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ABSTRACT

ENGLISH SUMMARY

The use of self-backhauled access points (SBAPs) serving as data relays / base stations
holds unique significance for delivering on-demand wireless broadband connectivity for
public safety services such as recovery after communication infrastructure failures
caused by natural disasters. The self-backhauled nodes can be mobile, for instance,
placed on unmanned aerial vehicles (UAV) or fixed. The SBAPs can be beneficial for a
number of mobile or fixed wireless access use cases, such as Smart City (SC) services,
providing connectivity for citizens and SC infrastructure, fixed wireless access using
street-level distribution and access via so-called “street furniture” equipment, for which
fronthauling is also an important problem to be studied due to the typical obstacles at
street level. UAV-borne SBAPs could also be stationed and docked on roof tops.
Deployment of such base stations can face some restrictions that need to be considered
such as the availability of reliable wireless backhaul links to transfer all the traffic to the
core network from the targeted area. Since the SBAPs will have to operate in different
environments (e.g., utban / subutban / rural, high/low height, high/low intetference,
special venues such as sports or emergency sites, etc.), it is important that their wireless
backhaul links adapt to such conditions. Moreover, the backhaul link must be reliable,
high rate and ideally low-latency (especially for critical situations such as emergency
events but also for all real-time end-user applications). The problem of backhauling of
the prescribed SBAPs of the network will be studied in this thesis. In order to satisfy the
needs of the proposed network, the base station will benefit from highly directional
antennas with narrow beamwidth and adaptive precoding schemes. To cope with the
challenges of wireless backhaul, microwave and centimeter wave (cmWave) massive
Multiple Input Multiple Output (mnMIMO) communication will be considered for hybrid
transceivers. The study will focus on microwave and centimeter wave (60GHz)
frequencies, which allow wide bandwidth, as well as on adaptive hardware-efficient
antenna arrays at such frequencies in order to tackle the propagation and interference
environment. To reduce the complexity of RF chains being used in beamforming, we
will consider hybrid arrays that may include a combination of active antenna elements,
passive elements as well as phase shifters for sub 6GHz and cmWave (60GHz)
frequencies. Considering situations like special events, disaster or aid missions,
challenges and requirements for mobile UAVs will be investigated. The work will target
both the design and configuration of hybrid energy-efficient antenna array architectures
for the considered frequencies, as well as the development of channel models based on
measurements at cmWave (60GHz) frequencies for such applications.



ABSTRACT

DANISH SUMMARY

Brugen af SBAP’er (self-backhauled access points), der fungerer som data releer /
basestationer, har enorm betydning for levering af on-demand-forbindelse via fast
tradlost bredbind samt levering af offentlige sikkerhedstjenester eller hjelp til
genopretning efter svigt i kommunikation infrastrukturen forarsaget af naturkatastrofer.
De selvbxrende knudepunkter kan vaere mobile, hvor et ubemandet luftfartej (UAV)
ikke kun kan betjene mobile brugere, men ogsa faste bredbandsbrugere. SBAP’erne kan
vere fordelagtige til en rakke anvendelser af fast tradles adgang, saisom Smart City (SC)
Services, der leverer forbindelse til SC-infrastruktur og fast tridles adgang ved hjxlp af
distribution pd gadeniveau og adgang via sikaldt “gademobler”-udstyr, for hvilket
fronthauling ogsa er et vigtigt problem, der skal undersoges pa grund af de typiske
forhindringer pi gadeniveau. De kan ogsd stationeres og dockes péd tagstationer.
Udrulning af sidanne basestationer kan have nogle begransninger, der skal overvejes,
sasom tilgengeligheden af palidelige trddlese backhaul-links til at overfore al trafik til
kernenettet fra malomridet. Da SBAP’erne skal fungere i forskellige miljoer (f.cks.
by/fotstad/land, hoej/lav hejde, hoj/lav intetferens, setlige steder som sports- eller
nodsteder osv.), er det vigtigt, at deres trddlese backhaul-links kan tilpasses sidanne
forhold. Desuden skal backhaul-linket vare pélideligt, have hoj hastighed og helst lav
latenstid (iseer 1 kritiske situationer som nedsituationer, men ogsa til alle
slutbrugerapplikationer i realtid). Problemet med backhauling af netvarkets patenkte
selv-backhaul access points (SBAP) vil blive undersogt i den foreslaede forskning. For
at tilfredsstille behovene i det foresldede netvaerk, vil basestationen drage fordel af meget
retningsbestemte antenner med smal strilebredde og adaptive forkodningsordninger.
For at klare udfordringerne ved tridles backhaul, vil mikrobelge- og millimeterbolge
(mmWave) massiv Multiple Input Multiple Output (mMIMO) kommunikation blive
overvejet til hybride transceivere. Undersogelsen vil fokusere pd mikrobelge- og
mmWave-frekvenser, som tillader bred bindbredde, samt pa adaptive hardwareeffektive
antennearrays ved sddanne frekvenser for at tackle udbredelses- og interferensmiljoet.
For at reducere kompleksiteten af RF-kader, der bruges i beamforming, vil vi overveje
hybride arrays, der kan omfatte en kombination af aktive antenneelementer, passive
elementer samt faseskiftere til sub 6GHz- og mmWave-frekvenser. I situationer som
serlige begivenheder, katastrofer eller hjzlpemissioner vil udfordringer og krav til
mobile UAV’er blive undersogt. Arbejdet vil vzre rettet mod bade design og
konfiguration af hybride energieffektive antennearkitekturer til de betragtede frekvenser
samt udvikling af kanal modeller baseret pd malinger ved mmWave-frekvenser til
siadanne anvendelser.
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INTRODUCTION

CHAPTER 1. INTRODUCTION

1.1. BACKGROUND

Wireless communication systems provide the most cost-effective solution for
communications in the present world as opposed to the high-cost cable networks based
on cables. The wireless system has eliminated the need for high expenditures associated
to laying cables between the base stations and the core network. Due to a plethora of
applications, for instance, smart streets, smart homes, Internet-of-Things-based sensors,
mobile devices, which are heavily dependent on the power grid, the demand for wireless
systems is on the rise. To meet the high demands of these applications, an energy-
autonomous and portable wireless network is required. These portable networks, which
are self-energy-dependent, offer extra agility and performance gains to wireless
communication systems. Although highly efficient and revolutionary, these systems pose
massive challenges to the field of wireless networks.

Our motivation behind this research is to enable maximum coverage in all types of
scenarios, such as fixed wireless networks using street furniture, emergencies, disasters,
special events’ areas, and remote areas that are affected by problematic infrastructure.

This research aims to provide an energy-efficient and portable network solution which is
self-subsistent and scalable to satisfy the high future demands with minimal
infrastructure. To aid the land-based network that suffers from congestion and
communication failure, a broadly investigated solution is using unmanned aerial vehicles
(UAVs) or fixed wireless. A self-backhauled base station can either be mounted on a
UAV, it could be docked on a rooftop, or it could be mounted on a lamp post in a street
for fixed wireless communications. This base station must deal with two major
challenges: access network and backhaul.

1.2. STATE OF THE ART
1.2.1. SELF-BACKHAUL

Self-backhaul is defined as a network consisting of an integrated access and backhaul
where both access and the backhaul use the same channel. An access link is a connection
between a base station (BS) and the user equipment (UE) whereas backhaul is a link
between either multiple base stations or between a BS and core network which is based
on optic fiber. A schematic of a self-backhaul architecture is shown in Figure 1-1, where
base stations are connected through wireless backhaul and one of them is linked with the
core network over optical fiber.
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Figure 1-1 Self-backbaul architecture.

Self-backhauling is highly cost effective and due to its huge advantages, it was added by
3GPP in fifth generation (5G) New Radio release 15 as a topic for research and study.
The cost can be reduced by avoiding the highly expensive fiber cables, the deployment
cost and without bothering the street infrastructure. It is more beneficial for small cell
architecture as recommended for 5G and adds more flexibility in the deployment. As the
access and the backhaul share the same channel resources, the additional cost of
purchasing a licensed spectrum can be avoided. Owing to the tremendous increase in
data traffic growth and small base stations, the need for wireless backhauling has
immensely increased. To meet the increasing demand for managing data traffic, many
solutions have come to the forefront. One such technology is full duplex (FD), which
simultaneously allows two-way traffic, transmission and reception, on the same frequency
band thereby doubling the spectral efficiency; however, intercell interference has been
disregarded and needs more attention [1]. One strategy to reduce self-backhaul delay,
decrease interference and increase self-backhaul rate would be to apply Multiple Input
Multiple Output (MIMO) antenna array at Macro Base Stations though it yields higher
power consumption due to converters and the circuitry involved in radio frequency (RF)
assembly. Generally, the cost and power consumption increase exponentially for the ideal
hardware equipment with a large resolution. Moreover, for wideband mm-Wave MIMO
systems, the power dissipated per conversion step (figure of metric — FoM) increases
dramatically for sampling rates higher than about 1000MHz. For greener purposes, it will
be highly important to look for ways of improving energy efficiency in MIMO-enabled
macro base stations while maintaining system performance [2].
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Another solution to cope with the exceeding data traffic demands is the use of small
access points (SAPs). SAPs operate at the same frequency band with the same access
technology. Similarly, they work at different frequency bands with different access
technologies. These networks consisting of different kinds of base stations with various
sizes are referred to as heterogenous networks. These networks are great solutions for
providing a better quality of service and cater to an enormous number of users. SAPs are
connected to the core network via either a wired or a wireless link. SAP solves the issue
of high costs linked to using wired backhaul links that use optical transmission technology
and microwave backhaul links that require extra frequency bands. SAP is capable of
communicating with a macro base station utilizing the same frequency band that it uses
for the user equipments (UEs). A self-backhauled SAP uses the same channel for both
access and backhaul thereby cutting the costs and capital expenditures. The efficiency of
self-backhauling is enhanced when it is combined with FD [3—4]. There is scarcity in the
spectrum bands below 6GHz, authors in [5-6] focused on mmWaves and integrated
wideband channels for multiple backhaul and access links. Time, frequency, and power
resources allocation was addressed in [7-8] for self-backhauling. UE rates and energy
efficiency can be maximized by an optimized proportion of FD small cells; authors used
stochastic geometry to find the coverage probability and the optimized ratio [9-10]. A
comparison of two 5G massive MIMO (mMIMO) architectures is given in [11], where
mMIMO direct access outperforms self-backhaul above the median of the UE rates due
to line of sight (LoS) probability.

1.2.2. MASSIVE MIMO

One of the greatest technological innovations of all time is mobile computing. The
explosive growth in the use of smartphones has been tremendous. As the use of
connected devices, i.e. the Internet of Things is on the rise, the need for 5G networks
has become imperative. There are three pivotal technologies that have been potentially
considered for this goal such as mmWave mobile broadband, mMIMO, and small cells
[1-2, 4]. Each of these technologies has its own challenges and no single technology can
provide a 1000x increase in capacity. mmWave carrier frequencies need new spectrum
allocations. Both mmWave and MIMO ate in need of new hardware before they can be
commercialized. Small cells are challenged by site acquisition and backhaul. One cost-
efficient solution for implementing antenna arrays with large numbers of elements in
mmWave frequencies can be patch antenna arrays. For frequencies in the range of 10—
100 GHz, the dimension of the antenna elements is on the order of a few millimeters,
which is easy to manufacture on printed circuit boards (PCBs). This significantly reduces
the cost of antenna arrays. However, the loss of the antenna feed network on a PCB
limits the dimension of the antenna arrays [4].

Phase arrays have the unique ability to produce a beam of radio waves by utilizing phase
shifts. A major flaw of phased arrays is that usually a single beam is produced at a time.
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In contrast to phased arrays, digital beamforming generates individually steerable multiple
beams. Although advantageous for many applications, a digital beamformer can render
high cost and power consumption. Hybrid beamforming, as the name suggests, is a
fusion of both analog and digital beamforming domains. This approach does not take an
individual antenna as an independent element; instead, it divides a large antenna array
into smaller subatrays. In 5G literature, this is considered as an array of subarrays
(AOSA). The working involves precoding a set of input data streams as in digital
beamforming. These precoded streams are fed to individual analog beamformers or
subarrays. The stream at each subarray undergoes phase shifting to produce a beam only
from that subarray, which is ultimately directed at the end user. The total number of
subarrays from the whole array determines the degrees of freedom (DoF) of the array.
Employing analog subarrays in large antenna arrays significantly reduces costs due to a
few numbers of complex RF chains required to form the beams. However, a drawback
of hybrid beamforming is that the number of simultaneously supported data streams in
a hybrid array is lower as compared to a full digital array. The design of the actual array
is dictated by the beamforming capabilities as well as the complexity of the system and
the budget [13]. A reduction in the number of RF chains also directly limits the number
of data streams and user performance can be improved so that it matches the
performance of a full digital beamformer.

Massive MIMO, a large-scale antenna system, is a wireless technology that is quite
significant in 5G cellular networks. It employs several transmit and receive antennas by
a few orders of magnitude compared to conventional MIMO to increase array gain and
spectral efficiency. mMIMO originated from multi-user MIMO (MU-MIMO) and offers
vast DoF. mMIMO and MU-MIMO can be employed by using beamforming techniques
if channel state information (CSI) is available [14]. The biggest motivation behind using
massive MIMO for self-backhaul is that it is very difficult to operate with optical fibers
in some situations, where mMIMO can support high speed communication because of
the high gain of the array.

1.2.3. PARASITIC ANTENNA ARRAYS

Over the past two decades, there was a significant research activity on the side of multiple
input / multiple output systems. The field has made great progtess whether it’s channel
characterization or multi antenna configurations, but the MIMO systems have been
scarcely made available to wireless user terminals [15]. This is due to the cost and higher
power consumption of MIMO systems. The demand for high speed and reliable
communications has shifted the focus towards mmWaves because of the wide
bandwidth. mmWaves face issues due to obstacles and large distance path losses, so
scientists prompt towards MIMO systems thus increasing the capacity, spectral efficiency
and also the reliability of links. The multiple streams on MIMO channels require multiple
or their own RF chain for the baseband processing thus increasing the size, cost, and
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power dissipation of the units. This system may require three types of antenna systems,
1) all active 2) phased array and 3) parasitic antenna array. In all active antenna elements
case, it is not a recommended solution due to cost, weight and the size of the array. As
each antenna clement requires a dedicated RF chain which increases hardware
complexity. The more suitable way is to achieve the beamforming is using phased arrays.
Hybrid beamforming is recommended using phased arrays. the phased array uses phase
shifters and RF chains for the further baseband processing which again increases the cost
and weight of the system. Phased arrays can be used to achieve coarse beams and are
restricted to (5-6) bits because of the size and also that it is combination of subset of
possible desired solutins. To cater to the problem, a new paradigm was made by using
parasitic antenna arrays. The idea came from the fixed analog conventional YagiUda
antenna, where one active element is being fed and the beam is directed with the help of
neighboring passive elements (directors). It was then equipped with mixed digital and
analog processing techniques to do MIMO communications by using parasitic elements.
PAAs use only reactive loads and can be tuned using varactors for different
configurations. It eliminates the complex phases shifters and gives extra degree of
freedom.

There are studies and research found on sparse antennas in past few years. The
motivation behind sparse antennas is the reduction of size and cost of array structures.
These are mostly used for RADAR and satellite communications, but the RF chains are
still in a large number due to a large number of radiating elements, when considered in
sparse representations. The other challenge of sparse arrays is antenna synthesis, where
location, amplitude and phase of each radiating element is optimized and then the aim of
synthesizing the desired radiation pattern with a minimum number of radiated antenna
elements. The sparse structure enables the possibility to host many radiating elements
and on the other hand, it has to manage the problem of initial user access. It must avoid
too long searching procedures for identifying the region of user space.

It is entirely possible to get a comparable performance to a conventional MIMO by using
parasitic antenna arrays and with a reduced number of RF chains. The phenomenon that
allows this advantage is the mutual coupling among the neighboring elements of the array
[16]. Where one element is excited and is called an active element and it induces currents
on its neighboring elements called parasitic elements placed in closed vicinity. Many
precoding schemes and algorithms such as beam space models, MUSIC, ESPRIT and
beamforming have been introduced to utilize this technique for MIMO communications
[19-28]. The only drawback with those models and techniques was that they used single
active and multi parasitic elements. To enhance the performance of the proposed system,
multi active and multi passive parasitic antenna arrays (MAMP-PAA) were introduced,
where the number of active elements is increased and thus the number of parasitic
elements is also increased. The performance of the MAMP arrays is significant and
comparable to the conventional MIMO systems but with reduced number of RF chains
[32-33, 41].
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An improved version of the previously developed stochastic beamforming algorithm is
presented in this thesis for the computation of load values for parasitic elements. It can
guide the algorithm to make sure that the array radiates based on the newly developed
radiation conditions. The algorithm was based on the comparison of the ideal beam
produced by a conventional uniform linear array (ULA) to that of a newly produced
MAMP array, but due to the mutual coupling among the elements of the array, it is
possible to have negative input impedance at some of the active elements. New
constraints are introduced to make sure that the whole atray radiates, and that the
efficiency of the array is sufficient to carry out the transmission. Another drawback was
that it could produce the negative real parts of the passive components (which means the
negative resistance and corresponds to the stability of the system) which is not feasible
to implement in real time. So, the proposed algorithm can generate positive load values,
with high efficiency, making the whole array radiate and also in good comparison of
radiation pattern to the ULA. Discrete angle resolution can be achieved using a
combination of phased arrays and PAAs [42]. Where, phased array provides coarse beam
scanning, and it can be fine tuned using PAAs. This may reduce the number of RF chains
and the hardware complexity of the system.

1.3. PH.D. PROJECT OBJECTIVES

The study will focus on microwave and cmWave frequencies, which allow wide
bandwidth, as well as on adaptive energy efficient, highly directional and narrow beam
antenna arrays and possibly new channel models at such frequencies, in order to tackle
the propagation and interference environment encountered by the portable access points.
The latter will have to be modeled according to the scenarios of interest, whereas the
derived techniques and solutions will have to be robust to the frequency selectivity of the
wideband propagation channel.

The main objectives of the proposed research are:
Obj. 1. Definition and modeling of hybrid antenna architectures.
e To develop energy-efficient antenna arrays for fixed wireless communications

(phased array based mMIMO, all active antenna elements, MAMP-PAAs, etc.).
e To incorporate a highly directional and narrow beam antenna array for the

backhaul.
e  Modeling of the mutual coupling for the proposed antenna array architecture.

Obj. 2. Channel and signal modeling for microwave and mmWave backhaul links.

e The development of statistical channel models based on the narrowest beam
for portable access points in utban/suburban environments focusing on the
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propagation characteristics of cmWaves, penetration loss, Doppler and
multipath.

e To integrate the developed antenna architecture with the new channel model
for the backhauling of the considered setup.

Obj. 3. Development of algorithms for adaptive beamforming.

e To develop an algorithm for steerable beams for the considered setup.
e The developed techniques and algorithm that must incorporate the radiation
conditions and radiation efficiency of the array.

Obj. 4. Performance analysis of the developed adaptive backhauling techniques
over a physical layer.

e  Developed prototype will be integrated with an application to show the proof
of concept.

e Universal Software Radio Peripheral (USRP) and RF front ends will be used for
the performance evaluation of the developed Antenna array over 4G/5G
physical layer.

1.4. KEY METHODS

The motivation comes from the scenario of EU’s project PAINLESS, where a flying wifi
is manifested. The use of portable access points (PAP's) or unmanned aerial vehicles
(UAV's) serving as data relays / base stations holds significant importance for delivering
on-demand connectivity as well as providing public safety services or aiding in recovery
after communication infrastructure failures caused by natural disasters. In-case of a
disaster, the whole network could be out of service resulting in an outage of
communication links. The demand for high speed and reliable communication has
brought new solutions in terms of 5G and beyond where most of the focus is using small
cell deployments due to shorter wavelengths (mmWaves) for self-backhauled base
stations. PAPs could be utilized to solve the problem by mounting small cell base stations
on it. The Deployment of such base stations can face some restrictions that need to be
considered such as the availability of reliable wireless backhaul links to transfer all the
traffic to the core network from the targeted area. Since these small cells will have to
operate in different environments (e.g. urban / suburban / rural, high/low height,
high/low intetference, special venues such as spotts or emetgency sites, etc.), it is
important that their wireless backhaul and access links are adaptive to such conditions.
These small cells are self-backhauled, and they can be mounted on a drone, or they can
be fixed on a streetlamp post. At mmWaves small cells can face two serious issues i.e.,
coverage for long distances and interference from other base stations. In order to satisfy
the needs of the proposed network, a base station is considered that benefits from highly
directional antennas with narrow beamwidth and adaptive precoding schemes. To cope
up with the challenges of wireless backhaul, microwave and mmWave massive MIMO
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communication is considered for hybrid transceivers. To reduce the complexity of RF
chains being used in beamforming, parasitic antenna arrays are considered that may
include a combination of active antenna elements, passive elements as well as phase
shifters for sub 6GHz and mmWave frequencies.

After thoroughly surveying the literature and sketching the current state of affairs which
include basic principles of backhauling, access links and antenna array systems, an
antenna array architecture is defined based on the proposed objectives in section 1.3. The
study focusses on the design and development of multi-active / multi-passive parasitic
antenna array. The MAMP array is designed and analyzed by using different examples.
Some key factors and limitations are discussed, for example, the negative impedance and
the impact of negative impedance on the performance of a MAMP array, the negative
load values, beam steering and the radiation efficiency of the array. The performance of
the array is analyzed and the solutions to the formulated problems are produced in the
upcoming chapters. Beamforming is used as a precoding scheme and a stochastic
beamforming algorithm (SBA) is used to design and analyze the MAMP array. The SBA
computes load values (which are reactive loads i.e., capacitors and inductors) along with
the weights. The algorithm optimizes the load values by reducing the error between the
ideal radiation pattern and a proposed radiation pattern produced by the MAMP array.
It considers a uniform linear array (ULA) with ideal half-wave dipoles and point sources
in MATLAB. Algorithm is developed using adequate robust optimization methods with
necessary modifications. New radiation conditions are developed and integrated to the
SBA to optimize the array performance.

The MAMP array is emulated in simulation software using antenna tool simulators such
as high-frequency structure simulator (HFSS) and CST microwave studio. Different
MAMPs are developed in CST to compare the results. The computed loads are integrated
in the simulations and then the comparison is shown in the following chapters. At first,
it is shown that the radiation conditions are key for improving the MAMP array
performance, by considering the input impedance as a key factor. The array performance
is shown by producing the examples with negative and positive input impedance. Later,
recognizing that these conditions do not always suffice for the MAMP array to radiate as
a whole, new radiation conditions are produced which are based on the overall radiation
efficiency of the array. A new cost function is introduced in the SBA algorithm and new
load values are computed. These values are integrated in the simulations and the results
are compared. Beamforming is chosen as a precoding scheme and the examples are
shown with different beam angles i.e., 60°, 90° and 120°. Calculated and simulated results
are compared for the analysis of array performance.

To provide a proof-of-concept, a 2-active/12-parasitic MAMP atray is developed and
prototyped, steering the beam towards 90°. The 2-active (2-RF chains) array is developed
so it can be integrated with the equipment in the lab. The lab’s software-defined radio
modules (USRPs), as well as the lab’s IoT testbed, each have only 2 RF ports, so the
prototype design is limited to 2-active elements. The designed MAMP array is measured
using a network analyzer and in an anechoic chamber. Simulated and measures results
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are in good match. The developed MAMP array is integrated with the available equipment
in the SWiFT lab for the proof of concept.

Channel modeling is envisioned using the proposed MAMP antenna array and is a core
objective of this research study. A MAMP array design is obstructed by the limitations
of mutual coupling at mmWave frequencies. The wavelength is very short at such high
frequencies, which causes difficulties for the development of a MAMP array. As in
MAMP the parasitic elements are meant to be placed in close vicinity (at fractions of the
wavelength) to increase the mutual coupling, at higher frequencies the distance between
the neighboring elements is extremely small, it can even interrupt the near field of the
elements. Channels are measured using a horn antenna operating at 60GHz. The outdoor
to indoor scenarios are considered where a base station is mounted on a lamp post at
certain height and is transmitting inside a building through a glass window and vegetation.
Different scenarios are considered, and path gain is shown to analyze the performance
at mmWaves for an envisioned fixed wireless communication setup.

The MAMP array is integrated with the USRPs to see the performance in real time
scenarios. USRPs B210 are configured to a 4G/5G setup. Some expetiments are
performed for 4G communication using MAMP array for a backhaul link and the data
rate is analyzed. Another experiment is performed using an IoT testbed, where an access
point is used as a data collection hub and collects data from multiple sensor nodes. The
MAMP array is integrated with the access point and the RSSI is measured to see the
power as a key factor. The concept is to increase the battery lifetime at the sensors by
increasing the Rx gain. As the MAMP array has a higher gain and is pointing towards the
desired node, it thus reduces the transmitting power at the respective node and increases
the battery life.

A performance analysis of the prototype has been performed for the comparison
between the proposed techniques and the existing state-of-the-art architectures. To
improve the required skills and knowledge regarding the stated objectives, seminars and
summer / winter schools, conferences were attended. As part of the doctorate, the
requirement of credit hours was fulfilled at Aalborg University, Denmark. The project
outcomes were disseminated in peer-reviewed journals and conferences. The dissertation
is being submitted to the Electronics Department of Aalborg University, Denmark.
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1.5. SIGNIFICANCE AND OUTCOME

The future demands for energy-autonomous, infrastructure-less networks have increased
with the demands of high-speed data communications. This has led the research
community to focus on an interesting topic of energy-autonomous portable access
points. The new research fascination is with no wires, no contacts, no batteries, and
reliable energy supply, but the challenges also emerge to provide autonomous power
networks and energy limited communication devices.

By the end, we expect to have the following outcomes:

e Design of energy-efficient antenna arrays for the self-backhaul wireless
access points. The research community has widely acknowledged the
multiple-input multiple-output systems as a promising technology for
future wireless networks. Therefore, different precoding schemes and
techniques have been studied widely for the energy and cost efficiency of
the devices. One of the challenges as compared to 4G and LTE networks,
especially in view of massive MIMO is to assign a dedicated RF chain for
every antenna element. This one RF chain includes the digital-to-analog
(D/A) / analog-to-digital (A/D) converter, signal mixer and power
amplifier to each antenna element, in light of the state-of-the-art hardware
implementation techniques and energy consumptions. Parasitic Antenna
Arrays (PAAs) have been used to enable new trends and paradigms for
multi-antenna transmission with a single RF chain. The reduction of RF
chains results in significantly lower energy consumption, hardware
complexity, size and cost of RF circuits.

e  Development of an algorithm for beamforming using reduced number of
RF chains. The constraints are to set the conditions for all or any of the
active elements in arrays to radiate which before this work has not been
addressed. The motivation behind this work is the reduction in the number
of RF chains thus reducing the cost and size of the arrays by eliminating
the assembly behind each RF chain consisting of filters, ADC, DAC
amplifiers, etc. The high gain and high directivity beams can be achieved
in desired directions using MAMPs by only tuning loads at parasitic
elements, also with a reduced number of RF chains, low cost, and
complexity. The array performance can be optimized based on radiation
efficiency of the array.

e Performance evaluation of the detived techniques over 5G /4G physical
layer. Using an over the air testbed the antenna performance can be
analyzed to see the real time scenarios for future wireless communications.
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e cmWave propagation measurements and channel modeling for fixed
wireless communications. It would be extremely important for the
development of channel models for 5G and beyond technologies, where
street furniture, smart cities and drones will be connected wirelessly and
providing gigabit per seconds. For the environments to provide such data
rates and reliable communication at such higher frequencies it is desired to
know the signal behavior in terms of signal losses at higher distances, and
the fading effects due to vegetation, walls, obstacles, glass windows and
traffic in real life scenarios.

1.6. THESIS OUTLINE AND CONTRIBUTIONS

Chapter 2: System Architecture and Design Guidelines

The antenna array architecture is defined based on the newly developed guidelines. The
parasitic antenna arrays are introduced with multi-active / multi-passive elements to
replace the MIMO systems. Some radiation conditions are introduced in this chapter
which ensure the radiation at the feeding ports of the array. The conditions are integrated
into a previously developed alternating optimization stochastic beamforming algorithm
(AO-SBA). This algorithm computes the load values for parasitic elements and then the
integration of these constraints is verified by some examples using CST microwave studio
simulations. The content in this chapter is based on material in:

» M. H. Tariq, D. K. Ntaikos and C. B. Papadias, "Design Guidelines for
Multi-Active/Multi-Passive Parasitic Antenna Arrays," in IEEFE Anfennas
and Wireless Propagation Letters, vol. 19, no. 12, pp. 2141-2144, Dec. 2020,
doi: 10.1109/LAWP.2020.3024803.

Chapter 3: MAMPs Techniques and Evaluation

The radiation conditions developed in chapter I are not enough and do not suffice the
requirements of the MAMPs. So new radiation conditions are developed based on the
radiation efficiency of the array. The antenna array is developed using the SBA and new
constraints are integrated into the algorithm. Hybrid beamforming techniques are
developed in this chapter and MAMP array is produced using CST simulations and later
antenna array prototype was developed to showcase the proof of concept. A comparison
is given between the simulated and the measured results of the array. The loads are
computed using the SBA and the antenna was developed by a team at University College
London (UCL), where the MAMP was fabricated, components were embedded and then
the prototype was measured in an anechoic chamber at the Intracom Defense (IDE),
Greece. The material in this chapter is obtained from the article below.
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» Muhammad Haroon Tariq, Constantinos B. Papadias, Shuai Zhang,
Christos Masouros, “Energy Efficient Hybrid Beamforming Using Multi-
Active/Multi-Passive Parasitic Antenna Arrays for portable access
points”, IEEE Transactions on Aerospace and Electronic Systems, January 2024
(Submitted)

Chapter 4: Propagation Measurements and Channel Modeling

Channel measurements were performed in different phases in Athens using different
equipment. In the first phase, the analysis is shown for the channel measurements using
Terragraph Sounder nodes provided by Facebook. Outdoor to indoor, outdoor to
outdoor measurements were performed in a commercial plaza located in Athens, Greece.
The sounders have a very narrow beam and operate at 60GHz.

After a series of campaigns in Athens, a channel model is developed for the propagation
of cmWaves (60 GHz). The cmWave channel measurements are performed on campus
and off campus using the equipment provided by NOKIA Bell Labs. The system consists
of two sounder nodes and a GUI to collect the data. The transmitter is a prototyped
Omni antenna, and the receiver is a horn, both operating at 60GHz. The measurements
consist of outdoor to indoor multiple scenarios at multiple locations in Athens, Greece.
Based on these channel measutements, a channel model is developed for future fixed
wireless communications using the street furniture. The chapter includes the material in:

» Muhammad Haroon Tariq, lason Grivas, Constantinos B. Papadias,
Jinfeng Du, Dmitry Chizhik and Reinaldo Valenzuela, Mauricio
Rodriguez, Rodolfo Feick, “mmWave Channel Measurements and
Modeling for Outdoor to Indoor Fixed Wireless Communications”,
IEEE Transactions of Antennas and Propagation (I'AP), January 2024 (Not
submitted yet)

» Nikolaos Nrtetsikas, Nithin Babu, Muhammad Haroon Tariq,
Constantinos B. Papadias, Jinfeng Du, Dmitry Chizhik and Reinaldo
Valenzuela, Mauricio Rodriguez, Rodolfo Feick, “60 GHz Outdoor to
Indoor (O2I) Propagation Measurements in a University Campus”,
SPAWC, Oulu, Finland, 2022, Pp- 1-5, doi:
10.1109/SPAWC51304.2022.9833968.

» Muhammad Haroon Tatiq, I. Chondroulis, P. Skartsilas, N. Babu and C.
B. Papadias, "mmWave Massive MIMO Channel Measurements for Fixed
Wireless and Smart City Applications," 2020 IEEE 31st Annual
International Symposium on Personal, Indoor and Mobile Radio Communications,
London, UK, 2020, pp. 1-6, doi: 10.1109/PIMRC48278.2020.9217375.

» White Paper: Telecom Infra Project (TIP) Channel Sounder
measurements for fixed wireless mmWave Networks Project Group,
September 2020
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Chapter 5: Experiments and Proof of Concept Demos

The developed MAMP antenna array is used to show the proof of concept by using it

for different applications. The prototype is used in the applications available in the Smart
Wireless Future Technologies (SWiFT) lab at the American College of Greece.

e FIREMAN Demo for IoT Setup

(@]

It is a project funded by the EU for the development of IoT systems
for the industry.

The MAMP prototype is integrated with the system for the IoT
network, which showed improved performance for the multiple
sensor nodes in the lab.

The MAMP is installed at the access point which connects to the
network of sensor nodes. RSSI at each sensor node is shown using a
GUL

e  Software Defined Radio Demo

O

The prototype is integrated with the existing 4G/5G radio systems in
the lab.

Comparable performances are shown by integrating the MAMP with
the USRPs to enable the 5G and 4G cellular services.

The received powers are obtained and displayed for the proof of
concept and to analyze the performance of the MAMP antenna array.
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CHAPTER 2. DESIGN GUIDELINES
AND RADIATION CONDITIONS

Parasitic antenna arrays (PAAs) with a single radio frequency (RF) chain have been
employed to bring forth novel paradigms for multi-antenna transmission. The advantage
of using single RF PAAs is that they can lead to significant decrease in hardware
complexity, cost, size, and weight. This is because only the active element (AE) has a
direct voltage feeding connection using an SMA connector. Moreover, the performance
of a PAA can be significantly enhanced by just increasing the active elements in PAAs.
This setup will establish a multi-active / multi-passive (MAMP) antenna array, whete
parasitic elements depend upon the load values and are grounded through via holes. The
major challenge for a MAMP array is to find the right tunable loads for parasitic elements
(PE) which ensure that the array will radiate.

2.1. INTRODUCTION

The research in the field of wireless communications is becoming increasingly prosperous
due to the huge demand of wirelessly connected devices. These devices need high speed
data rates and a reliable connection with significantly low latencies. To overcome user
demands, scientists have proposed a huge number of antenna elements for diversity and
high gain over the transmission channels. The increased number of antenna elements
results in more complex systems and increased cost and size. To improve the
performance tradeoffs in modern wireless communication systems, researchers have
shown interest in PAAs. PAAs have reduced cost, size, and weight as compared to
conventional antenna arrays. They work on the principle of mutual coupling, where an
active element is connected through RF connection, and it induces currents on
neighboring elements that are placed close to the active element [1-3]. This induced
current is due to the mutual coupling among the elements which depends upon the
geometry of the array and also the inter element distance. Considering the fact that the
radiation pattern of an array is derived by the superposition of all the elements of its
array, a beam or specific radiation pattern can be achieved in a desired / patticular
direction by just tuning the loads on the parasitic elements. Single-RF transmission was
in focus in the previous works and many techniques and arbitrary schemes were
introduced for signal models and derivation of loads. It consisted of beamspace [4—7]
models initially where radiation of the array is based on the ad-hoc approach because it
does not involve any conditions that ensure the radiation of the array. Some design
guidelines are presented in [8] for single-active / multi-passive (SAMP) PAAs which
indeed ensure that the array will radiate. Another signal model is presented in [9], where
arbitrary precoding schemes [10—11] are shown that derive the loads while incorporating
the radiation conditions for SAMPs. Since MAMPs have not been addressed vastly and
lack the design guidelines, we have derived radiation conditions in the closed form that
ensure the radiation of the MAMP array [12].
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This chapter provides (for the first time at the time of its publication) closed-form
expressions [12] to be incorporated in the algorithm (AO-SBA) to compute the load
values. These values are incorporated in a MAMP array to ensure that the array radiates.
It is shown with examples by designing MAMP array in CST microwave studio. A
comparison of radiation patterns is given by emulating two different MAMPs. One of
them is not subject to any conditions and the other is taking into account the radiation
conditions.

2.2. PAA LOADS AND COUPLING MATRIX

To ensure strong electromagnetic coupling, PEs have to be placed in close vicinity of the
active element in a SAMP array. A MAMP can be produced when several SAMP arrays
are placed close to each other (theoretically the distance is 0.5) to avoid coupling), in this
case the mutual coupling is experienced by all the elements of the PAA.

Figure 2-1 Geometry of the Single-Active | Multi-Passive antenna array.

From Figure 2-1, it can be seen that the input impedance depends upon the currents at
the antenna elements. The generated currents can be expressed as:

=Zy+Z]) oy 2.1)
equation (2.1) and the Figure 2-1 show that the current at each element is i, if total

number of elements in the array are M, then i = [iy,ip,i3,...,0y ] is the current
vector, the ip, is the scalar complex current at the 7-th element in the MAMP atray, [ ]”
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represents the vector transpose. Cutrent at each element is dependent on the load values
and the mutual coupling among the elements. The load matrix written as Z; =
diag(xq1, Xz, .., Xy ) € CM XM where x,, is the tunable load of the z-th element of the
array if the m-th element is passive, else it’s source resistance (50)) if it is active.
Zy € CMXMis the mutual coupling matrix which depends on the PAA’s geometry;
vy € CM X1 s the source voltage vector. The setup of Figure 2-1 shows that there is one
RF chain, where the active element is connected to a source and the parasitic elements
are grounded through loads (passive components). The distance between the elements is
a multiple of wavelength A, just placed in the close vicinity of active elements to enhance
the mutual coupling among them. Equation 2.1 can be expressed for a SAMP as below:

Z11+x AP Z1k l 0
Zy Zay + X, Zok iz :

: =1 (2.2)
Zx1 Zk2 Zgg + xgdliyg 0

where K represents the total number of antenna elements in the SAMP as shown in
Figure 2-1; Zgy is the self-impedance of the K-th element of the array. The tunable load
values are the variables that depend on the ratio of coupling matrix and the current at the
respective active element. This ratio is a product of the currents at each element of the
array and the current at the active element. It can be followed by [1]:

1

where zy is the £-th row of the Z-matrix of (2.2), and ix = [iy, iy, ..ig]7;J is the position
of the active element in the array geometry and i; represents the current at the active
element in the SAMP-PAA. The input impedance of the SAMP array at its active port is
given by:

K .
: l
j _ k
zZ) = Z Zye: (2.4)
k=1 7

where Zi}nrepresents the input impedance at the j-the active port. To further enhance the
performance of a SAMP parasitic antenna array, the number of active elements can also
be increased thus increasing the number of parasitic elements associated with the
respective active elements. If the number of active elements is increased, it means the
array consists of multiple SAMPs placed close to each other. The proposed system will
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result in a multd-active /multi-passive (MAMP) parasitic antenna array, as shown in
Figure 2-2. The system consists of multiple RF chains being fed by a vector of voltages
Yy, which generates currents i at each element of the array. Each active element is related
to respective parasitic elements by the mutual coupling induced by the currents of the
neighboring elements, thus producing a SAMP. Multiple SAMPs are placed at a distance
of /2, resulting in a MAMP atray as shown in Figure 2-2, which is based on the mutual
coupling among the elements represented as Zyyy. Parasitic elements are placed at a
distance of 4 which is a function of A, depending on the combination of loads that
produce a radiation pattern close to the ideal or desired beam (which is a beam produced
by an equivalent number of elements in a Uniform Linear Array (ULA)).

Figure 2-2 Multi-Active | Multi-Passive parasitic antenna array geometry.

When a huge number of SAMPs is placed together as shown in Figure 2-2, the equation
(2.1) can be expanded for MAMPs, having N active elements means it has N number of
SAMPSs. The equation for MAMPs is given as:

[Z11 + %1 AP o Zim [l 107
Zy Zypy+ Ry - Zyy iy 12
Z3 Z3; o Zzy i3 0
E E o =] @5)
0
: vy
L Zma Zmz - Zym + xylliyd Lo
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where M is the total number of elements in a MAMP array. From equation (2.5), the
variable Xy, is the z-th load value of the respective parasitic element of the array. The
performance of the multiport antenna array can be analyzed by using the input impedance
of the ports. The input impedance connected to the RF chains incurring the effect of
mutual coupling from neighboring elements can be obtained from (2.5):

M
j in .
Zy, = ijr,]6{1,2,3,....,N} (2.6)
. m=1 ]
where Zi]nrepresents the input impedance at the j-th port active port of the MAMP

array, Zjm, is the mutual coupling between the j-th active element and the 7-th element
in the MAMP array and i; represents the current at the j-th active element in the MAMP
array. It can be seen from equation (2.6) that the input impedance at a given feeding port
has in principle an impact of coupling from its neighbor SAMPs as well.

2.3. PAAS RADIATION AND DESIGN CONDITIONS

In a general MAMP array case, where there is a strong mutual coupling among the
elements due to the small distances among the elements, the radiation condition from
port j of the array can be derived from equation (2.6) and is given below [12]:

M .

L

—Re E zjmiﬁ < Re{z;} (2.7)
j

m=1, m#j

The equation (2.7) expresses two possible scenarios, either the MAMP as a whole will
radiate, or some of the ports will radiate. For the first case, (2.7) must hold for all j €
{1,2,3, ...., N}, whereas for the latter case, it must hold for j belonging to any subset of
{1,2,3, ....,N}. For example, a case might occur where the MAMP array as a whole
radiates and produces the desired beam shape, even though for certain feeding ports
Re {Z;,} <0. In MAMP arrays, if the distance between single active / multi-passive
(SAMP) groups is large enough (~0.51), then the coupling between SAMP groups can be
neglected, which results in the mutual coupling occurring among the SAMP’s elements
only. So, in that case the expression in (2.7) reduces to:

JjK
i
—Re Z Zp <t < Re{Z;} (2.8)
k=(-DR41, kej U

which means that the PAA must be designed in such a way that the value of the input
impedance is greater than zero as a whole, or the real value of the self-impedance of each
active element is large enough so that it remains a positive number when the mutual
coupling effect is added into it [12].
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2.4. MAMP DESIGN

An example is shown by considering a PAA with 4 active and 16 parasitic elements,
named MAMP-I and MAMP-IIL. The array elements are emulated as half-wave dipoles
operating at a frequency of 2.4 GHz. The distance between the active elements is 0.5,
whereas parasitic elements are placed at 0.20 from each other. An alternating
optimization stochastic beamforming (AO-SBA) algorithm [14] is used to compute the
loads. Radiation patterns are obtained based on a precoding scheme which is
beamforming. A MAMP array with 4 active and 16 parasitic elements is presented in
Figure 2-3, based on point sources. An emulated structure of a proposed MAMP array
can be seen in Figure 2-4 from CST microwave studio; this tool is used for the
computational analysis of the proposed MAMP array. The distance between the
neighboring active elements is 0.5A and between the neighboring parasitic elements is
0.2). The dipoles cannot be modeled as ideal in CST so finite length halfwave dipoles are
considered and simulated at the frequency of 2.4 GHz. The material used for the dipoles
is a perfect conductor and the diameter of each dipole is 1/500.

Elements of the MAMP antenna

Figure 2-3 The geometry of a multi-active | multi-passive antenna array with four (red-colored)

active elements and sixteen (blue-colored) parasitic elements. The distance between SAMPS's
(active elements) is A/ 2 and the distance between the parasitic elements is 0.2% ).
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Figure 2-4 MAMP antenna array designed in CST microwave studio. Red-colored dots are
active ports for feeding the array, and blue dots are parasitic elements with respective capacitive or
indnctive values.

2.5. RESULTS AND DISCUSSION

Two different sets of loads have been obtained using SBA to show the application of
radiation conditions. The comparison of results is shown in the form of radiation
patterns, normalized gain and the error between the desired and the ideal gain of a ULA.
Two MAMPs are considered with same parameters such as frequency and distance
among the elements. MAMP-I produces results without the application of radiation
conditions, whereas MAMP-II is based on the proposed radiation conditions but with
same parameters to that of MAMP-1. The input impedance at the 274 port of MAMP-1
is negative as shown in Table 2-1, which means either the respective port was not
radiating, or the power was dissipating. The input impedance at all the feeding ports of
MAMP-II is positive resulting in radiation at all the ports of the array.
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Table 2-1 Input impedance at all the active ports of the MAMP antenna array.
Geometry z, z, z, z,
MAMP-I 15.0096 -2.1484 4.4715 8.3983

+59.0513i +59.1588i +066.0439i +56.5592i
MAMP-II 42.1995 1.8763 4.3926 13.2302
+84.7396i +47.55451 +67.32471 +065.4366i

Despite the negative input impedance at one of the ports of the MAMP-I, it shows
significantly good radiation pattern and the beam which is directed towards ¢=90°.

2.5.1. MAMP-|
120° 60"
150° 30°
180° 0
210 330°
s 4-ULA beam
= -ULA beam
. . —— 4-SBA-MAMP
240 300
Figure 2-5 Representation of the radiation patterns: the red color represents the radiation pattern

of a six-element uniform linear array, and the magenta represents a_four-element ULA, whereas
blue color is representing radiation pattern of a MAMP.

28



DESIGN GUIDELINES AND RADIATION CONDITIONS

-50

-100 §-

-250

-300
e {-UL A beam
s (- ULA beam
— {-SDA-MAMP
350 1 1 L 1 | e ———
0 50 100 150 200 250 300 350 400

Azimuth angle ¢ (deg)

Figure 2-6 Comparison of the normaliged gains with that of achieved by 6-element ULA, 4-
element ULA and a MAMP with 4 active and 16 parasitic elements.
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Figure 2-7 Error is caleulated during each iteration when both the radiation patterns, the
proposed MAMP and ULLA are compared.
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Figure 2-8 3D radiation pattern of the MAMP-I, where port 2 is having a negative input
impedance.

Figure 2-9 Top view of the 3D radiation pattern of the NLAMP-1.
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As an example, MAMP-1 is designed where it has 4 active and 16 parasitic elements also
shown in Figures 2-3 and 2-4. The SBA is utilized to produce the loads for parasitic
elements without applying any radiation conditions. The radiation pattern is in good
shape and can be seen in Figure 2-5. The blue-colored curve represents the MAMP-I,
and the red represents the conventional ULA with six elements. Cleatly, it can be seen
that by using MAMPs, the RF chains can be reduced, and a similar beam can be produced
by reducing RF assembly. A comparison of normalized gain can be seen in Figure 2-6,
where the nulls are almost in similar angles. Although the error is 19.24% as shown in
Figure 2-7, the results are still promising. The error is actually calculated after comparing
the radiation patterns of desired beam pattern of MAMP to that of a ULA. To verify the
results of MAMP-I, simulations were carried out in CST microwave studio. Figure 2-4
shows the geometry of the MAMP-I emulated in the CST. The load values for the
parasitic elements were generated using SBA. Then these loads were fed to CST
simulation, and it produced similar results. Figures 2-8 and 2-9 show the 3D radiation
pattern of MAMP-I with good directivity of 13.1. We know that the MAMP-I has a
negative impedance at its port-2; despite that, it produces an overall good radiation beam
both using SBA and the CST simulation, but, in reality, there is power dissipation or
absorption at the 27 port because of the mismatch.

2.5.2. MAMP-II

a
60

30

150°

180°

210°

240° 300°

270°

Figure 2-10 Representation of the radiation patterns: the red color represents the radiation pattern
of a G-element uniform linear array, and the magenta represents a 4-element ULA, whereas blne
color is representing radiation pattern of a MAMP.
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Comparison of the normaliged gains with that of achieved by 6-element ULA, 4-
element ULA and a MAMP with 4 active and 16 parasitic elements.
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Figure 2-12 Error is calenlated during each iteration when both the radiation patterns, the
proposed MAMP and ULA are compared.
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Fignre 2-13 3D radiation pattern of the MANP-II, where all the feeding ports have an input
impedance which is greater than Zero.

Figure 2-14 Top view of the 3D radiation pattern of the MAMP-II.
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To prove the point, as another example, MAMP-II is considered with same number of
active and parasitic elements as we have in MAMP-I. All the parameters are same such
as: frequency, distance among the elements, and SBA variables. In MAMP-1I, radiation
conditions are introduced to get the positive input impedances. The values of the input
impedances are given in Table 2-1. Again, all the loads are obtained using SBA and then
embedded in CST simulations. Figures 2-5 and 2-10 show that there is no visible
difference between the radiation patterns. The normalized gains are also in similar
fashion. The error is 0.001% less than the error in MAMP-I, which is not significantly a
higher difference. Figures 2-9 and 2-14 show the 3D radiation patterns of MAMP-I and
MAMP-II, whete it can be seen that the results of both MAMP-I and MAMP-IT are
comparable. So, it is mandatory for the given constraints to be met in order for the
structure to radiate and be an excellent candidate for MIMO communications.

2.6. CONCLUSION

By employing different examples, we have presented that practically the same beams may
be produced by a PAA-MAMP, even though the radiation constraints for each case may
differ significantly. Radiation conditions (2.7) and (2.8) are developed to be incorporated
for computing the load values to make sure that the array radiates. The need for the
constraints is shown and proved by using different examples of the MAMP array. Two
examples show that even though the radiation patterns are similar, there still might be a
possibility that the array is not radiating enough with good efficiency because of the
power dissipation at some of its ports. The radiation patterns are obtained using CST
microwave studio and are compared. The outcomes of this chapter are applied in
subsequent chapters to further enhance the MAMP performance.
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CHAPTER 3. HYBRID BEAMFORMING
USING MULTI-ACTIVE/MULTI-
PASSIVE PARASITIC ANTENNA
ARRAYS

Multi-Active / Multi-Passive (MAMP) Parasitic Antenna Arrays (PAA) have shown
significant potential in recent wireless communications due to their reduced cost, weight,
and complexity. The MAMP typically consists of a few active feeding ports and multiple
parasitic elements coupled with neighboring elements thus resulting in a combined beam
similar to that of a conventional Multiple-Input Multiple-Output (MIMO) antenna array.
In this study, the MAMP antenna array is designed such that it guarantees that the array
radiates based on a set of radiation conditions. Passive load values are calculated using a
stochastic beamforming algorithm (SBA), and it is ensured that the MAMP array satisfies
the radiation conditions. The radiation efficiency of the MAMP array is calculated, for
the first time to the best of our knowledge, through closed-form expressions. This allows
us to incorporate the radiation efficiency as a performance target, in the computation of
the array’s loads and weights. We do so, indicatively, on a previously proposed algorithm
(SBA) and show a good match between the calculated and simulated results via the CST
simulation tool.

3.1. INTRODUCTION

Multiple-Input Multiple-Output transmission has attracted a plethora of researchers and
scientists in recent years due to its benefits for spatial multiplexing and large antenna and
diversity gain. These benefits increase as the number of antennas increases; however, this
comes at the expense of size, cost, and complexity of the required radiofrequency (RF)
chains. The size and the cost of multiple antenna systems have been reduced by utilizing
a single RF chain in the past few years when the idea was first introduced by Harrington
[1]. The research community has since significantly contributed to the concept of
Electronically Steerable Parasitic Array Radiators (ESPAR). If parasitic elements are
placed at a very close distance from the active element, then the induced currents may
affect the beam pattern generated by the array [2-3].

Many different techniques and approaches have been proposed in the past to achieve
beamforming using ESPARs, such as the Hamiltonian method [4], an algorithm based
on sequential perturbation [5], a cross-correlation coefficient maximization technique [6],
and simultaneous perturbation stochastic approximation (SPSA) [7]. A technique for
spatial multiplexing of QPSK symbols has been introduced by Bains and Kalis which is
known as the beam space model [8—11]. Some applications have also been proposed
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using ESPAR, for example, the Reactance Domain MUlItiple SIgnal Classi_cation (RD-
MUSIC) algorithm [12], a system for the implementation of direction of arrival (DOA)
estimation based on a rotational invariant technique (ESPRIT) [13]. In the eatly
approaches of ESPARSs, it was ensured that the array radiates based on the estimation of
loads while neglecting the radiation conditions being incorporated in the algorithms.

Design guidelines and radiation constraints were introduced for the first time in [14] to
ensure that the array will radiate. Later, significant work has been done on the single fed
RF transmission based on those radiation conditions such as a new signal model with an
arbitrary precoding scheme proposed in [15], quantized load selection [16], and
transmission with peak power constraint [17]. The research activity has mostly focused
on ESPAR arrays where an active element (AE) is fed through a single RF chain,
including currents on its neighboring parasitic elements (PE), also denoted as a single-
active / multi-passive (SAMP) system. The current on the elements is altered through
different values of the loads grounded via PEs [18]. Enhanced performance of the multi
antenna transmission is ensured by increasing the number of active elements, thus
creating multi-active / multi-passive parasitic antenna arrays.

A stochastic beamforming algorithm is presented to emulate the radiation pattern of the
ideal Uniform Linear Array (ULA) with that of the MAMP array by reducing the error
[18, 26]. A significant match is shown between the radiation patterns of the MAMP and
ULA in both 2D and 3D with a 50% reduction of RF chains, but there is no constraint
that ensures the radiation at all ports of the array. It means that there might be a possibility
where the arrays might have similar radiation patterns but some of the ports are not
radiating, and power is absorbed instead. In this case, the radiation efficiency of the array
is low or below a certain desired level. We derived new conditions in the closed form
[19], where it is observed that for multi-active arrays, there might be a state when some
of the active ports are matched and radiating, and some are not radiating where there is
also a possibility that the array as a whole is not radiating because of the effect of mutual
coupling and combination of load values.

All these observations make it difficult to analyze the antenna array performance because
of the mutual coupling and the total radiation by the array. So, to analyze the multi-port
antenna array, the Total Active Reflection Coefficient (TARC) is considered a reliable
parameter [21]. TARC takes into account the mutual coupling in the form of S-
parameters with arbitrary inputs. The TARC is important for MIMO systems because it
takes the interport antenna coupling, port matching, and the effect due to the different
phases at each input port of the antenna. TARC is also used to find the efficiency of the
array [22].

Several improvements are required in the presented previous works, including an
extension of the array from a single active element to multiple active elements, ensuring
the radiation conditions for the arrays in some of the works and in some cases mostly
the load values are active load values which are difficult to simulate and, in some cases,
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even harder to implement. In this work, we propose a solution for all these potential
issues by applying it to the stochastic beamforming algorithm provided in [20] for
MAMPs. As the previous algorithms and techniques do not suffice the capability of a
MAMP array, we used radiation efficiency as a parameter in the cost function to find the
optimized loads and weights. This is an extension of the SBA in order to find the passive
imaginary load values which ensure that the array as a whole radiates and calculated the
radiation efficiency of the MAMP parasitic antenna array. The results are verified by using
the CST simulation tool while MATLAB was used for numerical analysis.

3.2. SYSTEM MODEL

The system consists of multiple RF chains being fed by a vector of voltages vy, which
generates cutrents § at each element of the array. Each active element is related to
respective parasitic elements by the mutual coupling induced by the currents of the
neighboring elements, thus producing a SAMP. Multiple SAMPs are placed at a distance
of /2, resulting in a MAMP atray as shown in Figure 3-1, which is based on the mutual
coupling among the elements represented as Zpyy. Parasitic elements are placed at a
distance of 4 which is a function of A, depending on the combination of loads that
produce a radiation pattern close to the ideal or desired beam, which is a beam produced
by an equivalent number of elements in a ULA.

Figure 3-1 Muiti-Active | Multi-Passive parasitic antenna array geometry.

The elements are placed in close vicinity to the active elements to get a strong mutual
coupling through strong induced currents. The generated currents ate given as:
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i=[Zym +Z;] vy CRY

where i is the vector representing curtrents at all elements of the MAMP array. Zy is a
matrix representing the source resistance at all the active elements and the load values of
parasitic elements. Equation (3.1) can be expanded for the MAMPs as given in [19]:

[Z11 + %4 AP o Ziy i1 107
Z31 Zyg ¥Ry - Zyy I 2
Z3 Z3; Ly I3 0
5 : o =] (32)
0
: : : vy
L Zua Zmz Zym +xpydliyl Lo

From equation (3.2), the variable x), is the z-th load value of the respective parasitic
element of the array, where iy, is the current at the 7-th element and v; is the voltage at
the j-th active element in the MAMP atray, and j € {1,2,3, ...., N}. The performance of
the multiport antenna array can be analyzed by using the input impedance of the ports.
The input impedance connected to the RF chains incurring the effect of mutual coupling
from neighboring elements can be obtained from (3.2):

M .

. l
7} = Z Zjm =, je(1,2,3, .., N} (3.3)

m=1 J

Jj
where Z;,

between the jth active element and the z-th clement in the MAMP atray and i

represents the input impedance at the j~th port, Zjp, is the mutual coupling

represents the current at the j~th active element in the MAMP array.

3.3. RADIATION CONDITIONS

The expression in (3.3) has been used as a constraint in [19] to ensure the radiation of
the MAMP array. The mutual coupling among the elements can drive the real part of the

input impedance to a negative value i.e., Zijn < 0, which means that the power is not
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radiated by the array and is dissipated instead. The radiation condition for a MAMP array
is given by [19]:

—Re Z ij?f < Re{z;;} (3.4)

m=1, m#j

So, for the array to radiate, the input impedance at all the feeding ports must be greater
than zero or it must be a positive number that remains greater than the self-impedance
Z;; of the respective active element. The developed algorithm makes sure that the input
impedance at all the feeding ports is greater than zero, which ensures that the array
radiates as a whole.

These radiation conditions do not suffice the desired array performance because
previously derived constraints guarantee array radiation when either of the active port is
radiating or all the elements are radiating based on the comparison of radiation patterns
regardless of the overall array efficiency. Radiation efficiency is one of the most
significant parameters of a multi-port antenna array that shows an overall reliable array
performance. From [21], we know that the radiation efficiency of the antenna array is:

(3.5)

(3.6)

where the total active reflection coefficient (TARC) is given by Iy which in turn can be
written in terms of radiation efficiency. The TARC is considered the most valuable
parameter to analyze the performance of a multiport array because it considers the mutual
coupling among the elements, and it takes into account the weights of the voltages which
are in the form of different amplitudes and phases. If antenna elements are ideal and
lossless, from (3.5) and (3.6), we can get,

n=1-T;? (3.7)

where I'y for two active ports can be defined as:
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ViSi1 + VoSiol? 4+ [ViSy + V35,52
r,Tz\/|111 25121 V1S54 25221 (3.8)

Vil? + V2

From (3.8), the efficiency is expressed in terms of S-parameters, whereas SBA needs Z-
parameters to justify (3.2). S-parameters can be converted to Z-parameters using some
conversion expression, these formulae are given for a two-port network by Pozar in [3].

(Zi1 = Zo)(Zyy + Zo) — 21375,

S, = (3.9)
YT (Zyy + Zgg) (Zgg + Zo) — ZyZyy

S, = (3.10)
2T (Zyg + Zgg) (Zgg + Zo) — Ly oy

27517

S,, = (3.11)

2 Ty + Zp2) (Zgz + Zo) — Ly T
Zi1+720)(Zoy —Zo) — 72,7
S, = (Zi1 +Zo)(Zyz — Zo) — L1375, (3.12)

(Zay + Z32)(Zyy + Zo) — 21375,

The generalized form of the above conversions for multiple antenna elements is
obtained using (3.2).

_ ((ZNN +x) — ZO)(ZMM +Zo) — ZymZun

= (3.13)
N ((ZNN +x) + Zo)(Zzz +Zo) — ZymZun
YAANIYYA
S = NMZ0 (3.14)
((ZNN +x) + ZO)(ZMM +Zo) — ZymZun
2ZunZ
Sji = MO (3.15)

((ZNN +x) + Zo)(zzz +Zo) — ZymZun
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. — ((ZNN + x) + Zo)(ZMM —Zo) — ZymZun

— (3.16)
7 ((ZNN + x;) + Zo)(Zzz +Zo) — ZymZun

The extended form of expressions is given in (3.13) to (3.16) to compute S-parameters
among the elements of the MAMP array, wherei€{1,2,3,...,N},
je{1,23,....,M}and i #j. x is the k-th load value of the respective parasitic
element. So, from (3.8), if there is no coupling among the elements, and the array is ideal,
then the radiation efficiency of the array will be one, but in the case of the MAMP array,
there will be coupling among the neighboring elements so it will be a number between
zero and one. The constraint comes up as if the 7 of the array is one if the total active
reflection coefficient is zero.

So, the new constraintis 0 <71 <1
IfI =0, thenn =1

Any desired 1) for a MAMP array with N number of elements, the efficiency of the
MAMP array is given by:

n=1 - J (12, syl

?I=1|vi|2

(3.17)

3.4. ALTERNATING OPTIMIZATION STOCHASTIC
BEAMFORMING ALGORITHM

The alternating optimization approach is extended for the stochastic beamforming
algorithm in [18] by introducing the new radiation conditions which guarantee that the
array is radiating as a whole or some of the elements are radiating depending upon how
strictly we wish to apply the constraints.

The cost function that we attempt to optimize can be viewed as a function of both the
loads and the voltage vector. Thus, for a selected antenna array structure that determines
the set S of AEs and the impedance matrix Z, the targeted cost function that we attempt
to minimize is given by:

|bHa(xSC ,w)|

Lxse, w) = o[t = ( Ibllzllars .w)||z)] + i1 = (nCrsc, w)) (3.18)
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Where w + p =1,

w is the weight for the radiation pattern and [ is the weight for the radiation efficiency,

_ ['real (vs) and
imag (vs)
a(xs.,w) = ST(Z + diag(Isxs +jISCxSC))_1v(w), (3.19)

v(w) = IS(WI:Na +jw(Na+1):2Na):

S = [S(p1), .., S(@n)]

The optimization in (3.18) is non-linear with respect to both variables X5, and w. § is
the steering matrix of the MAMP antenna and b is the radiation pattern of the desired
beam pattern. We attempt to solve the optimization task with an alternating optimization
stochastic approach. Our proposed scheme is summarized in Algorithm 1.

Algorithm 1 Alternating Optimization Stochastic Beamforming Algorithm

1: function AO-SBA (b, (B)¥_1, S, Z,S, 7, N,, T., ¢ps, , W)
2:2m « 0,x5. = [0,..,0]T,w « [1T,0T |T
3: while m < M do

fme—m+1,n—0k<0

5: err, L err, !

: «— — — —
X eps’ w

eps

6: while n < N, and err, = T,, do

7: n<—n+1,xold <—st
1\ .
8: Create: 8, ~ B (1,5) with values £1
9: x;:c = Xgc + PmOyx, Xsc = Xsc — PmOy
10: LY = L(x}.,w), Ly = L(x5.,w)
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11:

12:

13

: end while

1 N1
fx ZE (L; - Lx)s_x

llxsc=%o1all2

Xcr = X — T err, =
se se S e Ixo1qll2+eps

14: while k < N, and err;,, = T,, do

15:

16:

17:

18:

19:

20:

21

22

23

: end while

: while

k—k+1,wy;—w
Create: ,, ~ B (1%) with values £1
wt=w+pB,8, w =w-—p3,8,

Ll-'J- = L(xSc ,W+) ’ L; = L(xSc 'W_)

1 (LF-Ly)1
2Bm  bw

$w =

w=w~—1§,, err, = Iw—wouall2
WEEW lwougllz +eps

real (Z!) > 0,do Given by (3.3) and (3.4)

ipe—p+1,je{123, ..., N}

24: Go to function AO-SBA

25:

26:

27:

28:

29:

30

: end while

while 0 <71 <1
p—p+1

w+ p=1,

n=1-TI*Tp= [1- Frad
Pin

end while
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31: Er(m) « L(xs. ,w) Given by (3.18) and (3.19)
32: end while
33: end function

Ensure: ETq.3, X5, W,

The algorithm is following the iterative approach to find the optimized loads and the
weights with reduced error whereas the degree of the cost function smoothing is achieved
by using the smoothing sequence (B )X _;. The process repeats M times for different
smoothing steps until the local minimum probability is reduced. A random vector 8 is
created using the binomial distribution, then the cost function samples are computed. It
leads to the approximation of the gradient until its convergence. This estimates the
approximation and returns the estimated solution; otherwise, the iteration counter is
increased by one.

The global minimization corresponds to a radiation pattern identical to the desired
pattern, but the convergence time will be expanded since in this case the smoothing
sequence should be larger, increasing the number of required cycles until the termination
of the overall process [20]. The estimated solution provides the computed loads which
gives the corresponding input impedance at each port. So, the finds the load values that
satisfy the criteria and the radiation conditions while minimizing the error between the
two radiation patterns, i.c., ideal radiation pattern achieved from a ULA and with the
desired radiation pattern obtained from a proposed MAMP. The algorithm uses basic
formula from Balanis and Ohm’s law to find the impedances thus calculates the
corresponding weights at the active feeding ports. As per the radiation conditions
introduced in chapter 2, the real part of the input impedance must be greater than zero,
to assure that ecach antenna element is radiating. A new cost function is introduced, by
integrating the radiation efficiency of the MAMP array. The algorithm minimizes the
error between the radiation patterns and optimizes the maximum radiation efficiency.

3.5. MAMP DESIGN AND RESULTS
3.5.1. COMPUTATION OF LOADS

A multi-active / multi-passive parasitic antenna atray is considered with 2 active and 12
parasitic elements. The load values are obtained using SBA with new radiation conditions
such that the whole array radiates. The desired radiation efficiency of the array is
calculated by using the equation (3.17). There is a possibility that the SBA generates the
negative load values (negative real part of the loads, which means the negative resistive
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part) which is difficult to implement in real-time. So, the algorithm is modified in such a
way that it ensures the following four steps:

1. the algorithm computes the radiation efficiency of the array by using given
parameters,

2. it compares the radiation patterns of the proposed MAMP array with that
of the ideal radiation pattern produced by the ULA,

3. it generates the optimized passive load values,

4. it performs checks to satisfy all the radiation conditions which ensure that
the whole array radiates, and the input impedance is greater than zero at
all feeding ports.

Elements of the MAMP antenna

0.1 ;

0.09% x
0060 x
0.04 - 1

X X
0.02 - 1
S ®
-0.02 - 1

X X
-0.04 | |

X X
-0.06 - 1
-0.08g X

0.1 . . . . . .
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Figure 3-2 MAMP geometry in MATLAB; blue-colored crosses represent the parasitic
elements, and the red dots represent the active elements.

The resonant frequency is 2.4GHz and the elements are considered as point sources for
the calculation of loads. The mutual coupling and the self-impedance of the elements are
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calculated using Balani’s equations which are based on point sources. The active elements
are placed at half wavelength whereas the parasitic elements are placed at 0.22*\ from
each other. The elements must be placed close enough so that the effect of mutual
coupling constructs in such a way that it produces higher currents at the neighboring
elements. Many iterations were carried out before finalizing the inter-element distance.
An optimized value is obtained after multiple calculations and that satisfies all the
conditions and constraints.

The optimal value may not produce the realistic values of the loads, and it may not have
enough efficiency, so the algorithm has to go through more iterations. The tradeoff
between the efficiency and the ideal radiation pattern exists and it can be obtained by
getting the error in terms of the comparison between the radiation pattern of the
proposed MAMP array and the radiation pattern of the ideal ULA. This can be controlled
by using the weights as defined in the cost function (3-18). This pattern is achieved after
many iterations of the algorithm based on specific sequence and parameter variations of
the algorithm to get the optimized loads and weights for the required radiation efficiency
and the radiation pattern. Where the values are; M = 40, © = 100, MAXITER = 10000,
Tor = 1079, eps = 1019, w = 0.65, u = 0.35.

The sequence and variation parameters might have to change to get the optimized results
for different angles to achieve the beam steering. As the tradeoff exists between the
radiation efficiency and the radiation pattern so is the difference in the values of the
above parameters. It is very difficult to achieve the optimized and desired results with
the same values of the parameters. So, in order to get the beam steering, the distance
between the elements can be changed, but this is a big challenge to find the beam steering
angles with a fixed distance among the elements. The sequence parameters play a crucial
role in computing the load values for the desired radiation efficiency and the desired
radiation pattern. After many iterations and computations, the proposed distance is
obtained which ensures beam steering at different angles with a fixed inter-element
distance. At this stage, algorithm is considering the same weights at both active ports due
to the complexity of implementation and experimentation at the later stage.

Another challenge is to find out the optimized passive load values and then the realistic
load values. The sequence parameters control the limit of digits as well as the load values,
which makes it either possible or not to implement the parasitic antenna array. Prior
knowledge of the values for passive components existing in the market is necessary to
get the easily available load values.

3.5.2. SIMULATIONS USING CST MICROWAVE STUDIO

The MAMP array setup as shown in Figure 3-2 is emulated in CST microwave studio to
get the emulated results of the proposed antenna array. The geometry of the array is
shown in Figure 3-3, where finite length half-wave dipoles are considered to develop the
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proposed MAMP array in CST as it is not possible to simulate a point soutce in
simulation tools. The thickness of the dipoles is decided after the survey, where some
copper tubes are commercially available. The frequency of the operation is 2.4GHz. FR-
4 is used as a substrate to support the copper cylinders. The active elements are fed by
two microstrip feed lines and are excited by using SMA connectors. Both the active
monopoles are fed by using SMA connectors through microstrip lines and are grounded
partially, whereas all the monopoles are embedded on the top layer with copper pads and
are grounded through via holes. The monopoles on the top are connected to passive
components and are embedded on the pads at the top layer, see Figure 3-4(a). These
passive components are then grounded through via holes and connected to the grounded
monopoles, as shown in Figure 3-4(b). CST simulations are performed using the time
domain and the integral solvers, whereas the CST license is provided by Aalborg
University, Denmark.

Figure 3-3 The geometry of the MAMP array in CST, the cylinders are half-wave dipoles
connected to passive components and grounded through via holes. The blue dots are the loads
(passive components, capacitors, or inductors caleulated from SBA) whereas the red dots are the
Jfeeding ports to feed the active elements.
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Figure 3-4 The geometry of the MAMP in CST: (a) Top view of the structure, (b) bottom view.
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Figure 3-5 Calenlated and simulated radiation pattern of MAMP PAA, comparison of the
radiation patterns where magenta is representing a ULA with 2 active elements, red is for the 5
ULA to be compared with the NLANMP beam, blue is the calenlated beam pattern of NLAMP
using SBA based on different combination of loads and black is the radiation pattern of MLANMP
arvay obtained from CST simulations: (a) beam directed towards ¢ = 60° (b) beam directed
towards p = 90° (¢c) beam directed towards ¢ = 120°.
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Figure 3-6 The 3D Radiation pattern of the MAMP array obtained from CS'T simulations:
(a) beam directed towards p = 60° (b) beam directed towards o = 90° (c) beam directed towards
@ =120".
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A comparison of the radiation patterns is shown in Figures 3-5 (2D polar plots) and 3-6
(3D radiation patterns). The radiation patterns are computed using the SBA for a number
of examples and different angles. For a specific application, the proposed MAMP is

compared with a 5-active element ULA. The curve in red color represents the ideal
radiation pattern of a 5-dipole ULA. The magenta represents the ideal beam of a ULA
but with the same number of elements as the number of active elements in MAMP. The
radiation pattern computed by SBA for the MAMP is presented in blue color, whereas
the simulated radiation pattern of the MAMP is represented in black color. This figure
can be explained in three steps:

1.

At first, the comparison between the MAMP and the ULAs shows
that the desired radiation pattern or beam can be obtained by reducing
the number of active elements thus the number of RF chains. Even
with the reduced number of active elements, we can still get a similar
beam which is similar to the conventional ULAs.

Then the comparison is between the simulated and the calculated
beams by CST and the algorithm. The side lobes in simulated results
are bigger than the calculated beams. This most likely is due to the
non-ideal finite length designs in the simulation tool. The calculated
beams are based on the ideal point sources whereas the ideal
simulations are not possible in the simulation tool. Sometimes,
residues add up to give higher values at the end of each iteration.

Figure 3-5 shows the beamforming at different selected angles.
Different beam angles can be obtained by just changing the load values
at the parasitic elements. Different examples are shown with the (a)
beam directed towards ¢ = 60° (b) beam directed towards ¢ = 90° and
(c) beam directed towards ¢ = 120°.
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Figure 3-7 Comparison of different parameters of MAMP array while the beam was directed
towards ¢ = 60°, 0 = 90" and ¢ = 120° (a) mac realized gain against the @ angle (b) max
realized gain at the given frequency for all the beam steering angles (c) total efficiency of the MAMP
at the given frequency for all the beam steering angles.

A comparison of different parameters such as realized gain and total efficiency is shown
in Figure 7. The different colors of curves represent the beam steered towards the specific
desired direction. The peak realized gain for an angle directed towards ¢ = 60Y, ¢ = 90°
and ¢ = 120 is 6.8dBi, 7.75dBi and 6.28dBi respectively. The 3dB angular beamwidth in
each case is 44.30, 40.80 and 55.20 respectively. The total efficiency of the MAMPs is
27.3%, 98% and 42% respectively.

3.5.3. MAMP ANTENNA ARRAY PROTOTYPE

The MAMP antenna array prototype is developed at University College London (UCL).
Figure 3-7 shows the developed antenna, where copper dipoles are embedded on the FR
substrate. The developed prototype is tested using a network analyzer to see the
resonance of the antenna. Figure 3-8 shows the setup for the measurements of the S-
parameters. Where the antenna potts are connected to the power splitter/combiner and
the input of the VNA is connected to the splittet’s input port. MAMP antenna is also
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tested in an anechoic chamber in a facility at Intracom Defense (IDE), Greece. The
radiation pattern of the prototype is measured in the chamber. The measurements setup
and the developed antenna are shown in Figure 3-9.

Figure 3-8 MAMP antenna array prototype.

Figure 3-9 Setup for measuring the S-parameters using a vector network analyzer.
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Figure 3-10 Measured and simunlated S-parameters of the MANMP antenna array. The red curve
represents the simulated while the blue is representing the measured S-parameters of the structure.
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(®)
Figure 3-11 Measuring radiation pattern in the anechoic chamber: (a) antenna under test (b)
setup for the measurement of radiation pattern.
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Figure 3-12 Measured and simulated radiation patterns of the MAMP antenna array.
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Figure 3-13 Measured and simulated gain of the MLAMP antenna array.

The computed load values for all the beam steering angles are given in Table 3-1.

Table 3-1. Load values for parasitic elements

Elements Beam steering angle
¢ = 600 =900 ¢ = 1200

CPF)  LaH)  CpH  LaoH)  CePH L)
Element-1 1.13 - - 0.667 - 9.9
Element-2 1.64 - - 6.8 0.39 -
Element-3 1.59 - 0.3 - - 5.3
Element-4 1.60 - 0.3 - - 5.48
Element-5 1.64 - - 7.2 0.39 -
Element-6 1.13 - - 0.667 - 10.8
Element-7 - 191 10 - 1.32 -
Element-8 0.45 12 1.26 -
Element-9 - 7.1 0.3 - 1.46 =
Element-10 - 6.86 0.3 - 1.46 -
Element-11 0.45 - - 12 1.26 -
Element-12 - 1.89 10 - 1.31 -

Figure 3-12 shows both the simulated and the measured radiation pattern of the antenna
array. The shapes are similar, the peaks and the nulls, whereas the measured radiation
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pattern has a smaller beamwidth. The peak gain of the simulated antenna is 7.75dBi
whereas the peak gain of the measured antenna is 6.9dBi. The difference in the peak
gains could be due to the cable losses and the connectors. It can also be due to the losses
at passive components. The simulated radiation efficiency of the MAMP is 98%. Both
simulated and measured results depict the excellent performance of the MAMP array at
the given frequency. The beamforming is also shown with the development of hardware
design. The peak gain of the proposed antenna can be further enhanced by placing a
reflector to reduce the back lobe. It can also be enhanced by adding a greater number of
parasitic elements and then further the active element as per the requirements of the
application. Implementation of the MAMPs for replacement of conventional MIMO
systems is a possible future extension of the state of the art. The domain can be further
expanded in different domains, for example, to find the possible weights and the spatial
multiplexing for MIMO, implementation of varactors for the beamforming, etc.

In previous works, (see Table 3-2) authors considered only ensuring the radiation of the
array, but radiation efficiency was neglected. We have introduced another constraint
which says that the radiation efficiency of the array must be equal to or greater than & to
make sure that the MAMP array is radiating and is also radiating enough to cope with the
requirements of a well-matched radiating antenna array. In this example, radiation
efficiency is introduced in the cost function where loads and weights are optimized based
on the stochastic beamforming. The computed loads and weights are incorporated in the
cost function to calculate the radiation efficiency and the radiation pattern of the MAMP
array.

Table 3-2. Comparison between the proposed work and the reported works

Previous work Key Radiation Load Radia  Protot
technique constraint values tion ype
efficie  devel
ncy opme
nt
Hamiltonian method [4] Beamforming No Complex No No
using ESPARs radiation
constraints
Sequential perturbation [5] Beamforming No Complex No No
using ESPARs radiation
constraints
Cross-correlation Beamforming No Complex No Yes
coefficient maximization using ESPARs  radiation
technique [6] constraints
Simultaneous perturbation Beamforming No Complex No No
stochastic approximation using ESPARs  radiation
(SPSA) [7] constraints
Beam space model [8-11] spatial No Complex No Yes
multiplexing radiation
of QPSK constraints
symbols
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Reactance Domain Implementatio No Complex No No
MUltiple SIgnal n of direction radiation
Classi_cation (RD- of arrival constraints
MUSIC) algorithm [12] estimation
Rotational invariant Implementatio No Complex No Yes
technique (ESPRIT) [13] n of direction radiation
of arrival constraints
estimation
Design guidelines and the Beamforming  For single-  Complex No No
radiation constraints [14] using PAAs RF
Arbitrary precoding Beamforming Only for Complex No No
scheme [15] using PAAs single-RF
Quantized load selection Angle of Only for Complex No No
[16] artival single-RF
estimation
Transmission with peak Angle of Only for Complex No No
power constraint [17] arrival single-RF
estimation
Stochastic beamforming Beamforming No Reactive No No
algorithm [18] using PAAs radiation only
constraints
Design Guidelines [19] Beamforming For Complex No No
using PAAs MAMP /
partial
Stochastic beamforming Beamforming Only for Yes No No
algorithm [20] using PAAs single-RF
Arbitrary Signal model [23] MIMO Only for Complex No No
transmission single-RF
Arbitrary signal [24] MIMO Only for Complex No No
transmission single-RF
Quantization of loads [25] MIMO Only for Complex No No
transmission single-RF
Beam steering [26] MIMO Only for Complex No Yes
ESPARs single-RF
Stochastic beamforming Beamforming No Reactive No No
algorithm [27] using PAAs radiation only
constraints
[Our work] Beamforming For a Reactive RE Yes
Stochastic beamforming using PAAs whole only integra
algorithm MAMP ted in
cost
functi
on
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CHAPTER 4. PROPAGATION
MEASUREMENTS AND CHANNEL
MODELING

Many mmWave measurements were performed as part of the thesis. Considering the
importance of mmWave frequencies for future wireless communications, self-
backhauling via small cell stations or fixed wireless base stations is considered as a
primary application for the measurements campaign. Where, a fixed wireless access point
is mounted on a streetlamp post and provides a gigabit wireless backhaul without an optic
fiber or any cable through a glass window and through vegetation. The work is related to
the title of the thesis and gets the motivation from the EU’s ITN project PAINLESS.
This work is related to the previous chapters to give a complete treatment for self-
backhauled base stations. A MAMP is not considered at this stage due to the complexity
in the design and fabrication restrictions at such higher frequencies. A complete setup
scenario can be considered with a MAMP for an access /fronthaul link and mmWave
horn for the backhauling. There are many factors that determine the performance of
wireless communications. One such factor is attaining appropriate coverage, especially
for mmWave bands. It is imperative to have models that evaluate wireless
communication systems’ performance. Such models should also be able to assess the
requirements in general scenarios. Another factor, which will also aid in meeting the rising
data traffic demands, is the broad spectrum in mm bands. To design dependable systems,
it is highly important to comprehend the link losses at these frequencies. One
revolutionary system in wireless communications could be using FWA at 60GHz. This
would result in obtaining high data rates without relying on physical connections, for
instance via optic fibers or copper cables. However, link losses due to several factors, for
instance, scattering, blockage, etc. must be taken into consideration. Comprehensive data
has been collected through multiple mmWave and cm (60 GHz) measurement campaigns
in Athens, Greece. These campaigns were conducted from outdoor to indoor scenarios
at different locations ranging from inside the campus to off campus to downtown
Athens. Path loss, angular spread and curve fitting are shown for multiple outdoor to
indoor scenarios and are presented with very useful outcomes at 60Ghz.

4.1. INTRODUCTION

Wireless communication systems are thriving with the increased global demand for
internet connectivity, mobile devices, and smart-city applications. According to reports,
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there will be a drastic increase in the quantity of connected devices by the end of 2025
[1-3]. The demand for faster data services has resulted in the need for a large amount of
bandwidth. This has become the chief goal of 5G services with an aim to increase the
frequency spectrum and coverage [4-7]. Reliability plays a vital role in coverage to achieve
high benefits of wireless networks, which could only be done by the development of
accurate propagation models for mmWave frequencies. In the past few years, scientists
have performed rigorous research in the quest to present different models and
measurements [8—16]. Numerous studies have been conducted in the fifth-generation
technology to determine path loss by considering various factors such as antenna height,
distance and frequency, etc. [17-19]. Certain models have shown a suitable accuracy,
which is supported by large experimental data, for instance, the alpha-beta-gamma model
and the closed in model [20]. Antenna height and propagation frequency affect the
internal modeling. It is possible to cover a large area with the help of increased height of
the transmitting antenna. However, if the area is beyond 300m, improvements are
required in the subject area as proven in [21-22].

Ray tracing [23—24] and empirical models [25] are some of the renowned approaches for
propagation modeling in communications. Although ray tracing needs detailed
environmental information, it can predict full impulse tesponse to handle general
environments. Detailed information includes specifications of interior walls, furniture
information as well as vegetation. Different empirical models have shown that path gain
depends on gain for certain scenarios instead of considering distance and line of sight or
non-line of sight [26]. It is, therefore, imperative to develop models that are more
compliant with local conditions. The ideal models are accurate, simply implemented, and
depend solely on available environmental factors. Empirical models are not dependent
on complex programming but reducing site-specific measurements would be worthy [27].
An analytical model for universal path gain laws has been introduced which is achieved
by a numerical solution over rooftop propagation, outdoor to indoor, through trees and
foliage in the streets.

4.1.1. LIMITING FACTORS FOR MILLIMETER WAVE COMMUNICATIONS

1. Atmospheric absorption of signals occurs due to various gases in the
atmosphere [3].

2. The attenuation due to rain and snow can be dealt with by an increase in the
antenna gain [19]. The rain direction and size of the rain drops and even the
clouds can affect this.

3. Higher antenna gain is a pre-requisite for achieving optimal beamforming at
millimeter waves [29].

4. The beam steerable antenna principle is important to counter interference [45,

30).
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5. The biggest challenge for mmWave communications is penetrating buildings.
This is in contrast to microwave systems that don’t face this challenge [31].

6. Due to scattering, many differences occur in signals during short distances. It is
important to consider these differences in the designs of sending and receiving
the signal [32].

7. Reflection phenomenon can cause a change in the channel frequency response
due to the multipaths of identical signals.

8. Some measurements have reported that signals are lost due to diffraction [33].

9. The human body can also cause blockage of the signal and should be considered
as well [34-35].

70.  Millimeter waves are affected by an increased path loss [43—45].
Other weather factors like rain, hail dust, and fog attenuate frequencies beyond
10 GHz [46].

4.1.2. CHANNEL MODELING

It is imperative for simulation models that simulate propagation to be both reproducible
and cost-effective. Channel models aid in the accurate deployment of transmission
systems. Developing a channel model entails detailed environmental conditions, for
instance, urban/suburban/rural scenarios, foliage, and building materials, and technical
parameters, for instance, frequency, distance, antenna heights, and gains. The present
wotld requires higher data rates due to increased demands, which requires efficient 5G
deployment. 5G in turn requires a higher bandwidth which can be acquired by mmWave
frequencies. Channel propagation on mmWave frequencies is a gigantic challenge
because of shorter wavelengths due to increased absorption rates, path loss, etc.

Researchers, scientists, and numerous organizations are developing different 5G models.
One of these organizations is the Third Generation Partnership Project (3GPP TR
38.901 [37]). This project aims to develop channel models at the frequency range of 6 to
100 GHz [43]. Another model is the 5G Channel Model. This model is based on big data
obtained by a plethora of measurement campaigns organized by a number of academic
institutes and companies around the world [40]. Two major projects, sponsored by the
European Union, are METIS and mmMAGIC [38, 32]. In this chapter, a new channel
model is discussed for 60GHz wireless propagation which seems an extension of [27]
where universal path gain models and solutions are presented in closed forms for 28GHz.
Path gain curve fitting is shown in the latter part of this chapter considering outdoor to
indoor scenarios compared to the theoretical models and the data achieved through
comprehensive channel measurement campaigns in Athens, Greece.

4.2. OUTDOOR TO OUTDOOR

We present the findings from a cmWave channel measurement campaign [50] performed
in different indoor and outdoor scenarios as part of our contribution to the mmWave
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Network ~ Project  Group  of  the  Telecom  Infra  Project  (see
https://telecominfraproject.com/mmwave/). Indoor scenarios included workspace
environments such as office rooms, corridors, etc. whereas, outdoor scenarios included
urban and suburban environments. A set of two 802.11ad TerragraphTM Channel
Sounder nodes (provided by Facebook under TIP) equipped with massive MIMO
antenna arrays integrated with phase shifters was used as the transmitter and the receiver
for the characterization of the 60GHz cmWave channel. The measurement results
include path loss, received power, input and output SNR and delay spread values for each
specified beam combination. Urban, suburban and indoor environments were tested in
both Line of Sight (LLoS) and Non-Line of Sight (N-LoS) configurations.

The sounder nodes were used as transmitter and receiver nodes for measuring and
characterizing the 60GHz mmWave channel. The nodes were provided by the Telecom
Infra Project (TIP) community, along with the respective software and other peripherals.
Each node has a massive 288-clement mmWave antenna array whose beam width and
beam direction can be controlled by phase shifters. By choosing different modes, the
beamwidth of the nodes can be varied from 2.8° to 102° and the specific beam could be
scanned from -45° to 45° in either elevation or azimuth planes. Path loss, received power,
input and output SNR and delay spread values of the measurements are provided by the
accompanied software. The transmitter has a gain of 20dB with narrowest beamwidth of
2.8° whereas the receiver has 30dB gain with 8.5° beamwidth. The measurements were
carried out in three different phases and in each phase, different scenarios were
considered, all these scenarios are shown in Table 4-1.

Table. 4-1 Consolidated different phases/scenarios

S . Tx /Rx Tx-Rx Tx/Rx Set

CEnATO 1 cation distance (m) | height (m) etup
Outdoot-

S2 Pole/Pole 55 3.5/3.5 Usban
Outdoor-

S3 Pole/Lamp-pole-I 10 2.7/2.7 Urban
Outdoor-

S4 Pole/Lamp-pole-II 15 27/2.7 Urban
Outdoot-

S5 Pole/Lamp-pole-111 22 2.7/2.7 Utban
Outdoot-

S6 Pole/Lamp-pole-IV 30 2.7/2.7 Usban
Outdoot-

S7 Pole/Lamp-pole-V 40 27/27 Urban
Left side of the fountain/ Outdoor-

58,89 Right side of the fountain 24 33 Urban
S10 Ground/ First Floor 10 2/6 Do

Utrban
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Outdoor-

S11 Car/ Radio Tower 30-90 2/20 Suburban

Figure 4-1 Indoor oS measurements setup: (a) a conference room setup with a distance of 2—
6m between T and R (b) Measurements in the corridor where the distance between Tx and Rx
is 20m.
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Figure 4-2 Outdoor-ontdoor propagation measurements setup for the Facebook sounder nodes
outside urban Monumental Plaga in Athens, Greece, sounder nodes are mounted on a street lamp
post at a height of 2.7m.

Figure 4-3 Outdoor-outdoor propagation measurements setup for the Facebook sounder nodes
in suburban environment, where one sounder is mounted on a commercial telecom provider
COSMOTE's tower and the second node is on the roof of a moving SUV.
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Figure 4-4 Outdoor-outdoor propagation measurements setup for the Facebook sounder nodes
in urban environment outside monumental plaza, where both sounder nodes are mounted on lamp
posts. The measurements are carried out across a water fountain to see the reflections and the
scattering.
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Figure 4-5 Measured Pathloss between Tx and Rox over different distances, compared with
FSPL and 2-Ray Pathloss models for: (a) Indoor (b) Outdoor urban-Pole to lamp-poles (c)
Suburban
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Figure 4-6 The cumnlative distribution function (CDF) of pathloss for indoor, outdeor urban
and suburban scenarios.

1400 .0

S1:Indoor

$2:Qutdoor

$3:0utdoor Pole 1

S4:0utdoor Pole 2
$5:0utdoor Pole 3

2000 86:0utdoor Pole 4

S7:Outdoor Pole 5

88:0utdoor Calm Water

-
N
[=1
o

800 $9:0utdoor Turbuent Water
810:Outdoor Ground to Floor
600 811:Outdoor Suburban

Number of Useful links (SNR>5dB)
'S
3

[~
o
=1

S1 S2 S3 S4 S5 S6 S7 S8 89 S10 SN
Scenarios

Figure 4-7 The number of useful links in different scenarios when the SNR is greater than
5dB.

A number of measurements were carried out in Athens in the urban and suburban
environments for different outdoor-outdoor and some indoor scenarios. The data
collected through these measurement campaigns can assist the development of channel
models for the deployment of fixed wireless access points and for the backhauling. A
34dB loss over the Free Space Path Loss (FSPL) can be observed in Figure 4-5 perhaps
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due to the window attenuation. For the indoor measurements, it shows that the 2-ray
model is achieved. At higher distances, the path loss is consistent with free space model.
It was not possible to establish a connection in the presence of thick foliage with the
narrowest beam. In the presence of turbulent water, it was easier to establish more links.

4.3. OUTDOOR TO INDOOR
4.3.1. NOKIA PHASE-I

In the American College of Greece (ACG) main campus in Athens, Greece, we have
performed extensive outdoor to indoor channel measurements at 60 GHz [50]. The
equipment is provided by NOKIA Bell Labs, New Jersey, and it consists of two channel
sounders: a transmitter with omnidirectional antenna and a receiver with a horn — this
receiver spins from 0 to 360 degrees and provides power measurements at each degree.
The measurements were carried out for distances up to 220 meters in different buildings
of the campus. These measurements included different parameters, for instance, path
loss, angular spread, and received power. A total of 2.4 million individual power
measurements were conducted. These measurements [51] aided the assessment of
wireless channel for mmWaves.

Channel measurements for indoor, suburban, and urban environments were performed
in [51-54] where the path loss was measured between 100—110 dB at the distance range
of 40 and 90 meters. This measurement was performed in a suburban environment with
line-of-sight scenario. Studies have reported penetration losses during outdoor to indoor
channel measurements; these penetration losses mainly depend on the material and the
type of glass windows and the incidence angles [55-59]. In the study [61], it is reported
that the LOS component can be degraded significantly upon misalignhment, thereby
leading to a bigger bit error rate. This was reported for an indoor-to-outdoor setting by
adopting a BPSK scheme. Although these works have contributed to the examination of
many propagation issues at 60GHz communications, they lack the statistical significance
of the sample size.

4.3.2. NOKIA PHASE-II

4.3.2.1 Scenarios and the Setup

In the second phase of the campaign, we performed off-campus mmWave (60 GHz)
measurements. Extensive runs consisted of multiple scenarios (also shown in Table 4-2)
starting from the ACG dorms to the building in downtown Athens. Measurements were
carried out for the outdoor to indoor scenarios, where the Rx unit was placed on the
balcony and then inside the lounge to see the penetration loss through the windows. The
transmitting antenna is mounted on a tripod at a height of 3.5m. The objective of these
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measurements was to see the oblique angles and the LOS/NLOS for fixed wireless access
using street furniture. Path gain plots have been generated to analyze the data. The
measurements setup are shown in Figures 4-8, 4-12 & 4-16, where transmitter is placed
in a street and the receiver terminal is across the street behind the foliage either in the
balcony or inside the building. The operating frequency of the equipment is fc= 60 GHz,
bandwidth W=20 kHz, max. speed of the spinner is 300 rpm and it can collect up to 702
samples. The Omni at the transmitter has 5dBi gain (30° HPBW in elevation) whereas
big horn at Rx has a gain of 24.9dBi (HPBW 10° in Azim and 9° in Elev). Measurements
were performed in the following locations and the scenarios are mentioned in the table
below.

Table 4-2 Possible scenarios for the channel measurements at different locations

Locations Level Proposed Scenarios Actual Scenarios
Level -1 | Rx in balcony S-1 S-1
Rx inside S-1I S-1I
Residence-4 R4
Level -4 | Rx in balcony S-1I1 S-111
Rx inside S-1vV Not possible
Rx in balcony S-V S-IV
EA-T Level — 4
Rx inside S-VI S-V
ACG External Apartments
Rx in balcony S-VII S-VI
EA-II | Level-3
Rx inside S-VIII Not Possible

4.3.2.2 Balcony Measurements

Channel sounders consist of Omni at the transmitter and a horn at the receiver. The horn
spins at a max speed of 300rpm and collects the data points for each angle with a step
size of one degree. Figure 4-8 shows the scenario when the spinner (Rx unit) is placed in
the balcony across the vegetation depth and across the street. The distances and the path
gain is calculated according to Bell Lab Model [27]. The Tx is placed across the street at
a distance of dg whereas Rx is at the balcony after the vegetation with width of d,, and
the range between the omni and the horn is 7.
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Figure 4-8 Outdoor-Indoor Measurements setup: (a) from street terminal to balcony behind
Jfoliage (b) from street terminal to inside terminal bebind foliage and the windows.

Path gain for this scenario is given in (4.1), whete K;, Np/m) is the absorption due to
the foliage (for 60GHz, it is 0.79), y4 is the ground reflection coefficienct and ¥, is the
wall reflection coefficient. Assuming the scattering and the reflection from across the
street walls and the ground is zero at 60GHz and T,r=1 (absorption/penetration
through wall between free space transmitter source and the vegetation). The average path
gain for this scenario is given by

24?2 e Kvidv 2 )
Pout =g T (1+1v") 4 11 (4.1)
Many measurements were collected in Athens’ dorms and external apartments for fixed
wireless access at 60Ghz. The path gain is measured for varying street distances and the
ranges between the transmitter and the receiver. For example, the d; is 1 to 3 meters and
d, is 4m in the case of R4 whereas d; is 6m in the case of external apartments and d,, is
3m. The path gain is shown in Figures 4-9 to 4-11. The path gain is measured for all the
balconies where Rx is behind the foliage and the Tx is mounted on a moving mast. The
Rx-Tx height difference ranges from 0 to 13m depending on the floor level of the
respective building. The trees are not uniformly present in the street, there are some gaps
between the trees, which use different Tepy for each scenario depending upon the
vegetation depths and the distances.
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Figure 4-9 Top and the front view of the residence building (R4), total distance is 240 meters
(-104 to 136m) moving from left to the right side of the building.

Figure 4-10 Left and right side of the street facing the building R4.

Conditions on the day of Measurements

Slightly cloudy day

No wind

Resolution 2m

Opverall altitude height difference was 4m

Busy road, heavy traffic

Pavement was busy as well, many pedestrians

Dense vegetation

Neighboring buildings were of the same height with glass windows
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e R4 has double tinted glass on some levels.
e Metal railing horizontally and vertically across the double-tinted glass
e A big lounge area for students: three sofa sets, three sets of tables and chairs,

three desks with PCs, small library. It has two doors, wooden and glass
respectively, and two glass windows
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Figure 4-11 Path gain measured in the street from left to right side against the distances for R4

when the receiver is placed at 17 floor in the balcony (1m away from the railing). Tx is at 3.5
height, R is placed in the balcony at a height difference of 1.65m. 1 egetation depth is 4m and
the street distance is 3m.

The path gain as shown in Figure 4-11 shows that the left side of the street gives only
0.87dB rms error to linear data fit while the right side of the street is 3dB away from the
linear data fit. The Bell Lab model is very close to the data fit with only 5.8dB rms error
to all the measurements.

4.3.2.3 Over-the-Top Measurements

In this scenatio, the Tx is mounted on a tripod at a height of Z,;, =3.5m and is placed
across the street at a distance of w = 10.5m from the receiver. The receiver unit is placed
behind the foliage and on the balcony of 3trd floor of the external apartments, then on
the 4th floor of the R4 and EA. Rx is 1m away from the railing which is 1m high from
the floor and it is a double-tinted glass.
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Figure 4-12 Ouwer the top measurements’ scenario where Tx is placed at a height of 3.5m and w
= 10.5m away from the Rx.

The proposed path gain is given below.

2 (st - Zc)z e_Kv(ZC_Zm)
8m2r

Por = Torr (141, (4.2)

Zys is the height of the base station (Rx in this case) which is from the ground to the
horn, Z, is the clutter height or the top of the trees. Z,, is the height of the mast where
transmitter is mounted. As there are a few trees above the terminal in the street and at
some points there is free space, Teff is different in this case which can be found using
the equations (4.3—4.5).

1 wWiw2

T,er = |T|? 2 tan™ (4.3)
sr T 2din [2aZ, + w2 +w?
2 —
Terr = ITI? 2 tan 1(2‘2—1”) (4.4)
Teff = |T|? (4.5)

where T is defined as the power transmission coefficient, and it is different for each
material. Wy * W, is the dimension of the defined material that covers the aperture (it
could be a wooden door or a glass window etc.). When w, is much larger, then the
equation (4.2) is left with (4.4) which further reduces to (4.5) in case of free space or air
when Tgpr=1.
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Figure 4-13 Top and front views of the excternal apartments. The total length of the street is
130m to the left side and 196m to the right side.

Figure 4-14 Left and right side of the view of street while looking from the balcony at 3" floor.

Conditions on the Day of Measurements

It was a sunny day
Overall altitude height difference 9m

Mostly concrete buildings of same height (4-5 floors), some with double glass
windows

Busy road, but less traffic
Pavement was busy as well

Rx 1m away from railing

Sofa, tables, and some chairs inside
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Figure 4-15 Path gain measured versus the distance for R4 and external apartments (EA): (a)
Receiver is on the 41h floor of the R4 building, (b) receiver is on the 3rd floor of the EA (c)
recesver is at 47 floor of EA building.

In over-the-top scenario, for both buildings when Rx is on the balcony at 4th floor, the
height difference between Tx and Rx is about 9m and 13m respectively. This height
difference will introduce vertical misalignment for links at short distances. For example,
links that are 9m away in horizontal distance will have a vertical misalignment of 45 deg,
which might be much larger than the 30-deg HPBW in elevation of the omni Tx and 10-
deg HPBW in elevation of the spinning horn. So, those locations have been excluded
during the analysis from the path gain. At some points, the transmitter was in LOS of the
receiver because of the height difference in the street (the street was steeper on the left
side of the receiver) in the case of R4.
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4.3.2.4 Inside Measurements

)

Figure 4-16 Outdoor-Indoor measurements setup scenario, Rx is placed inside the lounge and
1m away from the glass window.

In this scenario, the Rx is placed inside the apartment and 1m away from the windows,
whereas the width of the balcony is d;,,. The vertical distance between the Tx and the Rx
is dg while d,, is the vegetation depth. The average path gain for the terminal behind the
foliage and inside the lounge is given by

2 . ds
Azdzz,e_dev |Teff| e_Kmdm

_I -
0 8mir+

A+ v, A+l (4.6)

For inside measurements, the signals reach horn after two stages; at first, they pass
through the vegetation and reach the balcony from the free space above the railing then
the signals penetrate through the glass window. The foliage absorption is represented by
K, = 0.79, whereas it passes through the windows as well and the absorption through
walls and other interior objects is given by K, which is 0.17 in this case. T¢ s is calculated
by considering the fact that the signal passes through the vegetation and then goes above
the railing to pass through the glass windows. It can be found by using the equations
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(4.3) and (4.4) where the value of T,r; changes for both EA and R4 because of the
different width of the balcony. As the indoor absorption factor adds up in the path gain,

the Teff is

a multiplication of both T¢ffq and T, g, which are the wall penetration losses

for windows (0.5 in our case) and the penetration through the balcony railing and

vegetation respectively.
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Figure 4-17 Outdoor-Indoor path gain versus the distance: (a) Rx is placed inside the dorm R4
on the 1st floor (b) R is at 4” floor of EA and inside the apartment, Rx: is placed 1m away
from the glass window in both cases.

Table 4-3 Root Mean Square (RMS) errors of path gain models of Athens’ streets.

Location Street parameters = Bell lab model Data fit rms
rms Error

R4 1t Floor d, = 4m, 5.84 Left side=0.87
Balcony ds = 3m, Right side=3
R4 4% Floor Zys = 13m, 3.9 Left side=2.19
Balcony Z. = 10m, Right side=3.85

Terr = 0.5,

w = 10.5m,

din = 1m,

Zy =35
EA 3 Floor Zys = 10m, 4.9 Left side=3.13
Balcony Z. = 4.5m, Right side=4.01

Terr = 1,

ds, = 6m,

d, =1,

din = 1m,

Zp =35
EA 4% Floor Zps = 13m, 3.14 Left side=3
Balcony Z.=4.5m, Right side=3.31

Terr =1,

ds =9m,

d, =1,

din = 1m,

Zy =35
R4 1st Floor d, =2.5m, 3.7 Left side=3.4
Inside ds =7m, Right side=5.83

Terr = 0.07
EA 4% Floor Zps = 13m, 4.37 Left side=2.12
Inside Z. =4.5m, Right side=1.51

Terr = 0.05,

ds; =9m,

d, =1,

din = 1m,

Zy =35

Average 4.3 3.02
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Universal path gain models developed by NOKIA Bell Labs [27] have been incorporated
and the rms errors of the path gain models are shown in Table 4-3. The overall rms error
of the Bell Lab model is less than 5dB and the overall rms of linear fit to data is 3.02dB.
The inside measurements at R4-4th floor and EA-3rd floor could not be carried out
because of the huge penetration loss through double glass windows. The penetration
through double glass is 40dB and through the single plain glass it is 3dB, so Teff = 0.5
in this case. The path loss exponent for the propagation through the vegetation for lower
heights is 3 and around 1 for LOS. The path loss exponent for the NLOS for the
balconies at R4 and EA is 3.5 and for the inside propagation the exponent is around 2.
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CHAPTER 5. EXPERIMENTS AND
PROOF OF CONCEPT DEMOS

MAMP prototype is developed and after the measurements at an anechoic chamber, it
was integrated in different projects to show the proof of concept and demonstration.
The MAMP antenna is tested for both the Wi-Fi and the backhauling to see the
performance by integrating it in already developed applications.

1. FIREMAN project (for access link)

2. 5G /4G backhaul setup using USRPs (for backhauling)

5.1. FIREMAN SETUP

FIREMAN (Framework for the Identification of Rare Events via MAchine learning and
IoT Networks) is a European research project funded under the CHIST-ERA scheme.

An IoT based data collection platform is developed at the SWiFT Lab, where IoT sensors
are connected with a data collection hub (access point) and the transmitted power at
these sensor nodes can be controlled using a graphical user interface (GUI). This GUI
also enabled us to send commands and receive data from sensors. The objective of this
project is to increase the battery life of the sensor nodes by connecting them with the
pointed or directional beams, which increases the gain in a particular direction and thus
reducing the transmission power at the sensor nodes. The setup of the project
demonstration is presented in Figure 5-1.

The platform uses several Raspberry pi’s (numbered as P1 to P7 in the figure) as sensor
nodes which are placed at random positions within the lab to showcase the industry
environment. A TP link (access point AP) device with replaceable antennas is used as an
access point. The GUI is developed to interact with the communication setup between
the sensors and the AP. It can change the transmission power at the nodes depending
upon the requirements to save the battery of the respective transmitting node. The AP is
equipped with the MAMP antenna, and it is steered manually directing its beam towards
the transmitting sensors already placed in different directions to evaluate the performance
of the antenna array.
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Figure 5-1 FIREMAN setup.

Figure 5-2 Access point omni antennas replaced with NLANP antenna array.
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Figure 5-3 Positions of the Raspberry Pi’s in the SWiFT Lab.

Figures 5-2 and 5-3 show the MAMP antenna integrated with the AP and the positions
of the nodes. Status of all the connected nodes can be seen in Figure 5-4, where a GUI
displays the temperature and the transmission power of the respective node. Experiments
consist of the examples depending upon the transmitted power of the sensors which is
initially set by the user, so as to see the difference and the performance of the MAMP in
a particular direction (keeping in mind the radiation pattern of the MAMP antenna array).
Figure 5-4 shows the circuit temperature and also the power being transmitted by each
Pi board.

Fireman Demo

Nodes———~~ _©Oouppt—" —" — — — — —
Node 1: 192.168.8.103 -—[192.168.8.103] -—
Node 2: 192.168.8.106 [ output ]
- 192.168.8.107 My current temperature is 51121 milliC,
+192.168.8.102 and my transmission power is 31 dBm.
:192.168.8.105
:192.168.8.101 [ F 9t2]-168-8-106]
! outpu
162.168.8.104 My current temperature is 59887 milliC,
and my transmission power is 31 dBm.

- [192.168.8.107] -

[ output ]

My current temperature is 60861 milliC,
and my transmission power is 31 dBm.

- [192.168.8.102] -

[ output ]

My current temperature is 52582 milliC,
and my transmission power is 31 dBm.

Discover nodes

=]
Set transmission power (dBm)—— Run shel coomandq——m—————————————————————————— Check
31 I iwconfig wian0 [Run i status

Figure 5-4 GUI which shows the connected sensor nodes, displaying the respective temperatures
and the transmission powers.
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ID Hostname IP Address MAC Address Band SSID Active Time (Bl;:e) (DB‘;_"::) (::Er;:) “::;es) Action
1 fireman-pi4 152.168.8.103 E4-5F-01-BO-18-CA 2.4GHz Fireman 9 da“glmz;l 331k 37k -a0 72.2
2 fireman-pis 192.168.8.110 E4-5F-01-B0-19-15 2.4GHz Fireman Dda“;mm 325k | 35k 41 718
3 fireman-pii | 192.168.8.105 E4-SF-01-80-19-09 2.4GHz Fireman oays SR gmak | 3Bk 35 | 722
4 fireman-pi3 192.168.8.106 E4-5F-01-27-67-45 2.4GHz Fireman 0. days 20:53:9 251k 35K -a3 72.2
S fireman-pi7 192.168.8.107 E4-5F-01-B0-15-05 2.4GHz Fireman 0 days 300:51:4 244k 35k =41 72.2
6 fireman-pi2 192.168.8.108 E4-5F-01-56-5F-DO0 2.4GHz Fireman g.cays 30:4&:5 226k 37k =37 72.2
7 fireman-plé 192.168.8.109 E4-5F-01-B0-19-0C 2.4GHz Fireman 0 daye ;)0;47:1 210k 35Kk -38 71.9
()
ID Hostname IPAddress  MAC Address  Band ssID Active Time (BL"'L) &‘;“t":) (ﬁi) (:::) Action
1 fireman-pid 192.168.8.103 E4-5F-01-B0-18-CA 2.4GHz Fireman 0days 91203 3k zek | -39 | 722
2 fireman-piS 192.168.8.110 E4-5F-01-BO0-19-15 2.4GHz Fireman “da"sgl:zo:B 3s6k | 36k 30 | 721
3 fireman-pil 192.168.8.105 E4-5F-01-B0-19-09 2.4GHz Fireman “da“sgl:n:q 283 | 35k 35 | 722
4 fireman-pi3 192.168.8.106 E4-5F-01-27-67-45 2.4GHz Fireman ENSOER wazw | e | s | izem
5 fireman-pi7 192.168.8.107 E4-5F-01-B0-19-05 2.4GHz Fireman QIR0 e, | e | 2m | 72
6 fireman-pi2 192.168.8.108 E4-5F-01-56-5F-D0 2.4GHz Fireman i da“:lm:l 256k | 37k 38 | 722
7  fireman-pi6 192.168.8,109 E4-5F-01-B0-19-0C 2.4GHz Fireman o da“:l:“j 239k 35K -36 71.9
(b)
Figure 5-5 Received signal strength at the access point using MAMP antenna array: (a) the

MAMP was directed towards Pi-2 (b) MAMP array was directed towards Pi-5.

Application to an IoT setup for manufacturing or an agriculture platform can be
considered, where a data collection hub is integrated with the MAMP antenna array. This
IoT platform consists of sensor nodes collecting data from the environmental sensors
i.e., temperature, humidity, moisture etc. These sensors are sending data to Pi boards and
the data is transmitted to the data collection hub as can be seen in figure 5-1. Battery life
at the transmitter nodes or sensors can be increased by reducing the transmitter power
at each node. The transmitter with reduced transmit power can connect to a receiver with
a reliable link only if the receiver gain is large enough and it has a pointing beam towards
the direction of the transmitter. A pointed beam with higher gain can be achieved using
multiple antennas, which increases the power usage at the receiver unit and also increases
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the hardware complexity. So, a suitable solution is to use MAMPs with reduced number
of RF chains and get a beam with high gain and narrow beamwidth. For the proof of
concept, a MAMP (referred to design in chapter 3) with 2 active and 12 parasitic elements
is used for the above-mentioned setup. The MAMP array is intentionally designed for 2
active ports to be used for the setups available in the lab.

The prototyped MAMP antenna is integrated in the access point to evaluate the
performance of the antenna array. The screenshots in figure 5-5 show the RSSI at the
access point where MAMP is integrated. Our prototyped MAMP array generates a beam
of 40 degrees beamwidth and a gain of 7dBi. It was directed manually towards each
transmitting node to evaluate the RSSI. When the array was directing towards Pi-2, the
RSSI was -37dBm. It can be seen that, among all the transmitting nodes, Pi-2 was using
the lowest power to transmit the data because of the additive gain from the receiver. The
experiment was repeated for Pi-5, when MAMP was pointing towards Pi-5, the RSSI was
-30dBm. The RSSI at all other transmitting nodes is higher than the power transmitted
by Pi-5, thereby proving the fact that the energy can be saved at sensor nodes by using a
directional antenna at the receiver with higher gains.

5.2. ANTENNA PERFORMANCE USING USRPS
5.2.1. ANTENNA PERFORMANCE FOR 4G SETUP

4G over the air setup is considered to evaluate the backhaul performance of MAMP
antenna array. At first, a reliability test was conducted by transmitting data at different
speeds by analyzing the packet error loss over the channel. Later, some power
measurements were performed using the USRPs integrated with SDR angel software.

The setup consists of USRPs which are configured to provide a 4G network. The MAMP
antenna was connected to a 4G eNodeB transmitting on Band 1 (2650MHz), running in
SISO mode. On the Tx port, the MAMP antenna was connected with the help of a power
splitter. On the Rx port, an omnidirectional antenna was used to help establish the
connection between the UE and the eNodeB.
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Figure 5-6 MAMP antenna connected to eNodeB (transmitter unit). The srsRAN eNodeB
server debug log is visible in the background.

Data Rate Measurements Using 4G Setup

5MBPS

Connecting to host 10.45.0.1, port 5201

[ 5] local 10.45.0.7 port 60339 connected to 10.45.0.1 port 5201

[ID] Interval Transfer  Bitrate Total Datagrams

[ 5] 0.00-1.00 sec 611 KBytes 5.00 Mbits/ sec 464

[ 5] 1.00-2.00 sec 609 KBytes 4.99 Mbits/sec 463

[ 5] 2.00-3.00 sec 611 KBytes 5.00 Mbits/ sec 464

[ 5] 3.00-4.00 sec 611 KBytes 5.00 Mbits/ sec 464

[ 5] 4.00-5.00 sec 609 KBytes 4.99 Mbits/ sec 463

[ 5] 5.00-6.00 sec 611 KBytes 5.00 Mbits/ sec 464

[ 5] 6.00-7.00 sec 611 KBytes 5.00 Mbits/ sec 464

[ 5] 7.00-8.00 sec 609 KBytes 4.99 Mbits/sec 463

[ 5] 8.00-9.00 sec 611 KBytes 5.00 Mbits/ sec 464

[ 5] 9.00-10.00 sec 611 KBytes 5.00 Mbits/ sec 464

[1D] Interval Transfer  Bitrate Jitter  Lost/ Total Datagrams
[ 5] 0.00-10.00 sec 5.96 MBytes 5.00 Mbits/sec 0.000 ms 0/4637 (0%) sender
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[ 5] 0.00-10.03 sec 4.67 MBytes 3.90 Mbits/sec 3.093 ms 1008/4637 (22%) receiver
aperf Done.

10MBPS

Connecting to host 10.45.0.1, port 5201

[ 5] local 10.45.0.6 port 56559 connected to 10.45.0.1 port 5201

[ID] Interval Transfer  Bitrate Total Datagrams

[ 5] 0.00-1.00 sec 1.19 MBytes 10.0 Mbits/sec 927

[ 5] 1.00-2.00 sec 1.19 MBytes 10.0 Mbits/ sec 927

[ 5] 2.00-3.00 sec 1.19 MBytes 10.0 Mbits/sec 928

[ 5] 3.00-4.00 sec 1.19 MBytes 10.0 Mbits/ sec 927

[ 5] 4.00-5.00 sec 1.19 MBytes 10.0 Mbits/sec 927

[ 5] 5.00-6.00 sec 1.19 MBytes 10.0 Mbits/sec 927

[ 5] 6.00-7.00 sec 1.19 MBytes 10.0 Mbits/sec 928

[ 5] 7.00-8.00 sec 1.19 MBytes 10.0 Mbits/sec 927

[ 5] 8.00-9.00 sec 1.19 MBytes 10.0 Mbits/sec 927

[ 5] 9.00-10.00 sec 1.19 MBytes 10.0 Mbits/sec 928

[ID] Interval Transfer  Bitrate Jitter  Lost/ Total Datagrams

[ 5] 0.00-10.00 sec 11.9 MBytes 10.0 Mbits/sec 0.000 ms 0/9273 (0%) sender
[ 5] 0.00-10.02 sec 10.4 MBytes 8.70 Mbits/sec 0.808 ms 1186/9273 (13%) receiver
aperf Done.

15MBPS

Connecting to host 10.45.0.1, port 5201

[ 5] local 10.45.0.7 port 38016 connected to 10.45.0.1 port 5201

[ID] Interval Transfer  Bitrate Total Datagrams

[ 5] 0.00-1.00 sec 1.79 MBytes 15.0 Mbits/sec 1390

[ 5] 1.00-2.00 sec 1.79 MBytes 15.0 Mbits/sec 1391

[ 5] 2.00-3.00 sec 1.79 MBytes 15.0 Mbits/sec 1391

[ 5] 3.004.00 sec 1.79 MBytes 15.0 Mbits/sec 1391

[ 5] 4.00-5.00 sec 1.79 MBytes 15.0 Mbits/sec 1391

[ 5] 5.00-6.00 sec 1.79 MBytes 15.0 Mbits/sec 1391

[ 5] 6.00-7.00 sec 1.79 MBytes 15.0 Mbits/sec 1391

[ 5] 7.00-8.00 sec 1.79 MBytes 15.0 Mbits/sec 1391

[ 5] 8.00-9.00 sec 1.79 MBytes 15.0 Mbits/sec 1391

[ 5] 9.00-10.00 sec 1.79 MBytes 15.0 Mbits/sec 1391

[1D] Interval Transfer  Bitrate Jitter  Lost/ Total Datagrams

[ 5] 0.00-10.00 sec 17.9 MBytes 15.0 Mbits/sec 0.000 ms 0/13909 (0%) sender
[ 5] 0.00-10.02 sec 16.5 MBytes 13.8 Mbits/sec 0.962 ms 1065/13909 (7.7%) receiver
sperf Done.

20MBPS
Connecting to host 10.45.0.1, port 5201
[ 5] local 10.45.0.7 port 38687 connected to 10.45.0.1 port 5201
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[ID] Interval Transfer  Bitrate Total Datagrams

[ 5] 0.00-1.00 sec 2.38 MBytes 20.0 Mbits/sec 1853

[ 5] 1.00-2.00 sec 2.38 MBytes 20.0 Mbits/sec 1855

[ 5] 2.00-3.00 sec 2.38 MBytes 20.0 Mbits/sec 1855

[ 5] 3.00-4.00 sec 2.38 MBytes 20.0 Mbits/ sec 1854

[ 5] 4.00-5.00 sec 2.38 MBytes 20.0 Mbits/sec 1855

[ 5] 5.00-6.00 sec 2.38 MBytes 20.0 Mbits/ sec 1854

[ 5] 6.00-7.00 sec 2.38 MBytes 20.0 Mbits/sec 1855

[ 5] 7.00-8.00 sec 2.38 MBytes 20.0 Mbits/sec 1855

[ 5] 8.00-9.00 sec 2.38 MBytes 20.0 Mbits/ sec 1854

[ 5] 9.00-10.00 sec 2.38 MBytes 20.0 Mbits/sec 1855

[ID] Interval Transfer  Bitrate Jitter  Lost/ Total Datagrams

[ 5] 0.00-10.00 sec 23.8 MBytes 20.0 Mbits/sec 0.000 ms 0/18545 (0%) sender
[ 5] 0.00-11.88 sec 19.4 MBytes 13.7 Mbits/sec 0.828 ms 3351/18427 (18%) receiver

sperf Done.

25MBPS

Connecting to host 10.45.0.1, port 5201

[ 5] local 10.45.0.7 port 43139 connected to 10.45.0.1 port 5201

[ID] Interval Transfer  Bitrate Total Datagrams

[ 5] 0.00-1.00 sec 2.98 MBytes 25.0 Mbits/sec 2317

[ 5] 1.00-2.00 sec 2.98 MBytes 25.0 Mbits/sec 2318

[ 5] 2.00-3.00 sec 2.98 MBytes 25.0 Mbits/sec 2318

[ 5] 3.004.00 sec 2.98 MBytes 25.0 Mbits/sec 2318

[ 5] 4.00-5.00 sec 2.98 MBytes 25.0 Mbits/sec 2319

[ 5] 5.00-6.00 sec 2.98 MBytes 25.0 Mbits/sec 2318

[ 5] 6.00-7.00 sec 2.98 MBytes 25.0 Mbits/sec 2318

[ 5] 7.00-8.00 sec 2.98 MBytes 25.0 Mbits/sec 2318

[ 5] 8.00-9.00 sec 2.98 MBytes 25.0 Mbits/sec 2319

[ 5] 9.00-10.00 sec 2.98 MBytes 25.0 Mbits/sec 2318

[1D] Interval Transfer  Bitrate Jitter  Lost/ Total Datagrams

[ 5] 0.00-10.00 sec 29.8 MBytes 25.0 Mbits/sec 0.000 ms 0/23181 (0%) sender
[ 5] 0.00-10.13 sec 21.5 MBytes 17.8 Mbits/sec 0.470 ms 6478/23179 (28%) receiver
sperf Done.

Some screenshots are presented above from the data rates’ measurements that were
carried out using USRPs available in the lab based on the 4G setup. From the data above
it can be seen that even 25 Megabits of data can be transmitted over the channel using
the prototyped MAMP with a packet loss of only 28%. 15 Mbps can be transmitted with
a packet loss of 7.7%. On the other end, a HUAWEI B315 LTE router with an
omnidirectional antenna was connected to another computer. Bandwidth and percentage
packet error loss tests were performed with the help of the iperf3 utility. The iperf3 server
is operating at the eNodeB whereas at the UE side, the iperf3 client is running with UDP
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in reverse direction so that the metrics could be seen at the server. Figure 5-5 shows the
iperf server with eNodeB, where the MAMP antenna is integrated. The receiver is
connected to the omni antenna with the USRP receiver unit.

5.2.2. ANTENNA PERFORMANCE BASED ON POWER
MEASUREMENTS

A comparison of received power using a MAMP antenna array and an Omni antenna is
shown in the setup below. The setup consists of a transmitter and a receiver integrated
with SDRangel software. A QPSK DVB-S signal was transmitted using an Omni antenna
at two different frequencies i.e., 2.4GHz and 2.6GHz to see the received power at the
receiver. An Omni antenna is connected to USRP B210 to receive the transmitted signal
and the received power is shown in Figure 5-7. The measurements were carried at
2.6GHz because 2.4GHz is not supported in Europe for 4G/5G communications and
the available SDRs do not support this band, but this antenna array was built at 2.4GHz
so the performance is shown at the designed frequency and at 2.6GHz where MAMP is
performing better but with lower efficiency because of the mismatch.

Figure 5-7 Transmitter-Receiver setup for the power measurements using SDRangel.
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Figure 5-8 Received power at the USRP b210 using SDRAngel software when both transmitter
and the receiver are tuned at 2.4GHZ, frequency; (a) spectrum of the DV'B-S transmitting channel
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at 2.4GHz when omni antenna is transmitting (b) received power and the constellation when an
omni antenna is transmitting (c) spectrum of the DV'B-S' transmitting channel at 2.4GHz when
MAMP antenna is transmitting (d) received power and constellation is shown when MAMP
antenna is transmitting

According to the setup, at first an omni antenna was integrated with the transmitting
USRP unit. It is configured to transmit a DVB-S type signal using SDRangel software at
both frequencies i.e., 2.4GHz and 2.6GHz. The receiver USRP unit is integrated with an
omni antenna and is configured at the same frequency. Both the transmitter and receiver
units are placed at a distance of 3m from each other inside the lab. Received power is
measured across this distance and a comparison is shown. -29.7dB power is received
when an Omni antenna is transmitting to an Omni receiver, whereas, when the MAMP
is integrated, the received power increases to -25.9dB, which is due to the enhanced
additive gain of the array.
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Figure 5-9 Received power at the USRP b210 using SDRAngel software when both transmitter
and the receiver are tuned at 2.4GHz, frequency; (a) spectrum of the DV'B-S' transmitting channel
at 24GHz, when omni antenna is transmitting (b) received power and the constellation when an
omni antenna is transmitting () spectrum of the DV'B-S transmitting channel at 2.4GHz when
MAMP antenna is transmitting (d) received power and constellation is shown when MAMP
antenna is transmitting

Later, the setup is configured to transmit a DVB-S type signal using SDRangel software
at both frequencies i.e., 24GHz and 2.6GHz. The above experiment is performed again
with both omni and MAMP at the transmitting unit. -34.3dB power is received when the
MAMP antenna is transmitting to an Omni receiver, whereas when the Omni is
integrated, the received power decreases to -40dB.

The difference between the received powers of an Omni and the MAMP is around 5dB,
which clearly shows that the MAMP antenna array is radiating well at the operating
frequency of 2.4GHz and from the constellation it can be seen that it performs very well
at this channel. The received power is lower when a signal is transmitted at 2.6GHz
because the efficiency of the MAMP at 2.6GHz is lower (around 90%) and also the peak
gain is around 7dB, which is lower compared to the gain and efficiency at 2.4GHz which
is 8dB and 98% respectively. Another reason is the mismatch at 2.6GHz which causes
loss of radiated power at the given frequency.
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CHAPTER 6. CONCLUSIONS AND
FUTURE WORK

The overall MAMP performance is good, and it is well matched and performing well at
the designed frequency. So, it is a good candidate for the future mMIMO
communications for 5G and beyond, where small cells or self-backhauled wireless
communications will be deployed. The size, weight, and cost of the wireless
communications can be reduced by reducing the number of RF chains. Narrow beams
can be achieved by introducing more numbers of active elements and thus the parasitic
elements.

Design Guidelines are developed for Multi-Active/Multi-Passive Parasitic Antenna
Arrays which introduce radiation conditions (chapter-2) to ensure that the MAMP array
radiates. As per these developed guidelines, all the elements of the MAMP arrays will
either radiate as whole or some of the elements will radiate. The radiation conditions are
integrated in an algorithm (AOSBA) to compute the loads which are used in a CST
simulation software to showcase with examples. Examples show that even if an array
has a comparable desired array beam to an ideal beam, there might be a possibility that
the array as a whole will not radiate, due to the negative input impedance at any feeding
port of the array. The input impedance can be negative due to the mutual coupling among
the elements and the distance among the elements. A mutual coupling model for the
multi-active multi-passive antenna array is required to accurately model the design and
important parameters for a desired output beam.

The newly developed radiation conditions are integrated with SBA to compute the load
values for the parasitic elements. To ensure the MAMP array performance, a new cost
function is introduced into the existing SBA algorithm. Radiation efficiency is calculated
using the newly developed equations in chapter-3, by incorporating the mutual coupling
among the elements. A new cost function is developed incorporating the radiation
efficiency and the difference of radiation patterns between an ideal ULA and proposed
MAMP. Hybrid beamforming is achieved using multi-active multi-passive parasitic
antenna arrays. Some examples are shown for different steering angles, for example, the
beam is directed towards 600, 900 and 1200. The algorithm computes the reactive load
values only, which are easy to implement and also in a range that is available in the market.
Mismatch for different angles can be eliminated using different combination of load
values. Better performance can be achieved using MAMP array than conventional ULA
by reducing the number of RF chains thus with reduced hardware complexity and cost
of the system. SBA computes the load values for the same weights at the active ports. 2
active 12 passive MAMP is designed and developed to show the proof of concept. It is
measured using a network analyzer and in anechoic chamber. Simulated and measured
results are in good match.
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A MAMP with higher number of active and parasitic elements can provide even better
performance which is targeted for future work. A MAMP will be designed for MIMO
communications with at least 4 active elements. To get the realistic weights and load
values that can satisfy the MIMO system trequirements will be a challenge. Since the
parasitic elements need to be placed in the close vicinity of active elements to get
increased coupling, the distance among the elements plays a crucial role here. For a
narrower beam, a greater number of elements are needed and thus the size increases.
Considering the future wireless technologies, designing MAMP array for mmWaves will
be a challenge. At such higher frequencies, the size of the elements is small but the
distance among the elements becomes a limitation due to the shorter wavelengths.
Design and development of MAMP for mmWave communication and the analysis of
near field can be considered as a key focus in the future. Another future aspect of this
project is to design MAMPs using machine learning techniques for the computation of
tunable loads instead of using constraint-based optimization. That would require mutual
coupling models for MAMPs to directly solve the load values and get the currents at each
element.

To see the practical limitations and real time performance of the envisioned self-backhaul
base stations, mmWave measurements were performed. Three successful measurement
campaigns were carried out in Athens for high frequency channel ie., 60GHz. The
measurements are based on outdoor-outdoor, outdoor-indoor and indoor scenatios. The
locations are inside and outside ACG campus and in a commercial plaza located in
Athens, Greece. An omni transmitter was mounted on a lamp post at a certain height
and the receiver unit was placed inside the building or office. Channels were measured
across the glass window and vegetation. The channel measurements were performed
using channel sounding equipment which was provided by Facebook (now Meta) under
the TIP project and another pair of equipment by Nokia Bell Labs US. Measurement
data was analyzed and presented with the linear data fits, and a comparison was given
between Frii’s free space and Chizik’s Bell Labs channel models. Based on these channel
measurements, a channel model is developed for future fixed wireless communications
using “street furniture.”

The developed MAMP antenna array is used to show the proof of concept by using it
for different applications. The prototype is used in the applications available in the Smart
Wireless Future Technologies (SWilFT) lab at the American College of Greece.

e TFIREMAN demo for IoT setup

It is a project funded by the EU for the development of IoT systems for manufacturing
environments. The MAMP prototype is integrated with the system for the IoT network,
which showed improved performance for the multiple sensor nodes in the lab. The
MAMP is installed at the access point which connects to the network of sensor nodes. A
narrow and pointed beam can connect to the transmitter node with an increased gain,
which can reduce the battery life at the transmitter node. An access point is chosen with
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2 RF ports so that the proposed MAMP can be integrated with the device, and it can
measure RSSI at each user equipment. The RSSI at sensor nodes is shown using a GUI
which is clearly reduced when MAMP is directed towards a certain transmitting node.

e SDR demonstration

The prototype is integrated with the existing 4G/5G setup in the lab. The setup consists
of USRPs and server machine to configure the 4G over the air. Comparable
performances are shown by integrating the MAMP with the USRPs to enable the 5G and
4G cellular services. The received powers are obtained and displayed for the proof of
concept and to analyze the performance of the MAMP antenna atray. A comparison
between an Omni antenna and a MAMP is shown, where the MAMP array is clearly
performing better than an Omni antenna. Data rates from 5Mbps to 25Mbps are
achieved at 2.6GHz using the MAMP array with no packet loss or very low loss. The data
rates for 5G setup using MIMO would be of great interest in the future.

Ideally, a MAMP would be considered in the future with a greater number of active
elements, and it should perform at mmWave bands with considered scenarios for the
self-backhaul and fixed wireless communications. The MAMP should be implemented
with varactors to steer the beam in all the possible achievable angles while it maintains
the radiation efficiency and the peak gain above the desited threshold
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