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Abstract

Millimeter-wave (mm-wave) frequencies have drawn large attention, specifically for
the fifth generation (5G) of wireless communication, due to their capability to provide
high data-rates. However, design and characterization of the antenna system in
wireless communication will face new challenges when we move up to higher frequency
bands.

The small size of the components at higher frequencies will make the integration
of the antennas in the system almost inevitable. Therefore, the individual characteri-
zation of the antenna can become more challenging compared to the previous genera-
tions. This emphasizes the importance of having a reliable, simple and yet meaning-
ful Over-the-Air (OTA) characterization method for the antenna systems. To avoid
the complexity of using a variety of propagation environments in the OTA perfor-
mance characterization, two extreme or edge scenarios for the propagation channels
are presented, i.e., the Rich Isotropic Multipath (RIMP) and Random Line-of-Sight
(Random-LoS). MIMO efficiency has been defined as a Figure of Merit (FoM), based
on the Cumulative Distribution Function (CDF) of the received signal, due to the
statistical behavior of the signal in both RIMP and Random-LoS. Considering this
approach, we have improved the design of a wideband antenna for wireless application
based on MIMO efficiency as the FoM of the OTA characterization in a Random-LoS
propagation environment. We have shown that the power imbalance and the polariza-
tion orthogonality plays major roles determining the 2-bitstream MIMO performance
of the antenna in Random-LoS. In addition, a wideband dual-polarized linear array
is designed for an OTA Random-LoS measurement set-up for automotive wireless
systems.

The next generation of wireless communication is extended throughout multiple
narrow frequency bands, varying within 20-70 GHz. Providing an individual antenna
system for each of these bands may not be feasible in terms of cost, complexity and
available physical space. Therefore, Ultra-Wideband (UWB) antenna arrays, covering
multiple mm-wave frequency bands represent a versatile candidate for these antenna
systems. In addition to having wideband characteristics, these antennas should offer
an easy integration capability with the active modules. We present a new design
of UWB planar arrays for mm-wave applications. The novelty is to propose planar
antenna layouts to provide large bandwidth at mm-wave frequencies, using simpli-
fied standard PCB manufacturing techniques. The proposed antennas are based on



Tightly Coupled Dipole Arrays (TCDAs) concept with integrated feeding network.

Keywords: Millimeter-wave, 5G, OTA, RIMP, Random-LoS, MIMO efficiency, CDF,
PoD, Ultra-Wideband (UWB) antenna, Phased array antenna, Tightly-Coupled Dipole
Array (TCDA).
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Chapter

Introduction

The continues growth of wireless communication in past years has called for various
user and application trends [1-3|. This includes: ultra-low latency and high reliabil-
ity communications, in which users expect to experience instantaneous connectivity
in applications such as cloud services and virtual/augmented realities. Also, auto-
mated cars, traffic control optimization, smart grid and e-health are other examples
of machine-centric communication which requires low-latency and hight reliability.
Another user trend for next generation of wireless communication is to support large
number of dense users, e.g., users in public transportations or large stadium, and
machine-to-machine (M2M) communication in traffic jams. Maintaining the high
quality of communication at high mobility is another expected feature for future
wireless communication. Also, application trends for the upcoming wireless commu-
nication can extend to enhanced multimedia services which will lead to a demand for
significantly high date rate communication. And finally in the future, objects which
can benefit from interconnections, such as smart phones, cameras, vehicles, sensors
and etc. are expected to be connected. Therefore, the number of the connected
devices will increase significantly due to the advent of Internet of Things (IoT).

Although the requirements for the fifth generation (5G) of wireless communica-
tion is yet to be finalized, the three main expected usage scenarios can be envisioned
as: enhanced Mobile Broadband (eMBB), Ultra-Reliable Low Latency Communica-
tions (URLLC) and massive Machine Type Communications (mMTC) [2]. Mobile
Broadband (MBB) refers to the human centric use cases for access to multimedia,
services and data. The continuous increasing support of MBB through improved
peak/average/cell-edge data rates, increased capacity for hotspots i.e., areas with
dense users, and improved coverage for wide areas with medium to high mobilities
are addressed as eMBB. URLLC introduces strict requirements in terms of latency
and availability for emerging critical applications such as industrial internet, smart
grids, infrastructure protection, remote surgery and intelligent transportation sys-
tems (ITSs). And at last, mMTC is necessary to support the envisioned 5G IoT
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Enhanced mobile broadband

Gigabytes in a second —\_.

3D video, UHD screens
—_— ‘Work and play in the cloud
Smart home/building
Augmented reality
; Industry automation
—. I Mission critical application

Voice

Smart city

I Self driving car

Massive machine type Ultra-reliable and low latency
communications communications

Figure 1.1: Usage scenarios of IMT for 2020 and beyond |[2].

scenario with very large number of connected devices with low cost and long battery
life requirements. These three main usage scenarios are depicted in Fig. 1.1.

Two tracks have been suggested to make up the 5G radio access roadmap in
3GPP [1], one is based on the evolution of LTE and the other is called New Radio
(NR) access. LTE-5G can provide as many 5G requirements and use cases as possible
and investors in LTE do not need to be concerned about their previous investments.
However, it is restricted mainly due to the limited available spectrum. On the other
hand, the NR-5G does not need any compatibility requirements related to the pre-
vious generations and therefore can introduce more fundamental changes including
the usage of millimeter-Wave (mm-Wave) frequencies.

Despite all these new compelling advantages, making use of the next generation
wireless communication will introduce many new challenges. In general, these chal-
lenges can be categorized into two main categories; the ones related to the implemen-
tation of the system and the ones introduced by the evaluation of the implemented
system. In the following sections we try to explain and identify some of these chal-
lenges, mostly related to the antenna design approach.

1.1 System Implementation

A typical architecture of the mobile network is shown in Fig. 1.2. It consists of
three main parts, the mobile fronthaul/Access, the backhaul and the mobile core.
The mobile front end interfacing part of the cellular network is known as mobile
fronthaul. Tt interfaces the end users with the rest of the network through base
stations and macro cells. The back end part of the cellular network which connects
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Figure 1.2: Fronthaul transport network [5].

the fronthaul to the mobile core network is called backhaul, which houses baseband
units and aggregation networks. However in [4], an alternative architecture called
Xhaul is proposed which aims to develop a 5G integrated backhaul and fronthaul
transport network.

The mobile cores are linked to each other and to the backhaul by optical fibers,
due to fiber’s higher capacity compared with wireless backhaul links. There is a
demand for ultra-high data rate backhaul point-to-point wireless links for 5G cellular
networks, due to their fast, easy and cost effective installation compared to fiber optic
networks. However for backhaul applications, the mm-wave antenna should be high
gain and directive due to the challenges posed by propagation losses. For the mobile
radio access part of the network, including macro and small cell base stations, which
is the main focus of this thesis, the antennas need to be designed to be able to scan
the beam or switch between beams or beamform while communicating with users, as
shown in Fig. 1.3.

Traditionally, phased array antennas are used for applications such as space com-
munications, electronic warfare and radar functions [7]. The need for a beam scanning
ability for the 5G base stataion has drawn the attention to phased array antennas,
designed for mm-wave frequency bands. The possible allocated spectrum for 5G is
shown in Fig. 1.4 [8]. As shown, the mm-wave bands are allocated in 3-4 separate
bands. Providing an individual antenna system for each of these bands may not
be feasible or not optimal in term of cost, complexity and available physical space.
Therefore, Ultra-Wideband (UWB) antenna arrays, covering multiple mm-wave fre-
quency bands represent a versatile candidate for future 5G antenna systems. Also
it needs to be mentioned, as we move to higher mm-wave frequency bands, all the
passive and active components in the system becomes smaller, which introduces hard-
ware challenges such as integration, packaging and manufacturing cost. Therefore,
in addition to having wideband characteristics, antennas for mm-wave frequencies
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Figure 1.3: Comparison of a 5G base station with the ability of beamforming and a
4G base station with wide beam [6].

should offer an easy integrating capability and low fabrication cost.

1.2 System Evaluation

In the past few years, the performance evaluation of wireless devices has shifted from
conducted measurements to more realistic Over-The-Air (OTA) tests. In conducted
testing, coaxial cables are attached to a designated testing or measurement port on
the device. On the other hand in OTA testing, the performance evaluation of wireless
devices is performed without disconnecting the antennas from its system. Thus, no
modification of the Device Under Test (DUT) is needed [9,10].

OTA tests of Single-Input Single-Output (SISO) devices or antennas can be
categorized in terms of total radiated power (TRP) and total isotropic sensitiv-
ity (TIS) [11]. However, these parameters are not sufficient for characterizing the
performance of Multiple-Input Multiple-Output (MIMO) wireless devices or anten-
nas. MIMO technology uses multiple antennas at both the transmitter and the
receiver sides to increase channel capacity and the reliability of the communication
system [12].

In MIMO OTA tests, the characteristics of the antenna and the propagation
channel play key roles. As antennas are inherently included in OTA testing, it is
important to also consider realistic channel models for MIMO device-performance
evaluation. A realistic propagation channel model can vary for different applications.
Thus, evaluating the OTA performance of devices in each possible propagation chan-
nel can be unrealistic, time consuming, complex and expensive. One way to simplify
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the testing procedure is to evaluate the performance of the system in the extreme
(or edge) propagation channels, and put some specific weights on the performance
characterization parameters in theses extremes based on where the real propagation
environment stands. In [13] two extreme reference environments, useful for OTA
tests are defined: the Rich Isotropic Multipath (RIMP) which can be emulated in
reverberation chambers and the Random-Line of Sight (Random-LoS) emulated by
anechoic chambers. These two extreme reference environments are complementary
and real life can be somewhere in between. The performance of the antenna can be
then evaluated in these environments and depending on the results, modification of
the design can be applied based on the relevance of either environment for the spe-
cific application. For example, hand-held wireless devices used in urban and indoor
areas are mostly subjected to multipath propagation and hence, the RIMP can be
dominant. On the opposite, the Random-LoS is more relevant for cars moving along
highways communicating with base stations and other cars |14, 15]. Also, the LoS
channel is likely to become more dominant as the carrier frequency of the transmitted
signal goes higher.

Traditionally, antennas are characterized by their realized gain and radiation pat-
terns |16]. However, antennas used in wireless devices such as cell phones and laptops
are exposed to multipath, resulting in variation, or so called fading, of the received
signal at the antenna. Therefore, antenna testing needs to take into account the sig-
nal variation which can be described by the cumulative distribution function (CDF).
Moreover, multiple-port antennas can be used to mitigate the negative effects of
fading with the help of antenna diversity and MIMO technology [12]. Making use
of the statistical features of the received signals, different performance characteriza-
tion parameters, or figures of merit, such as Diversity Gain (DG) [16] and MIMO
multiplexing efficiency [17] can be defined. These are instrumental to evaluate the
improvement achieved by using multiple antennas in a multipath environment. In
a similar way, LoS performance evaluation should take into account the statistics
of different users. A CDF can be used to describe the statistical variations of the
received signal due to the randomness caused by arbitray locations of users and the
way they hold their wireless devices [13,18]. The performance evaluation in RIMP
has been studied in many articles [19], while Random-LoS is a new, less conventional
concept that is currently under development.

The ability to achieve a high port isolation, together with compact configuration,
renders the dual-polarized antenna a promising option for MIMO applications, espe-
cially for micro-base station antennas when space is a limitation. The importance
of dual-polarized antennas is emphasized since the maximum available independent
channels in LoS are limited to only two, i.e., given by two orthogonal polarizations.
Many different types of dual-polarized antennas has been suggested in the literature.
However, the most challenging aspect is to comply with the wideband requirement
while keeping the manufacturing cost and complexity as low as possible.
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1.3 Aim of the Thesis

The thesis aims two individual but related research topics, as explained as follows.

1.3.1 OTA Evaluation and Design Modification Based on a
New Characterization Method

MIMO OTA performance assessment of antenna systems in 3G and 4G wireless com-
munications systems is highly relevant. Therefore, antennas designed for MIMO
applications need to be characterized, optimized and tested based on their system
performance in the relevant propagation environment. In order to address the above
and to be able to relate the OTA throughput measurement to the traditional way
of evaluating the antenna performance in terms of radiation pattern and gain, the
received signal at the output ports of antennas can be interpreted as the probability
of detection [20].

The received signal can be computed based on the embedded radiation pattern
of the antenna and the model of the propagation environment. Having simplified the
system performance analysis, the OTA performance of the system can be simulated.
The design of the antenna can be readily readjusted and modified to meet the re-
quired system performance specifications. It is worthwhile to note that although, the
classical evaluation of the antenna might not be completely sufficient, it gives us a
good approximation to start our design, which can be subsequently modified based on
the OTA simulations. Also, in order to verify the antenna design concept and its per-
formance in the simplified environments, OTA measurements need to be performed
to verify compliance with the specified requirements. In this thesis, a new character-
ization method is used to evaluate and modify the design of the self-grounded bowtie
antenna for micro-base station application. Furthermore, the antenna hardware is
devised to perform OTA measurements in an emulated Random-LoS environment.

1.3.2 Designing Wideband Wide-scanning Phased Array An-
tenna for mm-wave 5G Base Stations

The fifth generation (5G) of wireless communication will make use of several mm-wave
frequency bands, varying from 20 to 70 GHz [21]. However, providing an individual
antenna system for each of these bands may not be feasible nor optimal in term of cost,
complexity and available physical space. Therefore, ultra-wideband (UWB) antenna
arrays, covering multiple mm-wave frequency bands represent a versatile candidate
for the future 5G antenna systems. In addition to having wideband characteristics,
these antennas should offer an easy integrating capability with the active modules.
There are several designs for UWB array antennas. Tapered-slot array antennas [22],
tightly coupled dipole array (TCDA) [23], planar ultra-wideband modular arrays
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(PUMAS) [24], Magneto-Electric Dipoles (MEDs) are some of the well-known designs
for UWB arrays. However, as we move up to higher frequencies, all of the above
mentioned arrays will face the scalability problem in terms of the manufacturing
feasibility, fabrication cost and also the assembly complications. There are many
antennas designed for mm-wave frequency bands including on-chip antennas [25| and
Low temperature cofired ceramic (LTCC) multilayer antennas [26]. However, It needs
to be mentioned that all these mm-wave antennas are relatively narrow band with
an impedance bandwidth of less than 25%. In this thesis, we present some fully
planar designs of UWB planar arrays with large beam scanning capabilities and
bandwidth exceeding 65% for mm-wave base station applications. The antennas are
realized using a simplified standard PCB manufacturing technique which provides a
low fabrication cost.

1.4 Thesis Outline

This thesis is divided into two main parts. The first part has been organized in
4 chapters and introduces the background needed for better understanding the ap-
pended papers, presented in the second part. In the second part of the thesis, the
author’s most relevant contributions are included in the form of appended papers.
Additional non-appended publications can be found as references in the section List
of Publications.

In Chapter 2, a systematic approach to characterize the OTA performance of
wireless devices in two extreme edge environments is presented and the appropriate
figure of merits to evaluate the performance of MIMO systems are introduced. Also
in this chapter, the Threshold receiver model is introduced as a model to relate the
system throughput to the received power at the antenna ports. Further on, the reader
is introduced to different types of wideband dual-polarized antennas for base station
applications, together with different wideband balun structures. The self-grounded
bowtie antenna is also introduced in this chapter, together with the array antenna
specification for a MIMO OTA measurement set-up in Random-LoS. In Chapter 3,
an introduction to phased array antenna as a promising candidate for beam-steering
base stations is presented. Also, we try to explain the scan blindness phenomena in
the array of dipoles, caused by the surface wave and the feed lines. Further on, tightly
coupled dipole arrays (TCDAs) are introduced as an UWB wide beam-steering array
with the ability to be integrated with the active circuitry. The concept of these arrays
is explained based on the Wheeler’s current sheet model and different examples from
the literature are provided. Finally, Chapter 4 concludes the first part with a brief
summary of the included papers and future works.

Part II of the thesis includes the most relevant research papers. In Paper A, we
improve the MIMO performance of a 2-port self-grounded bowtie antenna in Random-
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LoS by using a system characterization based on a MIMO efficiency metric. We show
that the polarization orthogonality and power imbalance are the two important fac-
tors which contributes to degrade the MIMO performance in a Random-LoS propa-
gation environment. In Paper B, we design a wideband dual-polarized array antenna
for OTA Random-LoS measurement set-up for automotive wireless systems, covering
multiple LTE bands. Paper C presents two small array antenna structures comprised
of bowtie elements to achieve an omni-directional coverage for MIMO applications.
The elements are modified to have a desirable MIMO performance in RIMP and
Random-LoS. This has been done by investigating the MIMO efficiency metric in the
edge propagation environments. In Paper D, a fully planar UWB linearly-polarized
design for mm-wave phased arrays is presented. The proposed antenna has a large
beam steering ability and can be manufactured using standard PCB technology. Pa-
per E provide us with another design for wideband wide scanning linearly polarized
phased array element in an aperture coupled feed structure. A dual-polarized planar
UWRB element for phased arrays is proposed in Paper F.
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Chapter

System Evaluation and OTA
Considerations

OTA measurements allow us to test wireless devices in an emulated typical propaga-
tion environment. Having a reliable test setup requires an accurate and repeatable
model for the propagation environment. To address this, various OTA methodologies
have been proposed and discussed in the standardizations [27]. The methodologies
vary in terms of propagation environments, system simplicity and cost. In gen-
eral, the existing methods can be divided into two main categories: measurements
in anechoic chambers and measurements in reverberation chambers. The anechoic
chamber methods can be conceptually simple but it comes with low flexibility of the
propagation channel model [10]. The more flexible methods performed within an
anechoic chamber will result in higher complexity and therefore higher costs too. On
the other hand, methods using reverberation chambers are much simpler and more
cost-efficient, but may have difficulties to control the channel model. These types of
difficulties can be overcome by adding RF absorbers, cascading two or more rever-
beration chambers and adding channel emulator to the downlink which increase the
complexity and cost [10].

2.1 Edge Environments and the Hypothesis

In [13] two extreme reference environments, convenient for OTA tests are defined: the
Rich Isotropic Multipath (RIMP) which can be emulated in reverberation chambers
and the pure-LoS emulated in anechoic chambers. These two reference environments
are complementary and real life propagation channels can be somewhere in between.

11
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2.1.1 Rich Isotropic Multipath (RIMP)

In urban and indoor environments, wireless terminals are subject to strong fadings
due to multipath propagation [28|. This happens because of the reflection, diffrac-
tion, scattering and refraction from objects in the environment such as the ground,
buildings, trees and people. At the receiver side, the multipath environment can
be characterized by several incoming plane waves. These incoming waves can have
a certain angle of arrival (AoA) distribution. However, if there is no LoS and the
number of incoming waves (richness) is large enough with statistically arbitrary ar-
rival direction, then the received signal’s amplitude and power become Rayleigh and
exponentially distributed, respectively. Note that, a richer environment is needed for
more directive antennas than the non-directive antennas. On the other hand, wire-
less terminals might have a preferred usage orientation in respect to a specific axis.
Cross-polar Power Discrimination (XPD) [29] is defined to describe the polarization
purity. However, we refer to this as polarization imbalance in the environment. The
RIMP environment is a result of polarization balance and large enough uniform AoA
distribution over the whole sphere. An illustration of the incoming waves in RIMP
is shown in Fig. 2.1. Since the RIMP environment is characterized by uniformly dis-
tributed AoAs and balanced polarization, the evaluated performance of the wireless
device becomes independent of its orientation. In such an environment, the radiation
pattern plays a very minor role, if any role at all. This is due to the statistically
fluctuated received signal caused by the constructive and destructive combination of
incoming waves with arbitrary amplitude, phase, polarization and AoA |30].

The RIMP environment can be emulated in reverberation chambers. The re-
verberation chamber is a large metal cavity provided with mode stirrers and an-
tennas. Traditionally, it is used for electromagnetic compatibility (EMC) measure-
ments |28, 31]. This ability of emulating RIMP channels made the reverberation
chamber a versatile tool for OTA testing. It has been shown that the reverbera-
tion chamber can provide accurate and cost effective OTA characterization of passive
antennas in terms of the antenna efficiency, diversity gain and maximum available
MIMO capacity [16,32-34]. It also can be used to characterize active devices in terms
of total radiated power (TRP) and total receiver sensitivity (TIS) and throughput
data rate [20,35]. In [36-39], the control of coherence bandwidth and Doppler spread
inside the reverberation chamber has been studied. Also, it has been suggested in [10]
that channel emulators can be employed to the downlink prior to the launch of the
signal into the chamber to fully control the channel model. The tests performed in
reverberation chambers are statistical in nature. Therefore, the signal variations due
to fading, measured at the receiver antenna port can be described in terms of the
cumulative distribution function (CDF).

12
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Figure 2.1: Hlustration of the incoming waves in RIMP, with random AoA, polariza-
tion, amplitude and phase.

2.1.2 Random Line of Sight (Random-LoS)

Traditionally, all antennas have been characterized in terms of their far-field patterns
and realized gains. Measurements have therefore been performed in anechoic cham-
bers with a pure-LoS link between the transmitter and the receiver. However, this
approach can only be valid for fixed antennas in point-to-point applications. The
LoS in wireless communications can deviate from the traditional definition. Because
of the arbitrary distribution of the users’ locations, as well as the position and orien-
tation of the devices they use, the LLoS component between users and base-stations
can be random. Arbitrary locations of users, results in randomness in terms of AoA,
and the different orientations of the device causes the wireless devices to experience
a Random-LoS in terms of polarization [13,18,30]. The randomness in LoS was pre-
viously studied in |40, 41|, but the term Random-LoS in a 3D context, taking into
account the user distribution to statistically evaluate the performance of antennas
and wireless devices, was first presented in [30]|. The illustration of Random-LoS in
terms of AoA and polarization is shown in Fig. 2.2.

We can conclude that in a pure-LoS environment, testing of wireless devices and
antennas should also be statistical, due to the randomness of a mobile users, both
in location (AoA) and in orientation of the device (polarization). This statistical
variation is present even for stationary users, within an ensemble of users. In this
random-LoS propagation environment, the randomness can cause a slow fading de-
termined by the radiation pattern of the antenna. Random-LoS, similar to Pure-LoS
can be emulated in anechoic chambers. Some automotive active OTA measurement
in Random-LoS have been performed and presented in [42,43].

13
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I

ﬁ

(b)

Figure 2.2: Illustration of the Randomness of LoS component in terms of a) AoA and
b) Polarization [30| in Random-LoS.

2.1.3 Real life hypothesis

The aforementioned edge propagation environments are opposite and extreme en-
vironments which rarely represent the actual propagation environment. Real life
propagation environments will always be somewhere between these two extremes.
Based on this pre-assumption, a real life hypothesis has been stated in [13] as: 7 If
a wireless device is tested with good performance in both Random-LoS and RIMP
environment, it will also perform well in real-life environments and situations, in a
statistical sense.” The importance of these edge environments has also been argued
in [44,45].
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2.2 System Characterization

As mentioned above, antennas in RIMP and Random-LoS propagation environments
can be characterized statistically and the signal variation on the receiver ports can
be described by a cumulative distribution function (CDF). This signal variation can
be seen as the fluctuation of the signal received by a moving user or a group of
stationary users. Multiple-port antennas can be used to mitigate the negative effects
of these variations in the form of antenna diversity and multiple-input multiple-output
technology.

2.2.1 Diversity

Using multiple antennas at the receiver side to detect multiple copies of the same
transmitted signal and combine them in a proper way can result in an improvement
of the received signal level. The reason behind this can be discussed differently in
two different environments. In a multipath propagation environment, signals received
at the antenna ports are the result of constructive and destructive combinations
of signals passing through different paths, therefore different ports may experience
different fading. If the received signals at the receiver ports are uncorrelated, the
transmitted signal can be extracted at the receiver side more accurately by using
different combinations of the received signals. This is due to the fact that since signals
at the receiver ports are uncorrelated, it is very unlikely they would experience a
fading dip in all the received signals, simultaneously |16]. This is known as diversity
combining and can be implemented in different ways. Frequency, spatial, pattern
and polarization diversity are different types of diversity. In Random-LoS, there is
no signal fluctuation due to destructive and constructive combination of multiple
received components. However, the one incoming wave (LoS component) can arrive
from a random AoA and with a random polarization resulting in fading related to
the farfiled functions of the receiver antennas. Since having spatial diversity in LoS is
impractical and needs a large separation between ports [46], polarization and pattern
diversity are promising options in this type of propagation environment. To combine
the received signal at different ports, there are several schemes that can be used,
such as Selection Combining (SC), Equal Gain Combining (EGC) and Maximal Ratio
Combining (MRC) [12]. In MRC, the output of the combiner is the weighted sum of
received signal at each port that maximizes the receive power or, more generally, the
SNR. These weights are the complex conjugate of the received voltage at each port.

By plotting the CDF of the combined received signal, the diversity gain (DG) can
be defined as the power or SNR improvement achieved by a diversity antenna system
as compared to a single reference antenna, usually at the 1% CDF level. In Random-
LoS this is the increase in the received power of the 1% worst users or cases during a
fading, when the transmit power remains the same. In RIMP, it is the increase in the
received power of the 1% worst signal levels, when the transmit power remains the
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Figure 2.3: The cumulative probability distribution function (CDF) of measured
S1o in reverberation chamber for two paralell dipoles diversity antenna and an ideal
reference [16].

same. We can distinguish between apparent, effective and actual diversity gains 47|
depending on whether the reference antenna is one of the diversity branches, an ideal
antenna with 100% total radiation efficiency or an existing practical reference an-
tenna. Since the CDF of the envelope of the voltage induced at a single port antenna
follows the theoretical Rayleigh distribution, the descriptive unit dBR is introduced
to quantify the diversity gain in RIMP [47]. In Fig. 2.3, the CDF of the normalized
transmission (S12), measured in the reverberation chamber is shown. We can see that
for the ideal reference, the curve follows the theoretical Rayleigh distribution, while
for each parallel dipole the curves are still similar to the theoretical Rayleigh but
shifted to the left, because of lower radiation efficiency. After applying the selection
combining algorithm, we can define the effective diversity gain as the difference be-
tween the selection combined CDF and the theoretical Rayleigh curve at the 1% level.
However, using this unit in Random-LoS might not be very representative, since the
CDF of each antenna follows the farfield function and not the Rayleigh distribution.
Although studies in [48] have shown that they can be similar if the antenna is not
directive and surrounded by scattering bodies such as the chassis of the device and
the user’s head and hand.
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2.2.2 Threshold Receiver Model

The threshold receiver model is a model for calculating the throughput data rate of
a practical wireless device, based on the CDF of the output power at the antenna
port [20]. The relative throughput obtained in this way can be further interpreted as
the probability of detection. The model can be explained as follows.

In a static additive white Gaussian noise (AWGN) channel, the Group Error Rate
(GER) can change very abruptly from almost 100% to 0% at a certain threshold, if
the forward error corrections (FECs) is used:

1 P< Py

, (2.1)
0 P>Pth

GERppaL(P) = {
where P is the received signal power and P, is the threshold. Then the throughput
data rate can be expressed by:

Tput = Tput,,,, x {1 — GER(P)} , (2.2)

where Tput,,.x is the date rate determined by the wireless system specification. This
formula is valid for the GER in a stationary LoS channel versus a constant signal
power P and for the GER averaged over long enough fading time, verus average signal
power in a dynamic fading environment. These two are related to each other as

GERu,(Pu) :/ GERos(P)PDF(P/P,,)dP , (2.3)
0
which gives

Tput = Tput,,,, * CCDF(Py,/P.,) . (2.4)

max

We can conclude that in a dynamic channel, the relative throughput is directly
related to the complimentary cumulative distribution function (CCDF) of the power
distribution at the threshold. According to [49], in a fading environment, if the
instantaneously received power is above the threshold, we will detect the channel
with no errors, otherwise we will not detect it. Therefore, we can find the average
throughput by counting the number of times the received power is above the threshold
during the fading cycle, i.e., the number of detections of the channel. Thus, the
relative throughput becomes equal to the probability of detection (PoD).

PoD(P/Py) = w — CCDF(Py/P) . (2.5)

max

where P is the reference power proportional to transmitted power, P, is the dynamic
threshold level and CCDF is the complimentary cumulative distribution function of
the received fading power, normalized to the reference.
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Although the ideal threshold receiver model was first introduced for modeling the
throughput in RIMP, it has been expanded to Random-LoS, because of the statistical
behavior of signal introduced by the randomness in this propagation environment [43].
Note that, in RIMP, the average signal power of a Rayleigh distribution can be used as
the reference power, while for Random-LoS, it can be chosen based on the application.
For example, the reference power can be the maximum received power of the actual
scenario [50], or the received power of an ideal antenna [51,52].

2.2.3 MIMO

Systems with multiple antennas at the transmitter and the receiver sides are com-
monly referred to as Multiple-Input Multiple-Output (MIMO) systems. These mul-
tiple antennas can be used to increase the date rate and improve the performance
through multiplexing and diversity [12]. In multiplexing, independent data can be
sent through independent paths and will then be separated at the receiver sides.
Assuming a narrow band MIMO channel (or flat channel for each OFDM, i.e., or-
thogonal frequency division multiplexing, subcarriers), the input-output relationship
in communication systems can be represented as

y=Hx+n, (2.6)

where H is the MIMO channel, x and y are the transmitted and received signal
vectors, respectively, and n is the noise vector with independent and identically
distributed (i.i.d) unite variance Gaussian elements [17].

Depending on the availability of the channel state information (CSI), we can use
different ways to separate data bitstreams at the receiver side. If the CSI is known
at both the transmitter and the receiver side, singular value decomposition (SVD)
can be used to differentiate data streams [53]. However, due to finite coherence time
of the fading channel, and the use of different frequencies in the up- and down-link,
the CSI is usually unknown at the transmitter side. Another method to extract data
without the need of knowing the channel at the transmitter side is to use the Zero-
Forcing (ZF) receiver, which relies on the pseudo-inverse of the channel matrix at the
receiver side. Following [53|, the SNR of the i, stream using a ZF receiver can be
obtained by

ZF Tt
Y= Nt[(HHH)_l]i,i ) (2.7)
where 7; is the transmit SNR, [X];; denotes the i, diagonal element of the matrix
X, X! and X¥ are the inverse matrix and the conjugate or Hermitian transpose of
the matrix X, respectively.
The ideal threshold receiver model can be used to plot the PoD curve for multiple
data streams based on the CDF of the received power. The PoD of the theoretical
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Figure 2.4: The PoD of different order MIMO systems for i.i.d. received channels in
RIMP.

i.i.d. (independent and identically distributed) Rayleigh channel with up to 4 bit-
streams in a 4x4 MIMO system has been illustrated in [18]. Using ZF receiver, the
PoD of detecting all bitstreams will be equal to the PoD of detecting the weakest
channel for each realization of the channel. Also we need to mention that in RIMP,
it is possible to have multiple i.i.d. channels. However, in Random-LoS, we can not
get more than two data streams corresponding to the two orthogonal polarizations,
unless we separate the antennas by a very large distance or use spatially separated
very high gain antennas [17].

As an example, the PoD of 1, 2 and 4 bitstreams for different order MIMO systems,
using threshold receiver model and ZF receiver are shown in Fig. 2.4. We assume i.i.d.
ports in a RIMP propagation environment. By comparing the higher order MIMO
with SISO case at 95% PoD level, we can see that, for example, 4.8 dB more power
compare with SISO is needed to detect 95% of the cases in 2x2 MIMO. This power
cost for 2x1, 4x2 and 4x4 MIMO systems are -8.9 dB, -8 dB and 9.2 dB, respectively.
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MIMO Efficiency

The MIMO efficiency has been introduced in |17, 54| in order to define a figure of
merit to evaluate the MIMO system performance. To compute the MIMO efficiency,
we need to plot the PoD of single or multiple bitstreams using the Threshold receiver
model. As known, the diversity gain is often defined at the 1% CDF level [47,55].
However, to verify this value in a practical situation, we need a large number of
samples. Instead we can investigate the diversity gain at the 5% CDF level. Following
this, we can find the MIMO efficiency by comparing the value of P/FP;, at the 95%
PoD level to an ideal reference case.

PoD_;(0.95)

ref

PoD(0.95)’ (28)

TTMIMO =

where PoD ™! is the inverse function of PoD ™" and PoD_; is the inverse function of the
probability of detection of the reference case. The degradation of the actual scenario
compared to the reference, implies the higher transmit power needed to detect 95% of
cases compared to the ideal antenna. Note that to have a fair comparison, coding and
modulation methods remains the same for both cases. The 95% PoD level corresponds
to the 95% relative throughput level.

The ideal reference can be different in RIMP and Random-LoS case. In RIMP,
we can use antennas with 100% efficiency and no correlation, with the same order of
MIMO, as the reference, resulting in independent and identically distributed (i.i.d.)
voltage signals. The practical antennas will always have lower performance than the
reference in a RIMP propagation channel. In Random-LoS, the i.i.d. case do not
represent a theoretical limit [17]. The statistical characteristics in Random-LoS is
due to the randomness of the AoA and polarization of the LoS component directly
related to the farfield function of the antenna. So in this environment, the limit
cannot be defined by the i.i.d. channel, instead by specific conditions for the farfiled
function of an ideal antenna [51,52]. So in Random-LoS, the reference is defined
as a 1- or 2-port (maximum bitstream which can be achieved in LoS) antenna with
100% total radiation efficiency and matched coverage and polarization. Matched
coverage means that the radiation pattern of the reference antenna should cover the
intended angular coverage with a uniform realized gain and matched polarization
means that the receiver antenna should be able to detect all the power delivered by
the incoming wave with random polarization. In the 2-bitstream case, it means that
the radiation function of two receiving ports should remain orthogonal for the whole
desired coverage. Note that in Random-LoS, the number of the actual receivers can
be defined in such a way to be larger than the number of the ports in the ideal
reference. In this case, the MRC diversity gain achieved by using a larger number of
ports might result in having a MIMO efficiency larger than 0 dB.
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2.3 MIMO Hardware

2.3.1 Wideband Dual-Polarized Antennas for Base-Stations

As discussed above, MIMO antennas can provide diversity gain, multiplexing and
increase the channel capacity. Making use of ports with high isolations can help us to
achieve higher order of MIMO in the RIMP propagation environment, even in a small
area. For the case of LoS (or Random-LoS), the maximum number of independent
subchannels are restricted to two orthogonal polarizations. This put more importance
on the use of polarization-MIMO where two orthogonal polarizations are used as
MIMO subchannels. Using polarization diversity and multiplexing can also lead
to more compact structures. This is especially important for wideband micro-BTS
applications [56,57].

Through the years, many different types of wideband dual-polarized antennas
have been proposed for base-station applications. Multilayer aperture-coupled patch
antennas were studied in [58-60|. In these antennas, two orthogonal apertures (usu-
ally H-shaped slots) excite one single patch in two orthogonal polarizations. Dual-
polarization can also be achieved by using L-shaped probes [61,62]. In [63] it has
been shown that using L-shaped probes can increase the bandwidth. Several broad-
band cross-dipoles also have been presented in [64-67]. However, the multilayer
stacked patch antennas are quite challenging in terms of manufacturing aspects. The
proposed antenna in [65] consists of two orthogonal dipoles, a metal reflector and
a dielectric post to support the cross-dipole on top of the reflector. The coaxial
cables pass through the post and feed dipoles. To achieve this type of feeding, a
wire bridge, i.e., copper connector is needed for each dipole. Therefore the feeding
structure in this method needs to be arranged correctly in order to avoid intersect-
ing. Another structure of cross-dipoles has been introduced in [66] which adds two
short pins to improve the isolation between the ports. In [67] a double sided PCB
printing approach has been used to improve the manufacturing complexity. Another
design for wideband dual-polarized antenna can be achieved by the Magneto-Electric
Dipole (MED) [68-70]. This is a complimentary antenna consisting of two cross
electric dipoles connected to vertically oriented shorted patch antennas. T-shaped
probes are used as feeds where each probe has three parts. The first part which is
vertically oriented, together with a vertical plate, works as a microstrip line on an
air substrate. The horizontal part of the probe excite the electric dipole and the
shorted patch, simultaneously. The last vertical part of the feed together with the
other vertical plate, works as an open-circuited microstip line. Because of the air
gap between different parts in this method, the structure might not be very sta-
ble and some supports need to be added. Taperd slot antennas are another ultra
wideband dual-polarized antenna |71,72]. However, they might be treated as high
profile structures. Also, dual-polarized antennas might not have an integrated feed-
ing structure or have separate feeding network, or both |73|. Different methods to
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achieve widenband dual-polarized antennas are showed in Fig. 2.5

2.3.2 Balun

Baluns can be used to convert balanced to unbalance signals and vice versa. Many
different balun structures have been reported in literature. Microstrip to coplanar
stripline (CPS) and microstrip to parallel stripline transition are presented in [74]
and [75] respectively. They are usually large in size and not suitable for compact struc-
tures. A broadband SIW planar balun is proposed in |76]. However, the size is still
large for the application we consider in this thesis. Marchand baluns are another ul-
tra wideband solutions. There are many different configurations of Marchand baluns,
which makes them a popular approach for wideband applications [77-79]. In [73,80] a
single layer octave bandwidth balun was introduced consisting of a Wilkinson power
divider and a non-coupled line broadband phase shifter. Also the Composite Right
Left Handed (CRLH) Transmission Line (TL) which exploits the phase advance of
the left handed materials is another option to achieve wideband characteristics in a
compact space [81]. In order to cover a 2:1 bandwidth while maintaining a compact
size to have the ability to integrate 2 baluns with a dual-polarized antenna, artificial
right /left handed transmission lines are used. Fig. 2.6 shows some examples of the
mentioned baluns.

2.3.3 Self-Grounded Bowtie Antenna

The self-grounded bowtie was first introduced in [82]. It consists of a bowtie dipole
above a ground plane. The bowtie structure gives the antenna the frequency indepen-
dent characteristics and the ground plane helps the antenna to achieve a directional
radiation pattern. To make the antenna more compact, the structure is then trun-
cated and the outer end is connected to the ground plane. A 4-port dual-polarized
structure of the self-grounded bowtie is proposed in [83]. In that study, the profile of
each of the petals has been modified to achieve a good performance in the two modes
of operations, i.e., the 4-port mode where each port is excited individually and the
2-port mode where 2 opposite ports are excited differentially. However, the overall
structure of the antenna was relatively complex to manufacture.

2.3.4 Wideband Dual-Polarized Linear Array for
MIMO OTA Testing in Random-LoS

Autonomous cars will most likely play a major role in transportation systems in the
near future. To achieve their potentials such as route planning, human safety, fuel
efficiency, etc., autonomous cars should have a fast and reliable connection to the
nearby networks and to other cars. Therefore, OTA (Over-The-Air) performance
testing of wireless communication to cars will become critical. Among the two above
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mentioned edge or extreme models for propagation environment, the Random-LoS
will mostly dominate for automotive car applications, as cars are mostly on the
roads and highways. The pre-dominance of the Random-LoS will be emphasized as
the frequency increases, i.e., in millimeter wave applications. To address this, the
preliminary Random-LoS measurement set-up was presented in [14]. In that setup, a
car was located on a turntable in an anechoic or semi-anechoic chamber. In the initial
measurements of an active LTE MIMO (shark-fin) car-mounted antenna in Random-
LoS, a single bowtie element antenna was used as the chamber antenna [42].

However, a much larger antenna may be needed to obtain a large enough test
zone emulating an incident plane wave at the DUT. A preliminary study for an array
configuration for this measurement set-up has been done in [15]. In [84] a cylindrical
reflector in conjunction with a linear array has been used as the chamber antenna
for OTA test of automotive wireless systems in anechoic chambers. This structure
models base station antenna’s height and tilting. In the analysis, the elements of
the linear array were modeled with Huygens sources. An illustration of the concept
is shown in Fig. 2.8. To fulfill the requirements for the array in a more realistic
way, an array element with similar characteristics as the Huygens source must be
designed. Besides being dual-polarized, the bandwidth of the element should cover
various LTE bands (1.6-2.7GHz). The element spacing should be less than the free-
space wavelength corresponding to the highest frequency, to avoid grating lobes. The
actual element should have fairly constant beamwidth in the entire band of interest.
Also, the final optimized antenna design should make the manufacturing cost as low
as possible.
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Figure 2.5: Different aproaches for wideband dual-polarized antennas a) broad-band
dual-polarized aperture-coupled patch [59], b) dual-polarized L-probe patch antenna
[73], ¢) dual-polarized crossed-dipole antenna [65], d) coax-feed dual-polarized patch
antenna consists of two pairs of T-shaped slots on the two bowtie-shaped patches |66],
e) dual-polarized Magneto-Electric Dipole antenna [70], f) wideband widescan dual-
polarized Tapered Slot antenna array [71]
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left-handed transmission-line [81]
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(a) (b)

Figure 2.7: Self-grounded Bowtie Antenna a) single-polarized version [82], b) dual-
polarized version [83].

Cylindrical reflector

Test zone

Figure 2.8: Illustration of a compact OTA measurement set-up for Random-LoS,
consisting of a cylindrical reflector, linear array and the test zone [84].
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Chapter

System Implementation for
Beam-Steering Base Stations

One of the foreseen requirements for the 5G base station is to provide beam-steering,
multiple-beams and beam-forming capabilities. Phased array antennas with the abil-
ity to change the shape of the beam electronically, introduce themselves as a versatile
candidate for such applications. Among them, the designs in which the active cir-
cuitry can be monolithically integrated to the antenna elements has drawn much
attention. Furthermore, due to the assignation of multiple bands at mm-wave fre-
quencies to 5G applications, UWB arrays with the capability to cover multiple fre-
quency bands can represent a beneficial solution. There are several technologies for
UWRB array antennas. Tapered-slot (often referred to as Vivaldi) array antennas are
one of the most well-known designs for UWB arrays. It has been shown in [22] that
Vivaldi arrays can provide a bandwidth of 10:1 at wide scan angles. However, their
complex feeding mechanism together with their high-profile and complicated struc-
ture will make them expensive to manufacture and almost impossible to implement
and assemble with reasonable cost. The tightly coupled dipole array (TCDA) has
lower profile and can provide a large bandwidth of 9:1. The presence of the ground
plane in these arrays, can isolate the radiating elements from the effects caused by the
feed network. The substrate in these structures can be extended behind the ground
plane for the integration of active circuitry, such as amplifiers, phase shifters, etc.

3.1 Theoretical Array Background

It is known that the antennas with large directivity should have a large aperture
size in terms of wavelength. Traditionally, high gain antennas can be realized by
reflector antennas. However, antenna arrays can be designed in a compact structure
with the ability to shape and change the direction of the beam, by changing the
amplitude and the phase of each element, electronically. The inter-element spacing
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Figure 3.1: Geometry of the equispaced planar array. The center of the array is
assumed to be at the center of the coordination system, i.e., . = (0,0) .

can be considered as another degree of freedom for optimizing the arrays in terms
of radiation pattern in so-called aperiodic arrays [85]. Despite these advantages,
the antenna array solutions are normally more complex to design and expensive to
manufacture compare to reflector antennas. The array antennas can normally have
narrower bandwidth compared to reflector antennas. Arrays can be linear, planar
or conformal and can be designed for full scanning, i.e., +60° or more, or limited
scanning. The elements of an array can be of many types, such as dipoles, slots,
microstrip patches, horns and etc.

Let us assume M xN equispaced and identical antenna elements in xy-plane with
their individual phase reference at

M+1 N+1
- S+ (0= )y (31)

Lonn = Te + (M

form=1,2,..., M and n=1,2,..., N, where r, is the geometrical center of the array,
d, and d, are the element spacing in & and y direction, respectively |28].

By using the superposition, the farfield function of the M xN planar equispaced
array becomes

M N

Ga(?) =) D A G(#)elF T (3.2)
m=1n=1

where G(7) is the embedded element far field function, A,,, and ®,,, are the am-

plitude and the phase of the (m,n) element excitation, respectively. To simplify the

design and analysis of the array, we can assume that all the elements in the array

have the same element pattern. Therefore, the farfield function of the array can be

written as

GA(7) = G(#)AF (), (3.3)
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M N
AF(F) =) Y Appe/®mmeltrmns (3.4)
m=1 n=1
where AF(7) is the array factor. The envelope of the array pattern is defined by the
embedded element pattern while AF can be used to synthesize the array pattern. It
needs to be mentioned that not all the elements in the array share the same embedded
pattern due the mutual coupling e.g., the elements on the edges. The assumption
that all the elements have the same embedded pattern becomes more accurate if the
array is sufficiently large.

In order to scan the beam at the angle of (6, ¢;) in so-called phased arrays, the

excitation currents (or voltages) of the (m,n)! element should be phased as

(I)mn = —krmn.fs = —k'(anu + Ymnv)a (35)

where u = sin(6;) cos(¢s) and v = sin(f;) sin(¢,) are referred to u — v space. Ty, =
md,, and Y, = nd, are the position of the (m,n)™ element in respect to the center
of the array. In terms of directivity, when planar arrays are used to steer the beam
at the angle of 6, the directivity decreases with the factor of cos(fs) in respect to
the broadside radiation. This is due to the projection of the effective aperture into
the observation direction [28].

The phased array antenna will introduce an unusual design challenge. That is the
variation of the element impedance, not only for different frequencies, but also for
each scan angle, due to the mutual coupling between the elements. A wide scanning
angle can introduce a significant variation in the impedance which should be taken
into account while designing the phased arrays. There are various designs which can
provide a wide impedance bandwidth with wide scanning capabilities.

3.2 Scan Blindness

The scan blindness refers to the appearance of a single or multiple blind spots at
some specific scanning angles in phased arrays, in which the reflection coefficient is
one or close to unity. Although a true scan blindness (unit reflection coefficient) can
only happen in infinite arrays, it can result in a sever impedance mismatch or a dip
in active (embedded) element pattern for finite arrays, where the infinite array is
blind [86].

3.2.1 Surface Wave Scan Blindness

This phenomena has first been studied in relation to waveguide arrays and its mech-
anism has been explained as a forced surface wave [87] or as a leaky wave [88] res-
onant response of the slow wave structure by phased arrays. This will also occur in
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dipole arrays, since the grounded dielectric slab also supports a slow (surface) wave,
specially when using thicker substrates for mm-wave applications. Using the same
approach as in [86], here we try to investigate the scan blindness presented in printed
dipole phased arrays. The approach can then further be expanded to other types of
elements.

The farfield function of a z-directed dipole array on a dielectric slab for scanning
0 (0, ¢) can be formulated as

—iZ &
G(z,y) J£o Z Z Q(k, k) ejkz(w o) oiky(y— yo) (3.6)

m=—0o0 N=—0o0

where £, and &, are

2 2
ky = (”Tm Yhow) i k= (%” + ko) (3.7)
and
k2 — K2k kyd + jky (k2 — k2)sink,d
Qi k) — (R0 = RoJkzcoshd + jhi(ko — ky)sinkd o0 g )
T
where
T, = kycoskid + jko sin k1 d,
T,, = €.kocoskid + jkysin kid,
K2 = ek — B2,
ki =k — B2, (3.9)

2 2 2
0% =k +ky,
ko = W4/ HUo€p = 27’(/)\,

Zo =/ 1o/ €0,

where a and b are the element spacing in @ and y direction, respectively. (zg,yo) is
the center of the (m,n)™ dipole, where xq = ma and yo = nb and —co < m,n < oo.
d is the thickness and e, is the relative permittivity of the dielectric slab.

For the arrays of dipoles, the scan blindness happens when the wavenumber
coincides with the propagation constant of a surface wave Sy, on the structure. Al-
though the loading effect of the dipole should be included in determining fs,, the
transverse electric (TE) and transverse magnetic (TM) surface waves of the grounded
dielectric slab can provide a fair approximation of S, to estimate the location of scan
blindness. In general terms, the scan blindness occurs when the following three con-
ditions are satisfied. (1) 8 = Bgy. (2) The element spacings (a and b) are such that
f = Bsw occurs for the values of w and v in real space. (3) The TM(TE) surface
wave, due to f = [y, is not canceled by the zero value of k,(k,), i.e., the polarization
cancellation.
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Figure 3.2: Normalized surface wave propagation constants for grounded dielectric
susbtrate with a) ¢, = 2.55 and b) ¢, = 12.8 [86].

As an example in |86], Fig. 3.2 shows the first few normalized surface wave prop-
agation constants of the grounded dielectric, versus thickness for ¢, = 2.55 and
e, = 12.8. As can be seen, increasing €., as well as the dielectric thickness, can
result in the excitation of more surface waves. Now, let us assume an array of dipoles
with the element spacing of a« = b = 0.5, dipole length of L = 0.39), dipole width
of W = 0.002X\ and a substrate thickness and relative permittivity of d = 0.19\ and
€, = 2.55, respectively.

The reflection coefficient of the array in E- (¢ = 0), H- (¢ = 90) and D-plane
(¢ = 45) are shown in Fig. 3.3(a). The unity of the reflection coefficient in E-plane
at 0 = 45.8° shows the presence of the surface wave scan blindness. As explained,
the scan blindness occurs when

o K0)2 = (Ko /Ko)? + (ky JHo)? = (— 2 4 (L 2 3.10
(B b)? = (ol + (5l = (T + ) + (G + 0 (310
By finding S, from Fig. 3.2 (a), two solutions can be found in the principle planes

(@) m=-1, n=0, w=0.717, v=0,

3.11
b) m=0, n=-1, u=0, v =0.717. (8:11)

However, the solution (b) occurs in H-plane (u = 0) while k, = 0, which cancels
the TM surface wave. There are other solutions satisfying (3.10) which occur off the
principle planes. A contour plot of the reflection coefficient magnitude, visualizing
the existance of the scan blindness in the visible area of the u — v plane, is shown
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Figure 3.3: Scan characteristics of an infinite array of printed dipoles. a) Reflec-
tion coefficient magnitude at E-, H- and D-plane. b) The contour plot of reflection
coefficient magnitude in the u — v space and ¢) the surface wave circle diagram [86].

in Fig. 3.3(b). This plot shows two semicircular loci where the refection coefficient is
equal to one, i.e., scan blindness. One curve starts in E-plane at 6§ = 45.8° and leaves
the visible space at ¢ = 32.7° and the other one enters the visible space at ¢ = 57.3°,
approaching H-plane at 8 = 45.8°. However, the latter will disappear at H-plane due
to the polarization cancellation mentioned earlier.

The scan blindness and the effects of the element spacing and surface wave can
also be illustrated by a modified grating lobe diagram, referred to as a surface wave
circle diagram, shown in Fig. 3.3(c). The solid circles are the grating lobe circle with
radius one, centered at (u = (—m)/(a/A),v = (—n)/(b/\)). Where m and n are the
Floquet mode indices. The dashed circles are centered the same as the grating lobe
circles, with the radius of (g, /ko. Whenever the surface wave circles intersect the
visible space, i.e., |u|?+|v|* < 1, the conditions (1) and (2) are satisfied and the scan
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ogr t=0.01m
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Figure 3.4: a) Infinite array of dipoles on protruding susbtrate, b) Reflection coeffi-
cient versus scanning angle in E-plane [89).

blindness (unity of reflection coefficient) will happen, unless it gets canceled out due
to polarization mismatch. This diagram shows that the only way to avoid blindness
is to decrease the element spacing or change the substrate properties (thickness or
permittivity).

3.2.2 Feed-Induced Scan Blindness

In [89], it has been shown that the coplanar feed lines in dipole arrays also introduce
another blindness which affects the scan coverage of the array. As an example, an
array geometry of dipoles on protruding dielectric substrate, fed by coplanar lines
are shown in Fig. 3.4(a). The parameters values are a = b = 0.5m, d = 0.3m, dipole
and feed line lengths are 0.375m and 0.275m, respectively. The reflection coefficient
of four different arrays on a dielectric with ¢, = 3.8 is shown in Fig. 3.4(b). From
this figure, it can be seen that for dipoles with feed lines, a blindness occurs at a
scan angle of 60° which does not happen in the case of dipoles without feed lines.
This feed line-induced blindness can be attributed to the cancellation of the dipole
radiation by the one from the coplanar feed lines, which can support a monopole type
current.

It can be seen in Fig. 3.4(b) that adding the electric walls, removes the feed-
induced blindness and increases the E-plane scan range, similar to the dipole array
without the feed lines. Since the feed-induced blindness, similar to the surface wave
blindness, is a consequence of the coupling between the adjacent elements, the electric
walls will remove this blindness by isolating the neighboring elements from each
other. This can also help to remove not only the feed-induced blindness, but also the
blindness caused by the surface wave. Also it needs to be mentioned that introducing
the feed lines can also prohibit the propagation of the surface waves.

It has been shown that changing the dielectric constant will change the location of
feed-induced blindness, opposite to the one introduced by the surface wave. It means
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that increasing the dielectric thickness and permitivity, will move the feed-induced
blindness towards the end fire. Finally, we should mention that the effect of the feed
lines gets more severe in microstrip arrays, since protruding substrate occupies only
a small fraction of the element [89].

An analysis of the effect of the feed lines on the efficiency of connected arrays
is presented in [90]. It is shown that feed-induced blindness is introducing other
resonances caused by the common-mode propagation, which results in a strong cross-
polarizing standing waves [91].

3.3 Tightly-Coupled Dipole Arrays (TCDAs)

Traditionally, the wideband arrays are designed based on designing a wideband el-
ement in isolation and then use that element in the array, hoping that the mutual
coupling will not affect the element performance in the array environment. Using a
fundamentally different approach to design wideband arrays, Baum showed in [92]
that the interconnection of the elements in an array can introduce a continuity of
the current in the array, providing low frequency performance. Later on, Tightly
Coupled Dipole Arrays (TCDAs) in [23,93], have used Wheeler’s current sheet con-
cept [94] to create current lines across the aperture. It has been shown in [23] that
introducing capacitance between the ends of dipoles with small spacing, backed by a
ground plane can achieve a bandwidth of 4 : 1 with VSWR<2 for broadside radia-
tion. Furthermore, a wider impedance bandwidth of 10 : 1 was achieved by placing
a dielectric layer over the array, known as superstrate. In the following section, we
try to explain the Wheeler’s current sheet, as the main concept of TCDAs.

3.3.1 Wheeler’s Current Sheet

The concept of infinite array was first introduced in [95] where computations of radi-
ating element properties in an infinite array were presented. Let’s assume an infinite
current sheet; electric or magnetic. Since the former can be physically realized, it
will be used for the derivations.

A planar phased array of electric current sheets is shown in Fig. 3.5(a) for oblique
radiation at 6,. It is assumed that the radiation region above the array is free space
and the array is backed by an open circuit reflector. The electric current sheet has
a current density of I, with uniform amplitude and is phased to radiate at 6,. This
current is associated with H,, orthogonal to the current vector. The infinite current
sheet in an area of A = a? can be assumed as equivalent to a small electric current
element or electric dipole with the moment of I/, as shown in Fig. 3.5(b). The space
in front of the array is partitioned by hypothetical waveguide walls determined by the
imaging theory. The walls parallel to H-field are electric walls and the ones parallel
to E-field are magnetic walls.
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Figure 3.5: An ideal model of a planar array of an electric current sheet. a) The
plane of scan, b) Plane of array, showing the element cell of current sheet and the
equivalent current element [94].

The variation of the element resistance in the transmission point of view for the
scanning scenario can be calculated as follow. In any plane of scan, the projection
of the aperture in the beam direction is proportional to cos(fs). Accordingly, this
results in beamwidth proportional to 1/cos(ds). On the other hand, the power in
the beam is proportional to the square of the farfield function i.e., G?, in the beam
direction and also the beamwidth. Therefore, the relative impedance variation due
to scanning can be calculated as

1

H-plane: R/Ry = cos(0.) (Gn(0,))?, (3.12)
1 2
E-plane: R/Ry = M(GG(QS)) : (3.13)

where G,,(0s) and G.(6;) are the farfield functions of the element in H- and E-plane,
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Figure 3.6: The current amplitude for a 10\ linear array with feeds at a) 0.5\ for
broadside and b) 0.25\ for 30° scan [96].

respectively. As an example, for an array of dipoles with doughnut-shaped element
pattern, the radiation impedance will change by a factor of cos(45) = 1.4 (in E-plane,
and 1/cos(45) in H-plane) for scanning to 45°.

A similar derivation can be applied for magnetic current sheet using the principle
of duality. It can be seen that the impedance of the infinite current sheet is frequency
independent. However, the validity of the equivalence of the infinite current sheet
and the small dipole array is dependent on how closely the dipoles are spaced in the
array, in terms of wavelength. In [96], the frequency/angle dependence of the current
in finite interconnected arrays has been investigated. In that paper, it has been shown
that for arrays of half-wave dipoles, a strong resonances will appear for the current
amplitude along the array with a period of one wavelength, due to the edge currents
present in finite dipole arrays. For arrays with the dipole length of A\/4 (and generally
much shorter than \/2), the current amplitude distributions are fairly constant, and
the phases are well behaved for scanning, which results in an approximation to the
Wheeler’s current. A comparison of the current amplitude for A\/2 element spacing
for broadside and A/4 spacing for 30° scanned radiation is shown in Fig. 3.6.

Based on Eq. (3.12) and (3.13), an ideal element pattern of G(0) = Vcosf can
provide an element resistance invariant in any scan angle. There is a simple radiating
element with the same amplitude of field in all the cutting planes which offer an
versatile candidate to be used as the array element. It is the so-called Huygens source
which is made by the superposition of electric and magnetic dipoles [28|. Therefore,
magneto-electric dipoles (MEDs) [70,97,98| or elements with similar characteristics
are a promising option to be used in TCDAs.

Furthermore, it needs to be mentioned that in Wheeler’'s model, it is assumed
that the current sheet has only resistance. However, the dipole array will introduce a
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Figure 3.7: a) An example of array build-up, b) the corresponding equivalent circuit
and the ground plane impedance viewed from the array ports [99].

variation of the reactance which is not considered in the current sheet approximation.
On the other hand, it is shown is [93,99] that the dipole arrays backed by a ground
plane can be designed in such a away to provide low reactance. Assuming short dipole
elements in an infinite array, without the appearance of the grating lobe in the visible
space, an equivalent circuit model for the coupled dipole above the ground plane is
shown in Fig. 3.7. The substrate is air and one layer of superstrate is placed at the top
of the radiating element. The variation of the impedance of the ground plane, seen
from the element terminals (Z;") is shown in Fig. 3.7. If we assume that the element
is placed A\/4 above the ground plane at fy, the ground plane impedance rotates
along the edges of the Smith chart, since it is purely reactive. For the frequencies
below fy, this impedance is inductive and for the frequencies above fy it appears as
capacitive. Since the reactance of dipole changes in an opposite manner, it can be
used to counteract the reactance introduced by the ground plane. The addition of the
capacitance between the ends of the adjacent dipoles in TCDAs is to maintain the
zero reactance when the element length decreases in the tightly coupled arrays [93].

3.3.2 TCDA Examples

Various TCDAs have been proposed in the literature. An early implementation of
these arrays is presented in [99]. The implementation of the inter-element coupling
capacitance in a single-polarized array is shown in Fig. 3.8 (a). The array operates
at 2—18 GHz. To avoid the occurrence of the common-mode current due to the feed
cables, a typical feed organizer is used for the reliable connection between the feeding
and the element (See Fig. 3.8 (b)). A dual-polarized design for the same frequency
range of 8 x 8 active elements in an array of 2664 elements is shown in Fig. 3.9.
Commercially available hybrids were used to differentially excite the dipole arms. A
few rows of the element around the active area is terminated to suppress the effect
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(a) (b)

Figure 3.8: a) The inter-element capacitance in a single-polarized CSA. b) The dual-
polarized feed organizer [99].

Figure 3.9: The aperture and the feed network of a 2-18 GHz dual-polarized CSA [99].

of the edge elements.

For arrays with a ground plane spacing of h, the ground plane impedance can be
calculated as [100]

Zap = jno tan(Bh), (3.14)

where 7, is the substrate impedance and ( is the susbstrate propagation constant.
Assuming air substrate, we can see that this impedance becomes zero at f = ¢/2h.
Thus the array becomes short circuited, limiting the operation band. In [100], a
resistive frequency selective surface (FSS) between the array and the ground plane is
used to increase the bandwidth of these arrays by a factor greater than two. However,
using the resistive FSS can introduce additional losses (around 4 dB) and mitigate
the efficiency of the array. It is shown that a properly designed superstrate can reduce
these losses to 1.1 — 1.4 dB. The geometry of a dual-polarized unit cell of this design
is shown in Fig. 3.10. The ends of the bowtie in each elements are overlapping with
the ones from the adjacent elements to provide the capacitive coupling. It is shown
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Figure 3.10: A dual polarized unit cell of a tightly coupled bowtie array with resistive
FSS and superstrate [100].
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Figure 3.11: a) The geometry of the unit cell and the fabricated prototype of an 8 x 8
array b) with and c) without radome [101].

that the array can provide a bandwidth of 21 : 1 for VSWR<3 at 0.285 — 5.92 GHz
for broadside radiation.

As mentioned, a wideband TCDA requires a feed organizer and large external
balun to provide the balanced feed for each element. In |7,101,102|, an X-band array

39



CHAPTER 3. SYSTEM IMPLEMENTATION FOR BEAM-STEERING BASE STATIONS

Balun and Matching Network : % .
7 : :
i, 12 ]
Z Feed oc ZBaI Lle Ccuup]ing I I Z.s'up | I Ihxup
i \ () Jl I_ ¢
J-— O o~ i—> ’_> Zsub h,ruh
N \l Zr Z,
Zgo ol TCDA S

Marchand Balun

Figure 3.12: The equivalent circuit of TCDA-IB [103].

integrated with a wideband microstrip ring hybrid is designed and fabricated. In
this design, due to large array input impedance (around 200-300 2), the element is
connected to the ring with the input impedance of 100 €2 by means of a twin wire
transmission line with a characteristic impedance of 136 ). The element and the
feeding structure of this design is shown in Fig. 3.11 (a). It is shown that the array
can provide an active VSWR<2 over 8 — 12.5 GHz while scanning uo to 70° and 60°
at E- and H-plane, respectively. A fabricated prototype of an 8 x 8 array using this
element is shown in Fig. 3.11 (b) and (c).

To maintain the wideband characteristics of the TCDAs, a wideband balun which
can be implemented in a compact volume is needed. Printed Marchand baluns have
been used with dipoles in [77,103], but yield reduced overall bandwidth. However, this
degradation in the impedance can be mitigated by applying a reactance cancellation
technique for the array and the balun, similar to Vivaldi arrays [104]. This has been
done in [105,106], when the balun is considered as part of the impedance matching
network for the arrays, in so-called TCDAs with integrated balun (TCDA-IB). The
equivalent circuit model for TCDA-IB is shown in Fig. 3.12. It can be said that the
addition of the balun, increases the overall order of the matching network which can
help to increase the impedance bandwidth.

The unit cell of the TCDA-IB is illustrated in Fig. 3.13. As can be seen, two half
elements, each comprised of the dipole and the balun are used to eliminate the need
for a wideband 502 to 200¢2 impedance transformer, since its implementation in a
limited space is challenging. In order to prevent the loop resonance from one balun to
another, a Wilkinson power divider is used to provide the isolation between the two
connected baluns. The TCDA-IB can achieve 7.35: 1 (0.68 — 5 GHz) bandwidth for
VSWR<2.65, while scanning up to 45°. An 8 x 8 prototype of the array is shown in
Fig. 3.14. The dipole arms on the edges are extended as a way to terminate elements
on the side [107].

Despite providing wideband characteristics, above mentioned TCDAs face the
manufacturing and assembly complication especially at higher frequencies. Thus,
fully ultrawideband modular arrays (PUMAs) are proposed in [24,108|. These arrays
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Figure 3.14: An 8 x 8 prototype of TCDA-IB [103].

can be fabricated with standard multilayer PCB technology. The feeding in these
arrays is unbalanced and integrated with the antenna by means of plated vias. A
unit cell of a dual-polarized PUMA array is shown in Fig. 3.12(a) and (b). It has been
shown that the array can provide a relative bandwidth of 5 : 1 (1.06 —5.3 GHz), while
scanning up to 45° in all planes. A fabricated prototype of 16 x 16 dual-polarized
PUMA, operating over 7 — 21 GHz (3 : 1 bandwidth) is shown in Fig. 3.12(c).
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[ 94D0d

cdod

Figure 3.15: a) Top view and b) the cross sectional view of a 5 : 1 dual-polarized
unit cell of PUMA array [24]. ¢) a 16 x 16 prototype of a 3 : 1 dual-polarized PUMA
array [108].
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Chapter

Contributions and Future Work

In the previous chapters, we presented a brief introduction to clarify the background
needed for the following articles. In this chapter, a brief summary of the papers ap-
pended in Part II will be presented. Possible future work directions are also discussed
below.

Paper A: Improvement of an Octave Bandwidth Bowtie Antenna Design
Based on The Analysis of a MIMO Efficiency Metric in Random-LOS

In this paper, we present a new improved design of the self-grounded bowtie antenna
in a 2-port realization. We put emphasis on a novel system throughput performance
characterization based on the analysis of a MIMO efficiency metric in Random-LoS.
Also, we identify the polarization orthogonality and the power imbalance of the 2-
bitstreams as the two main factors contributing to MIMO performance degradation
in Random-LoS. The antenna achieves good MIMO efficiency over an octave band-
width, i.e., 1.65-3.3GHz, covering the target bandwidth 1.7-2.7GHz.

My contribution: I designed and simulated the antenna, analyzed the data and
wrote the paper.

Paper B: Wideband Dual-Polarized Linear Array Antenna For Random-
LOS OTA Measurement

In this paper, an 8 x 1 dual-polarized linear array antenna is proposed for a Random
Line-of-Sight (Random-LoS) Over-The-Air (OTA) measurement system. The pro-
posed array is dual-polarized operating over the frequency band of 1.6-2.7 GHz. A
simple straightly-bent self-grounded bowtie is optimized as the array element. A com-
pact wideband 2-port feeding network is designed and manufactured to differentially
excite each element. Corrugated plates have been employed in the transverse plane
of the linear array in order to achieve the same beamwidth for both polarizations
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over the entire band. A prototype has been manufactured and the measured reflec-
tion coefficient is better than -10 dB. The realized gain and Half-Power Beamwidth
(HPBW) of the array in transverse plane remain fairly constant over the entire band
of interest.

My contribution: I designed, simulated and measured the antenna and wrote the
paper.

Paper C: Semi-Omnidirectional Dual-Polarized Wideband Multiport An-
tennas for MIMO Applications in Random-LoS and RIMP

In this paper, we present two structures comprised of bowtie elements to resemble
wideband dual-polarized omnidirectional antennas for MIMO applications. The el-
ements are designed to have good performance in the embedded configuration. To
evaluate the MIMO performance of both structures, the Probability of Detection
(PoD) curves are plotted and MIMO multiplexing efficiencies are calculated. Using
the real-life hypothesis, the MIMO performance evaluation is done in both Random-
LoS and RIMP as the two complementary reference propagation environments.

My contribution: I designed and simulated the antenna, analyzed the data and
wrote the paper.

Paper D: Fully-Planar Ultra-Wideband Tightly-Coupled Array (FPU-TCA)
with Integrated Feed for Wide-Scanning Millimeter-Wave Applications

In this paper, we present a new design of a UWB planar array for mm-wave applica-
tions. The novelty of this work is to propose a fully planar antenna layout to provide
large bandwidth at mm-wave frequencies, with large beam scanning capabilities. The
antenna is realized using a simplified standard PCB manufacturing technique. The
proposed antenna is based on TCDAs concept with an integrated feeding network.
The feed structure is implemented by utilizing a simplified configuration of plated
via holes.

My contribution: I designed, simulated and measured the antenna and wrote the
paper.

Paper E: Tightly-Coupled Aperture-Coupled Magneto-Electric Dipole for
Millimeter-Wave Phased-Array Antenna

In this paper, we propose a single-polarized wideband phased-array element for
millimeter-wave applications. The element is comprised of tightly-coupled Magneto-
Electric-Dipole fed by an aperture-coupled microstrip line. The integration of the
radiating antenna element with the feed structure removes the need of external balun
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and simplifies the manufacturing process. The simulated antenna provides 64% band-
width of VSWR < 2 and 60% bandwidth of VSWR < 2.65 for scanning up to 45°
and 60° in both E- and H-planes, respectively.

My contribution: I designed and simulated the antenna and wrote the paper.

Paper F: A Planar Dual-Polarized Ultra-Wideband Millimeter-Wave Ar-
ray Antenna

In this paper, we present a dual-polarized ultra-wideband element in an infinite large
array condition for planar phased array antennas in mm-wave applications. The array
antenna consists of tightly-coupled bowties in a dual-offset configuration. In order
to simplify the manufacturing process and eliminate the scalability limitation, a new
feeding network is employed. The feeding is inspired by magneto-electric dipoles
(MEDs) and planar ultra-wideband array antennas (PUMAs). Hence, the feeding is
integrated with the horizontally oriented radiating bowties and removes the need for
the external baluns. The simulated antenna shows relative bandwidths of 2.3 : 1 and
3:1at VSWR<3, for maximum scanning angles of 60° and 45°, respectively, at both
E- and H-planes.

My contribution: I designed and simulated the antenna and wrote the paper.

4.1 Future Work

4.1.1 OTA Evaluation and Considerations

Although 5G systems have attracted much attention in the past few years and mm-
waves are believed to be the next generation for wireless communication, previous
generations operating at lower frequencies are still needed to be used as a guarantee
to maintain a minimum connectivity. Therefore, the design and the evaluation of the
performance of the antennas based on a characterization method which relates the
classical methods to MIMO OTA testing becomes important. In this thesis, we have
tried to explain two extreme environments, i.e. the Rich Isotropic Multipath (RIMP)
and the pure Random-LoS. Then we have defined MIMO efficiency as a figure of merit
to evaluate the MIMO system performance in these two so-called edge environments.
However, the calculation of MIMO efficiency can be further expanded as a function
of different factors as

TIMIMO = f(Bpa Uamp)a (41)

45



CHAPTER 4. CONTRIBUTIONS AND FUTURE WORK

Random-LOS

Oamp

Figure 4.1: MIMO efficiency versus B, and o,,, at one given frequency over one
specific coverage.

o m’i’r’L(Pg,Pd,)
where B, = Tnaz(Py Py’

plitude for both incoming waves polarizations and B, = 0 implies that the incoming
waves have only one linear polarization. 04, defines the standard deviation of a
normal distribution of incoming waves. 04y, = 0 corresponds to one incoming wave
for each realization and oy, = 00 is when incoming waves have a uniform distribu-
tion in terms of AoA over the desired coverage. An illustration of MIMO efficiency
versus these two factors for one frequency and over one specific coverage is shown in
Fig. 4.1.

One can see that the RIMP environment corresponds to B, = 1 and 04, = 00
and Random-LoS happens when B, = 1 and 04, = 0. It is worthwhile to mention
that a similar characterization method can be used for the embedded pattern of the
beam steering phased array antenna to evaluate and further improve their MIMO

ranging over [0, 1] where B, = 1 corresponds to same am-

performance.

4.1.2 Wideband Wide-Scanning Phased Arrays for mm-Wave
5G Base Stations

In this thesis, we have suggested some wideband wide-scanning array antenna designs
for the mm-wave base station application and one prototype of a linearly-polarized
antenna has been manufactured and measured. As the continuation of the antenna
element designs, a simplified version of a dual-polarized element has been designed
and ordered for the manufacturing. The geometry of the element has been shown in
Fig. 4.2.

Also we have planned to evaluate the performance of the antenna integrated with
the active circuitry in the transmit and receive modes. The block digram and the
chip photograph of an integrated transmit phased array implemented by cascading
the phase shifters, VGAs and four 1 x 4 subarrays is shown in Fig. 4.3 and Fig. 4.4,
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Figure 4.2: The geometry of the proposed dual polarized unit cell. a) 3D view of the
element, b) the radiating (first) layer showing dipol arms and horizontal part of the
feed c) the cross sectional view illustrating the gamma-shaped feed probe.

respectively. Also for the receive mode, we are trying to evaluate the element perfor-
mance by its integration with ultra low power VCSELSs due to their small volume and
low power consumption. The block diagram of the optoelectronic receiver consist of
the embedded element, LNA and VCSEL is illustrated in Fig. 4.5.
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Figure 4.4: The integrated transmitter phased array.

Embedded Element

ii [ LNA
i VCSEL

Terminated Port

Figure 4.5: The block diagram of the receiver consist of dual-polarized embedded
element, LNA and VCSEL.
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