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vorbehalten. Ohne Genehmigung des Autors ist es nicht gestattet, dieses

Heft ganz oder teilweise auf fotomechanischem, elektronischem oder

sonstigem Wege zu vervielfältigen zu vervielfältigen.
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Abstract

The future generations of cellular systems promise the user a wide range of services and

applications that require revolutionary enhancements in the network performance, in terms of

throughput, capacity, latency, and reliability. Therefore, in order to fulfill the requirements, the

current wireless systems need new technologies as revolutionary as the promised applications.

Antenna arrays, especially massive Multi-Input Multi-Output (MIMO), Millimeter Waves

(mmWaves), Nonorthogonal Multiple Access (NOMA), and In-Band Full-Duplex (IBFD)

transmission, have been the most rising approaches for investigation. IBFD, or shortly known as

Full-duplex (FD), is a promising technology that allows the device to simultaneously transmit

and receive on the same frequency. Hence, the transceiver does not need any duplex scheme,

neither in frequency nor in time domains, as it does in half-duplex (HD) transmission. Besides

the potential to double the spectral efficiency, FD has many significant advantages. First, it can

distinctly reduce the latency in wireless networks, which is a critical issue in 5G. Furthermore, it

simplifies spectrum management and allows easier dynamic spectrum allocation, especially in

cognitive radio (CR) systems. Also, it enables cellular systems to reuse frequency bands for radio

access and backhauling. Moreover, FD is a potential solution for other wireless problems such

as hidden terminals, congestion, and collision. However, the fact that the self-interference (SI)

signal is usually 80− 120 dB stronger than the weak desired signal makes SI cancellation (SIC)

the main challenge against the realization of FD. A hybrid SIC solution should be deployed, in

propagation, analog, and digital domains, to accumulatively suppress the SI to the noise floor.

Most of SIC methods are based on copying the transmitted signal, then subtracting it from

the total received signal in order to eliminate SI. However, this methodology suffers from the

sensitivity to the imperfections of analog components, i.e., the hardware impairments, which

cause considerable changes to the copied signal; not to mention the effect of the SI channel.



In MIMO systems, the problem is even harder because of using multiple transceivers, where

each one by its own has different imperfections (non-linearity, IQ imbalance, phase noise, etc.).

The main motivation of this dissertation is to employ the multi-antenna feature in favor of SIC,

instead of dealing with it as an additional problem to SIC.

Before addressing different multi-antenna technologies, IQ imbalance is investigated as one

example of imperfections in FD transceiver, in order to demonstrate the complexity of hardware

impairment calibration. An FD system is analyzed to show the considerable drop in SIC in

the presence of IQ imbalance. Then, calibration methods are proposed. After that, the focus

lies on three multi-antenna technologies, reflect-array (RA), co-located antenna selection (AS),

and distributed antenna system (DAS). In general, during our work with these technologies, the

following outlines are considered: The scenario assumes an FD base-station with HD users.

Cross-polarization isolation is combined with isolation achieved by the tackled technologies.

The system operates in wideband (5, 10, or 20 MHz), and with 5 GHz carrier frequency. Instead

of using theoretical channel models, ray-tracing method is applied within realistic environments.

The system is evaluated by bit error rate (BER), spectral efficiency, and FD over HD enhancement

ratio FD/HD, which has a theoretical boundary value of 2.

The use of RA in FD mobile systems is proposed for the first time in literature. Using

multi-feeder in dual-polarized RAs mitigates the leakage from the transmitter to the receiver, and

the beam-forming allows further SI isolation. For FD AS investigation, three antenna selection

criteria are proposed, 1) maximization of signal-to-noise ratio (SNR) without considering the

SI channels, 2) maximization of signal to self-interference plus noise ratio (SSINR), where

SI channels are estimated, and 3) maximization of channel gain ratio (CGR). FD AS is also

investigated for distributed antenna systems. Then, experimental validation of the AS simulation

is done with a real testbed in order to evaluate the FD system performance. Various setups are

experimented in the testbed, such as changing the number of antennas, the type of isolation

(vertical/horizontal), and the type of antennas (omnidirectional/directional). In fact, this testbed

is considered one of few FD testbeds, and it is the first that enables AS in an FD base-station. In

general, the achieved FD/HD enhancement ratio in simulations and experiments is in the range of

1.4− 1.98 for the different tackled technologies and different algorithms. However, in this work,

the number of users is limited to maximum three users in each direction. Thus, more complex

and dynamic scenarios are to be investigated. Nevertheless, the results show that the combination

of FD transmission with low-complex multi-antenna techniques is feasible in technology, and

promising in performance, validating its potential deployment in future wireless systems.



ZUSAMMENFASSUNG

”
Full-Duplex“ (FD) ist eine vielversprechende Technologie, die es dem Gerät ermöglicht, auf

der gleichen Frequenz zeitgleich Daten zu senden und zu empfangen. Im Gegensatz hierzu

muss bei der üblicherweise verwendeten
”
Half-Duplex“ (HD)-Anwendung das Senden und

Empfangen zeitlich getrennt werden. Neben der Möglichkeit der Verdopplung der spektralen

Effizienz bringt FD weitere erhebliche Vorteile mit sich, wie beispielsweise deutlich geringere

Latenzzeiten und ein vereinfachtes Spektrum-Management. Allerdings ist die Unterdrückung

der
”
Selbstinterferenz“ (SI) eine wesentliche Herausforderung für die Realisierung von FD-

Systemen. Zur SI-Unterdrückung (
”
self-interference cancellation“, SIC) werden hybride

Lösungen bevorzugt, die innerhalb der Übertragungskette sowohl in der analogen als auch der

digitalen Verarbeitung ansetzen. Die meisten SIC-Methoden basieren auf der Nachbildung des

übertragenen Signals und der anschließenden Subtraktion dieses Teilsignals vom empfangenen

Signal. Diese Rückkopplungs-Methodik reagiert jedoch sehr empfindlich auf Nichtidealitäten der

Hardware, die einen erheblichen Einfluss auf das nachgebildete Signal und den SI-Kanal haben.

Diese Herausforderung ist in Mehrantennensystemen (
”
multiple input - multiple output“, MIMO)

aufgrund der Verwendung mehrerer Sender-Empfänger-Module, sogenannter Transceiver, noch

stärker ausgeprägt, da in der Regel jeder dieser Transceiver abweichende Unzulänglichkeiten

aufweist.

Das Hauptziel der vorliegenden Dissertation ist, die vorteilhafte Nutzung von Mehrfachanten-

nen (MIMO) zur SI-Unterdrückung (SIC) aufzuzeigen, anstatt MIMO als eine zusätzliche

Herausforderung für SIC aufzufassen. Vor der Betrachtung verschiedener Technologien für

Mehrfachantennen-Systeme werden in dieser Arbeit zunächst IQ-Fehler (In-phase Quadrature-

phase Imbalance) als ein Beispiel für Nichtidealitäten in einem FD-Transceiver unter-

sucht. Hierbei wird die Komplexität der Kalibrierung zur Berücksichtigung von Hardware-



Unzulänglichkeiten aufgezeigt. Danach liegt der Fokus auf den drei Mehrfachantennen-

Technologien,
”
Reflect-Array“ (RA),

”
Co-Located Antenna Selection“ (AS) und

”
Distributed

Antenna System“ (DAS). Dem betrachteten Szenario liegt eine Breitband-FD-Basisstation mit

HD-Nutzern zugrunde. Anstelle der Verwendung von theoretischen Kanal-Modellen wird die

Methode der Strahlverfolgung (
”
Ray-Tracing“) innerhalb realistischer Umgebungen angewandt.

Die Bewertung des Systems erfolgt durch die Bitfehlerrate (
”
Bit Error Rate“, BER), spektrale

Effizienz und das Steigerungsverhältnis für den Datendurchsatz FD/HD, das einen theoretischen

Grenzwert von 2 besitzt.

Die experimentelle Validierung der adressierten Mehrantennenschemata wird exemplarisch

an FD AS durchgeführt. Hierzu wird im Testaufbau der Grad der erreichten SIC gemessen und

damit die Leistung des FD-Systems bewertet. Untersucht werden verschiedene Anordnungen,

wie beispielsweise die Variation der Anzahl der Antennen, des Antennentyps und der Isolation

durch die Antennenpolarisationsrichtung. Der realisierte Testaufbau wird als das erste angesehen,

der AS in einer FD-Basisstation implementiert. Im Allgemeinen liegt das in den Simulationen

und Experimenten erzielte FD/HD-Steigerungsverhältnis für die untersuchten Technologien

und die verschiedenen Algorithmen zwischen 1.4 und 1.98. In dieser Arbeit ist die Zahl der

Nutzer auf maximal drei in jede Richtung begrenzt. Daher müssen für eine finale Beurteilung

der Leistungsfähigkeit des Verfahrens noch weitere komplexere und dynamische Szenarien

untersucht werden. Nichtsdestotrotz zeigen die Ergebnisse dieser Arbeit, dass FD-Transmission

in Kombination mit gering-komplexer Mehrfachantennen-Technik praktisch anwendbar und in

der Leistungsfähigkeit vielversprechend ist. Daher zeigt die in dieser Arbeit vorgeschlagene

Methodik eine mögliche Verwendung von FD-Technologien in zukünftigen Mobilfunksystemen

auf.
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Chapter 1
Introduction

”It is generally not possible for radios to receive and transmit on the same

frequency band because of the interference that results” [1]

- A. Goldsmith, 2005.

For now, let us forget about the quote above, and instead, let us talk about the current

situation of mobile communication systems. In the last twelve years, two significant events stroke

the world in the field of telecommunication. The earlier one was when the first revolutionary

smartphone was produced, and the later was in 2010 when several Long-Term-Evolution (LTE)

networks were launched commercially. Both of these waves created dramatic boosts in the traffic

running through worldwide mobile networks. For example, the global mobile data traffic has

increased from 0.4 exabytes (1 billion gigabytes) per month in 2011 to 12 exabytes per month

at the end of 2017, then to 29 exabytes per month in 2019 [2]. It is clear that this is about a

73-fold within eight years. Along with the volume, there was a huge increase in terms of the

number of connected devices which are more than 10.2 billion devices in 2019 compared to 2.2

billion in 2005 [2]. However, in the coming few years, the world will be hit by the tsunami of

5G, where revolutionary applications are planned to be provided, such as the Internet of Things

(IoT), Vehicle to Vehicle (V2V) communication, and Virtual Reality (VR) applications. Besides,

5G promises the user to perform radical enhancements in the current service. These new and

enhanced services do not only crave radical increases in data rates, but in addition, they generate

a serious demand to increase the mobile system capacity in terms of the number of served devices.

Estimations say that the traffic of mobile networks in 2025 will reach 1 zettabyte (1000 exabytes)

which is about 35-fold of the current volume; meanwhile, there will be a dramatic boost in terms

of the number of devices to reach more than 25 billion due to IoT [3, 4]. In order to provide

1



Chapter 1. Introduction

the promised wide range of applications and services, the standardization organizations, such

as International Telecommunication Union (ITU) and the 3rd Generation Partnership Project

(3GPP), have developed the vision of 5G into three main scenarios:

• Scenario 1: eMBB (enhanced Mobile Broadband) which focuses on providing high data

rates.

• Scenario 2: URLLC (Ultra-Reliable Low-Latency Communications) which gives the

priority to low-latency, strong security and ultra-reliability.

• Scenario 3: mMTC (massive Machine Type Communications) which is constrained to

low power, low cost, and low complexity communications.

In current scientific researches, three main strategies are drawn to reach the mentioned

scenarios, and especially for increasing the mobile system capacity:

• Strategy I: New/under-utilized spectrum Exploitation

Along with spectrum aggregation, this is the first and most straightforward strategy. The

bands around 5 GHz, and Millimeter Wave (mmWave) band, from 24-44 GHz, are strong

candidates for the coming New Radio (NR) of the 5G mobile system and beyond [5, 6].

Besides the allocation of new spectrum, the under-utilized spectrum can be shared over

different nodes within the same network, different RANs (Radio Access Network), and

different RATs (Radio Access Technology). The later case can be performed when

multi-RAT heterogeneous network is deployed in 5G with a centralized controller and

coordinator [7]. Nevertheless, the three sharing cases can be deployed by the technology of

Cognitive Radio (CR) [8,9]. However, the complexity that is produced by CR algorithms is

one of the disadvantages which have to be considered, especially in case of paired spectrum

transmission, i.e., FDD (Frequency Division Duplex), where the spectrum management

has to be done for uplink (UL) and downlink (DL) bands.

• Strategy II: Reuse of resources

At present, the main way to achieve this target is by densifying the network. Spatial densifi-

cation of cellular networks means that the coverage area is divided into smaller and smaller

cells [10, 11]. This allows the system to reuse the frequency more, and hence increase the

network capacity per area. Thus, micro-cells, small-cells, pico-cells, and femto-cells will

be widely deployed in 5G rather than the macro-cells that are used as umbrellas to ensure
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smooth coverage. However, network densification will trigger additional capital expense

(CAPEX) and operational expense (OPEX) for the sites’ installation, the backhauling, and

the maintenance.

• Strategy III: Improving spectral efficiency

This strategy has been, for decades, the favourite approach for both operators and re-

searchers for reasons of affordability and reliability. Many methods have been investigated

in this area, like advanced coding and modulation schemes [12–14], multi-cell interference

management such as coordinated multi-point access (COMP) [15], smart antenna, and

multi-antenna systems. However, in the last few years, it is known that these methods

have almost reached their maximum limits, or they are too complicated with the current

technologies.

Looking to the complexity/cost/limitation of these three strategies, one can ask the question: Is

there a potential to refine these approaches and improve their outcomes. The answer lies in the

words of the introductory quote.

1.1 Motivation and Scope

In-Band Full-Duplex (IBFD) transmission, or shortly known as Full-Duplex(FD), means that

the transceiver is capable of transmitting and receiving on the same frequency at the same time.

Until a decade ago, it was assumed that the wireless node cannot receive the desired signal

from a remote node while it is simultaneously transmitting on the same frequency band. This

assumption is due to the strong interference signal that is produced in the transmitter and reached

the receiver circuits. This signal is referred to as self-interference (SI). However, the recent

achievements in the semiconductor industry, Radio Frequency (RF) / antenna design, and digital

technologies allow us to re-investigate this assumption aiming to achieve FD communication.

Knowing that every communication device, from the previous century till the moment, is a

half-duplex device, i.e., it is only capable of using half of the resources, urges the researches to

explore the potentials of FD technology.

Intuitively, enabling wireless nodes with full-duplex operation offers the potential to double

the spectral efficiency (bit/second/Hz) {scenario 1,2,3, strategy III}. However, FD technology

carries also many other alluring benefits.

FD technology can reduce the latency by avoiding the waiting idle time in TDD (Time
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Division Duplex) transmission, and also by simultaneously receiving feedback signals, i.e.,

channel state information (CSI), ARQ (Automatic Repeat Query), ACK/NACK (Acknowledge-

ment/Negative Acknowledgement) control signaling, etc., from the receiver during transmission.

This is very important in case of excessive latency for sensitive applications and multi-hop

networks. Also, the additional capacity, provided by FD, can be used for a better Forward Error

Correction coding (FEC) to decrease the packet loss rate, and subsequently to minimize the

packet retransmissions which produce the major part of latency in RANs [16] {scenario 2,3,

strategy III}.

Another assets of FD are the reliability and flexibility it provides for dynamic spectrum

allocation, i.e., cognitive radio networks, either in case of in-band full-duplex or partially

band-overlap FDD systems. This advantage grants less expensive unpaired spectrum, which is

traditionally allocated for TDD operation, and also simplifies spectrum management {scenario

1,3, strategy I}.

Furthermore, FD technology will enable small cells in 5G and beyond to reuse the frequency

resources for radio access and backhaul transmission. Self-backhauling, or Integrated Access and

Backhaul (IAB), is proposed to enable easier deployment by reducing reliance on the availability

of wired backhaul at each access node location [17, 18]. Together, FD and IAB would be very

helpful, cost-wise and operation-wise, to go further in densifying the cellular network {scenario

1,3, strategy I, II}.

Moreover, full-duplex can be a potential solution for other wireless problems such as hidden

terminals, congestion, collision, etc.

Based on the reasons mentioned above, full-duplex presents an interesting and promising

topic of research for the next generations of mobile systems, including all the planned scenarios

and strategies. Nevertheless, the deployment of FD technology can be summarized into four

main applications:

• Full-Duplex Base-Station (FDBS), where UL and DL signals share the same band;

• Full-Duplex Bidirectional (FDB), in Machine-to-Machine (M2M) communication;

• Full-Duplex Relaying (FDR), especially in V2V communication;

• and backhauling.

In this thesis, the focus is on the first application. More details about the other FD applica-

tions and possibilities in 5G are found in [19–22]. It is worth mentioning that the benefits of FD
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technology are valid for all other wireless systems, not only 5G. However, in this introduction,

the focus was on 5G as it has, among the other wireless systems, the broadest range of applica-

tions, services, and scenarios. For a better understanding of the thesis motivation and scope, a

brief understanding of SI cancellation (SIC) should be established, especially for multi-antenna

systems.

Self-Interference Cancellation

As mentioned earlier, the main challenge of FD technology is the self-interference signal,

i.e., the part of the transmitted signal that reaches into the receiver of the same node. SI signal

is usually 80 − 120 dB stronger than the weak desired signal that is coming from the remote

node [23]. However, the trend of small cells in 5G provides an inherent capability to loosen this

problem a little due to the lower cell edge path loss.

Contrary to how it seems, simply subtracting SI from the total received signal is not an

adequate solution, because the assumption of knowing the transmitted signal by the receiver

is inaccurate. Although the transmitted signal is fully known in its digital baseband form, it

suffers later from unpredictable changes with all the imperfections of the analog elements, not

to mention the SI channel between the transmit and receive antennas. Therefore, it is clear that

more sophisticated solutions are required. In literature, it is well established that SIC has to be

accumulatively achieved by a hybrid solution, i.e., a solution that is deployed in propagation,

analog, and digital domains, to ensure that the residual SI (RSI) reaches the noise floor of the

receiver. Each one of the three domains can cancel a few tens of dB’s in order to cancel out the

SI signal completely.

Another approach of SIC is to use an auxiliary transmitter chain to copy the signal in the

digital domain and convert it to the analog domain, then subtract it from the total received signal.

Note that before converting the signal to the analog domain, Digital Pre-Distortion (DPD) is

applied to the copied samples to match the SI channel effect. However, this approach, as many

SIC solutions that depend on subtracting the feedback signal, suffers from the effect of hardware

(HW) impairments. These impairments lead to a considerable performance loss as it will be

explained in the next chapters.

FD Multi-Antenna Systems

In Multiple-Input Multiple-Output (MIMO) systems, the challenge bar becomes even higher.

Scalability is a serious issue in FD MIMO, as the number of analog elements, the number

of transceivers, and the number of SI channels to be estimated, become much higher. This
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complicates the task of SIC dramatically, especially in the presence of HW impairments.

Massive MIMO, as well, has been investigated in the presence of SI. However, scaling up

MIMO means scaling up both the number of RF transceivers and antennas, which led to many

other problems in SIC.

Although the cost of RF transceivers is becoming lower, thanks to the development of the

semiconductor industry in the last decades, this cost is still significantly higher than the cost

of antennas, not to mention the cost for bands above UHF (Ultra-High Frequency). In the near

future, massive MIMO technology will still be confined to its cost, and therefore many recent

works investigate low RF-complexity massive MIMO where many antennas, or known as a

sub-array massive MIMO, where one transceiver and antenna/sub-array is selected [24].

Generally, besides scalability, all multi-antenna SIC techniques need further development

and still face many challenges. First, the length of the pilot, which is used for SI channels esti-

mation, is proportional to the number of antennas; hence, the accuracy of the channel estimation

is limited by the coherence time and the noise correlation for long pilot sequences. Second, the

effect of different types of hardware impairments on SIC performance becomes more pronounced

and has to be analyzed and calibrated for the multi-antenna system with several transmitter and

receiver chains. Finally and above all, the cost efficiency and the feasibility of FD realization for

the aforementioned multi-antenna techniques are still a matter of question.

The motivation of this thesis is to investigate the potentials of FD technology with simple

and cost-efficient multi-antenna techniques. The main idea is to avoid the traditional approach of

SIC, i.e., copy/feedback/subtract, as explained earlier that this method is always susceptible to

HW impairment of the analog components.

The methodology of the dissertation is the following: Instead of dealing with the multi-

antenna feature as an additional problem to SIC, the aim is to employ this feature in favour of

SIC.

The scope of this thesis is to investigate FD with three multi-antenna technologies:

1. FD in Reflect-Arrays (RA)

2. FD Antenna Selection (AS)

3. FD Distributed Antenna System (DAS)

In general, during our work with all these technologies, the following outlines are consid-

ered:
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• The scenario is an FD base-station (BS) with half-duplex (HD) users.

• Cross-polarization isolation is combined with the isolation that achieved by the tackled

technologies.

• The system operates in wideband (5, 10, or 20 MHz), and with a carrier frequency in the

range of 5 GHz.

• Instead of using theoretical channel models, the ray-tracing method is applied within

realistic environments.

• The wireless link properties are based on LTE interfaces and parameters (OFDM for DL,

SC-FDMA for UL).

• The system is evaluated by bit error rate (BER), spectral efficiency, i.e., the bit-rate per

Hz (bps/Hz), and the FD over HD enhancement ratio FD/HD, which has a theoretical

boundary value of 2.

Besides the simulation and the analysis of the three technologies, a Full-Duplex BS with

AS has been implemented as a testbed in our lab to measure the achieved SIC and to evaluate the

FD system performance experimentally.

1.2 Dissertation Contributions and Organization

After the FD benefits to the preceding strategies are established, and the motivation of address-

ing the mentioned multi-antenna technologies is shown, the main contributions and chapters

organization of this dissertation can be summarized as follows.

• Chapter 2: Full-Duplex SISO system towards Multi-Antenna

This chapter presents the relevant literature review on the fundamentals of FD and SIC

techniques. First, the benefits of FD technology in SISO (Single-Input Single-output)

Systems are introduced, then the basic model of FD systems is presented, and the problem

of SI is analyzed in detail. After that, SIC requirements in FD systems are determined. A

brief look over the different techniques of SIC is done in order to classify them into four

main categories: passive cancellation, analog active cancellation, digital active cancellation,

and SIC with auxiliary chains. Hardware impairments are discussed, after that, to show the

impact on SIC performance. Finally, a literature review of FD multi-antenna is presented.

The content of this chapter is based on our book chapter:
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- T. Kaiser and N. Zarifeh, ”General principles and basic algorithms for full-duplex

transmission,” in Signal Processing for 5G: algorithms and implementations, F.-Long Luo

and C. Zhang (eds.), Wiley, Chichester, 2016 (Chapter 16, pp.372-401).

• Chapter 3: Hardware Impairment Complication: IQ Imbalance for Example

Before tackling the proposed multi-antenna techniques, the problem of IQ imbalance in the

FD system is studied in this chapter. The chapter aims to show an example case of the HW

impairment challenge, and the complexity of dealing with such problems. This chapter is

based on cooperative work with Fraunhofer HHI institute, where IQ imbalance effect in

the FD system is measured and calibrated. The chapter starts with a quick description of

IQ imbalance problem, and the FD system is modelled in the presence of IQ imbalance.

After that, methods of calibration using advanced pre-equalization units are proposed.

Two methods of calibration are presented, firstly with a replicator unit, and secondly with

distributed compensation units. Then, the results of the calibration are shown. Finally, a

conclusion is drawn.

As mentioned earlier, the content of this chapter is based on cooperative publication with

Fraunhofer HHI institute:

- R. Askar, N. Zarifeh, B. Schubert, W. Keusgen, and T. Kaiser, ”I/Q Imbalance Calibration

for Higher Self-Interference Cancellation Levels in Full-Duplex Wireless Transceivers,”

1st Int. Conf. on 5G for Ubiquitous Connectivity, Levi, Finland, 26-27 Nov. 2014.

• Chapter 4: Dual Polarized Reflect-Array in a Full-Duplex Base-Station

In this chapter, it is proposed, for the first time in literature, the use of reflect-array in FD

mobile systems. Dual-polarized reflect-arrays are designed to be used in a full-duplex LTE

BS with HD users. First, the main concepts in RA are introduced, and the advantages

of using RA in FD systems are discussed. Then, the antenna design is described, and

the system model is presented. After that, the system setup and the used ray-tracing tool

are defined. Finally, the simulation results are shown and analyzed for different angular

isolation values.

The contributions of this chapter are published in the conference paper:

- N. Zarifeh, M. Alissa, M. Khaliel and T. Kaiser, ”Self-interference mitigation in full-

duplex base-station using dual-polarized reflect-array,” 2018 11th German Microwave

Conference (GeMiC), Freiburg, 2018, pp. 180-183.
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• Chapter 5: Co-located and Distributed Antenna Selection in a Full-Duplex Base-

Station

In this chapter, the use of antenna selection, in an FD indoor wideband femto-BS, is

investigated in two cases, co-located, and distributed antennas. In the proposed scenario,

UEs operate in HD TDD mode. At a certain time, part of them are acting as UL users, and

the rest are receiving the DL signal. Meanwhile, the BS is working in FD mode, so it can

simultaneously transmit its signal to the specific DL users and receive the signals from UL

users. First, the motivation of using AS in FD BS is explained. Then, the system model

is presented, and the channel model is described with the ray-tracing method. Next, the

simulation setup is defined. The three antenna selection criteria are explained, 1) MSNR:

maximization of SNR without considering the SI channels. 2) MSSINR: maximization of

SSINR, where SI channels are estimated. 3) MCGR: maximization of channel gain ratio.

Finally, the simulation results in both antenna setups are displayed and analyzed.

The work in this chapter originated two conference papers:

- N. Zarifeh, M. Alissa, T. Kreul and T. Kaiser, ”Enabling full-duplex in a wideband indoor

base-station using low-complex antenna selection,” 2018 The Loughborough Antennas

and Propagation Conference (LAPC), Loughborough, UK.

- N. Zarifeh, M. Alissa, T. Kreul and T. Kaiser, ”Antenna Selection Performance of

Distributed Antenna Systems in Full-Duplex Indoor Base Station,” 2019 12th German

Microwave Conference (GeMiC), Stuttgart, 2019.

• Chapter 6: Experimental Validation of Full-Duplex Base-Station with Antenna Se-

lection

This chapter intends to experimentally validate the simulation of FD BS with AS which

is presented in the previous chapter. Receive antenna selection is combined with cross-

polarization and antennas conditional placement in order to achieve the required SIC.

The testbed is explained in details, in terms of the setup, the signal processing, and the

measurement environment. Next, the measurement results are shown considering different

scenarios in the testbed, such as changing the number of antennas, the type of isolation

(vertical/horizontal), and the type of antennas (Omnidirectional/directional).

In fact, till the moment, there aren’t many testbeds that could realize FD. Most of the

previous hardware implementations focused on FDR. Recently, FD testbed has been

realized with massive MIMO in [25]. Thus, this testbed is considered the first that
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implements FD transmission in a BS with antenna selection.

The work in this chapter is published as a journal article:

- N. Zarifeh, Y. Zantah, Y. Gao and T. Kaiser, ”Full-Duplex Femto Base-Station With

Antenna Selection: Experimental Validation,” in IEEE Access, vol. 7, pp. 108781-108794,

2019.

• Chapter 7: Conclusions and Outlook

This chapter summarizes the main research challenges and highlights the achieved results.

Furthermore, some constructive guidelines and recommendations are provided for future

extension work.

To summarize, the structure and main contributions of this thesis with the relationship

among the chapters are shown in Fig. 1.1.

Ch. 3: Hardware Impairment Complication: IQ Imbalance 

for Example

Ch. 5:

Co-located Antenna 

Selection in a Full-Duplex 

Base-Station

Ch. 2: Full-Duplex SISO system towards 

Multi-antenna

Ch. 6: Experimental Validation of a Full-Duplex Base-Station 

with Antenna Selection 

Ch. 7: Conclusions and Outlook

Ch. 5: 

Distributed Antenna 

Selection in a Full-Duplex 

Base-Station

Ch. 4: 

Dual Polarized Reflect-

Array in a Full-Duplex 

Base-Station

Multi-Antenna Full-Duplex

Figure 1.1: Schematic representation of the dissertation structure.
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Chapter 2
Full-Duplex SISO system towards

Multi-Antenna

The previous generations of mobile communication mainly depended on half-duplex transmission

schemes, in which the transmitted and received signals are separated either

• in time domain, then Time Division Duplexing (TDD) is used as in Fig. 2.1(a)

• or in frequency domain, then Frequency Division Duplexing (FDD) is used as in Fig.

2.1(b)

• or in both, then it is Half-Duplex FDD as in Fig. 2.1(c).

Traditionally, the term ”Full-Duplex” (FD) was used in case the device has simultaneous

bidirectional communication counter to ”Half-Duplex” (HD) which assumes time division duplex.

Previously, ”full-duplex” mode assumed utilizing a pair of frequencies to transmit and receive

simultaneously; however, the new employment of this term during recent years carries a new

concept: the device can transmit and receive at the same time and over the same frequency as

Fig. 2.1(d) depicts. Many papers use ”In-Band Full-Duplex” (IBFD) term to clarify this new

concept as in [26, 27]; however, most of them refer to it by an abbreviated version: ”full-duplex”,

which is adopted in this thesis as well.

As Fig. 2.1(d) depicts, the major challenge that is facing the implementation of full-duplex is

the self-interference (SI) signal, i.e., the part of the transmitted signal that leaks into the receiver

chain. Compared to the weak desired signal from the remote node, high power self-interference

forms a significant issue to the receiver. Nevertheless, the trend of using short-range cells by new

wireless networks provides an inherent capability to better manage the self-interference issue
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Figure 2.1: Duplex schemes (a) Time Division Duplex, (b) Frequency Division Duplex, (c)

Half-Duplex FDD, (d) In-Band Full-Duplex with self-interference

due to the lower cell edge path loss, compared to the case in large cells [26].

A direct and straightforward question may be posed: in principle, the receiver knows the

transmitted signal from its own transmitter which is causing self-interference, so would not it be

easy to subtract the self-interference from the total received signal to cancel it out? The direct

and straightforward answer to this question is: No; on the contrary, it is challenging, because

the assumption of the receiver’s knowledge of the transmitted signal is inaccurate. As a matter

of fact, although the transmitted digital samples are fully known; the signal that reaches the

end of the transmitter chain is quite different from its baseband original. This is due to the

multistage process (digital to analog conversion, up-conversion, amplification, and all other

imperfect analog components), not to mention the effect of SI channel between transmit (Tx)

and receive (Rx) chains. The reasons above push researchers to explore further efficient and

advanced techniques.

This chapter studies full-duplex technology from signal processing algorithm and im-

plementation perspective. It explains full-duplex system requirements, self-interference, and

Self-Interference Cancellation (SIC) techniques with related algorithms and implementation

challenges. Also it shows the current achievements starting from SISO, in order to treat the

problem from the basics, to MIMO case which still needs further development.

The rest of this chapter is organized as follows: In the next section, an analysis of the SI

problem and a basic model of SI are shown. After that, the SIC requirements are presented, then

the cancellation techniques in full-duplex SISO system are classified into four main categories:
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• Passive SI suppression in propagation domain

• Active SIC in analog domain

• Active SIC in digital domain

• Auxiliary chain SIC

Afterward, hardware impairments and their impact on SIC are covered. Finally, the chal-

lenges of full-duplex multi-antenna system are discussed.

2.1 Self-Interference: Basic Analyses and Models

The main challenge toward full-duplex is self-interference, hence the big question is how to

manage and suppress self-interference. SI was studied earlier in radar applications; the term

”transmitter leakage” was used to describe the signal that leaks from the device transmitter to its

own receiver. Generally, the transmitter signal is about 100 dB higher than the desired received

signal. A considerable part of this transmitted signal leaks into the receiver chain, causing a

severe issue in decoding the desired signal since it could be considered as a noisy signal that

dramatically affects the Signal to Noise Ratio (SNR). In order to achieve the best performance

of the full-duplex system, the SI signal has to be suppressed to reach the receiver’s noise floor.

For example, when the transmitted downlink power from an LTE cell is 20 dBm, and the noise

floor of eNodeB’s receiver is −104 dBm. This assumption means that 124 dB of cancellation

has to be achieved in order to cancel out the SI signal entirely. This number is, of course, the

worst-case. Generally, the difference between transmitted power and receiver noise floor is

between 90 to 110 dB. It is essential to mention that these cancellation values cannot be achieved

by one technique of cancellation; therefore, hybrid methods are proposed in order to meet the

cancellation requirement.

Fig. 2.2 describes the two cases of antenna setup in wireless communication transceiver,

the first uses two separated antenna, one for transmission and the other for reception, while the

second uses one shared antenna for transmission and reception, and a circulator is employed to

separate the signals. In both cases, the SI signal consists of two components; the first is caused by

the direct path/circulator leakage (maybe adding here the mismatch between the transmission line

impedance and the antenna’s input impedance); while reflection paths cause the other component.

The direct and reflected components of the SI channel are modelled as Rician and Rayleigh

channels, respectively [28].

Another classification of self-interference is presented in [29], which shows the components
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Figure 2.2: Two cases of antenna for Tx/Rx full-duplex node

as follows:

• Linear components

This corresponds to the carrier itself, which is attenuated and reflected from the environ-

ment. The received distortion can be written as a linear combination of different delayed

copies of the original carrier.

• Non-Linear components

These components are created because the imperfect radio circuits take a signal x as an

input and create outputs that contain non-linear cubic and higher-order terms such as x3 and

x5. These higher-order signal terms have significant frequency content at frequencies close

to the transmitted frequencies, which directly correspond to all the other harmonics [29].

• Transmitter noise

It is also referred to as broadband noise [30]. It seems like an increase (about 50 dB

above the receiver noise floor [29]) in the base signal level on the sides of the carrier at

the receiver. It is by definition noise and is random; therefore, the only way to cancel

transmitter noise is to get a copy of it where it is generated in the analog domain and cancel

it there [29] as shown later.
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For narrowband systems, the SI channel can be modeled as gain and delay functions;

meanwhile, wideband systems require a more complicated model, because the reflected-path

SI channel is often frequency-selective as a result of multipath propagation. In general, a basic

equivalent baseband model in the digital domain is presented by

r(n) = rd(n) + i(n) + wr(n), i(n) = rDSI(n) + rSSI(n) (2.1)

where r(n) is the total received complex baseband samples. rd(n) is the desired signal from

the remote node. rDSI(n) is the complex samples caused by direct self-interference component

signal between the Tx and Rx antennas in case of two antennas, or leaked signal in the circulator

in case of one antenna. rSSI(n) is the complex samples caused by scattered self-interference

components, and wr(n) is the additive white Gaussian noise (AWGN).

Both direct and scattered SI can be represented in detail as a combination of linear and

nonlinear components. The suppression in the propagation domain can mitigate both linear and

nonlinear SI at the same time, and with the same isolation value meanwhile, the techniques in

the analog and digital domains have different cancellation performance for the two components.

2.2 SIC Requirements

The simple model above shows clearly that the FD system can reach maximum efficiency only

when the SI signal i(n) is suppressed to reach its own receiver’s noise floor. The required

cancellation has to meet specific requirements related to the system specifications such as the

full scale of the analog-to-digital converter (ADC) and noise floor level. Generally, SIC is

implemented in three domains: propagation, analog, and digital domains. Neither of these

domains can meet the required cancellation value per se; therefore, hybrid solutions are proposed

in the literature. This section explains the requirements of SIC and how to achieve them in the

three domains.

The primary role of SIC in the propagation and analog domains is to avoid the saturation

of the receiver due to the high power of the SI signal; this power exceeds the ADC dynamic

range and limits its precision after the conversion as the desired signal is much weaker than

SI. Thus the required cancellation before the low-noise-amplifier (LNA) has to be sufficient

to prevent such effects. Detailed analysis and calculations of ADC and linearity challenges of

the FD system are in [31]. To specify SIC requirements for an FD system mathematically, the
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Figure 2.3: Dependencies of full-duplex system power levels

dependencies among FD transceiver specifications are illustrated in Fig. 2.3.

The specifications of the full-duplex system can be classified into three categories:

Main specifications

PT Transmitter power level from the remote node

NFT Transmitter noise floor

SNRT Signal to noise ratio in the transmitter

PR Power level of the desired received signal from the remote node

NFR Receiver noise floor

SNRR Signal to noise ratio in the receiver

ADC specifications

FS Full scale level of receiver ADC

QNF Quantization Noise Floor. It’s practically 6 dB (1bit) below Receiver noise floor [26].

DR Dynamic Range of ADC

Self-interference Specifications

PTSI Transmitted power from the own transmitter that causes SI

SICA Self-interference cancellation capability in propagation and analog domain

PADC Residual SI signal power after SIC before the ADC

16



2.2. SIC Requirements

SICD SIC achieved in digital domain

PRSI Residual SI signal power after all cancellation operations

While the residual SI power PRSI is higher than receiver noise floor level, the signal to

self-interference plus noise ratio (SSINR) in full-duplex system is lower than the SNR of the

half-duplex system receiver; this means that the maximum efficiency of full-duplex cannot be

achieved. To clarify that, a numeric example is shown: PT = 0dBm (as UE working in Femto

BS) with working frequency: 2.6 GHz and line of sight (LoS) distance = 50 m, then the path

loss is about 75 dB in free space calculations. NFR = −104 dBm (with bandwidth 10MHz)

then:

PR = 0dBm − 75dB = −75dBm

⇒ SNRR = PR −NFR = −75− (−104) = 29dB

Assuming: PTSI = 20dBm (as Femto BS), QNF = −110dBm, DR = 60dB as a practical

value for ADC based on the effective number of bits, then FS = −110dBm+60dB = −50dBm

PADC = PTSI − SICA = 20dBm − SICA < −50dBm ⇒ SICA > 70dBm

This means that, in this example, the sum of cancellation before ADC (i.e., propagation domain

suppression and analog cancellation) has to be about 70 dB, or more, to avoid ADC saturation.

For instance, in the work in [32] with certain conditions, an isolation of antenna in propagation

domain achieves between 20 and 30 dB, and analog cancellation achieves between 20 and 45 dB.

Considering an example SICD = 30 dBm the residual SI power will be PTSI = PADC −

SICD = −50 − 30 = −80 dBm, so SSINR = PR − PRSI = −75 − (−80) = 5 dB instead

of SNRR = 29 dB in half-duplex system. The calculated minimum requirement SICA = 70

dBm means that the rest of cancellation has to be performed in the digital domain SICD to

bring the residual SI signal below the noise floor. SICD has to exceed −50 − (−104) = 54

dB in order to reach the ultimate performance of the FD system; otherwise, a comparison in

performance between full-duplex system and the half-duplex system should take place to evaluate

the effectiveness of applying full-duplex. Similar calculations have been done in [29] for 802.11

WiFi system with more relaxed assumptions (Receiver noise floor NFR = −90 dBm and higher

full-scale level of receiver ADC FS = −30 dBm) and their solution met the SIC requirement

for WiFi systems.
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Figure 2.4: Categories of SIC techniques

2.3 SIC Techniques and Algorithms

Most SIC literature and results of full-duplex testbeds are for SISO systems; likewise, this

chapter will mainly analyze SIC techniques and its properties in SISO case, then SIC techniques

in MIMO are discussed. In general, SIC techniques can be classified into four main categories,

as illustrated in Fig. 2.4:

• Passive SI suppression in propagation domain

Conditional placement, directivity, polarization, and shielding;

• Active SIC in analog domain

Tapping the transmitted analog signal and feeding it with a negative sign to the receiver;

• Active SIC in digital domain

Replication of the transmission samples and feeding it with a negative sign to the receiver;

• Auxiliary Chain SIC

Hybrid technique of the two previous methods, where replication and cancellation domains

are different (i.e., one is analog and the other is digital) using additional ADC or DAC

(digital-to-analog converter) as will be shown later.
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Usually, any SIC solution is a combination of several techniques in order to meet the

requirements. Fig. 2.5 illustrates an example with average performance value in each domain.

2.3.1 Passive Cancellation

Passive SI suppression is defined as the signal power attenuation imposed by the path loss due to

the physical separation between transmitting and receiving antennas of the same device [20]. In

case of shared antenna system, the suppression is done using a three-port RF circulator, as the

ferrite within the device can be considered as a propagation domain [26]. Achievable isolation

by circulator is from 15 up to 30 dB [19, 29, 33–35], and in case of wide band operation the

maximum value would decrease [36–38]. In a separate antenna system, several SIC techniques

can be used:

Antenna conditional placement [39–45] As shown in Fig. 2.6, the two transmit antennas

are set at distances d and d + λ/2 away from the receive antenna. Offsetting the two

transmitters by half a wavelength causes their signals to cancel one another [43]. For

narrowband signals, this technique is proved experimentally to be sufficiently robust;

however, the suppression performance dramatically falls in case of wideband signals.

Directional isolation [46, 47] Fig. 2.7(a) illustrates how directionality isolates the receiving

antenna from the interfering signals of transmitting antenna. This technique could be

useful for FD relaying scenario (FDR) as the receiving and transmitting directions are
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generally separated from each other as in Fig. 2.7(b), therefore this approach would not

work for point-to-point FD scenarios.

Absorptive/Reflective shielding [40, 42, 46] Electromagnetic shielding like copper or aluminum

plates can enhance the isolation between antennas. However, one disadvantage that the

shielding affects the far-field coverage patterns because it prevents the antenna from trans-

mitting to/receiving from the shielding direction, hence it is relevant to be used in case

of directional antennas as in Fig. 2.8. Absorptive shielding is preferred on the reflective

shielding plates as the latter would couple with the transmit antenna and subsequently

cause another component of self-interference. Experiments in [46], for instance, show

that the absorption technique can achieve about 10 dB of isolation for 2.4 GHz, and

intuitively this value depends on specifications of the absorption plate, signal frequency,

and surrounding environment.

Cross-polarization [44, 46–48] Self-interference can be mitigated using orthogonal polariza-

tion as in Fig. 2.9. Achieving a low polarization match factor between the two antennas

would increase the isolation from about 10 to 20 dB in an anechoic chamber and 6 to 9 dB

in a reflective room as measured for 2.4GHz in [46].

Experiments in the propagation domain show, in optimal conditions, that up to 65 dB of SI can

be suppressed with Omni-directional antennas [39,47], and up to 72 dB with directional antennas

when implementing multi suppression techniques to achieve higher suppression performance

[41,46]. This suppression applies to the entire signal, including linear and non-linear components

as well as transmitter noise since it is pure RF signal attenuation [29]. Although passive SI

suppression techniques are appealing for simplicity related reasons; however, they are highly

sensitive to the wireless environment and its reflected paths which cannot be known during the

design, not to mention that the device form-factor significantly limits their effectiveness: the

smaller the device, the less room there is to implement such techniques [26].

2.3.2 Analog Active Cancellation

These techniques depend on the following methodology: a replica of the transmission signal to be

generated and then adjusted to match the SI channel, making the replica similar to the SI signal as

much as possible, in order to subtract it from the total received signal. This copy is created either

in the analog domain, as in this subsection, or in the digital domain before the DAC. The SIC
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signal stays in the same domain where it has been copied; therefore, no additional ADC/DAC is

required. Replication of the transmission signal in the analog domain can be achieved by tapping

the TX chain [29], using power splitter [28] or using Balun (balanced-unbalanced) circuit in

case of two separate antennas [32]. Fig. 2.10 illustrates the Balun cancellation block diagram.

Experiments in [32] show practically the benefits of the Balun in comparison with a phase shifter,

mainly the flatter response within a wide frequency band.

After generating an exact negative replication of the signal (RF reference signal) from the

invertor, the replica is adjusted by attenuation and delay elements to match the self-interference.

In [32, 43, 49] adjusting the signal is achieved by a noise cancellation active chip Quellan

QHx220 that is shown in Fig. 2.11. The chip takes the input signal from the Balun and separates

it into an in-phase and quadrature components. A fixed delay is applied to the quadrature

component; meanwhile, any variable delay can be achieved by controlling the gains of in-phase

and quadrature components. Adding this adjusted reference signal to the total received signal

from the Rx antenna will partially cancel out the SI signal. The cancellation which is achieved by
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this method is limited to about 25 dB since it is susceptible, and it requires precise programmable

delay with resolution as precise as 10 picoseconds, which is extremely challenging to build

in practice [29]. One appealing aspect for this method, though, is the inexpensive cost of the

QuellanQHx220 and similar chips; however, it cannot perform properly with wideband signals

where the SI channel cannot be modeled as a complex gain and delay between the Tx and Rx

chain. The fixed delay and controlling steps of the gains show limitations in the case of wideband

operations. Moreover, Balun and QHx220 active chips produce nonlinear behavior that affects

the performance of digital SIC which assumes the SI channel is a linear time-invariant (LTI)

system [32].

Another method for adjusting the RF reference signal is proposed in [29]. While the

previous adjusting method has limitations because of the fixed delay, a printed circuit board

(PCB) can be designed with several delay micro-strip lines; each one has a different length and

is connected to a tunable attenuator. The work in [29] shows that a linear combination of eight or

sixteen adjusted replicas of the transmission signal can approximately build one SIC signal that

can mitigate a considerable part of self-interference. The challenge here, in the ware-channel

approach, is to reach an optimization algorithm for the variable attenuators like the algorithm

in [29] which uses Nyquist theorem to deal with SIC as a sampling and interpolation problem.

The achieved cancellation for WiFi wideband signal with eight and sixteen delay tabs was about

30 and 48 dB respectively without considering the circulator isolation.
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Nevertheless, it is worth mentioning that for wideband signals, the direct path SI component

can be mitigated using the same analog techniques described above. This is since the SIC direct

path channel can be modeled as gain and delay functions with flat frequency behavior if that was

considered during the antenna design. Meanwhile, the scattered SI components are frequency

selective, and therefore they require an adaptive analog filter to cancel it out [26]. This point

forms one motivation toward duplicating the transmission baseband signal to be cancelled in the

digital domain with adaptive digital filter and further digital signal processing (DSP) algorithms

which can mitigate both linear and non-linear self-interference as in [47, 50, 51].

2.3.3 Digital Active Cancellation

Assuming that SIC in propagation and analog domains ensures the minimum required cancella-

tion that prevents ADC saturation, the digital cancellation aims to cancel the residual SI. This

opens the door to apply advanced DSP algorithms to process the SI signal and cancel both linear

and non-linear components. In this subsection linear SI cancellation is discussed, and later

non-linear SI cancellation is studied when discussing hardware impairments and implementation

challenges.

Earlier work of linear SIC in digital domain [43] proposes the same techniques that are

used to digitally cancel the typical interference from any transmitter and solving the hidden node

problem, when the desired packet is collided with another packet from the other transmitter

[52–54]. Firstly, the receiver decodes the undesired packet, reconstructs it and then subtracts it

from the originally received collided signal. For SI, a correlation operation is performed without

the need for decoding because the undesired packet, which is its own transmitted samples, is

already known by the receiver [43]. The correlation between the received signal and the clean

transmitted signal is needed to detect the peaks which give the paths delay of the SI channel.

Experimentally this method could not achieve more than 10 dB of cancellation, due to system

non-linearity, jitter, and hardware limitations which are discussed later in this chapter. More

advanced techniques are presented in [29, 32], for SI channel estimation and cancellation.

Baseband equivalent model

Full-duplex with linear SI may be modeled in digital baseband as follows [29]: At first the SI

channel hs(n) is considered as a non-causal linear system which has the known preamble signal

xpr(n). Any SI received sample y(n) is modeled as a linear combination of transmitted samples
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xpr before and after the instant n. The non-causality assumption is possible as all IQ baseband

samples xpr are known.

y(n) = xpr(n−k)hs(k)+xpr(n−k+1)hs(k−1)+. . .+xpr(n+k−1)hs(−k+1)+wr(n) (2.2)

where wr(n) is the receiver noise. To find hs(k), the above equation can be expressed as:

y = Ahs + wr where A is Toeplitz matrix of xpr(n):

A =







xpr(−k) · · · xpr(0) · · · xpr(k − 1)
...

...
...

xpr(n− k) · · · xpr(n) · · · xpr(n+ k − 1)







(2.3)

The problem is to find a maximum likelihood estimate of the vector h which means

minimize‖y −Ahs‖
2 as y and A are already known. Using convex optimization algorithm [55]

computation of hs coefficients is possible by multiplying each received samples of the preamble

by the relevant column of the pseudo inverse of A matrix a†i

ĥs =
∑

(yi.a
†
i ) (2.4)

The residual signal after SI signal î(n) subtraction from total received signal r(n):

rrs(n) = r(n)− î(n) = rd(n) +
N−1∑

k=0

[hs(k)− ĥs(k)]x(n− k) + zr(n) (2.5)

where rd(n) is the desired signal, and zr(n) is the noise after SIC.

This method is robust to noise as it includes the white noise in the channel estimation

algorithm; however, an important challenge has to be taken into consideration about the coherence

time of the SI channel. Many other SIC algorithms in the digital domain are proposed in the case

of MIMO system, where this will be tackled later on in this chapter.

2.3.4 Auxiliary Chain Cancellation

This scheme [33, 39, 56] belongs to active SIC techniques, it copies the baseband IQ samples of

the transmitted signal in digital domain, then it uses an additional transmitter chain (DAC, LPF,

upconverter, PA, etc.) to generate the SIC signal and feed it back into the receiver in order to

be subtracted from the total received signal. The SIC signal has to be adjusted (pre-distorted)
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in the digital domain before the DAC to match the transmitted signal through the SI channel.

Similar work is done in [28] proposing auxiliary receiver chain instead of auxiliary transmitter

chain, this is the case when the transmitted signal is tapped in analog domain right before the

antenna, and then fed back to the receiver’s digital domain as in Fig. 2.12. However, like the

auxiliary transmitter method, the SIC signal is also adjusted in the digital domain to employ

digital signal processing algorithms. Auxiliary receiver chain method mitigates the effect of

transmitter hardware impairments like phase noise and nonlinearities on SIC. Furthermore, a

common oscillator for the chains -ordinary and auxiliary- is used to suppress the phase noise

effect on the SIC signal.

Fig. 2.13 and Fig. 2.14 show the FD transceiver structure with auxiliary transmitter [33, 57],

and its system model respectively.

hord(n) The equivalent baseband channel between the generated waveform from DAC and

the RF power amplifier (PA) output at the ordinary transmission chain

haux(n) The equivalent baseband channel between the generated waveform from DAC and

the PA output at the auxiliary transmission chain
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hsi(n) The equivalent baseband channel of the SI radio channel

hrx(n) The equivalent baseband channel of the receiving chain

s(n), r(n) The transmitted and the received complex baseband samples, respectively

The received baseband signal consists of the desired reception signal yd(n), the residual

self-interference irsi(n) and the noise wr(n).

Assuming that the two transmitter chains are identical, i.e., hord(n) = haux(n), then Digital

Pre-distortion function (DPD) has to emulate the estimated SI channel ĥsi(n). Then the residual

SI in its baseband form is given as:

irsi(n) = [hsi(n)− ĥsi(n)] ∗ hrx(n) ∗ hord(n) ∗ s(n) (2.6)

The above equation illustrates clearly that the cancellation performance depends on mini-
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mizing the error of SI channel estimation. Thus, a high cancellation value requires an accurate

DPD model. The DPD model is calculated with preamble sequence, and it can be either linear

(LDPD) as previously explained, or extended to non-linear (NLDPD) model in order to handle

the nonlinearities of hardware components as it will be shown in the next section.

2.4 Hardware Impairment and Implementation Challenges

In principle, high power SI signal can be dramatically mitigated using a combination of the

above SIC techniques in the propagation, analog, and digital domains. Experiments during

the implementation of these techniques show that the performance is limited by hardware

imperfections in the analog domain such as nonlinearities, phase noise, and IQ mismatch. These

impairments have dissimilar effects of degradation on performance for different SIC techniques.

One detailed example of IQ imbalance calibration in FD systems is addressed in the next chapter.

Thus, another two main impairments are outlined here.

2.4.1 Non-linear SIC

Experiments in [29, 51] show that nonlinear components of SI can be 80 dB higher than the

receiver noise floor. The major part of it may be eliminated along with the linear SI by SIC

techniques in analog and propagation domains; however, the residual nonlinear SIC in the digital

domain, which can be about 10 to 20 dB [29, 51], needs to be cancelled in the digital domain.

Usually, the nonlinear SIC methods are added up to the linear methods to achieve optimal

performance. The general model to approximate the nonlinear function uses Taylor series, so the

output transmitted signal can be written as [29]:

y(n) =
∑

m

amx
m
p (n) (2.7)

where xp(n) is the ideal passband analog signal for the digital representation of x(n). In [33]

Volterra series is used in order to capture the memory effect. It can be shown that for practical

wireless systems, only the odd orders of the polynomial contribute to the in-band distortion [58].

Furthermore, only a limited number of odd orders contribute to the distortion, and higher orders

could be neglected [50]. In practical systems, the nonlinearity is typically characterized by the

third-order intercept point (IP3), which is defined as the point at which the power of the third

harmonic is equal to the power of the first harmonic [59]. Therefore, the above model can be
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simplified to [50]:

y = x+ α3x
3(assuming a unity linear gain α1 = 1) (2.8)

The second term of the sum is presenting the nonlinear SI component which is transmitted, and

it will cross the SI channel then suffer again from receiver nonlinearity; so the total nonlinear SI

can be written as:

d = αt
3(xsi)

3 ∗ hsi
︸ ︷︷ ︸

Transmitter nonlinearity

+αr
3(xsi ∗ hsi + αt

3(xsi)
3 ∗ hsi)

3

︸ ︷︷ ︸

Receiver nonlinearity

(2.9)

where αt
3 and αr

3 are the transmitter and receiver third-order nonlinearity coefficients.

Expanding the above equation and neglecting the order higher than 3th will give:

d = αt
3 (xsi)

3 ∗ hsi
︸ ︷︷ ︸

A

+αr
3 (xsi ∗ hsi)

3

︸ ︷︷ ︸

B

+3αt
3α

r
3 (xsi ∗ hsi)

2((xsi)
3 ∗ hsi)

︸ ︷︷ ︸

C

(2.10)

Accordingly, the main difference between the transmitter and receiver nonlinearity is that the

former affects only the signal, while the latter affects both the signal and the wireless channel

function [50]. In case of sending a preamble signal xpr, the baseband representation of the

received SI signal will be:

i = xpr ∗ hsi + d+ z (2.11)

where z is a random signal that sums up the white noise and the effects of all impairments -except

nonlinearity- like phase noise and quantization error. As i, xpr, hsi are known to the receiver, the

equation can be:

i− xpr ∗ hsi = d̂ = d+ z (2.12)

and in matrix form:










d̂0

d̂1
...

d̂N
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A2 B2 C2

...
...

...

AN BN CN










︸ ︷︷ ︸

W













αt
3

αr
3

3αt
3α
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+










z1

z2
...

zN










⇒ d̂ = W.α + z (2.13)

Using Least Squares estimator the matrix α, which represents the nonlinearity coefficients can
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be found.

The simulation in [50] shows that this scheme, with the simplifications above, can achieve a

performance which is less than 0.5 dB off the performance of a linear OFDM full-duplex system.

However, this result is achieved by simulation, and therefore, it needs to be experimentally

verified with an expectation of performance drop. Moreover, the complexity of the estimation

algorithm has to be considered as a part of the SIC process, as it may limit its performance

with a shorter coherence time of the self-interference channel. Many other simulations and

experimentations have been conducted to study the nonlinearity in full-duplex system [27–29,

31, 33, 51, 60–62].

2.4.2 Phase Noise

The analyses and experiments in [63–66] show that the oscillator phase noise is one of the main

SIC challenges which limit the performance of the FD system. Earlier literature assumes that

when transmitter and receiver use a common local oscillator, the level of phase noise will remain

on a tolerable level [67, 68], however, this consideration is not always valid especially in the

case of orthogonal frequency division multiplexing (OFDM) systems. In [68] the WARP setup

(wireless open-access research platform) shows that with a noise phase variance between 0.4◦

and 1.0◦, the drop of SIC performance is about 20 to 25 dB for OFDM system as Fig. 2.15

shows. This can be justified as the phase noise causes two effects: Common Phase Error (CPE)

and Inter-Carrier Interference (ICI) as shown in [69, 70]. The former may have acceptable levels

as previously assumed, but the latter stimulates an enhancement on SIC performance, which is

achieved by consecutively estimating and suppressing the ICI signal.

The conventional half-duplex techniques for ICI suppression in frequency domain [69–71]

may be used in the FD system with two considerations in mind [63]: First, in FD systems,

while suppressing the ICI associated with the self-interference signal, the signal of interest is

considered as an unknown noise signal. Second, in full-duplex systems, the SI signal is known at

the receiver side, thus eliminating the need to use decision feedback techniques to obtain the

transmitted signal. Also, the work in [63] proposes that time-domain ICI estimation techniques

introduced in [72, 73] could be modified and used in full-duplex systems. A low-complexity

Least Square (LS) algorithm plus a filtering technique are used for ICI estimation in half-duplex

systems. Despite its low complexity, using LS algorithm in full-duplex systems has to be carefully

considered, mainly since the ICI has to be estimated in the presence of the signal-of-interest
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Figure 2.15: Amount of active analog cancellation in presence of phase noise with variance σφ

which is typically higher than the ICI power in typical operating scenarios. This high power will

negatively impact the LS estimator quality [63].

Besides of LS estimator, other conventional estimation algorithms like minimum mean square

error (MMSE) are used for phase noise suppression in full-duplex systems. Assuming that the

reader is familiar with such algorithms, furthermore, a similar example of using them for IQ

imbalance problem will be addressed, there is no need to demonstrate the employment of these

algorithms further. The result of implementing these algorithms as in [63–66, 71] is achieving up

to 10 dB of enhancement of the existing SIC schemes.

2.5 Full-Duplex for Multi-Antenna Systems

2.5.1 Problems and Techniques

In MIMO, one may set forth the following argument: The full-duplex can double the capacity,

but also two or more antenna (half-duplex MIMO) can do the same without all these challenges

of full-duplex. This would be true at first glance, and therefore, full-duplex MIMO may use

one shared antenna for each Tx-Rx pair with a circulator, as shown in Fig. 2.16, in order to

strengthen its viability. However, when multiple circulators are in place, a severe interference

among the multiple shared antennas would occur, creating a bottleneck with respect to achieving

full-duplex system feasibility [74]. Furthermore, multiple separate antennas have an advantage

of exploiting the degree of freedom (DoF) in the spatial domain. As more powerful SIC schemes

are required to make full-duplex MIMO systems feasible, the increased degree of freedom is
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expected to provide an FD MIMO system with new solutions for SIC. However so far, convincing

and practical designs of a full-duplex MIMO system, which can transmit and receive from all

antennas simultaneously with sufficient SIC, are yet to be achieved. Hence, this section only

addresses some of the proposed solutions.

Antenna techniques

Antenna conditional placement As shown before, this technique uses multi antennas to de-

construct the transmitted SI signal. The same technique can be extended to the MIMO

case as in MIDU solution [41, 44]. MIDU performs a primary SIC in the propagation

domain by employing antenna cancellation with symmetric placement of transmitting

and receiving antennas as Fig. 2.17(a) depicts [44]. The achieved isolation is about 45

dB in open-space indoor; however, it has limited performance (only 15 dB) in indoor

multipath environments since this solution can only mitigate the LoS SI component. The

performance may be enhanced by using cross-polarization as in Fig. 2.17(b). In general,

like in SISO, such techniques can be implemented only for narrowband systems, and they

face major challenge regarding feasibility and scalability, not to mention the increasing

cost of using 4N antenna to build N antennas MIMO system.

Directional isolation In the case of FD relaying, where the receiving and transmitting directions

are generally separated from each other, it is possible to use MIMO to enhance the isolation.

Cancellation in analog domain

The same principle of analog SIC in SISO case is used in [61, 75] for MIMO case; tapping

the SI signals from NT transmitters with NR copies from each one and then adjusting each

SIC signal in order to match the SI channel between every Tx-Rx pair (NT × NR pair). The
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Enhance with polarization

adjustment can be made by variable attenuators and phase shifters, or frequency-selective filters.

In case 2 × 2 MIMO, the practical implementation may seem achievable with 4 SI channels;

however, increasing the number of antennas will make this solution unpractical and expensive to

implement.

Cancellation in digital domain

Earlier literature of digital SIC in MIMO focused on FD relaying applications as the case of relay

has the advantage of antenna directional isolation that can be combined with digital beamforming.

This combination can achieve considerable SIC value in case of decode-and-forward relays

as in [76–81]. Later literature like [75, 82–84] analyzes bidirectional full-duplex system with

digital schemes that depend on beamforming and phase rotation [85] to avoid SI, meanwhile [86]

shows the first mature 3 × 3 MIMO full-duplex system that cancels the both components of

SI signals (self-talk and cross-talk) almost to the noise floor. The proposed technique in [86]

assumes that the co-located MIMO antennas share a similar environment since they share the

same reflectors in this environment, and the distances to these reflectors are almost the same from

the closely-spaced antennas. Thus, it can be assumed that for a specific transmit antenna, the

cross-talk signals from other transmit antennas are similar to the self-talk signal with additional

delays. Further, cross-talk across chains is naturally reduced compared to the chain’s own self-

talk because of physical antenna separation. Such simplifying assumption means that cross-talk

and self-talk transfer functions can be expressed as a function of each other, with a modifying

factor to account for the antenna separation. This allows modeling the system as a cascade of
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transfer functions. Let Hi(f) and Hct(f) be the transfer functions of the chain’s own self-talk

and cross-talk respectively. The overall relationship between these functions can be modeled as

follows:

Hct(f) = Hc(f)Hi(f) (2.14)

where Hc(f) is the cascade transfer function.

The critical observation is that Hc(f) which cascaded with Hi(f) results in the cross-talk

transfer function, is a simple delay function. Further details about this work can be found

in [86]. More analyses and experiments have to be conducted in order to verify the effect of such

simplifying assumptions in different environments and systems.

Cancellation with auxiliary transmitter

Scaling this technique up toward MIMO implies that the number of auxiliary transmitter chains

is equal to the number of receiving antennas NR. In [47] a 2 × 1 MIMO OFDM system is

modeled and analyzed as Fig. 2.18 shows. For each receiver chain, the previous SISO SIC

technique is used, with SI channel estimation and pre-distortion the signal digitally. For the

ordinary transmitter m, the pre-distortion factor bi,m,n is applied on the SI samples that leaks to

the receiver antenna n based on the following equation [47]

bi,m,n[k] =
ĥi,m,n[k]

ĥW
i,n[k]

(2.15)

where i and k respectively are time and carrier indices of the time-frequency variable factor b.

hi,n is the radio channel between the auxiliary transmitter n and receiver antenna n, meanwhile

hi,m,n is the SI radio channel between the transmitter m and receiver antenna n.

Challenges and Limitations

Generally, in addition to scalability, all analog and digital SIC techniques still need further

research and face many challenges in MIMO full-duplex systems:

• The length of the pilot, which is used for the estimation of SI channels, is proportional to

the number of antennas. Thus, the estimation accuracy is limited by coherence time and

correlation of the noise for long pilot sequences.

• The effects of hardware impairment, which were explained before in the SISO case, need
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Figure 2.18: Block diagram of full-duplex MIMO 2x1 OFDM node using auxiliary Tx SIC

to be analyzed and calibrated for MIMO. Apart from simplified models like in [61], this

is yet to be achieved. Nevertheless, anticipations regarding this issue indicate that the

complexity of impairment calibration in the FD system may create a serious challenge as

well.

• Cost efficiency and feasibility compared to half-duplex MIMO systems rates.

2.5.2 Conclusion

As shown earlier, in the case of multi-antenna systems, the main challenges are the scalability

and the vulnerability of the SIC solution. Some works have been done with auxiliary chains as

in [47, 87], or with complicated antennas conditional placement for narrowband systems [44],

whereas the authors in [88, 89] are proposing a decoupling network as a SIC technique in the

multi-antenna system. In all these works, the number of antennas is still limited to 2x2 due to the

complexity of the proposed methods. Recently, beamforming with massive MIMO is considered

in many papers like [25, 90, 91]. However, the massive MIMO will be confined to its cost,

and therefore many recent works investigate low RF-complexity massive MIMO where many

antennas, or known as a sub-array massive MIMO, where one transceiver and antenna/sub-array

is selected.
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As a conclusion, extending the traditional approaches of SIC for MIMO systems is not

practical. Thus, different approaches for FD multi-antenna systems are proposed in this thesis.

The proposed schemes avoid the high sensitivity to hardware impairment, as shown later. But

before, let us present one detailed example case in which the impact of IQ imbalance impairment

in an FD transceiver is minimized.
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Chapter 3
Hardware Impairment Complication: IQ

Imbalance for Example

In this chapter, the performance of a full-duplex transceiver is investigated in the presence of

hardware impairment. The transceiver uses an additional transmit chain in order to create the

self-interference cancellation signal. This approach is the traditional methodology for realizing

FD. Both transmitters, and also the receiver, are impaired by frequency-dependent/independent

IQ imbalance with different parameters. It is demonstrated that IQ imbalance deteriorates the

achievable self-interference suppression level. After that, the calibration is performed with three

different types of pre-equalization units to compensate for this deterioration. For simplicity in this

work, the phase noise, generated in the local oscillator (LO), and other hardware imperfections

are omitted to focus on the impact of IQ imbalance.

The chapter is organized as follows: The next section introduces the IQ imbalance problem

and its impact on an FD transceiver. Then, the structure and the equivalent baseband model of an

FD transceiver are shown with an active self-interference mechanism, which is impaired by IQ

imbalance. After that, the advanced pre-equalization units, which can handle the IQ impairment,

are proposed. Two approaches for IQ imbalance calibration are investigated, the replication

and the compensation methods. Also, the pilot signal structure and the parameter estimation

procedure are defined. Afterward, the simulation results and the conclusion are presented.

This chapter is based on our published book chapter [23] and the conference paper in

cooperation with Fraunhofer HHI institute [57].
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3.1 Introduction

The active cancellation mechanism requires an additional transmission chain, which is used to

generate the SIC signal. Regardless of how accurately the transmission chains are manufactured,

the original chain and the auxiliary one will not be identical. In fact, they are affected by the

hardware impairments distinctly. One of these impairments is the IQ imbalance. IQ imbalance

means asymmetric amplitude and phase between In-phase and Quadrature branch in the analog

front-end. This is mainly due to the finite tolerances of electrical elements (resistors and

capacitors) of the circuits. Two main effects of this problem are mirror-frequency interference

and huge degradation of baseband pre-linearization of the power amplifier. The mismatch of

the I and Q chains parameters causes imprecise SI signal generation, which leads to poor SIC

performance.

Impairments Impact on Full-Duplex Transceiver

Essentially, the active cancellation mechanism relies on the precision of the SIC signal. Higher

precision of the SIC signal can assure a significant improvement in SIC performance.

IQ imbalance is caused by the gain and phase mismatches between I- and Q-branches

of the transmitter and receiver chains. This imbalance results in the complex conjugate of

the ideal signal being added up on top of it with certain attenuation [27]. Thus, the output

of an imperfect IQ mixer is a transformation of an input signal x(t) where both direct and

conjugated signals are filtered and then summed together [60]. This is typically called widely-

linear transformation [92,93], and hence the IQ imbalance can be modeled as widely linear filters

like in [60]. The output can be expressed as:

xIQ(t) = g1(t) ∗ x(t) + g2(t) ∗ x
∗(t) (3.1)

where g1(t) and g2(t) are the responses for the direct and image components respectively [94].

The quality of the IQ mixer can be quantified with image rejection ratio (IRR), which can

be defined as: IRR(f) = 10 log10(
|G1(f)|2

|G2(f)|2
).

Taking LTE advanced system for example, 3GPP specifications limit the minimum attenua-

tion for the in-band image component in the user equipment transmitters to 25 or 28 dB [95].

Such image attenuation is sufficient in the transmission path, but when considering the full-duplex

device self-interference problem, the IQ image of the SI signal forms an additional interference
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Figure 3.1: Self-interference suppression performance in the presence of IQ imbalance

that leaks into the receiver [60]. The performance of full-duplex transceivers in the presence of

IQ imbalance is studied in detail in [57, 60, 82, 96]. They demonstrate that, with a practical IQ

image rejection ratio for a full-duplex transceiver, it is necessary to mitigate the IQ image of

the SI signal. Otherwise the loss of SSINR might be in the order of tens of decibel [27] which

negates the benefit of using full-duplex. Fig. 3.1 shows the SIC performance in case of different

gain and phase mismatch values in the auxiliary chain [57]. Taking, for example, practical values

for gain mismatch g < 0.05 and phase error φ < 1◦, the self-interference cancellation is 53 dB,

and this means about 20 dB degradation of SIC performance from the best achieved cancellation.

Therefore, the effect of IQ imbalance must be included in the design of baseband cancellation

signal [57, 96].

3.2 Full-Duplex System Model with IQ Imbalance

The IQ imbalance can be calibrated by adjusting the cancellation signal in order to match the SI

signal. This can be achieved by replicating the imbalance of the ordinary transmitter and correct

the imbalance of the auxiliary transmitter. Considering the direct and quadrature signals are:

I(t) = cos(wt), Q(t) = sin(wt), (3.2)

39



Chapter 3. Hardware Impairment Complication: IQ Imbalance for Example

Table 3.1: The definitions of the FD IQ imbalance model

hord,I(t), hord,Q(t) The impulse response of the baseband filters in the ordinary

transmitter at I- and Q- arm respectively

hSI(t) The equivalent baseband response of self-interference channel

haux,I(t), haux,Q(t) The impulse response of the baseband filters in the auxiliary

transmitter at I- and Q- arm respectively

hSIC(t) The equivalent baseband channel between the up-converting quadrature

frontend mixer at the auxiliary chain and the directional coupler

at the receiver

hrx,I(t), hrx,Q(t) The impulse response of the LPF baseband filers at I- and Q- arm

g, φ The gain and phase mismatch of the IQ imbalance for each chain

(Ideally: φord = φaux = φrx = 0 and gord = gaux = grx = 1)

and after IQ imbalance with gain g and phase error φ

Í(t) = cos(wt), Q́(t) = g sin(wt− φ), (3.3)

the above equations can be expressed in matrices:




Í(t)

Q́(t)



 =




1 0

−g sin(φ) g cos(φ)








I(t)

Q(t)



 ⇒




Í(t)

Q́(t)



 =




1 0

rβ rα








I(t)

Q(t)



 , (3.4)

where rα and rβ are the replication parameters. These parameters can be used to replicate the IQ

imbalance of the ordinary transmitter in the SIC signal. The correction parameters cα and cβ can

be extracted by inversion:




Ic(t)

Qc(t)



 =




1 0

tan(φ) (g cos(φ))−1








Í(t)

Q́(t)



 ⇒




Ic(t)

Qc(t)



 =




1 0

cβ cα








Í(t)

Q́(t)



 . (3.5)

The parameters cα and cβ can be used to correct the IQ imbalance of the auxiliary transmitter

in the SIC signal.

Before explaining further the proposed calibration algorithms, let us check in Fig. 3.2 and

Fig. 3.3 the structure and the equivalent baseband model of the FD transceiver in the presence of

IQ imbalance in the three chains [57] (ignoring, for now, the calibration units, PEU and PAU, in

both figures). The direct down converter structure of the quadrature modulator is modelled as

in [97].
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The equivalent baseband model of the RF self-interference signal is

uSI(t) = Re{s(t)} ∗ hord,I(t) ∗ hSI(t)

+ gord( cosφord − sinφord)Im{s(t)} ∗ hord,Q(t) ∗ hSI(t). (3.6)

Similarly, the equivalent baseband model of the RF SIC signal is

uSIC(t) = Re{s(t)} ∗ haux,I(t) ∗ hSIC(t)

+ gaux( cosφaux − sinφaux)Im{s(t)} ∗ haux,Q(t) ∗ hSIC(t). (3.7)

3.3 Advanced Pre-Equalization Units

Ideally, the self-interference signal uSI(t) and the self-interference cancellation signal uSIC(t)

have to be exactly identical in order to achieve perfect cancellation. However, in practice, the ba-

sic model of linear pre-equalization for SIC with an auxiliary transmitter GL(f) =
Hord,I(f)HSI(f)

Haux,I(f)HSIC(f)

[33] is not considering the IQ imbalance in the full-duplex transceiver. This model assumes

a perfect match between the I- and Q-arm in all transceiver chains, i.e., hord,I(t) = hord,Q(t),

haux,I(t) = haux,Q(t) and hrx,I(t) = hrx,Q(t). Moreover, this model expects that the LO sig-

nals are perfectly rotated by 90◦ and have the same amplitude, so φord = φaux = φrx = 0 and

gord = gaux = grx = 1. However, with practical transceivers where the IQ imbalance is unavoid-

able, the linear model has a poor performance. The channel estimations are corrupted by the IQ

mismatch, ergo, the estimated pre-equalization function G̃L(f) =
H̃ord,I(f)H̃SI(f)

H̃aux,I(f)H̃SIC(f)
+ ǫ is deviated

from its ideal value.

Adding the following units aims to estimate then calibrate IQ imbalance of SIC signal to

match the SI signal:

• [PAU ] Parameter Acquisition Unit

• [PEUord] Ordinary Pre-Equalization Unit

• [PEUaux] Auxiliary Pre-Equalization Unit

Two algorithms for calibration are proposed: Replicator unit method, and distributed compensa-

tion units method.
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3.3.1 Replicator unit method

In this case, the PEUord will not be used; meanwhile, the PEUaux will perform the two required

functions on SIC signal; the first is to replicate the IQ imbalance of the ordinary transmitter,

and the second is to correct the IQ imbalance of the auxiliary transmitter. This can be done by

sending a pilot signal in order to estimate the parameters gord, φord, gaux and φaux by the PAU

in the receiver, and then feed it back to the PEUaux. Knowing these four parameters enables

the PEUaux to calculate the replication values rord,α, rord,β and the correction parameters caux,α,

and caux,β as explained previously.

Frequency-independent IQ imbalance replicator

Fig. 3.4 (a) shows the structure of frequency-independent IQ imbalance (FIIQ) replicator which

is loaded into the pre-equalization unit PEUaux. The FIIQ replicator is an advanced linear model

able to cope with the IQ imbalance in its frequency-independent model at both transmission

chains. It is clear that the FIIQ replicator structure contains three main parts to match the three

required tasks. The first part is used to replicate the IQ mismatch of the ordinary transmitter using

the multipliers rord,α and rord,β . The middle part g(t) contains the SI and the SIC channels, i.e., it

is the basic linear model. The last part is to compensate the auxiliary chain frequency-independent

IQ imbalance using the multipliers caux,α and caux,β .

The frequency domain representation of the FIIQ replicator parameters are given by

G(f) = −
Hord,I(f)HSI(f)

Haux,I(f)HSIC(f)
, (3.8a)

rord,α = gord cosφord, (3.8b)

caux,α =
1

gaux cosφaux

, (3.8c)

rord,β = −gord sinφord, (3.8d)

caux,β = tanφaux. (3.8e)

Note that g(t) = F−1 {G(f)} is a Finite Impulse Response (FIR) filter with time domain

complex coefficients and the rest of the FIIQ parameters are scalar multipliers.
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Frequency-selective IQ imbalance replicator

Fig. 3.4 (b) shows the structure of the frequency-selective IQ imbalance (FSIQ) replicator. Taking

into account the frequency-selective behavior of the IQ imbalance allows a better estimation of

the self-interference and self-interference cancellation radio channels by mitigating the influence

of IQ mismatch on the estimation procedure. In fact, the IQ imbalance parameters are also

estimated and integrated into the FSIQ replicator structure. The FSIQ replicator is designed to

compensate for the IQ imbalance, which occurs at the auxiliary chain, and to replicate the IQ

imbalance of the ordinary chain. By that, the FSIQ replicator prepares an RF self-interference

cancellation signal that matches the RF self-interference signal, for which the multipath self-

interference radio channel and the IQ imbalance in the both models, the frequency-independent

and frequency-selective one, are considered. Similar to the FIIQ case, the FSIQ replicator

occupies the PEUaux, whereas the PEUord is kept empty unoccupied for different purposes.

The FSIQ replicator parameters, in their frequency domain representation, can be expressed

as

G(f) = −
Hord,I(f)HSI(f)

Haux,I(f)HSIC(f)
, (3.9a)

Rord,α(f) =
Hord,Q(f)

Hord,I(f)
gord cosφord, (3.9b)

Caux,α(f) =
Haux,I(f)

Haux,Q(f)gaux cosφaux

, (3.9c)

r̂ord,β = − tanφord, (3.9d)

caux,β = tanφaux. (3.9e)

where:
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Figure 3.5: IQ imbalance compensation units (a) in the ordinary Tx (b) in the auxiliary Tx

• g(t) = F−1 {G(f)} is a FIR filter with time domain complex coefficients,

• rord,α(t) = F−1 {Rord,α(f)} and caux,α(t) = F−1 {Caux,α(f)} are FIR filters with time

domain real coefficients,

• The rest of the FSIQ parameters r̂ord,β and caux,β are scaler multipliers.

3.3.2 Distributed compensation units method

In distributed compensation, each PEU corrects the IQ imbalance of its own branch as Fig. 3.5

shows. As long as the IQ imbalance at the ordinary chain is completely compensated, there

is no need to replicate its behavior at the auxiliary chain anymore. Regardless of full-duplex

application, the main advantage of the distributed model is the fact that IQ imbalance of the

ordinary transmission signal is digitally corrected, which is desirable for the remote reception

node.

The same parameters which are used in the FSIQ replicator, set of parameters (3.9), are

used for the distributed model except of (3.9d) and (3.9b); these parameters are replaced by

cord,β = tanφord and Cord,α(f) =
Hord,I(f)

Hord,Q(f)gord cosφord
, respectively.

The distributive property of this model might be considered as disadvantage in some

practical implementations where the access to the digital domain of the ordinary chain is not

recommended or probably not possible [57].
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3.3.3 Self-Interference Channel and IQ imbalance parameter estimation

Pilot signal structure and parameters

An OFDM signal is used as a pilot to estimate the parameters. Both DC and edge subcarriers are

null [98]; meanwhile, the pilot subcarriers consist of a modified Frank-Zadoff-Chu sequence [99].

In the time domain, the pilot consists of two segments, as shown in Fig. 3.6d, with the following

configuration. As in Fig. 3.6d, the first segment has a conjugate symmetric (CS) property in

the frequency domain , i.e., Sp,cs(f) = S∗
p,cs(−f) [100]. The inverse Fourier transform of this

CS spectrum is a pure real signal in the time domain. The second segment has a conjugate

anti-symmetric (CA) property in its frequency representation, i.e., Sp,ca(f) = −S∗
p,ca(−f) [100],

see Fig. 3.6c. The time domain signal of the second segment is a pure imaginary signal.

Then, the continuous frequency domain mathematical representation of the pilot signal

segments is

Sp,cs(f) =Re {Sp(f)} −  sgn(f)Im {Sp(f)} , (3.10a)

Sp,ca(f) =Sp,cs(f), (3.10b)

where Sp(f) is the spectrum of the FZC sequence, as in Fig. 3.6a.

(a) (b) (c)

(d)

Figure 3.6: Pilot signal structure; (a) Unmodified FZC sequence (b) Pilot signal first segment

spectrum, (c) Pilot signal second segment spectrum, (d) Time domain representation of the pilot

signal.

The proposed structure for the pilot aims to improve the channel estimation by mitigating

the influence of the IQ mismatches. It further allows estimating the IQ imbalance out of the two
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segments of the pilot signal. The parameters of the pilot signal are summarized in Table 3.2.

Table 3.2: The OFDM pilot signal parameters

Parameter Value and Unit

Number of subcarriers 512

Number of null subcarriers 96

Number of active subcarriers 416

Number of repetitions 10 times

Cyclic prefix (CP) length 16 samples

Estimation procedure

The pilot signal is sent consecutively through the ordinary and auxiliary chains to the own

receiver. The parameter acquisition unit (PAU) estimates the required parameters based on the

implemented model of pre-equalization. Within the estimation phase, perfect synchronization is

assumed. It is a rational assumption due to the proximity between Tx and Rx, which is resulting

in high SNR of the received pilot signal. The perfect timing property allows us to split the

estimated pilot into two consecutive segments precisely. The estimated frequency responses of

the ordinary chain are given by:

Yord,α(f) = Sp,cs(f)Hord,I(f)HSI(f)Hrx,I(f), (3.11a)

Yord,β(f) = gord ( cosφord − sinφord)Sp,ca(f)Hord,Q(f)HSI(f)Hrx,I(f). (3.11b)

The estimated frequency responses of the auxiliary chain are given by:

Yaux,α(f) = Sp,cs(f)Haux,I(f)HSIC(f)Hrx,I(f), (3.12a)

Yaux,β(f) = gaux ( cosφaux − sinφaux)Sp,ca(f)Haux,Q(f)HSIC(f)Hrx,I(f). (3.12b)

The receiver chain is assumed to be ideal and does not suffer from any IQ mismatch, i.e.,

hrx,I(t) = hrx,Q(t), grx = 1 and φrx = 0. Such assumption is practically applicable by means of

digital-down-converter [101] with higher sampling rate of the receiver’s ADC.

Using 3.11 and 3.12 with the perfect knowledge of the pilot baseband 3.10, four estimated
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frequency responses can be found to be given by:

Hord,α(f) =
Yord,α(f)

Sp,cs(f)
, Hord,β(f) =

Yord,β(f)

Sp,ca(f)
,

Haux,α(f) =
Yaux,α(f)

Sp,cs(f)
, Haux,β(f) =

Yaux,β(f)

Sp,ca(f)
.

These estimated responses are employed to calculate the PEU parameters. The first parameter,

which is broadly used in each PEU, can be computed as follows

G(f) = −
Hord,α(f)

Hord,β(f)
. (3.13)

The CS frequency responses are similarly computed from the estimated responses to be given by

Cord,α(f) =
1

Rord,α(f)
=

Hord,β(f)

Hord,α(f)
+

H∗
ord,β(−f)

H∗
ord,α(−f)

, (3.14)

Caux,α(f) =
Haux,β(f)

Haux,α(f)
+

H∗
aux,β(−f)

H∗
aux,α(−f)

. (3.15)

The phase mismatchs of the ordinary and auxiliary chain are calculated by averaging over the

frequency to be given by

φord = arctan






−



B

+B/2∫

−B/2

Hord,β(f)

Hord,α(f)
−

H∗

ord,β
(−f)

H∗

ord,α
(−f)

Hord,β(f)

Hord,α(f)
+

H∗

ord,β
(−f)

H∗

ord,α
(−f)

df







(3.16)

φaux = arctan






−



B

+B/2∫

−B/2

Haux,β(f)

Haux,α(f)
−

H∗

aux,β
(−f)

H∗

aux,α(−f)

Haux,β(f)

Haux,α(f)
+

H∗

aux,β
(−f)

H∗

aux,α(−f)

df







(3.17)

where B is the bandwidth of the pilot signal.

In implementation, the coefficients of the FIR filter are calculated by taking the DFT of the

pilot signal subcarriers with maximum length equal to the pilot signal CP.

3.4 Results

The behavior of the full-duplex transceiver has been simulated, and the PEU models have been

tested under realistic system behavior. The LO parameters concerning the frequency-independent
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IQ imbalance are included in Table 3.3. The frequency-selective IQ mismatches are simulated as

9-order FIR filters.

Table 3.3: FIIQ imbalance simulation parameters

Ordinary Auxiliary Receiving

Gain mismatch g 0.7485 /dB 0.5877 /dB 0.2996 /dB

Phase mismatch φ 5.5◦ 2.7◦ 2◦

Fig. 3.1 shows the gain and phase mismatches versus the achieved amount of self-

interference suppression. The ordinary chain is kept ideally operating without any IQ imbalance,

whereas the IQ imbalance in the auxiliary chain is gradually increased in order to report the

results of the linear PEU under such conditions. The linear PEU is compared to the FIIQ

replicator under IQ mismatch transceiver behavior in its frequency-independent model. The used

parameters of IQ imbalance are listed in Table 3.3. The simulation includes two configurations,

and their results are shown in Table 3.4. In the first configuration, an ideal receiving chain

is assumed, while in the second configuration a receiving chain corrupted with IQ imbalance

is simulated. The results show that the FIIQ replicator outperforms the linear PEU under

frequency-independent IQ imbalance transceiver behavior. The receiver IQ imbalance disturbs

the estimation phase and consequently decreases the accuracy of the estimated parameters.

Hence, the FIIQ replicator has a better performance when the Rx IQ is disabled.

Table 3.4: The achieved self-interference suppression under FIIQ imbalance behavior

Rx-IQ disabled Rx-IQ enabled

Linear 47.2 dB 47.1dB

FIIQ replicator 71.8 dB 61.6 dB

Lastly, the proposed PEUs models are simulated under FSIQ imbalance behavior. Two

configurations are considered: with and without receiver IQ imbalance. The simulation results

are shown in Table 3.5.

The results in the table show the significant deterioration in the FIIQ replicator performance

when a frequency-selective model of IQ imbalance are used. The FIIQ replicator presents a

relatively poor performance even with an ideal implementation of the receiving chain. The

FSIQ replicator has approximately similar results to the distributed PAU. Both of the FSIQ

replicator and the distributed PAU demonstrate the best performance in suppressing the self-

interference even with a highly realistic model of the IQ imbalance, i.e., frequency-independent
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Table 3.5: The achieved self-interference suppression under FSIQ imbalance behavior

Rx-IQ disabled Rx-IQ enabled

Linear 46.2 dB 45.7 dB

FIIQ replicator 51.3 dB 51.1 dB

FSIQ replicator 71 dB 56.6 dB

Distributed PEU 70.5 dB 57.3 dB

and frequency-selective. The IQ imbalance of the receiving chain has a considerable negative

impact on these PAUs.

3.5 Conclusion

Different advanced pre-equalization schemes have been proposed in this work to calibrate the

impact of IQ imbalance in FD transceivers. The proposed schemes show a better performance,

i.e., a higher level of SIC, in comparison with the basic linear model. The FSIQ replicator

and the distributed PEU show the best performance compared to the simpler FIIQ replicator.

The FSIQ replicator and the distributed PEU are pretty similar with respect to their complexity

and performance, but they are different in structure. For implementation purposes, the FSIQ

replicator might be a good option without any additional modification in the ordinary chain.

This work focuses on the impact of IQ imbalance for full-duplex systems, while the impact

of nonlinear distortions, as they are mainly stemming from the power amplifier, has been

neglected. The importance of considering the nonlinearity in full-duplex systems has been

investigated in [31], and first nonlinear digital self-interference cancellation techniques have

been reported in [29, 33, 50, 51]. Nevertheless, this work shows the challenge of dealing with

one hardware impairment in an FD transceiver. It is clear that including further imperfections

to be calibrated will increase the complexity dramatically, not to mention the complication that

results in the case of multi-antenna. Thus, the traditional approach of SIC, which depends on SI

subtraction, has to be avoided for multi-antenna systems. In the next chapters, new approaches

are presented for realizing the FD transmission in multi-antenna systems.
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Chapter 4
Dual Polarized Reflect-Array in a

Full-Duplex Base-Station

After showing, in the previous chapter, that the traditional approach of SIC, i.e., feedback

with auxiliary chain, produces much complexity to soften its sensitivity to different hardware

impairment; other approaches are proposed to employ multi-antenna techniques in favour of

SIC. The first multi-antenna technique included in this thesis is reflect-arrays (RA). This chapter

proposes the exploitation of reflect-arrays for spatial self-interference isolation, aiming to enable

a base-station to operate in FD mode. An ultra-wideband (UWB) RA is designed to enable full-

duplex transmission in an indoor/outdoor LTE base-station with HD users. Two cross-polarized

beams are generated using two separate feeders to meet the SIC requirements of achieving

high isolation between the downlink and the uplink signals. The self-interference components

are analyzed to evaluates the direct and back-scattered SI paths in the designed RAs, and to

estimate the amount of SI isolation that can be achieved in the wideband system. Instead of using

theoretical channel models, the ray-tracing method is applied within realistic environments.

One may argue that the isolation can be done using two horn antennas instead of reflect-

arrays; however, the later allow to do the beam-forming electronically, and this cannot be

performed by horn antennas without an impractical mechanical system. Moreover, the reflect-

arrays avoid any Tx-RX leakage on the electronic board of the base-station. On the contrary to

array antennas, massive MIMO is not the potential candidate for 5G systems due to its design

complexity and less adaptability with shorter wavelengths [102].

The work of this chapter was partially published in [103], which is the first work that

proposed the use of RA in full-duplex mobile communication. Both reflect-array and full-duplex
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technologies are strong candidates to be used in 5G [102].

4.1 Introduction

4.1.1 Reflect-Array Basics

”Reflect-array antenna” is a type of radiating structures that are consist of an array of radiating

elements. These elements can reradiate the energy that is transmitted to them through free space

from one or more feeders. Thus, reflect-array can be seen as a hybrid antenna system that has the

desirable capabilities of the phased array antennas and the parabolic reflector antenna [104, 105].

These combined features are:

• wide beam scanning and forming abilities,

• multi-beam capability,

• spatial feeding,

• easy integration with RF circuitry,

• lightweight,

• and finally, low cost.

Fig. 4.1 depicts one reflect-array. RA consists of a free space located feeder that spatially

illuminates a reflecting surface of radiating elements. Each element is called a cell. In principle,

the adjustment of the geometrical properties of the array cells is performed to realize the desired

aperture field distribution [106, 107]. In contrast to conventional phased arrays with, that use

microstrips transmission lines and thus suffer from excessive loss at higher frequencies [108],

reflect-arrays utilize the free space as a medium for the transmission of the electrical signal from

the feeder to the cells, and subsequently, avoid any degradation in the gain performance as a

result of loss in the feeding system [109].

The RA antenna beam may be steered either mechanically or electronically. The mechanical

steering approaches suffer from low scan rate, high scan volume, low scan resolution, and

high-cost [110]. Meanwhile, the electronic steering methods use variable lumped elements that

are embedded in the array cells and controlled via analog biasing lines. Thus, electronically

steering the beam is more efficient, faster without any need for moving parts, more robust, and

more reliable. Most designs so far use lumped elements such as P-I-N and varactor diodes. Thus,

the objective is to steer the beam utilizing the electronically controlled tuning devices. These
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Figure 4.1: RA structure: The elements array and the feeder.

elements can be aperture coupled or directly connected to the RA cell. Although the aperture

coupling configuration provides wide bandwidth because of the independent optimization to

the tuning device, it suffers from design complexity [111]. The received wave by each cell is

reradiated after being modulated by a certain reflection phase. Hence, the RA antenna is a phase-

only synthesis problem, where the reradiation pattern is controlled by tuning the distribution

of the reflection phase over the array surface. Thus, the reflecting surface can be designed and

controlled to reradiate the electromagnetic wave in a single beam or multi-beams with the desired

pattern and direction. Previously, RA was considered a narrow bandwidth antenna, and this

well-known limitation was due to the narrowband nature of the microstrip patches and different

spatial phase delays between the feed and each element of the reflect-array [112]. Recently, many

works have been done to have better performance of RA in wide/UWB such as [106, 113–115].

The high gain performance can be obtained by increasing the size of the RA which can produce

sharp beams; however, this would also increase the different spatial phase delays between the

feed and each element of the reflect-array [116].

4.1.2 Reflect-Arrays for FD Transmission

As shown in Chapter 2, several SIC techniques have been presented in propagation domain

to mitigate SI, for example: Antenna conditional placement [39, 45], Directional isolation
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[46, 47], Absorptive/Reflective Shielding [40, 46], and Cross-polarization [46, 48]. In average,

the mentioned techniques achieve only about 15 dB of isolation practically. In optima conditions,

like a narrow band system in an anechoic chamber, the isolation may reach 70 dB.

Massive MIMO has been proposed for 5G system because of the compatibility with small

cells [25, 90, 91]. However, Massive MIMO is complicated and less adaptable with shorter

wavelengths [102]. On the other hand, RA is getting the attention again, because it is much

simpler, more flexible, and considerably cheaper compared to Massive MIMO. This makes RA a

strong candidate technology in some 5G scenarios [102].

The novelty of this work is that it proposes, for the first time in literature, the use of RA to

perform SIC in the propagation domain for mobile communication. The UWB RA, which is

designed in [113], is considered to enable FD in an indoor/outdoor base-station. The design is

customized to meet the FD requirements, where two cross-polarized RAs with two feeders are

used to generate the DL and UL beams, from and to HD users. This chapter also analyzes the

components of SI in the direct and back-scattered paths and the amount of isolation which is

achieved using reflect-arrays in a wideband system.

The rest of the chapter is organized as follows: In the next section, the RA antenna design

is described, then the system model is presented. After that, the simulation setup is explained.

Then, the results of the simulation are shown, and the advantages and disadvantages of the

approach are discussed. Finally, the conclusion is presented at the end of the chapter.

4.2 Antenna Design

The low cross-polarization level between the two arrays is essential to isolate the UL and DL

beams. Accordingly, an UWB orthogonal beams RA antenna is developed. One possible way

is to use the double-ring structure a cell by making gaps across the rings in the cross-polarized

direction; hence, the cross-polarization patterns are cancelled. However, a polarization selective

dipole is preferred in order to increase the isolation between the co-polarized and cross-polarized

reradiated fields.

Fig. 4.2(a) depicts the primary cell of the designed RA, where the 360◦ phase response

is achieved using two closed resonant dipoles. Arranging an array of the same dipoles cells

horizontally or vertically produces the co-polarized and cross-polarized beams. For this reason,

at first, the calculations are done to find the best cell dimensions and substrate parameters for

one polarization, and they are optimized for bandwidth enlargement. After that, these lengths
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are calculated to produce the cross-polarized beams at two different directions to minimize the

cross-polarization levels.

Figure 4.2: UWB RA cross-polarized cell: (a) Cell shape consists of two coupled dipoles with

relative lengths L2 = 0.9L1. (b) Reflected phase with the frequency at different lengths of the

first dipole.

The cross-polarized RA configuration is shown in Fig. 4.3. Two spatially separated

orthogonal feeders are utilized to illuminate the RA cells, and subsequently different beam

pattern in each polarization is produced.

The relative dipole lengths are calculated to produce a central offset beam directed at, for

example, (θ = 30◦, φ = 0◦) for the vertical polarization and the other horizontally polarized

beam is directed at (θ = −30◦, φ = 0◦), where θ and φ are the azimuth and the elevation angles

respectively. In order to steer the beams around the center direction electrically, there are several

approaches. The first one is using an electrically tunable impedance surface of a metal-dielectric

composite texture. An applied bias voltage in the surface can control the resonance frequency,

and the reflection phase distribution over the array cells [117]. Similar method can be done using

a liquid crystal substrate [118], or using a set of varactor diodes [119].
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Figure 4.3: The radiation patterns of the cross-polarized reflect-arrays.

4.3 System Model

The received signal at the base-station can be modelled as:

y
UL

=
U∑

i=1

hu,ixu,i + hSI,dxDL
+

D∑

j=1

hSI,sxd,j + wr, (4.1)

where xu,i is the desired signal from the user i and hu,i is the related UL channel. xd,j is the DL

signal to the user j, meanwhile x
DL

is the sum of all DL signals. hSI,d is the direct SI channel,

and hSI,s is the back-scattered SI channel. U and D are the numbers of uplink and downlink

users respectively. wr is the white Gaussian noise. For the user-pairing case, one user for each

direction is considered. The scenario of multi-users is realized when dividing the users based on

their locations into two groups, one for UL and the other of DL. For each group a main beam is

formed to transmit and receive the signals. For each pair, the received signal from the UL user

(TxUE1) at the base-station is:

y
UL

= hu,1xu,1 + (hSI,d + hSI,s)xd,2 + wr, (4.2)

Meanwhile, the received signal at the DL user (RxUE2) is:

yd,2 = hd,2xd,2 + h
IUI

xu,1 + w, (4.3)
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where h
IUI

is the channel from UL user (TxUE1) to the DL user (RxUE2) that carries the

interference.

4.4 Simulation Setup

Computer Simulation Technology (CST) microwave studio is used to design the UWB RA and

generate the radiation patterns. The considered base-station scenarios are carried out using

Wireless Insite at 5 GHz for applying the ray-tracing method to get the impulse responses of the

channels in the scenario. This method is preferred, instead of using theoretical channel models,

to get more realistic outcomes. Next, the DL, UL, and SI channels’ coefficients are exported to

MATLAB for the baseband processing. Fig. 4.4 shows the simulated environments in (a) indoor

as a multi-room office and in (b) outdoor as an urban area. This simulation is confined to one

user in each direction with different distances of the two users and omni-directional antennas.

The baseband system is an LTE link which is based on 4-QAM (Quadrature amplitude

modulation) OFDM with 5/10/20 MHz bandwidth and sampled by 30.72 MHz. The transmitted

power from each transmitter is 0 dBm.

4.5 Results

The simulation results of the RA design are presented in Fig. 4.5, where Ludwig’s third

definition [120] is used to define the cross-polarized patterns. In the case of θ = ±30◦, the RA

antenna gain is about 20 dB, and this is 4 times higher than the gain of the horn antenna feeder.

The results show also that the cross-polarization level is about -35 dB. The Side Lobe Level

(SLL) is below 10 dB. The operation bandwidth is about 1 GHz for both polarizations. Please

note that the asymmetry of the vertical and horizontal polarization patterns is due to the feeder

and cells asymmetry.

Tables 4.1, 4.2, and 4.3 show the average received power of the four signals in line-of-sight

propagation and the components of SI, for the angles ±20◦,±30◦,±40◦ respectively. To fairly

compare the different angles, the first column shows equal values of the DL received power at the

DL user (RxUE2), and the UL received power from the UL user (TxUE1). The next four columns

show the SI total power, the signal to self-interference ratio (SSIR), the SI direct path power, and

the SI strongest scattered path, respectively. In the last column, the Inter-User-Interference (IUI)

from UL users to DL users is shown.
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(a)

(b)

Figure 4.4: The environment of simulation: (a) Indoor (b) Outdoor.
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(a)

(b)

Figure 4.5: The radiation patterns of the dual-polarized RA antenna illustrating in UWB

operation: (a) horizontal (b) vertical
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Table 4.1: The average power of the four received signals and the signal to self-interference

ratio ±20◦

θ = ±20◦

PT = 0 dBm

LoS

UL

& DL

(dBm)

Total

SI

(dBm)

SSIR

(dB)

SI

direct

(dBm)

SI 1st

scatter

(dBm)

IUI

(dBm)

Indoor

Co-polar
-41

-36 -5 -41 -70 -55

X-polar -79 38 -95 -80 -98

Outdoor

Co-polar
-63

-39 -24 -41 -88 -72

X-polar -96 33 -95 -101 -105

Table 4.2: The average power of the four received signals and the signal to self-interference

ratio ±30◦

θ = ±30◦

PT = 0 dBm

LoS

UL

& DL

(dBm)

Total

SI

(dBm)

SSIR

(dB)

SI

direct

(dBm)

SI 1st

scatter

(dBm)

IUI

(dBm)

Indoor

Co-polar
-41

-45 4 -50 -72 -62

X-polar -94 53 -103 -89 -101

Outdoor

Co-polar
-63

-49 -14 -50 -86 -78

X-polar -101 38 -103 -110 -112

From the tables, it can be noticed that:

- The downlink and uplink received signals have less power in the outdoor because of the

longer paths. The path loss is about 20 dB more in outdoor. This is because the average

distance in outdoor is 30m, meanwhile, in indoor it is about 3m.

- The direct SI power, which is produced by the side lobes, has the same power in both

environments, but it decreases with larger angle separation. The cross-polarization provides

103 dB mitigation of the direct SI; meanwhile it is only 50 dB with co-polarized arrays for

±30◦. The average enhancement in the direct SI isolation using cross-polarization is about

50 dB for the three angles.

- The rich scattering environment in the indoor makes the cross-polarization isolation less
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Table 4.3: The average power of the four received signals and the signal to self-interference

ratio ±40◦

θ = ±40◦

PT = 0 dBm

LoS

UL

& DL

(dBm)

Total

SI

(dBm)

SSIR

(dB)

SI

direct

(dBm)

SI 1st

scatter

(dBm)

IUI

(dBm)

Indoor

Co-polar
-41

-55 14 -59 -78 -66

X-polar -91 50 -104 -92 -107

Outdoor

Co-polar
-63

-58 -5 -59 -85 -80

X-polar -102 39 -104 -110 -116

effective, moreover, it causes higher scattered SI compared to the outdoor.

- Also, the use of cross-polarization provides higher mitigation of IUI (from TxUE1 to

RxUE2). For example with ±30◦, the mitigation enhancement by cross-polarization

compared to co-polarization is −62 − (−101) = 39 dB in the indoor and 34 dB in the

outdoor.

- The FD system cannot perform without the use of cross-polarized arrays as the SSIR

would be very low in the case of co-polarization.

The total SSIR value reflects the average isolation ratio of the SI, which is achieved by cross-

polarization and angle separation. The average value for the three angles is 47 dB in indoor, and

37 dB in outdoor. Such values could be achieved with two horn antennas instead of reflect-arrays.

However, the later allows us to do the beam-forming electronically, and horn antennas can not

perform this without an impractical mechanical system. Moreover, the reflect-arrays avoid any

Tx-RX leakage on the electronic board of the base station.

Finally, to evaluate the use of the proposed setup with an LTE base-station, a system

simulation is done, and the performance is evaluated by the bit error rate and the achieved sum

rate. Fig. 4.6 shows that the BERs of the FD and HD systems are almost the same. However,

there is a slight performance loss at high SNR values where the self-interference becomes the

dominant limiting factor instead of the white noise.

Fig. 4.7 shows the sum rate of the base-station. For separation angle values bigger than 60◦,

the rate is almost the same. The FD/HD enhancement of the system is a little less than double

because of the residual SI. This RSI may be cancelled by digital SIC techniques.
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Figure 4.6: Bit error rate of FD and HD systems using cross-polarized RA
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Figure 4.7: Achievable sum rate of FD and HD OFDM systems using cross-polarized RA

4.6 Conclusion

In this chapter, the use of reflect-array in FD mobile systems is proposed for the first time in

literature. Dual-polarized reflect-arrays are designed to be used in a full-duplex LTE base-station.

The different self-interference components are analyzed in indoor and outdoor environments.
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Evaluation of the system performance is done considering the BER and the sum rate of the

base-station in a simple case of two HD users, and three values of angular separation. The

results show that the enhancement FD/HD ratio would reach almost the theoretical boundary

of two in this case. As the work was confined to a simple scenario, further work can be done,

like increasing the number of users and doing the beam-forming to different users’ positions.

The system performance can be enhanced in this complicated scenario by applying digital

cancellation schemes to remove the residual self-interference. Also, the studied scenario can be

useful for UL/DL users pairing.

In the next chapter, another multi-antenna technology (antenna selection) is presented to

analyze its benefits for SIC in an FD base-station in both cases, co-located and distributed

antennas.
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Chapter 5
Co-located and Distributed Antenna

Selection in a Full-Duplex Base-Station

Antenna Selection (AS) cancellation is a simple cost-efficient technique for multi-antenna FD

systems. Rather than RF elements, antennas are inexpensive. In many application scenarios,

the additional hardware and the high complexity can be avoided with AS where only some RF

switches are needed instead of multi-transceiver chains. This forms a motivation to use AS as an

alternative SIC multi-antenna technique to reduce hardware costs and complexity dramatically.

The use of narrowband AS in FD was adopted in [121–123]. The works in [124,125] analyze the

performance of AS theoretically and with a simple simulation of a bidirectional FD multi-antenna

system. In [126], a theoretical analysis is done to use FD AS for backhauling of multiple small

cell network. In wideband systems, Our work [127] proposed a practical method of wideband

AS to enable full-duplex in an indoor LTE femto base-station (femto-BS). We also presented a

similar work in [128] with a distributed antenna system (DAS) in order to enhance the channel

diversity. These two simulation works are the basis of this chapter. Meanwhile, the experimental

validation of AS in an FD BS is presented in the next chapter.

5.1 Introduction

Receive antenna selection is combined with cross-polarization and antennas conditional place-

ment in order to perform the required SIC. HD uplink user-equipments (UE) are used to estimate

the effect of downlink (DL) SI on the uplink (UL) reception at the FD BS. In the proposed

scenario, UEs operate in HD TDD mode. At a certain time, part of them are acting as UL users,
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and the rest are receiving the DL signal. Meanwhile, the BS is working in FD mode, so it can

simultaneously transmit its signal to the specific DL users and receive the signals from UL users.

Another deployment scenario is IAB with the same setup. For example, at a certain moment all

the users are transmitting UL signals, and the FD BS receives them and simultaneously transmits

the backhaul signal to the core network in the same frequency band.

Three AS criteria are used, 1) MSNR: maximization of SNR without considering the SI

channels. 2) MSSINR: maximization of SSINR, where SI channels are considered. 3) MCGR:

maximization of channel gain ratio, as will be explained later. The performance of the system

is evaluated by bit-error-rate (BER), sum-rate per Hz, residual SI (RSI), and FD/HD sum-rate

enhancement ratio.

Along with the performance improvement MIMO technology offers, comes a considerable

limiting factor represented by the resulting complexity due to using a dedicated RF chain for each

employed antenna in conventional MIMO systems. Consequently, this would highly increase the

implementation costs which escalate along with the number of employed antennas [129].

AS technique provides the possibility to reduce the accompanying costs while maintaining

many of the advantages that MIMO systems offer, by using a limited number of RF chains and

selecting a subset of antennas from the total available antennas. This way, the number of RF

chains will be reduced to the number of the selected antennas, and the implementation costs

of the MIMO system will be reduced. The best set of antennas to be selected is determined by

deploying a specific antenna selection criterion. AS can be deployed at the receiver side and/or

at the transmitter side as well, with the condition that the Channel State Information (CSI) for all

MIMO channels, must be known at the receiver and/or at the transmitter side respectively [130].

This condition can be met by training the MIMO channels through using pilot signals, in order

to be able to estimate the channel at the receiver side, and to feedback the estimated CSI to the

transmitter in case of AS implementation at the transmitter side. Nevertheless, in this simulation

work, perfect knowledge of the channels is assumed; meanwhile, in the experimentation work,

all the channels will be estimated as shown in the next chapter.

5.2 System Model

Since the essential objective of this work is the evaluation of the AS performance in mitigating

the SI in an FD BS, for simplicity, a maximum of three UL single-antenna users are considered

in different locations NU = {1, 2, 3}. Further work can be done to evaluate the DL reception at
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different DL users, and to analyze the inter-user interference from UL users to DL users. The FD

system model is denoted in Fig. 5.1. A femto-BS is considered with NR receive antennas, and a

single transmit antenna that transmits the DL signal (NT = 1). In the HD system, and for each

user the UL signal is given by the following linear model

y =
√

Ex H x+ wr, (5.1)

where x is the transmitted symbol from the UL user, H is the NR × 1 channel vector. Ex is the

transmission power and wr is AWGN following the complex Gaussian distribution with zero

mean and σ2INR
covariance matrix. σ2 is the noise covariance and INR

is the NR ×NR identity

matrix. Then, the SNR is given by ρ = Ex/σ
2. When AS is implemented at the receiver side in

the BS, with the assumption of complete knowledge of the CSI at the receiver, one antenna is

selected out of the NR receive antennas of the BS. The signal model of the received signal using

the selected receive antenna is

ys =
√

Ex hs xs + ws, (5.2)

where hs is the channel response of the selected antenna, and ws is the AWGN.

FD BS
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Figure 5.1: FD AS system model

The FD system is assumed to be applied in an indoor environment; consequently, the UL

signal and the SI signal experience multipath propagations. The impulse response of the channel
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between the UE’s transmit antenna, and one of the NR receive antennas is given by the following

model

CIR(t, τ) =

P (t)
∑

p=1

αp(t) e
−jϕp(t)δ(τ − τp(t)), (5.3)

where τp, αp and ϕp are the delay, the attenuation, and the phase shift of the pth path. The

frequency domain response is obtained by applying Fourier transform to the impulse response as

H(f) =

+∞∫

−∞

CIR(τ) e−2πfτ dτ. (5.4)

OFDM waveform is used to overcome the Inter-Symbol Interference (ISI), which is a

result of the multi-path propagations. The transmit symbol vector in the frequency domain is

of size Nused × 1, where Nused is the number of used subcarriers in the OFDM symbol. After

receiving the transmitted signal using all the NR receive antennas, and estimating propagation

channels, the received symbol vector in frequency domain at the receiver baseband is given for

NR ·Nused ×Nused by the frequency domain channel matrix

H =







H(0) · · · 0
...

. . .
...

0 · · · H(Nused − 1)






, (5.5)

where each diagonal element H(k) represents the 1×NR channel vector for the kth subcarrier

H(k) =
L−1∑

l=1

G(l) e
−i

2πkl

Nused , (5.6)

where G(l) is the NR × 1 vector for the lth delay of the channel impulse response.

After AS implementation, the received signal from the UL user u at the BS using the

selected antenna is given by
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yu(k) = hul(k)xul(k) + αβ hsi(k)xdl(k)
︸ ︷︷ ︸

self-interference

+

NU∑

q=1,q 6=u

Hq(k)xq(k)

︸ ︷︷ ︸

inter-user-interference

+w(k),
(5.7)

where xul(k) is the uplink transmitted signal from the specific UL user u, and hul(k) is the

forward uplink channel response. hsi(k) is the SI channel response between the BS’s downlink

transmit antenna and the selected receive antenna. xdl(k) denotes the transmitted downlink signal.

β is the SI digital attenuation factor, where the maximum value of β is one when no digital SIC

is implemented, and α denotes the SI suppression factor in the analog and propagation domains,

so it sums the impacts of AS, cross-polarization, and the SI channel path loss. The summation

in (5.7) denotes the unwanted signals from other UL users. This term may be neglected if

single-carrier frequency division multiple access (SC-FDMA) is used. In LTE, SC-FDMA

guarantees the orthogonality of the uplink multiplexing. w(k) is the AWGN in the receiver of

the BS. Meanwhile the DL received signal at the dth ∈ {1, .., ND} user yd(k) can be written as

yd(k) = hdl(k)xdl(k) +

ND∑

m=1,m 6=d

hm(k)xm(k)

︸ ︷︷ ︸

interference from DL users

+

NU∑

u=1

hud(k)xu(k)

︸ ︷︷ ︸

interference from UL users

+wd(k),

(5.8)

where hdl(k) is the DL channel of all sub-carriers for the user d while wd represents the AWGN

at the dth DL user.

5.3 Selection Criteria

In general, the optimal AS is realized by selecting the antenna, or a subset of antennas, that

achieves the maximum capacity with full rank channel matrix. In real implementation, with

practical approximation, the optimal AS criterion is to maximize the SNR in an HD system, or

the SSINR in an FD system. In this experiment, three AS criteria are deployed.
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5.3.1 Maximization of Signal-to-Noise Ratio (MSNR)

In this criterion, the BS selects the antenna aj that maximizes the received SNR as

Select aj = argmax {ρ}. (5.9)

ρ is the mean SNR, and it is the given by

ρ =
S

N
, (5.10)

where S is the uplink received signal power, and N is noise power. ρ can be calculated from

(5.7) and with neglecting the SI part.

5.3.2 Maximization of Signal-to-Self-Interference-plus-Noise Ratio (MSS-

INR)

In [127], optimal receive AS criterion is proposed and investigated for the purpose of SI mitigation

in the BS of a wideband FD system. In this criterion, the BS selects the antenna aj with the

maximum achieved SSINR

Select aj = argmax {Γ}. (5.11)

Γ is the mean SSINR, and it is given by

Γ =
S

N + SI
, (5.12)

where S is the desired forward received signal power, N is the noise power, and SI is the power

of the undesired self-interference signal. Γ can be calculated from (5.7).

5.3.3 Maximization of Channel Gain Ratio (MCGR)

With this criterion, the selected receive antenna is the one that achieves the maximum ratio Π

between the forward channel gain and SI channel gain according to

Select aj = argmax {Π}. (5.13)
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Π is the CGR, and it is given by:

Π =
‖hul‖

‖hsi‖
, (5.14)

where the channels responses are estimated during the channel training phase as will be explained

later.

For multi-user in the UL, the three criteria are extended to maximize the sum value of all

UL users. Then the MSNR criterion complexity is given by O(Nused ×NU ×NR
2), meanwhile

it is O(Nused ×NU ×NR
2 ×NT ) for MSSINR, and O(Nused ×NU ×NR ×NT ) for MCGR

criterion.

5.4 Simulation Setup

The FD femto BS scenario is simulated using Wireless Insite and MATLAB. The ray-tracing

method is employed to capture a precise site-planning assessment and to get the impulse responses

of the multipath channels. Rather than theoretical models, the ray-tracing method allows precise

specification of the environment, and it provides detailed channel characterizations for a practical

scenario. Built-in omnidirectional antennas are used in the ray-tracing tool with linear horizontal

or vertical polarization for each direction. The DL, UL, and SI channels coefficients are exported

to MATLAB for the baseband processing as a wideband OFDM system. Fig. 5.2 shows the

simulated environments in an indoor femto-BS as a multi-room office where BS antennas are

mounted on the 3m height ceiling, and the users are 1m high. A summary of the simulation

parameters in this setup is presented in Table 5.1.

The performance is evaluated by bit error rate (BER), and sum rate per user in average, i.e.,

the sum of uplink and downlink rates in BS for an average user while changing the SNR. The

results are averaged over three values for number of users NU = {1, 2, 3} in each direction, and

in random positions.

5.5 Results

Employing the combined solution yields a good SI mitigation in the analog domain, even before

applying the digital SIC. In simulation, the applied techniques in the propagation domain provide

about α = −75 dB of mitigation in average, meanwhile further enhancement is achieved when

digital SIC is applied with β = −20 dB. The SI channel path loss provide about 35 dB of

cancellation, meanwhile the AS and cross-polarization provide about 40 dB together. In general,
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Figure 5.2: The indoor environment of simulation

Table 5.1: Summary of simulation parameters

Parameter Value Description

Fc 5 [GHz] Carrier frequency

Fs 30.72 [MSa/s] Sampling rate in baseband

Nfft 2048 FFT size of OFDM

Nused 300 The number of active subcarriers

∆F 15 [KHz] Subcarrier spacing

B 4.5 [MHz] Bandwidth

Ncp 256 The number of samples in CP

τsym 75 [µs] Time duration of one OFDM symbol

τcp 8.33 [µs] Time duration of one CP

NR 4, 8, 16 The number of receive antennas

NU 1, 2, 3 The number of users

A 4 Alphabet size of constellation mapping, 4-QAM
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a small decrease in the performance of UL/DL is expected for moving/handheld devices, as the

cross-polarization may not be perfect in this case. However, the mitigation of SI in BS achieved

by cross-polarization remains almost the same. Fig. 5.3 shows the performance comparison

of the two algorithms with and without cross-polarization in the case of 8 BS receive antennas.

Since no channel coding is implemented in the simulation, the calculated error rate here is

uncoded BER. The channel capacity of the system when no antenna selection is implemented is

given by

CNoAs = log2(1 + ρa), (5.15)

where ρa is the average estimated SNR per receive antenna before AS. When the HD AS criterion

is employed, the channel capacity is calculated by

CHDsel
= log2(1 + ρsel), (5.16)

where ρsel is the estimated SNR at the selected antenna, and is calculated as in (5.10). Meanwhile,

the rate can be calculated as in the HD system, except using SSINR instead of SNR.

CFDsel
= log2(1 + Γsel), (5.17)

where Γsel can be calculated as in (5.12).

Similarly, Fig. 5.4 shows the effect of changing the number of receive antennas using the

practical AS algorithm. From Fig. 5.4(a) it is clear that the degree of freedom provided by 16

antennas in the case of FD can ensure a comparable performance (BER) with an HD system of 4

or 8 antennas. The gain, in this case, is doubling the capacity as in Fig. 5.4(b).

Finally, Fig. 5.5 shows the enhancement ratio of FD capacity over HD capacity for both

algorithms. The ratio in the practical algorithm is about 1.85 compared to nearly 2 in the case of

the optimal selection, with comparable BERs.

5.6 Distributed Antenna System

After showing the results of the proposed AS FD system, the focus now is to evaluate the effect

of using distributed antennas instead of co-located antennas. The earliest literature about DAS

is [131], where it was presented as a solution to cover the dead spots and reduce the large-scale

73



Chapter 5. Co-located and Distributed Antenna Selection in a Full-Duplex Base-Station

0 2 4 6 8 10 12 14 16 18 20

SNR [dB]

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

B
E

R

FD No AS

FD AS No X-polar MCGR

FD AS No X-polar MSSINR

FD AS with X-polar MCGR

FD AS with X-polar MSSINR

HD AS MCG

HD AS MSNR

MCGR

FD no x-polar

MSSINR
FD with x-polar

MCGR

HD
MSSINR

(a)

0 2 4 6 8 10 12 14 16 18 20

SNR [dB]

0

5

10

15

20

25

30

35

S
u
m

 R
a
te

 p
e
r 

U
s
e
r 

[b
p
s
/H

z
/u

s
e
r]

FD AS with X-polar MSSINR

FD AS with X-polar MCGR

FD AS No X-polar MSSINR

FD AS No X-polar MCGR

HD AS

FD no x-polar

HD

FD with x-polar

(b)

Figure 5.3: Performance comparison of the two algorithms in case of 8 receive antennas (a)

BER (b) Sum rate per UE
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fading impact in indoor wireless communications, then many literature analyzed the benefits

of DAS like coverage extension, link reliability enhancement, and power saving in cellular

systems [132–141]. Thus, DAS has acquired great attention in 3GPP standardizations [142].

Moreover, it is one of the promising antenna techniques to be used in 5G, especially to form

user-centric manner virtual cells [143]. In DAS, many remote antennas and remote radio heads

(RRHs) are distributed over a certain area and connected to the central base station by coaxial

cables, or by optical fibers using Common Public Radio Interface (CPRI) or a similar flexible

interface. The latter setup is known as Radio over Fiber (RoF).

The attractive advantages of DAS over co-located antennas, such as higher diversity gain

and power efficiency, urge to investigate more about the exploitation of DAS in FD systems.

Distributing BS antennas may make SIC easier as it allows SI to be mitigated in the propagation

domain. DAS provides a more degree of freedom in selecting the weakest SI channels between

the transmitter and the receiver.

Many works have been done to analyze FD DAS theoretically. The earliest literature focused

on Full-Duplex Relaying (FDR) as in [144, 145], meanwhile the work in [146, 147] analyzed

the resource allocation and the energy efficiency in FD BS with distributed antenna, and the

hybrid duplex was proposed in [148]. To the best of our knowledge, all of the prior works studied

antenna selection and DAS in FD cell theoretically, proposing resource allocation algorithms

without any focus on the SIC that can be achieved by DAS. The aim here is to investigate AS in a
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Figure 5.6: The indoor environment of simulation

practical scenario of femto BS with distributed antennas in comparison with co-located antennas.

Fig. 5.6 shows the simulated environment of an indoor femto-BS as a multi-room office, where

BS co-located/distributed antennas are mounted on the 3m high ceiling, and the users grid is 1m

high.

Fig. 5.7 shows the BER performance for different operating modes with 8 receive antennas.

The BER of FD modes is almost similar in both distributed antenna and co-located scenarios,

and very close to the HD case with antenna selection. It is clear that applying FD does not cause

considerable degradation of the performance compared to the no antenna selection case.

In terms of capacity, Fig. 5.8 presents the sum-rate performance of the simulated channels

using antenna selection with 4 and 8 antennas for both distributed and co-located antennas

systems. The FD capacity enhancement is clear when comparing to HD mode. The performance

of co-located and distributed antenna systems in HD transmission is almost the same; however,

in FD mode, the distributed antenna provides slightly better performance. The performance

difference between FD distributed and co-located antennas in the case of co-polarization is

greater compared to the cross-polarization case; this is because distributing the receive antennas

away from the transmit antennas makes the SI polarization isolation much less effective. From

this figure, it may be seen that there is limited enhancement by distributing the antennas in the

cross-polarization case; however, the enhancement can be observed clearer as a ratio as in Fig.

5.9.

The capacity enhancement ratio FD/HD in distributed antenna mode is better than the co-

located antenna selection case. The enhancement ratio deviation is found to be more pronounced
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in case of 8 antennas compared with 4 antennas.

Finally, Fig. 5.9 shows that, in both distributed and co-located cases, the 4-antenna scenario

achieves a higher enhancement ratio compared to the 8-antenna scenario. This indicates that

increasing the number of antennas will not lead to a scalar increase in performance.
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Figure 5.9: FD/HD enhancement ratio of co-located and distributed antenna selection

To conclude, the impact of distributing the receive antennas on SIC can be outlined as follow

• The path loss between the transmit and the receive antennas causes higher SI isolation.

• Distributing the receive antennas provides better diversity to select the antenna that guar-

antees minimum SI in the base station.

• The SI isolation, which is attained by the cross-polarization, is almost ineffective in case

distributed antennas. This is due to the rich scattering SI channel in the indoor environment.

5.7 Conclusion

In this chapter, receive antenna selection is employed to enable FD transmission in a femto

base-station. The proposed scheme combines wideband antenna selection and cross-polarization.

A ray-tracing tool is used to precisely characterize the indoor multi-path channel environment

instead of using theoretical channel models. A baseband analysis is conducted to evaluate the

performance of the full-duplex system. Different AS criteria are simulated and compared in

terms of performance and complexity. Both co-located and distributed antenna systems show
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similar performance. The simulations show promising results for both. However, the simulation

can be extended to more complex antenna selection scenarios. The work was confined to a

small number of users; therefore, further investigation is required with a larger number of users.

Nevertheless, the presented simulation is the basis for implementing an FD base-station with

antenna selection in a real testbed, as shown in the next chapter.

80



Chapter 6
Experimental Validation of a Full-Duplex

Base-Station with Antenna Selection

6.1 Introduction

The work in this chapter presents the hardware validation of the simulation work in the previous

chapter. This work aims to experimentally enable the FD transmission in an indoor wideband

femto-BS with antenna selection.

Various scenarios are experimented in the testbed, such as changing the number of antennas,

the type of isolation (vertical/horizontal), and the type of antennas (Omnidirectional/directional).

Three AS criteria are used, 1) MSNR: maximization of SNR without considering the SI channels.

2) MSSINR: maximization of SSINR, where SI channels are estimated. 3) MCGR: maximization

of channel gain ratio, as will be explained later. The performance of the system is evaluated by

the bit-error-rate (BER), the sum-rate, the residual SI (RSI), and FD/HD sum-rate enhancement

ratio.

In this chapter, the details of the built-up testbed of the FD BS are described. First, the

full structure of the testbed is presented, including hardware structure, signal structure, and

transmission/reception workflow. Next, the signal processing chain and several key signal

processing modules, e.g., synchronization, channel estimation, are described. Afterward, the

testbed integration and the measurement environment are explained. Then, the measurement

results are presented with various cases regarding the used criteria, the number and the type of

antennas, and the antenna separation structure. Finally, the conclusions are drawn at the end of

the chapter. The work presented in this chapter is published in [149].
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6.2 Testbed Setup

The FD system model is denoted in Fig. 5.1. The system is assumed to be applied in an indoor

environment; consequently, the UL signal and the SI signal experience multipath propagations.

6.2.1 Hardware Structure

Fig. 6.1 demonstrates the block diagram of the testbed setup. The setup consists of the following

equipment:

1. Controlling PC where the following tasks are done:

• Generation of the transmit data in MATLAB

• Digital signal processing of the transmit and receive data

• Applying the proposed antenna selection criteria according to the adopted scenario

• Sending control commands to the employed equipment

2. Arbitrary wave generator (AWG) where the digital transmit data are converted to an

analog wideband RF signal and prepared to be sent over the air via the transmit antennas.

3. Digital signal analyzer (DSA) where the analog received RF signals are down-converted,

digitized, and transferred to the PC for further processing in MATLAB.

4. Arduino platform which is responsible for controlling the RF switch for selecting the

receive antenna. The Arduino platform receives its control commands from MATLAB via

Universal Serial Bus (USB) interface.

5. RF switch the RF switch has three control pins connected to Arduino platform, which

correspond to eight switch ports, each port is connected to a single receive antenna.

6.2.2 Signal Structure

The main aim of this experiment is to investigate the performance of the FD system with

practical implementation errors, realistic channels, and wideband signals. Thus, the signal

structure adopted in the testbed should be thoughtfully designed, including the frame structure,

the resource grid structure of the channel training pilots and user payload data, which will be

explained in this section.
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Figure 6.1: Block diagram of the FD antenna selection testbed

Frame design

In order to decide which is the best receive antenna by deploying the antenna selection criterion,

channel training must be initially arranged. This order is manifested in the frame design in the

testbed for the HD and the FD scenarios. In the HD scenario presented in [24], each frame

is comprised of two subframes, subframe 0 (SF0) and subframe 1 (SF1). SF0 is dedicated

essentially for forward channels training, that is why it is composed of NR identical slots, where

NR is the number of the BS’s receive antennas. Each slot contains:

• One pilot OFDM symbol: to train one of the NR receive antennas.

• Payload data OFDM symbols: which are used to calculate the BER of the corresponding

channel after demodulation.

• Guard period (GP): the RF switching between the antennas is done in this period.

SF1 is essentially dedicated for transmitting the actual payload data. After the AS criterion

is deployed, and the best antenna is determined, SF1 is transmitted and then received using

the selected antenna. SF1 consists of payload data OFDM symbols and only one pilot OFDM

symbol. Although both subframe SF0 and SF1 consist of pilot-payload-blocks, their functions
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are different: SF0 is mainly used for channel training and short payload data transmission;

while SF1 is mainly used for long payload data transmission/reception, as it uses the high

reliable selected antenna. Besides, since no antenna selection is made in SF0, the payload data

transmission in this subframe can emulate the system without specific selection functionality,

which serves as a benchmark for the antenna selection algorithms.
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Figure 6.2: HD Frame structure

Fig. 6.2 shows the frame structure, as in [24], for the HD system, where there is no downlink

transmission.

In the FD scenario, the channel training stage must be considered for the uplink forward

channels, as well as for the SI channels, and there will be simultaneous uplink and downlink

transmissions after selecting the antenna. Therefore the frame structure must be modified for

the FD scenario. Fig. 6.3 shows the extended frame structure for the FD scenario. The uplink

subframe 0 (SF0UL) is dedicated to forward channels training; meanwhile, the SI calibration

subframe 0 (SF0Cal) is dedicated to SI channels training. SF1UL and SF1DL in the FD scenario

are the uplink subframe 1 and the downlink subframe 1 respectively, which are dedicated for

the actual uplink payload data transmission and the actual downlink transmission respectively.

SF1UL and SF1DL have the same structure as SF1 in the HD scenario.

It is important to notify here, that the SI channel calibration must be used when the

experiment runs for the first time, yet it does not necessarily have to be executed for each

frame. This is because the SI channels have fewer variations than the UL forward channels, and

the SI channels are more affected by the form factor of the BS, unlike the forward channels

which are more subject to the surrounding environment and UEs locations. Consequently, when

no SI channels calibration is required, SF0Cal can be omitted from the FD frame structure.
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Figure 6.3: FD Frame structure, with SI channels calibration

OFDM Waveform Configuration

The wideband OFDM waveform is used as it is described in many practical communication

standards, such as LTE, and 802.11 Wireless Local Area Network (WLAN). The number of

subcarriers is Nfft = 2048, which is the size of the Fast Fourier transform (FFT) in OFDM

modulation. Only the central Nused = 300 subcarriers around the DC subcarrier are active,

and the high-frequency subcarriers are inactive with zero values. The DC subcarrier has a zero

value to omit the DC offset that affects the dynamic range of the AWG DACs and DSA ADCs.

The subcarrier spacing is ∆F = 15 kHz as in the LTE standard. Hence, the bandwidth of the

waveform can be calculated as B = Nused∆F = 4.5 MHz. The waveform in the baseband has

a sampling rate of Fs = 30.72 MHz, so the sampling period Ts ≈ 32.55 ns. The number of

samples for CP is Ncp = 256, which has the time duration of τcp = NcpTs = 8.33 µs. Therefore,

one OFDM symbol, including CP, occupies the time duration τsym = 1/∆F + τcp = 75 µs.

Pilot-payload-block Structure

Fig. 6.4 depicts the structure of one pilot-payload-block in the time-frequency domain. Each

OFDM subcarrier is denoted as a square box. Each column of Nfft subcarriers denotes one

OFDM symbol in the frequency domain. As mentioned earlier, in an OFDM symbol, only the
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central Nused subcarriers are active to carry pilots or payload data, while the other subcarriers are

inactive. The active subcarriers are called Resource Elements(RE). In the first OFDM symbol,

the REs carry only pilots, while the REs in the rest OFDM symbols carry payload data. The

pilots in the first OFDM symbol are arranged in interleaved configuration with the separation

of Pplt, and the pilots of different users are allocated with different REs to keep orthogonality

among them as shown in the figure. There are totally N
(0)
D and N

(1)
D OFDM symbols for the

payload data in SF0 and SF1, respectively.

U1

U1

U1

U1

Time

F
re

q
u

e
n

cy

i=0 i=ND

OFDM symbol

Payload data REs

Pilot of user1 REs

Pilot of other users REs
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Figure 6.4: Pilot-payload-block structure and the REs allocation for user-1 pilots
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Figure 6.5: Flowchart of the experiment (a) HD (b) FD with SI channel calibration

6.2.3 Transmission and Reception Workflow

Fig. 6.5a and 6.5b describe the workflow of the HD AS system and the FD AS system in the

experiment respectively.

In the HD scenario, the first stage is to train the uplink forward channels. The estimation of

the channel and SNR value is done for each receive antenna at the BS. After the AS criterion is

deployed, and the best receive antenna is selected, SF1 is transmitted and received using the

selected antenna and further signal processing on the received data is performed in MATLAB.
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In the FD scenario, if the SI channels information has not been estimated yet, or it must

be calibrated, the first stage is the training of the SI channels, i.e., the channels between the

BS’s DL transmitter and each of its receive antennas. This can be done by transmitting and

receiving SF0Cal, so that the SI channel matrix is estimated and the SI signal power at each

receive antenna is measured. Note that the payload in SF0Cal may be omitted, but it is kept here

only for the sake of design symmetry. Next, SF0UL is used in order to estimate the forward

uplink channel and the signal power at each receive antenna. Afterward, one of the suggested

FD AS criteria is deployed, and the best receive antenna is selected. The uplink and downlink

SF1 signals are transmitted simultaneously, and the UL reception is realized using the selected

antenna.

Transfer to

AWG

Switch to the

Nslot th receive

Antenna

Download

from DSA
Nslot =NR ?

No

Nslot =Nslot +1

Data

Processing

SF0UL

Forward
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Generation

Start

Yes

Nslot =1

End

Figure 6.6: Channel estimation flowchart

Fig. 6.6 shows the workflow of the forward channels’ training stage. The data of the first

slot in SF0UL are generated and then transferred to AWG, where they stored and transmitted

repeatedly. The RF switch then operates during the guard period of the slot to switch to the

corresponding receive antenna. The DSA then collects the received data and transfers them to

the controlling PC to be processed in MATLAB. The cycle of switching-receiving is repeated

until NR slots data are received using the corresponding NR receive antennas so that all the

forward channels are estimated. Note that the channel training has the same stages, whether it is

HD or FD operating scenario, and whether the uplink or the SI channels are being estimated, the

difference is the training subframe that is being used in the training process.
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6.3 Signal Processing in the Testbed

6.3.1 Signal Processing Chain

The sequence of signal processing stages at the transmitter’s side of the experiment is presented

in Fig. 6.7. The transmit payload data are digitally modulated into 4-QAM with a gray-coded

signal constellation, the training pilots are generated and then mapped to the payload symbols.

Afterward, the OFDM signal is digitally generated with a sampling rate of 30.72 MSa/s. The

OFDM waveform parameters are presented in Table 6.1. The baseband signal is then up-sampled

to the AWG’s required sampling rate of 15.73 GSa/s, and up-converted to the carrier frequency

of 5.2 GHz. The wideband OFDM signal is then transferred to the AWG to be transmitted using

the transmit antenna. It must be notified here, that the signal processing stages are similar for the

uplink and the downlink signals transmissions, yet the differences are, that each transmission

case uses different transmit payload data, and is carried out by using a dedicated AWG channel.

It is worth mentioning here, that the OFDM samples in the time domain are Gaussian-like with a

high peak to average power ratio (PAPR). In order to use the full dynamic range of the AWG

DACs, which means increasing the average transmit power with the fixed full-scale AWG DACs,

the PAPR has to be reduced before the AWG DAC. In this experiment, the PAPR reduction is

made using the conventional clipping method [150] as explained later.

At the receiver, the wideband OFDM signals are received using one of the receive antennas

and then directed to the DSA for analog to digital conversion, where the determined sampling

rate for the DSA is 20 GSa/s, the wideband signal is then down-sampled with the baseband

OFDM sampling rate of 30.72 MSa/s, and down-converted to the baseband frequency. Afterward,

the signal is OFDM demodulated to get the training pilots and payload symbols. The training

pilots are used for channel and power estimation, where the payload symbols are 4-QAM

demodulated, and the resulting received bitstream is used to calculate the BER of this transmission
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by comparing it to the transmitted payload bitstream. Since no channel coding is implemented in

the testbed, the calculated error rate here is uncoded BER.

Table 6.1: Table of OFDM waveform parameters

OFDM Parameter Value

Carrier Frequency, Fc 5.2 GHz

FFT Size, Nfft 2048

Subcarrier Spacing, ∆f 15 KHz

Number of used Subcarriers, Nused 300

Bandwidth, B 4.5 MHz

Sampling Rate, Fs 30.72 MSa/s

Cyclic Prefix Duration, τcp 8.33 µs

OFDM Symbol Duration, τsymb 75 µs

Modulation Scheme 4-QAM

6.3.2 Signal Processing Modules

After the main functions of the signal processing chain were outlined, the implementation of

some key modules will be explained in detail in this subsection.

Pilot generation

The pilots are generated based on LTE standards as shown in [151]. Assuming Pplt is the period

of pilot REs, the number of pilot symbols for each user is Nplt = Nused/Pplt. The pilot symbols

for each user are generated using Gold code as
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Figure 6.9: Gold code generation using shifting registers

xplt(m) =

√

δboost
2

(1−2cgld(2m))+j

√

δboost
2

(1−2cgld(2m+1)),m = 0, 1, ..., Nplt−1, (6.1)

where δboost is the pilot power boosting factor over the payload data REs to improve the perfor-

mance of channel estimation and synchronization. cgld(.) is a Gold code with order-31, generated

by shifting registers shown in Fig. 6.9. The Gold code is derived from the modulo-2 addition

of two maximum-length sequences as cgld(n) = (xmseq1(n+Nshft) + xmseq2(n+Nshft)mod2,

where Nshft is fast-forward value used to reduce the correlation between sequences, and the two

maximum-length sequences are calculated, as shown in the figure, by

xmseq1(n+ 31) = (xmseq1(n+ 3) + xmseq1(n))mod2,

xmseq2(n+ 31) = (xmseq2(n+ 3) + xmseq2(n+ 2) + xmseq2(n+ 1) + xmseq2(n))mod2.

(6.2)

OFDM modulation/demodulation with CP

The diagram of OFDM modulation [152] is shown in Fig. 6.10 . First, a serial to parallel

convertor is used to rearrange the constellation modulated symbols. The key function of OFDM

modulation is the Inverse Fast Fourier transform (IFFT). IFFT block transforms the frequency

domain constellation xfd(u, k) to the time domain date xtd(u, n), where xfd(u, k) denotes the

constellation symbol of the uth user and kth subcarrier in the frequency domain. This process
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Figure 6.10: OFDM modulation block in details

can be expressed as

xtd(u, n) =
1

Nfft

∑

k∈U

xfd(u, k)e
j2πkn

Nfft , n = 0, 1, ..., Nfft − 1, (6.3)

where U is the set of the active subcarriers in one OFDM symbol. After IFFT, the end part of

the time-domain samples is copied to the beginning of the OFDM symbol to produce the Cyclic

Prefix (CP). CP aims to protect against the inter-symbol interference (ISI) caused by multipath

channels. Besides, the redundancy included by CP can also be utilized by the following signal

processing, e.g., timing synchronization. The OFDM demodulation is just the reverse of OFDM

modulation, which means removing the CP, FFT, and parallel to serial conversion.

Digital up/down-sampling/conversion

An antialiasing FIR lowpass filter with Nfir order is used to make the digital up/down-sampling.

Towards the AWG, the up-sampling of the OFDM modulation output is done with a ratio

Fs,awg/Fs, meanwhile, the down-sampling is done from the DSA with a ratio Fs/Fs,dsa.

In the transmitter, after the up-sampling, the signal is up-converted from the baseband

to the RF-band. For the nth sample of the uth up-sampled sequence xupsam(u, n), where

u = 1, 2, ..., NU , the up-converted sequence xupcon(u, n) can be obtained, by frequency shifting,

as

xupcon(u, n) = xupsam(u, n)e
j2πFcnTs,awg . (6.4)

Meanwhile, the down-conversion is the reversed process as

xdowncon(l, n) = xdsa(l, n)e
−j2πFcnTs,dsa , (6.5)
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where xdsa(l, n) is the nth sample of the lth DSA output data stream, l = 1, 2, ..., L.

PAPR reduction

OFDM signals can have high peak values in the time domain since many subcarrier components

are added via the IFFT operation. Thus, OFDM systems are known to have a high PAPR when

compared to single-carrier systems. The high PAPR is one of the most harmful features in an

OFDM system as it decreases the signal-to-quantization noise ratio (SQNR) of ADC and DAC.

The reduction of PAPR allows using the full dynamic range of the convertors. In this experiment,

the PAPR reduction is based on the conventional clipping method that clips the samples that

exceed the threshold [150].

Assuming that the maximum magnitude of the transmitted sequence xupcon(u, n) is xmax,u,

then the threshold can be defined by ηu = αxmax,u, where α is a fixed factor, set to 0.8 in the

experiment. The clipped signal can be written as

xclip(u, n) =







xupcon(u, n), |xupcon(u, n)| ≤ ηu,

xupcon(u,n)

|xupcon(u,n)|
ηu, |xupcon(u, n)| > ηu.

(6.6)

Synchronization

Both parts of the synchronization, time and frequency synchronization, are crucial to the receiver.

The time synchronization aims to find the first sample of the OFDM symbols for the OFDM

demodulation. The frequency synchronization is to compensate the residual frequency offset

between the AWG and DSA Although the AWG and DSA share the same reference clock, the

measured residual frequency offset in the experiment is about 100 Hz.

The time synchronization is done as in [153], where the CP auto-correlation method with

Maximum Likelihood (ML) estimation is used. The method employs the redundant information

introduced by the CP in OFDM symbols. First, the observation interval of DSA should be

defined. Since the transmit data is sent slot-by-slot, the observation interval in general should be

at least twice of the slot duration to guarantee that a complete slot will be observed. However, in

this experiment, the AWG uses a ”continuous” configuration mode. That means that the AWG

repeats the slot data continuously, which allows the cyclic auto-correlation to be used. In this

case, the observation interval is only one slot, which is enough to find the start sample, and

93



Chapter 6. Experimental Validation of a Full-Duplex Base-Station with Antenna Selection

finally performs a cyclic shift to get the required slot data. The cyclic auto-correlation can be

calculated by

r(n) =

Nsamslot−1∑

n=m

xdowncon(n)x
∗
downcon((n+Nfft)modNsamslot), (6.7)

where Nsamslot is the number of samples in one slot. Since there are multiple OFDM symbols in

one slot, multiple peaks can be expected in |r(n)|, which causes ambiguity to decide the start

sample index of the slot. However, if the power boosting factor δboost is enough to guarantee

large pilot, then the start sample index can be determined by the maximum peak of r(n)

n0 = argmin
n

|r(n)|. (6.8)

Then based on the ML method in [153], the frequency offset can be estimated as

∆foff = −
1

2π
∠r(n0). (6.9)

In case that n0 + Nfft + Ncp > Nsamslot, the former smaller peak, i.e., with the index of

n0 −Nfft −Ncp, are used to estimate the frequency offset, which guarantees the constant Nfft

samples offset between CP samples and the OFDM tail samples in the sequential time.

Channel estimation

For the antenna selection system, the multi-antenna channels are estimated from the transmit

antennas to the receive antennas based on the time-domain Least Square (LS) based method

in [154]. The same estimation method is used for both forward UL channels, and SI channels.

For the uth user and the lth receive antenna, the observations on the pilot subcarriers (REs) in

the frequency domain are

[yl]Pu
= [hlu]Pu

⊙ [xu]Pu
+ [wl]Pu

, (6.10)

where xl, yl and wl are the uth transmit vector, lth receive vector and lth noise vector, respec-

tively; hlu is the channel response vector of the uth user and lth receive antenna in the frequency

domain; Pu is the pilot index set of the uth user. The Hadamard multiplication form in (6.10)
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can also be expressed as a matrix multiplication

[yl]Pu
= [Xu]Pu,Pu

[hlu]Pu
+ [wl]Pu

, (6.11)

where Xu is a diagonal matrix with the elements in xu as diagonal entries. The channel response

hlu in the frequency domain is the Fourier transform of the channel impulse response in the

time domain. In OFDM modulation, the Fourier transform is approximated by Discrete Fourier

Transform (DFT)

hlu = Fglu, (6.12)

where F is the Nfft × Nfft DFT matrix; glu ∈ C
Nfft×1 is the discrete time-domain channel

impulse response. Thus, (6.11) can be rewritten as

[yl]Pu
= [Xu]Pu,Pu

[F]Pu
glu + [wl]Pu

. (6.13)

In this equation, there are more variables (Nfft which is the length of glu) than the number

of equations (Nplt which is the number of pilots). This makes (6.13) is underdetermined to

estimate glu. However, as the channel path power only concentrates in the first multiple taps,

supposing Kg taps, in glu, accurate LS estimation of the channel can be obtained if Kg ≪ Nplt,

which is expressed by

[ĝul]Q = ([F]HPu,Q[F]Pu,Q)
−1[F]HPu,Q[Xu]

−1
Pu,Pu

[yl]Pu
, (6.14)

where the set Q = {1, 2, · · · , Kg}. Note that if Kg > Nplt, the matrix ([F]HPu,Q
[F]Pu,Q)

−1 in

(6.14) is non-invertible, which can be addressed by a regularization factor δreg, resulting in

[ĝul]Q = ([F]HPu,Q[F]Pu,Q + δregIKg
)−1[F]HPu,Q[Xu]

−1
Pu,Pu

[yl]Pu
, (6.15)

In this experiment, the regularization factor δreg = 0.01 is validated to be able to achieve

stable channel estimation results. Finally, DFT is applied to the estimated channel impulse

response ĝlu to obtain the channel response on all of the used subcarriers

ĥlu = [F]U ,Q[ĝlu]Q, (6.16)
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SNR and SSINR estimation

At first, the signal power and the noise power should be estimated. Then the SNR is estimated

by the ratio of the estimated signal power and noise power. For signal power estimation with the

linear system model in the frequency domain, the observation vector on the kth subcarrier is

yk = Ĥkxk + w̃k, (6.17)

where Ĥk ∈ C
NR×NU is the estimated channel matrix; w̃k is the noise plus channel estimation

error. The total signal power by NR receive antennas can be estimated by

Psig = E{tr{Ĥkxkx
H
k Ĥ

H
k }}

= tr{ĤkE{xkx
H
k }Ĥ

H
k }.

(6.18)

Note that E{xkx
H
k } = INU

assumed in the system model. Thus, the total signal power is

Psig = tr{ĤkĤ
H
k }

= ||Ĥk||
2
F.

(6.19)

Based on that, the average signal power per subcarrier and per receive antenna is

P̄sig =
1

NRNused

Nused∑

k=1

||Ĥk||
2
F. (6.20)

By neglecting the channel estimation error compared to the signal and the noise power, the noise

power can be approximately calculated by

P̄noise = P̄y − P̄sig, (6.21)

where P̄y is the average total receive power per subcarrier and per receive antenna. Clearly,

the accuracy of the noise power estimation, in this case, depends on the accuracy of channel

estimation. When the error of the channel estimation is high, the noise power estimation will be

dominated by the channel estimation error. The dominance of the channel estimation error is

significant especially when SNR is high (18 dB observed in the experiment). Thus, the noise
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power should be estimated independently to the signal power. Instead, the time domain CP

data is used to estimate the noise power as in [155]. As mentioned earlier, considering the

maximum channel delay is Kg taps, where Kg < Ncp, the CP samples with indices P1 =

{Kg + 1, Kg + 2, · · · , Ncp} in one OFDM symbol are free of inter-symbol-interference. Hence,

the noise power can be estimated in the time domain

P̄noise,td =
1

NU(Ncp −Kg)

NR∑

l=1

∑

n∈P1

|xdowncon(l, n)− xdowncon(l, n+Nfft)|
2. (6.22)

Then, the noise power per subcarrier in the frequency domain can be directly obtained by

P̄noise = P̄noise,td

||F||2F
Nfft

. (6.23)

When the DFT matrix F is normalized, then P̄noise = P̄noise,td. Finally, the average SNR on each

subcarrier is obtained by

ρest =
P̄sig

P̄noise

. (6.24)

Note that the SNR of the system should be defined at the receive antenna side, rather than

in the digital baseband. Therefore, the above estimated SNR in the digital baseband should be

calibrated by taking the insertion loss of the RF switches into account

ρest,as,dB = ρest,dB + βIL,switch, (6.25)

where ρest,dB = 10 log10(ρest); βIL,switch is the insertion loss of the RF switches in decibel. Through

measurement, it is βIL,switch = 3 dB.

For the estimation of SSINR, the SI power has to be estimated. The estimation is done as

the presented scheme for signal power estimation, where the SI power is the signal power which

is transmitted through the SI channels during the calibration subframe.

Antenna selection in wideband systems

After the estimation of SNR, SSINR, and forward/SI channels, the antenna selection is performed

using the three criteria which were explained in Section 5.3.
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6.4 Testbed Integration and Measurement Environment

As explained in the previous sections, the testbed consists of several hardware entities and

complicated digital signal processing modules. Hence, to develop the final FD testbed, a careful

and appropriate integration strategy is necessary, as a failure of a single module fails the whole

testbed. The integration strategy used in the development of this testbed is shown in Fig. 6.11.

The strategy is to start from a basic setup to more complicated configurations to reach the final

setup. The integration procedure is divided into five steps.
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Figure 6.11: FD testbed development strategy
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In step (I), the RF cables are used to directly connect the transmitter and the receiver.

For each port, a SISO HD (with TDD) system with a single RF cable is set up, which aims

to enable the communication-data and device-control links between the PC and AWG/DSA.

Another aim is to implement and verify many digital signal processing modules described earlier,

e.g., pilot generation, OFDM (de)modulation, synchronization. In a certain time slot, only one

transmission port is activated in AWG. In step (II), the RF cables are replaced with antennas in

order to test the signal processing models with real wireless channels. The transmission ports

are activated consecutively as in Time Division Multiple Access (TDMA). The involved digital

signal processing modules are verified to ensure their robustness over multipath-fading channels.

The next two steps are done separately, where one of them aims to achieve FD transmission,

and the other is to enable and verify AS in the HD transmission mode. The FD transmission is

considered in step (III), where the transmission is activated on all the AWG ports at the same

time. The BS receiver, in this step, suffers from the high power of DL SI signal. In step (IV), the

RF switch is added at the receive side to employ the antenna selection system in HD transmission

mode. The associated control functionality from PC to the RF switch via the Arduino board is

executed and verified. Finally, in step (V), the FD transmission is activated with AS to finalize

the testbed setup and verify the system performance. Fig. 6.12 shows the implemented testbed in

the lab.

Different SNR values at the receiver’s side are achieved in the measurements. Ten output

voltage values of the AWG’s output for the uplink signal transmission are used, which correspond

to ten transmission power values as denoted in Table 6.2. The AWG’s output level for the DL

SI transmission signal is always set to the maximum possible output value of (1 [V]), which

corresponds to about 0 dBm transmission power. The UL signal transmission is conducted at

different UE-BS separation distances between 1m and 4m and considering the line of sight

communication scenario. These separation distances correspond to path loss from 45 to 60 dB.

Consequently, the received power levels at the femto BS receiver are between −45 and −80 dBm.

The distance between the Tx antenna and the closest Rx antenna is about 26cm, which equals to 9

times of the half wavelength. This distance provides far-field propagation and achieves about 35

dB of SI isolation. In order to increase the accuracy of the measurement results, the experiment

is repeated for at least twenty times for each transmission power value, and the average results

are then considered. When the experiment operates in the presence of the SI signal in the FD

scenario, the SI channels are calibrated once for every ten trials of the experiment, considering
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Figure 6.12: The implemented FD antenna selection testbed

that, the SI channels have much fewer channel variations than the forward channels.

Finally, the measurement configuration parameters are shown in Table 6.3, and the layout of

the measurement room is shown in Fig. 6.13.

6.5 Testbed Measurement Results

6.5.1 HD Antenna Selection

The measurement results of the HD MSNR AS criterion are presented in Fig. 6.14. It shows

the BER performance with and without applying the HD AS criterion at two different UE-BS
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Table 6.2: Measured uplink transmission power levels

AWG’s output volatge [V] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

UL transmit power [dBm] -19 -13.4 -10.1 -7.8 -6.1 -4.8 -3.6 -2.5 -1.6 -0.7

Table 6.3: Testbed configuration parameters

Parameter Value Description

Fc 5.2 [GHz] Carrier frequency

Fs 30.72 [MSa/s] Sampling rate in baseband

Fs,awg 15, 73 [GSa/s] Sampling rate of AWG

Fs,dsa 20 [GSa/s] Sampling rate of DSA

Nfft 2048 FFT size of OFDM

Nused 300 The number of active subcarriers

∆F 15 [KHz] Subcarrier spacing

B 4.5 [MHz] Bandwidth

Ncp 256 The number of samples in CP

Kg 128 The number of channel delay taps

Pplt 4 Pilot period in frequency domain for each user

τsym 75 [µs] Time duration of one OFDM symbol

τcp 8.33 [µs] Time duration of one CP

NR 8 The number of receive antennas

NU 2 The number of users

N
(0)
D , N

(1)
D 8 The number of payload OFDM symbols in subframe 0 and 1

A 4 Alphabet size of constellation mapping, 4-QAM
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Figure 6.13: The layout of the indoor environment

separation values (1m, 2m). It is evident that applying HD AS criterion overcomes the case when

no AS is applied, at both UE-BS separation distances with better BER performances. It can be

seen as well, that a better BER performance enhancement is achieved by applying the HD AS

criterion at (2m) UE-BS separation, than at (1m) separation, due to better achieved multi-path

diversity at (2m) separation.

The sum-rate for the HD case is presented in Fig. 6.15. It is clear that the channel capacity

performance for (2m) separation is better than (1m) separation as the channels in the former case

have more diversity.

6.5.2 FD AS with three criteria

The three criteria, that were explained in subsection 5.3, are used in the FD system with 8

receive antennas. The BER performance comparison is shown in Fig. 6.16. The three criteria

achieve similar BER performances at low SNR values. This can be justified due to the high noise

power which causes considerable errors during forward and SI channels estimation. Whereas at

high SNR values, the MSSINR criterion overcomes the other two AS criteria. MSNR criterion

performs the worst among the three criteria because it only considers the forward channel for the

selection.

Fig. 6.17 compares the sum-rate per user performance for the three criteria. MSSINR
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Figure 6.14: HD BER - AS with 8 antennas

Figure 6.15: HD rate - AS with 8 antennas
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achieves slightly better capacity compared to MCGR at low SNRs, meanwhile, they have the

same performance when the noise power is much lower than the signal. Such observation can

be also seen in Fig. 6.18. The figure shows the enhancement ratio of FD rate over the HD rate.

At high SNRs, both MSSINR and MCGR criteria almost reach the theoretical boundary of 2.

The residual SI, that can be in some measurements about 3 to 6 dB over the noise, prevents

the FD system of exactly doubling the sum rate. Moreover, the PAPR of the OFDM signal and

the channels estimation errors cause slight performance degradation. MSNR performance is

quite lower compared to the two FD criteria, achieving around 1.45 in best case. Measurements

show that SI channel path loss guarantees about 30 to 35 dB of isolation. Besides the digital

SIC, which is β = −20 dB, the AS and cross-polarization provide each about 10 to 15 dB of

cancellation. The amount of SIC in propagation and analog domain is α = 55 to 65 dB. The total

amount of the achieved SIC is 75 to 85 dB, making SI almost reach the devices measured noise

floor which is around -80 dBm.

Figure 6.16: FD BER - AS with 8 antennas

The results of the testbed, compared to simulation results, are presented in Fig. 6.19. A

slight degradation in the performance is noticed, especially in low SNR range. The reason of

that is the channel estimation error which the testbed suffers from, unlike the simulation which

assumes a perfect knowledge of the channels.
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Figure 6.17: FD sum rate - AS with 8 antennas

Figure 6.18: FD/HD ratio - AS with 8 antennas
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Figure 6.19: Tesbed vs. simulation FD sum rate - AS with 8 antennas

6.5.3 Number of Antennas

The aim here is to measure the effect of the number of receive antennas in the base-station, three

cases are considered Nr ∈ {2, 4, 8}. In order to compare the performance of the three cases

fairly, the residual SI over the noise is measured before applying any digital SIC. This reflects

the SI mitigation that can be achieved in the analog domain for each case. RSI can be extracted

by subtracting the maximum attainable SSINR, in case of FD, from the maximum attainable

SNR of the HD system. Fig. 6.20 shows the measured RSI with the two AS criteria, MSSINR

and MCGR. It is clear that for 8 antennas the RSI is below 25 dB, which means less complicated

digital SIC is required compared to the case of 2 and 4 receive antennas.

6.5.4 Directional Antennas

Using directional antennas in the base-station provides better SI isolation. Thus, Vivaldi antennas

are used with the radiation pattern as in Fig. 6.21. The advantages of Vivaldi antennas are their

broadband characteristics and the easy manufacturing using printed circuit board. The 3-dB

beamwidth of the used antennas is about 50 degree, this guarantees a better isolation between the

transmit and receive antennas in the base-station, and therefore a better FD performance. The

UEs antennas, on the other hand, remain omnidirectional in both cases, so only the BS antennas

are changed. Fig. 6.22 shows the residual SI in both cases for 8 antennas with two AS criteria,
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Figure 6.20: RSI in case of different number of antennas

MSSINR and MCGR. It is obvious that the RSI in case of directional antennas is about 7 to

9 dB lower than the omnidirectional antenna. Fig. 6.23 and Fig. 6.24 show the performance

enhancement in terms of BER and capacity. Although the benefit of using directional antennas is

clear regarding SI isolation, it may cause limitations on BS coverage in some scenarios.

6.5.5 Horizontal and Vertical Antenna Separation

Better isolation can be achieved by changing the type of separation structure between receive

and transmit antennas as shown in Fig. 6.25.

By keeping the cross-polarization, and positioning the receive antennas within the axis

of transmit dipole antennas, the setup can provide further SI mitigation. Such setup is called

”vertical structure separation” instead of the ”horizontal structure separation” that is used in

the previous measurements. However, the geometry of separation is related to the number of

antennas which has an impact on the form factor of the designed base-station. Fig. 6.26, Fig.

6.27, and Fig. 6.28 show the performance evaluation of the two separation types in terms of RSI,

BER, and capacity.
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Figure 6.21: Vivaldi directional antenna pattern

Figure 6.22: RSI with directional antennas
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6.5. Testbed Measurement Results

Figure 6.23: BER with directional antennas

Figure 6.24: Sum rate with directional antennas
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(a) (b)

Figure 6.25: An illustration of two separation structures (a) horizontal structure (b) vertical

structure

Figure 6.26: Vertical vs horizontal isolation RSI
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6.5. Testbed Measurement Results

Figure 6.27: Vertical vs horizontal isolation BER

Figure 6.28: Vertical vs horizontal isolation sum rate
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6.6 Conclusion

In this chapter, the testbed implementation of an FD base-station with antenna selection is

described in details. Measurements are performed with wideband signals at 5 GHz in an indoor

environment. Measurement results show that the implemented setup has slight degradation in the

system performance compared to simulation, specially in low SNR values. This is due to channel

estimation errors that affect the criteria of antenna selection. However, the FD/HD enhancement

ratio is between 1.65 and 1.98 for MSSINR algorithm, whereas it is between 1.4 and 1.98 for

the less complicated algorithm MCGR. Both criteria show similar performance in high SNR

values, meanwhile MCGR shows worse performance by low SNR values. The reason is that

MCGR criterion doesn’t consider the noise, which is the dominant limitation in low SNR values,

rather than the SI. Nevertheless, the results, in general, are encouraging, and they show that FD

base-station with AS is a promising approach for enhancing the performance of next generations

of cellular system. In general, limited number of users are included in the applied scenarios,

thus further work with the proposed schemes in the dissertation would be an interesting topic for

future investigations. Furthermore, bulk AS criteria are used in the wideband system, so per-tone

AS algorithms would enhance the overall performance. Also, hybrid FD-HD users scenario is an

important topic for further research.
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Chapter 7
Conclusions and Outlook

The main scope of this thesis is to employ different multi-antenna techniques to enable full-

duplex transmission in a base-station. The motivation is to avoid the traditional approaches of

self-interference cancellation which depend on copying the transmitted signal by an auxiliary

chain, and feeding it back to the receiver in order to be subtracted from the total received

signal. We demonstrate, with an example, that these approaches are highly sensitive to hardware

impairments of the transceiver analog components. Before that, a literature review is done to

describe SIC requirements in FD BS and different SIC schemes in an FD transceiver. Next,

IQ imbalance in FD node is studied as an example of the effect of hardware impairments on

SIC performance. We show that with relatively small mismatches between I and Q chains,

the performance of SIC drops from 70 − 75 dB to 35 − 40 dB. Then calibration methods are

proposed to compensate this performance drop, using either a replicator unit or distributed

compensation units. Two types of IQ imbalance are investigated, frequency-independent and

frequency-selective mismatches. With these types and methods, we show that the original SIC

performance is partially or entirely restored. However, the complexity of compensating IQ

imbalance, not to mention other types of impairments (such as non-linearity, phase noise, etc.)

raises questions about the effectiveness of using the SI feedback/auxiliary chain approach at

the first place. More questions are raised in the case of multi-antenna/MIMO systems where

many transceivers are used. We show in this thesis that this approach can be avoided with three

multi-antenna technologies.

The first multi-antenna technology is reflect-arrays. We propose the use of reflect-array

in FD mobile systems. Dual-polarized reflect-arrays are designed to be used in a full-duplex

LTE base-station. We analyze the different self-interference components in indoor and outdoor
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environments. Evaluation of the system performance is done considering the BER and the

sum rate of the base-station in a simple case of two HD users, and three values of angular

separation (±20◦,±30◦,±40◦). The results show that the enhancement FD/HD ratio would

reach almost the theoretical boundary of two (1.87 − 1.98) in this scenario. However, as the

work was confined to a simple scenario, further work can be done, like increasing the number of

users and doing the beam-forming to different users’ positions. The system performance can be

enhanced in this complicated scenario by applying digital cancellation schemes to remove the

residual self-interference. Nevertheless, we prove that exploiting RA in an FD BS can provide

the required SIC isolation even in rich-scattering environments, and the technology of RA is

worth further investigation for FD base-stations as it shows promising results.

Afterward, we focus on the exploitation of receive antenna selection, in an FD indoor

wideband femto-BS, in two cases, co-located, and distributed antennas. Antenna selection allows

the node to select the forward/SI channels pair that guarantees the maximum achievable gain

of the desired signal and the minimum leakage of SI signal. In the case of distributed antennas,

the simulation results show that distributing the receive antennas carries many effects on the

performance. On the one hand, some of them are positive, like the gained diversity and the SI

channel path loss. On the other hand, the SI isolation attained by cross-polarization becomes

much less effective in this case due to the rich-scattering environment. In total, DAS slightly

outperforms the co-located system in the studied scenario.

Finally, a testbed is built in order to experimentally validate the simulation of FD BS with

AS. Receive antenna selection is combined with cross-polarization and antennas conditional

placement in order to achieve the required SIC. We explain, in detail, the setup, the signal

processing, and the measurement environment. Next, the measurement results are shown

considering different scenarios in the testbed, such as changing the number of antennas, the type

of isolation (vertical/horizontal), and the type of antennas (Omnidirectional/directional). In fact,

till the moment, there aren’t many testbeds that could realize FD in base-stations. Most of the

previous hardware implementations focused on FD relying. Thus, this testbed is considered the

first that implements FD transmission in a base-station with antenna selection.

Compared to simulation, the implemented setup shows a slight degradation in the system

performance, especially in low SNR values. This is due to channel estimation errors that affect

the criteria of antenna selection. However, the FD/HD enhancement ratio is between 1.65 and

1.98 for the MSSINR algorithm, whereas it is between 1.4 and 1.98 for the less complicated

algorithm MCGR. Both criteria show similar performance in high SNR values; meanwhile,
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MCGR shows worse performance by low SNR values. The reason is that the MCGR criterion

doesn’t consider the noise, which is the dominant limitation in low SNR values, rather than the

SI. Nevertheless, the results, in general, are encouraging, and they show that FD base-station

with AS is a promising approach for enhancing the performance of the next generations of

cellular systems. This also applies to all the addressed multi-antenna technologies. In general, a

limited number of users is included in the applied scenarios; thus, further work with the proposed

schemes in the dissertation would be an interesting topic for future investigations. Also, a hybrid

FD-HD users scenario is an important topic for further research. The AS and DAS work can

be extended to include the transmit antennas in the selection process. Moreover, since bulk

AS criteria are used for the OFDM system, further work can be done with per-tone selection.

Furthermore, the problem of channel estimation error can be evaluated and analyzed, in details,

within the proposed scenarios, especially in the presence of strong noise.

Nonetheless, ever since publishing the quote

’It is generally not possible for radios to receive and transmit on the same frequency band

because of the interference that results’ [1];

researches have been trying to prove the opposite. Expectations say that within a few years, we

shall see a mature full-duplex technology that will have a tremendous impact on future wireless

systems. It is a matter of when, rather than if, full-duplex will become fully dependable. Because

this is what science is all about, removing ’not’ from the quote above to turn ’It is not possible’

into ’It is possible’.
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