at frequencies 57, 60, and 64 GHz, respectively. For a 16 x 16 feeding network, a
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central feed WR-15 is used to excite the radiating elements. Hence, the simulation and computation can

be reduced by taking advantage of the symmetry.
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Figure 4.24 Effective impedance of 16x16-element array using the 4x4-element and 8x8-element array at 57 GHz.
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Figure 4.25 Effective impedance of 16x16-element array using the 4x4-element and 8x8-element array at 60 GHz.
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Figure 4.26 Effective impedance of 16x16-element array using the 4x4-element and 8x8-element array at 64 GHz.
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4.4.4 Transition from WR-15 to MRGW

A WR-15 on the bottom plane of the structure is used to excite the ME-dipoles. Hence, transferring the
power from the TEio dominant mode of the WR-15 to the quasi-TEM MRGW is required. In [85], a
transition from printed ridge gap waveguide (PRGW) to WR-15 is designed using a cavity back short,
which requires a thick top metal layer. However, in our design, we use MRGW, where the ridge is elevated
from the AMC layer with a dielectric material that has permittivity &,;. Therefore, a matching stub line is
made in the EBG layer (step). Then another via-hole is made through the substrate ¢,; to connect MRGW
with the matching stub line, as shown in Fig. 4.27. The via-hole positions with the width and length of the
stub are optimized to achieve a matched bandwidth of 46—76 GHz. The simulated S-parameters are shown
in Fig. 4.28. It should be stated that the two output ports have a 180° phase difference, as indicated by the

field lines in Fig. 4.27(a). Hence, the structure of the feeding network must be symmetric along the x-axis.

via-holes

z
Step for matching WR-I5 xl—V y

(b)
Figure 4.27 MRGW to WR-15 transition: (a) side view, (b) 3D geometry (top metallic layer is hidden).

47



S21| & [S31] (dB)

54 56 58 60 62 64 66 68 70 72 74
Frequency (GHz)

Figure 4.28 Reflection coefficient of the transition from WR-15 to MRGW.

4.4.5 16x16 -element array optimization

The processing time to optimize the feeding network for a 16x16 array is relatively huge compared to an
8x8 array, especially in the presence of the EBG texture. As all the mutual coupling effects are considered,
and the effective impedances of all elements are known. Therefore, to reduce the number of optimization
parameters, the feeding network is partitioned into small parts; each part feeds a 2x2 subarray. The feeding
network of each 2x2 subarray is designed and optimized. Thus, the feeding network is reduced to a feeding
network of 8x8 subarrays, each terminated by the input impedance of the corresponding 2x2 subarray.
This array is partitioned into a set of subarrays of 4x4 elements. Now, a feeding network of 2x2 subarray
each of 4x4 elements should be optimized for the final port. As such, the optimization is always performed
on a 2x2 feeding network. At each step, the mutual coupling effect with respect to the relative positions
of the subarrays are considered as the presence of all elements of the 16x16 array is included. The 16x16
array is constructed from the 8x8-subarrays of 2x2 subarrays as a first level. Each of these 2x2 feeding
networks is designed to get the effective impedances at the port of each sub-array feeding network through
a separate optimization. In the second level, the 8x8 subarray is reduced to 4x4 subarrays feeding network.

Each of the 4x4 subarrays is a 2x2 subarray.
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Figure 4.29 Sub-array optimization for 16x16 array.

Perform the design of a 2x2 feeding network that is terminated by the 2x2 subarray effective impedances.
Notice that the length of the feeding network arms is double the lengths of the previous level. Finally,
level three ends up being a 2x2 array of 8x8 subarrays. Its feeding network arms are twice the length of
the previous level. This procedure has broken the problem into several optimizations of a 2x2 feeding
network that has a small number of parameters to optimize each time. Symmetry can also be enforced to
reduce the number of 2x2 problems. Without symmetry, the number of 2x2 feeding networks is (8x8 +
4x4 + 2x2 =84). It should also be stated that because the array input port is the rectangular waveguide,
the feeding network of the 8x8 subarray is a design of a power divider that its input is coupled to the
waveguide aperture. Another difference in this design because of the use of the waveguide input port and
its differential output power divider. Therefore, the two sides of the array are out of phase. In order to
correct for this, one side is rotated 180° to compensate for the phase that makes the two halves in phase.
Fig. 4.29 shows a sketch of just a quarter of the 16x16 feeding network. By using this technique, we are
reducing the number of optimization parameters for the feeding network. A quarter of the geometric
configuration of the 16 x16 array antenna is shown in Fig. 4.30. Different power dividers are deployed to
the feeding network to reduce the interaction between the stubs exciting the slots and the nearest line to

its end. Fig. 4.31 shows the simulated reflection coefficient of the different power dividers.
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(b) ©

Figure 4.32 Photos of different parts of fabricated antenna: (a) the AMC metal pin layer, (b) the feed network layer, and (c)
the radiating layer.

A physical prototype for the 16x16 array antenna is fabricated with a dimension of 89 mmx89 mm to
validate the performance. The different parts and the complete antenna structure connect to a standard

WR-15 flange with screws are presented in Fig. 4.32.
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Figure 4.33 Reflection coefficient of 16 x 16 with ME-dipole antennas (actual loads) and effective impedances loads for
optimizing the feed network.
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For fabrication, 3-D-printing technology is used for the AMC metal pin layer, where a polycarbonate
material is used. Then the printed structure is coated with 0.08 mm thick copper material via the
electroplating process. For the feed network and the radiating layers, printed circuit board (PCB) milling
technology is used. The response of the optimized structure with loads calculated from the effective input
impedance and the ME dipole elements as actual loads are shown in Fig. 4.33, with 19% of reflection
coefficient bandwidth (|[S11| < —10 dB) covering the 56—67GHz frequency range. The tolerances of
manufacturing and assembling the structure layer cause some differences between the measurement and
the simulation results. The normalized radiation patterns for the 16x16 array are shown at 57 GHz, 60
GHz, and 64 GHz, respectively, in both the E- and H-planes in Fig. 4.34-4.39. The array gain is computed
using the method [20] for Case A, B, and C, compared to the full-wave analysis using CST (time domain),
as indicated in Table II.

Table I1.16x16-Element Array Gain

Frequency (GHz) Case A Case B Case C Full-Wave
57 31.45 31.47 31.44 31.41
60 31.41 31.42 31.41 31.38
64 31.46 31.48 31.48 31.46

The estimated radiation patterns are in good agreement with the full-wave analysis. The first sidelobe
levels (SLL) in both E- and H-plane are around -12 dB with symmetrical radiation patterns. Also, the total
radiation efficiency over the operating frequency is more than 70%. The total radiation efficiencies and
the gain over the operating frequency are illustrated in Fig. 4.40. A difference of 1 dB can be observed
between measured and simulated; this is mainly because of the dielectric losses and fabrication tolerance.
The fabrication tolerance can be critical and degrades the performance of the antenna system, especially
at mm-frequency ranges. It is worth recalling that the total efficiency depends on the electromagnetic wave
guidance technology (Ridge Gab, SIW, or microstrip). However, the proposed concept can be applied

regardless of the used technology.
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Figure 4.34 Normalized radiation patterns of the 16x16-element array at 57 GHz (E-plane).
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Figure 4.35 Normalized radiation patterns of the 16x16-element array at 60 GHz (E-plane).

O I T I 1 I I 1 1

.—CaséA
a -SF e Case B
=—==Case C
::’-10 B = =Fullwave [f
s - = =Measured
I3 -15F ‘ n
Sa20p o ui ol -
o ‘ ® 1 (/ _
S5 1- w fidloies oo 2 >
= / b ! 3 ,
£ 30 r It ![ { i
S ) ' CEAH R 1D f
“ 35t : ' i -
_40 y . 1 1 1 1 1 | I 18
90 -75 -60 -45 -30 -15 O 15 30 45 60 75 90

#(Deg)

Figure 4.36 Normalized radiation patterns of the 16x16-clement array at 64 GHz (E-plane).
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Figure 4.37 Normalized radiation patterns of the 16x16-element array at 57 GHz (H-plane).
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Figure 4.38 Normalized radiation patterns of the 16x16-element array at 60 GHz (H-plane).
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Table III. Comparison Between Proposed and Reported 60-GHz Antenna Arrays

Present [86] [87] [79] [88] [89] [90]
Size (mm?) 7.4 x7.4 24x24 | 7.5%7.6 | 6.08%6.8 | 1.6x1.7 | 3.36x3.36 | 7x6.4
# of elements 16x16 64x64 16x16 16x16 4x4 8x8 16x16
# of layers 2 3 3 3 4 2 3
BW% 19 28.1 13 15.3 22 17 16
Gain, dBi 31.7 39.2 33 30.1 18 27 33.2
Efficiency >71 >15 >80 >49 >35 >70 >70
Technology MRWG | MS line WG SIW SIW RGW RGW

Compared with other 60-GHz antenna arrays in the literature, the present 16 x 16 array has wideband and
excellent radiation performance in terms of efficiency and gain, as shown in Table III. It is expected that
SIW technologies experience more losses due to dielectric material compared to the gap waveguide
(RGW) technology. In addition, RGW technology provides even better radiation efficiency, compared to
MRGW, because of the absence of any dielectric material. However, its design for complex feeding
networks is very laborious and might require complete full-wave design and optimization for the pin’s
locations. It should be stated that using MRGW allows feeding all elements directly, which would benefit

in controlling the amplitude and phase to each element of the array. Unlike previous designs that make
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the feeding network in two levels. Each 2x2 subarray is fed through a cavity that does not allow controlling
the amplitude and phase for each element individually as each cavity is fed through a corporate feeding
network on a lower level at which amplitude and phase can be controlled. Therefore, the actual array
element is the 2x2 subarray. The distance between them is larger than one wavelength at all frequencies.

Therefore, grating lobes are created, and the scanning capabilities of the array is limited.

4.5 Mutual Coupling and Failure Analysis in Antenna Arrays

Phased array antennas are becoming essential for different applications such as automotive driver assist
systems, satellite communications, advanced radar, acrospace, and defense radar systems. Developing
communication systems using phased array antennas can bring some complexity and cost issues. In other
words, designers use expensive design software to address the complexity of designing an antenna array
system, and the physical design performance can be verified before prototyping. For the array, multiple
numbers of antennas are used to obtain the required radiation characteristics, such as gain and sidelobe
level (SLL). Unfortunately, some of the antenna elements may fail and become inactive due to open/short
circuits reasons. Failure can also be due to feeding network manufacturing flaws, which can be
challenging, especially for the next generation of the communication systems where the design
requirements move toward highly integrated phased-array systems, which adds more challenges and
complexity for the hardware developers. Moreover, other factors, such as system aging and excess
temperature, can contribute to such failures. The effects of such failures resulting in degradation of the
radiation characteristics such as SLL and losses of some transmit power [91]. Recently, in [92-94],
different methods have been developed to compensate for the failure effect on the radiation patterns of
arrays (more specifically gain and SLL) in the presence of failed or partially failed elements. Obviously,
amplitude optimization is affected by mutual coupling. However, these techniques do not include the
effect of mutual coupling to tackle the failure effect. According to [66], the mutual coupling between
antenna elements has a direct effect on antenna parameters such as terminal impedances. Hence, the
antenna array performance is affected. Here, a model to analyze and design the failure of the phased arrays,
including the mutual coupling effects between the elements, is presented since the antenna array
performance is mainly driven by the element’s characteristics. In addition, this model provides full system
performance as predicting the failure effect on the gain and SLL. From equation (4.4) and (4.5),
conventionally, if this matrix is developed without considering the mutual coupling assuming ideal

elements in the array environment, it results in inaccurate modeling. Here, instead of calculating the array
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factor from the applied voltage V; across the input terminals of the element, we used the effective voltage

that includes the mutual coupling effect [66]. Then, the total pattern of the array with identical elements

in (4.3) can be express in a matrix form as:
[E] = [W][a] (4.10)

Where [E] is the total field, [W] is the coefficient matrix, which includes the coupling between the

elements, and [a] is the excitation amplitude of each element[Vy, V5,.. V},.. Vyxpy]t.

4.5.1 Mutual Coupling and Radiation Characteristic

The phased array radiation characteristics are significantly affected by the array element positions. For
instance, the sub-arrays radiation characteristics in the edge of the large antenna arrays can be different
from the one in the middle. Fig. 4.41 shows the radiation pattern for the 4x4 subarray in the middle and
the corner (embedded) of an 8x8 antenna array using the enhanced modeling that includes the mutual
coupling in [66] and compares with an isolated 4 % 4 antenna array. It is important to highlight that; this
modeling can be useful for MIMO antenna systems analysis, especially for the massive MIMO using the
concept of subarrays where mutual coupling must be considered. The gain obtained from a subarray at the
corner, and the middle (embedded) is 21.49dBi and 21.67dBi, respectively. However, the gain for the
isolated 4x4 is 20.8dBi1 with 9.1dBi gain of the single element.
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Figure 4.41 Radiation pattern of a 4x4 antenna array in different environments, (a) subarray at the corner (embedded), (b)
subarray in the middle (embedded).
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4.5.2  Failure of radiation elements and radiation characteristics
The matrix [a] in (4.10) is useful to model the failure in the array. It could be used to represent the failure
in the elements by changing the values of V; according to failure. It should be stated that the matrix [W]
is fixed and behave as a transfer function that produces a specific response [E] according to [a]. Fig.4.42
shows the radiation patterns for an 8x8 array with a different number of failed elements. It’s expected that
the gain and SLL change due to the failed elements. For 3, 5, and 8 failed elements (selected randomly),

the gain dropped up to 5.5 dB; however, when half of the elements failed, the gain dropped in value by

less than 3 dB because of the mutual coupling.
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Figure 4.42 Radiation pattern of an 8x8 antenna array with a different number of failure element
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Chapter 5:CIRCULARLY POLARIZED
ANTENNA ARRAY
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5.1 Introduction

For the next wireless communication, it is expected that mm-wave communication portable devices will
be used for the Internet of Things (IoT) and high-speed applications [95]. Therefore, considerable research
efforts have been conducted on the mm-wave communication [96, 97], such as base station within small
cells will cover around a couple of hundred meters. Hence, a high directive of a narrower beamwidth
antenna array will be used to reduce the multipath effect. The multipath propagation effect can be reduced
significantly when a circular polarization is used [98]. As a result, a high gain antenna array at 60 GHz
with circular polarization is a proper candidate to enhance channel communication performance.
However, at mm-wave frequencies, the required dimensions are relatively small, and consequently, the
fabrication complexity increases that affect its performance. In terms of performance, high efficiency, and
low losses, antenna array structures are required to compensate for the free space path loss. The corporate
feeding network is usually the primary source of losses at mm-wave frequencies. Therefore, the feeding
network must be implemented using the proper electromagnetic guiding technology. MRGW offers more
design flexibility in the design of a complicated feeding network by avoiding disturbing the periodic
structure of the AMC layer, as previously stated. At 60 GHz, several circularly polarized (CP) antenna
array designs have been reported. In [99], [100], a simple planar antenna array is introduced using patch
antenna as radiating elements; besides the low efficiency, the 3-dB axial ratio (AR) is less than 10%. In
[101], a circular-polarized array antenna by using hexagonal radiating apertures is proposed using metal
waveguides feeding network; although high gain and efficiency are achieved, a narrow 3-dB AR is
obtained beside the fabrication process for such structures. SIW and microstrip lines are used to design a
2x2 CP antenna in [102], [103]. However, both structures have low gain and efficiency. In [80], an 8x8
CP antenna array based on SIW is introduced with high gain and wide 3-dB AR. However, the substrate
losses degrade its efficiency. In addition, manufacturing cost and simulating complexity increase by using
a cavity layer to excite the radiating elements as subarrays of 2 x 2 elements. The cavity layer is mainly
used because it is not possible to excite each element individually due to the SIW width [79], [104-109];
therefore, the feed network cannot be designed in a single layer, as stated before. As a result, these
configurations have three layers, backed cavities radiation layer besides the feeding network layer.
Unfortunately, this kind of structure can increase the full-wave analysis processing time dramatically.

Using the concept of the effective input impedance, an 8 x 8 high gain circular polarized single-layered
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corporate feeding network using MRGW is designed using the magneto-electric (ME) dipole as the
radiation elements without a need for a cavity layer with wide 3-dB AR and matching bandwidth and

excellent radiation performance.

5.2 Design Procedures

Design wideband circularly polarized (CP) antenna array with good radiation performance requires a
radiating element with a wide impedance matching and 3-dB axial ratio (AR) bandwidths. It should be
stated that the CP-bandwidth is the common (overlapped) bandwidth between the matching and AR
bandwidths. Several radiating elements were introduced to provide circular polarization. These designs
provided a tradeoff between the matching impedance and AR bandwidths. For instance, a patch antenna
with a cavity was used to generate a circularly polarized antenna; however, it provided narrow matching
impedance and AR bandwidths [101, 102]. In addition, a U-shaped slot antenna was used with wide
matching impedance bandwidth but narrow AR bandwidths [99]. An ME-dipole with wide matching
bandwidth and circular polarization is used. The printed form of the ME-dipole consists of patches

(electric dipole) on a substrate material; these patches are separated by slots (magnetic dipole).

b
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a O Radiating

layer

d P '
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MRGW

(feeding

)
& y
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Figure 5.1 Schematic of the EM-dipole with the MRGW (a = 0.976 mm, b = 0.896 mm, ¢ = 0.096 mm, d = 1.137 mm,
e=0.85mm, f=0.565mm and g=0.44mm).

Circular polarization can be obtained by adding a metallic strip diagonally and trimming the corner of
these patches besides perturbing the geometry dimensions such that the slot can excite two orthogonal
liner modes with a 90° phase difference. A CP ME-dipole was used in [80], where a wide CP bandwidth

was achieved. Using a wideband CP antenna eliminates the need for sequential feeding networks and
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avoids the limitation of the delay lines needed for sequential feeding. However, designing a parallel
feeding network can be challenging. A ME-dipole element is designed using MRGW, as shown in Fig
5.1. The AMC pin layer has the same dimensions as in Fig. 4.5. The printed ME-dipole is designed using
RO4003c substrate with a relative dielectric constant of 3.38 and a thickness of 0.508 mm. In terms of
performance, CP-ME-dipole has a 28.8% for |[S11| <—10 dB (52.4-70 GHz), as shown in Fig 5.2. The 3-
dB AR bandwidth is 25.9% (52.4-68 GHz), with a peak gain of 8.8 dBic gain, as elaborated in Fig 5.2.
The radiation patterns for the two orthogonal planes are shown in Fig 5.3 and 5.4, where symmetrical and

stable patterns can be observed.
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Figure 5.2 Simulated S-parameters gain and AR of the circular polarization ME- dipole antenna.
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Figure 5.3 Radiation patterns of the ME-dipole antenna (xz-plane).
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Figure 5.4 Radiation patterns of the ME-dipole antenna (yz-plane).
5.2.1 8x8 antenna array design
The structure of the 8x8 CP-ME dipole antenna array is shown in Fig 5.5, which consists of two layers:
the radiating elements layer and the feed network layer, which is designed using MRGW that includes the

AMC pins. To highlight the effect of the feeding network on the CP, two different designs are carried out,

when the elements are fed all in phase and when differential feeding is used.

WR-15 to MRGW transition

Radiating layer Feeding network layer

2286

BDB

BBE

BEB

5883

2 BED
y @&Bm

BEE

X

(b)
Figure 5.5 Geometry of the 8 x 8 antenna array with the feeding network of MRGW:(a) differential, (b)all in phase.
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Using MRGW allows the whole corporate feeding network to be designed in a single layer. The
electromagnetic signal is coupled between these two layers through slots that are etched on the top metal
layer of the MRGW. The feeding network is designed using the concept of effective input impedance, as
discussed in the previous Chapter. Using 4x4 antenna array elements, the effective input impedances for
the 8x8 array are calculated to be used as terminated loads instead of the physical antenna element in order
to reduce the full-wave analysis complexity for the feed network design, as shown in Fig 5.6 that shows
the 8x8 array elements. Then the calculated effective input impedances for the frequencies 57, 60, and 64
GHz, respectively, are shown in Fig 5.7 and 5.8. Edge and outer side elements are behaving differently
from the elements in the middle in terms of the input impedance. Furthermore, the interaction of the
element affects the phases and amplitudes at the element ports affecting the AR behavior. It’s worth stating
that the AR of the elements in the small array needs to be optimized before constructing the large array
such that the radiating elements are optimized to provide not only an adequate impedance bandwidth but

also wide AR bandwidth.
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Figure 5.6 Arrangement of the 8x8 array to calculate the effective input impedances.
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Figure 5.7 Effective impedance of 8x8-element array using 4x4-element array at 57 GHz.

30 T T T T T T

()

at 57 GHz
=—at 60 GHz
—1at 64 GHz|

mn

20

Effective Input Impedance X.

-10 L L L 1 L L L L
1 8 15 22 29 36 43 50 57 64

Elements
Figure 5.8 Effective impedance of 8x8-element array using 4x4-element array at 60 GHz.

The main reason for affecting the AR in the array environment is the mutual coupling effect between the
elements. By optimizing the effective impedance for the elements that include the mutual coupling effect
and designing the power divider to reduce the interaction between the slot that excites the ME elements
and the MRGW line, as shown in Fig 5.5. Accordingly, three power dividers are used, as shown in Fig
5.9 with simulated reflection coefficient and transmission performance in Fig 5.10, since the feeding
network is optimized based on different effective input impedances; therefore, these power dividers are

different from those in Fig .4.31.
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Figure 5.9 Power diver structures: (a) power Divider I, (b) power Divider II and (c) power Divider III.
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Figure 5.10 Simulated reflection and transmission coefficients of the power.

Eventually, using the CP-ME dipole, an 8x8 antenna array is designed. This 8x8 antenna array is designed
such that the antenna elements are accommodated with a space distance less than A (0.9 1). The dimensions
of the radiating element after the tuning in the array environment are shown in Fig 5.11. The dimensions
of the ME are changed for the tuning of the 4x4 small array that is used to estimate the effective input

impedances only without changing them in the 8x8 array.

Figure 5.11 Schematic of the EM-dipole with the MRGW (a =1.02 mm, b =0.807 mm, c=0.117 mm, d = 1.288 mm,
€=0.699mm, f=0.58mm and g=0.44mm).

The simulated S11 of the 8x8 CP ME-dipole antenna array is presented for three cases where CST is used
with differential feeding (Case I), HFSS with differential feeding (Case II), and all in phase feeding (Case
III). In Fig. 5.12 for the differential feeding indicating that the —10 dB bandwidth is 18.2% (from 56.1 to
67 GHz) and 18.8% (from 55.7 to 67 GHz) using HFSS and CST, respectively. The simulated AR with
less than 3dB is covering the —10 dB bandwidth. On the other hand, For the all-in phase feeding indicating
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that —10 dB bandwidth is 15.8% (from 56.7 to 66.2 GHz), with the simulated AR about covering its -10

dB bandwidth.
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Figure 5.12 Reflection coefficient and AR of the 8x8 antenna array.

Besides, over the frequency band, the gain performance of the antenna array and the radiation

efficiencies are shown in Fig. 5.13 with maximum gain up to 26.4 dBic is achieved for the differential

feeding based and up to 26 dBic for the other feeding network where all the elements have the same phase

excitation. Moreover, the radiation efficiency of the proposed antenna array is better than 82% over the

operating frequency band for the differential feeding based. These results highlight the benefits of the

differential feeding by improving the gain and efficiency as well as reduces the cross-polarization level.
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Figure 5.13 Simulated gain and radiation efficiency of the 8x8 antenna.



In Figs 5.15 and 5.15, the simulated radiation patterns of the antenna array at 57, 60, and 64 GHz,
respectively, in xz- and yz-plane. Less than -10dB sidelobe level is achieved. Also, low cross-polarization
levels can be observed in the differential feeding compared with other feeding methods, which can

illustrate the advantage of using such kind of feeding network method.
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Figure 5.14 Radiation patterns of the 8x8 array in xz-plane at (a) 57GHz, (b) 60GHz, and (c) 64GHz.
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Figure 5.15 Radiation patterns of the 8x8 array in yz-plane at (a) 57GHz, (b) 60GHz, and (c) at 64GHz.
A comparison of the performance of CP antenna arrays operating at the 60-GHz band is reported in Table
IV. This comparison includes mainly the structural characteristics (technology for designing the feeding

network) and performances. The present work is compact with better gain and efficiency. In fact, due to
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the absence of the cavity layer and using ridge gap technology, the proposed design experience less

dielectric loss in the feed network compared to SIW.

Table IV. Comparison Between Proposed and Reported 60-GHz Cp Antenna Arrays

present [99] [100] [101] [102] [103] [80]
Size, mm? 372 12.3% | 14x15.2 | 672 | 6.8%x6.9 | NA | 30.6x34
Elements 8x8 4x4 4x4 16x16 2x2 2x2 8x8
# of layers 2 2 2 3 3 2 3
Bandwidth % 18.8 28.1 17.8 5.7 6.7 15.9 18.2
Peak Gain, dBic 26.4 16 16 333 12.2 11.43 26.1
N> 82 52.5 34.9 89.6 70 NA 70
AR % 19.8 19.2 15.6 6.4 6.8 15.9 16.5
Technology MRGW Stp CPW WG SIW Stp SIW

Stp: stripline, CPW: coplanar waveguide, WG: waveguide.
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Chapter 6:MILLIMETER-WAVE MIMO
ANTENNA SYSTEM AND HIGH GAIN
USING DOUBLE SUPERSTRATES
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6.1 Millimeter-Wave MIMO Antenna

Recently, in the last decade, spectrum utilization has become more efficient through the long-term
evaluation (LTE) network. Moreover, the transmission rates for wireless devices have been improved
significantly. Therefore, wireless communication technologies must be developed to meet the increasing
demand for high data-rate and high channel capacity. However, the growth of different wireless devices
is continually increasing, such that the number of connected devices will be 50 billion by 2020, resulting
in a fast-growing flood of data [110]. This significant growth in devices and wireless broadband traffic
has a direct impact on future technologies and network architectures. Therefore, the communication
industry and research must be prepared with technologies that can satisfy these requirements. The fifth-
generation of the communication system (5G) is a promising technology that will add more flexibility in
communication for many applications, including vehicle-to-vehicle (V2V), vehicle-to-infrastructure
(V2I), peer-to-peer, as well as machine-to-machine. Moreover, 5G will satisfy high data rate demand for
a variety of application services, including high definition (HD) videos and Internet of Things (IoT) [110],
[111]. Conventional communication technologies use a finite frequency spectrum; this inspires the
researchers to look at higher frequencies to achieve these new requirements [112]. Currently, research
results show that 5G systems are expected to use multiple-input, multiple outputs (MIMO) to increase the
communication channel capacity along with the mm-Wave to achieve high data rates and provide a small
physical size for the antenna array. Hence, hundreds of antenna elements, along with other components,
can utilize a relatively small area [112-119]. However, some hardware constraints can be added. In
addition, mm-Waves have different propagation conditions and atmospheric absorption [120].
Furthermore, it has been estimated that over 80% of the total data traffic would come from indoor
communication by 2020 [120]. Therefore, mm-Wave frequency bands can find broad applications for
indoor communication. Several newcomer 60 GHz standards, including Wireless HD and IEEE 802.11ad
(5G Unlicensed WiFi), are developed for short-range wireless personal area networking (WPAN) to
support high data rates [121], [122]. Also, WiFi technology has started using MIMO concepts in the next
wireless communication systems at mm-Wave in order to serve a significant number of users with high
data rates [123]. Therefore, a new Unlicensed WiFi IEEE 802.11ay standard has been developed to support
throughput of at least 20 Gbps in the 60 GHz band [124] to be used for indoor access points, as shown in
Fig 6.1.
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Figure 6.1 mm-Wave Indoor network architecture.

5G small cells can be deployed using micro/pico base stations on the sides of buildings connected to mm-
Wave getaway transceivers that can provide backhaul and 5G access [125]. For a 5G communication
system, each mm-Wave link should have at least two orthogonal polarizations to support multi-
communication channels. Multiple channels can be realized at the front-end level of the radio frequency
(RF) through the multibeam antenna array using beam-forming networks such as Butler-matrix and
Rotman-lens [126-129] or using MIMO antenna systems. The main difference between the beam-forming
networks and MIMO antenna systems is the way that the multibeam is generated. In the beam-forming
networks, the beams radiating from the same antenna elements, which require a feeding network that can
provide orthogonal beams. However, in the MIMO antenna system, each beam radiates from a separate
subarray antenna that works independently. Beam-forming networks become more complicated to
generate multiple beams in two-dimensional that should have orthogonality between these beams for good
performance [130]. Moreover, mm-Wave will be used in a cell radius (<100 m) to minimize high path
loss. Therefore, a high gain is indispensable, especially at 60 GHz, to compensate for the higher path loss
[131]. The path loss is directly proportioned to the distance between the transmitter and the receiver;
hence, mm-Wave must be used in line-of-sight (LOS) transmissions with highly directional antennas. The
antenna array can be used to achieve high gain. However, using antenna arrays in beam-forming networks
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leads to some design complexity, such as the spacing between the elements must be less than the half
wavelength of the highest frequency of the operating band, also, as the antenna array size increases, the
range of the beam tilt decreases. Furthermore, the antenna feed network can be lossy and limit the
dimension of the antenna arrays. Feeding network losses mainly depend on the technology used to guide
the electromagnetic signals. On the other hand, the MIMO antenna system performance mainly depends

on the correlation between the antenna elements of an array.

Therefore, the sub-array antenna for MIMO needs to be designed in a way that the electromagnetic waves
will be received de-correlated. This de-correlation can be achieved by separating the antenna arrays
spatially or by changing their polarizations [110]. To overcome the feeding network losses, the gap
waveguide technology is one of the promising technologies that can reduce those losses at mm-Wave, as
mentioned in the previous chapters. Here, we provided an 8x8 high gain antenna array without a backed
cavity in the 60 GHz band with good radiation pattern performances. The feed network is designed using
MRGW, which adds flexibility and a compact profile. Then we introduced a high gain wideband 4x4
MIMO antenna system to cover 60 GHz. The MIMO antenna system consists of four subarrays of 8x8
elements, and each works independently. The 4x4 MIMO antenna system is designed for an indoor
application that can be used and integrated easily with the other components at the physical layer for 5G

WIFI devices.

6.1.1 Design procedures

The design of the antenna array is based on using microstrip ridge gap waveguide (MRGW) for the feeding
network that can be summarized as follow:

1. Design the electromagnetic gap (EBG), which mainly consists of an artificial magnetic conductor
(AMC) surface represented by metal pins topped by a substrate. Then an air gap is enclosed by an
upper conducting plane. The EBG suppresses the surface waves, parallel plate mode wave, and the
undesired wave propagation within our operation frequency band and allows only one mode to
propagate. Using such technology will decrease the coupling between the MIMO antenna ports
and improve system performance. The dimensions of the EBG unit cell and the stopband are the
same as in Chapter 4.

2. Design the single element that will cover the 57-64 GHz band the same as in Chapter 4.

3. Design an 8x8 antenna array and the feeding network based on the microstrip ridge gap waveguide
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(MRGW) as in [84]. This 8x8 antenna array will be used as a subarray in the MIMO antenna.
6.1.2  Sub-array antenna (8x8) design
In order to design a planner array structure with 8x8 antenna elements, a corporate feeding network is
required with power dividers. The configuration of the structure is illustrated in Fig 6.2 with initial design
parameters calculated from [84]. The antenna array is excited with WR-15, where the electromagnetic
fields (mode TEio) transform to the MRGW mode quasi-transverse electromagnetic mode quasi-TEM.

The same transition that has been mentioned in Chapter 4 is used.

(b)

Figure 6.2 Configuration of the 8 x8-element array antenna.

The whole feeding network is optimized using the same effective input impedance in Chapter 3;
however, different feeding networks are used. In Chapter 3, we used a feeding network where all the
elements are in phase; on the other hand, here, we used differential feeding. The simulated reflection

coefficient is shown in Fig. 6.3 using CST and HFSS with <-10 dB reflection coefficient bandwidth
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covering 57-67.8 GHz with a good agreement between the two full-wave analysis computational tools.
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Figure 6.3 Simulated S-parameters of an 8x8 antenna array.

The far field characteristics of the 88 antenna array should be investigated because they represent a sub-
array element in the MIMO system. The total gain is > 26 dB with radiation efficiency higher than 83%

over the operating band, as shown in Fig 6.4.
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Figure 6.4 Simulated gain from the full-wave and total radiation efficiency of the 8x8 element array antenna.

The simulated radiation patterns of the 8§x8 antenna array at 57, 60, 63, and 66 GHz in E-, H-plane, and
45°-plane are shown in Figs. 6.5—6.7. The radiation patterns are symmetrical with sidelobe levels in both

E- and H-plane around -11.5 dB.
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Figure 6.5 E-plane radiation patterns of the 8x8 array at frequencies 57, 60, 63, and 66 GHz.
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Figure 6.6 H-plane radiation patterns of the 8x8 array at frequencies 57, 60, 63, and 66 GHz.

However, in the 45°-plane, the sidelobe level is below -25 dB over the operating frequency band. It is
essential to mention that the differential feeding from the middle provides low cross-polarization and

symmetric radiation patterns.
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Figure 6.7 45°-plane radiation patterns of the 8x8 array at and frequencies 57, 60, 63, and 66 GHz.

6.1.3  Orthogonal 4x4 MIMO antenna design

Using an 8x8 antenna array as a sub-array, a 4x4 MIMO antenna system is designed. The geometry of the
array is described as such; the polarization of each MIMO antenna element is orthogonal. This
orthogonality is achieved by changing the polarization of the excitation source such that the direction of
the electric field at each sub-array is orthogonal with respect to the neighbor sub-array, as shown in Fig
6.8. Then the 4x4 MIMO antenna system is analyzed. The simulated reflection coefficients for the 4 ports
are below -10 dB for the frequency range 56.5-67.5GHz, as shown in Fig 6.9. The port reflection
coefficients are almost the same, which is mainly due to the excellent isolation indicating small interaction
between them. In Fig 6.10, the corresponding isolations between adjacent ports are shown. Isolation of
more than 45dB is achieved, which indicates a possible excellent performance for the MIMO system. It
can be pointed out that the nature of the MRGW plays a prominent role in enhancing port isolation. In Fig
6.11, the gain and the radiation efficiency of the four ports are shown where the performance of the isolated

subarray is conserved due to the high isolation between the subarrays.
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Figure 6.8 Orthogonal 4x4 MIMO antenna design with the electric field direction in the coupling slot at each subarray.
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Figure 6.9 Simulated S-parameters of the four sub-array antenna.

S11 (dB)

79



'40 T ! T T T T L 1 L] T T L] T ! i .
: ¢ =——S21
=xuS3]
P l—s41
e s21
i |—s32)
. H S42
m Yl—-s13
<) |—-s23]
= F [543
5] S14
; ---S24/
E ----S34
- S A N SN R T S S N R

54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70
Frequency (GHz)

Figure 6.10 Simulated S-parameters (isolation) between the ports of the four subarray antennas.
The spherical far field components are used to calculate the envelope correlation coefficient (ECC p.), and

the diversity performance of the MIMO antenna array [132] is evaluated, as shown in Fig 6.12. The

envelope correlation coefficient p, is calculated from
L JJ,LIE0, ¢) « E(6, $)lda|?
Il 1E(6, 9)I2d21E (6, $)[2d0

where Fi(6, @) and Fy(0, ¢) are the three-dimensional antenna field radiation pattern when the i and ;"

Pe

(6.1)

ports are excited, respectively, and Q is the solid angle. The channel capacity, Cy;po 1n (bit/s/Hz), can be

calculated for NxN MIMO antenna system as [131]:

N

i=1
where N, B, and SNR are the number of antenna elements, bandwidth in (Hz), and the signal to noise ratio,

respectively.
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Figure 6.11 Simulated gain from the full-wave and total radiation efficiency of the four subarray antennas.

Calculation of the correlation coefficient is performed using the formula 6.1. ECC values are very low
(way less than 0.5), which is the accepted maximum value [133], as shown in Fig. 6.12. It can be observed
that p.;3 increases as the frequency increases due to the grating lobes' contribution as the radiation from
different sub-arrays interact with each other. The decorrelation between Port 1 and Port 3 is the spatial
decorrelation because both Ports 1 and 3 have the same polarization; however, the distance between the
antennas for these ports is more than one wavelength. On the other hand, p.;2 and pes4 are not affected
because of the orthogonality of the polarization decorrelation. Therefore, a lower ECC, better isolation

between the communication channels, and high diversity is achieved.
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Figure 6.12 Envelope correlation coefficient between four sub-array antennas
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6.2 Antenna Array based on Microstrip Ridge Gap Waveguide using
Double Superstrates

6.2.1 Single ME-dipole antenna

It is known that the use of the superstrate dielectric layer enhances the antenna gain, which is equivalent
to an increase of the virtual radiating aperture that exceeds that physical aperture size. Therefore, study
the single element helps in approximately determine the virtual aperture and consequently helps in
determining the proper distance between the elements in an array case. Therefore, the single radiating
element needs to be designed first. Several research efforts have been conducted to increase the gain using
superstrate at 60 GHz. In [134, 135], a 2 x 2 slot antenna array is designed. In [134], the maximum gain
was 17.7dBi, with an impedance bandwidth of 33.8% between 56.5-79.5 GHz. A maximum gain is
achieved in [135] was 16.6 dBi with an impedance bandwidth of 13.3% between 56-64 GHz. However,
the gain bandwidth was limited, and radiation patterns had high sidelobe levels in both works. Also, in
[136] and [137], a single element with a superstrate has achieved 16.5 and 14.9 dBi gain, respectively.
However, the gain enhancement was achieved within a narrower bandwidth. Moreover, in [138], a double
dielectric superstrate layer is used to increase the gain of a 1x 8 microstrip antenna array with narrow
bandwidth, and a maximum gain of 16.75dBi is achieved. Here, a ME-dipole antenna element [139] is
excited by a narrow slot, which is coupled to MRGW, is selected. The antenna is built on a substrate
RO4003C with a dielectric constant of 3.83 and a thickness of 0.508 mm. The MRGW guideline is realized
using metal pins as AMC that allows only one mode to propagate within a specific frequency band with
the same dimension, as described in the previous chapters. The ME-dipole provides a gain of 8.8 dBi;
nevertheless, the gain is enhanced using a dielectric superstrate acting as a lens above the ME-dipole
antenna [140]. As such, a high gain can be achieved through multiple reflections between the reflecting
plane (the ground plane of the ME-dipole) and the superstrate with dielectric constant (& ;). The
multiple reflections cause standing waves and stored energy with a high-quality factor that increases the
antenna gain. However; for constructive performance, some conditions are required, such that the ground

plane need to be separated by nA.rr/2 (n is an integer) from the superstrate dielectric that has
A/ (4 & sup) thickness [140]. It is essential to point out that the ground plane here is the plane that has
the slot, where the substrate RO4003C is deposited for the ME-dipole.
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Figure 6.13 Schematic of the EM-dipole with the superstrate RO3006 and the MRGW.

Consequently, the gap between the substrate and the metal plate should be calculated based on the
effective dielectric constant, not the free space. Fig 6.13 shows the single element with the superstrate
dielectric RO3006 (&, g, = 6.15) that has the dimensions of 8.5 x 7.8 x 0.64 mm? and et (0.95 Aair at 60
GHz) above the ground plane. The structure is optimized to cover the 60 GHz band with excellent
performance of reflection coefficient and gain, as shown in Fig 6.14. Another superstrate dielectric
RO3010 (& syp = 10.2) with dimensions of 8.5 x 7.8 x 0.5 mm? is used at distance 0.5 Aetr (0.4 Aqir at 60
GHz). The superstrate distance from the ground of the radiating element has a direct effect on the reflection
coefficient and the performance of the superstrate to enhance the gain; for a compact prototype, the
distance between the superstrate and the substrate ground of the antenna should be 0.5 A,¢¢. However, at
this distance, the reflection coefficient is disturbed by the wave reflection between the superstrate and the
radiating elements. Therefore, the structure needs to be optimized. Placing the superstrate at A, ¢ has less
effect on the reflection coefficient and maintain the compactness in case of using two superstrates (one at

0.5 A¢sf and the second at A5 5).
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Figure 6.14 Simulated S11 and gain from the full-wave using a single ME-dipole antenna with different superstrates.
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Figure 6.15 Radiation patterns of the single ME-dipole using dielectric superstrate RO3006. All are normalized to the gain at
60 GHz: (a) E-plane (b) H-plane.

The radiation patterns at 57, 60, and 64 GHz are shown in Figs. 6.15 and 6.16 for the two different

superstrates. It can be pointed out that using the dielectric superstrate increased the gain in the broadside
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direction within a narrower frequency band. The gain at 60 GHz increased from 8.8 dBi (without
superstrate) to more than 14 dBi using RO3006 superstrate, which is equivalent to increasing the aperture
size that is corresponding to using an array of 2 x 2, ignoring any possible losses. Using superstrate
dielectric has a direct effect on suppressing the grating lobes as well as SLL; the effect on SLL is

investigated using antenna array structure.
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Figure 6.16 Radiation patterns of the single ME-dipole using dielectric superstrate RO3010. All are normalized to the gain at
64 GHz: (a) E-plane (b) H-plane.

6.2.2 2 x 2 ME-dipole array antenna

Here, we design a 2 x 2 ME-dipole array using a dielectric superstrate to enhance the gain. As the antenna
gain is directly related to the aperture size of the antenna [141], the ground plane size of the single element

is used as it is equivalent to its aperture size that should not overlap with the aperture of the neighboring

85



elements of the 2 x 2 array. However, using the same ground area size to design the array increases the
spacing between the elements to exceed one, which certainly causes grating lobes. The new elements with
the superstrate are forming the new array. Thus, their element radiation pattern beamwidth is reduced, and
in turn, grating lobes are significantly reduced. Thus, the dielectric superstrate boosts the gain in the
broadside (main beam direction) and making the relative level of the sidelobe and grating lobes reduced
to an acceptable level. Thus, wide spacing between the elements can be resolved. The 2 x 2 elements are
fed by a parallel feeding network that consists of quarter-wavelength transformers, as shown in Fig 6.17

using MRGW and the empirical expressions in [84].

Superstrate RO3006 /
(0.64mm) — V! Radiating Layer

RO3003

Parallel feeding (0.13mm)

network

RO4003C
0.94) (0.508mm)

(b)

Figure 6.17 Schematic of the 2 x 2 ME-dipole with one dielectric superstrate and the MRGW.

The distance between the ME-dipole elements is equal to 1.5 A, with an aperture area 22 x 22 mm?. The
structure has been optimized using CST, and 21.6% of impedance bandwidth is achieved with radiation
efficiency better than 85%. Besides, a peak gain of 20.28 dBi at 61GHz is achieved and better than 19 dBi
between 58.2-63.5 GHz, as shown in Fig 6.18.
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Figure 6.18 Simulated S11 and gain from the full-wave using 2 x 2 antenna array with one dielectric superstrate.
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Figure 6.19 Radiation patterns of the 2 x 2 ME-dipole antennas using one dielectric superstrate. All are normalized to the
gain at 60 GHz: (a) E-plane (b) H-plane.
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The superstrate cuts are to suppress the surface wave interaction between the radiating elements such that
each element in the array has the same environment as the single element by maintaining the same aperture
size. The effect of these surface waves can be shown in Fig 6.18 in the case where one superstrate is used
without cuts. The effects can be observed in the reflection coefficient level. However, the gain
improvement does not cover the whole required frequency band due to the superstrate dielectric resonant
behavior that limits the bandwidth. Accordingly, the gain at 57 GHz and 64 GHz is around 17 dB1, which
leads to low SLL at these frequencies, as shown in Fig 6.19. To overcome the superstrate bandwidth
limitation, two stacked superstrates are used. The second superstrate is inserted between the first
superstrate and the ground plane at a distance of 0.5 A from the ground (metal plate of the MRGW),
as shown in Fig 6.20 in order not to increase the original antenna height, then the whole structure is
optimized to compensate for the effect of the reflected wave and maintain proper impedance matching of

20% and keep high radiation efficiency (more than 82%).

Superstrates RO3010
/ , (0.5mm)
1.5h
- 2 > 0.4\

v —_— S

TN

Figure 6.20 Schematic of the 2 x 2 EM-dipole with two dielectric superstrates and the MRGW.

0.94\

Each superstrate has its impact at a different frequency to boost the gain, and by overlapping the frequency
band of each superstrate, the gain is enhanced over the whole operating frequency band with a maximum

gain of 20.5 dBi at 63GHz, as shown in Fig 6.21.
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Figure 6.21 Simulated S11 and gain from the full-wave using 2 x 2 antenna array with two dielectric superstrates.
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Figure 6.22 Radiation patterns of the 2 x 2 ME-dipole antennas using two dielectric superstrates. All are normalized to the
gain at 64 GHz: (a) E-plane (b) H-plane.
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The radiation patterns using two superstrates are shown in Fig 6.22. It is worth mentioning that the
superstrate suppresses the grating lobe levels in E- and H-plane, and the gain achieved by 2 x 2 is

equivalent to the gain from 4 x 4 array of an aperture area of 4.4 x 4.4 A2 (at 60 GHz) without superstrate.

6.2.3 4 x4 ME-dipole array antenna

The 60 GHz band requires an antenna system with high gain to compensate for the Oxygen absorption.
Using the same ME-dipole element, the 4 x 4 antenna array is designed with a parallel feeding network
along with two superstrates to provide a gain of 8 x 8 elements. The array structure is shown in Fig 6.23.
The aperture area of the 4 x 4 array is defined as 37.4 x 37.4 mm? with 7.6 mm (1.5A at 60 GHz) spacing
between the elements. The whole structure is excited using WR-15 through a transition from the middle
shown in Fig 6.23. The transition provides a differential feeding that can reduce the cross-polarization
dramatically. The dimension of the radiating element is shown in Fig 6.24 after tuning. For the quarter-
wavelength transformers, the length and width of the power dividers are 1.26 and 1.12 mm. However, the

length of the V-shaped junction is 1.17 mm.
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Figure 6.23 Schematic of the 4 x 4 EM-dipole with two dielectric superstrates and the MRGW.
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Two different full-wave analyses are used to verify the simulated results (CST and HFSS). A good
agreement between them is observed. An impedance matching of 16.2% (56.7-66.5GHz) with radiation
efficiency better than 80% is achieved. A stable gain over the operating frequency band with a maximum

of 26 dBi is obtained, as shown in Fig 6.26.
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Figure 6.24 ME dipole antenna dimensions (a = .02 mm, b = 1.1 mm, ¢ = 1.19 mm, e = 0.1 mm, and d = 0.66 mm).
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Figure 6.25 Simulated S11 and gain from the full-wave using 4 X 4 antenna arrays with two dielectric superstrates.

The same gain can be achieved using an 8 x 8 antenna array of the same aperture area without superstrate

ignoring the mutual coupling effect, which, presumably, is significant when the distance between the
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Figure 6.26 Radiation patterns of the 4 x 4 ME-dipole antennas using the two dielectric superstrates: (a) 57 GHz, (b) 60 GHz,
and (c) 64 GHz.

elements are reduced. Therefore, the 8 x 8 array design is more challenging since the spacing between the
elements is less than A. The radiation patterns are shown in Fig 6.26 with first relative sidelobe levels

92



around —12 dB in both E- and H-planes with symmetrical radiation patterns with good agreement between
the CST and HFSS results. Although the spacing between the radiating elements is more than one
wavelength (at 60 GHz), the radiation patterns show low grating lobes, which are mainly suppressed by

the superstrate.

6.3 Short-Range Wireless System based on Monopulse Microstrip
Ridge Gap Waveguide

Monopulse technique can be used for the direction of arrival (DOA) of a signal in communication by
simultaneously comparing the sum and difference of the signal collected from the two ports. It is also
useful in the radar system for target tracking by allocating the target direction. Monopulse technique has
many other potential applications [142]. A highly directional antenna for millimeter-wave technologies
must be used in line-of-sight (LOS) transmissions because the signal in non-LOS consists of the reflected
signals becomes weak. Also, LOS transmissions can be assumed since, for millimeter-wave, the cell
coverage area shrunk in order to reduce the path loss effect. Therefore, finding the direction of the
radiation beam for different millimeter-wave applications is necessary for finding the LOS direction in
point-to-point wireless links. The design for a monopulse comparator is usually complicated and heavy,
especially for low frequency. A lightweight monopulse comparator for K-band using a microstrip structure
was introduced where the radiating elements were placed at the center of the comparator structure, which
is designed using hybrid couplers [143]. However, using this technology, the structure was lossy and
suffered from high surface wave losses and strong mutual coupling. Also, a monopulse comparator
designed based on using hybrid couplers of Substrate Integrated Waveguide (SIW) technology for Ka-
band with slot antenna array can be found [144]. However, the fractional bandwidth was 1.2%, and the
center frequency 29.25 GHz with a radiation efficiency of -2.65dB and a maximum gain of 8.1 dBi for
the sum channel and a null depth better than -27.7 dB for the difference channel. Monopulse comparator
can be implemented using rat-race hybrids and magic tee. Using rat-race hybrids for antenna array has the
disadvantage of having one of the output ports is trapped inside the network. In [145]. A monopulse
compactor was designed using magic tee and ridge gap waveguide technology for W-band with a
fractional bandwidth of 21% at 94 GHz with a gain of 30 dB and maximum null depth of — 38 dB.

Although using the ridge gap has an excellent performance due to the low losses, using Magic tees brings
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complexity to the design. Here, Microstrip Ridge Gap Waveguide (MRGW) is used, providing design
flexibility, especially for array design, without disturbing the EBG structure. The proposed comparator
network covers the frequency band of 57— 66 GHz. It consists of three layers: EBG layer, comparator, and
feeding network layer, and radiation layer. The comparator is a printed circuit that basically contains
hybrid couplers and phase shifters. Then the signal couples from the comparator circuit to the ME-dipoles
radiating elements through slots coupling. Those slots are etched on the metal layer that acts as a common

ground for the MRGW and the ME-diples.
6.3.1 Monopulse components: Hybrid coupler

MIMO technology is used to improve the communication systems by providing orthogonal channels
[131]. The orthogonality at the front end of the radio frequency (RF) can be implemented using a 3dB
hybrid coupler. Different 3dB hybrid coupler structures have been investigated based on the guiding wave
technologies that have been used in the design. For instance, in [146], a 3-10 dB coupler was implemented
using microstrip technology. However, the coupler has an amplitude imbalance of =1 dB across the 3.1—
10.6 GHz band. Besides, using microstrip technologies are providing high losses and low isolation
between the components. In [147], SIW has also been used to design 3dB hybrid couplers at 10 GHz with
15% bandwidth. The coupling magnitude differences, 0.5 dB, and the losses have been reduced by using
an air-filled slab. Also, in [148], a 3 dB hybrid coupler was reported using metallic ridge gap waveguide
technology; the coupled ports were balanced within 0.5 dB over 7% bandwidth. Although the designed
coupler has low loss, self-packing and wideband, the fabrication of the metallic ridge gap waveguide
technology is costly and has a large profile. In [149], a 3dB hybrid coupler is designed using a branch line
coupler that uses quarter-wavelength lines with two different impedances. The coupler is designed to work
at 60 GHz based on MRGW using the metallic pins textured surface to act as an AMC. The coupling
parameters were between -3 and -4 dB within 8.5% bandwidth.

Here, we present a 3dB hybrid coupler using the short-slot coupling concept. The short-slot hybrid coupler
based on MRGW technology can be considered as placing two MRGW side by the side and removing a
section of the center wall (coupling section). The length of the coupling section plays a crucial role in
determining the coupling ratio of the coupler where this length should be greater than Ay/2, where A is the
guided wavelength at the center frequency [150]. However, the propagating mode is not a pure transverse
electromagnetic mode (TEM) but quasi-TEM. The 3 dB hybrid coupler is shown in Fig. 6.27. In the band

of 57-64 GHz, the reflection and isolation between the ports is less than -14 dB. The simulated coupling
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at Port 2 and Port 3 is around 3.9 dB at 61 GHz with an amplitude balance of 0.3 dB over 57-64 GHz

with a nominal phase difference between the output ports of 90° with a maximum variation of 2.5° as in

Fig. 6.28 and Fig. 6.29.

ODooDooooOoOoo
Oo0O0O0O0O0O00O00
Oo0O0O0O0O0o000o0

_—
Port3 Port1

ooano ooa

portal Port 2
OO0 00 OO
OoO0OO0OO0OODOO00

N O I Iy I

Figure 6.27. 3dB hybrid coupler structure.
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Figure 6.28. Simulated MRGW hybrid coupler scattering parameters.
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Figure 6.29. Simulated differential phase characteristics of the MRGW.
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6.3.2 Monopulse components: Hybrid coupler plus delay lines

The monopulse comparator is designed by using the proposed hybrid coupler and the delay lines. Fig. 6.30
shows the configuration of the comparator network. The comparator has three main input ports: Sum (%)
and E-plane differences (AE), and H-plane difference (AH). Port Sum (Z) is when the whole signals at the
output ports are in phase, AE is when the signals at the outputs (O/1 and O/2) are in phase, and 180° out
of phase of (O/3 and O/4), and AH is when the signals at the outputs (O/2 and O/4) are in phase and 180°
out of phase of (O/1 and O/3). For Port 4, the signals at the outputs (O/1 and O/4) are in phase and 180°
out of phase of (O/2 and O/3).
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Figure 6.30. The monopulse comparator structure.
The simulated scattering parameters of the input ports are shown in Fig. 6.31, with a reflection coefficient
better than -14dB over the frequency band 57-64GHz, and isolation between the input port is better than
-17dB. The transmission coefficients have an amplitude balance of £0.65 dB within the frequency band

57-64GHz and a maximum variation of 13°, as shown in Fig. 6.32

For the antenna array, a planar monopulse array antenna is designed such that each output port from the

comparator feeds a subarray of a 4x4 antenna array. The radiating element is ME, which is similar to the
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one used in chapter 3. The structure of the array antenna with the monopulse comparator network is shown
in Fig. 6.33.
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Figure 6.31.Simulated reflection coefficients of the comparator network: (a) mode 1, (b) mode 2, (¢) mode 3 and (d) mode 4.
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Figure 6.33. 8x8 antenna array of the monopulse comparator structure.

For the antenna array, the simulated reflection coefficients of the input ports are below —14 dB over the
frequency band 57-64 GHz, as shown in Fig. 6.34. also, good isolation between the input port can be

observed from the simulated reflection coefficient in Fig. 6.35.
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Figure 6.34. Simulated reflection coefficients of the 8x8 antenna array.
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Figure 6.35. Simulated reflection coefficients of the port isolation of the 8x8 antenna array.

Fig. 6.35 illustrates the technique of the radiating pattern forming when the different input ports are
excited. The (+) means all the elements within the same subarray are in phase, and (-) means all the

elements within the same subarray are in phase and have a 180° phase shift from the adjacent subarray.
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Figure 6.36. Operating mechanism of the 8x8 monopulse array antenna.
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The simulated radiation patterns for the Sum Sum (X), E-plane (AE), and H-plane (AH) are shown in Fig
6.36-6.38 at different frequencies 57, 60, and 64 GHz; the antenna array has good radiation pattern
characteristics, includes low SLL and null in the difference pattern is around 20dB below the maximum
value of the pattern of the sum input port and radiation efficiency more than 64% over the whole frequency
band 57-64GHz and maximum gain for the sum port of 26.3 dB. An unbalanced pattern can be observed

around the null at the higher frequency due to the phase error from the delay lines that have been used for

the phase difference.
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Figure 6.37. Radiation patterns of the 8 x 8 monopulse antenna array at 57GHz.
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Figure 6.38. Radiation patterns of the 8 x 8 monopulse antenna array at 60GHz.
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Figure 6.39. Radiation patterns of the 8 x 8 monopulse antenna array at 64GHz.

6.3.3  Short-range MIMO wireless system
Multiple-Input Multiple-Output (MIMO) is one of the promising solutions to satisfy the high demand for
data rate through improving the channel capacity besides operating at a high-frequency band (mm-wave)
[151]. Therefore, in this work, a short-range MIMO antenna system for a line of sight (LOS) is introduced
at 60 GHz. The MIMO antenna system is based on the comparator, which has four modes, and each mode
corresponds to a radiation pattern that provides four independent channels through pattern orthogonality
[152]- [155]. These channels communicate at the same frequency in the same direction. The proposed
MIMO short-range wireless system is based on two identical array antennas, as shown in Fig. 6.39. These

antenna arrays are fed by a comparator that provides four modes. Each mode communicates directly with

the same mode in the other antenna system.
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Figure 6.40. MIMO system based on 8 x 8 antenna and monopulse.

Although the radiating modes have the same polarization, the decorrelation between them is holding
because of the hybrid coupler used in the comparator. The amount of the transmitted signal between the
same mode (coupling) depends on the distance between the two antenna systems. The coupling at a short
distance (up to 20 cm) is efficient; however, at a far distance (> 60 cm), The coupling between the modes
deteriorates as illustrated in Fig 6.40. It is worth pointing out that we consider the direct coupling between
the same modes, the coupling between the different modes (isolation) is below -20 dB for all modes, and

the high isolation is mainly because of the orthogonality between these modes.
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Figure 6.41. Mode coupling between two MIMO system at: (a) 8 cm, (b) 20 cm, (c¢) 38 cm, and (d) 60 cm.

6.3.4 Channel capacity of monopulse antenna array system

The four radiated modes can form four independent channels that can provide good diversity and increase
the channel capacity for MIMO applications. The channel capacity of the system is the summation of the

channel capacity of each independent mode that can be express as such

4
Cuimo = ) 10g5(1 + SNR|S(447il%) (6.1)

i=1
where SNR is the signal (transmitted power) to the noise at distance d from the transmitter and S+ is
the coupling coefficient for mode i between Tx and Rx antennas. The channel capacity is normalized with
respect to the capacity of mode (1) sine it has the highest coupling coefficient over the distance.

1 10g2(1 + SNR |S(4+i)i|2)

Normalized Cyiyo = log, (1 + SNRISw, ) (6.2)

The normalized channel capacity over a distance d between the two antenna systems is shown in Fig. 6.41
with an SNR equals to 30 dB for mode (1). The normalized channel capacity of the MIMO system is up
to four times the capacity of mode (1) for short distances, which indicate that all the modes participate in

the whole channel capacity, but as the distance increase, the contribution of the mode becomes weak till
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reaching the unity which shows the contribution of mode (1) only. Also, the system has a channel capacity

of 3.5 times the channel capacity of mode (1) with propagation distance up to 35 cm.
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Figure 6.42. Channel capacity of a monopulse MIMO system.
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Chapter 7: CONCLUSIONS AND FUTURE
WORK
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7.1 Conclusions:

MRGW has been used to overcome the drawback of the other guiding structures. MRGW provides good
performance, but the fabrication is costly, especially at 60 GHz, because it requires more accurate
dimensions for the bed of nails as well as for the mushrooms. In terms of cost, using the bed of nails is
more costly compared to the cost of the mushroom bed. However, using the bed of nails provides better
performance. Also, in the case of differential feeding of the antenna array, the waveguide transition is
suited for the input port as it provides perfect differential feeding with the operating band.

Several contributions have been presented. In Chapter 3, an empirical expression has been developed to
analyze and design the MRGW for the propagating quasi-TEM mode [84],[156]. The MRGW support of
the quasi-TEM mode has been imposed by the AMC. These empirical expressions have been generalized
to be used in the case of the air-filled or dielectric-filled gap. The estimation of the characteristic
impedance and the effective dielectric constant has shown good agreement with the full-wave analysis.
Unlike the microstrip line, it has been observed that the MRGW has less dispersive behavior within the
stopband. Moreover, in Chapter 4: a simple and efficient method has been introduced to predict the
performance of large finite arrays using a smaller array that has the same lattice and spacing between the
elements of the large array [157], [158].

Moreover, several contributions are presented in Chapter 4. First, the large antenna array method has been
presented to predict the performance of a large finite array from a small array over a wide bandwidth. The
radiation characteristics of the large array, as well as the effective impedance (active impedance), have
been predicted for the whole array elements without a need for the full-wave analysis within the whole
frequency band and ability to analyze elements failure in the antenna array system [159]. Then, the
frequency dependent effective impedances have been used as terminations to design a corporate feeding
network without a need to use the actual radiating elements. To layout the feeding line in a way that keeps
the feeding network lines at proper distances between each other to reduce their direct interaction, three
different 3-port MRGW power dividers are designed differently from the traditional T-power divider. In
addition, a rectangular waveguide transition to the two output MRGW lines has been designed to provide
a differential output phase power division. Finally, an efficient design procedure of the large finite array
feeding network has been introduced. The procedure is applicable to any feeding network technology. The

procedure has been applied to a microstrip ridge gap waveguide (MRGW) to design an 8 x 8 and 16 x16
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antenna arrays of ME-dipole elements excited by narrow slots to cover the bandwidth of 57— 64 GHz. The
benefit of using this technique in designing a large finite array has tremendously reduced the design time
using a moderate computing resource. In addition, optimization has only been performed on the feeding
network design. In addition, to reducing the optimization parameters, the optimization has been made of
several levels of the feeding network to reduce the optimization parameters to those needed for a 2 x 2
cooperate feeding network. Thus, the use of the commercial full-wave simulation tools, such as CST and

HFSS, in designing large array becomes more efficient and faster.

Chapter 5 has presented a design of an 8 x 8 circularly-polarized antenna array [160]. Optimization has
been used to achieve a wide bandwidth performance. The design is compact with a single-layered
corporate feeding network, and all elements have been directly excited to eliminate the grating lobes and
increase the view range if used in scanning application, unlike those designs that used subarray as elements

of the array that supports grating lobes and limited possible scanning view range.

In Chapter 6, we have provided an 8 x 8 high gain antenna arrays without a backing cavity in the 60 GHz
band with a good radiation pattern. The feed network has been designed using MRGW, which adds
flexibility and compactness to the design structure. Then, we have introduced a high gain wideband 4 x 4
MIMO antenna system to operate in the 60 GHz band [161]. The MIMO antenna system consists of four
subarrays of 8 x 8 elements, and each works independently. The 4 x 4 MIMO antenna system has been
designed for indoor applications that can be used and integrated easily with the other components at the
physical layer for 5G WIFI devices. Lastly, a low-cost, high-efficient, and less complicated antenna array
has been designed using MRGW based on the superstrate layer to increase the gain. Although the spacing
between the elements is larger than a free-space wavelength, the grating lobe level is substantially reduced,
and excellent radiation characteristics have been achieved within the whole operating frequency band.
Moreover, a monopulse antenna array is presented based on the hybrid coupler and delay lines [162], and
the MIMO antenna system based on the monopulse is introduced with promising results to operate for

high data rate short-range wireless systems [163].

7.2 Future Work:

The antenna array design, active/passive components, and integration between these components in a

unique module with good isolation and packaging at the same time are challenging, especially at
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millimeter-wave frequency ranges. MRGW is a low loss technology and provides a high-performance and
flexible design that has massive potential to realize this integration and to overcome the limitations of the
traditional technologies. In Chapter 3, we have introduced empirical design expressions for MRGW that
will enable to design and analysis of components at millimeter-wave frequency bands and will open up
the way to investigate, design, and explore more structures, filters, and other components effortlessly
beside integration of active components into MRGW.

Moreover, in Chapter 4, we investigated and verified the concept of designing the antenna arrays using
the effective input impedance as a load instead of using the physical radiating element that can facilitate
the optimization process by considering the effect of the mutual coupling between the adjacent
components. This concept could unlock the research path to study and design antenna array systems,
including the tapering antenna array, to control the SLL since this technique allows controlling the power
injected into each element. However, it is worth emphasizing that MRGW can be lossy for designing a
large antenna array with mushroom AMC instead of a bed of nails. Besides, as a further step, the
mechanical tolerances can be critical at millimeter-wave frequencies; for this reason, the empirical

expressions can be used for more investigation.
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