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Abstract

The millimetre-wave (mmWave) antenna arrays in traditional designs are usually very com-
plicated, bulky and expensive. They suffer compromised radiation efficiency because of
high insertion loss caused by the intricate feed networks. In addition, the cross polarization
level is degraded, especially for the multibeam antenna arrays. To reduce the complexity
and improve the electric characteristics, it is significant to develop mmWave antenna arrays
with multi-functionality such as dual polarization, cross polarization suppression, beam
switching and power splitting/combining, etc.

In this thesis, four designs of sub-mmWave and mmWave dual polarized antenna arrays
with low complexity, compact size and good electrical performance are proposed. Firstly,
a dual slant polarized cavity-backed slot-coupled patch antenna arrays with modified feed
networks is developed. This antenna array features high XPD, simple structure and low
profile. Then, a dual polarized 2D multibeam shorted-patch antenna array with high XPD
when beams scan to the maximum pointing angles is developed. Differential feed technique
is used to design the multibeam antenna array for the first time. The third design is a dual
polarized frequency-scanning cross slot antenna array realized on a single laminate. To
enable high port isolation and excitation from orthogonal directions, a SIW crossover is
proposed. This antenna array shows advantages in terms of low complexity, high XPD,
high aperture efficiency and wide beam scanning range. A dual polarized slot-coupled
patch antenna array differentially fed by an orthomode transducer is developed in the last
design. The feed networks are taken into consideration of designing the subarray antenna.
The via-loaded crossover is used to enable structure simplification and triple resonance is
excited to improve operation bandwidth. This antenna array features low complexity, high
XPD, high radiation efficiency, high gain and high integration.

In this thesis, the design methods and synthesis procedures are detailed in order to
deliver a comprehensive guide of designing the dual polarized antenna arrays. The design
concept and outcomes of these antenna arrays are evaluated in the high frequency full-
wave solver. All of the antenna arrays are prototyped and measured for validating the
simulations. The measurements are in good agreement with the simulations, evidencing
that the proposed antenna arrays have advantages in terms of high XPD, high aperture
efficiency, high port isolation, low complexity and low profile. The design concepts
depicted in this thesis and the developed antenna arrays could find potential applications in
mobile communication systems and satellite communication systems.
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Chapter 1

Introduction

1.1 Motivation

In the past decade, wireless communications have experienced a rapid growth due to
the advent of applications such as internet-of-things, satellite communications on the
move (SOTM), virtual reality, autonomous vehicles, live streaming, positioning, intelligent
transportation, and smart manufacturing, etc. These applications require the wireless
networks able to provide high channel capacity, multi-functionality and high reliability.
According to the Shannon–Hartley theorem [1, 2], the channel capacity is described as

C =
∫ B

0
log2

[
1+

S( f )
N( f )

]
(1.1)

where B is the operation bandwidth, f is the frequency of carrier waves, S( f ) is the signal
power spectrum and N( f ) is the noise power spectrum. The Shannon–Hartley theorem
states the maximum data rate (bits/second) can be obtained over a wireless channel of a
given operation bandwidth in the presence of Gaussian noise. From (1.1), it is obvious
that the data rate of a single channel can be improved by increasing either the operation
bandwidth B or the signal-to-noise ratio S( f )/N( f ).

Currently, most of the wireless communication systems for civil use are working below
6 GHz since the electromagnetic waves at these frequencies are able to travel over a longer
distance and permeate solid obstacles like buildings better than the waves at the high
frequency spectrum. However, because the frequency spectrum under 6 GHz is highly
congested, it has become increasingly clear and critical to unlock the spectrum at millimetre-
wave(mmWave) frequencies so as to meet the needs of high speed wireless communications.
Since then, mmWave communications have received lots of attention from scientific
communities and industry sectors. According to the International Telecommunication
Union (ITU) designation, the mmWave frequencies are defined as the spectrum band of
the electromagnetic waves from 30–300 GHz [3]. In the past few years, a wide variety of
telecommunication standards have been specified in the mmWave frequency range. For
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example, IEEE 802.16 specifies a frequency range of 10–66 GHz for wireless metropolitan
area network (WMAN) applications [5]. IEEE 802.11ad and IEEE 802.15.3c standards
specify the carrier frequencies 45–66 GHz for wireless personal area networks (WPANs)
[6]. IEEE 802.11ad specifies the 60 GHz frequency band for the next generation of wireless
local area network (WLAN). The mmWave frequencies are also playing an important
role in the fifth generation (5G) mobile networks [7]. The frequency bands such as 26
GHz, 28 GHz, 38 GHz and 60 GHz have been opened up and auctioned for 5G use in
countries like USA, China, South Korea, Japan, UK and other European countries, etc. As
a key enabler for intelligent transportation, 24 GHz and 77 GHz radars have been used in
advanced driver assistance systems (ADASs) to reduce road accidents and the associated
casualties [8]. As can been from these standards, the specified frequencies near the bottom
of the defined mmWave frequency band, namely the sub-millimetre-waves (sub-mmWaves)
from 20 to 30 GHz, have also being allocated to the 5G mobile networks and many other
applications [4]. They also have found their applications in cancer cell detection, electronic
countermeasures and remote sensing due to the high resolution.

As one of key components, the antenna, which couples the electrical connection to
electromagnetic waves, is indispensable in any wireless communication system. The
antenna operating with dual polarization can significantly increase the channel capacity
and system reliability for wireless communications. According to (1.1), the channel
capacity could be doubled for wireless systems equipped with dual polarized antennas. In
addition, the dual polarized wireless systems also show advantages in smaller size, lower
cost, and lighter weight.

In spite of many benefits offered and broad application prospects envisaged in mmWave
frequencies, there are a bunch of of technical challenges and open problems that must be
fully considered and addressed in advance of putting this technology into major deployment.
The major challenges for dual polarized mmWave antenna array design are mainly reflected
in the following aspects:

At first, the mmWave waves experience higher path loss from the atmosphere compared
with the waves at low frequency bands. Thus, to ensure adequate link budget between
the transmitter and the receiver, it is essential that the antenna is capable of delivering
high gain beams to specified directions. This requires that a set of multiple antennas
should operate together as an antenna array. The gain of an antenna array is determined
by antenna element gain, aperture size of the antenna array and transmission loss caused
by the feed networks. It is predicted that the gain increases 3 dB by doubling the number
of antenna elements without considering the loss from the feed networks [218]. In fact, it
is impossible to avoid the loss from feed networks even though laminates with low loss
tangent can be applied in design. For example, the attenuation due to dielectric loss in a
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microstrip line is given as [219]

αd =
k0εr(εr −1) tanδ

2
√

εe(εr −1)
Np/m (1.2)

which indicates that the higher frequency waves will experience more significant atten-
uation. With the increase in the the number of antenna elements, the path length of the
feed networks is increased accordingly, which will result in higher loss for the antenna
system. Thus, it is very likely for a mmWave antenna array that the realized gain will be
reduced even though it has larger number of antenna elements [168, 220, 221]. In mmWave
frequencies, it is critically important to choose the feed networks properly prior to the
antenna array design. Most commonly used in low frequencies, the transmission lines such
as microstrip lines and co-planar waveguides suffer significant loss in mmWave frequen-
cies. Thus, the antenna array fed by these transmission lines has low radiation efficiency,
especially when the antenna array has a large number of elements. The mmWave antennas
have very small physical size, which calls for high integration between the antennas and
the RF front end modules in order to reduce the loss caused by the transmission lines.
In addition, with the increase of directivity, the beamwidth of a single radiation beam
from the antenna array will be narrowed. Thus, the antenna array working at mmWave
frequencies must be equipped with multibeam or beam-switching networks to increase the
signal coverage area in some applications.

Secondly, a wide range of antenna structures are considered not suitable for mmWave
applications under the prerequisites such as compact size, low profile, low cost, high gain
and ease of integration. These antenna structures include horn antennas, log-periodic
antennas, wire dipoles/monopoles, and parabolic reflectors, etc. Besides, it is not practical
to design a mmWave antenna array just by scaling down the dimensions of antenna
arrays working at microwave or RF frequencies. The travelling wave antennas have wide
operation bandwidth, such as long wire antennas, Yagi-Uda antennas, helical antennas and
spiral antennas, etc. However, one of the most disadvantages of these antenna types is that
they usually have very large electric size. In these antennas, unstable radiation beams are
widely observed and the beam pointing angles do not keep constant at different operation
frequencies. Due to the small size of antenna elements, it gives the designer much less
freedom to design the antenna array and include the feed networks in such a small footprint.
Besides, the broadband impedance matching techniques and the methods of extracting
dual polarized waves in low frequency bands can not be used in mmWave bands.

Thirdly, the feed methods used in microwave and RF frequencies cannot be applied
in the mmWave antenna array design. For example, coaxial lines are widely adopted as
the feed structure in the low frequency bands due to its simplicity and ultra wideband
characteristic. However, it brings many problems such as uncontrollable consistency, low
integration, high profile and high cost in mmWave applications. To avoid grating lobes in
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visible space, the separation between the adjacent antenna elements should be designed
in the range of 0.4λ0 −0.7λ0. Thus, the feed networks should have low complexity and
compact size in order to interleave them in between the antenna elements. In dual polarized
mmWave antenna arrays, the design difficulty will be escalated as two sets of feed network
must be included in such a constraint space. Besides, fabrication uncertainties and material
instability also pose a major threat to the performance of mmWave antenna arrays. Because
of this, most of the mmWave antennas are implemented by using low temperature co-fired
ceramics (LTCCs) and printed circuit boards (PCBs) with high accuracy and convenience
of integration. It often requires the designer to keep a tight contact with the antenna
contractors and update the design based on their feedback.

At mmWave frequencies, there are some other factors that also needs to be taken
into account when designing the dual polarized antenna arrays. For example, due to the
compact size of the antenna elements, it is very difficult to arrange the antenna elements
and the feed networks into a small footprint. In addition, the dual polarized antenna needs
two independent feed networks, which may cause feed network congestion. In addition, to
improve the signal-to-noise ratio and anti-interference capability of the wireless systems,
the dual polarized antenna should also work with high cross polarization discrimination
(XPD) and high isolation between the feed ports.

1.2 Aim and objectives

The aim of this thesis is to investigate and develop novel designs of dual polarized mmWave
and sub-mmWave antenna arrays for 5G and satellite communications. The dual polarized
antenna array is a key enabler for these systems in order to increase the channel capacity
and reliability, etc. The structure complexity, loss, XPD, profile and size are particularly
important as they have a major impact on the efficiency, stability, cost, and integration
with the frontends. This thesis is set to address these crucial aspects in sub-mmWave and
mmWave dual polarized antenna arrays. The objectives of this thesis are:

1. Review and compare sub-mmWave and mmWave dual polarized antenna array
architectures, identify a workable dual polarized antenna array structure and the
required key enabling technologies;

2. Review the methodology of designing dual polarized antenna arrays in sub-mmWave
and mmWave frequency bands;

3. Develop and demonstrate a dual slant polarized antenna array for 5G mmWave base
stations;

4. Develop a 2D multibeam antenna array for mmWave 5G indoor communications.
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5. Investigate and develop low complexity feed networks and dual polarized antenna
arrays for 5G and satellite communications.

1.3 Main contributions

In this thesis, the methods of realizing dual polarized antenna arrays are investigated. By
applying these proposed techniques, four highly integrated dual polarized antenna arrays
with high XPD and low complexity are designed for different application scenarios. The
novelty and major contributions of this thesis are listed as follows:

1. Dual slant polarized array antenna with high XPD and low profile

• Using a corner-fed SIW cavity supporting diagonal TE120 and TE210 modes in
the antenna element design to realize high XPD and high port isolation;

• Designing the corner-truncated patches connected by a thin cross strip to realize
dual resonance with good impedance matching;

• Modified feed networks with a grounded patch inserted in each bend to suppress
the side effect caused by discontinuity.

2. Dual polarized differentially fed 2D multibeam array antenna with high XPD and
simple configuration

• New scheme of 2D multibeam antenna array to enable differential feed;

• Using a differentially fed shorted patch as the antenna element to simplify the
configuration and improve the XPD when beams scan off the boresight;

• Employing the power dividers with slanted slots as the differential network to
feed each antenna element;

• Using two Butler Matrices perpendicularly placed with each other in two
different laminate layers to realized 2D beam switching.

3. Dual polarized frequency-controlled array antenna realized on a single laminate

• New architecture to enable the dual polarized antenna array designed on a
single laminate;

• Crossover structure with four metallized vias placed around the cross junction
to achieve high port isolation;

• Subarray antenna designed to exemplify the performance of the dual polarized
antenna element;

• Corporate ten-way power divider to feed the dual polarized antenna array
uniformly.
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4. Dual polarized array antenna differentially fed by an orthomode transducer with low
complexity and high XPD

• New architecture of dual polarized differentially fed antenna array to enable
high port isolation and high XPD;

• Via-loaded crossover structure to achieve high port isolation of the 2× 2-
element subarray antenna;

• Triple resonance excited in the antenna element to improve the operation
bandwidth;

• Planar orthomode transducer to achieve differential excitation for the dual
polarized antenna array.

1.4 Outline of the thesis

In this thesis, four sub-mmWave and mmWave dual polarized antenna arrays are proposed
concerning the suppression of cross polarization levels, simplification of feed networks,
impedance bandwidth improvement, and gain enhancement. The antennas proposed in this
thesis are realized by using SIWs and microstrips so as to achieve low profile, light weight,
small size and low cost. The thesis is organized as follows.

Chapter 1 briefly introduces the motivation for leading the research and main contribu-
tions of this thesis. In addition, the achievements and publications during my postgraduate
research are also summarized in this chapter.

Chapter 2 gives the background and significance of sub-mmWave and mmWave dual-
polarized antenna arrays. Then, the methodology for analysis of dual polarized antennas
are discussed. Finally, the state of the art in dual polarized sub-mmWave and mmWave
antenna arrays are comprehensively reviewed.

Chapter 3 presents the design of the mmWave dual slant polarized cavity-backed
slot-coupled patch antenna array. The working mechanism are synthesised thoroughly.
The role of the corner-fed SIW cavity supporting diagonal TE120 and TE120 is discussed.
Then, impedance bandwidth improvement caused by the cross strip connecting the corner-
truncated patches is given. The design method, optimization and validation of the feed
networks are discussed in detail. The measured results and tolerance analysis are presented
at last.

Chapter 4 gives the design method for realizing differentially fed dual polarized 2D
multibeam antenna array. The design and working principle of the cavity-backed shorted
patch are discussed at first. Then, the overall configuration followed by the component
designs is presented. The fabrication prototype and the measured results are discussed in
the last section.
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Chapter 5 gives the design method for realizing dual polarized frequency-scanning
antenna array on a single laminate. The role of the designed crossover structure is discussed
in detail. Then, parameter studies are carried out to have a better understanding of the
working principle of the designed dual polarized antenna element. A subarray antenna
is designed to exemplify the antenna element performance in the antenna array. The
fabrication and measured results of this antenna array are presented at last.

Chapter 6 presents the design of the dual polarized antenna array differentially fed
by an orthomode transducer with low complexity and high XPD. The architecture of
realizing such an antenna array is given at first. Then, the role and working principle of the
via-loaded crossover structure are discussed. Triple resonance introduced in the antenna
element to improve the bandwidth is synthesised thoroughly. The overall configuration
and three key components are then presented and discussed in detail. In the last section,
the measured results and comparison with other reported works are given.

Chapter 7 gives a conclusion remark of this thesis. A brief summary of the features
and technical contributions of the proposed dual polarized antenna arrays is then presented.
The discussion of future work is given at last.



Chapter 2

Overview of Dual Polarized
Millimetre-Wave Antenna Arrays

2.1 Background

Wireless communications are expected to deliver faster and better broadband in applications
such as transport, medical care, warehousing and storage, construction, manufacturing,
broadcasting, agriculture and environment, etc. Advanced antenna technologies, such as
massive and full dimensional MIMO (multiple-input and multiple-output), mmWave tech-
nology, and carrier aggregation (CA) are considered as key approaches of enabling these
applications. Thus, in order to tailor to the needs, antennas should be designed as actively
driven dense antenna arrays with high integration, low cost, small size, multi-functionality
such as dual polarization, beam switching, duplexing, filtering and reconfigurability, etc.

As one of key techniques widely used in modern wireless networks, dual polarized
antennas can offer two orthogonal channels over the same carrier frequency. There are
many practical applications of dual polarized antennas, including but not limited to the
following aspects. 1) Frequency reuse. It was theoretically proved that a dual polarized
antenna system introduces no interference and allows the two orthogonal data streams to
be duplexed and de-duplexed independently without distortion [9–12]. This concept can be
traced back to the cross polarization definition proposed by Arthur C. Ludwig in 1973 [13].
In addition, the channel capacity in a dual polarized wireless system is nearly doubled
compared with that of a single polarized wireless system. 2) Integrated transceivers.
Integration between the transmitter and the receiver is enabled to realize self-duplexing in a
dual polarized antenna system because the orthogonal components usually share the same
radiation aperture. It has been demonstrated in [14–17] that the antennas operate with
self-duplexing for satellite communications. The integrated transceiver also finds its use in
short range communications and radar systems for full duplexing [18–22]. 3) Polarization
diversity. A wide variety of problems are raised particularly when wireless systems operate
in urban environment, such as multipath effect, high interference, significant obstacle,
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and severe shadowing, etc [23, 24]. However, these effects are significantly mitigated
by introducing polarization diversity as it enables the wireless system to be immune
from polarization mismatching and show strong resistance to the arbitrary placement of
transmitting or receiving antennas [25–28]. 4) Polarization agility [29–32]. For example,
the dual linearly polarized antenna can operate with either vertical polarization (VP) or
horizontal polarization (HP) by utilizing passive or active switches. Meanwhile, it can also
work as a dual circularly polarized antenna by imposing 90◦ and −90◦ phase variation
between the excitation ports [33, 34]. 5) Sensitivity improvement. It is very commonly
seen in the applications of synthetic aperture radars (SARs) and satellite communications.
For example, a wideband dual-polarized patch antenna where the isolation between two
orthogonal channels is higher than 25 dB was proposed in [35]. In [36, 37], different dual
polarized patch antennas working at multiple bands were proposed for SAR applications.
Dual circularly polarized antenna arrays and reflectarrays have been employed in the small
satellites launched by ESA and NASA to achieve high system sensitivity[38, 39].

Even though dual polarized antennas have gained much popularity among the industry
sectors and academic communities since they offer a broad range of benefits for modern
wireless networks, their applications in mmWave frequency bands still have a long way to
go as many problems related to this topic remain unsolved. Currently, most of research
activities on dual polarized mmWave antenna arrays are concentrated on traditional patch
[40–43] and slot antennas [44–47]. However, these antenna arrays usually have low XPD
and unstable radiation patterns. Another important issue to be concerned with is that
high complexity is extensively found in dual polarized antenna arrays. This is because
each polarization excitation requires an independent feed network. To avoid congestion,
the feed networks for exciting different polarizations are usually designed in different
laminate layers. This arrangement will ramp up the integration difficulty and also introduce
significant loss caused by the feed networks, thus deteriorating the overall performance of
the antenna system, especially when antenna arrays operate at mmWave frequency bands.
To overcome these problems, a hybrid design concept that enables the feed networks to be
fully incorporated in the design of the dual polarized antenna array has been developed
in the past few years [48]. Compared with traditional designs of dual polarized antenna
arrays, the hybrid design shows the following advantages:

• reduced complexity

• higher integration

• lower loss and higher efficiency

• higher XPD

• smaller size

• lower cost

In mmWave applications, the fabrication tolerance also plays an important role in
antenna performance due to its small size. The fabrication technologies applicable for
mmWave antennas are PCB, LTCC [49], antenna on chip (AoC)/antenna in package (AiP)
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[50], computer numerical control (CNC) [51] and 3D printing [52], etc. In the frequency
band 20–110 GHz, the PCB and LTCC processing technology are two of most important
approaches in prototyping mmWave antennas because they enable the antennas to have
low profile, low cost, small size and high integration with RF front ends. Patch antennas
fed with microstrip lines are very commonly seen in the antenna arrays working below the
K band frequencies due to the ease of fabrication and their conformability. However, they
suffer significant surface waves and high loss at mmWave frequency bands. Compared
with patch antennas fed with microstrip lines, the slotted waveguides can be considered as a
more favourable candidate for mmWave applications thanks to their low dielectric loss and
neglectable wave leakage. The downsides of traditional rectangular waveguides are bulky,
high profile, high difficulty in fabrication and integration. Obviously, these negative factors
make the waveguide-based antennas not suitable for large scale applications. To overcome
these side effects, the waveguide-based antenna reported in [53] was implemented by using
diffusion boding technology. However, the fabrication of these antennas are overpriced and
low efficiency, and it cannot be easily applied to antennas with multiple laminate layers
as well. In the past two decades, a versatile structure known as the substrate integrated
waveguide (SIW) or laminated waveguide has become a research hotspot as it inherits the
advantages of traditional waveguides and can be easily integrated with other planar circuits
by using the same fabrication technology. The fundamental principles and transmission
characteristics of the SIW structure can be found in massive publications [54–57]. A wide
variety of antennas, filters, couplers, power splitters, oscillators and mixers are designed
by using SIWs.

[S]
#1 #2

[S]
#1

#2

#3 (polarization A)

#4 (polarization B)

(a) (b)

Fig. 2.1 Network representation of (a) antenna with single polarization, and (b) antenna
with dual polarization.

2.2 Methodology for analysis of dual polarized antennas

In the design of microwave components and antennas, it is usually very useful to carry out
network analysis so as to characterize their performance. The network representation of
an antenna with single polarization is shown in Fig. 2.1(a) where port #1 is the interface
between the antenna and the receiver or transmitter, and port #2 represents free space.
Thus, S11 is the reflection coefficient of the antenna. The dual polarized antenna can be
considered as a four-port network, as shown in Fig. 2.1(b). In this network, ports #1 and
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#2 are the feed ports for exciting polarization A and B, respectively. S11 and S22 are the
reflection coefficients. S21 and S12 represent the coupling coefficients between port #1
and #2. For a dual linearly polarized antenna, S41 and S32 can be used to characterize the
cross polarization levels, and they represent axial ratio (AR) for a dual circularly polarized
antenna. In general, low cross polarization levels, high return loss and high port isolation
should be achieved in a dual polarized antenna.

x x x

xxx

y yy

y y y

zzz

z z z

(a) (b) (c)

coî coî coî

crossî crossî crossî

Fig. 2.2 Ludwig’s definitions of co-polarization and cross polarization. (a) Definition I. (b)
Definition II. (c) Definition III.

As mentioned, the cross polarization level of a dual polarized antenna can be obtained
by resorting to the network analysis. In general, the cross polarization is defined as
the polarization that is orthogonal to the co-polarization or reference polarization. This
definition can only be applied to define the circular polarization, and obviously it is
not correct to characterize the linear and elliptical polarization. In view of this, A. C.
Ludwig proposed three definitions on the cross polarization and co-polarization which are
illustrated in Fig. 2.2 [13]. Eqs. (2.1)–(2.3) present the these definitions with formulas.

Definition I: The unit vector directions of cross-polarization and co-polarization agree
with the unit vectors of the Cartesian coordinate. The vector of electric fields is projected
to the îx and îy vectors located in the aperture plane.

î (1)
co = îy = sinθ sinφ îr + cosθ sinφ îθ + cosφ îφ , (2.1a)

î (1)
cross = îx = sinθ cosφ îr + cosθ cosφ îθ − sinφ îφ , (2.1b)

Definition II: The vectors îθ and îφ are used to denote the unit vector directions of
cross polarization and co-polarization, respectively. The cross polarized and co-polarized
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field vectors coincide with the unit vectors îθ and îφ in the antenna with perfect linear
polarization.

î (2)
co = îθ =

1√
1− sin2

θ sin2
φ

[
−sin2

θ sinφ cosφ îx+ (2.2a)

(
1− sin2

θ sin2
φ
)

îy − sinθ cosθ sinφ îz
]
,

î (2)
cross =−îφ =

cosθ îx − sinθ cosφ îz√
1− sin2

θ sin2
φ

, (2.2b)

Definition III: In this definition, the unit vectors of the cross polarization and co-
polarization is obtained by rotating the unit vectors îθ and îφ with respect to the radial
direction by the angle φ .

î (3)
co = cosθ sinφ îθ + cosφ îφ =− (1− cosθ)sinφ cosφ îx+ (2.3a)[

1− sin2
φ((1− cosθ)

]
îy − sinθ sinφ ,

î (3)
cross = cosφ îθ − sinφ îφ =

[
1− cos2

φ (1− cosθ)
]

îx− (2.3b)

(1− cosθ)sinφ cosφ îy − sinθ cosφ îz.

It is obvious that the first definition cannot represent the far field radiation patterns of an
antenna because the far field vectors coincide with the tangential directions of the spherical
coordinate system. However, this definition can be used to confirm the polarization state
of a source and near fields. In the second and third definitions, the unit vectors of cross
polarization and co-polarization are parallel with the tangential directions of the spherical
coordinate system. Thus, they can be used to well represent the far field radiation patterns
of the antennas.

2.3 State of the art in dual polarized mmWave antenna
arrays

2.3.1 Dual slant polarized antenna arrays

It has been theoretically and experimentally proved that ±45◦ dual slant polarized antennas
show advantages over HP/VP antennas [58]. For ±45◦ dual slant polarized antenna
systems, the mean signal strength received by the two orthogonally polarized antennas
is almost identical. However, the received signal levels in HP/VP antenna systems show
remarkable disparity. Thus, ±45◦ dual slant polarized antennas can deliver better results
in many application scenarios.
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(a)

(b)

(c)

Fig. 2.3 Architecture of different dual slant polarized antenna arrays. (a) Separated aperture.
(b) Interleaved aperture. (c) Shared aperture.

In the past twenty years, major scientific attention has been focused on ±45◦ dual slant
polarized antennas working at microwave and RF applications, such as 2G/3G/4G/5G
(sub-6 GHz) base stations [59–66]. With recognisability such as large bandwidth, high
directivity and compactness size of antennas, the mmWave technology has attracted wide
interest from the industry sectors and scientific communities, as it is a key enabler to meet
the capacity requirement of delivering high data rate for future wireless communications.
Most reported works related to slant polarized antennas for mmWave applications are
only able to operate with a single polarization [67–74]. Even though the ±45◦ dual slant
polarized mmWave antenna array shows great potential in future wireless communications,
it has not yet been fully explored as a limited number of works have been reported on
this topic. From these reported works, the ±45◦ dual slant polarized mmWave antenna
arrays can be divided into three categories: separated aperture [40, 75] [see Fig. 2.3(a)],
interleaved aperture [76, 77] [see Fig. 2.3(b)] and shared aperture [78] [see Fig. 2.3(c)].
The first two types of antenna arrays play a dominant role in the research of ±45◦ dual
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slant polarized mmWave antenna arrays. For dual polarized antenna arrays with separated
and interleaved aperture, the orthogonally polarized waves are received and transmitted by
different antenna elements, whereas in the dual polarized with shared aperture the orthogo-
nally polarized waves are received and transmitted by a same antenna element. Apparently,
the first two types of dual slant polarized antenna arrays have simple configuration and
they can be easily implemented at mmWave frequencies. However, the drawbacks of these
antenna arrays are also significant, such as large size, low aperture efficiency and increased
cross polarization level. In addition, to avoid grating lobes, the antenna elements in these
antenna arrays must have very small size, resulting in very narrow bandwidth. In some
applications, dual slant polarized antenna array with interleaved aperture can be designed
to work in dual frequency band, where the antenna elements working at the high frequency
are located in between the low band antenna elements [47, 79–81].

Dual slant polarized antenna arrays with shared aperture can realize polarization
diversity in a true sense. In general, dual polarized antenna arrays with shared aperture are
composed of shared aperture dual polarized antenna elements and two sets of feed networks.
The feed networks extract orthogonally polarized waves from the shared aperture dual
polarized antenna elements when they work with the receiving mode. In the transmitting
mode, the feed networks deliver guided waves to the dual slant polarized antenna elements
for exciting orthogonally polarized radiation fields. In most of shared aperture dual
slant polarized antenna array designs, the geometric shape of antenna elements is usually
symmetric, such as square, circle, ring and hexagon, etc. In [78], a 60 GHz shared aperture
±45◦ dual slant polarized antenna was designed by using LTCC to realize high gain,
but this antenna is very bulky (aperture size ≈ 2.4λ0 ×2.4λ0), making it not suitable for
antenna array design in consideration of grating lobes. For sub-6 GHz applications, a large
percentage of ±45◦ dual slant polarized antennas are evolved from the basic cross dipole
thanks to its broad bandwidth, low cross polarization level and wide scanning angle [59–
66]. However, these antennas cannot be scaled up and directly applied to mmWave antenna
design because of high profile (≈ λ/4) and difficulty in designing the feed structures at
mmWave frequencies. All of these aforementioned antennas cannot fulfil the requirements
of dual slant polarization, low cross polarization level, compact size, simple structure and
low profile simultaneously.

2.3.2 Dual polarized 2D multibeam antenna arrays

To broaden beam coverage and increase spatial diversity, the antenna systems capable
of beam scanning are widely required in modern wireless communications. Currently,
beam scanning for antenna arrays can be roughly divided into two categories: mechanical
scanning and electrical scanning. Mechanical scanning antenna arrays have been served
as an important role of direction finding in radar systems for years [82–86]. The term
mechanical scanning refers to changing of the beam pointing angle by mechanical rotation
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or varying the physical position of the antenna aperture by electric motors. Mechanical
scanning antennas have relatively low cost and high beam pointing accuracy. In addition,
the gain and SLL of mechanical scanning antennas keep constant at different beam scanning
angles. However, mechanical scanning antennas also have many disadvantages, such as
limited speed of scanning, large size, mechanical vibrations and mechanical failure brought
by fatigue and wearing of moving parts, making them unsuitable for many application
scenarios such as fast tracking and indoor communications, etc. In contrast, electrical
scanning antenna arrays have gained more and more popularity in the past decade thanks to
the fast beam switching capability and small size [87–90]. They bring many benefits for the
wireless systems expected to realize flexible detecting and tracking, fast interception, and
high data rate transmission. Different from the mechanical scanning systems, the electrical
scanning system can also achieve hopping beams and enable time-division multiplexing
to increase the channel capacity. Thus, electrical scanning antenna systems have become
central in modern radar and wireless communications such as 5G/6G base stations, SOTM
and ADAS, etc.

So far, electrical scanning has been realized in phased antenna arrays and multibeam an-
tenna arrays. For the phased antenna array, it has high adaptivity and high anti-interference
capability, thus it enables multi-object targeting and multifunction operation [91–95].
However, the versatility achieved in phased antenna arrays is at the expense of high cost
(expensive T/R modules), high complexity and high power consumption [95]. In contrast,
electrical scanning achieved by using passive multibeam networks has much lower cost,
wider operation bandwidth, and higher design flexibility. Multibeam antenna arrays have
been widely deployed in civil and commercial uses. Generally speaking, passive multibeam
networks are categorized with three groups: circuit-based multibeam networks [96–107],
quasi-optical lenses[108–124] and reflectors [125–131]. For the first group, it includes
Butler Matrices [96–102], Blass Matrices [103, 104], Nolen Matrices [105–107], etc. They
are usually designed by using passive components such as phase shifters, hybrid couplers,
crossovers and magic-Ts, etc. For the second group, the most representative designs are
Rotman Lenses [108–111], R-KR Lenses [112, 113], geodesic lens [114–116], Luneburg
Lens [117–120], dielectric lens [121–124]. Compared with quasi-optical lens and reflector
antennas, scanning antenna arrays designed by using circuit-based multibeam networks
have lower cost and much smaller size. Thus, they are more preferable in the wireless
system that requires miniaturization and high integration.

In many applications, scenarios such as pico or femto base stations in 5G mmWave
communications, the multibeam array antenna should operate with dual polarization and
be equipped with 2D beam scanning capability in order to improve spatial diversity and
further increase the channel capacity. 2D beam scanning is also required in automotive
radars and inter-satellite links. In addition, to enhance the SNR and minimize the channel
interference, the 2D multibeam antenna array with dual polarization should have high
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XPD and good isolations between channel ports for different polarizations. The passive
multibeam networks for 2D beam scanning antenna arrays are designed by employing
the cross-connected Butler Matrices [100–102] or Rotman Lenses [110, 111] in many
cases. However, the drawbacks of these designs are low integration, high insertion loss,
and bulky size. In general, the slot and patch antennas, ME dipoles are most commonly
used to design a mmWave multibeam antenna array due to their simple configuration and
high integration [132–137]. However, it is found from the reported works that these dual
polarized antenna elements are not applied in 2D multibeam antenna arrays because they
cannot be integrated with the feed networks. Therefore, most of the 2D multibeam array
antennas can only operate with a single polarization. In addition, when the beam is steered
off the boresight, the cross polarization level for a 2D multibeam array antenna is usually
not lower than –15 dB. In some cases, the cross polarization level is even worse, which
is around –10 dB when beam scans off the boresight [137]. This is because, for example,
if the radiated waves from an antenna element are only HP at the boresight the antenna
element will generate VP components when the beam scans away from the boresight,
causing the antenna array an increased cross polarization level. Thus, how to design a 2D
multibeam antenna array with high XPD, low complexity and high integration is still an
open problem that remains unsolved.

2.3.3 Dual polarized frequency-scanning antenna arrays

As one of travelling wave antennas, the frequency-scanning antenna has been a research
hotspot and its application has been extended to microwaves and mmWaves since it made
a debut in 1940 by W. W. Hansen [138]. Compared with the standing wave antennas,
the frequency-scanning antennas show advantages in terms of wide operation bandwidth,
flexible beam scanning ability and good directional radiation performance [139–142].
Thus, they are very commonly used in air-borne conformal imaging radars and target
location applications [143]. In addition, they are also deployed in enclosed buildings or
tunnels to enhance the signal coverage area for mobile users and devices [144].

In general, the frequency-scanning antennas can be realized with structures like rectan-
gular waveguides, circular waveguides and ridged waveguides which enable the antennas
with high mechanical rigidity, high power capacity and low loss [145–147]. However, this
kind of antennas are very bulky, heavy and expensive. In addition, it is quite challenging
to integrate them with the RF front ends. Thus, they cannot be applied in applications
that require small size, low profile and high integration. To satisfy these requirements,
the planar frequency-scanning antennas designed by using microstrip lines, co-planar
waveguides, slot lines have become more and more popular in recently years due to their
low profile, light weight, ease of integration and high performance [148–156]. However,
surface waves, which would significantly degrade the radiation patterns and radiation
efficiency, would be excited in the frequency-scanning antennas designed by using these
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structures. Besides that, these antennas have high loss and low efficiency in sub-mmWave
and mmWave frequencies. To overcome these problems, SIWs have emerged which in-
herit the advantages of both the rectangular waveguides and the planar structures such as
microstrip lines [157]. Thus, the frequency-scanning antennas designed by using SIWs
have low loss, low profile, and light weight. In addition, high integration between the
frequency-scanning antennas and the RF front end can be achieved. Due to the enclosed
structure, the SIW frequency-scanning antennas can also prevent surface waves from
propagation.

The frequency-scanning performance can be affected by many factors, such as antenna
configuration, filled dielectric material, operation frequency and guided wave modes. The
traditional designs related to frequency-scanning antennas do not function well in terms of
beam scanning performance. For example, the uniform frequency-scanning antenna arrays
are only able to direct beams into the first quadrant [142]. The uniform frequency-scanning
antenna arrays with periodic perturbation are able to achieve backward radiation, but
unfortunately they cannot realize broadside radiation [158–162]. The frequency-scanning
antenna array reported in [163, 164] suffer low aperture efficiency and low XPD, although
they can operate with dual polarization and be realized on a single substrate. This is
because the orthogonal polarized antenna elements in these designs are interleaved in
different rows. The antenna array in [165] has very limited frequency-scanning range
which is less than 18°. The linear antenna arrays reported in [166, 167] have relatively
wide frequency-scanning range. However, they are only able to operate with a single
polarization and cannot be applied to planar antenna arrays. In addition, they must be
implemented with multiple laminates. All the reported works cannot fulfil the requirements
of dual polarization, wide frequency scanning range, high XPD, high aperture efficiency,
simple configuration and high integration, simultaneously.

2.3.4 Dual polarized antenna arrays with high gain and high integra-
tion

As well-known, with the increase of operation frequency, dielectric loss, metallic loss
and path loss will be escalated consequently. The antennas working at sub-mmWave
and mmWave frequency bands face challenges on high loss, high cost, low radiation
efficiency, and severe wave leakage from feed networks. In sub-mmWave and mmWave
frequencies, the complexity and loss from feed networks will be escalated considerably
with the increase of antenna elements [168–170]. Thus, it is very likely that the antenna
gain keeps unchanged or even decreases with the increase of the number of antenna
elements.

In some applications such as mobile devices or space borne communication systems,
the antenna array must be highly integrated with the feed networks in order to achieve
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low loss, small size, light weight, and low cost. Most traditional designs are unable
to seamlessly integrate with the feed networks because of constraint space in mmWave
frequencies [171–175]. In addition, the traditional designs related to mmWave dual
polarized antenna arrays having a large number antenna elements are usually complicated
in configuration. This is because to excite dual polarization the antenna array should be
equipped with two feed networks that can work independently. To avoid congestion of the
two feed networks, currently there are two different solutions reported in literature. In the
first solution [43, 117, 176–180], the feed networks are designed to interleave between
the antenna elements of the dual polarized antenna array. For this solution, the antenna
array can be integrated with the feed networks and realized by using a single laminate.
However, it is obvious that the antenna arrays designed from this solution have large size
or low aperture efficiency. This kind of antenna arrays also suffer severe cross polarization
radiation due to strong coupling occurring between the linear antenna arrays. Besides,
another drawback brought by this solution is that grating lobes may appear in visible space.

In the second solution, the antenna array aperture together with the feed networks
for exciting orthogonal polarization states are implemented on different laminate layers
[181–184]. The dual polarized antenna array with metallic rectangular waveguides realized
from this solution have gained much popularity due to low loss, high power handling
capacity and good self-consistent electrical shielding performance [45, 48, 177, 185]. In
the reported works, rectangular waveguides acting as the feed networks have two different
forms: full corporate and series-corporate. Antenna arrays excited by full corporate
rectangular waveguides can operate in a wide bandwidth, while antenna arrays having
series-corporate hybrid feed networks have less complexity and smaller size. However,
the disadvantages of antenna arrays realized with rectangular waveguides are large size,
high profile, high prototyping cost, and high difficulty in integrating with the RF front
ends. In the past two decades, considerable attention has been attracted to SIWs since they
combines the advantages of the rectangular waveguide and planar structures like microstrip
lines and striplines [186–189]. Thus, antenna arrays realized with SIWs can be completely
integrated with planar RF circuits by using the PCB processing technology. Much like the
dual polarized antenna arrays realized with rectangular waveguides, traditional SIW dual
polarized antenna arrays are implemented with their feed networks for exciting different
polarization in different laminate layers. As a consequence, these dual polarized antenna
arrays have very high complexity and significant loss at sub-mmWave and mmWave
frequency bands. In addition, high complexity could result in impedance mismatching, high
realization difficulty, high cost and high fabrication error. The dual polarized antenna array
realized by using parallel-plate waveguides is considered as another effective approach
of lowering the design complexity [190, 191]. However, these antenna arrays suffer low
XPD and have very narrow operation bandwidth. In view of these facts, how to design
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a mmWave antenna array with high gain, high integration, low loss, low cost and high
efficiency is currently a research hotspot.

2.4 Feed techniques

In mmWave frequencies, limited by the space and fabrication tolerance, it is quite challeng-
ing to design a shared aperture dual polarized antenna array fully integrated with the feed
networks. According to the reported designs, the feed techniques applicable for mmWave
shared aperture dual polarized antenna arrays can be divided into three categories: 1)
orthogonal feeds designed on the same layer [192–204], 2) orthogonal feeds designed on
different layers [205–210], and 3) orthomode transducer [211–215].

(a) (b)

Fig. 2.4 Dual polarized patch antenna with different feed structures. (a) Simple feed. (b)
Differential feed [192].

To realize dual polarization, orthogonal feeds designed on the same layer are frequently
used in patch antennas fed with microstrip lines because of their compactness. Two classic
patch antenna designs with orthogonal feeds designed on the same layer are illustrated in
Fig. 2.4 [192–196]. In Fig. 2.4(a), the microstrip lines are placed beneath two neighbouring
edges of the patch antenna. Two slots are etched on the ground plane, which enable the
standing waves on the microstrip lines to excite the patch for dual polarization. This shared
aperture dual polarized patch antenna has very simple configuration, but it suffers low port
isolation due to strong orthogonal coupling. The bandwidth of this antenna is quite narrow
because the slots are positioned near the edges of the patch to avoid congestion. Thus, to
increase the bandwidth, one helpful solution is by adopting the stacked patches where each
patch is expected to create a independent resonance frequency. When these resonances
are close enough, the operation bandwidth can be expanded as a result. An evolved feed
scheme that uses differential feed for one of the polarizations is shown in Fig. 2.4(b). Two
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parallel slots are etched on the ground plane beneath the patch antenna for the vertical
polarization. Since the two slots are fed by the microstrip lines from opposite direction,
they are out of phase with each other in structure. Thus, to compensate the 180◦ phase for
the vertical orientation, it is natural that a balun should be used to connect the two vertical
feed lines. This differential feed scheme brings many beneficial results regarding to the
antenna performance, such as significantly improved XPD and isolation between the two
feed ports. However, the antenna based on this feed scheme has large physical size and it
is difficult to extend it into the design of planar antenna arrays. To reduce back radiation or
improve front-to-back ratio (FBR) caused by the coupling slots in the feed schemes shown
in Fig. 2.4, the metallic probes can be used to replace these slots [197–200]. Alternatively,
the patch antenna directly fed by the microstrip lines in the same layer is also widely used
in dual polarized mmWave antenna designs [201, 202]. However, this approach suffers
two significant disadvantages: very narrow bandwidth and spurious radiation from the
microstrip lines.

Fig. 2.5 Dual polarized patch antenna fed by microstrip lines designed on different laminate
layers [205].

As to the orthogonal feeds designed on different layers, it can be found in many shared
aperture dual polarized antenna designs using microstrips, SIWs and waveguides. In these
designs, to reduce the coupling between the feed ports, the feed structures are separated in
different layers and they are orthogonal to each other in geometry. As shown in Fig. 2.5, the
square patch antenna is driven by the two orthogonal feed lines through a cross slot etched
in the ground plane [205, 206]. The feed lines actually is a 50 to 100 Ω T-shaped power
divider, which is used to enhance the operation bandwidth and suppress the differential
mode radiation. To achieve symmetrical radiation patterns, the feed lines, cross slot and
square patch are placed symmetrically. In this structure, because the feed lines for VP
is more distant from the square patch, a slight difference will be observed between the
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Fig. 2.6 Dual polarized patch antenna fed by SIWs designed on different laminate
layers [207].

responses from the two feeds. Fig. 2.6 shows orthogonal feeds designed on different layers
by using SIWs or waveguide [177, 186, 187, 207–210]. Similarly, the square patch antenna
placed on the top is fed by a cross slot etched in the ground plane. The feed structures
are constructed by a shorted-end SIW. The shorted-end section is about λ/4 away from
the slots. In this structure, the slot for coupling the signals in the SIW of Sub-3 is located
right along the centre line of the SIW of Sub-2. Therefore, high isolation between the two
feed ports for HP and VP can be obtained. The antenna with orthogonal feeds designed
on different layers can achieve wide bandwidth and high port isolation, but it should be
implemented by using multiple laminates and thus has very high complexity.

The orthomode transducer, also known as the polarisation duplexer, is often used to
combine or to split two orthogonally polarized waves received by or transmitted from a
differentially fed dual polarized antenna [216, 217]. In addition, it can be also found in horn
antenna design where it isolates orthogonally polarized waves or to transmit signals from
different feed ports [211–215]. Fig. 2.7 shows the typical structure of a turnstile junction
orthomode transducer. It has a square or circular feed port and four rectangular waveguide
ports which are followed by the feed ports of an antenna. Due to its highly symmetrical
structure, the orthomode transducer exhibits high isolation, and the antenna fed by an
orthomode transducer has low cross polarization levels. Any potential asymmetries of the
orthomode transducer resulted from fabrication uncertainties should be managed so as to
maintain high isolation between the orthogonal ports. The orthomode transducer designed
by using waveguide has high power handling capacity, but it has high profile and large size,
thus it cannot fully integrated with the planar front end circuits.
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Fig. 2.7 Turnstile junction orthomode transducer [216].

2.5 Summary

In this chapter, the background and design methodology of dual polarized mmWave
antenna arrays are introduced at first. Then, the state of the art in dual polarized mmWave
antenna arrays is presented. At last, the feed techniques that have been used in designing
dual polarized mmWave antenna arrays are detailed.



Chapter 3

Dual Slant Polarized Cavity-Backed
Slot-Coupled Patch Antenna Array

In some application scenarios such as base stations, the antenna with dual slant ±45°
polarization is highly required. The microstrip antenna, due to its low profile, light weight
and ease of fabrication, has been widely used in wireless communication systems. In this
chapter, a mmWave ±45◦ dual slant polarized cavity-backed slot-coupled patch antenna
array with low cross polarization level, low profile and simple structure is presented.
To exemplify the performance of the proposed antenna element, a 2× 8 antenna array
using the designed antenna element is prototyped and tested. The experiment shows that
the designed antenna array has good performance in terms of operation bandwidth, port
isolation, realized gain, cross polarization level, and aperture efficiency.

3.1 Cavity-backed slot-coupled patch antenna

In this section, a new design is explored to improve the XPD and the operation bandwidth
of the patch antenna. In conventional mmWave slot-coupled patch antenna designs, the
patch antenna is driven by a microstrip line through a slot etched on the ground plane,
which results in low XPD and high back radiation [193]. In this design, an SIW cavity
supporting diagonal TE120 and TE210 modes are employed to fed the patch antenna through
a cross slot etched over the cavity. Due to the orthogonality between the TE120 and TE210

modes, high XPD is achieved in the proposed antenna. To demonstrate the characteristics
of the cavity supporting the diagonal TE120 and TE210 modes, two reference cavity-backed
slot antennas are also investigated in this s ection. In addition, this section will also
discuss how the thin strip connecting the patches affects the resonance characteristics of
the antenna.
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(a)

(b) (c) (d)

Fig. 3.1 Configuration of the cavity-backed slot-coupled patch antenna with ±45◦ dual
slant polarization. (a) Exploded view. (b) Radiating patch. (c) Cross slot on the ground.
(d) SIW cavity.

3.1.1 Configuration of antenna element

Fig. 3.1 shows configuration of the proposed cavity-backed slot-coupled patch antenna.
The antenna is designed with two stacked laminates. The radiating patch is printed on
the top layer of laminate Sub-1, whereas the feed lines are printed on the bottom layer
of laminate Sub-2. In fact, the radiating patch consists of four corner-truncated patches
connected by a thin cross strip at the centre. The metallized vias of the SIW cavity are
plated in laminate Sub-2, and the SIW cavity is excited at two neighbouring corners for
dual slant polarization. The radiating patch, SIW cavity and feed lines share the common
ground plane which is sandwiched between the two laminates. In the ground plane, a cross
slot (Slot-1 and Slot-2) is etched to enable the electromagnetic waves inside the SIW cavity
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to excite the radiating patch above. Slot-1 with a tilted angle of ϕ = −45◦ couples the
input signal from port #1 to excite the radiating patch for −45◦ slant polarization, while
Slot-2 with a tilted angle of ϕ = 45◦ is used to excite the radiating patch for 45◦ slant
polarization. The dimensions of the parameters used in designing the proposed antenna
are shown in Table 3.1. The cavity-backed configuration used in this design could not only
improve the radiating efficiency, but also reduce back radiation from the coupling slot.
Rogers RO4003C laminates with a relative dielectric constant εr = 3.55 and loss tangent
tanδ of 0.0027 are adopted in the design. The thickness of laminate Sub-1 is set to 0.508
mm in consideration of the bandwidth enhancement and surface wave suppression. To
avoid using wide microstrips, the thickness of Sub-2 should be relatively thin, which is
selected to 0.305 mm in this design. The design and optimization are carried out by using
ANSYS Electronics Desktop HFSS 19.

Table 3.1 Dimensions of the dual slant polarized antenna: mm

rc wp ts wg ls ws wc w f wt lt

1.46 2.19 0.17 0.45 2.84 0.30 5.40 0.60 1.22 1.10
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φ 

port #2

(a)

port #1
port #2

(b)

Fig. 3.2 Configuration of (a) corner-fed cross slot antenna, (b) edge-fed cross slot antenna.

3.1.2 Synthesis procedure

The proposed antenna is evolved from a cavity-backed slot antenna shown in Fig. 3.2(a).
It has a cross slot etched over an SIW cavity. To achieve dual slant ±45◦ polarization, the
cross slot is 45◦ tilted away from the y-axis direction, and the SIW cavity is excited at two
neighbouring corners. To have a better understanding of the corner-fed SIW cavity used
in the antenna design, another reference antenna, namely the edge-fed cavity-backed slot
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antenna, is also studied. As illustrated in Fig. 3.2(b), the cross slot is in parallel with the
edges of the SIW cavity, and the SIW cavity is excited at the middle of two neighbouring
edges. To achieve dual slant ±45◦ polarization, the overall structure is rotated 45◦ around
the z-axis [222].

In the two reference antennas, the SIW cavity supporting TE120 and TE210 modes is
used to excite the cross slot cut out from the top copper layer of the cavity. From [223], the
resonance frequency of a designated TEmnp mode in a square SIW cavity can be obtained
by

fmnp =
c

2π
√

εr,e f f

√(
mπ

We f f

)2

+

(
nπ

We f f

)2

+
( pπ

h

)2
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where εr,e f f is the effective permittivity of the filled laminate in the cavity. We f f and h are
the effective width and height of the SIW cavity, respectively. An SIW cavity has the same
resonance characteristics as a square metallic cavity filled with the same dielectric material.
It is empirically true that a square SIW cavity can be deemed as a square metallic cavity
by using the following equivalence

We f f =W −1.08
d2

s
+0.1

d2

W
(3.2)

In (3.2), W is the physical width of the square metallic cavity filled with the same laminate.
d and s are the via diameter and separation between the adjacent neighbouring metallized
vias, respectively. One can obtain the initial SIW cavity size by solving (3.1) and (3.2).
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Fig. 3.3 Simulated S-parameters of the corner-fed and edge-fed slot antennas.
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A simulation is carried out to help us understand the differences between the two
reference antennas in performance. The simulated reflection coefficient |S11| and port
coupling coefficient |S21| of the two reference antennas are illustrated in Fig. 3.3. It is
seen that their reflection coefficient curves are completely overlapped, but the coupling
coefficient between port #1 and #2 in the corner-fed cavity backed slot antenna is much
lower than that of the edge-fed cavity-slot antenna, though the major difference between
the two reference antennas is exhibited by their feed position. The coupling coefficient
of the edge-fed cavity-backed antenna is only 26 dB at the centre frequency 28 GHz.
However, the coupling coefficient at 28 GHz reaches to lower than –36 dB in the corner-fed
cavity-backed slot antenna. Because only the TE120 mode or TE210 mode is excited in the
SIW cavity and slot antennas have high quality factor, the impedance bandwidth of the two
reference antennas for the reflection coefficient less than –10 dB is quite limited, which
ranges from 27.8 GHz to 28.2 GHz.

axis of symmetry

port #1 port #2

(a)

A

B 

B

(b)

Fig. 3.4 Field distribution in the SIW cavity of (a) corner-fed slot antenna, and (b) edge-fed
slot antenna.

To investigate the reason why the port isolation in the corner-fed cavity-backed slot
antenna is better than that of the edge-fed one, Fig. 3.4 presents the electric field distribution
inside the cavity of the two antennas. It can be seen from Fig. 3.4(a) that the the corner-fed
cavity is inhabited odd symmetric TE120 mode field pattern with respect to the backward
diagonal line when port #1 is under excitation. In this case, the backward diagonal line is
exactly the boundary, which is located between the electric fields with opposite phase. By
contrast, as can be observed in Fig. 3.4(b), the electric field inside the edge-fed SIW cavity
is odd symmetric with respect to the reference line BB′. Its electric field pattern does not
coincide with the ideal TE120 mode field, whose field distribution is odd symmetric with
respect to the axis of symmetry AA′.
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Fig. 3.5 Simulated normalized radiation patterns of (a) corner-fed slot antenna, and (b)
edge-fed slot antenna.

In the edge-fed cavity, the rotation of TE120 mode field from AA′ to BB′ is mainly
because of perturbation introduced by the feed ports. However, this perturbation caused by
the feed ports is insignificant in the corner-fed cavity, as the effective size of the edge-fed
cavity for supporting the diagonal TE120 mode is larger than the size of the edge-fed cavity.
It is also evidenced in [224] that perturbation for the modes inside an enclosed cavity can
be easily induced when the cavity is designed to have a very low profile. In consequence,
the port isolation in the edge-fed cavity is lower than that of the corner-fed cavity. The far
field radiation patterns of the corner-fed and edge-fed cavity backed antenna are illustrated
in Fig. 3.5. The E-plane and H-plane presented in this figure are denoted as the plane of
ϕ = 45◦ and ϕ = −45◦, respectively. The co-polarization patterns of the two reference
cavity-backed slot antennas in E- and H-plane are almost identical to each other. This
is because they share the same slot aperture. However, it is worth noting that the cross
polarization patterns from the two antennas are considerably different. The XPD of the
corner-fed cavity-backed slot antenna is much lower than that of the edge-fed cavity slot
antenna. The XPD in the corner-fed antenna is higher than 32 dB. In contrast, the XPD
in the edge-fed antenna is only 19 dB. Linked to the electric field inside the corner-fed
and edge-fed cavity shown in Fig. 3.4, the disparity of XPD in the two antennas is mainly
originated from the rotation of TE120 mode field in the edge-fed cavity. Due to the TE120

mode field rotating by a certain angle with respected to the reference line AA′, the cross
polarization electric fields radiated from the cross slot is significantly increased.

3.1.3 Bandwidth improvement

As can be learnt from the last section, the corner-fed cavity-backed slot antenna shows
advantages over the edge-fed one, since the corner-fed cavity-backed slot antenna has
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Fig. 3.6 Simulated S-parameters of the proposed dual slant polarized antenna.
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Fig. 3.7 Simulated normalized radiation patterns of the proposed dual slant polarized
antenna.

higher XPD (32 dB) and higher port isolation (36 dB). However, the most significant
disadvantage of this antenna is that the operation bandwidth is quite limited, which is only
400 MHz, 27.8–28.2 GHz. Because high data rate must be conveyed between transmitters
and receivers, such as for on-line streaming and multi-user MIMO 5G/6G applications, the
antennas have relatively wide bandwidth are more attractive in wireless communications
due to they can provide more channels with high data capacities.
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Fig. 3.8 Simulated gain and XPD of the proposed dual slant polarized antenna.
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Fig. 3.9 Simulated normalized radiation patterns of the proposed dual slant polarized
antenna.

Thus, in order to enhance the operation bandwidth of the antenna, four parasitic
patches with corner truncation are introduced. They are placed over the Sub-1 and they are
connected by a thin cross strip as shown in Fig. 3.1(a). Figs. 3.6-3.8 present the simulated
performance of the designed cavity-backed slot-coupled patch antenna. As can be seen
from Fig. 3.6, the proposed antenna resonates at 27.6 GHz and 28.4 GHz. The impedance
bandwidth of this antenna for |S11| and |S22| less than –10 dB ranges from 27.2 GHz to
28.8 GHz. Compared with the bandwidth of the antenna without the truncated patches,
the operation bandwidth of the proposed antenna is increased from 400 MHz to 1.6 GHz.
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Fig. 3.10 Simulated |S11| of the proposed antenna with different truncated corner size (rc).
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Fig. 3.11 Simulated |S11| of the proposed antenna with different gaps between patches
(wg).

From Fig. 3.6, it is observed that the isolation between port #1 and #2 maintains higher
than 26.5 dB over the impedance bandwidth 27.6 GHz and 28.4 GHz. When looking
back to the corner-fed cavity backed slot antenna without the truncated patches, it can be
concluded that the port isolation in the proposed antenna is slightly decreased. This is
mainly because the presence of the corner-truncated patches introduces perturbation to
the field distribution of the TE120 and TE210 mode inside the SIW cavity. Fig. 3.7 shows
the co-polarization and cross polarization patterns of the proposed antenna in the E- and
H-plane. Symmetric co-polarization patterns are observed in both the E-plane and H-plane.
At the boresight, the XPD of the proposed antenna is 28 dB. To have a better understanding
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of the XPD performance, Fig. 3.8 gives the simulated XPD varied with frequencies. It is
seen that the XPD is higher than 26.3 dB in both the E- and H-plane over the impedance
bandwidth of the proposed antenna. The simulated realized gain is also included in Fig.
3.8. The realized gain is in the range of 6.2-7.2 dBi over the bandwidth 27.2-28.8 GHz.

The thin cross strip connecting the corner-truncated patches helps improve the impedance
matching of the proposed antenna. To verify the positive effect brought by this thin cross
strip, a comparison between the proposed antenna and its counterpart with no cross strip
is carried out. Fig. 3.9 presents the simulated input impedance characteristics of the two
antennas. Im(Zin) and Re(Zin) represent the imaginary and real part of the input impedance,
respectively. The configuration of the reference antenna that has no cross strip is similar to
the design reported in [225] where the slot-coupled patches can produce dual resonance
at the lower frequency band. However, it is seen that the reference antenna resonates
exclusively at f1 = 28.1 GHz. The parasitic patches placed on the top surface of Sub-1
introduce no additional resonances. The single resonance in the reference antenna at
f1 = 28.1 GHz is originated from the cross slot cut out from the ground plane. The leading
cause of this single resonance in the reference antenna is that the separate patches placed
over the cross slot significantly increase the capacitance of the antenna which works at
mmWave frequencies. Due to so much capacitance introduced, this side effect could not be
merely alleviated by varying the patch size or the gap between the patches. In the proposed
antenna, the cross strip that connects the four individual patches can be regarded as an
inductor to counteract the capacitance introduced by the patches. This has been evidenced
by the input impedance of the proposed antenna, as shown in Fig. 3.9. By introducing the
cross strip, it is seen that Im(Zin) at the frequencies lower than f1 levels up from negative
to zero. Then, a new resonance appears at at f2 = 27.6 GHz. In addition, the resonance
resulted from the cross slot moves from f1 = 28.1 GHz to f3 = 28.4 GHz. Within the
bandwidth between the two resonances, Im(Zin) of the proposed antenna is nearly flatted
to zero, while Re(Zin) is maintained in the range 47–54Ω. This demonstrates that good
impedance matching is obtained in the proposed antenna.

It has been discussed thoroughly that the cross strip used to connect the separate patches
aids in creating dual resonance of the proposed antenna. As a matter of fact, the size of
truncated corner (rc) and the gap between the patches (wg) also play an important part
in determining the resonance characteristics of the proposed antenna. Thus, it would be
beneficial to investigate how the parameters rc and wg affect the antenna performance.
Fig. 3.10 presents the simulated reflection coefficients |S11| with different truncated corner
size rc. It is observed that the first resonance frequency f2 moves toward the lower
frequency band, and the second resonance resulted from the cross slot stays stable. This
demonstrates that the truncated corner of the patches only makes great difference on the
first resonance. Fig. 3.11 shows the reflection coefficients |S11| with different truncated
corner size wg. It can be seen that the two resonances of the proposed antenna move



Chapter 3 – Dual Slant Polarized Cavity-Backed Slot-Coupled Patch Antenna Array 33

toward to the centre frequency and the two resonance frequencies are overlapped when
wg = 0.65 mm. This indicates that the gap between the patches has an effect on the
two resonance frequencies. Thus, proper selection of wg helps realize good impedance
matching over a relatively wide bandwidth.

.

(a)

(b)

(c)

Fig. 3.12 Configuration of the dual slant polarized antenna array. (a) Exploded view. (b)
Top view. (c) Bottom view.

3.2 Antenna array design

In this section, a dual slant polarized 2×8 antenna array is developed by using the designed
cavity-backed slot-coupled patch antenna. To uniformly excite the antenna elements, a
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series feed network and an equal power divider are also synthesised in this section. The
centre operation frequency and the insertion loss of the microstrip lines are significantly
affected by the severe parasitic effect resulted from the discontinuity of microstrip lines at
mmWave frequencies. Thus, to combat this effect, special attention has been paid to the
design of the series feed network and the power divider. Then, the designed antenna array
is prototyped and tested. The side effect caused by the board-to-board misalignment when
manually assembling the antenna will also be discussed.

3.2.1 Configuration of antenna array with dual slant polarization

Based on the designed cavity-backed slot-coupled antenna, a 2×8 dual slant polarized
antenna array is designed to verify the overall performance of the proposed antenna element.
Fig. 3.12(a) shows the exploded view of the designed antenna array. It consists of 2×8
antenna elements, four series feed networks and two corporate power dividers. Port #1
is the feed port for exciting −45◦ polarization, and port #2 is the feed port for exciting
+45◦ slant polarization. Each feed port is connected to an equal power divider designed
with a grounded patch placed between the two output branches. The microstrip series
feed network with a grounded patch inserted in each bend is used to connect and drive the
antenna elements. The benefits of the grounded patch used to design the power divider and
the series feed network will be detailed in the following section. The antenna elements
are uniformly excited with the same phase by tuning the characteristic impedance and
electric length of the microstrip lines used in designing the series feed network. As shown
in Fig. 3.12(b), the spacings between the adjacent antenna elements in the x- and y-axis
direction are dx = dy = 9 mm (0.84λ0). The overall dimension of the designed antenna
array is lx ×wx = 123 mm × 24 mm.

Fig. 3.13 Layout of the designed equal power divider.
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Fig. 3.14 Circuit representation of the designed power divider.
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Fig. 3.15 Simulated S-parameters of the power divider with or without the shorted patch.

3.2.2 Equal power divider with grounded patch

As discussed in the last section, the power divider connected to the feed ports is used to
equally split the input power and deliver it to the antenna elements through the series feed
networks. The layout of the designed equal power divider is presented in Fig. 3.13. To
realize good impedance matching, it is calculated from the transmission line theory [219]
that the characteristic impedances of the microstrip lines connected to the feed port #1
and the output ports #2 and #3 are Z0 = 50Ω and Z1 = 71Ω, respectively. In addition, as
an impedance transformer, the transmission line connected to port #2 and #3 should have
an electric length of λ/4. However, as a matter of fact, the centre operation frequency of
return loss at the feed port #1 will move toward the lower frequency band if the power
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divider is designed by using these theoretical values. The frequency shifting is mainly
caused by strong parasitic effect originated from structure discontinuity of the power
divider at mmWave frequencies. The parasitic effect cannot be alleviated by tuning the
impedance or the electric length of the microstrip lines.

In this design, this problem is addressed by placing a grounded patch between the
two output branches of the power divider. As can be seen from Fig. 3.13, the V-shaped
metallized vias connect the triangular patch to the ground plane. The equivalent circuit
representation of the proposed equal power divider is developed and illustrated in Fig. 3.14
to help us understand the physical insight of the inserted grounded patch. As seen from
this figure, the grounded patch can be considered as a series L-C circuit shunt to the output
branches having characteristic impedance of Z1 and electric length of θ1. The coupling
between the output branches and the grounded patch is modelled as the capacitance C1,
and the grounding vias are taken as the inductance L1. Therefore, the centre frequency of
return loss at port #1 can be manipulated by tuning the design parameters lts, gts and lt
because they play a significant role in deciding L1 and C1. The numerical values of the
inductor L1 and the capacitor C1 can be obtained by performing the curve fitting by using
the EM simulation. Fig. 3.15 presents the simulated S-parameters of the proposed power
divider, the equivalent circuit and the power divider designed without the grounded patch.
The centre frequency of return loss at port #1 of the power divider without the grounded
patch is located at 27.4 GHz. By placing the grounded patch between the output branches,
the centre frequency of return loss at port #1 shifts to 28 GHz. The simulated results of
the proposed power divider and its circuit representation agree well with each other. The
transmission coefficients from port #1 to ports #2 and #3 of the proposed power divider,
|S21| and |S31|, is in the range from –3.4 dB to –3.5 dB over the operation bandwidth of
the designed cavity-backed slot-coupled antenna.

Fig. 3.16 Layout of the designed series feed network.

3.2.3 Series feed network

In this 2× 8 antenna array, the microstrip series feed network is used to connect and
uniformly feed the designed cavity-backed slot-coupled antennas. As can be seen from
Fig. 3.12, the series feed network is realized on the bottom layer of Sub-2. The detailed
layout of this series feed network is illustrated in Fig. 3.16. It is mainly composed of
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Fig. 3.17 Equivalent circuit of the designed series feed network.

Table 3.2 Impedances in each junction of the series feed network

Junction Zm1 (Ω) Zm2 (Ω) Zm3 (Ω)

J1 50 53 100
J2 53 58 100
J3 58 63 100
J4 55 61 87
J5 61 71 87
J6 71 86.6 87
J7 71 71 71
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Fig. 3.18 Simulated reflection coefficient at port #1 of the designed series feed network.

seven microstrip junctions and each junction includes three quarter-wavelength impedance
transformers. Port #1 is the excitation port, and ports #2 to #9 are the output ports which
connect to the feed ports of the designed cavity-backed slot-coupled antenna with input
impedance of Zp. The circuit representation of this series feed network is given in Fig. 3.17,
in which Zm1, Zm2, Zm3(m = 1,2, ...,7) are the branch impedances of the mth junction. In
addition, Zinm(m = 1,2, ...,8) and Zinmp(m = 1,2, ...,7) are the input impedances observed
from different points. The characteristic impedances of these microstrip lines are derived
from the transmission line theory [219], which can be written as
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Fig. 3.19 Simulated transmission coefficients from port #1 to #9 in the designed series feed
network.
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√
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√
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In the above calculations, the input impedance of the antenna element is assumed to
be Zp = 50Ω, and the characteristic impedance of the microstrip line having the electric
length of 3λ/2 is chosen as Zc = 100Ω. In order to make sure that the microstrip lines have
proper width (not too narrow or too wide), the characteristic impedances of the microstrip
lines are expected in the range of 50-100Ω. The characteristic impedances of the microstrip
junctions J1 to J7 can be obtained by working out (3.3)-(3.6). The calculated impedances
of these microstrip junctions are tabulated in Table 3.2.
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Because of structure discontinuity, severe parasitic effect are also introduced at the
microstrip bends. This would result in the centre frequency of return loss at the feed port
#1 shifting to the lower frequency band. To overcome this side effect, a grounded patch
with the size of l1 = 1.8 mm and w1 = 0.8 mm is placed in each bend of the microstrip
lines, which is much of the same to the designed equal power divider. Fig. 3.18 illustrates
the simulated return loss of the designed microstrip series feed network at the feed port #1.
It is seen that the return loss at port #1 is higher than 14 dB over the frequency bandwidth
26–30GHz. The simulated transmission coefficients from the feed port #1 to ports #2–#9
are in the range from –10.5 dB to –9.3 dB at 28 GHz, and the magnitude variation is ±1.1
dB over the operation bandwidth of the designed antenna 27.2–28.8 GHz. In view of the
fact that there are eight output ports in the proposed microstrip series feed network, this
magnitude variation is acceptable in practical applications.

3.2.4 Experiment and results

Based on the designed cavity-backed slot-coupled antenna, the equal power divider, and
the microstrip series feed network, the 2×8 antenna array is prototyped and measured
to exemplify its performance. The fabricated prototype of the designed antenna array is
given in Fig. 3.20. The shoring vias located outside the antenna array aperture are used
to make sure that the ground planes of the two laminates are completely connected. In
order to align the two laminate boards, two locating holes are placed beside the feed ports.
The measurement of S-parameters of the antenna array is conducted by using the network
analyser Anritsu 37397C, and the radiation patterns are measured in the far-field anechoic
chamber.

Fig. 3.21 shows the measured and simulated return loss and the isolation between the
feed ports #1 and #2. The measured results are in reasonable agreement with the simulated
ones. The simulated overlapped bandwidth for return loss at ports #1 and #2 higher than
10 dB is from 26.3 GHz to 28.8 GHz. In addition, the measured isolation between the
feed ports #1 and #2 is higher than 23 dB at 28 GHz and it is more than 20 dB over the
frequency band of interest, 27.2–28.8 GHz. Good impedance matching outside the antenna
operation bandwidth is mainly caused by 1) the propagating loss from the series feed
network, and 2) incomplete mismatching of the antenna outside the bandwidth.

To analysis the loss from the series feed network, all the output ports of the series
feed network are terminated as short circuit and only port #1 is left as the feed port. Even
though the signal transmission and reflection inside the feed network is very intricate, the
simulation based on this model can quantitatively analysis the loss from the series feed
network in a certain degree. As shown in Fig. 3.22(a), the average return loss at port #1
is about 6 dB when the frequency is lower than 27.2 GHz, and it is about 8 dB when the
frequency is higher than 28.8 GHz. However, it is a very ideal case where the antenna is
assumed to be totally mismatched outside the bandwidth. As shown in Fig. 3.6, the return
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Fig. 3.20 Fabricated prototype of the designed dual slant polarized antenna array. (a) Top
view. (b) Bottom view.
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Fig. 3.21 Measured and simulated return loss and port isolation of the designed dual slant
polarized antenna array.

loss outside the operation bandwidth of the antenna element is in the range from 1.5 dB to
10 dB, which indicates that a certain percentage of input signals outside the bandwidth is
absorbed by the antenna. In view of this fact, the other simulation is based on the model
that all the output ports of the series feed network is loaded with the input impedance of
the antenna element which is shown in Fig. 3.9. This simulation includes the effects of
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Fig. 3.22 Simulated return loss of (a) the series feed network at port #1 when all the output
ports are shorted to the ground, (b) the series feed network at port #1 when all the output
ports are loaded with the input impedance of the antenna element.

the propagating loss from the feed network and incomplete mismatching of the antenna
outside the bandwidth. As shown from Fig. 3.22(b), the return loss increases to higher than
10 dB from 26 GHz to 30 GHz. Thus, it can be concluded that good impedance matching
is observed outside the bandwidth because of the aforementioned two reasons.
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Fig. 3.23 Gain and efficiency of the designed dual slant polarized antenna array.

Fig. 3.23 presents the measured and simulated realized gain with the feed port #1
excited. The maximum gain measures up to 16.7 dBi, and the bandwidth of the gain 2 dB
less than the maximum gain is in the range of 27.2-28.9 GHz, which is almost the same to
the impedance bandwidth of the antenna element. The measured gain is about 0.9 dB less
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Fig. 3.24 Normalized radiation patterns in the planes of (a) ϕ = 45◦ at 27.2 GHz, (b)
ϕ =−45◦ at 27.2 GHz, (c) ϕ = 45◦ at 28 GHz, (d) ϕ =−45◦ at 28 GHz, (e) ϕ = 45◦ at
28.8 GHz and (f) ϕ = 45◦ at 28.8 GHz.

than the simulated gain. This is mainly because the loss originated from the connectors are
not calibrated in the measurement. The radiation efficiency is obtained from the simulated
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Fig. 3.25 Simulated normalized far field radiation patterns in the planes of (a) ϕ = 45◦,
and (b) ϕ =−45◦ at 28 GHz with different board-to-board misalignment ∆d.

directivity and the simulated gain. The radiation efficiency peaks at 75% and drops to 60%
at the edge frequencies, 27.2 GHz and 28.9 GHz.

The radiation pattern measurements are carried out in the far-field anechoic chamber.
The measured and simulated normalized far-field radiation patterns at 27.2 GHz, 28 GHz
and 28.8 GHz are given in Fig. 3.24. As predicted, the radiation patterns of co-polarization
in the plane of ϕ = 45◦ look the same as the co-polarization radiation patterns in the plane
of ϕ =−45◦ at different frequencies. The SLLs of these measured radiation patterns of
co-polarization are lower than –14 dB at the centre frequency 28 GHz. The measured
cross-polarization radiation patterns are different from the simulated ones. At the boresight,
the measured and simulated XPDs are 25 dB at the centre frequency. The measured cross
polarization radiation patterns have a null at the boresight, while off the boresight the cross
polarization level is increased. In this fabricated antenna array, the alignment between the
two laminates is completed manually. The board-to-board misalignment could significantly
spoil the overall performance of the antenna array. In order to characterize this positioning
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Table 3.3 Comparison between this work and other mmWave slant polarized antennas

Ref. B Pol. XPD ηap. h Nx ×Ny Peak Gain

[40] 9.3% dual 16dB 20% 0.067λ0 1×8 15.2dBi
[71] 5.7% single n.a. 51% 0.207λ0 1×8 13.5dBi
[73] 6.6% single 18dB 44% 5.1λ0 4×4 17.2dBi
[76] 2.3% dual 10dB 22% 0.017λ0 6×7 22.1dBi
[78] 15.3% dual n.a. 22% 0.226λ0 1×1 12.3dBi

This work 6.0% dual 25dB 39% 0.076λ0 2×8 16.7dBi

error, the dislocation between the bottom and top laminate layer along the y-axis direction
[please refer to Fig. 3.12(a)] is specified as ∆d. For example, perfect alignment between
the two laminate boards is achieved when ∆d = 0 mm. The simulated radiation patterns
of the antenna array with different board-to-board misalignment ∆d are presented in Fig.
3.25. As can be seen from the two sub-figures, the co-polarization radiation patterns do not
change significantly with different ∆d. However, the XPDs in the diagonal planes ϕ = 45◦

and ϕ =−45◦ are deteriorated with the increase of ∆d. It should be pointed out that a null
appears at the boresight of the cross polarization patterns when the misalignment ∆d is
between 0.08 mm and 0.15 mm. These cross polarization radiation patterns are very similar
to the measured ones. For this reason, it can be deduced that the disagreement between
the measured and simulated cross polarization patterns is resulted from the misalignment
between the two laminate layers.

3.2.5 Comparison and discussion

Table 3.3 compares the proposed antenna array and the reported mmWave slant polarized
antenna arrays. In this table, the aperture efficiency of an antenna array is obtained from
the formula [226]

ηap. =
Gpeakλ 2

0
4πAap

(3.7)

where Gpeak is the maximum realized gain, and Aap is the effective area of the antenna
array. As can be seen from Table 3.3, although the slant polarized antenna array reported in
[71] and [73] are advantageous in terms of high aperture efficiency, they are only capable
of working with a single slant polarization and have relatively high profile. The antenna
arrays reported in [40] and [76] has low XPD less than 16 dB, low aperture efficiency not
more than 22% and large size, because the orthogonally polarized antenna elements are
interleaved or separated in different rows. In [78], the reported antenna has high gain and
can work with dual polarization. However, this antenna has low aperture efficiency and
it cannot be applied to the antenna array design, as this antenna has very large size. In



Chapter 3 – Dual Slant Polarized Cavity-Backed Slot-Coupled Patch Antenna Array 45

contrast, the proposed antenna array can operate with ±45◦ dual slant polarization while
having high aperture efficiency (39%), high XPD (25 dB), and low profile (0.076λ0). The
proposed antenna array also has cost competitiveness since low cost laminates Rogers
RO4003C with small size and small thickness are used in this design.

3.3 Summary

In this chapter, a ±45◦ dual slant polarized antenna array working at 28 GHz was developed
for mmWave base station applications. The corner-fed cavity-backed slot-coupled patch
antenna was proposed as the antenna element. To illustrate the benefits brought by the
corner-fed cavity, a edge-fed cavity-backed slot antenna is introduced to work as the
reference antenna. It is seen that the corner-fed SIW cavity-backed slot antenna has higher
XPD and improved port isolation. The designed antenna element can operate with an
improved bandwidth by placing four corner-truncated patches connected by a cross strip.
The antenna was fully synthesised in terms of the beneficial effect caused by the cross strip
and corner truncation. Then, an antenna array with 2×8 antenna elements was designed.
To feed the antenna elements, an equal power divider and a microstrip series feed network
was developed. In order to suppress the side effect caused by structure discontinuity,
the grounded patch was introduced in designing the power divider and the series feed
network. At last, the antenna array was prototyped, tested and analysed. The obtained
results show that the proposed antenna array has advantages in terms of high XPD, good
aperture efficiency, compact size, low profile and simple structure when compare it with
the reported works. The developed mmWave dual slant polarized antenna array would be
an attractive candidate for base station or indoor and outdoor applications.



Chapter 4

Differentially Fed Dual Polarized 2D
SIW Multibeam Antenna Array

As one of MIMO techniques, the multibeam antenna array is widely used in modern
wireless communication systems to increase the channel capacity and signal coverage
area. However, the design of dual polarized 2D multibeam antenna arrays faces challenges
such as high complexity and high cross polarization level. In this chapter, a new design of
the dual-polarized 2D multibeam antenna array using differential-fed antenna elements is
presented. The differential feeds for HP is realized in the same laminate with the antenna
aperture, which makes the designed multibeam array antenna together with multibeam
networks able to be realized with only two PCB laminates. The developed multibeam
array antenna exhibits stable radiation patterns, low cross polarization level and good
beam switching capability, simple structure and low cost. The proposed dual-polarized 2D
multibeam antenna array is an attractive candidate for mmWave wireless communications.

4.1 Architecture of differentially fed dual polarized 2D
multibeam antenna array

As discussed in the first section of this chapter, the most prevailing problems in dual
polarized 2D multibeam antenna arrays are high cross polarization level and complicated
geometry. To address these problems, a new architecture of dual polarized 2D multibeam
antenna array using the differential feed technique is proposed, as shown in Fig. 4.1. As
well-known and seen from extensive reported works, the differential feed technique used
in antenna designs helps improve XPD and increase port isolation because it suppresses
common mode radiation and noise [227–229]. In this proposed architecture, the antenna
array consists of 2×2 antenna elements and the dual polarized antenna elements are placed
with a 90◦ sequential rotation. The antenna elements are followed by the differential
power dividers, and then they are connected to the multibeam networks. The solid and



Chapter 4 – Differentially Fed Dual Polarized 2D SIW Multibeam Antenna Array 47

mu l t i b e a m n e t wo r k  I I

m
u

lt
ib

e
a

m
n

e
tw

o
r
k

 I

m
u

lt
ib

e
a

m
n

e
tw

o
r
k

 I

f e e d fe e d

f
e

e
d

f
e

e
d

f
e

e
d

f
e

e
d

f e e d fe e d

d i f f e r e n t i a l

p o we r  d i v i d e r

d u a l  p o l a r i z e d

a n t e n n a  e l e me n t

+

+

+

+

+

+

+

+

−

− −

−

−

−
−

−

mu l t i b e a m n e t wo r k  I I

Fig. 4.1 Architecture of the proposed differentially fed dual polarized 2D multibeam
antenna array.

dashed lines in this figure represent that the corresponding structures are implemented in
different laminate layers to avoid congestion. Due to the antenna array working with dual
polarization, two sets of the multibeam network (namely multibeam network I and II) are
required to achieved 2D multibeam radiation. The multibeam networks can be realized by
using the circuit-based multibeam networks, such as Butler Matrices, Blass Matrices or
Nolen Matrices, etc.

4.2 Differentially fed dual polarized antenna

In this section, a new design of mmWave differentially fed dual polarized antenna applica-
ble for multibeam antenna arrays is developed to improve the XPD, increase port isolation
and achieve wide –3 dB beamwidth. In most conventional mmWave dual polarized antenna
designs, the radiator is separated with the feed structures by a shared ground plane and
they are designed in different laminate layers. This indicates that all the differential feed
structures are situated in the same layers, which will result in congestion of feed network
and introduce high complexity in multibeam antenna array design [137]. In this design,
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the feed structures of the antenna elements for exciting HP and VP radiation are separated
and designed in different laminate layers, which not only can avoid congestion of feed
networks but also greatly reduce the complexity of the overall structure of the multibeam
antenna array.

.

(a)

(b) (c)

Fig. 4.2 Configuration of the proposed differentially fed dual polarized antenna. (a)
Exploded view. (b) Layout of the shorted patch. (c) Layout of GND-1.
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Table 4.1 Dimensions of the differential fed dual polarized patch antenna: mm

wcav lp wp gx gy px py

6.40 2.20 2.20 0.15 0.40 0.43 0.40

lst wst w1 w2 ls ws ps

1.55 0.15 0.50 4.30 3.20 0.30 0.50

4.2.1 Antenna configuration

The configuration of the proposed differentially fed dual polarized antenna is illustrated in
Fig. 4.2, which is implemented in two substrates. The top substrate (Sub-1) includes the
antenna aperture and a pair of differential feeds for HP. In the bottom substrate (Sub-2),
it includes a pair of differential feeds for VP. The two orthogonal polarizations share the
same radiation aperture. The SIW cavity in Sub-1 and the feed structures for VP in Sub-2
are realized by a series of plated vias with a diameter of d = 0.3 mm. The SIW cavity
designed in Sub-1 is used to prevent potential surface waves from propagating when beams
scan off the boresight. The via spacing is set to p = 0.6 mm for the purpose of minimizing
wave leakage between adjacent vias and ensure the cavity is physically realizable [230].
Four patches with a dimension of wp × lp are printed inside the SIW cavity. In addition,
four inductive posts with a diameter of 0.3 mm and an offset position of (px, py) are
designed to connect the four patches to the ground plane. Due to constraint space, it is
critically challenging to apply traditional differentially fed dual polarized antennas into the
design of an multibeam antenna array. In this presented design, the problem is elaborately
addressed by designing the differential feed ports for HP with two stepped microstrip lines,
where a narrow strip is inserted from the opening of the SIW cavity. The feed strips are
small enough to be fit into the gap between two patches. While for VP, the differential
feed ports are realized with SIWs in Sub-2. The width of the SIW feeds is set to w2 = 4.3
mm for avoiding higher modes within the operation frequency of interest. As shown in
Fig. 4.2(c), two transverse slots with the length of ls and the width of ws are etched on the
top copper layer of Sub-2. They are used to couple the input energy from ports #3 and
#4 to excite the shorted patches for VP. In this design, Sub-1 and Sub-2 are the low cost
Rogers 4003C laminate with a thickness of 0.508 mm, relative permittivity of 3.55, loss
tangent of tanδ = 0.0027, and an electro-deposited copper foil of 0.5 oz (17 µm). The
detailed design parameters of the differentially fed dual polarized antenna are illustrated in
Table 4.1. All the simulations in this work are performed by using the high frequency full
wave electromagnetic solver, ANSYS Electronics Desktop HFSS.

To facilitate the analysis of the proposed differentially fed dual polarized antenna, the
feed pair of port #1 and #2 is designated as the differential feed port d1 for HP, while
the feed pair of port #3 and #4 is designated as the differential feed port d2 for VP. Thus,
according to the mixed-mode theory [231], the reflection coefficient and port coupling
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coefficient of a differential feed antenna can be written as

Sdd11 =
1
2
(S11 +S22 −S12 −S21) (4.1)

Sdd22 =
1
2
(S33 +S44 −S34 −S43) (4.2)

Sdd21 =
1
2
(S31 +S42 −S32 −S41) (4.3)

where Si j(i, j = 1,2,3,4) can be extracted from the simulated S-parameters. By applying
(4.1) – (4.3), one can obtain the differential S-parameters to evaluate the impedance
performance of the designed differentially fed dual polarized antenna.
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Fig. 4.3 (a) Electric field distribution, and (b) Equivalent magnetic current when differential
port d1 is excited. (c) Electric field distribution, and (d) Equivalent magnetic current when
differential port d2 is excited.
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4.2.2 Working principles

The structure of the proposed antenna is somewhat similar to ME dipoles, but their
operation principle is quite different. As reported in [136] and [137], a ME dipole with
single polarization is usually composed of an electric dipole and a vertical patch antenna
acting as a magnetic dipole. Essentially, to enable the magnetic dipole, the height of the
vertical patches should be approximately 0.25λ , where λ is the wavelength in the laminate.
In order to simultaneously excite the electric dipole and magnetic dipole, a coupling slot
etched in the ground plane of the antenna or Γ-shaped probes placed between the vertical
patches are widely used in ME dipole designs. In the proposed design, the thickness
of Sub-1 is only 0.508 mm (≈ 0.09λ ), which is far less than the resonating length of a
magnetic dipole. The inductive posts loaded to the patches help improve the impedance
matching of the antenna, rather than act as a magnetic dipole. In this design, the inductive
posts are not excited due to the thin laminate and the feed methods which are different
from those in ME dipoles. Thus, the proposed antenna is considered as a patch antenna.
Although ME dipoles exhibit advantages such as wide bandwidth and symmetric patterns,
low XPDs (10 dB) are observed when beams scan to the maximal pointing angles, and
differential feed is difficult to be applied in ME dipoles multibeam array antennas working
at mmWave bands due to high complexity and constrained space.

For simplicity and without loss of generality, the most intuitive way of synthesising
patch antennas is based on the theory of the cavity model method [232]. From this theory,
a patch antenna can be considered as a cavity which consists of a dielectric filled cavity
placed on a perfect ground plane. The dielectric filled cavity is covered with a perfect
patch. According to the Huygens’ principle, the equivalent electric currents Js and magnetic
currents Ms along the side walls of the dielectric filled cavity contribute to the radiation
of the patch antenna. Among these current sources, the electric currents can be neglected
since they are very weak. The electric distribution and equivalent magnetic currents of the
proposed differentially-fed dual-polarized antenna are illustrated in Fig. 4.3. To facilitate
the analysis, the proposed antenna is considered as an array with 2×2 grounded patch
elements, namely P1, P2, P3 and P4. The grounded patch array radiates HP waves when the
differential port d1 is excited. As can be seen from Fig. 4.3(a), the electric fields radiated
from each patch element, which are in the yoz-plane, are almost the same to each other.
Besides, the radiated electric field patterns from the patches P1 and P2 (or P3 and P4) are
similar to those of a traditional patch resonating at the TM010 mode. In view of this, the
antenna can be taken as two patch antennas with the resonating length wp and the width
(2lp +gy). Fig. 4.3(b) shows the magnetic currents M1 and M2 at the edges along the
y-axis. These currents have the same direction implying that constructive radiation fields
can be derived in the E-plane (xoz-plane, ϕ = 0◦). The inductive posts used to short the
patches to the ground plane aid the improvement of the impedance matching. As can be
seen from Fig. 4.3(b), the presence of these posts also moves the currents nulls between
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M3 and M4 off the edge centre. Fortunately, The XPD in the E-plane resulted from these
magnetic currents along the x-axis direction would be very small due to the anti-symmetry
of these currents. Similar radiation patterns can be obtained in the H-plane (yoz-plane,
ϕ = 90◦). As a result, for the proposed antenna with the differential port d1 excited, the
edges along the y-axis make for the far field radiation, while the edges having the same
direction with the x-axis make for non-radiation.

.

(a)

(b)

(c)

Fig. 4.4 Evolution process of the proposed differentially fed dual polarized patch antenna.
(a) Reference antenna Ant-1. (b) Reference antenna Ant-2. (c) Proposed antenna.
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When the differential port d2 of this antenna is excited for VP radiation, the patch
antenna is fed by capacitive couplings from the two transverse slots below the grounded
patches, as shown in Fig. 4.2. Because the TE10 is the dominant mode of the feed SIWs
in Sub-2, the electric fields close to the shorted end wall of the feed SIWs show vertical
polarization. The grounded patches situated over the transverse slots are then excited as
a result. In this case with the differential port d2 excited, the radiating edges are those
having the same direction with the x-axis. As can be seen from Fig. 4.3(c), the electric
fields from these radiating edges are same as the radiation electric fields of a traditional
patch antenna. In this case, the proposed antenna can be viewed as two patch antennas
with the resonating length lp and the width (2wp +gx). The magnetic currents when the
antenna works with VP are shown in Fig. 4.3(d). Constructive radiation can be derived in
the E-plane (yoz-plane, ϕ = 90◦) because the currents M5 and M6 share the same direction.
It should be noted that the magnetic currents M7–M9 from these edges along the y-axis
direction slightly differ from those depicted in Fig. 4.3(b). As can be seen from Fig. 4.3(d),
the magnetic currents along the external edges have nulls, while the magnetic currents
M8 and M9 which are at the internal edges along the y-axis direction have a null off the
edge centre. Even so, the XPD resulted from these y-axis directed magnetic currents
is neglectable since these currents are also anti-symmetric along the y-axis. Due to the
differential feed technique used, the induced current on the feed strips connected to the
differential port d1 is extremely small with differential port d2 excited, which indicates
high isolation between the differential port d1 and d2 can be obtained in the proposed
antenna.
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Fig. 4.5 Simulated S-parameters of the antennas in the design process.
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Fig. 4.6 Simulated S-parameters and gain of the proposed differentially fed dual polarized
patch antenna.
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Fig. 4.7 Simulated normalized far field radiation patterns of the proposed differentially fed
dual polarized patch at 28 GHz when differential port #d1 is excited.

4.2.3 Antenna optimization

To have a better understanding of the proposed antenna, two another reference antennas,
Ant-1 and Ant-2, are also investigated. As illustrated in Fig. 4.4(a), the reference antenna
Ant-1 is implemented with two rectangular patch antennas printed inside the square SIW
cavity. Two inset microstrip lines are designed to feed the antenna for HP, and two SIWs
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Fig. 4.8 Simulated normalized far field radiation patterns of the proposed differentially fed
dual polarized patch at 28 GHz when differential port #d2 is excited.

with two transverse slots etched over the ground plane are used to feed the antenna for
VP. To achieve good impedance matching, two grounded posts are inserted beside the
gap between the two patches. The length of the rectangular patch lp affects the resonance
frequency, and the patch width wp decides the input impedance when the antenna operates
with HP. From the simulation, it is found that the patch length should be around 0.9λ

in order to realize good impedance matching. On the contrary, this will result in non-
resonance when the patch antenna operates with VP. The simulated results are shown in
Fig. 4.5. The input signals at the differential port d2 are almost totally reflected. Thus, in
order to comprehend the resonance features of the proposed patch antenna when operating
with VP, the reference antenna Ant-2 is studied. In this antenna, two patches are printed
inside the SIW cavity, and they are separated by a narrow gap. The feed strips for exciting
HP are small enough to be inserted in the narrow gap between the two patches. The antenna
can be regarded as a slot coupled patch antenna when it works with VP. The simulation
depicted in Fig. 4.5 demonstrates that the reference antenna Ant-2 has realized good
impedance matching at the differential port d2. However, total reflection is observed at the
differential port d1, which is quite similar to the reference antenna Ant-1 with differential
port d2 excited. In view of the simulated results from the two reference antennas, the
proposed antenna is realized by splitting a patch into four elements, which brings good
impedance matching at both the differential ports d1 and d2. The proposed antenna can
be considered as a combination of the reference antenna Ant-1 and Ant-2. The optimized
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dimension of the patch element is 2.6 mm × 2.6 mm, which corresponds to 0.39λ ×0.39λ .
As can be seen from Fig. 4.5, splitting the patch into four elements does not affect the
performance of this differentially fed antenna. Hence, the proposed patch antenna can be
considered as an inset fed patch antenna when it works with HP, and a slot coupled patch
antenna when it works with VP.

The simulated performance of the proposed differentially fed dual polarized patch
antenna can be found in Figs. 4.6–4.8. Fig. 4.6 presents the simulated S-parameters and
realized gain of the proposed antenna. As can be seen from this figure, the proposed
antenna has an overlapped impedance bandwidth from 26.8 GHz to 29.2 GHz for |Sdd11|
and |Sdd22| less than –10 dB. The proposed antenna shows high port isolation, which is
higher than 68 dB over the operation bandwidth. In addition, the proposed antenna also
exhibits stable gain, which ranges from 6.2 dBi to 7 dBi over the bandwidth. Fig. 4.7
and Fig. 4.8 show the simulated far field radiation patterns of the proposed antenna in
the E- and H-plane. It can be seen from Fig. 4.7 that symmetrical radiation patterns are
obtained in both the E- and H-plane when the proposed antenna operates with HP (in this
case, differential port d1 is excited). In addition, this antenna also shows broad –3 dB
beamwidth, which is 86◦ in both the E- and H-plane. Within this broad beamwidth, the
XPD is higher than 46 dB. Similar radiation patterns are obtained when the differential
port d2 is excited for VP, which is demonstrated in Fig. 4.8.
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Fig. 4.9 Simulated S-parameters of the proposed differentially fed dual polarized patch
antenna with or without the grounding vias.

In this proposed differentially fed dual polarized patch antenna, the four inductive
grounding posts connecting the patch elements to the ground plane aid the impedance
matching improvement. Fig. 4.9 shows the simulated S-parameters of the proposed antenna
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Fig. 4.10 Simulated Sdd11 of the proposed differentially fed dual polarized patch antenna
by varying the length of the feed strip.

with or without the inductive posts. Just as illustrated in this figure, the performance of
|Sdd11| and |Sdd22| are significantly affected by the inductive posts. When the differentia
port d1 is excited, the resonance frequency of this antenna increases from 26.3 GHz to
28 GHz after introducing the inductive posts. However, it should be noted that if no
inductive posts introduced there is no resonance over the operation bandwidth when the
differential port d2 is excited. As can be seen from Fig. 4.10, the return loss at the
differential port d1 is also significantly affected by varying the feed strip length lst . The
resonance frequency moves to the lower frequency as the feed strip length increases. This
is because the electric current path of the antenna is extended with the increase of the feed
strip length. The antenna resonates at 28 GHz with |Sdd11|<−30 dB when the feed strip
length lst equals 1.2 mm. Due to high isolation between the differential port d1 and d2, the
presence of the feed strip is not detrimental to the performance of |Sdd22|.

4.3 2D Multibeam antenna array

This section will talk about the overall structure of the designed differentially fed dual
polarized 2D multibeam antenna array based on the architecture shown in Fig. 4.1 and the
antenna element designed in Section 4.2. For a passive 2D multibeam antenna array, the
multibeam networks play a critically important role in determining the overall performance.
However, one of the most commonly seen problems is high complexity and large size.
Thus, in this section the simplification of overall structure will be repeatedly emphasized
during the component designs.
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Fig. 4.11 Configuration of the proposed differentially fed dual polarized 2D multibeam
array antenna.

4.3.1 Configuration

The configuration of the proposed differentially fed dual polarized 2D multibeam antenna
array is illustrated in Fig. 4.11. The proposed 2D multibeam array antenna is composed
of an antenna array with 2×2 elements, a pair of SIW Butler Matrices, eight differential
power dividers, and four interconnection structures. In order to realize 2×2 tilted radiation
beams with dual polarization, the pair of Butler Matrices are perpendicular to each other
and they are situated in different laminates. The Butler Matrix with the feed ports #1–#4
serves as the multibeam network exciting VP radiation beams, and the Butler Matrix
with the feed ports #5–#8 works as the multibeam network exciting HP radiation beams.
To avoid congestion, the two Butler Matrices for HP and VP are implemented in the
laminates Sub-2 and Sub-1, respectively. As a key component to realize differential
feed, the differential power dividers are located around the antenna array aperture. The
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Fig. 4.12 Layout of the 2×2 antenna array and the differential power dividers.

interconnection structures, which connect the differential power dividers to the Butler
Matrices, are designed to avoid intersection. To have a better understanding of the overall
structure of this 2D multibeam antenna array, the signal paths from the feed port #1 to
the radiators are also illustrated in Fig. 4.11. The flow directions of input signals are
represented by arrows where the signals in the laminate Sub-1 is denoted as the solid
arrows and the signals in Sub-2 is denoted by the dotted arrows. A close up view of the
signals from the differential power dividers to the antenna elements is shown in Fig. 4.12.
This figure also unveils the detailed stackup of the differential power divider and antenna
array. As can be seen from this figure, the differential power divider connected to the feed
port #1 is anti-symmetric with the one connected to the feed port #2 since the feed ports of
the antenna elements for exciting different polarizations are designed in different laminates.
The element separation of the antenna array in the x- and y-axis direction is set to 7.5 mm,
which corresponds to 0.7λ0.
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Fig. 4.13 Layout of the designed Butler Matrix and the –3dB/90◦ hybrid coupler.

4.3.2 Butler Matrix design

In the proposed antenna array, the Butler Matrix serves as the multibeam network feed
the antenna array for tilted beams in 2D space domain. As can be seen from Fig. 4.13,
it gives the layout of the Butler Matrix used in the design. The most key component in
designing this Butler Matrix is the –3 dB/90◦ hybrid coupler, which can be regarded as
the combination of an equal ratio power divider (–3 dB) and a 90◦ phase shifter. Four this
kind of hybrid couplers are required and they are connected together by four bended SIWs.
To improve the return loss, a metallized via is placed at each corner of the bended SIWs.
These bended SIWs have equal electric length. Thus, the Butler Matrix used in this design

Table 4.2 Theoretical phase response of the designed Butler Matrix

port #1 port #2 port #3 port #4

port #5 0◦ −90◦ −90◦ 180◦

port #6 −90◦ 180◦ 0◦ −90◦

port #7 −90◦ 0◦ 180◦ −90◦

port #8 180◦ −90◦ −90◦ 0◦

φx −90◦ −90◦ 90◦ 90◦

φy 90◦ −90◦ 90◦ −90◦
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Table 4.3 Dimensions of the components used in the design of the multibeam antenna array

lc1 lc2 t wt xp yp ls1 ws1

3.70
mm

5.40
mm

0.65 mm 3.60
mm

1.66 mm 1.46 mm 3.17 mm 0.30
mm

θ1 m1 sp l5 l6 ls2 la wa

33.56◦ 0.70
mm

6.80 mm 3.00
mm

0.89 mm 3.63 mm 6.27 mm 0.20
mm
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Fig. 4.14 Simulated S-parameters and phase response of the designed SIW hybrid coupler.

requires no phase shifters. Ports #1–#4 are the feed ports, and ports #5–#8 are the output
ports which are followed by the differential power dividers and the antenna array shown in
Fig. 4.12. It can be easily derived that fixed phase differences are obtained between the
output ports #5–#8 when any feed port is active. For the purpose of explicitness, Table 4.2
presents the theoretically derived phase response at the output ports #5–#8 when any feed
port (#1–#4) is under excitation. The detailed parameters of the designed –3 dB/90◦ hybrid
coupler are given in Table 4.3 and Fig. 4.14 presents the simulated S-parameters of the
designed SIW –3 dB/90◦ hybrid coupler. The operation bandwidth for return loss ||S11||>
15 dB is in the frequency range 26–30 GHz. In this bandwidth, the insertion loss from the
feed port #1 to the direct port #2 or the coupling port #3 is 3.2±0.4 dB. In addition, port
#4 keeps well isolated to port #1. The simulated phase difference between the ports #2 and
#3 when the feed port #1 is excited is also included in Fig. 4.14 where ∠S21 −∠S31 is in
the range 90±0.5◦ over the operation bandwidth.

The simulated performance of the designed SIW Butler Matrix is illustrated in Fig. 4.15
and Fig. 4.16. As can be seen from Fig. 4.15, this Butler Matrix shows wide impedance
bandwidth, which is larger than 14% (from 26.3 GHz–29.8 GHz) for |S11|<−20 dB. In
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Fig. 4.15 Simulated S-parameters of the designed SIW Butler Matrix.
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Fig. 4.16 Simulated phase response of the designed SIW Butler Matrix.

addition, the designed Butler Matrix also exhibits excellent isolation between any two feed
ports. The port isolation between port #1 to ports #2–#4 is higher than 15 dB over the
frequency range 26–30 GHz. The transmission loss caused by the dielectric, return loss and
metallic loss is no more than 1.6 dB over the bandwidth from 26.8 GHz to 29.2 GHz. As
shown in Fig. 4.16, the variation of phase differences between any two output ports #5–#8
is in the range −90±1◦ over the bandwidth 26–30 GHz, which indicates that the obtained
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phase response of the designed Butler Matrix is quite close to the expected response shown
in Table 4.2.

Fig. 4.17 Layout of the differential power dividers.
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Fig. 4.18 Simulated |S11| of the designed differential power divider with different slant slot
angles.
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Fig. 4.19 Simulated S-parameters and phase difference between port #2 and #3 of the
designed differentia power divider when port #1 is excited.

4.3.3 Differential power divider

In this 2D multibeam antenna array, the differentially fed patch antenna is designed to
achieve high XPD when beams scan off the boresight. Thus, differential feed structures
with high performance should be incorporated into the design of the proposed 2D multi-
beam antenna array. Basically, it is required that the designed differential feed structure
must have wide impedance bandwidth (larger than the bandwidth of dual polarized antenna
element) and excellent differential response at the output ports. The configuration of
the adopted differential structure is shown in Fig. 4.17, which can be considered as a
differential power divider. It is realized on two laminates with compactness and simple
configuration. The input port #1 is located on the bottom laminate and the output ports
#2 and #3 are designed on the top laminate. Ideally, by exciting port #1, ports #2 and #3
can receive voltage of equal magnitude having a phase difference of 180◦. Signals are
coupled between two laminate layers through a slot etched on their shared ground plane.
The coupling slot is slanted with an angle of θ1 to improve the impedance matching and
coupling efficiency. It should be noted that the meandered three-stage GCPWs are used to
avoid overlapping between the two neighbouring differential power dividers. The offset of
the meandered GCPWs is m1 = 0.7 mm away from the centre line. As shown in Fig. 4.12,
the two neighbouring differential power dividers are rotationally symmetrical with respect
to the xoz-plane. The only difference between them lies in the distance sp between the
output ports. The detailed parameters of the designed differential power divider are given
in Table 4.3. Fig. 4.18 shows the simulated |S11| of the designed differential power divider
with different slant slot angles. As can be seen from this figure, the |S11| is very sensitive
to the slant angle of the coupling slot. With the slant angle θ1 increasing from 20◦ to
50◦, the |S11| decreases firstly then increases after reaching the maximum –23 dB when
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θ1 = 33◦. The simulated results of the designed differential power divider is shown in
Fig. 4.19. The return loss at port #1 is higher than 20 dB over the frequency range from
26.8 GHz to 29.2 GHz. The power dividing ratio between the output ports #2 and #3 is
in the range of −3.3±0.15 dB over this operation bandwidth. When port #1 is excited,
the phase difference between the two output ports is in the range of 182.5±0.5◦ in the
aforementioned impedance bandwidth. This indicates that the differential excitation to the
antenna element is obtained in the designed power divider.

(a)

(b)

Fig. 4.20 Layout of (a) interconnection and (b) reference SIW.
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Fig. 4.21 Simulated S-parameters of the SIW interconnection and phase difference between
the SIW interconnection and the reference SIW.
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4.3.4 Interlayer transmission

The interconnection structure is another key component in designing the proposed differen-
tially fed dual polarized 2D multibeam antenna array. It enables interlayer transmission and
ensures that the feed networks for exciting orthogonal polarizations are situated in different
laminate layers without congestion. The configuration of the designed interconnection
structure is shown in Fig. 4.20(a), which is composed of two SIWs designed in two differ-
ent laminate layers. In this structure, interlayer transmission is achieved by a transverse
slot cut out from the common ground plane of the two SIWs. The coupling efficiency can
be tuned by varying l5 and l6. l5 represents the distance between the transverse slot and
the short end wall of the bottom SIW, and l6 is the distance between the transverse slot
and the short end wall of the top SIW. To cancel the additional phase introduced by the
interconnection structure, an equal length unequal width reference SIW is designed, which
is shown in Fig. 4.20(b). The detailed parameters of the designed interconnection structure
and the reference SIW are given in Table 4.3. The desired 0◦ phase difference between the
interconnection and the reference SIW can be realized by changing the length la and the
unequal width wa. The simulated results of the interconnection and the reference SIW are
shown in Fig. 4.21. The impedance bandwidth of the interconnection structure for |S11|
less than –10 dB is from 26 GHz to 30 GHz. The insertion loss of this interconnection
structure is in the range from –0.52 dB to –0.28 dB over this bandwidth. The phase
shift between the interconnection structure and the reference SIW is characterized by
∠S21 −∠S34. As can be seen from this figure, the obtained phase shift between the two
structures has a deviation of 0.2±6.6◦ over the bandwidth 26–30 GHz.

Top view

antenna array

fixture

Bottom view

#1 #2

#3 #4

#5

#6

#7

#8

x

y

Fig. 4.22 Top view and bottom view of the fabricated prototype of the designed differential
fed dual polarized 2D multibeam antenna array.
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4.4 Experiment and results

The designed differential fed dual polarized 2D multibeam antenna array is realized with
two laminate layers, and it can be fabricated by using PCB processing technology with
low cost. Fig. 4.22 presents the fabricated prototype of the proposed multibeam antenna
array. The two Rogers RO4003C laminates are tightly sandwiched between two aluminium
fixtures to avoid the air gap and ensure good interlayer transmission. The S-parameters
measurements are carried out by using the vector network analyzer (VNA) Anritsu 37397C.
This VNA is able to operate from 40 MHz to 65 GHz. The officially released document
[233] shows that the system dynamic range of this VNA is in the range from –95 dB to
–88 dB from 20 GHz to 40 GHz.
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Fig. 4.23 Measured and simulated return loss of the designed differentially fed dual
polarized 2D multibeam antenna array at the feed port #1 and #5.

4.4.1 Return loss and port isolation

The measured and simulated return loss at the feed ports #1 and #5 are shown in Fig. 4.23.
Thanks to the symmetry of the proposed 2D multibeam antenna array, the performance of
other ports is similar to the ports #1 and #5. Ports #1–#4 are the feed ports for exciting VP,
and ports #5–#8 are the feed port for exciting HP. As shown in Fig. 4.23, the measured and
simulated return losses at ports # 1 and #5 are well agreed with each other. The measured
impedance bandwidth for return loss higher than 10 dB is from 26 GHz to 30 GHz, which
corresponds to 14.3% of the fractional bandwidth. The measured and simulated impedance
bandwidths of the antenna array are slightly larger when compares it with the operation
bandwidth of the designed antenna element. The bandwidth extension is mainly caused



Chapter 4 – Differentially Fed Dual Polarized 2D SIW Multibeam Antenna Array 68

by the propagation loss from the multibeam feed networks and incomplete mismatching
outside the bandwidth of the antenna element.
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Fig. 4.24 Simulated isolation between port #1 and #8 of the designed 2D multibeam
antenna array.
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Fig. 4.25 Measured isolation between port #1 and #8 of the designed 2D multibeam antenna
array.
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Fig. 4.24 and Fig. 4.25 present the measured and simulated isolations between the feed
port #1 and ports #2 to #8. It is shown that the measured and simulated port isolations
are in reasonable agreement. The designed 2D multibeam antenna array achieves high
port isolations. The measured isolations between the ports for exciting the same polarized
waves, namely ||S21|| to ||S41||, are greater than 21.4 dB over the operation bandwidth of
the antenna element 26.8 GHz–29.2 GHz. The measured isolations between the ports for
exciting different polarized waves, namely ||S51|| to ||S81||, are larger than 46.3 dB over
this bandwidth.

4.4.2 Radiation patterns

The measurement of far field radiation patterns of the fabricated antenna prototype was
performed in the anechoic chamber. As given in [234], the beam pointing angles of a 2D
phased antenna array or a 2D multibeam antenna array can be written and obtained by the
following equations

θ0 = arcsin

√(
φx

kdx

)2

+

(
φy

kdy

)2

,ϕ0 = arctan
(

φxdx

φxdy

)
(4.4)

In (4.4), θ0 is the elevation angle measured off the z-axis, and ϕ0 is the azimuth angle
of spherical coordinates in antenna patterns, which is measured counter-clockwise off the
x-axis. φx and φy are the progressive phase differences along the x- and y-axis direction,
and their relationship with the feed ports of the designed Butler Matrix has already been
tabulated in Table. 4.2. The separations of the antenna elements along the x- and y-axis
direction are denoted as dx and dy in (4.4). To avoid intersection of the the differential
power dividers, the separations of the antenna elements are set to dx = dy = 7.5 mm, which
correspond to ≈ 0.7λ0. k is the wave number in free space. In this proposed multibeam
antenna array, 2×2 HP or VP tilted beams can be obtained in 2D space by exciting the
feed ports #5–#8 or #1–#4, respectively. From (4.4), the theoretical beam pointing angles
of these tilted beams are (θ0,ϕ0) = (30◦, 45◦), (30◦, 135◦), (30◦, 225◦) and (30◦, 315◦) in
the spherical coordinate when port #1 – #4 is excited, respectively.

As the radiation patterns tilt at the specific angles in 2D space by exciting different
feed ports, the standard E- and H-plane defined as the vertical plane or horizontal plane
cannot simply be applied to the measurement of the radiation patterns of this 2D multibeam
antenna array. In view of this, the definitions of quasi E-plane and quasi H-plane given
in [235] are introduced in the far field measurement. Fig. 4.26 and Fig. 4.27 present
the measured and simulated radiation patterns at three most representative frequencies,
26.8 GHz, 28 GHz and 29.2 GHz. The frequency 28 GHz is the centre operation frequency,
and 26.8 GHz and 29.2 GHz are the two edge frequencies of the designed antenna element.
As can be seen from these figures, the measured radiation patterns are reasonably agreed
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Fig. 4.26 Measured and simulated normalized far field radiation patterns of the proposed
differentially fed dual polarized 2D multibeam array antenna with VP when port #1 is
excited. (a)26.8 GHz at quasi E-plane. (b) 28 GHz at quasi E-plane. (c) 29.2 GHz at quasi
E-plane. (d)26.8 GHz at quasi H-plane. (e)28 GHz at quasi H-plane. (f) 29.2 GHz at quasi
H-plane.

with the simulated ones. The co-polarization radiation patterns keep stable at different
frequencies when beams scan to the maximum pointing angles. In addition, by comparing
Fig. 4.26 and Fig. 4.27, it is also shown that the radiation patterns in the quasi E-plane
or quasi H-plane agree well with each other at different frequencies. In addition, it can
be obtained from the radiation patterns that the measured beam pointing angle at 28 GHz
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is (28◦,41◦) when port #1 is excited for VP and the measured beam pointing angle is
(34◦,−43◦) when port #5 is excited for HP. The measured beam pointing angles differ
slightly from the theoretical angles (±30◦,±45◦) calculated from (4.4), as the beam
pointing angles of the designed multibeam array antenna are significantly affected by the
fabrication tolerance and the existence of the ground plane presented by the multibeam feed
networks. When beams scan to the maximum point angles, the SLLs of the co-polarization
radiation patterns are about 4 dB less than the main beam level.

4.4.3 XPD and gain

As can be seen from Fig. 4.26 and Fig. 4.27, the cross polarized radiations are maintained
at relatively low level when beams scan to the maximum pointing angles. At the centre
frequency 28 GHz, the XPDs are higher than 28 dB at the quasi E-plane and quasi H-
plane when either port #1 or #5 is excited. To have a better understanding of the XPD
performance, the minimum XPDs of of the designed 2D multibeam antenna array at
different frequencies are summarized in Fig. 4.28. As can be seen from this figure, high
XPDs are achieved in the operation bandwidth 26.8–29.2 GHz when beams scan to the
maximum pointing angles. Over this operation frequency band, the XPDs are higher than
25.2 dB which is achieved at the edge frequency 26.8 GHz. The XPD is slightly dropped
when the antenna array works off the centre frequency. This is mainly because the phase
error originated from the interconnection is not completely compensated by the reference
SIW off the centre frequency, as shown in Fig. 4.21. Thus, strictly speaking, the antenna
elements are not differentially excited at the edge frequencies. However, comparing the
XPDs of this multibeam antenna array with the XPDs of the reported works, it can be
confirmed that the cross polarized radiation in this multibeam antenna array is significantly
contained due to the use of the differential feed structures.

Fig. 4.29 shows the measured and simulated gain and the directivity of the designed
2D multibeam antenna array when the feed port #1 or #5 is excited. The simulated
realized gain climbs from 8.4 dBi to 10.8 dBi over the operation frequency bandwidth from
26.8 GHz to 29.2 GHz. The measured realized gain ranges from 7.6 dBi to 10.5 dBi, which
is slightly decreased when compared with the simulated one. Over the the frequencies
from 26.8 GHz to 29.2 GHz, the simulated directivity increases from 10.5 dBi to 12.1 dBi.
Thus, the simulated efficiency of this 2D multibeam antenna array at the centre frequency
28 GHz is approximately 55%. The efficiency degradation is mainly because of the high
loss (tanδ ≈ 0.0075 at 28 GHz) laminates Rogers 4003C and the fabrication tolerance.
Besides, the loss caused by the connectors are not calibrated in the measurement. When
the feed port #5 is under excitation, the simulated and measured gain are very close to the
gain when port #1 is excited. The measured gain slightly differs to the simulated one, due
to the uncertainty of the dielectric loss of the used substrates at the mmWave frequencies.
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Fig. 4.27 Measured and simulated normalized far field radiation patterns of the proposed
differentially fed dual polarized 2D multibeam array antenna with HP when port #5 is
excited. (a)26.8 GHz at quasi E-plane. (b) 28 GHz at quasi E-plane. (c) 29.2 GHz at quasi
E-plane. (d)26.8 GHz at quasi H-plane. (e)28 GHz at quasi H-plane. (f) 29.2 GHz at quasi
H-plane.

4.4.4 Discussion and comparison

Table 4.4 compares the proposed multibeam antenna array with the reported works. By
applying magnitude tapering, low SLLs are achieved in the antenna array reported in
[102], but this antenna array has very narrow bandwidth and its XPD is lower than 10 dB.
The antenna arrays reported in [134], [135], and [137] can operate in a relatively wide
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Fig. 4.28 Measured and simulated XPD of the designed 2D multibeam antenna array at the
feed port #1 and #5.
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Fig. 4.29 Measured and simulated realized gain, and simulated directivity of the designed
2D multibeam antenna array at the feed port #1 and #5.

bandwidth, but these antennas are only capable of working with a single polarization and
they also suffer low XPD not higher than 15 dB. Different from the above reported works,
the antenna array presented in [207] can work with dual polarization in a wide bandwidth.
Despite that, this antenna array also has very low XPD, which is less than 10 dB when
beams scan to the maximum pointing angles. In contrast, this proposed 2D multibeam
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Table 4.4 Comparison between this multibeam array antenna and the reported works

Ref. Ant. Type Pol. XPD B h/λ Layers Spacing SLL

[102] slot single 10dB 3.61% 0.07 3 n.a. –13dB
[134] patch single 10dB 16.73% n.a. 2 0.5λ0 ×0.6λ0 –5dB
[135] cavity-backed

patch
single 15dB 36.2% 0.25 4 0.6λ0 ×0.6λ0 –4dB

[137] ME-dipole single 12dB 16.42% 0.23 4 0.6λ0 ×0.6λ0 –6dB
[207] ME-dipole dual 10dB 22.13% 0.21 3 0.6λ0 ×0.6λ0 –7dB
This
work

cavity-backed
shorted patch

dual 28 dB 8.64% 0.09 2 0.7λ0 ×0.7λ0 –4dB

antenna array can not only operate with dual polarization, but also achieve high XPD with
beams scanning to the maximum pointing angles due to differential feed applied to each
antenna element. Besides, the proposed dual polarized 2D multibeam antenna array can be
physically implemented with only two laminates, since the multibeam network for exciting
VP is realized with the 2×2 antenna array on the top laminate layer. Thus, the designed
antenna array also offers benefits in terms of ease of fabrication and reduced cost.

The proposed antenna array is realized with very thin substrates, which has a thickness
of 0.09λ (λ is the wavelength in the substrate). Thus, the proposed antenna array does not
operate in a wide bandwidth when compare it with the antenna arrays reported in [134],
[135], [137] and [207]. However, the operation bandwidth can be enhanced by thickening
the substrates or using the substrates with lower dielectric constant, just as the reported
works in [134], [135], [137] and [207]. Because the element spacing of the antenna array is
set to 0.7λ0 along the x- and y-axis direction, the SLL of the proposed multibeam antenna
array is deteriorated, which is about –4 dB when beams scan to the maximum pointing
angles. This side effect can be eased by reducing the element separation or tuning the
excitation if low SLL is required in some specific applications.

4.5 Summary

In this chapter, a new architecture of differentially fed dual polarized 2D multibeam
antenna array was developed for the purpose of achieving compact size and high XPD
when beams scan to the maximum pointing angles. Based on the concept depicted in
the new architecture, a differentially fed dual polarized 2D multibeam antenna array
was proposed and designed. At first, to implement differential feed to the multibeam
antenna array, a differentially fed dual polarized cavity backed shorted patch antenna was
developed as the antenna element. It was strictly analysed by using the Huygens’ principle
and the theory of the cavity mode method. To illustrate the design process of the proposed
antenna element, two reference antennas were designed, analysed and compared with
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the proposed one. It was shown that the proposed antenna element had an overlapped
impedance bandwidth from 26.8 GHz to 29.2 GHz, XPD higher than 70 dB and realized
gain ranging 6.2–7 dBi over the bandwidth. Then, the entire configuration of the proposed
differentially fed dual polarized 2D multibeam antenna array was presented and followed
by the design details of the essential components such as the Butler Matrix, the differential
power divider, and the interconnection structures. Finally, the prototype of the differentially
fed dual polarized 2D multibeam antenna array was fabricated and measured. The overall
structure of this multibeam antenna array was physically realized with only two laminates
by using low cost PCB processing technology. The measured results, which include
the S-parameters, radiation patterns, XPD and realized gain, were well agreed with the
simulated ones. The measured XPDs of this multibeam antenna array are higher than 25
dB over the operation frequency bandwidth 26.8–29.2 GHz. It is confirmed that the cross
polarized radiation in this multibeam antenna array is significantly contained when beams
scan to the maximum pointing angles, due to the use of the differential feed structures. A
comparison between the proposed 2D multibeam antenna array and the reported works
were carried out. It was concluded that the proposed 2D multibeam antenna array features
in dual polarization capability, high XPDs, low profile, simple structure and low cost.



Chapter 5

Frequency-Scanning Dual Polarized
Cross Slot Antenna Array

Frequency-controlled beam-scanning antenna array has been widely used in modern
communication systems. The beam scanning is achieved by varying the frequency of
the signal source and without any additional phase shifter. It has very low cost when
compare it with the active electronically scanned array. In traditional frequency-controlled
beam-scanning antennas, small beam scanning range must be realized in a large frequency
bandwidth [236]. In addition, most of them cannot operate with dual polarization and be
realized on a single laminate with simple configuration. In this chapter, a dual polarized
frequency-scanning antenna array is developed. To avoid congestion of the feed networks,
the crossover structure is introduced, which is realized by placing four metallized vias
around the junction of two perpendicular SIWs. The design procedure and working
principle of the antenna array are detailed. The designed antenna array is prototyped and
measured. Compared with other reported frequency-scanning antenna arrays, the proposed
one exhibits high XPD, high gain, high aperture efficiency, wide frequency-scanning range
and low complexity.

5.1 Architecture of antenna array

Fig. 5.1 shows the concept architecture of the proposed dual polarized antenna array
realized on a single laminate layer. As can be seen from this figure, the antenna array is
composed of m×m dual polarized antenna elements. The coordinate (i, j) represents the
antenna element in the ith row (x-axis direction) and the jth column (y-axis direction). It
should be noted that the antenna elements in each row or column are serially connected.
They are corporately fed at the terminal ports, Feed-1 to Feed-4. Between two orthogonal
ports of the antenna elements, the coupling is reduced to a low level, which leads to low
cross polarization level. Feed-1 and Feed-2 are the feed ports for exciting HP radiation
beams, and Feed-3 and Feed-4 are used for exciting VP radiation beams. The radiation



Chapter 5 – Frequency-Scanning Dual Polarized Cross Slot Antenna Array 77

(1,1) (1, j) (1, j+1) (1, m)

(i, 1) (i, j) (i, j+1)

(i, m)

(i+1, 1) (i+1, j+1) (i+1, m)

(m, j) (m, j+1)
(m, m)

lp

f f + Δf f + Δf

Feed-3

Feed-4

dual-polarized 

antenna element

x

z

o

HP beam

VP beam
HP beam

VP beams

Fig. 5.1 Concept diagram of the dual polarized antenna array designed on a single laminate.

beams of this antenna array is frequency dependent. By imposing excitation to any feed
port, a series of backward scanning beams varying with frequencies can be obtained.

5.2 Configuration of antenna array

To have a better understanding of this design, the overall structure of the designed antenna
array is firstly presented in this section. Fig. 5.2 shows the configuration of the designed
dual polarized antenna array. In this design, Rogers RT/duroid 5880 laminate with a
thickness of 0.508 mm, a relative dielectric constant of 2.2 and loss tangent of 0.0009
is used. The developed array antenna can be considered as a combination of three parts
including the antenna array aperture, the ten-way power dividers and the SIW-to-GCPW
(grounded co-planar waveguide) transitions. For the antenna array aperture, it is composed
of 10×10 dual polarized antenna elements. The proposed antenna array can be regarded
as ten parallel serially-fed antenna arrays being placed perpendicularly to another ten linear
antenna arrays. These parallel linear antenna arrays are then combined by the ten-way
equal power dividers and are fed through the SIW-to-GCPW transition located at different
positions. Thanks to high isolation between the orthogonal ports of each antenna element,
it can be considered that virtual electric walls are placed between the linear antenna arrays.
The electromagnetic waves in each linear antenna array can travel and radiate along their
paths without crosstalk from other linear antenna arrays. This unique feature enables this
array antenna being realized on a single laminate. HP radiations are realized by exciting
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port #1 or #2, and VP radiations can be obtained by exciting port #3 or #4. The difference
between port #1 and #2 excitations (or port #3 and #4) lies in the direction of radiation
beams in the coordinate system. In this design, backward radiations relative to the direction
of the wave travelling inside the antenna array are obtained with different port excitations,
which have been illustrated in Fig. 5.1.

Fig. 5.2 Illustration of the radiation principle of a serially fed linear antenna array.

As can be seen from Fig. 5.2, the antenna element number of the linear antenna arrays
in each row or column is set to m = 10. It is assumed that the radiated power Prad from
each linear antenna array is 0.95P0 where P0 is the total power injected to the linear antenna
array. For convenience of analysis, the radiation efficiency of an antenna element in the
linear antenna array is assumed to be η . Fig. 5.3 illustrates the radiation principle of a
serially fed linear antenna array. As can be seen from this figure, the radiated power Pi_rad
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Fig. 5.3 Illustration of the radiation principle of a serially fed linear antenna array.

(i = 1,2, ...,m) of the ith antenna element of the linear antenna array can be written as

Pi_rad = η(1−η)i−1P0 (5.1)

The total radiated power is the summation of radiated power from the antenna elements,
which can be expressed as

Prad =
n

∑
i=1

Pi_rad =
n

∑
i=1

η(1−η)i−1P0 = 0.95P0 (5.2)

The desired radiation efficiency of the antenna elements in the linear antenna array can be
obtained by solving (5.2), which is approximately 26%. In this design, each dual polarized
antenna element can be considered as a five-port network because it is excited from two
orthogonal directions. Based on this fact, the radiation efficiency of the antenna element
can be obtained from the S-parameters of the corresponding four-port network, which is
given by the following equation

η =
1−|S11|2 −|S21|2 −|S31|2 −|S41|2

1−|S11|2
×100% (5.3)

In (5.3), the ohmic loss from the absorption by the metals is not considered since it is
small and negligible. However, it should be noted that the dielectric loss of the antenna
element is included in this equation. This is because the S-parameters of the antenna
element obtained from full-wave simulation include the dielectric loss from the used
laminate Rogers RT/duroid 5880.

5.3 Dual-polarized cross slot antenna and antenna array
design

In this section, the configuration and working mechanism of the dual polarized antenna
element used in designing the antenna array of Fig. 5.2 will be presented. The design
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of this dual polarized antenna is based on a crossover structure realized by placing four
metallized posts around the junction of two perpendicular SIWs. To facilitate the analysis,
the evolution process from two perpendicular SIWs to the designed antenna will be also
detailed in this section. Followed by the antenna element design, two adjoint subarray
antennas are illustrated to exemplify the antenna element performance. The designs of
ten-way power divider and SIW-to-GCPW transition are also included in this section for
the purpose of integrity.

L

E: H: J:

L

(a)

E: H: J:

slot

L

L

(b)

Fig. 5.4 Field distribution of (a) conventional square SIW cavity and (b) cross slot antenna
designed by using the conventional square SIW cavity.

5.3.1 Configuration of antenna element

To realize dual polarization, the designed antenna element is developed by using a cavity
that supports TE120 and TE210 modes. Fig. 5.4(a) and (b) show the layout and field patterns
of a conventional square TE120 and TE210 mode cavity and a cross slot antenna designed
by using this cavity, respectively. The physical dimension L of an SIW cavity supporting
TEmn0 mode can be obtained from

fmn0 =
c0

2
√

εr

√
m2 +n2

(L−d2/0.95s)2 (5.4)

where fmn0 is the resonance frequency excited in this cavity; c0 is the velocity of electro-
magnetic wave in free space; εr is the relative permittivity of the filled dielectric material;
m and n are the mode indexes; d is the diameter of metallized vias and s is the separation
between the adjacent metallized vias. In the case shown from Fig. 5.4(b), the cross
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slot etched over the square cavity can radiate HP beam. Generally speaking, the feed
structures that can be used to feed the cavity-backed slot antenna are roughly divided into
three categories: probes [237, 238], inset microstrip lines [239, 240] and slot apertures
[241, 242]. However, the probe-fed cavity-backed antennas are complicated in structure
and are difficult to be integrated with the feed networks. As to the cavity-backed antennas
fed by inset microstrips, they suffer high insertion loss and severe parasitic radiation at
high frequency bands. For the slot coupled cavity-backed slot antennas, they must be
realized with at least two laminates. In view of these facts, it would be more beneficial to
designing a cavity-backed slot antenna with a closed-form feed structure, such as SIWs or
rectangular waveguides.

#
1

#
2

#4
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L

ls

ws

d
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lp

Fig. 5.5 Configuration of the proposed dual polarized cavity-backed cross slot antenna
element.

Table 5.1 Dimensions of the designed dual polarized cavity-backed cross slot antenna: mm

L d lm ls ws lp

7.00 0.30 3.48 3.00 0.30 5.00

Fig. 5.5 shows the configuration of the designed dual polarized cavity-backed cross
slot antenna element. The cavity used in designing this antenna element differs from the
conventional TE120 and TE210 mode cavity shown in Fig. 5.4. It is designed by placing
four metallized vias around the cross junction of two perpendicular SIWs. The position
lm and the size d of the four metallized vias can be tuned to achieve high return loss
and improved port isolation. The proposed structure can be considered as a planar SIW
crossover in which the orthogonal channels are isolated to each other. In this design, the
synthesized size of the cavity are smaller than the cavity size derived from (5.4). This
is mainly because the cavity used in this design is not completely enclosed, resulting in
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its equivalent cavity size larger than the cavity size calculated from (5.4). The cross slot,
located at the centre, is etched over the cavity to enable dual polarization radiation. The
antenna element can work with HP when port #1 or #2 is under excitation. In this case,
ports #3 and #4 are well isolated. VP is realized by exciting port #3 or #4, in which case
ports #1 and #2 are isolated.
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Fig. 5.6 Evolution process toward the developed dual polarized cavity-backed cross slot
antenna element. (a) Two perpendicular SIWs. (b) Proposed SIW cavity supporting TE120
and TE210 modes. (c) Proposed dual polarized cross slot antenna.
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5.3.2 Design procedure

The designed dual polarized cavity-backed cross slot antenna element is evolved from two
SIWs placed perpendicularly with each other. As shown in Fig. 5.6(a), the cross junction
formed by the two SIWs can be regarded as a cavity with four metallized vias located at its
corners. However, it is observed from Fig. 5.7 that this structure suffers very low isolation
between port #1 and #3 which is less than 10 dB over the frequency bandwidth from
24 GHz to 26 GHz. In order to improve the port isolation, an SIW cavity that supports
TE120 and TE210 modes is constructed by placing four metallized vias around the junction
of the crossed SIWs, as shown in Fig. 5.6(b). The port isolation can be also improved
by changing the window width lp in a certain degree. The dominant modes of the cavity
is determined by the cavity size, which is evaluated from (5.4). In this cavity, the return
loss and port isolation can be significantly improved. As seen from Fig. 5.7, the isolation
between ports #1 and #3 is decreased to higher than 26 dB over the entire frequency
bandwidth 24–26 GHz. Based on these facts, the proposed dual polarized antenna is
realized by etching a cross slot over the cavity, which is shown in Fig. 5.6(c). Compared
with the port isolation in the proposed TE120 and TE210 mode cavity, the port isolation in
the propose antenna can be maintained at the same level (higher than 26 dB) from 24 GHz
to 26 GHz. In addition, dual polarization is achieved in the proposed cavity-backed cross
slot antenna by exciting it from the orthogonal ports.
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Fig. 5.7 Simulated coupling coefficients between port #1 and #3 in different structures
shown in Fig. 5.6.

In this proposed dual polarized antenna, high port isolation is realized due to the
orthogonality between the TE120 and TE210 modes inside the SIW cavity. In order to have
a better understanding of the working mechanism of this antenna, the field and current
distributions of the three structures are investigated, which are shown in Fig. 5.8. As can
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Fig. 5.8 Magnetic field inside the cylindrical cavities of the designed dual-polarized
subarray antenna.
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Fig. 5.9 Simulated reflection coefficients at port #1 of the proposed dual polarized antenna
with different position lm of the metallized vias.

be seen from Fig. 5.8(a), the electric field is observed at ports #3 and #4 when port #1 is
excited. This is because no structures are designed to constrain the field behaviour at the
junction of the cross SIWs, resulting in strong coupling between ports #1 and #3 or #4.
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Fig. 5.10 Simulated reflection coefficients at port #1 of the proposed dual polarized antenna
with different size d of the metallized vias.

By placing the metallized vias around the junction to shape a cavity supporting TE120 and
TE210 modes, most of electric field is restrained to propagate along the horizontal direction,
as illustrated in Fig. 5.8(b). However, it should be noted that the TE210 mode field inside
the junction are not odd symmetric with respect to the centre line of the structure. This will
spoil the polarization purity if the antenna is realized with this structure. To address this
problem, it is necessary to introduce additional perturbation into the cavity. In this proposed
antenna, the cross slot acts as not only a dual polarized radiator but also a perturbation used
to improve the symmetry of the modes inside the cavity. Fig. 5.8 shows the rectified TE210

mode field inside the cavity. It is seen that the TE210 mode electric fields beside the centre
line along the y-aixs are equal in magnitude but opposite in phase. The electromagnetic
waves are well restrained to propagate and radiate along the horizontal direction. With
port #1 or #2 excited, the transverse slot can be excited to radiate HP waves since the
electric fields on both sides of the transverse slot are out-of-phase. Besides, as illustrated
in Fig. 5.8(c) and (f), almost no field is distributed at ports #3 and #4. This demonstrates
that high port isolation is achieved in this proposed antenna.

In the proposed dual polarized cavity-backed cross slot antenna, the position lm and
size d of the four metallized vias introduced in this design have an effect on the resonance
frequency and port isolation of the antenna. Fig. 5.9 and Fig. 5.10 illustrate the simulated
reflection coefficients at port #1 with different lm and d. The resonance frequency of
this antenna moves to the lower frequency band by increasing lm, as shown in Fig. 5.9.
This is because the effective size of the TE120 and TE210 mode cavity is enlarged. At the
resonance frequencies, the small variation of the reflection coefficients at port #1 with
different lm shows that the location of the four metallized vias mainly affect the resonant
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Fig. 5.11 Simulated port coupling coefficients of the proposed dual polarized antenna with
different position lm of the metallized vias.
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Fig. 5.12 Simulated port coupling coefficients of the proposed dual polarized antenna with
different size d of the metallized vias.

frequency while the return loss at the resonance frequency remains stable. From Fig. 5.10,
it is seen that the resonance frequency and the return loss at the resonance frequency
are significantly affected by the size of the metallized vias. The resonance frequency of
the proposed antenna shifts to the higher frequency band by increasing the size of the
metallized vias, and the return loss at these resonant frequencies is decreased significantly
when the size of the metallized vias is increased.
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Besides, the position and size of the metallized vias also affect the port isolation of the
designed antenna. As shown in Fig. 5.11, the isolation between ports #1 and #3 increases
with lm. From Fig. 5.12, it is seen that the port isolation is decreased by enlarging the
metallized vias. The desired radiation efficiency of this proposed antenna can be obtained
by varing the slot width ws. As can be seen from Fig. 5.13, with the increase of ws, the
peak radiation efficiency is increased and its centre frequency moves toward the lower
frequency band.
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Fig. 5.13 Radiation efficiency of the designed dual polarized cavity-backed cross slot
antenna with different slot width ws.

5.3.3 Performance of antenna element

The performance of the dual polarized antenna element is optimized by varying the design
parameters lm, d and ws, ls and lp. The optimized dimensions are given in Table 5.1.
Fig. 5.14 shows the simulated S-parameters and radiation efficiency of the proposed
antenna. It is seen that the proposed design can achieve high return loss and good port
isolation at the same time. The impedance bandwidth for |S11| less than –10 dB is 700 MHz,
24.6 GHz to 25.3 GHz. The isolation between ports #1 and #3 is higher than 22 dB. The
peak radiation efficiency at the centre frequency is 26.3%, which is very close to the
desired value calculated from (5.2). Fig. 5.15 presents the simulated radiation patterns
of the designed antenna at the centre frequency 25 GHz. Symmetrically unidirectional
patterns are obtained in both the E- and H-plane. High XPD is achieved, which is higher
than 40 dB. This indicates that good dual polarized radiation is realized in the developed
antenna element.
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Fig. 5.14 Simulated S-parameters and radiation efficiency of the designed dual polarized
antenna.
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Fig. 5.15 Simulated normalized radiation patterns of the designed dual polarized antenna.

5.3.4 Subarray antenna

Based on the developed dual polarized antenna element, a subarray composed of two linear
arrays is investigated, as shown in Fig. 5.16(a). The separations between the adjacent
antenna elements in the x- and y-axis direction are 9.4 mm which corresponds 0.78λ0 at
the centre frequency 25 GHz. In this subarray, ports #1 and #2 are excited simultaneously
with equal amplitude and same phase. Ports #A1 – #A10 and ports #B1 – #B10 are the
ports connected to the subsequent linear arrays. In the simulation, all these ports together
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Fig. 5.16 Subarray composed of two linear antenna arrays. (a) Configuration. (b) Field
distribution with port #1 and #2 excited simultaneously.

with ports #3 and #4 are terminated with a matched load. Fig. 5.16(b) shows the simulated
electric field distribution of the subarray at 25 GHz. It is observed that the field strength is
reduced to a low level at Boundary B-i to B-iii, indicating that the waves in the two linear
arrays are bounded by three virtual electric walls. The signals can independently travel
along the two linear arrays without interference. The electric field is gradually radiated and
decayed along each linear antenna array. Similar field distribution can be obtained when
excitation is imposed from the vertical ports. Hence, the designed planar antenna array
consisting of the proposed dual polarized antenna element can be driven from orthogonal
directions to realize dual polarization on a single laminate board.

feed port

S31(n)

#n #i #(i-1) #1

S31(i) S31(i-1) S31(1)

S21(n) S21(i) S21(i-1)

dr

Fig. 5.17 Diagram of half a power divider.
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Fig. 5.18 Layout of the designed ten-way power divider.

5.3.5 Ten-way power divider

As can be seen from Fig. 5.2, the ten-way power dividers are used to excite the dual
polarized antenna array aperture uniformly. Fig. 5.17 shows the diagram of half a power
divider. The desired power at the output port #i(i = 1,2, ...,n) is also known as the coupling
factor η , which can be obtained from |S31|2. In order to make sure the signals output from
ports #i and #(i− 1) have the same phase, ∠S31 and ∠S21 should satisfy the following
derivation [243]

∠S31(i) = ∠S21(i)−
360◦dr

λg
+∠S31(i−1)+360◦ (5.5)

In (5.5), dr is the spacing between the adjacent output ports, which equals to the
separation of the antenna elements of the antenna array. Therefore, once ∠S31(1) is given,
the desired ∠S31(k) of all the output ports can be obtained. The preliminary simulation
shows that the value of ∠S31(1) is 74.4◦. Based on that, a model of ten-way power divider
is constructed, which is shown in Fig. 5.18. By varying the positions yp1 to yp5 of the
inserted vias and the width wp1 to wp5 of coupling windows, the signals with the same
magnitude and phase can be obtained at the output ports #1 to #10.

Table 5.2 Dimensions of the designed ten-way power divider: mm

wp1 wp2 wp3 wp4 wp5 xp1 yp1

7.30 7.30 5.50 4.50 3.70 1.75 1.80

yp2 yp3 yp4 yp5 lp lm wpa

1.00 0.70 1.30 1.30 0.50 4.00 5.20

Fig. 5.19 shows the simulated coupling factor from port #a to ports #1–#5. At the
output ports, the coupling factors at the centre frequency 25 GHz are in the range from 8.9%
to 10.9%, which are very close to the theoretical value 10%. Fig. 5.20 shows the phase
differences between any two adjacent output ports. It is seen that the phase differences
between these ports are in the range from −1◦ to 7◦. Based on these simulated results, it
can be concluded that the linear antenna arrays of the planar antenna array are excited with



Chapter 5 – Frequency-Scanning Dual Polarized Cross Slot Antenna Array 91

24 24.5 25 25.5
0

4

8

12

16

Frequency (GHz)

C
ou

pl
in

g
Fa

ct
or

(%
)

η1
η2
η3
η4
η5

Fig. 5.19 Simulated coupling factors at output ports #1 to #5 of the ten way power divider.
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Fig. 5.20 Simulated phase differences between the adjacent output ports of the designed
ten-way power divider.

the same magnitude and phase near the centre frequency. Due to the dispersion property of
SIWs, the designed ten-way power divider can achieve equal magnitude and same phase
output within a relatively narrow bandwidth.

5.3.6 SIW-to-GCPW transition

As well known, the feed pin of a connector used in sub-mmWave and mmWave applications
is usually very small. Even though the SIW-to-microstrip transition has been widely used
in designing a wide range of passive components and antennas due to its wide operation
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Fig. 5.21 Layout of the designed SIW-to-GCPW transition.

bandwidth, simple structure and ease of fabrication, it cannot be simply applied in some
sub-mmWave and mmWave application because of excessively wide microstrip when
the laminate used in the design has high thickness or low permittivity. It would result in
significant impedance mismatching between the microstrip and the connector if a SIW-to-
microstrip transition is used in sub-mmWave or mmWave applications. In contrast, the
SIW-to-GCPW transition would be more preferable since the GCPW has smaller width
compared with the microstrip line having the same characteristic impedance.

Table 5.3 Dimensions of the designed SIW-to-GCPW transition: mm

wp0 wt3 wt2 wt1 lt3 lt2 lt1

5.20 3.80 1.00 0.50 2.00 2.80 1.20

Fig. 5.21 shows the layout of the designed SIW-to-GCPW transition. The structure
of the end-launch connector is included in the simulation. Port #1 is connected to the
network analyser for measurement, port #2 is connected to the input port of the designed
ten-way power divider. The GCPW has three stages where the stage with a length of lt3 is
a quarter-wavelength transformer, the second stage with a length of lt2 has a characteristic
impedance of 50Ω and the stage with a length of lt1 helps further improve the impedance
matching between the GCPW and connector. The detailed design parameters of this
transition are shown in Table 5.3. Fig. 5.22 presents the simulated S-parameters of the
designed SIW-to-GCPW transition. It is seen that the simulated return loss at 25 GHz are
26 dB. The impedance bandwidth for return loss higher than 20 dB is in the frequency
range from 23.8 GHz to 26.8 GHz. Over this bandwidth, the insertion loss from port #1 to
#2 is varied from 0.16 dB to 0.3 dB.
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Fig. 5.22 Simulated S-parameters of the designed SIW-to-GCPW transition.

Port 1 Port 2

Port 3

Port 4

Fig. 5.23 Fabricated prototype of the designed dual polarized cross slot antenna array.
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5.4 Experiment and results

In this section, the designed dual polarized cross slot antenna array is fabricated, tested
and compared with other reported dual polarized antenna arrays. The fabricated prototype
of the designed antenna array is shown in Fig. 5.23. The overall dimension of this antenna
array prototype is 157.4 mm×157.4 mm×0.508 mm, and the dimension of the antenna
array aperture is 94 mm × 94 mm. Four 2.92 mm end-launch connectors are used to
connect the antenna to the test equipment, and four screws are applied to fix the fabricated
antenna on the test platform.

5.4.1 Return loss and port isolation

Fig. 5.24 shows the measured and simulated reflection coefficients of the fabricated antenna
array. The measured results are in good agreement with the simulated ones. The simulated
impedance bandwidth for |S11| higher than 10 dB is in the frequency bandwidth from
24.2 GHz to 25.15 GHz. The reflection coefficient at different feed ports is very similar
to each other since the designed antenna array is symmetric in structure. The overlapped
impedance bandwidth for measured return loss high than 10 dB is from 24.3 GHz to
25.25 GHz. It is worth noting that the centre operation frequency shown in this figure is
24.75 GHz which is 250 MHz less than the desired centre operation frequency at 25 GHz
because of complicated multi-reflection in the planar antenna array.
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Fig. 5.24 Measured and simulated reflection coefficients of the designed dual polarized
cross slot antenna array.
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Fig. 5.25 presents the measured and simulated port coupling coefficients of the designed
dual polarized cross slot antenna array. It is seen that the simulated |S21| is about –13 dB
which is very close to the designed residual power 0.05P0. The simulated port coupling
coefficient between port #1 and #3 are less than –30 dB within the frequency bandwidth
from 24 GHz to 25.5 GHz, and the measured one is lower than –42 dB. Due to the loss from
the connectors, the measured port coupling coefficients are lower than the simulated ones.
These results indicate that high isolation between ports for exciting different polarizations
is obtained in the designed antenna array.
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Fig. 5.25 Measured and simulated port coupling coefficients of the designed dual polarized
cross slot antenna array.

5.4.2 Radiation patterns

Fig. 5.26 shows the measured and simulated co-polarization patterns at 24.8 GHz, 25 GHz
and 25.2 GHz when ports #1 and #2 are excited. The measurements agree well with the
simulations. The antenna array shows a frequency scanning range of 36° where the beam
scanning range from −18° to 0° is obtained by exciting port #1 and the beam scanning
range from 0° to 18° is obtained by exciting port #2. The SLLs of the designed antenna
array at different frequencies are less than –9.3 dB. The designed antenna also shows stable
–3 dB beamwidth at different frequencies, which is about 8° in average. The overlapped
levels among these co-polarization radiation patterns are higher than –2.9 dB. Fig. 5.27
gives the measured and simulated cross polarization patterns at different frequencies when
port #1 is excited. The designed antenna array shows high XPDs over the frequency
bandwidth since high polarization purity and high port isolation is achieved in the dual
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polarized cross slot antenna element. For example, the XPD measures 26 dB at 25 GHz,
which is slightly lower than the simulated one, 35 dB.
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Fig. 5.26 Normalized co-polarization radiation patterns at different frequencies. (a) Mea-
sured. (b) Simulated.

5.4.3 Gain and radiation efficiency

Fig. 5.28 shows the gain and efficiency of the designed dual polarized cross slot array
antenna with port #1 excited. It is seen that the antenna has a high gain from 24.6 GHz to
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Fig. 5.27 Measured and simulated cross-polarization radiation patterns of the designed
antenna array at different frequencies when port #1 is excited.
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Fig. 5.28 Gain, directivity and radiation efficiency of the designed dual polarized cross slot
antenna array.

25.3 GHz. The simulated gain is up to 25.7 dBi, and it has a variation of 2.8 dB over the
bandwidth. The maximum measured gain is 24.9 dBi. The measured gain is about 0.8 dB
lower than the simulated counterpart in the bandwidth. The slight discrepancy between the
measured and simulated gain is mainly because 1) the insertion loss of the used connectors
was calibrated in the measurement; 2) fabrication and the uncertainty of the dielectric loss
of the laminate. The efficiency is calculated from the simulated directivity and gain, which
is higher than 76% in the range from 24.6 GHz to 25.3 GHz.
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Table 5.4 Comparison between this work and other frequency-scanning array antennas

Ref. B(GHz) No.
Sub.

Scanning
Range

Pol. XPD(dB) Array
Type

ηap.

[163] 2.40-2.48 1 n.a. dual 16 planar 11%
[164] 33.12-39.23 1 (1◦,35◦) dual 18 linear 34%
[165] 2.72-3.03 3 (70◦,88◦) dual 30 linear 14%
[166] 8.52-14.13 3 (-17◦,52◦) single n.a. linear 34%
[167] 8.92-10.63 3 (-28◦,46◦) single n.a. linear 20%
[244] 13.52-13.93 1 (2◦,37◦) single n.a. linear 17%
[245] 28.12-32.32 2 (4◦,20◦) single 27 linear 28%

This work 24.82-25.24 1 (-18◦,18◦) dual 26 planar 40%

5.4.4 Comparison and discussion

Table. 5.4 compares the designed dual polarized cross slot antenna array and the recently
reported frequency-scanning antenna arrays. The antenna array reported in [165] can
work with dual polarization and has high XPD, but it has very limited frequency-scanning
range and low aperture efficiency. The antenna arrays reported in [163] and [164] can also
operate with dual polarization and be realized with a single laminate. However, they suffers
low XPD and low aperture efficiency which is not higher than 34% since their orthogonally
polarized antenna elements are separated in different rows. Compared with the above
reported works, the antenna arrays in [166] and [167] have relatively wide frequency-
scanning range, but they can be only able to operate with a single polarization and cannot
be applied to planar antenna arrays. In addition, these antenna arrays must be realized with
multiple laminates. The antenna arrays in [244] and [245] can only operate with single
polarization and have narrow frequency scanning range. In contrast, the proposed cross
slot antenna array can not only work with dual polarization but also be implemented on a
single laminate. The designed antenna array has a frequency-scanning range from −18°
to 18°. In addition, the designed antenna array also shows advantages in terms of high
aperture efficiency (40%) and high XPD (26 dB) when compared it with other reported
frequency-scanning array antennas. Limited operation bandwidth in the proposed antenna
array is mainly caused by the thin substrate used in the design. The proposed antenna array
has very low cost since it only has one laminate and can be processed with the low cost
PCB technology.

5.5 Summary

In this chapter, a planar dual polarized cross slot array antenna was proposed, designed,
prototyped and measured. In order to achieve high port isolation and excite the antenna
element from orthogonal directions, the crossover with four metallized vias placed around
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the cross junction was introduced in designing the antenna element. Dual polarization
radiation was realized by etching a cross slot over the crossover structure. In the designed
antenna array, the measured isolation between the ports for different polarization is higher
than 42 dB. The antenna array shows a frequency scanning range from −18° to 18°. The
maximum gain measures 24.9 dBi and the measured XPD is higher than 26 dB over the
operation bandwidth. The radiation efficiency and aperture efficiency of the designed dual
polarized antenna array are higher than 76% and 40%, respectively. Compared with other
reported frequency-scanning antenna arrays, the proposed one shows the advantages of low
complexity, high XPD, high gain, high aperture efficiency and wide frequency-scanning
range.



Chapter 6

Dual Polarized SIW Antenna Array
With Orthomode Transducer

Dual polarized antenna arrays with high gain and high integration are highly required in
applications such as 5G mmWave base stations and satellite communications. However,
most of the reported antenna arrays related to this topic have high complexity, high profile
and low integration. They also suffer degraded performance such as low XPD, high
loss and unstable radiation patterns/gain, etc. In this chapter, a hybrid design scheme is
developed to reduce the complexity of the dual polarized antenna array. Different from
traditional dual polarized antenna arrays with series-corporate feed networks, the proposed
one incorporates the series feed networks into the design of the dual polarized subarray
antenna. In addition, the dual polarized antenna array aperture is differentially excited. Due
to its ability of common mode suppression and anti-interference with high order harmonics,
the differential feed technique has been widely applied in modern antenna designs for the
purpose of achieving high XPD, high port isolation and symmetrical radiation patterns, etc
[246–248]. Besides that, from the systematic perspective, the differentially fed antennas
are available to be integrated with the differential RF front ends, which will significantly
reduce system loss and physical size as a result. Differential excitation is achieved from
a planar orthomode transducer. To test and verify the design concept, a dual polarized
antenna array with 8×8 antenna elements are designed, fabricated and measured. Thanks
to the hybrid approach applied, the developed dual polarized antenna array has simple
configuration, compact size and low profile. In addition, the designed antenna array also
shows advantages in terms of high XPD, high port isolation and high realized gain.

6.1 Architecture of the antenna array

The architecture of the proposed differentially fed dual-polarized antenna array is shown
in Fig. 6.1(a), where each antenna element is serially connected to each other in two
dimensions and the whole antenna array is differentially driven at the edges of the antenna
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aperture to improve the XPD. Differential feed #1+ and differential feed #1− are denoted
as the differential feed pair for exciting horizontal polarization, and differential feed #2+

and differential feed #2− are denoted as the differential feed pair for exciting vertical
polarization. The horizontal ports #1 and #2 of the antenna element illustrated in Fig. 6.1(b)
are expected to be well isolated from the vertical ports #3 and #4. Thus, signals are enabled
to travel along the horizontal and vertical direction without interference. In this design,
a corporate power divider is connected to each edge of array aperture. Following these
power dividers, a planar orthomode transducer is designed on the lower layers to generate
differential excitations for the antenna array.
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Fig. 6.1 Architecture of the proposed differentially fed dual polarized antenna array.

To have a better understanding of the working mechanism of the proposed differentially
fed dual-polarized antenna array, the architecture of the antenna array is represented
by a brief diagram shown in Fig. 6.2. The yoz-plane can be regarded as a perfect
electric wall with the differential excitation introduced at the differential port #1 for
horizontal polarization. This is because the differentially fed dual-polarized antenna array
is completely symmetric with respect to the yoz-plane. In the present case, differential port
#2 is infinitely isolated to the differential-mode signal injected from differential port #1.
Differential port #2 is also not affected by the common-mode signal since the differential
port #2 is strictly positioned across the perfect electric wall in the yoz-plane. In other words,
high isolation between the differential ports #1 and #2 can be obtained in this antenna array.
The radiated waves of cross polarization are equal in magnitude but opposite in phase with
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respect to the electric walls in the yoz- and xoz-plane due to perfectly symmetric structure
and differential feed applied. This will result in destruction of cross-polarization radiations
in the far field; hence the XPD of the proposed antenna array can be significantly improved.
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Fig. 6.2 Architecture of the proposed differentially fed dual polarized antenna array.

6.2 Dual polarized 2×2-element subarray antenna

The proposed antenna array consists of 4×4 subarray antennas, and each subarray antenna
has 2× 2 antenna elements. In order to facilitate the analysis of the design procedure
and working mechanism of the antenna array, the 2× 2-element subarray is modelled
and synthesised. In this section, the configuration of the subarray antenna will be firstly
presented and analysed. Then, as a key component in designing the subarray antenna, the
via-loaded crossover structure will be discussed. The resonances of the designed subarray
antenna, which are originated from the patch, the cross slot and the cylindrical cavity
respectively, will be also discussed in this section. At last, a linear antenna array composed
of four 2×2-element subarray antennas will be designed to exemplify the performance of
the 2×2-element subarray.

6.2.1 Configuration

The configuration of the designed dual-polarized 2×2-element subarray antenna is shown
in Fig. 6.3. Three doubled-sided Rogers RO4003C laminates, Sub-1 to Sub-3, are used
to design this subarray antenna. M1 to M6 are the copper layers of the laminates. The
subarray antenna is composed of four resonant patches. Each patch is designed with four
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Fig. 6.3 Configuration of the designed dual polarized 2×2-element subarray antenna.

short slit cut along the centre line of the patch. The resonant patch is placed inside a
cylindrical cavity with a radius of r1. The spacings of the 2×2 antenna elements along the
x- and y-axis direction are dx = dy = 0.68λ0. The patch antennas are driven by the cross
slots cut out from the copper layers M2 and M3. Under these copper layers, a SIW cavity
supporting TE140 and TE410 modes is designed in Sub-2 to act as an four-way equal power
splitter and excite the cross slots. The SIW cavity supporting TE140 and TE410 modes is
driven by a cross slot with the length of ls1 and the width of ws1. This cross slot is etched
in the copper layers M4 and M5, and beneath which there is a crossover structure to enable
the subarray antenna to be excited from the x-axis and y-axis direction for dual-polarization.
In order to realize high port isolation just as illustrated in Fig. 6.1(b), four metallized vias
are placed around the junction of the crossover. To obtain the impedance characteristics of
the subarray antenna, port #2 is short-circuited with port #1 excited in the simulation [249].
Considering the mutual couplings between the subarrays, the periodic boundary condition
is imposed to the subarray simulation. The design parameters of the 2×2-element subarray
antenna are given in Table. 6.1.
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Table 6.1 Dimensions of the designed 2×2-element subarray antenna: mm

wp0 ls1 ws1 d1 ls2 ws2 wx wy r1 w1 lc wc dx dy

7.20 2.90 0.40 3.50 2.40 0.40 16.00 16.00 3.20 3.00 0.50 0.4 10.25 10.25

6.2.2 Simulated results

Based on the model shown in Fig. 6.3, the simulated S-parameters and the realized gain of
the designed 2×2-element subarray antenna are shown in Fig. 6.4. Three resonances are
observed at 19.4 GHz, 19.8 GHz and 20.3 GHz, respectively. The impedance bandwidth
for the reflection coefficient |S11| less than –10 dB is in the range of 19.3–20.5 GHz. The
designed subarray antenna shows good isolation between port #1 and #3 or #4. As can be
seen from this figure, the isolation is higher than 30 dB for frequency larger than 19.2 GHz.
Within the operation bandwidth 19.3–20.5 GHz, stable gain varying from 10.8 dBi to
12.2 dBi is obtained in this subarray antenna. The realized gain drops to less than 0 dBi at
the frequencies 18.8 GHz and 21. 2 GHz.
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Fig. 6.4 Simulated S-parameters and realized gain of the designed dual polarized 2×2-
element subarray antenna.

Fig. 6.5 presents the simulated radiation patterns of the designed 2×2-element subarray
antenna. Symmetric co-polarization radiation patterns are obtained in both the E-plane
(yoz-plane) and H-plane (xoz-plane). Due to the unique radiation characteristic of the slot
antennas, the –3 dB beamwidth of the co-polarization radiation pattern in the H-plane is
wider than that in the E-plane. In addition, the subarray antenna also shows high XPD
which is 58 dB at the boresight. The front-to-back ratios (FBRs) of the co-polarization
radiation patterns are higher than 17 dB in the E- and H-plane.
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Fig. 6.5 Simulated normalized far field radiation patterns of the designed dual polarized
2×2-element subarray antenna..

6.2.3 Via-loaded crossover

The crossover structure, situated in the laminate Sub-3, plays a critically important role in
designing the 2×2-element subarray antenna. It makes possible for the signals travelling
through the linear subarray antennas without interference from other parallel linear sub-
arrays. As can be seen from Fig. 6.3, the designed crossover structure is built by using
two perpendicular SIWs with a width of wp0. Around the cross junction, an SIW cavity
is constructed by placing four metallized vias with a diameter of 0.3 mm. In order to
achieve high isolation between the ports for exciting different polarizations, the SIW cavity
can only support the degenerate modes, TE210 and TE120. The fundamental mode TE110

and other higher order modes are prevented within the operation bandwidth by tuning the
position d1 of the four metallized vias. The effective size of this SIW cavity is 2d1×2d1 =

7 mm × 7 mm, which is smaller than a completely enclosed TE210 and TE120 mode SIW
cavity supporting TE210 operating at the same frequency.

The electric field pattern inside this via-loaded crossover with port #1 excited is given
in Fig. 6.6(a). Thanks to the existence of the four metallized vias, it is seen that the TE210

mode field is distributed inside the junction of the crossover. When port # 1 is excited, the
electromagnetic waves can travel through the cross junction without interfering ports #3
and #4. Thus, high isolation between ports #1 and port #3 is obtained as the waves are well
constrained to travel in the horizontal direction.

Fig. 6.7 shows the simulated isolation between ports #1 and #3 of the crossover
structure implemented with and without the four metallized vias placed around the junction.
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TE210 mode

Fig. 6.6 Simulated electric field pattern inside the via-loaded crossover structure.
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Fig. 6.7 Simulated port isolation of the designed crossover without the grounding vias and
with different position of ground vias.

The isolation between ports #1 and #3 is less than 10 dB over the operation bandwidth of
the antenna when the crossover structure is realized with no metallized vias inserted around
the cross junction. In this case, the port isolation can be improved by reducing the size
of the cross junction, but it will degrade the impedance matching of the subarray antenna.
In our design, the port isolation of this crossover structure is significantly increased by
introducing four metallized vias around the cross junction. As can be seen from Fig. 6.7,
when the position of the four metallized vias is located at d1 = 3.5 mm, the port isolation is
improved to higher than 30 dB over the operation bandwidth of the antenna. Considering
that the mode fields inside the cross junction are dramatically affected by the position of
the four metallized vias, the port isolations with different d1 are also studied in Fig. 6.7.
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By increasing d1 from 2.7 mm to 4.3 mm, the port isolation increases firstly then falls off
after maximizing to 31 dB when d1 = 3.5 mm.

6.2.4 Triple resonance

As discussed in Section 6.2.2, the designed 2× 2-element subarray antenna has three
resonances over its operation bandwidth. The first resonance at 19.5 GHz is originated
from the the cylindrical cavity which encloses the patch element. As evidenced in [250], a
cylindrical cavity can function as an aperture radiator if the field inside the cavity works as
the TM110 mode. From the cavity theory conceived in [251] and [252], for a cylindrical
cavity with a radius of r1 and a height of h, the wave functions can be expressed as

ψTEmnp = Jm

(
xmn

r1
n
){

sinmφ

cosmφ

}
sin

[
(2p+1)π

2h

]
(6.1)

ψTMmnp = Jm

(
x′mn
r1

n
){

sinmφ

cosmφ

}
cos

(2p+1)πz
2h

(6.2)

where Jm is the Bessel function of the first kind. xmnn/r1 is the nth root of Jm(x) = 0 for TE
modes, and x′mnn/r1 is the nth root of J′m(x) = 0 for TM modes. The resonance frequency
fmnp is governed by the separation equation

fmnp =
1

2πr1
√

µrεr

√√√√{
x2

mn

x′2mn

}
+
[

πr1

2h
(2p+1)

]2
(6.3)

The order of modes inside the cylindrical cavity is determined by its radius r1 and
height h. In order to achieve compact size and avoid intersection between the adjacent
antenna elements, the diameter of the cylindrical cavity is set to less than half a wavelength.
This makes that only TM110 mode can be allowed in this cylindrical cavity. Besides, in
order to suppress potential surface waves from propagation, the thickness of the laminate
used to design the cylindrical cavity is less than half a wavelength in consideration of
practical use. For this reason, this cylindrical cavity cannot support the TE and TM modes
along the z-axis direction. From the above analysis, the initial cavity size and resonance
frequency of the TM110 mode can be obtained by solving (6.3).

To verify the above calculation, the magnetic field patterns inside the four cylindrical
cavities of the subarray antenna are presented in Fig. 6.8. It is clearly observed that
the TM110 mode field patterns appear inside the cavities and all of these patterns have
a rotation angle of +45◦ or −45◦ with regard to the centre of each cavity. Due to the
anti-symmetry of the magnetic field among the cylindrical cavities, the co-polarization
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Fig. 6.8 Magnetic field inside the cylindrical cavities of the designed dual-polarized
subarray antenna.
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Fig. 6.9 Simulated reflection coefficient |S11| of the designed subarray antenna without the
cylindrical cavity and with different size of the cylindrical cavity.

radiation pattern can be obtained at the boresight. The cylindrical cavity aids in producing
a new resonance and the cavity size affects the resonance frequency. To demonstrate these
impacts, Fig. 6.9 presents the reflection coefficient at port #1 when the subarray antenna is
implemented without the cylindrical cavity and with different cavity size r1. As can be
seen from this figure, without the cylindrical cavity, the subarray antenna only resonates at
two frequency points 19.6 GHz and 20.1 GHz. They are originated from the patch and the
cross slot beneath the patch, respectively. In this instance, the designed subarray antenna
exhibits good performance in a relatively narrow bandwidth. In contrast, the operation
bandwidth is improved by introducing the cylindrical cavity surrounding the patch since a
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new resonance is created by the cavity. It is shown from Fig. 6.9 that the new resonance
shifts to the lower frequency band with the increasing of the cavity size. In addition,
the cylindrical cavity also has an effect on the resonances originated from the patch and
the cross slot due to the very close distance between these structures. As the size of the
cylindrical cavity is increased, the two resonance frequencies move to the lower frequency
band. When r1 equals to 3 mm, the maximum impedance bandwidth for |S11| less than
–10 dB is obtained over the frequency range from 19.3 GHz to 20.5 GHz.

+ –– +

Fig. 6.10 Simulated reflection coefficient |S11| of the designed subarray antenna without
the cylindrical cavity and with different size of the cylindrical cavity.

As aforementioned, the patch inside the cylindrical cavity and the cross slot beneath
the patch result in the other two resonances at 19.8 GHz and 20.3 GHz, respectively. In
regards to the patch, four narrow slots having the size of wc × lc are removed from the
centre line of the patch. This can lengthen the meandering path of the currents effectively,
thus reducing the physical dimension of the patch. As to the cross slots beneath the patches,
they are cut out from the top copper layer of the square SIW cavity containing the TE410

and TE140 modes in the laminate Sub-2. They are designed with the length of ls2 and
the width of ws2. They are located at the position of (±0.34λ0,±0.34λ0) relative to the
centre of the square SIW cavity in the x- and y-axis direction. As demonstrated in [223], a
rectangular or square SIW cavity allowing the designated TEmn0 mode can be resonant at
the frequency

fmnp =
c

2π
√

εr

√(
mπ

wx

)2

+

(
nπ

wy

)2

(6.4)

In this formula, wx and wy represent the physical dimensions of the SIW cavity in the x-
and y-axis direction, respectively. Because the two orthogonal components of the designed
antenna array have the same operation frequencies, the SIW cavity used in this design
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must be a square one (wx = wy) so as to guarantee that the TE410 and TE140 mode fields
resonance frequencies are overlapped. The initial size of the square SIW cavity can be
achieved by replacing the resonance frequency in (6.4) with 20 GHz. From Fig. 6.10, it is
clearly seen that the TE410 mode field is excited inside the square SIW cavity based on the
calculated cavity size wx = wy = 16.4 mm. In this figure, the signs ′+′ and ′−′ represent
the directions of the TE410 mode field along the z-axis. The cross slots etched over this
cavity can be resonant with equal magnitude and same phase, because they have the same
position relative to the centre of the cavity. By tuning the design parameters r1, lc and ls2,
the designed 2×2-element subarray antenna can achieve good impedance matching over
the improved operation bandwidth from 19.3 GHz to 20.5 GHz.
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Fig. 6.11 Simulated electric field of (a) inside the crossover structures and (b) over the
patch radiators of the four subarray antennas.

6.2.5 2×8 antenna array with four subarrays

As can be learnt from above analysis, the designed 2×2-element subarray antenna has
port isolation higher than 30 dB and thus it can be excited from the orthogonal directions
for dual polarization. To validate its performance in the antenna array design, four 2×2-
element subarray antennas with a series combination are investigated. Fig. 6.11 shows the
simulated electric field inside the crossover structures and over the patch radiators of the
four subarray antennas. In this 2× 8 antenna array, ports #1 and #2 are the differential
feed pair, and ports #3 to #10 are connected to a matched load. The spacing between the
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Fig. 6.12 Simulated magnitude and phase of the electric fields E⃗y at the centre of the cross
slots.

adjacent antenna elements are designed to be 0.7λ0, which is larger than 0.5λ0. This is
mainly because of the following two reasons:

• In order to excite TE410 and TE140 modes within the frequency band of interest, the
dimension of the square SIW cavity must be more than 1λ0;

• To make sure that all the antenna elements are excited with the same magnitude and
phase, the length of SIW connected to the via-loaded crossover should be extended.
As a consequence, the spacing between the adjacent antenna elements needs to be
increased further.

Fig. 6.11(a) presents the simulated electric pattern inside the crossover structures of
the 2× 8 antenna array. It is seen that with the differential feed placed at ports #1 and
#3 the electromagnetic waves inside the crossovers are constrained to travel along the
y-axis direction and ports #3 to #10 are isolated effectively. In addition, the TE120 mode
field is observed inside each junction of the via-loaded crossover structures. It can be
concluded from the above results that the electromagnetic waves can freely propagate
along the crossover structures in the y-axis direction and they cannot be coupled to other
parallel antenna arrays.

To obtain broadside radiation and achieve high gain, the antenna elements of the
antenna array must be excited with the same magnitude and phase. In the simulation, a
field probe is placed at the centre of each cross slot etched over the crossover structure. The
extracted magnitude and phase of the electric fields E⃗y at the centre of the cross slots are
shown in Fig. 6.12. The four cross slots etched over the crossovers are at the positions of y
= 10.25 mm, y = 30.75 mm, y = 51.25 mm and y = 71.75 mm, respectively. Differential
feed ports #1 and #2 are located at y = 0 mm and y = 82 mm, respectively. It is seen
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from Fig. 6.12 that at these locations the magnitudes of the electric fields are 81.74 dB,
80.85 dB, 80.94 dB and 81.33 dB, respectively. In addition, the phase of the electric
fields at these positions are −69.54◦, −73.45◦, −74.64◦ and −70.87◦, respectively. Thus,
one can conclude from the above obtained electric fields that these subarray antennas are
excited with almost the equal magnitude and the same phase. These cross slots couple
electromagnetic waves to feed the square cavity containing TE140 and TE410 modes and
then drive the patch antenna printed on the copper layer M1. As shown in Fig. 6.11(b),
uniform electric field patterns are achieved among the patch antenna elements.

6.3 Differentially fed planar antenna array with dual po-
larization

In this section, the differentially fed dual polarized antenna array will be developed by
using the designed 2×2-element subarray antenna. The designed antenna array is based
on the architecture illustrated in Fig. 6.1. In this section, the configuration of the antenna
array will be discussed firstly. Then, the design produces and performance of three key
components including the orthomode transducer, four-way power divider, and 180◦ SIW
elbow will be detailed.

6.3.1 Configuration of antenna array

The configuration of the developed differentially fed dual polarized antenna array is
illustrated in Fig. 6.13. Fig. 6.14 shows the detailed structures of the developed antenna
array in different layers. Fig. 6.15 shows the stack-up of the laminates used in designing
this antenna array. It is seen that this antenna array is realized by using five double-sided
laminates where the antenna elements are implemented on the upper three laminate layers
and the feed networks are situated on the lower two laminates. When prototyping this
antenna array, all the laminate layers are closely pressed and screwed together with nylon
screws for convenience of assembling. In Fig. 6.15, the dielectric layers are Sub-1 to Sub-5,
and the copper layers are M1 to M10. As seen from Fig. 6.13, the designed antenna array
has 8×8 radiating elements and they are printed on the copper layer M1. As discussed in
the last section, these antenna elements can operate with HP and VP, they are arranged
with uniform distance in the x-axis and y-axis direction. Every 2×2 radiators is grouped
as a subarray antenna and they are placed over an square SIW cavity that allows TE410

and TE140 modes in laminate Sub-2. For each square SIW cavity, four cross slots are
cut out from the top copper layer of laminate Sub-2. They couple the electromagnetic
waves inside the square cavity to drive the patch elements. The cavity supporting TE410

and TE140 modes is excited by a cross slot etched on the copper layers M4 and M5. Four
horizontal and four vertical SIWs are placed perpendicularly to each other in the laminate
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Fig. 6.13 Configuration of the proposed differentially fed dual polarized planar antenna
array.

Sub-3. In fact, they are composed of 4×4 via-loaded crossovers. Because four metallized
vias are inserted around each junction of the crossovers, the electromagnetic waves are
enabled to propagate inside the parallel SIWs without interference from the orthogonal
SIWs. In Fig. 6.13, the dashed arrows denote the signal travelling paths from feed port #1
to the parallel SIWs in laminate Sub-3. The signals input from feed port #1 are coupled
to laminate Sub-4 through a cross slot cut out from the copper layers M8 and M9. The
input signals are equally divided by a orthomode transducer in the laminate Sub-4. Then,
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(a) (b)

(c) (d)

Fig. 6.14 Detailed structures of the designed differentially fed dual polarized antenna array
on different layers. (a) Antenna array aperture. (b) TE410 and TE140 SIW cavities. (c)
Via-loaded crossover structures. (d) Power dividers and orthomode transducer.

the signals travel to the four-way power dividers along the x-axis direction with opposite
phase. Differential signals are coupled to feed the antenna array through the transverse
slots designed in 180◦ SIW elbows. In this design, the antenna array and its feed networks
are designed by using the low cost hydrocarbon ceramic laminates Rogers RO4003C which
has a relative dielectric constant εr of 3.55, loss tangent tanδ of 0.0027, a thickness of
0.813 mm and 1 oz copper foil.



Chapter 6 – Dual Polarized SIW Antenna Array With Orthomode Transducer 115

antenna

array

feeding

network

Sub-1

M1

M2

M3

M4

M5

M6

M7

M8

M9

M10

Sub-2

Sub-3

Sub-4

Sub-5

via

Fig. 6.15 Stackup diagram of the designed differentially fed dual polarized antenna array.

6.3.2 Planar orthomode transducer

An orthomode transducer can be regarded as a polarization duplexer or a six-port differ-
ential network [187, 216, 253]. It is usually found in the applications such as combining
or splitting dual-polarized electromagnetic waves which are received by or transmitted
from a differentially fed antenna with dual-polarization. The configuration of the planar
orthomode transducer used in this design is given in Fig. 6.16. The designed orthomode
transducer is implemented with two laminates. Two feed ports placed orthogonally and a
semi-open SIW cavity that supports TE120 and TE210 modes are designed in the bottom
layer. In the top laminate, the output ports #3 to #6 are connected with a cross junction.
Electromagnetic waves are coupled from the bottom laminate to the top laminate through
a cross slot cut out from the copper layer between the two laminates. The working mech-
anism of the designed orthomode transducer can be described as follows: when port #1
is excited, electromagnetic waves are coupled to the top laminate through the cross slot,
and they are equally divided by the cross junction, then they get out at ports #3 and #4
with equal magnitude and opposite phase. In this case, ports #2, #5 and #6 are isolated to
feed port #1. When feed port #2 is excited, the electromagnetic waves exit at ports #5 and
#6 with equal magnitude and opposite phase, and ports #1, #3, and #4 are isolated. Thus,
the antenna or antenna array connected to the output ports #3 to #6 can be differentially
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Fig. 6.16 Configuration of the designed planar orthomode transducer. (a) Exploded view.
(b) Top layer. (c) Bottom layer.

excited for dual-polarization. The detailed dimensions of the design parameters used in
designing this orthomode transducer are listed in Table 6.2.

Fig. 6.17 presents the simulated performance of the designed orthomode transducer.
The impedance bandwidth of |S11| less than –15 dB is in the frequency range from
19.1 GHz to 20.7 GHz, which is larger than the operation bandwidth of the designed
2×2-element subarray antenna. The simulated isolation between feed ports #1 and #2
higher than 15 dB is in the frequency range from 19 GHz to 21.6 GHz, and it is higher
than 20 dB at 20 GHz. The isolation between the feed ports #1 and #2 is improved by
optimizing the cross slot length and the semi-open cavity size. The simulated isolation
between the feed port #1 and the output ports #5 and #6 are higher than 20 dB over the
frequency range 19–22 GHz, which is improved by changing the cross junction size and
the positions of metallized vias dp1 and dp2. Fig. 6.17 also includes the simulated phase
responses at the output ports #3 to #6. In this figure, the phase difference between the
output ports #3 and #4 when feed ports #1 is excited is characterized as ∠S41 −∠S31;
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Fig. 6.17 Simulated S-parameters and phase differences between the output ports of the
designed orthomode transducer.

Table 6.2 Dimensions of the components used in designing the feed network: mm

wp1 dp1 dp2 wp2 d1 ls5 wp1 wint lint dp3

6 2.2 0.94 0.53 6.6 4.76 4.8 6 7.2 3.2

ls3 ls4 s1 wp0 wp1 ly1 lx2 ly2 lx3 ly3

3.00 3.00 2.95 7.20 6 2.82 2.30 2.30 2.30 2.30

the phase difference between the output ports #5 and #6 when feed ports #2 is excited is
characterized as ∠S61−∠S51. As can be seen from this figure, when feed port #1 is excited
the output ports #3 and #4 has almost the same phase response as the output ports #5 and
#6 with feed port #2 excited. The simulated phase differences at the two output port pairs
are varied from 179.6° to 180.1° over the frequency range 18–22 GHz. This demonstrates
that differential excitations to the antenna array for dual-polarization are obtained.

6.3.3 Four-way power divider

As can be seen from Fig. 6.13, the four-way power dividers are located between the
orthomode transducer and the 180◦ SIW elbow. It is used to equally split the power output
from the orthomode transducer and pass the split power to the 180◦ SIW elbow. The layout
of the designed four-way power divider is shown in Fig. 6.18 where port #1 is the feed
port, and ports #2–#5 are the output ports. A metallized via is placed at each right angled
corner in order to improve the impedance matching of the power divider in a relatively
wide bandwidth. The detailed dimensions of the design parameters used in designing the
four-way power divider are given in Table 6.2.
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Fig. 6.19 presents the simulated reflection coefficient at port #1 and the transmission
coefficients from port #1 to ports #2–#5. The designed four-way power divider has wide
operation bandwidth. Good impedance matching for |S11| less than –20 dB is achieved
in the frequency range from 18.3 GHz to 21.8 GHz. The transmission coefficients from
feed port #1 to output ports #2–#5 are varied from –6.8 dB to –6.6 dB over the bandwidth
18.3 –21.8 GHz. Low propagation loss is achieved in this power divider, which is less than
0.8 dB.

Fig. 6.18 Layout of the designed SIW four-way power divider.
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Fig. 6.19 Simulated reflection coefficient at feed port #1 and transmission coefficients from
port #1 to ports #2–#5 of the designed four-way power divider.

6.3.4 180◦ SIW elbow

The interconnection between the four-way power divider and the antenna array is realized
with a 180◦ SIW elbow, as shown from Fig. 6.13. The 180◦ SIW elbow also acts as an
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interlayer transmission structure which allows signals couple from Sub-4 to Sub-3. Fig.
6.20 shows the configuration of the designed 180◦ SIW elbow. It is implemented with
two laminate layers. Port #1 located in the bottom laminate is connected to one of the
ports of the four-way power divider, and port #2 is followed by one of the feed ports of the
antenna array. Two transverse slots, which enable interlayer transmission, are cut out from
the copper layer between the two laminates. To improve the impedance matching over an
increased operation bandwidth, the distance between the two transverse slots should be
around λ/4 where λ is the wavelength in the laminates. The simulation shows that the
180◦ SIW elbow with two transverse slots exhibits wider operation bandwidth and lower
insertion loss than the 180◦ elbow with only one slot. In order to decrease the return loss,
the width of the SIW close to the end short wall in the bottom laminate is broadened from
wp1 to wint . The dimensions of the design parameters used in designing this 180◦ SIW
elbow are shown in Table 6.2. Fig. 6.21 shows the simulated S-parameters of the designed
180◦ elbow. It is seen that the impedance bandwidth for |S11| less than –30 dB is in the
range from 19 GHz to 21 GHz. The designed 180◦ elbow also shows lower insertion loss
from port #1 to #2, which is less than 0.22 dB over the bandwidth from 18 GHz to 22 GHz.

Fig. 6.20 Configuration of the designed SIW elbow. (b) Bottom layer. (b) Transverse slots
on the ground plane. (c) Top layer.

Fig. 6.22 shows the simulated electric field pattern in the structures including the
orthomode transducer, the four-way power dividers and the 180◦ SIW elbows when feed
port #1 of the orthomode transducer is excited. Strong field distribution is observed in the
SIWs of the orthomode transducer, the power dividers and the 180◦ SIW elbow along the
x-axis direction. The structures along the y-axis direction are well isolated. In this case, the
antenna array sitting at the centre can be differentially excited for horizontal polarization.
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Fig. 6.21 Simulated reflection coefficient |S11| and transmission coefficient |S21| of the
designed SIW 180◦ elbow.
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Fig. 6.22 Simulated electric field pattern inside the cascaded structure including the
orthomode transducer, the four-way power dividers and the 180◦ SIW elbows.

6.4 Fabrication and experimental results

In the last two sections, the working mechanisms, design procedures, simulated results of
the 2×2-element subarray antenna, dual-polarized antenna array and three key components
used in designing the antenna array are detailed. Based on these fundamentals, a prototype
of the designed antenna array is fabricated. In this section, the fabrication of this antenna
array, and its measured results including the S-parameters, radiation patterns and realized
gain will be given and discussed.
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Fig. 6.23 Fabricated prototype of the designed differentially fed dual polarized antenna
array. (a) Top and bottom view. (b) Different copper layers of the antenna array.

6.4.1 Fabricated prototype

To validate the design, the proposed differentially fed dual-polarized antenna array is
fabricated and tested. The designed antenna array is fabricated by standard PCB processing
technology with low cost. The fabricated prototype of this antenna array is shown in
Fig. 6.23. Fig. 6.23(a) shows the top and bottom view of the fabricated array antenna. As
can be seen from this figure, all the double-sided PCB laminates are stacked up and then
screwed tightly with nylon screws. To minimize the misalignment among these laminates
as much as possible, densely enough screw holes and proper alignment marks are included
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in each laminate layers before the fabrication. Fig. 6.23(b) shows the patterns on different
copper layers constructing the design. Because the same etched patterns are found on
the back-to-back copper layer, only the copper layers M1, M3, M4, M6, M7 and M9
are illustrated in Fig. 6.23(b). The S-parameter measurement of this prototyped antenna
array is carried out by using the vector network analyser Anritsu 37397C, and the far field
radiation patterns and the realized gain are obtained in the anechoic chamber.

6.4.2 Reflection and port coupling coefficient

Fig. 6.24 shows the measured and simulated reflection coefficients and the port coupling
coefficients. The measured results are in good agreement with the simulations. The
measured reflection coefficients for |S11| and |S22| less than –10 dB are in the frequency
bandwidth from 19.2 GHz to 20.7 GHz, which is slightly wider than the simulated operation
bandwidth of the 2×2-element subarray antenna due to the presence of the feed networks.
The measured coupling coefficient |S21| between feed ports #1 and #2 are less than –20 dB
over the impedance bandwidth 19.2–20.7 GHz.
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Fig. 6.24 Measured and simulated reflection coefficients |S11| and |S22|, and the port
coupling coefficient |S21|.

6.4.3 Radiation patterns and gain

Fig. 6.25 gives the measured and simulated normalized far field radiation patterns of the
designed differentially fed dual-polarized antenna array with different port excitations.
The radiation patterns at three frequencies 19.2 GHz, 20 GHz and 20.6 GHz are illustrated
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(a) f = 19.4 GHz (port #1)
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(b) f = 20 GHz (port #1)
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(c) f = 20.6 GHz (port #1)
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Fig. 6.25 Normalized far-field radiation patterns at the frequencies 19.4 GHz, 20 GHz and
20.6 GHz when port #1 or port #2 is excited.
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in this figure. When feed port #1 and #2 is excited, the designed antenna array works with
VP and HP, respectively. With different port excited, the measured radiation patterns agree
well with the simulated ones in both the xoz- and yoz-plane. In the far field measurement,
the radiation patterns out of the range from −90° to 90° are not obtained because of the
limitation of the measurement system in the anechoic chamber. It is seen that the designed
antenna array shows excellent radiation performance with the main beam pointing to the
broadside. Besides, the measured and simulated radiation patterns in both the xoz- and
yoz-plane look very similar to each other and the radiation patterns almost keep constant
at different operation frequencies of the antenna array. The measured XPDs in the two
planes are about 43 dB at the centre frequency 20 GHz. The first SLLs are less than –14
dB in both the xoz- and yoz-plane. Thanks to high symmetry of the designed antenna array,
similar far field radiation patterns in the xoz- and yoz-plane at different frequencies are
observed when feed port #2 is excited for HP.
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Fig. 6.26 Measured and simulated gain, directivity and radiation efficiency of the designed
differential fed dual polarized antenna array.

The measured and simulated realized gains of the designed antenna array are presented
in Fig. 6.26. The measured results agree well with the simulations. It is seen that the
maximum realized gain measures 22.8 dBi at the frequency 19.9 GHz when port #1
is excited. Over the frequency bandwidth from 19.2 GHz to 20.6 GHz, the designed
antenna array shows stable gain, which is on an average of 22.2 dBi. The measured
and simulated realized gain are decreased to lower than 5 dBi at the frequency points
19 GHz and 21.1 GHz, which indicates the designed antenna array also has good frequency
selectivity. The antenna array shows similar tendency of the realized gain varying with
the frequencies with port #2 excited. The maximum simulated directivity of this antenna
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Table 6.3 Comparison between this antenna and the reported dual-polarized antenna arrays

Ref. B XPD No. of
Elements

Gmax Feed
Network

Fab. h ηap

[48] 13.2% 27 dB 8×8 26.1 dBi series-
corporate

CNC 2.70λ0 75%

[76] 1.5% 25 dB 11×12 22.2 dBi series-
corporate

PCB 0.14λ0 22%

[186] 17.1% 20 dB 8×8 22.3 dBi full-
corporate

PCB 0.47λ0 46%

[187] 23.3% 15 dB 8×8 25.8 dBi full-
corporate

PCB 0.70λ0 69%

[188] 12.2% 30 dB 8×8 19.6 dBi full-
corporate

LTCC 0.29λ0 50%

[190] 1.1% n.a. 15×15 26.3 dBi series-
corporate

PCB 0.32λ0 30%

[254] 22.2% 18 dB 8×8 n.a. probe feed CNC 1.10λ0 n.a.

This work 7.5% 43 dB 8×8 22.8 dBi series-
corporate

PCB 0.27λ0 51%

array is about 25 dBi. In this figure, the simulated radiation efficiency of this antenna array
is calculated by using the simulated directivity and the simulated realized gain. It is seen
that the radiation efficiency of the designed antenna array reaches to its maximum 71% at
19.9 GHz and the radiation efficiency is higher than 61% over the operation bandwidth,
19.2–20.6 GHz.

6.4.4 Comparison and discussion

The designed dual-polarized antenna array is differentially fed by an orthomode transducer
to realize low complexity and high XPD. A comparison between this proposed antenna
array with other recently reported dual-polarized antenna arrays working at sub-mmWave
and mmWave frequencies is carried out in Table. 6.3. In this table, the aperture efficiency
ηap of an antenna array is calculated by using (3.7). Gmax represents the maximum realized
gain and h(λ0) is the profile of the antenna array in wavelength. The dual polarized antenna
array reported in [76] can be realized with its feed networks on a single laminate layer, but it
is very bulky and suffers very low aperture efficiency due to its orthogonal antenna elements
are interleaved with each other. The dual polarized antenna array designed in [254] suffers
low XPD and has very high profile, although it can operate in a wide bandwidth. The dual-
polarized antenna arrays reported in [48, 186, 188] are very complicated in structure, since
the feed networks for exciting the orthogonal polarizations are implemented on different
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laminate layers in order to prevent congestion of the feed networks. The complexity of
the antenna arrays reported in [187] and [190] is much reduced. Thus, compared with the
aforementioned antenna arrays, these antennas can be realized with less difficulty and low
cost. However, the antenna array designed in [187] has low XPD which is not higher than
15 dB, and the antenna array reported in [190] can operate in a very limited bandwidth and
it has low aperture efficiency as well. In contrast, the proposed dual-polarized antenna array
has simple configuration because the series feed networks are considered in the design of
the 2×2-element subarray antenna. Compared with the reported works in [48, 186, 188]
in which the feed networks for different polarizations are realized on separate laminate
layers, the proposed antenna array can be implemented with less laminate layers. Besides
that, the proposed antenna array also exhibits substantial enhancement in performance
when compare it with the other reported antenna arrays. As tabulated in Table. 6.3, the
designed dual-polarized antenna array has advantages in terms of high XPD (43 dB), high
aperture efficiency (51%), low profile (0.27λ0) and ease of fabrication.

6.5 Summary

In this chapter, a dual-polarized planar antenna array differentially fed by an orthomode
transducer was developed. Compared with the traditional dual-polarized antenna arrays,
the developed antenna array has simple configuration and can be realized with less laminate
layers since the series feed networks are considered in the design of its 2× 2-element
subarray antenna. Low complexity of the designed antenna array is enabled by using a
via-loaded crossover structure. The antenna array can operate in the frequency bandwidth
19.2–20.7 GHz. The operation bandwidth of this antenna is enhanced by introducing triple
resonance in the 2×2-element subarray antenna. In this chapter, the working mechanism,
design produces and three key components of this dual-polarized antenna array are synthe-
sised and described in detail. The antenna array was fabricated, measured and compared
with the reported dual-polarized antenna array working at sub-mmWave and mmWave
frequencies. The measure results demonstrate that the designed antenna array features
in high XPD (43 dB), high gain (22.8 dBi), stable radiation patterns and high aperture
efficiency (51%). Besides, the designed antenna array can be easily fabricated by using
standard PCB processing technology with low cost. Thus, the designed dual-polarized
antenna array differentially fed by an orthomode transducer is a potential candidate for
geostationary satellite communications that can radiate fixed beams illuminating areas
with high density of users and devices.



Chapter 7

Conclusion and Future Work

7.1 Conclusion

Sub-mmWave and mmWave technology have been evaluated the best candidate frequencies
for use in future mobile communications since more bandwidth can be allocated to deliver
faster, higher quality video, multimedia content and services. They stimulate extensive
research on wireless systems with high integration, small size, multi-functionality, and low
cost. The antennas working with dual polarization are considered as an effective solution
to achieve high channel capacity and high system reliability. In addition, they could also
significantly reduce the volume/size and cost of wireless systems.

In this thesis, four antenna arrays having high XPD, high port isolation and low com-
plexity are designed. To achieve high integration, small size and low loss, the feed networks
were seriously considered and included in the antenna element/array design. In addition, to
fulfil the requirements from different applications, the antenna complexity, substrate layers,
fabrication cost were also taken into consideration. Different dual polarized antennas
having different functions were developed in this thesis in order to tailor the needs from
potential application scenarios. The antenna gain improvement and operation bandwidth
were also studied in the designs.

In this thesis, the design approaches of dual polarized antenna arrays were firstly
discussed, and then the state of the art in dual polarized mmWave antenna arrays were
detailed. In Chapter 3, a ±45° dual slant polarized antenna arrays working at 28 GHz was
proposed for mmWave base station applications. The proposed dual slant polarized antenna
was designed by using a corner-fed SIW cavity that supports diagonal TE120 and TE210

modes in order to achieve high port isolation and high XPD. Bandwidth improvement in
this antenna was achieved by placing four corner-truncated patches connected by a cross
strip over the SIW cavity. The antenna was well synthesised in terms of the beneficial
effects originated from the corner-fed cavity, the cross strip and the corner truncation.
Then, an antenna array with 2×8 dual slant polarized antenna elements was designed. In
order to suppress the side effect caused by structure discontinuity, a new two-way power
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divider and a new series feed network were developed. The grounded shorted patch was
introduced in designing these feed networks. The proposed dual slant antenna array shows
advantages in terms of high XPD, good aperture efficiency, compact size, low profile and
simple configuration.

In Chapter 4, a new architecture of differentially fed dual polarized 2D multibeam
antenna array was proposed for the purpose of achieving low complexity and high XPD
when beams scan to the maximum pointing angles. Based on this concept, a differentially
fed dual polarized antenna array was realized and prototyped. The antenna element was
designed in the form of cavity backed shorted patch antenna. High XPD and wide –3 dB
beamwidth were achieved in the designed antenna element. The multibeam networks in the
design was realized by using two sets of SIW 4×4 Butler Matrix, and differential excitation
was achieved by a differential power divider. The overall configuration of the designed
dual polarized multibeam antenna array was implemented with only two laminates. The
proposed dual polarized 2D multibeam antenna array features dual polarization, high XPD,
low profile, low complexity and low fabrication cost.

In Chapter 5, a frequency-scanning dual polarized cross slot antenna array was proposed
and designed. In this design, the crossover structure with four metallized vias placed around
the cross junction was introduced to enable high port isolation and excite the antenna
element from orthogonal directions. A cross slot was etched over the cross structure to
realize dual polarization radiation. The working principle and design procedures of this
antenna array were thoroughly synthesised and discussed. Compared with the reported
works, this antenna array shows advantages of low complexity, high XPD, high gain, wide
frequency-scanning range and high aperture efficiency.

In Chapter 6, a dual polarized planar antenna array differentially fed by an orthomode
transducer was proposed and designed for geostationary satellite communications that
produces fixed beams for areas with high density of users and devices. Compared with
traditional dual polarized antenna arrays, the designed antenna array features simpler
structure, less laminate layers and higher XPD. Structure simplification in this antenna
array was achieved by incorporating the series feed networks into the design of the 2×2-
element subarray antenna. The via-loaded crossover was introduced in the design to
achieve high port isolation. The operation bandwidth of this antenna was enhanced by
introducing triple resonance in the 2×2-element subarray antenna. The design of three
key components which includes the orthomode transducer, four-way power divider and
the 180° SIW elbow was also detailed in this chapter. The measured results show that the
designed dual polarized antenna array has high XPD, high realized gain, stable radiation
patterns and high aperture efficiency. Table 7.1 summaries the features and technical
contributions of the developed dual polarized antenna arrays in this thesis.
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7.2 Future work

In this research programme, four dual polarized sub-mmWave and mmWave antenna arrays
have been completed. However, they are designed to address several specific problems and
thus they can only be deployed in specific application scenarios. Dual polarized antenna
arrays have other potential applications in future wireless communications. For example,
dual circularly polarized sub-mmWave and mmWave antenna array are considered as a
good candidate to achieve high data rate and high reliability in SOTM. The challenges
in designing dual circularly polarized antenna array are high complexity, low radiation
efficiency and high axial ratio when beams scan off the boresight, etc. Thus, how to design
a dual circularly polarized antenna array that can address these problems and fulfil the
requirement from satellite communications could be a new line of research.

In many applications, the antenna arrays are required to steer high gain beams for the
purpose of achieving wide coverage and exploiting spatial diversity. Passive multibeam
networks are widely used in beam scanning antenna array designs due to low cost and
high design flexibility. However, it would be very tricky to design the passive multibeam
networks for a mmWave dual polarized antenna array having a large number of antenna
elements because of constraint space and high complexity. In addition, high cross polariza-
tion radiation can be excited when beams scan off the boresight in these antenna arrays.
Thus, how to design a high XPD dual polarized beam scanning antenna array with large
number of antenna elements would be another research topic in my future work.

Antenna arrays that can operate in multiple band are also significant in many application
scenarios. For example, SOTM requires that the antenna array should operate at two
different frequencies, 20 GHz for downlink and 30 GHz for uplink. In 5G or 6G mobile
communications, it is required that base stations should operate at sub-6 GHz and mmWave
frequencies simultaneously in order to reduce the cost, volume and weight of base station
equipment. However, the dual band antenna array with large frequency ratio face challenges
such as high mutual coupling, limited beam scanning angles, complicated feed networks,
etc. Thus, how to design a dual band dual polarized antenna array that is free from these
problems will be also considered in my future work.

Terahertz (THz) communications can provide massive frequency spectrum. Hence, it
would be an attractive solution to realize ultra-high speed wireless communications by
exploiting THz waves in the future. Most of the reported THz antennas are simply designed
from mmWave antennas. Even though a lot of attention has been paid, the research of
THz antennas is still in the preliminary stage. How to design high efficiency and high gain
THz antennas/arrays with dual polarization and beam scanning capability will be another
research work in the future.
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