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NOTATIONS

Vectors and matrices are denoted by boldface lowercase and boldface capital letters, respectively.

The following mathematical notations are used throughout this thesis:

|| the absolute value of a scalar =

[x]; the i-th element of vector x

(X, the (7, 7)th element of matrix X

X the ith row of matrix X

X (. the jth column of matrix X

xXT the transpose of matrix X

xXH the Hermitian transpose of matrix X

X* the conjugate of matrix X

det(X) the determinant of matrix X

diag(x) denotes a diagonal matrix formed by the entries of the vector x
sort(X) rearranging the rows of X based on descending row vector norm
tr(X) trace of matrix X

|| the Euclidean norm of x

x°" the Hadamard power operation of x to the factor n

XQy denotes the Hadamard product of x and y
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NOTATIONS (Continued)

X *y convolution of x and y

1
x|l the l,-norm of @, defined as (>, |x(k)?)?
1 X% Frobenius norm of X
card(X) cardinality of set X
C the complex number set
R the set of real numbers
E{-} the mathematical expectation of a random variable
I, the n X n identity matrix for n > 2
0, the n X n matrix with all elements as zero
R(x) real part of x
J(x) imaginary part of x
J the imaginary unit i.e., j = v/—1
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SUMMARY

Future wireless networks are converging towards a unified communication, sensing, and
computing platform that enables various vertical applications. The ubiquity, ultra high speed,
and low latency demanded by this omnipresent platform will require, among other factors, more
efficient frequency spectrum usage as well as optimized co-design of the control and data planes.
Full Duplex (FD) communication is proposed as one of the promising wireless candidates to meet
such demand for fifth Generation (5G) New Radio (NR), its sixth Generation (6G) successor,
and beyond, due to its inherent capability to enable simultaneous transmission and reception
in the same frequency band at the same time. However, the fundamental challenge of FD
communications is the Self-Interference (SI) signal induced to the Receiver (RX) chain of the
FD node by its own Transmitter (TX).

This thesis investigates the applications of FD technologies for single-antenna, Multiple-
Input Multiple-Output (MIMO), and massive MIMO wireless systems devising optimized sig-
naling as well as SI suppression approaches. First, we provide a comprehensive signal model for
single-antenna FD communication systems considering the effect of analog impairments induced
by TX/RX Radio Frequency (RF) components and propose a novel orthogonalized digital SI
mitigation technique as well as a Deep Neural Network (DNN) based cancellation architecture
trained with Transfer Learning approach. Extending our work to wideband FD MIMO systems,
a novel optimization framework is designed for unified Analog and Digital (A/D) Beamforming

(BF) and low-complexity multi-tap wideband analog cancellation. Employing the FD MIMO

xXxiv



SUMMARY (Continued)

architecture, we further devise a Simultaneous Communication of Data and Control (SCDC)
protocol capable of uplink channel acquisition while maintaining optimized downlink transmis-
sion.

Furthermore, we study the FD massive MIMO systems with Hybrid BeamFormers (HBFs)
operating at millimeter Wave (mmWave) frequencies, which requires low-complexity SI cancel-
lation solutions. In contrast to the conventional FD massive MIMO analog cancellers that scale
the complexity with the number of TX/RX antennas, making it infeasible in practical imple-
mentation, we propose a multi-tap analog canceller for hybrid FD Massive MIMO systems that
radically reduces the required cancellation taps. Our sub-rate based optimization framework
for analog beam management achieves a superior sum rate performance compared to conven-
tional HD HBF systems. We also design a direction-Assisted beam management technique
for mmWave FD massive MIMO systems utilizing its simultaneous transmission and reception
capability and thus, reducing the beam training overhead.

Finally, we investigate mmWave FD massive MIMO radios as the key enabler for the emerg-
ing Integrated Sensing and Communication (ISAC) systems. FD ISAC system simultaneously
transmits downlink data signals while the reflected transmission waveform is utilized to detect
and track multiple radar targets. We propose a novel FD ISAC optimization framework through
A /D beamforming and cancellation for precise estimation of radar target parameters, i.e. Di-
rection of Arrival (DoA), range, and relative velocity, while maintaining maximized downlink
rate. Through indicative numerical simulation, we validate the performance of our proposed FD

approaches in comparison with state-of-the-art works.

XXV



CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

Given the immense growth in the demand for data traffic, future wireless networks will re-
quire efficient utilization of the available frequency spectrum. The upcoming fifth generation
(5G) wireless communication systems will have features, including enhanced Mobile Broad-
Band (eMBB), Ultra-Reliable Low Latency Communications (URLLC), and massive Machine
Type Communications (mMTC), that require network services with extreme demand on spec-
tral efficiency, latency, and reliability [1,2]. To meet such demands, 5G research communities
have proposed techniques, including massive Multiple-Input Multiple-Output (MIMO) systems,
mmWave spectrum sharing, Non-Orthogonal Multiple Access (NOMA), and Full Duplex (FD)

Communications [1-6].

1.1.1 Full Duplex Wireless Communication

Recently, in-band FD has been proposed as a candidate technology for 5G wireless systems
because of the potential spectral efficiency gains due to simultaneous transmission and recep-
tion. All currently deployed wireless networks operate in Half Duplex (HD) manner, dividing
transmission and reception within the same node either in time with Time Division Duplexing
(TDD) or in frequency with Frequency Division Duplexing (FDD). However, FD systems are ca-

pable of simultaneously transmitting and receiving radio signals on the same center frequency at
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Figure 1. A simplified illustration denoting the time-frequency resource usage of TDD, FDD,
and Full Duplex systems.

the same time. As neither the temporal nor spectral resources are shared between transmission
and reception, the available time-frequency resource can be utilized for both, as illustrated in
Figure 1. Thus, in-band FD systems are capable of increasing the attainable spectral efficiency
of the conventional wireless networks by a factor close to two [4,5].

In addition to the spectral efficiency improvement, the applications of FD systems can en-
able real-time sensing of spectrum occupancy for cognitive radios minimizing overhead and
timing constraints [5] and reducing feedback delay (such as control information, Channel State
Information (CSI) feedback, ACKnowledgement/Negative-ACKnowledgement (ACK/NACK)
signals, resource allocation information, etc.) during data signal transmission [7]. In relay
systems, FD employment can reduce end-to-end delay through simultaneous transmission and
reception [8,9]. Full duplex technology has also been considered in military jammer systems

for the continuous detection of weak signals [10,11], providing physical-layer security by adding



noise to the wireless channel [12]. Beyond physical-layer, FD techniques can be employed in
the Multiple Access (MAC) Layer to detect collisions while transmitting in a contention-based
network [3].

Moreover, recently FD technology has been considered a key enabler of the emerging Inte-
grated Sensing and Communication (ISAC) for future wireless networks, where the previously
competing sensing and communication operations are jointly optimized in the same hardware
platform using a unified signal processing framework [13-17]. FD ISAC applications at mil-
limeter Wave (mmWave) frequencies have the potential to provide high capacity communication
links while simultaneously achieving high-resolution sensing, e.g., Direction of Arrival (DoA),
range, and relative speed of radar targets/scatterers [18-21].

However, the inherent challenge of FD communications is the Self-Interference (SI) signal.
Due to the simultaneous transmission and reception in the same frequency band, strong inter-
ference will induce to the Receiver (RX) chain of the FD node by its own Transmitter (TX).
Contrary to the FDD systems, this SI can not be filtered out with a duplexer. If not sup-
pressed, this strong SI signal can reduce or even completely abolish the FD system’s attainable
capacity. Therefore, the principal research challenge for the FD communication systems is to
develop techniques to cancel the SI signal. To appreciate the impact of the SI signal, consider
the following example of a femto-cell base station with 30 dBm transmit power and a receiver
noise floor of —100 dBm. Assuming 20 dB isolation between TX and RX of the base station,

the SI signal power at the RX is 30 — 20 — (—100) = 110 dB above the noise floor. Therefore,
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Figure 2. Generic FD transceiver architecture illustrating the boundaries and contents of the
propagation, analog, and digital domains, as well as the self-interference and desired signal for
both shared and multiple antenna configurations.

to maintain the link Signal-to-Noise Ratio (SNR), the FD base station must suppress 110 dB

of SI signal, which is a daunting task.

1.1.2 Self-Interference Cancellation for Full Duplex Radios

In principle, SI cancellation should be straightforward as the transceiver knows its own
transmit signal, and it can simply cancel it from the received signal, assuming the coupling
SI channel up to the point of cancellation is known. However, in reality, obtaining accurate
knowledge of the overall SI coupling channel is extremely challenging, as the SI signal goes

through several stages of distortions while propagating from the TX to the RX of the FD node.



These distortions occur due to the analog impairments induced by the Radio Frequency (RF)
components of the TX and RX chains rendering accurate SI cancellation rather cumbersome.

In addition to the distortions, any SI cancellation attempt must ensure that

e The SI signal power entering the RX chain is not too high for the RX Low Noise Amplifier

(LNA) to prevent RX chain saturation.

e The dynamic range of the Analog-to-Digital-Converters (ADCs) is high enough to capture

the residual SI and the weak received signal of interest with sufficient precision.

To deal with the SI signal’s adverse effect, in literature, the SI cancellation is performed in
three stages: propagation domain suppression, analog/RF cancellation, and digital domain SI
cancellation, as shown in Figure 2. In a shared antenna FD system, SI attenuation is achieved
through circulator isolation [3,5|. For multiple antenna systems, the antenna/propagation do-
main isolation approaches include: physically separating the RX antenna from the TX an-
tenna to decrease the SI power by propagation attenuation [22-27|; use of spatial diversity of
transmission so that SI signals add destructively and place a null at the receiving antenna lo-
cation [28-32], orthogonal polarization [33-37|, absorbers [38], utilizing reflective or physical
boundaries [39], wavetraps [27], feed corrugations [40], employment of differential feeds [41,42],
hybrid coupler [43,44|, use of electrical balance isolator [45], auxiliary port cancellation [46],
even-odd mode excitation [47], and use of lenses [48].

Following the limited antenna isolation, analog SI cancellation is employed at the RX input of
the FD node to sufficiently suppress the strong SI signal. Every analog/RF cancellation method

has to ensure that no RX RF components, i.e., LNAs, In-phase Quadrature (IQ) mixers, go



into saturation due to high SI input power, and the dynamic range of the ADCs is large enough
to capture the residual SI as well as the weak desired signal, as mentioned above. Analog
suppression is achieved by subtracting a processed copy of the transmitted signal from the
RX RF chain input. In Single-Input Single-Output (SISO) FD system, the RF cancellation
stage imitates the SI coupling channel between the TX and RX and destructively combines
the cancellation signal at the RX input to suppress the SI [49-55]. In FD MIMO radios, the
analog cancellation approach becomes challenging as each RX chain suffers from SI introduced
by all the TX antennas. For wideband FD communication systems, the cancellation problem
exacerbates due to the multipath SI signals reflected by the environment. Therefore, multi-tap
RF cancellation is employed in FD MIMO systems, where each of the taps includes time delay
or tunable bandpass filters, phase shifter, and attenuator [56-64].

Although antenna and analog domain suppression techniques are capable of preventing RX
RF saturation, the residual SI signal is still large enough to overwhelm the weak desired signal.
Therefore, digital domain SI cancellation techniques are employed at the RX baseband to sup-
press the residual SI below the noise floor, as shown in Figure 2. Digital domain cancellation is
accomplished by residual SI channel modeling exploiting the fact that each FD node has knowl-
edge of its ideal transmit signal in the digital domain. After appropriate filtering, the digital SI
signal can be combined with the received signal after the ADC to provide further interference
suppression. Therefore, the SI channel modeling approach must include the SI coupling paths
along with the nonlinear distortions induced by practical RF components of the transceiver

chain, specifically, the image effect due to gain and phase imbalance of the IQ mixers, and



nonlinearities by Power Amplifier (PA) and LNA. For single-antenna FD systems, baseband
modeling of these nonlinear distortions is performed to provide appropriate digital cancella-
tion [51,65-67|. Akin to the analog canceller, FD MIMO operation increases the computational
complexity of the digital cancellation as the number of linear, nonlinear components to be es-
timated increases with the number of TX/RX chains and multipath SI components [57,68,69].
Furthermore, FD systems in conjunction with massive MIMO radio operating in mmWave fre-

quencies would require optimized SI cancellation and signaling design for specific applications.

1.2 Contribution of the Thesis

The thesis is devoted to formulating self-interference cancellation strategies and advanced
transceiver design for single antenna full duplex as well as MIMO and massive MIMO FD

systems and their applications. The key contributions of this thesis are as follows:

1.2.1 Self-Interference Cancellation for Single-antenna Full Duplex Systems

In Chapter 2, we focus on the SI suppression for single-antenna FD systems through ex-
tensive signal modeling and digital SI cancellation design. The contribution of this chapter is

summarized below.

e We develop a comprehensive signal model for single-antenna FD communication systems
based on direct-conversion transceiver structure. We consider the effect of TX and RX
RF components, such as nonlinearities induced by PA and LNA image signal component
introduced by IQ mixers due to phase and gain imbalance, phase noise, receiver noise

figure, as well as the multipath SI channels due to environmental reflections.



e We formulate an appropriate SI cancellation approach considering receiver chain RF and

baseband nonlinearities along with TX impairments.

e The proposed technique employs orthogonalization of the digital SI design matrix using

QR decomposition to alleviate the estimation and cancellation error.

e We evaluate our proposed approach and compare it with state-of-the-art digital SI can-
cellation methods using extensive waveform simulation. We show that our proposed SI
modeling and cancellation approach outperforms the existing method for single-antenna

FD systems.

e We provided a DNN-based SI cancellation approach with Transfer Learning that is capable
of achieving superior digital SI suppression with limited number of training symbols and

training epochs.

This chapter is based on the following published article:

[C1] M. A. Islam and B. Smida, “A comprehensive self-interference model for single-antenna

full-duplex communication systems,” in Proceedings of the IEEE International Conference

on Communications (ICC), Shanghai, China, May 2019, pp. 1-7.

[J1] K. Muranov, M. A. Islam, B. Smida, and N. Devroye, “On Deep Learning Assisted Self-

Interference Estimation in a Full-Duplex Relay Link,” ITEEE Wireless Communications

Letters, vol. 10, no. 12, pp. 27622766, Sep. 2021.



1.2.2 Unified Analog and Digital Transceiver Design for Wideband Full Duplex

MIMO Systems

In wideband FD MIMO system, the SI cancellation complexity increase exponentially with
the number of RF chains and SI channel paths. Chapter 3 studies a novel low-complexity A/D
SI cancellation and transceiver design for FD MIMO systems. The key concepts of this chapter

is as follows.

e We develop a wideband FD MIMO communication system comprising of an FD MIMO
node simultaneously communicating with two multi-antenna UpLink (UL) and DownLink

(DL) nodes utilizing the same time and frequency resources.

e To suppress the strong SI signal due to simultaneous transmission and reception in FD
MIMO systems, we propose a joint design of Analog and Digital (A/D) cancellation as
well as transmit and receive beamforming capitalizing on baseband Orthogonal Frequency-

Division Multiplexing (OFDM) signal modeling.

e Considering practical transmitter impairments, we present a multi-tap wideband analog
canceller architecture whose number of taps does not scale with the number of transceiver

antennas and multipath SI components.

e We also propose a novel adaptive digital cancellation based on truncated singular value

decomposition that reduces the residual SI signal estimation parameters.
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e To maximize the FD sum rate, a joint optimization framework is presented for A/D can-
cellation and digital beamforming. We validate our proposed approach through extensive

waveform simulation.

The content of this chapter is based on the following published articles:

[J2] M. A. Islam, G. C. Alexandropoulos, and B. Smida, “Joint Analog and Digital Transceiver

Design for Wideband Full Duplex MIMO Systems,” IEEE Transactions on Wireless Com-

munications, Jun. 2022.

[C2] M. A. Islam, G. C. Alexandropoulos, and B. Smida, “A unified beamforming and A /D self-

interference cancellation design for full duplex MIMO radios,” in Proceedings of the IEEE

Annual International Symposium on Personal, Indoor and Mobile Radio Communications

(PIMRC), Istanbul, Turkey, Sep. 2019, pp. 1-7.

1.2.3 Simultaneous Data Communication and Channel Estimation in Single- and

Multi-User FD MIMO Systems

In Chapter 4, we present a novel Simultaneous Communication of Data and Control (SCDC)
scheme for single- and multi-user FD MIMO systems. The contribution of this chapter is

summarized as follows.

e We develop a novel SCDC scheme for FD MIMO base station serving multiple single-
antenna FD users. We consider the simultaneous DL beamformed data transmission and

UL pilot-assisted channel estimation while achieving sufficient SI suppression.
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e We present a joint design of the base station’s transmit and receive beamforming matrices
as well as the settings for the multiple analog taps and the digital SI canceller with the

objective to maximize the DL rate.

e We evaluate the performance of the proposed SCDC transmission scheme and show that
it outperforms its conventional half duplex counterpart and reduces the SI cancellation

hardware complexity.

The materials of this chapter is based on the following published articles:

[C3] M. A. Islam, G. C. Alexandropoulos, and B. Smida, "Simultaneous downlink data trans-
mission and uplink channel estimation with reduced complexity full duplex MIMO radios,”

in Proceedings of the IEEE International Conference on Communications (ICC), Dublin,

Ireland, Jun. 2020, pp. 1-6.

[C4] M. A. Islam, G. C. Alexandropoulos, and B. Smida, "Simultaneous Data Communication

and Channel Estimation in Multi-User Full Duplex MIMO Systems,” in Proceedings of the

IEEE ASILOMAR Conference on Signals, Systems and Computers, Pacific Grove, USA,

Nov. 2020, pp. 1-6.

1.2.4 Self-interference Cancellation for FD massive MIMO Systems with Hybrid

Beamformers

Hybrid A/D beamforming architectures have been lately considered as a candidate tech-
nology for realizing massive MIMO transceivers with very large number of antenna elements,

but with much fewer numbers of Radio Frequency (RF) chains. Chapter 5 investigates FD
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massive MIMO systems designing low-complexity A/D BeamFormers (BFs) and SI cancellation

algorithms while maximizing FD sum rate. The key contribution of the chapter is as follows.

e We present a novel architecture for FD massive MIMO systems with hybrid A/D beam-
forming transceivers, including multi-tap analog cancellation with reduced number of taps

and simple multiplexers for efficient signal routing among the transceiver RF chains.

e Capitalizing on the proposed transceiver architecture, we develop a joint design of analog
cancellation and A /D beamforming with the objective to maximize the achievable FD rate

performance.

e We also derive a novel sub-rate based RF TX/RX beamforming design that remove the
computational complexity of analog beam selection compared to a conventional exhaustive

search approach.

e Representative millimeter wave simulation results demonstrate the effectiveness of the
proposed architecture and algorithmic framework for enabling simultaneous UL and DL

communications with reduced complexity analog SI cancellation.

This chapter is based on the following published and submitted articles:

[C5] G. C. Alexandropoulos, M. A. Islam, and B. Smida, “Full duplex hybrid A /D beamforming

with reduced complexity multi-tap analog cancellation,” in Proceedings of the IEEE Inter-

national Workshop on Signal Processing Advances in Wireless Communications (SPAWC),

Atlanta, USA, Jun. 2020, pp. 1-5.
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[J3] George C. Alexandropoulos, M. A. Islam, and B. Smida, “Full Duplex Massive MIMO
Architectures: Recent Advances, Applications, and Future Directions,” Under review in

the IEEE Vehicular Technology Magazine, 2022.

1.2.5 Direction-Assisted Beam Management in Full Duplex Millimeter Wave Mas-

sive MIMO Systems

Recent applications of the Full Duplex (FD) technology focus on enabling simultaneous con-
trol communication and data transmission to reduce the control information exchange overhead,
which impacts end-to-end latency and spectral efficiency. In Chapter 6, we present a DoA esti-
mation strategy with simultaneous DL data transmission for FD massive MIMO systems. The

chapter is summarized below.

e We present a DoA-assisted beam management framework for FD mmWave massive MIMO
systems, where the BS is equipped with a large antenna array realizing DL analog BF and

few digitally controlled receive antenna elements used for UL DoA estimation.

e Capitalizing on our FD hardware architecture for hybrid A/D BF, we propose a Simulta-
neous DoA estimation and Data Transmission (SDDT) scheme for boosting beam man-

agement in FD mmWave massive MIMO communications.

e Enabled by FD and leveraging channel reciprocity, we simultaneously estimate the UL

dominant DoA and transmit analog beamformed data in the DL direction.

e We present a joint design of the DoA-assisted analog BF as well as the A /D SI cancellation

units, targeting the maximization of the achievable DL rate.
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e Our extensive simulation results considering a mmWave channel model showcase the FD-

enabled gains of DoA-assisted beam management under various user mobility conditions.

The content of this chapter is based on the following published article:

[C6] M. A. Islam, G. C. Alexandropoulos, and B. Smida, “Direction-Assisted Beam Manage-

ment in Full Duplex Millimeter Wave Massive MIMO Systems,” in Proceedings of the

IEEE Global Communications Conference (GLOBECOM), Madrid, Spain, Dec. 2021, pp.

1-6.

1.2.6 Integrated Sensing and Communication with Millimeter Wave Full Duplex

Hybrid Beamforming

In-band FD is being considered as a key enabling technology for ISAC applications due
to its simultaneous transmission and reception capability. Chapter 7 investigates FD-based
ISAC system operating at millimeter Wave (mmWave) frequencies, where a massive MIMO
node employing hybrid A /D beamforming performs DL communication while sensing the radar

targets in its coverage environment. The contribution of the chapter is summarized as follows.

1. We present a novel FD massive MIMO ISAC system operating at mmWave frequencies
and realizing hybrid A /D beamforming, where OFDM waveforms are utilized for both DL

communication and radar target sensing.

2. Unlike state-of-the-art works, we devise an ISAC optimization framework that is capa-
ble of estimating the DoA, range, and relative velocity of multiple radar targets, while

maximizing the DL communication rate.
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3. We also employ the ISAC system for a multi-user DL, communication, where we propose
a joint design of the A/D beamformers and a reduced complexity SI cancellation for the
FD ISAC system, which targets at maximizing the multi-user DL, communication rate and

the precision of the radar target tracking.

The material of this chapter is based on the following published and submitted articles:

[C7] M. A. Islam, G. C. Alexandropoulos, and B. Smida, “Integrated Sensing and Communica-

tion with Millimeter Wave Full Duplex Hybrid Beamforming,” in Proceedings of the IEEE

International Conference on Communications (ICC), Seoul, South Korea, May 2022, pp.

1-6.

[C8] M. A. Islam, G. C. Alexandropoulos, and B. Smida, “Simultaneous Multi-User MIMO
Communications and Multi-Target Tracking with Full Duplex Radios,” Submitted in the

IEEE Global Communications Conference (GLOBECOM), Dec. 2022, Rio de Janeiro,

Brazil, pp. 1-6

Each chapter contains numerical evaluations of the proposed methods as well as comparisons

with the state-of-the-art approaches. Finally, we conclude the thesis in Chapter 8.



CHAPTER 2

SELF-INTERFERENCE CANCELLATION FOR SINGLE-ANTENNA

FULL DUPLEX SYSTEMS

Single-antenna full duplex communication technology has the potential to substantially in-
crease spectral efficiency. However, limited propagation domain cancellation of single-antenna
system results in a higher impact of receiver chain nonlinearities on the residual self-interference
signal. In this chapter, we offer a comprehensive SI model for single-antenna full-duplex systems
based on direct-conversion transceiver structure considering nonlinearities of all the transceiver
RF components, in-phase/quadrature (IQQ) imbalances, phase noise effect, and receiver noise fig-
ure. To validate our model, we also propose a more appropriate digital SI cancellation approach
considering receiver chain RF and baseband nonlinearities. The proposed technique employs
orthogonalization of the design matrix using QR decomposition to alleviate the estimation and

cancellation error.

2.1 Introduction

Full-duplex technology is one of the emerging techniques to achieve higher spectral efficiency,

where devices simultaneously transmit and receive at a single frequency. This novel paradigm

The content of this chapter is based on our published articles in [67] and [70]. Copyright (©) 2019,
2021 IEEE.
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in improving spectrum usage can increase the throughput by a factor of two compared to
the traditional bidirectional half-duplex, namely TDD and FDD. However, the implementation
of full-duplex systems is constrained by the cancellation of SI, which is stemming from the
transmitter to the receiver hindering the detection of the received signal.

Single-antenna FD system employs circulator or duplexer to route transmitted and received
signal between TX/RX input and antenna. The circulators are supposed to provide very high
isolation between the TX/RX RF chain input. However, practical circulators provide only about
15 — 20 dB isolation contributing to a direct path between TX and RX as circulator leakage.
In addition to that, the mismatch between transmitter line impedance and antenna impedance
induces another SI path to the RX front end due to the antenna reflection. While these two
signals are considered to be the main coupling components of the SI, there are also weaker
multipath components due to the reflections from the surrounding environment. Therefore,
successful detection of the desired signal from the far node depends on the sufficient suppression
of the SI signal in the analog/RF and digital cancellation stage.

Analog SI cancellation in a single-antenna FD system can be achieved using a complex feed-
forward network, including multiple delay lines, tunable attenuator, and adaptive algorithm
[51]. For a more compact solution, analog SI cancellation is performed using an electrical
balance duplexer [45], or reconfigurable Impedance Mismatched Terminal (IMT) circuit [44,50].
However, as mentioned in Chapter 1, antenna and analog domain suppression are not sufficient
to mitigate the strong SI signal below the weak desired signal, and the residual SI is suppressed

in the digital domain.
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Digital domain cancellation is accomplished by SI regeneration using digital filters fitted to
the detector input through the known transmit data. For digital cancellation techniques, the
effect of transmitter and receiver PA nonlinearities is analyzed in [51,65|, whereas the impact of
IQ imbalances and resulting image components is investigated in [66]. Signal models, including
the phase noise of transmitter and receiver oscillators, are presented in [71]. It was observed that
the phase noise is a bottleneck for perfect SI cancellation while using two different oscillators
for transmitter and receiver. A scenario with a common oscillator for both the transceiver sides
is also analyzed in |72].

In previous literature, both single-antenna and separate-antenna full-duplex models are in-
vestigated. However, using single-antenna as a function of SI cancellation is more attractive
because of twofold reasons: first, using two antenna full-duplex system may not achieve any
higher throughput than using two antenna in half-duplex MIMO system spatially multiplex-
ing two independent packets at the same time [51,73]; second, using single-antenna transceiver
system results in a compact design. Existing single-antenna full-duplex antenna and analog can-
cellation methods typically achieve 50 — 60 dB cancellation [44,45, 74], where separate-antenna
system provides higher cancellation. For a practical receiver, this limited RF cancellation results
in a higher effect of receiver RF and baseband (BB) nonlinearity on the SI signal.

The contribution of our work is as follows.

e We provide a comprehensive self-interference model for single-antenna full-duplex systems

based on direct-conversion structure considering all the impairments including transmit-
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ter and receiver 1Q) imbalances, nonlinear distortions in all the transceiver components,

receiver noise figure, and phase noise effect of both transmitter and receiver 1Q) mixers.

e Through extensive circuit-level waveform simulation, we show the effect of receiver RF and
BB second and third-order nonlinearity on the residual self-interference signal for limited

antenna and RF cancellation.

e To tackle this effect, we propose an appropriate self-interference estimation and digital
cancellation approach considering receiver chain nonlinearities, which outperforms the
existing digital cancellation techniques. To reduce the estimation and cancellation error,

we employ orthogonalization of the design matrix using QR decomposition method.

2.2 FD Transceiver Model And Self-interference characterization

In this section, we discuss the self-interference signal modeling for a single-antenna FD
transceiver system based on the direct-conversion structure presented in Figure 3. In direct-
conversion structure, RF and BB signal frequency translation is performed without any inter-
mediate frequency stage, unlike superheterodyne structure [75|. The direct-conversion receiver
structure allows signal amplification and filtering at the BaseBand (BB) stage, which reduces the
power consumption and manufacturing cost. However, direct-conversion radios suffer from RF
and BB impairments, such as 1Q imbalances, nonlinear distortions, and phase noise effect |[76].
Therefore, a detailed characterization of the self-interference signal is performed in the next

subsections considering the RF and BB impairments.
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Figure 3. A detailed block diagram of a single-antenna full duplex direct conversion
transceiver, where analog cancellation is achieved using IMT circuit.

2.2.1 Self-interference Model at the Transmitter

At the transmit chain, the impairments are mainly introduced by the RF front-end com-
ponents, specifically I1Q mixers and power amplifiers. Both baseband and bandpass modeling
approach is taken into account for the following SI characterization.

After the Digital-to-Analog Converters (DACs), the I and Q components of the converted
baseband signal x(t) are passed through the low-pass filters for further suppression of aliasing
products. The I and Q signals are then fed into the I1Q mixer for upconversion to the carrier
frequency. As stated in [66], IQ imbalances in practical mixers add a mirror image of the original

signal with certain image attenuation. The IQ mixers also induce phase noise to the signal. Let
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y1x, ATx be the complex gain of the linear and image signal components, respectively. Thus,

the upconverted RF signal is given by

i (t) = 28“E{(VTX z(t) + Arx j(t))ej(wct+9TX)}

— Z(t)ej(wct-i-@'rx) + E(t)e_j(wct‘f‘eTX),

where z(t) = (yrx@(t) + ArxZ(t)), we is the angular center frequency of the RF signal and
O1x(t) is the random phase noise process. Here, (-) denotes the complex conjugate.

Before transmission, the upconverted signal goes through variable amplification stages (vari-
able Gain Amplifier (VGA), PA driver) to meet the transmit power specifications. Then, for
final amplification, the signal is fed into the power amplifier operating in its nonlinear region.
Only the odd-order nonlinear terms are considered for PA, as the even-power harmonics lie out
of band and will be cutoff by the RF Low Pass Filter (LPF) of the receiver [66] [51]. Consider-
ing the VGA gain as Byaga, the PA nonlinear response is modeled based on the Hammerstein

nonlinearity, given as

zpA(t) £ ( Z Beap(Bvaa xIQ(t))p) * f(t), (2.2)

pE{173}

where p is the order of the nonlinearity, f(¢) is the memory polynomial, and (x) denotes the
linear convolution. Here, Bpa 1 is the linear gain and fpa 3 is the gain of third-order nonlinear

distortions. We consider only up to the third-order distortion, as that is in practice always the
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strongest nonlinearity at PA output [66]. A general definition of the nonlinear distortion gains
is given as
A /BC’,l

/BC,n = (IIPD)"il’ (23)

where ¢ 1 denotes the linear gain and n is the nonlinearity order of any component C' =
{PA, LNA, BB}. These nonlinear distortions are modeled using ITP2 and IIP3 figures (second
and third order input-referred intercept points) of the PA [75].

In single-antenna system, the PA output is routed to the antenna using a circulator. In
addition to routing signals between the transceiver and antenna, the circulator should also pro-
vide very high isolation between the TX and RX. Unfortunately, practical circulators provide
only about 15 — 20 dB isolation contributing to a direct path between TX and RX as circulator
leakage [51]. There is another path of SI due to the antenna reflection [50]. Because of the
mismatch between transmitter line impedance and antenna impedance, a portion of the trans-
mitted signal reflects back to the receiver front end. While these two signals are considered to
be the main coupling components of the SI, there are also weaker multipath components due to
the reflections from the surrounding environment. At the receiver input, the SI signal subjects
to the RF cancellation. Letting arp(t), hen(t) be the impulse response of the RF cancellation
and the multipath channel response of the self-interference signal, respectively, the signal at the

receiver input is given by

7(t) £ arp(t) * hen(t) * opa(t) + d(t) 4+ nen(t)
(2.4)
ST hylt) * (ai(®))” + d(t) + ().
pe{1,3}
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where hy(t) = BpapBuga (rr(t) * f(£) * hen(t)) and d(t),m are the desired signal and the

thermal noise of the receiver, respectively. Here, (a) is defined using Equation 2.2.

2.2.2 Self-interference Model at the Receiver

As a direct-conversion receiver suffers from LNA nonlinearities, Mixer 1Q imbalance, and
BB nonlinearity, these impairments will have a significant effect on the self-interference signal,
especially in higher transmit power case. Therefore, a detailed receiver chain SI modeling is
performed considering all the receiver impairments.

At the first stage of the receiver, the signal is amplified by a nonlinear LNA. We model the

LNA using the same Hammerstein model used in Equation 2.3. The LNA output is given by

riNa() 2 > Binag (r(#)? + mixa(t)

qe{1,3}

(b) » g

© Z 5LNA,q< Z hp(t) * (z1g(t)) +d(t)+77h(t)> + nLNa(t) (2.5)
¢€{1,3} pef{1,3}

q
~ Y BLNA,q( > hp(t) x (gt ))p) +c(t),
qe{1,3} pe{1,3}

where nrna () is the noise of the LNA and ¢ is the order of the nonlinearity. Here, (b) is defined
using Equation 2.4. For brevity, we only consider the linear operation of the receiver components
for the desired signal and noise.

Therefore, ¢(t) = Prna (d(t) + nth(t)) + nna(t). Here, Srna,i and Sina,q are the linear
gain and respective qth order nonlinear distortion gain of the LNA. Only odd order distortions
are considered, as the even order RF LNA nonlinearities produce frequency components that

are far away from w, and will be filtered out by LPF [75], [76].
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After the LNA, receiver IQ mixer downconverts the RF signal into baseband frequency and
LPFs are used to filter out the high frequency terms. Practical IQ mixers induce random phase
noise frx(t), which is uncorrelated to 61x(t) in case of independent oscillators |77|. However, in
single-antenna FD system, same oscillator is shared by the transmitter and the receiver resulting
in a common phase noise process, 6(t). Thus, O1x(t) = Orx(t) = 0(t). It is shown in previous
literature that sharing oscillators suppresses the phase noise below the noise floor even in the

case of transmission delay [72], [77]. So, the downconverted signal is written as

riq(t) £LPF {rpna (t)e It orx )}

:LPF{( Z ﬁLNA,q( Z hp () (216 ))P)q—|—C(t))6_j(wct+0RX(t))}

q€{1,3} pe{1,3}

:LPF{ Z BLNA,Q< Z hp(t)*(z(t)ej(wct+9ax(t))+Z(t)€—j(wct+9RX(t)))p)q
qe{1,3} pe{1,3}

v efj(wcHaRx(t))} +et) (2.6)

Z ﬁLNA,q<qg>< ()*Z(t)‘|‘h3(t)>x<3;;2(15)5(t))qu
q€{1,3} 2

x (hi(t) * 2(t) + ha(t) = 32(1)2(t)*) 2 +c(t)

q—1

> BLNAa(%)( Y hpt) *up(t )+( ST () w () * el

qe{1,3} pef{l,3} pe{1,3}

=s1q(t) + c(t),
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where

0= 3 iaa(h) (X M w®) (X b rwn)

qe{1,3} 2 pe{1,3} pe{1,3}
ur (t)=yrx x(t) + Arx 2(t) 2.7)
us(t)=3 <7%x;\TX 2% () + (VixYrx + 29X ATX ATX )2 (£)Z (1)

+ (29TXATXATX + A ATX) T(8) 22 (8) + Mix 7.2 (75)> .

The proof of Equation 2.6 is given in Appendix A. Receiver IQ mixer also induces the image
component because of the IQ imbalance. Now, considering the effect of IQ imbalance, the 1Q

output signal is written as

riqm () = yrx 11 (t) + Arx T1o(t) + mq(t), (2.8)

where yrx, Arx are the linear and image component gain, and niq(t) is the noise of the IQ
mixer.

Baseband components shown in Figure 3, specifically amplifiers and analog-to-digital con-
verters, also introduce some nonlinearities and DC offset to the BB signal. For simplification,
up to second-order nonlinearity is considered. In our model, we use the complex representation

of the baseband signal since it helps analytically by revealing how the distortion components
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are spectrally distributed in relation to the original signal. Considering all the impairments, the

complex baseband signal is written as

2
rea(t) £ Y BB Mitm(t) + 78B(1), (2.9)

m=0

where m is the order of the nonlinearity, Sgg and ngg(t) is the respective mth order baseband
gain and the BB components noise, respectively. The first term of Equation 2.9 represents the
DC offset introduced by the baseband components. At the end of the receiver chain, the ADC
converts the analog baseband signal to digital domain. Considering the quantization noise,

NQuant (1] induced by the ADC, the digital signal at the ADC output is expressed as

y[n] £ reB[n] + NQuant[n]
> N (2.10)
= Z BBB,r ('YRX s1q[n] + Arx EIQ[n]) + BBB,1 YRX BLNA,1 d[n] + nr(n].
m=0

Here, np[n] represents the total noise of the receiver, including thermal noise, receiver noise

figure, and quantization noise.

2.3 Proposed Digital Estimation and Cancellation of Self-interference Signal

In this section, we propose an appropriate digital cancellation approach with improved ref-
erence signal design for estimation based on the signal at the ADC output. To ensure the
estimation accuracy, orthogonalization procedure is employed in estimation technique.

Based on Equation 2.10 and Equation 2.7, y[n] can be expressed as the combination of

the linear SI signal z[n], conjugate SI signal Z[n], and their higher-order terms along with the
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desired signal, and receiver noise floor. Although a detailed expansion of Equation 2.10 results
in hundreds of residual SI terms, most of the higher-order terms are very weak. Therefore, they
have an insignificant effect on the total self-interference power, thus can be ignored without
compromising self-interference cancellation accuracy. Based on the specification in Table II,
we keep the 13 stronger SI components that include a combination of z[n|, Z[n], and their
higher-order terms and use those for cancellation of the self-interference signal. Hence, using

vector-matrix notation, for N observed training samples, the ADC output signal is written as

Y =%w+d+n, (2.11)

where Y = [y[n]yln+1] ... yln+N-1]]", d = B 1vrxBna[dn] din + 1] ... dln+N-1]]",
and n = [nr[n)nrn+1] ... nT[n—l—N—l]]T. The definition of the design matrix ¥ with size

N x (2L +3L2? +7L3 + 1) is given as

9 9 by by

81
S
8
&I
8
S
&I
&I
Kl
S

s Ly 9Ly :13,51}',:1325% ql$,f,$2f lII:E,:B,:B:fzz]’

(2.12)

where L is the length of the total impulse response including multipath channel, analog cancel-

lation, and PA memory polynomial.
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Here, the horizontally concatenated basis matrices represent the 13 stronger SI terms for-

mulated as

U, = [Da(n) Pa(n—1) ... ®g(n—L+1)]
Top= [Pp(n) O Ty Bp(n —1) @ Pq ... Bp(n—L+1)0 P, (2.13)

‘Ila,b,c = [@c(n) ® ‘Ila,b <I>c(n — 1) ® lI’a,b e <I>c(n — L+ 1) ® ‘I'a,b]v

where ® denotes element wise multiplication of the vector with all the columns of the matrix.

Here, the basis vectors are defined as
Pg(n) = [z[n] zn+1] ... x[n—i—N—l]]T, Dz (n) = Pyp(n), (2.14)

[n] :L"Q[n +1)zn+1] ... x2[n+N—1]:E[n—|—N—1]]T, O z2(n) =P 25(n).

KA
8

N
8l
S

Il
el
g
=3

S

For instance, the matrix Wy, z »25 € CNxL? represent the SI term: 98sB 171X ALNA,3VRXITX

(VaixATX + 271X ATXATX) (R1[n] * 2[n]) (M1 [1] * Z[n]) (h3[n] * 2%[n]Z[n]). Here, w is the (2L+
3L2+T7L3+1) x 1 parameter vector. Our goal is to estimate the parameter w, and then use it
to reconstruct and cancel the self-interference signal at the detector input. Therefore, the error

vector 1s defined as

e=Y — U, (2.15)

where w is the least square estimate, which can be obtained by solving for the w that minimizes

the power of the error vector as

w = arg min |le||? = arg min ||[Y — Tw]?. (2.16)
w w
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The above ordinary least square problem has a closed-form solution with the usual assumption
that the design matrix ¥ has independent columns. However, the columns of the matrix ¥ are
higher-order polynomials of linear SI component z[n|, conjugate SI component Z[n], and their
interaction products. Therefore, the columns of the matrix W are correlated; thus, there exists
a high level of multicollinearity. To tackle this problem, we propose to orthogonalize the design
matrix ¥ using QR decomposition. We use the traditional Gram-Schmidt orthogonalization
procedure to find a QR decomposition of ¥ such that ¥ = QR, where Q has orthogonal
columns and the same rank as ¥. Here, R is an upper triangular matrix with 1 on the diagonal.

Using the QR decomposition, Equation 2.16 is written as

w = arg min |[Y — QRw||%. (2.17)
w

Letting 4 = Rw), we can reformulate the above minimization problem and find the least square
solution as

f =arg min [[Y — Qu|?
z (2.18)

=(Q"Q)'Q'Y,

where ()7 denotes the Hermitian transpose of the matrix. Using back substitution, we derive
w from fi.

It is to be noted that authors in [66] proposed a widely linear canceller considering only

the effect of linear SI z[n] and conjugate SI Z[n], a nonlinear approach considering third-order
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TABLE 1

WAVEFORM AND SYSTEM LEVEL PARAMETERS OF SINGLE-ANTENNA FULL
DUPLEX SYSTEM

Parameter Value Parameter Value
Bandwidth 20 MHz SNR Requirement 10 dB
Carrier Frequency 2.4 GHz Thermal Noise Floor || —101.0 dBm
Constellation 16-QAM RX Noise Figure 4.1 dB
Number of Subcarriers 64 Sensitivity Level —86 dBm
Cyclic Prefix Length 16 Transmit Power —5:25 dBm
Sample length 15.625 ns ADC Bits 12
Symbol Length 4 us PAPR 10 dB

nonlinear SI term z%[n]z[n] is provided in [51], and a joint cancellation technique cascading
PA nonlinearity with transmitter 1Q imbalance is proposed in [68] for MIMO cases, which is
converted here into single antenna system. However, receiver nonlinearities and their effect are
ignored in these previous models. Our proposed estimation approach takes these components

into account for the formulation of the design matrix and provides required SI cancellation at

the detector input.
2.4 Performance Simulation and Analysis
In this section, we perform a waveform simulation to evaluate the performance of the pro-
posed digital cancellation strategy and compare it with the previous methods.
2.4.1 Simulation Parameters

The transceiver architecture provided in Figure 3 is followed explicitly to perform the wave-

form simulation. The simulator is implemented using MATLAB baseband equivalent model of
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TABLE II

SINGLE-ANTENNA FULL DUPLEX TRANSCEIVER COMPONENT PARAMETERS

Parameter Value Parameter Value
PA Gain 27 dB LNA Gain 20 dB
PA 1IP3 13 dBm LNA IIP3 —3 dBm

VGA (Tx) Gain || 0:33 dB BB IIP2 50 dBm
IRR (Tx) 30 dB IRR (Rx) 30 dB

the components, which includes the impact of all the transceiver impairments. The waveform
simulation is based on a 20 MHz OFDM-based system with 64 subcarriers per OFDM symbols
as in IEEE802.11 systems. The additional parameters of the waveforms are shown in Table I.
The system-level component parameters of the full-duplex transceiver are provided in Table II,
which are taken from the datasheet of AD9361 transceiver made by Analog Devices [78]. We
perform our simulation based on single-antenna full-duplex system with a circulator providing
a stronger leakage signal to the receiver as the direct SI component and several multipath com-
ponents [45]. Therefore, the SI channel is simulated as a Rician channel with a K-factor of 30
dB and 4 non-Line-of-Sight (nLOS) components, each delayed by one sample [24]. To emulate
IEEE802.11 system, we use WLAN packet formatting, where each packet consists of 120 OFDM
symbols. Around 8% of the total packet size are considered as training symbols, which are used
to estimate and cancel the self-interference. We use 1000 Monte Carlo simulation runs to cal-
culate the average cancellation performance. Here, we consider 15dB circulator isolation with

variable RF cancellation values to show its impact on the digital cancellation.
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Figure 4. Residual self-interference power after digital cancellation with respect to different

RF cancellation value and 25 dBm transmit Power

2.4.2 SI Cancellation Capability and SINR

First, for variable antenna and RF cancellation, we compare the performance of the proposed

digital cancellation technique with previous methods. In Figure 4, we represent the residual self-

interference signal strength of several digital cancellation methods from the measured noise floor

with respect to 50-75 dB antenna and RF cancellation for a transmit power of 25 dBm. We

also include the error bars at one standard deviation from the mean of the cancellation value.

We observe that a widely linear cancellation [66] scheme has a residual of 20-45 dB. Although

considering the nonlinear cancellation [51] along with linear and widely linear methods increases

the performance drastically, it has a residual of around 30 dB at an antenna and RF cancellation

of 50 dB. For higher antenna and RF suppression, cascaded cancellation [68] performance is
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comparable with our proposed method. However, below 65 dB cancellation, it has a sharp growth
of the residual, leading almost 22 dB for 50 dB antenna and RF cancellation. In comparison
with these methods, our proposed digital cancellation technique provides better performance
contributing only around 3 dB residual at a very low RF cancellation. This performance boost is
because of the inclusion of receiver chain second and third-order nonlinearities in our proposed
method, whereas all the previous methods took only the transmitter PA nonlinearities into
account, ignoring the receiver chain nonlinear distortions. However, that assumption provides
comparable performance in case of high antenna and RF cancellation or linear receiver operation.
As we observed, for practical transceivers such as AD9361, the receiver performance is not linear.
Therefore, limited antenna and RF cancellation, typically below 65 dB, results in the higher self-
interference signal power at the receiver input, which contributes to a stronger nonlinear effect
of the receiver chain components. In this scenario, the proposed digital cancellation strategy
outperforms the previous techniques.

In Figure 5, we show the performance of the digital cancellation methods with respect to
the transmit power varying from —5 dBm to 25 dBm while considering 60 dB antenna and RF
cancellation. Here, signal-to-interference-plus-noise-ratio (SINR) is used as the figure-of-merit
of the cancellation strategies. During the calculation of the SINR, the desired signal is naturally
present with an SNR of 15 dB, which is the maximum achievable SINR. From Figure 5, we
observed that our proposed method outperforms the previous techniques for all the transmit
power cases. Nonlinear [51] and widely linear [66] methods sufficiently suppress the SI up to

the transmit power of 15 and 10 dBm, respectively. Although the cascaded cancellation [68]
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Figure 5. The SINRs for different digital cancellation method with respect to the overall
transmit power with antenna and RF cancellation of 60 dB

method performs better than the previous methods for higher transmit power cases, it suffers
from an overfitting problem resulting in higher estimation error in low transmit power cases.
In our proposed model, we tackle this problem through orthogonalization of the design matrix,
which reduces the estimation error. Thus, our proposed digital cancellation approach provides
reliable and sufficient suppression of self-interference signal in a practical nonlinear receiver for

a varying antenna and RF cancellation as low as 50 dB.
2.5 Machine Learning for Self-Interference Cancellation in Full Duplex Systems
In this section, we present a novel digital SI mitigation approach utilizing Machine Learning

(ML) techniques, specifically, Deep Neural Networks (DNN). As described in previous sections,

a key challenge in SI suppression is dealing with nonlinear SI induced at TX/RX RF compo-
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nents. To estimate such nonlinear components, our proposed digital cancellation approach in
Section 2.3 along with other the traditional cancellation methods require prior knowledge of
the nonlinear model such as polynomial order [68,69,79|. In contrast, the DNN-based solu-
tions [80-82], do not require prior knowledge of the nonlinear distortion model. It has been
shown in [80] that utilization of DNN can reduce the computational complexity by as much as
36% relative to a non-DNN-based solution [69]. However, the existing DNN-based methods re-
quire on-line training of the DNN utilizing large amount of training sample to properly estimate
time-invariant nonlinear distortion with the time-varying SI propagation channel.

This section we aim to improve the spectral efficiency by minimizing the amount of on-
line DNN training, since it causes interruption of the data transmission, while successfully

suppressing the residual SI in the digital domain.

2.5.1 Proposed DNN Architecture of SI Cancellation

A DNN is used for estimating the nonlinear components of the SI, while the linear SI is
obtained using a Least Squares (LS) estimation technique. We propose a Transfer Learning
based two-stage DNN training strategy that significantly reduces on-line training overhead.
From Equation 2.10, we can take the SI signal at the ADC output and conceptually decompose
it as ysi[n] = yin[n] + yni[n], where yin[n] represents the linear SI and ypj[n] the nonlinear SI
components. The linear part yj,[n| is estimated utilizing LS approach, while the nonlinear SI
components are estimated utilizing the DNN. The estimated signals are added to reconstruct

the residual SI sigal ysi[n] = Yin[n] + Y1 [n].
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Figure 6. A two-layer Feed-Forward Neural Network.

For the considered DNN architecture, we consider a real valued feed-forward NN (FFNN)
with a single input layer, two hidden layers, and an output layer as shown in Figure 6. The
DNN has two nodes in the output layer, while the input layer consists of 2L input nodes,
which corresponds to the real and imaginary parts of the L delayed versions of the baseband
transmitted signal z[n]. We denote ¢; as the number of nodes in the ith hidden layer.

To overcome the DNN training limitations, we propose a two-phase training strategy based
on the concept of Transfer Learning. First, we train our DNN model using training symbols
generated at the FD relay node when there is no scheduled transmission between the source and
destination nodes. We denote this stage as pretraining. During the actual source-destination

transmission, we again perform training on the pretrained DNN model using a small number
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of training symbols. This second stage is called finetuning, which is performed to compensate
the SI channel and nonlinear characteristic mismatch between pretraining and actual transmis-
sion time. Using this two-stage approach, the proposed SI canceller can achieve improved SI
suppression with a small amount of training symbols and processing time. Transfer Learning is

widely used in computer vision [83].

2.5.2 Performance Evaluation of the Proposed DNN-assisted SI Cancellation

Considering a single-antenna FD system, we implement the proposed DNN-assisted SI can-
cellation approach. For brevity, we only consider the TX impairments in Equation 2.10, where
the memory of the SI channel is L = 4.

Training Samples: We consider an off-line training with 8000 training sets, where each
set consists of two input samples, {R{z[n]}, J{z[n])}, and the corresponding output samples,
{R{gm]}, 3{am))}.

Neural Network: We considered the DNN with two hidden layers with /1 = 10 and /5 = 4
nodes, respectively, as shown in Figure 6. The number of input layer nodes is 2L = 8 (based
on the SI channel memory, L = 4). Each node employ Rectified Linear Unit (ReLU) activation
function. We utilize the Adam minimization algorithm for training with Mean Squared Error
(MSE) as the objective function. The DNN was implemented using the Keras framework with
a TensorFlow backend.

Pretraining: The learning rate of A = 0.001, and a mini-batch size of B = 12. All

remaining parameters have their default values. We generated an off-line data set of 10 distinct
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Figure 7. Digital SI cancellation in dB w.r.t the number of on-line training epochs.

training packets. Using each of the training packets, we train the DNN model until the training
loss converges.

Finetuning: We dedicate a single data packet for finetuning the DNN model trained in
the pretrained stage. For finetuning, we use 90% symbols of the packet, while the remaining
10% is used for validation. The optimization algorithm and the parameters are identical to the
pretraining stage.

In Figure 7, we plot the digital SI cancellation value in dB with respect to the number of
on-line training epochs. For comparison, we also provided the linear SI cancellation, polynomial-
based SI cancellation from Section 2.3, and DNN-based nonlinear cancellation of [80]. It is
shown in the figure that the proposed DNN-based SI cancellation with Transfer learning achieves

43dB of SI suppression at with only 4 on-line training epochs, while the DNN-based nonlinear
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cancellation in [80] requires 35 epochs to provide 39dB of SI reduction. They also outperform
the nonlinear polynomial and linear SI cancellation approaches, which provides 41dB and 28dB
of SI suppression, respectively. Therefore, the transfer learning based canceller is capable of

superior SI cancellation with limited number of training symbols and training epochs.

2.6 Concluding Remarks

In this chapter, we provided a detailed modeling of the self-interference signal considering
transmitter PA nonlinearities, receiver chain second and third-order nonlinearities, DC offset,
IQ imbalances, phase noise, and receiver noise figure. To validate the self-interference model,
we proposed a digital cancellation approach considering receiver chain second and third-order
nonlinearities and implemented a practical waveform simulator. Our comprehensive simula-
tion showed that, in practical receiver, these nonlinearities have significant effect on the self-
interference signal for an analog and RF cancellation of 65 dB or below. In this scenario,
our proposed digital cancellation technique outperforms the existing cancellation methods by
achieving up to 20 dB more self-interference cancellation. We also provided a DNN-based SI
cancellation approach with Transfer Learning that is capable of achieving superior digital SI

suppression with limited number of training symbols and training epochs.



CHAPTER 3

UNIFIED ANALOG AND DIGITAL TRANSCEIVER DESIGN FOR

WIDEBAND FULL DUPLEX MIMO SYSTEMS

The exploitation of wideband MIMO systems provides an increased spectral performance
due to plurality of TX/RX antennas. Therefore, application of FD technology in conjunction
with wideband MIMO operation can meet the stringent throughput and latency requirements
of beyond 5G wireless communication systems with limited spectrum resources. In this chapter,
we propose a wideband FD MIMO communication system comprising of an FD MIMO node si-
multaneously communicating with two multi-antenna UL and DL nodes utilizing the same time
and frequency resources. To suppress the strong SI signal due to simultaneous transmission and
reception in FD MIMO systems, we provide a joint design of analog and digital cancellation
as well as transmit and receive beamforming capitalizing on baseband OFDM signal modeling.
Considering practical transmitter impairments, we present a multi-tap wideband analog can-
celler architecture whose number of taps does not scale with the number of transceiver antennas
and multipath SI components. We also propose a novel adaptive digital cancellation based on

truncated singular value decomposition that reduces the residual SI signal estimation param-

The content of this chapter is based on our published articles in [84] and [85]. Copyright (©) 2019,
2022 IEEE.

40



41

eters. To maximize the FD sum rate, a joint optimization framework is presented for A/D

cancellation and digital beamforming.

3.1 Introduction

Future wireless communication systems need to accommodate the explosive growth in data
traffic demand through efficient utilization of limited frequency spectrum. Recent advances in
FD communication technology demonstrate the potential of a substantial spectral efficiency im-
provement over the conventional frequency- and time-division duplexing systems through simul-
taneous UL and DL communication in the same frequency and time resources [3,5,6,49,54,85].
The exploitation of wideband MIMO systems provides further spectral performance boost due
to enhanced spatial Degrees of Freedom (DoF) offered by the plurality of TX and RX antennas
and larger bandwidths [51,57-59,68,86,87|. In addition, FD MIMO radios have recently been
considered for certain physical-layer-based latency improvement through simultaneous commu-
nication of data and control signals [88-90]. Thus, enabling FD in conjunction with wideband
MIMO operation can meet the stringent throughput and latency requirements of beyond 5G
wireless communication systems with limited spectrum resources [6].

The simultaneous transmission and reception in wideband FD systems induce strong in-band
SI signals at the FD receivers due to the inevitable limited isolation between the TX and RX
blocks [3]. To suppress the strong SI signal, first, analog cancellation is employed at the input
of the RX blocks at the FD node to ensure that none of the reception RF components (i.e.,
LNAs, IQ mixers) goes into saturation due to high SI power, while ensuring that the dynamic

range of the ADCs is large enough to capture the residual SI and the naturally weak desired
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signal with sufficient precision [54]. Compared to a narrowband FD SISO system, where a single
direct SI coupling path exists between TX and RX, the wideband FD MIMO analog cancellation
design is much more challenging. This happens because each RX chain suffers from the direct SI
signals introduced by all the TX antennas as well as their multipath SI components created by
environmental reflections [44, 50,53-57,60-64]. For an Nptx x Nrx FD MIMO transceiver, the
narrowband analog canceller requires NpxNrx taps to suppress the direct SI coupling paths,
where each cancellation tap includes time delays, tunable bandpass filters, phase shifters, and
attenuators. Considering a wideband communication with L multipath SI components being
strong enough to run the RX RF chains into saturation, the same FD MIMO system would
require an appropriate wideband analog canceller with Nptx Nrx L taps; such analog cancellers
are hereinafter referred to as full-tap cancellers.

After the analog cancellation, digital domain SI mitigation techniques are applied at the RX
baseband to suppress the residual SI signal below the noise floor, which is still large enough to
overwhelm the weak desired signal [3,5|. Digital cancellation is accomplished by reconstructing
and reciprocally combining the residual SI signal at the FD RX through extensive SI channel
modeling and exploiting the fact that each FD node has knowledge of its ideal transmit signal in
the digital domain [51,58]. Since the residual SI signal is impacted by TX hardware impairments,
an appropriate SI channel model must include the SI coupling paths and the nonlinear distortions
induced by the transceiver chain’s practical RF components, specifically the image effect due
to the gain and phase imbalance of the IQ mixer and PA nonlinearities. For single-antenna

FD systems, baseband modeling of these nonlinear distortions has been performed to provide
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appropriate digital cancellation [51,65-67]. Akin to the analog canceller, the wideband FD
MIMO operation increases the computational complexity of the digital cancellation since the
number of linear and nonlinear components to be estimated increases with the number of TX/RX
chains and SI channel paths. Moreover, signal modeling in wideband FD MIMO systems requires
multi-carrier designs (i.e. OFDM), as the channel becomes frequency selective due to larger

bandwidth.

3.1.1 Related works on FD MIMO SI Cancellation

For narrowband or frequency-flat FD MIMO systems, full-tap analog cancellers connecting
all TX outputs to RX inputs are usually employed, where the number of taps increases with the
number of TX/RX RF chains [58,87]. To reduce this hardware complexity, analog SI canceller
designs exploiting AUXiliary (AUX) TX structures and/or joint design of TX/RX beamformers
were studied in [60,61]|, where the analog cancellation signals were injected into each of the RX
inputs using separate TX RF chains. Although these techniques reduce the analog canceller
hardware complexity, they are unable to suppress the nonlinear SI components due to the
non-ideal RF front-end hardware rendering the RX chains into saturation [5]. In our previous
work [85], we presented a unified low complexity A/D cancellation for narrowband FD MIMO
systems. For wideband FD MIMO systems in [56,57], full-tap analog cancellers with adaptive
filters were utilized to provide sufficient analog SI cancellation. In [62], a full-tap wideband FD
MIMO RF canceller was presented with a tunable time delay circuit, which employed reflected
type phase shifters to emulate the true time delays of the SI channel. Recently, a full-tap

beam-based RF cancellation approach was introduced in [63], which employed analog Least
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Mean-Squared (LMS) loops as the adaptive filters for SI mitigation in FD massive MIMO
systems. Those analog LMS loops include time delay generators, down-converters, LPFs, and
up-converters. An integrated LMS adaptive wideband FD MIMO RF canceller was proposed
in [64], where the time delay of the cancellation was generated using an N-path filter. However,
the hardware complexity of all the above full-tap RF cancellers scales with the number of TX
and RX RF chains as well as the number of SI multipath components, rendering the practical
implementation of the analog SI cancellation unit a core design bottleneck.

Alleviating the need for analog SI cancellation, spatial suppression techniques were presented
in [58,86] for narrowband FD MIMO systems, where the SI suppression was solely handled by
the digital TX/RX beamformers. However, those spatial suppression techniques were unable to
cancel the SI in high TX power and often resulted in reductions of the data rates for both the
UL and DL signals of interest. This stemmed from the fact that some of the available spatial
DoFs were devoted to mitigating SI [59]. To avoid such issues, digital cancellation techniques
exploiting SI signal modeling were utilized in practice to supplement the analog canceller in
suppressing the SI signal. To achieve sufficient SI suppression, existing digital cancellation
approaches capitalize on models for the PA impairments [57] and IQ mixer image effect [66], or
rely on cascaded SI designs taking into account both nonidealities [68]. However, the number
of estimation parameters of those models grows with the number of TX/RX RF chains and SI
channel components. To reduce the number of parameters for the FD MIMO system, a digital
canceller based on Principle Component Analysis (PCA) was provided in [69]. Furthermore,

in [91-93], the authors considered FD MIMO OFDM signal modeling to design rate maximizing
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TX/RX beamformers. However, these techniques assumed full-tap RF cancellers to achieve

certain SI suppression levels.

3.1.2 Contributions

In this chapter, we present a joint A /D SI cancellation with TX/RX beamforming approach
for wideband FD MIMO systems considering the effect of non-linear hardware distortions and

multipath SI components. The main contributions of this chapter are summarized as follows:

e We propose a novel joint wideband analog SI cancellation and TX/RX beamforming ap-
proach for multi-user FD MIMO systems in the presence of TX RF chain impairments,
where the multipath SI components are suppressed using reduced analog cancellations

taps compared to existing FD MIMO solutions.

e A comprehensive OFDM signal modeling of the proposed FD MIMO system is derived,
including baseband equivalent models of the TX RF chain impairments, corresponding

wideband channels, and A/D SI cancellers.

e We present a novel adaptive digital canceller based on the Truncated Singular Value De-
composition (TSVD) that reduces the computational complexity of conventional digital ST
cancellation while successfully suppressing the residual SI signal after analog cancellation

below the RX noise floor.

e A joint optimization framework for A/D cancellation and TX/RX beamforming is pre-
sented to maximize the achievable sum-rate performance of the considered three-node

wideband FD MIMO OFDM system.
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Figure 8. The considered three-node communication system and the proposed wideband FD
MIMO architecture. The FD MIMO node b incorporates processing blocks for analog SI
cancellation and digital TX/RX beamforming, as well as for a digital cancellation block for
treating the residual SI at the output of the TX RF chains. All these blocks are jointly
optimized, realizing the desired wideband FD operation in a hardware-efficient way. The HD
multi-antenna nodes mj and mo communicate with node b in the downlink and uplink
directions, respectively.

e Finally, we perform extensive waveform simulations to illustrate the proposed A/D SI
cancellation performance and provide comparisons with the relevant state-of-the-art meth-
ods. Tt is demonstrated that our proposed wideband canceller in conjunction with TX/RX
beamforming exhibits superior SI mitigation capability with reduced complexity (less than
50% analog taps) compared to the existing full-tap cancellers in the presence of TX hard-

ware impairments.
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3.2 System and Signal Models

We consider the three-node FD wireless communication system of Figure 8 comprising of an
FD MIMO Base Station (BS) node b communicating concurrently with two HD multi-antenna
nodes: node mq in the downlink and node ms in the uplink direction. The FD MIMO node b
is assumed to be equipped with Ntx;, TX and Ngrx RX antenna elements. Each TX antenna
is attached to a dedicated RF chain that consists of a DAC, IQ mixer, and PA; similarly
holds for the RX antennas and their attached RF chains, each containing LNA, IQ mixer,
and ADC. The HD multi-antenna nodes m; and my are assumed to have Ngrx ,,, and NTx m,
antennas, respectively, with each of their antennas connected to a dedicated RF chain. All three
nodes are considered capable of performing digital beamforming and OFDM operations with N,

subcarriers.

3.2.1 Downlink TX and RX Signal Modeling

During DL transmission, the FD MIMO node b sends dp, < min{Ntx p, NRx,m, } data streams
multiplexed at each subcarrier n = {0,1,..., N, — 1} to the HD node m;. The unit power
symbol vector of nth subacarrier is denoted as &, € C%*1 which, in practice, is selected from
a discrete modulation set. The symbol vector &, ,, is linearly precoded by the TX beamformer
Vpn € CNtxsxd  Without loss of generality, we assume that Vb,» have unit norm columns.
The precoded symbols are converted to time-domain samples using the Inverse Fast Fourier
Transform (IFFT) operation. To prevent Inter-Symbol Interference (ISI), a cyclic prefix is

appended in front of each IFFT block; in the subsequent analysis, we ignore the cyclic prefix for
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simplicity. The output of the node b TX baseband block after the IFFT operation at a discrete

time instant k is represented as

1 Ne—1 j2mnk

xp k] = JN. Z VionSpne Ne . (3.1)
¢ n=0

Baseband Modeling of TX RF Chain Impairments: As shown in Figure 8, the node b
baseband samples in x;[k| are fed to the TX RF chains for upconversion and amplification. We
introduce a baseband equivalent model for each of these RF chains incorporating I1Q) imbalances
and PA nonlinearities [66], assuming that the RF chains are identical. Upon entering the TX
RF chain of node b, each baseband sample goes through the 1Q mixer for upconversion to the
carrier frequency. In practical IQ mixers, a mirror image of the original signal with certain
image attenuation is induced by the IQ phase and gain imbalances. Denoting the input at the
ith (i =1,2,..., Nrx ) TX RF chain of node b at time instant k as [x;[k]];, the IQ mixer output

can be written as [66, eq. (8)]

o [KIS2 2 g [ [K])s + oo K]]7, (3.2)

where 11 = (1+ge=7%)/2 and pg 2 (1—ge??)/2 with g and 6 are representing the gain and phase
imbalances, respectively. It is noted that the Image Rejection Ratio, defined as IRR £ |11/ ug\z,
represents the strength of the IQ induced conjugate term [94].

Before transmission, the upconverted signal is fed into the PA for amplification while satis-

fying the TX power constraint. Note that practical PAs exhibit varying degrees of nonlinearity.
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However, we consider a quasi memoryless PA model of third-order nonlinearity, as it is the most
dominant distortion in practice, and all the even-power harmonics lie out of the band and will
be cut off by the RF low pass filter at the RXs [66,75,95|. For this PA model, the baseband

equivalent of each ith PA output at time instant k is given using Equation 3.2 as

-1

sk 2 3 vy [ k| bk (33)

p=1,3

= gri[xe[k]]i + ga,ilxs[k]]} + g3,i[xs[K]]?
+ gailxp K17 (o [K]]; + g5.[xu k)]s ([xs[K]]})?

+ 96,1'([Xb[k“f)3,

where p represents the nonlinearity order' and the six gain components gei with £ =1,2,...,6

are derived as

A A A2 %
91, = M1V1, G245 = M2V1, g3 = H1MHaV3

ga;i = (2l [Ppa+ |1,

gs.i 2 (2| [Pua+p2?u2)vs, goi 2 wiudvs, (3.4)

I'Note that Equation 3.3 is general enough to model various degrees of nonlinearities in the TX RF
chains; this can be accomplished by setting p to the desired nonlinearity order.
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where v denotes the PA linear gain and v3 2 v /(IIP3)? is the gain of the third-order nonlinear
distortions with ITP3 representing the third-order Input-referred Intercept Point of the PA [75].

Based on Equation 3.3 and after some algebraic manipulations, the baseband representation
of the impaired transmitted signal from the Ntx; TX antennas of the FD MIMO node b in the

DL direction can be expressed as

Xp[k] 2 Gpxplk] + zp[k] = Gotpy[K], (3.5)

where G, £ diag{g1,1, 912 - - - 7gl>NTX,b} is the power allocation matrix of the linear compo-

nents of the TX signal and z[k] denotes its nonlinear part, which is given by

2p[k] £ Gopxp k] + G (x5 [K])*° + Guap(x[K]) ™ © x5 [K]

+ G pxp[k] © (35 [K])° + G p (x5 [K]) . (3.6)

In the latter expression, Gy = diag{ge 1,902, - =9€,NTx,b} for £ = 2,3,...,6 representing the
coefficient matrices for the nonlinear components of X;[k| is defined in the similar way to G p.

In Equation 3.5, we also introduce the notation Gj € CNtxX6Ntxb for the augmented power
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allocation matrix, and the vertically arranged signal vector a,[k] € CONTxs>1 including the

image and nonlinear components. The matrices are given by

Gy =[G Goyp Gsp Gup Gsp Gey (3.7)

Wy k] Scol{x[k], x5 k], 35 [k]°%, x5 [k]7 © x5 [K], xp K] © (5 [k])7, (x5 (K1)}

We finally make the practical assumption that the DL signal transmission is power limited to
P, such that E{||G1yxp[k] + zs[k]||?} < Py.

DL Received Signal Model: The transmitted DL signal X;[k] is received at the HD RX
node m; after passing through the wideband DL channel denoted by Hpr [(] € CNrXmi XN1xp,
V¢ =1{0,1,...,Lpy, — 1}, where Lpy, represents the number of DL channel paths. The received
baseband signal y,,, [k] € CNrxX:m1 %1 of node my at the discrete time instant k is mathematically

expressed as

LDLfl

Y [K] 2 > HpL[Rs[k — €] + Wi, [K], (3.8)
/=0

where w,,, [k] represents the Additive White Gaussian Noise (AWGN) vector at node m; with
covariance matrix Ur2n1INRx,m1- It is to be noted that we assume no inter-node interference
between nodes m; and mgy due to appropriate node scheduling [96,97].

The baseband received signal y,, [k] is transformed to frequency domain using the Fast
Fourier Transformation (FFT) operation, which is followed by RX beamforming for each sub-

carrier to obtain the estimated symbol vectors denoted by Eb,na Vn ={0,1,...,N.—1}. Denoting
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nth subcarrier RX beamformer as Uy, », € Ch>*Nex,mi the linearly processed estimated symbol

vector is written as

o U 3 vl )
Ui n <\/1ﬁ Nif( b3l Hp [(]x[k =] + W, [k])e_%>
¢ k=0 (=0
= Uy (Ho10 (G1oVinSont 2o ) + Wi ), (3.9)
Lpr—1 _ jamin

where HpL, £ Y, Hpp[lle ¥ is defined as nth subcarrier frequency domain representa-
=0

tion of the wideband DL channel. Similarly, 2, and @, , represent the frequency transform

of the TX nonlinear components vector z,[k] and the AWGN vector at node mq, respectively.

The detailed derivation of Equation 3.9 is provided in Appendix B.

3.2.2 Uplink TX and RX Signal Modeling

Now, we model the UL signal transmitting from HD multi-antenna node mso to the FD
MIMO node b. Similar to the node b TX, the nth subcarrier symbol vector $,,, ,, € Cm2x1 with
drmy < Min(NTX m,, IVNRX ) is precoded by the unit norm TX beamformer V,,, ,, € CNTX,my Xdmy
The precoded symbol vectors are transformed to time domain samples X,,,[k] € CNtXma*1
using FFT operation identical to Equation 3.1. The time domain samples are upconverted

and amplified by the TX RF chains of node mo following the similar operation of node b TX.

Therefore, the TX output X, [k] € CNXma*1 at node my is expressed as

im2 [k] = G17m2xm2 [k] Tt Zmy [k]7 (3-10>
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where G ,, is the power allocation matrix of the linear components of the TX signal and
Zm, k] denotes its nonlinear part, defined similarly as Equation 3.6. The UL signal transmission
is power limited to Py, such that E{||G1 myXms, [k]+2Zm, [K]]|?} < Pim,-

UL Received Signal Model: The transmitted UL signal X;,,[k] is received at node b
after passing through the wideband UL channel denoted by Hyg[f] € CNrx»*Ntxomy yp —
{0,1,..., Lur,—1}, where Ly, represents the number of UL channel paths. Due to FD operation,
the transmitted signal x,[k] from node b TX is also received at the node b RX input after passing
through the wideband SI channel denoted by Hgy[¢] € CNrRxo*Nexp g = {0,1,..., Ly — 1},
where Lgr is the number of SI channel delay taps. In addition to the UL and SI signals, the
analog cancellation signal stemming from the output of the wideband analog SI canceller is fed
into the RX inputs of node b, as shown in Figure 8. Therefore, similar to Equation 3.8, the

received signal yp[k] € CVrRx2X1 ig expressed as

LyL—-1 Lg1—1
yolk] & > Hup[0%m, [k — 0+ > Hgi[|%[k — ]
/=0 =0
Lo—1
+ ) CyleIR [k — ) + wi k], (3.11)
=0

where wy[k] is the AWGN vector at this node with covariance matrix o1 Nrx,- In this expres-
sion, Cy[¢"] € CVrxpXNrxo ¢ = {0, 1,..., Lc — 1} represents the coefficients of the wideband
analog SI canceller, which is modeled as an L¢th order Finite Impulse Response (FIR) filter and
will be described in the following Sec. 3.3. Recall that the wideband analog canceller utilizes

the TX RF chain output X,[k|, which contains the transmitter nonlinear impairments z[k], as
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defined in Equation 3.6. Therefore, the analog canceller is capable of suppressing both linear
and nonlinear SI components.

After the downconversion of the received signals at node b, the RF chain outputs are added
with the digital SI cancellation signal. The resulting signals are then transformed to frequency
domain using the FFT operation, as shown in Figure 8. Assuming that the digital cancellation
signal at the time instant & is given by d,[k] € CVrRx0*1 and using Equation 3.1, Equation 3.5,
as well as Equation 3.11, the frequency-domain received signal vector 7, ,, € CNerxpX1 gt the nth

subcarrier of the FFT output can be expressed as

Ne—1 ]Qﬁkn
rbn—\/iz yolk] + dp[k]) e™ Ne
LUL 1 N.—1 Nc.—1
J27fp<k £) J27rkn
ZHUL Z <G17m2 ( Z sz pSma e Ne >+Zm2 [k E])

k=0

Lgi—1 Lc—1 NC 1 1 Ne1 J2mp(k—0)
<ZHSI ] + ZCb[€]><ZGlb( erb,psb,pe ok )
-1

j27\'k7’b ]27rkn j2mkn
+ Zzbk e) Zdb TTNe , (3.12)

Cko

= HUL,n(Gl,mgvmz,nst,n + ng,n) + (HSI,n + cb,n)(Gl,bvb,nsb,n + Zb,n) + Lé,n + ZUb,na

where

ALUL_I _ j27in ALSI_l _ j2nin
Hurn = Z Huyy[lle” N, Hgrpn = Z Hgi[lle™ ~e,
1=0 1=0
Lc 1

Z Collle™ " (3.13)
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denote the frequency domain representations of the UL, SI channel, and the wideband analog
SI canceller, respectively. Similarly, 2, Zm,n, Lﬁ,’n, and @, are defined as the nth subcarrier
frequency transform of the TX nonlinear components vector zy[k| and z,,, [k], digital cancellation
signal vector dp[k], and the AWGN vector wy[k], respectively.

At the FFT output, the nth subcarrier symbol vector is linearly processed by the RX com-
biner U, ,, € C%m2 *NrXb t0 obtain the estimated symbol vector §m27n € Cm2x1 which is derived

as

:Emz,n = ub,n (%UL,n (Gl,mz vmg,nsmz,n + ng,n) (3 14)

+ (%Sl,n +Cb,n) (Gl,bvb,nsb,n + Zb,n) + ‘é,n + wb,n) .

3.3 Join Digital TX/RX Beamforming and Wideband Analog Cancellation

In this section, we present the joint design of digital TX/RX beamforming with wideband
analog SI cancellation. We first describe the proposed analog SI canceller for wideband FD
MIMO OFDM radios and then present the mathematical formulation for the co-design of the

analog cancellation matrix with the digital TX/RX beamformers.

3.3.1 Wideband FD MIMO Analog SI Canceller

Upon signal reception at the FD MIMO node b, analog SI cancellation is applied to the
signals received at the RX antennas before entering the RF chains, as shown in Figure 8. As
previously described in the considered signal model, the wideband analog SI canceller intended

for suppressing the multipath SI channel Hgy[¢] with ¢ = {0,1,..., Ls; — 1} is modeled as an
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Figure 9. The proposed wideband analog SI canceller for the FD MIMO OFDM node b for
mitigating the Lgr channel paths [Hgi[¢]];; V £ = {0,1,..., Lsi — 1} between the output of the
ith TX RF chain and the input of the jth RX RF chain with ¢ = {1,2,..., Nyx} and

7=1{1,2,..., Ngx}-

Lcth order FIR filter with the coefficients Cp[¢], V¢ = {0,1,..., Lc — 1}. This filter takes the
outputs of the TX RF chains as inputs and routes its outputs to the inputs of the RX RF chains.
Note that the special case of Lc = 1 was considered in [59,64,85] for suppressing narrowband SI
signals. As will be shown in Sec. 3.5 with the performance evaluation results, such narrowband
SI cancellers are not capable of suppressing the SI power below the maximum RX input power
limit, and therefore, lead to RX RF chains’ saturation. To avoid such saturation in wideband
FD MIMO systems, full-tap wideband analog SI cancellation was utilized in [56,57] that requires
Lc > Lgp. It is apparent that the hardware complexity of the full-tap cancellers scales with the

number of TX/RX antenna elements as well as the multipath channel components.
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The proposed wideband analog SI canceller for the FD MIMO OFDM node b is depicted
in Figure 9. As illustrated in the figure, it consists of L¢ analog taps, each including a delay
line, a phase shifter, and an attenuator, to suppress the SI signal between the output of any
ith TX RF chain and the input of any jth RX RF chain with ¢ = {1,2,..., Nrx,} and j =
{1,2,..., Nrxp}. It will be shown in the sequel that the proposed co-design of the analog SI
canceller with the digital TX/RX beamformers allows choosing L¢ < Lgy, thus reducing the
hardware complexity of the canceller compared to the full-tap analog canceller case [56,57] in
state-of-the-arts. As shown in Figure 9, outputs of the TX RF chains are routed to the analog
canceller via MUltipleXers (MUXs), and the outputs of the canceller are added to selected RX
RF chains input using DEMUltipleXers (DEMUXSs). The analog canceller settings in Figure 9
are repeated for all the TX and RX RF chains resulting in N-tap wideband analog SI canceller.
Therefore, for the ¢th filter delay, the baseband representation Cy[¢] of the N-tap analog canceller

is modeled as
Colf] £ Ly[f| oLy [f], V¢ ={0,1,...,Lc — 1}, (3.15)

XNTX b

N N
where L;[{] € Rfc and L3[l] € RV Lo represent the MUX and DEMUX configu-

rations of the fth order of the canceller, respectively, and they take the binary values 0 or 1.

Nrx.p Nrx,b
Therefore, it must hold that ) [Lq[f]];; = 1 and ) [L3[f]];; = 1,Vi,j = {1,2,...,%}.
j=1 i=1
N o N
Here, Lo[¢] € Ctc “1ic is a diagonal matrix whose complex entries represent the attenuation

and phase shift of the fth sample delayed canceller taps. For example, we consider a 4 x 4

wideband MIMO system with % = 12 available analog cancellation taps at the £th filter delay.
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One possible MUX and DEMUX configuration of the £th order of the canceller can be written
as Li[f] = [I; 14 I4)" and Ls[¢] = [I; I 1], respectively. Evidently, the above constraints are
satisfied for the MUX and DEMUX configurations.

Compared to the narrowband [59, 64, 85| and full-tap wideband cancellers [56,57], our pro-
posed wideband analog SI canceller reduces the complexity in two ways: firstly, the analog
canceller Cy[¢] has filter order Lc < Lgp, and secondly, the canceller is capable of selecting the
minimum number of TX/RX antenna pairs, whose SI impact is to be suppressed to avoid the
RX RF chains’ saturation. Therefore, the hardware complexity of the proposed wideband ana-
log SI canceller does not scale with the number of antennas nor with the number of multipath
components. Assuming N as the total number of taps of the canceller Cy[f], V¢, it holds that
N < NrxpNtxpLc < NrxpNrxpLs

3.3.2 Digital TX/RX Beamforming and Wideband Analog SI Cancellation

Suppose that the UL, DL, and SI wireless channels in the considered system of Figure 8 are
estimated using pilot signals as Hpy, [¢], Hyp[¢], and IfISI[E], V¢, respectively. Using these esti-
mations and the representation for the analog canceller as well as digital TX/RX beamformers,
estimates for the nth subcarrier achievable UL and DL rates can be respectively calculated as
2

9:1)):

2@;,31@)), (3.16)

7€UL,n £ log2<det (Idm2+ Hub,n’f'ALUL,nGl,mg Vion

ﬁDL,n £ log2<det (Idb+ HUm ,n’leL,nGl,be,n
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where éb,n and éml’n denote the estimated Interference-plus-Noise (IpN) covariances matrices

at multi-antenna nodes b and m, respectively, which can be computed as

2

)

. - N 2
Qpn= )‘ub,n(HSI,n(Gl,bvb,nsb,n+Zb,n) +HuLnZman +d;z>H + UgHUb,n

2
: (3.17)

~ 2
A 2 u
Qm1,n = ‘ + Om, mi1,m

‘uml n (%DL,n Zb,n)

where 7-L51,n = (7/-2517,1 + van>. The latter expressions have been obtained from Equation 3.14
and Equation 3.9 assuming estimation of the TX impairments at RXs.

Extending the design approach of [85], we focus on the estimated achievable FD rate of
nth subcarrier defined as the sum of ﬁUL,n and ﬁDL’n, and formulate the following general
optimization problem for the joint design of the N-tap wideband analog SI canceller and the

digital TX/RX beamformers:

OP1: max ﬁUL,n + féDL,n (318)
Cb[e]zvb,n’ub,ny

Vmg,nyumlynvdi),n

s.t constraints on Cy[¢], V¢ structure, (C1)
E{[|G1,6VnSon + 2o’} < Py, (C2)
E{|G1,ms VingnSman + Zmonl} < Prng, (C3)
Vo, Unn, Vo s Um, ¢ unit norm columns, (C4)
510 (GrLaVinsin + 200) PP (C5)

where (C1) represents the analog SI canceller settings as in Equation 3.15, constraints (C2), (C3)

relate to the average transmit power at node b and mg, respectively, (C4) enforces the unit norm
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condition of the considered beamformers, and (C5) imposes the threshold residual power level, A,
at the RX antenna input to avoid RF chain saturation at node b. The threshold power is limited
by the ADC dynamic range. Note that our motivation is to reduce the analog SI cancellation
taps while maximizing FD rate. Therefore, we propose the joint design of reduced N-tap analog
canceller and the digital TX/RX beamformers to satisfy the RF saturation constraint after
analog cancellation while boosting the FD sum rate.

The optimization problem in OP1 is a nonconvex problem with nonconvex constraints.
We propose to solve OP1 in a decoupled way, where two subproblems are formulated and
solved subject to the constraints. First, we solve for Cy[¢], V,,,, and Uy, » that maximize the
instantaneous DL rate subject to the relevant constraints for these unknown variables and the
constraint to ensure that RF saturation is satisfied at all node b RXs. More specifically, we

formulate the following optimization subproblem for the design

OP2: max RpLn
Cb[e}vvb,nauml,n

st (C1),(C2),(C4), (C5)

We solve the problem OP2 adopting an alternating optimization approach. Specifically, suppos-
ing that the available number of analog canceller taps N and a realization of Cy[¢], V¢ satisfying
the constraint (C1) are given, we seek for Vj,,, and Uy, », maximizing the DL rate while meeting
the constraints (C2), (C4) and the constraint (C5) for the residual SI after analog cancellation.
The latter procedure is repeated for all allowable realizations of Cy[¢], V¢ for the given N in

order to find the best variables Cy[(], Vp 5, Up, » solving OP2. For a given number of analog
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Algorithm 1 Digital TX/RX Beamforming Maximizing DL Rate

Input: Cy[l],V(, Py, pu1, v1, po, v3, 0

ml, and n.

Output: V;,,, Gip, and Uy, 5.

1:
2:

3:

%

10:

11:

=

12:
13:
14:
15:

16:

=2

17:
18:
19:

20:

Obtain wireless channel estimates Hpy[¢] and Hg[¢] using pilot signals.
Get Hpr,n, Hsin and Cy,, using Equation 3.13.
Obtain Dy, including the Ntx j right-singular vectors of 7-LsLn = (?—ALSL,L + Cb7n> correspond-
ing to the singular values in descending order.
Set aumar = min{NRX’ml, NTX,b}~
for a = amaz, Vmaz — 1,...,2 do

Set & = [’Db}(i,NTX,b*aJrl!NTx,b)’

Set Fy, as the right singular vectors of effective DL

channel Hpr, nE.

Set Von = EvFy and dp = a.

Set Glb (i,3) \/Pb/NTXb,VZ—l 2 ~--7NTX,b~

Obtain G for j = 2,3,...,6 using Equation 3.4.

2
if (H [’HSInGl » Vb n} H +‘ [’HSIan n} , ) <N
then
Stop the loop.

end if
end for
Set Up,, n as row-wise placement of the dj left singular vectors of the DL channel ﬁDL’n
corresponding to the singular values in descending order.

if (H [’ftsLnGLbe,n] i) H2 + HﬁSLTLmeLf) < )\ then

Output Vy p,, G1p, U, n, and stop the algorithm.
else
Numbers of taps, N in analog canceller Cy[/] is not
capable of preventing RF saturation.
end if

cancellation taps N, we define the analog cancellation filter order Lo = | Nox

N

,bNRx,J . Now we

formulate the analog canceller Cy[¢] as an orderly column-by-column placement of the reciprocal

of wideband SI channel Hg([¢] elements. Based on this analog canceller Cy[¢], V¢, we follow the

procedures summarized in Algorithm 1, solving for the beamformers maximizing the DL rate.
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Algorithm 2 Digital TX/RX Beamforming Maximizing UL Rate

Input: V,,, ’}-NLSLn,Lﬁ,n, P, O'g, and n.
Output: Vi, n, Gim,, and Uy, .

1:

Obtain UL channel estimates fIUL [¢] using pilot signals, and its n-th subcarrier frequency
domain presentation 7-ALUL,n using Equation 3.13.

Obtain D,,, including the Ntx ., right-singular vectors of ’;i\LUL,n corresponding to the
singular values in descending order.

Set Vimyn = [sz](:,lzdm2)~
Set (Gl = \/ oot Vi = 1,2, ., Nrx my.

NTX,mz

~ ~ ~ ~ H
: Set Xy = Hsin (Gl,be,annGEb + Zb,nzfn) M1, + HULnZmon Dy n HiL, + @ +

2
0y INRX,b'

77 {7 —1
6: Set Ay = HULnG1ms Vinon Vi, n G, UL S

1,mo

7. Set Uy, as row-wise placement of the d,,, eigenvectors of A, corresponding to d,,, largest

eigenvalues.

Using Cy[l], VL, Vp , and Uy, p, from the solution of OP2, we transmit 7" precoded training

symbols to obtain the digital cancellation signal Lﬁm following the procedures described in

Sec. 3.4. Using the pilot estimated UL channel, DL beamformers, analog canceller, and digital

cancellation signal, we propose to maximize the instantaneous UL rate for the solution of OP2.

In particular, we formulate the following optimization subproblem for the digital beamformers

to maximize the UL rate:

OP3: max ﬁUL’n

Vmg,nyub,n

st (C3),(C4)

The procedures to solve the optimization problem OP3 is provided in Algorithm 2.
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3.4 TSVD-based Adaptive MIMO Digital SI Cancellation

To suppress the residual SI signal after analog cancellation, digital SI mitigation techniques
are employed at the RX baseband of the FD node. The existing digital cancellation approaches
utilize the SI signal modeling to estimate the linear and/or nonlinear SI components resulting
from the FD TX RF chains to reconstruct the residual SI signal [57,66,68,69]. However, for the
considered wideband FD MIMO systems, the number of signal estimation parameters of those
models increases with TX/RX RF chains and multipath SI channel components, which requires
a large number of training signals. In this section, we propose a novel TSVD-based adaptive
MIMO digital SI cancellation that reduces the computational complexity while successfully
suppressing the residual SI signal.

At the node b RX, the baseband received signal y3[k] contains the desired signal from the UL
TX node mao, residual SI signal from node b after analog cancellation, and the AWGN vector.
From Equation 3.5, Equation 3.7, and Equation 3.11, the residual SI signal with AWGN vector

can be written as

Lgi—1

Yres[K] £ Z Hies[{9py[k — £] + wy[K]
=0 (3.19)

= Hyeuthy [K] + wi[K],

where Hyes[¢] = (Hg1[¢] + Cp[¢])Gy is the residual SI channel and p,[k] is the vertically ar-

ranged TX precoded signal vector containing combination of x[k|, x;[k], and their third-



64

order components as defined in Equation 3.7. Here the augmented residual SI channel ﬁres S

CNrxpx6NTx0Lst and the precoded signal vector 1, [k] € CONTxsLsix1 are defined as

Hres

>

[Hres [0] Hres[l] cee Hres [LSI - 1“
(3.20)

Pylk] £ col{apy k], ylk — 1], ehy[k — Lsr + 1]}

The objective of the digital SI cancellation is to estimate the residual SI channel parame-
ters of fIres using training samples during no UL communication and utilize these estimated
parameters to reconstruct the reciprocal of the residual SI signal during FD operation. The
number of required training samples to estimate the precise residual SI channel parameters
(Nrx,p X 6NTx pLg1) increases with the number of FD MIMO node b antennas and the mul-
tipath SI components. To reduce the requirement of a large number of training signals and
computational resources, we propose a novel TSVD-based adaptive digital SI cancellation ap-

proach for wideband FD MIMO systems.

3.4.1 Proposed Digital SI Cancellation

To design the digital SI cancellation, we utilize the precoded signal vector at the baseband
of node b TXs. Supposing T training samples, the precoded signal matrix X, € CNtxpxT ig
used to form the augmented signal matrix \ilb € CONtxpLsixT ysing Equation 3.20. Therefore,
based on Equation 3.19, the residual SI signal matrix Y. € CVEx2XT with AWGN at the RX

baseband of node b is expressed as

Yres = I/:iIre>s€[}lz + Wb (321>
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Algorithm 3 Adaptive Digital SI cancellation using TSVD regularization
Input: X, € CVNxoxT ¥y € CNRvaXT,og.

Output: H,e, € CNrxsx6Nrx Lt
1: Obtain \ilb using Equation 3.20.
2: Set Lp = 6NTX,bLSI-
3: Obtain SVD of ¥, = USVH, where U € Clo*lr V € CTXT, B = diag{o1,09,...,01,} €
Cl*T and 0y > 09 > -+ > 0, > 0.
4: forp=1,2,...,L, do

P Yyes[V](. 5y [UJH .
5: Set ® = Z —[ ]("_)[ ]("1).

&4

i=1
6 if HYres — @‘I’bH2 < U[?IRX,I; then
7: Set ﬁres = 0.
8: Stop the algorithm.
9 end if
10: end for

11: Set H,es = ©O.

Making use of the SI samples in Equation 3.21 and the notation ® € CNrx.pX6NtxpLst the Least

Squares (LS) estimation for ﬁres minimizing the power of the error matrix can be expressed as

~

H,e 2 arg@minHYreS —0T,|2. (3.22)

The LS problem has a closed form solution as fIres = YreS{IVl? <{Ivlb\il,?) _1, assuming full row
rank in {Ivlb. However, (Ivlb’s rows are high order polynomials of linear and conjugate SI samples,
as well as their interaction products, and therefore correlated. In addition, the LS solution
includes the effect of strong SI components along with less significant terms and is dominated
by estimation error. To tackle the estimation error and reduce the parameter estimation model

complexity, we propose the following TSVD-based digital SI cancellation method.
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The main idea of the proposed adaptive digital SI cancellation method is to include the
SI terms that have a strong effect on the residual SI signal while omitting the insignificant
SI terms. We apply the TSVD regularization method to the estimation problem. First, we
perform the SVD of the design matrix \le to obtain the singular values in an ascending manner.
Now, we loop through the singular values of E!b to find its best rank-p approximant and the
effective residual SI channel that can suppress the residual SI signal below the noise floor O'g.
The TSVD-based adaptive digital cancellation approach is described in Algorithm 3.

The proposed cancellation approach is adaptive because the values of p vary as the SI signal
power changes. For higher SI power, the algorithm estimates more parameters resulting in a
large p value. However, for low transmit power, the proposed approach omits the insignificant SI

terms with small p values and reduces the estimation error. Using the residual channel estimate

~

H,.s, the digital cancellation signal d[k] can be formed as

db[k] = _I/fIreS"Zb[k], (323)

which is applied to the received signals after the ADCs.

3.5 Simulation Results and Discussion

In this section, we present the performance evaluation of the proposed wideband FD MIMO
scheme incorporating the impairments of the transceiver chains depicted in Figure 8. We also
provide a performance comparison with the state-of-the-art A /D SI cancellation schemes relevant

to the considered FD MIMO wideband communication system.
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TABLE III

WIDEBAND FD MIMO SIMULATION PARAMETERS

Parameter Value Parameter Value
Signal Bandwidth 20MHz Transmit Power 20 — 40 dBm
Subcarrier Spacing 312.5KHz Node b Noise Floor —100 dBm

Sampling Time 50ns Node m; Noise Floor —90 dBm

Constellation 16-QAM PA TIP3 15 dBm

No. of Subcarriers 64 TX IRR 30 dB
No. of Data Subcarriers 52 No. of ADC Bits 14
Cyclic Prefix Length 16 PAPR 10 dB

3.5.1 Simulation Parameters

We perform an extensive waveform simulation following the wideband FD MIMO architec-
ture illustrated in Figure 8, where the practical transceiver components are incorporated using
baseband equivalent models. We consider a 4 x4 FD MIMO BS node b (i.e. Ntxp = Nrxp = 4),
and two different cases for the number of antennas at HD nodes m; and ms: the single-
antenna case (i.e. N1xm, = NrxX,m, = 1) and the multi-antenna with Nrx m, = NTxX m, = 4.
The generated wideband waveforms are OFDM signals with a BandWidth (BW) of 20 MHz.
Both DL and UL channels are assumed to be wideband block Rayleigh fading channels with
Lpi, = Ly, = 4 multipath components and an average pathloss of 100 dB. The SI channel at
the FD MIMO node b is simulated as a wideband Rician fading channel with Lg; = 4 multipath
components, where the direct SI and the three considered reflected paths have 0,50, 100, and

150ns delay as well as 40, 50,60, and 70 dB pathlosses, respectively [24]. For the considered
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waveform, the 50ns delay between consecutive SI paths constitutes to one sample delay of the
OFDM signal. The additional parameters of the waveforms, along with other system-level pa-
rameters, are shown in Table III. To incorporate TX impairments at the FD MIMO node b,
the TX IRR is considered 30 dB, which implies that the image signal power is 30 dB lower
than the linear SI signal [66]. The quasi memoryless nonlinear PAs are assumed to have an
ITP3 value of 15 dBm [78]. Each ADC at the RX RF chains of node b is considered to have a
14-bit resolution with an effective dynamic range of 60 dB for a Peak-to-Average-Power-Ratio
(PAPR) of 10 dB [98|. Therefore, the residual SI power after analog cancellation at each RX
RF chain of node b has to be below —40 dBm to avoid RF saturation. Furthermore, to account
for practical mismatch, the wideband analog canceller taps are considered non-ideal with steps
of 0.02 dB for attenuation and 0.13° for phase, as in [59]. Thus, for each tap in our simula-
tions, the phase setting has a random phase error uniformly distributed between —0.065° and
0.065°. Considering a waveform with 312.5KHz subcarrier spacing, the phase error translates to
a maximum of 0.578ns time delay error for each tap.We have used 1000 Monte Carlo simulation
runs (1000 independent set of channels) to calculate the performance of all considered designs.
In each run, we have performed pilot-assisted estimations of all involved wireless channels and
considered 500 OFDM symbols transmitted from both nodes b and mo to emulate one radio

frame for packet-based FD MIMO communication system.

3.5.2 Analog SI Mitigation Capability

First, we evaluate the SI suppression capability of the proposed wideband FD MIMO analog

SI canceller and compare it with the state-of-the-art SI cancellation approaches. As discussed
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Figure 10. Probability of the residual SI power after analog cancellation above RF saturation
level —40 dBm with respect to DL transmit power in dBm and Nrxm, = NTX,m, = 1.

in Sec. 3.3, the performance indicator of the analog canceller is its ability to avoid RX RF chain
saturation at the FD node. To reduce analog hardware complexity, most of the existing methods
only deal with direct SI signals in analog cancellation and suppress the multipath components
in the digital domain, assuming the insignificant impact of reflected SI components on RF chain
saturation. However, for wideband FD MIMO systems, the multipath SI components can result
in residual SI power above the RF saturation level for high transmit powers [99-101]. For
example, we have considered a wideband SI channel with reflected paths having pathlosses as
high as 70 dB, which results in an SI power of —30 dBm at the RX input of FD MIMO node

b for transmit power of 40 dBm. This residual SI power is above the RF chain saturation level
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Figure 11. Probability of residual SI after analog cancellation above RF saturation level —40
dBm with respect to DL transmit power in dBm and Nrxm, = NTxX,m, = 4.

of —40 dBm of the considered FD MIMO system, and therefore needs to be suppressed in the
analog domain.

In Figure 10, we illustrate the probability of the residual SI signal power above the RF
saturation level of —40 dBm after proposed wideband analog cancellation with varying number
of taps (Lc = 1,2,3) as a function of DL transmit power (20 — 40 dBm) for the considered
4 x 4 wideband FD MIMO communication system with single-antenna HD users (i.e. Ngx m, =
NtxXm, = 1). For comparison, we also plot the analog SI cancellation performance of the
“Spatial Suppression” [58], “Joint BF and Analog Cancellation” [59], and “Integrated Wideband
Cancellation” [64] approaches. It is evident that the “Spatial Suppression” and “Joint BF and

Analog Cancellation” approaches are unable to achieve enough analog SI suppression to avoid
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RF saturation, as they only cancel parts of the direct SI components rendering high residual SI
power. The “Integrated Wideband Cancellation” with Lo = 1 is capable of achieving sufficient
analog SI suppression for low transmit power of 20 dBm; however, for high transmit power cases,
the FD MIMO node b RX RF chains go into saturation as the effect of multipath SI components
becomes significant. In contrast, the proposed wideband analog cancellation approach with 25%
taps (Lc = 1) can provide sufficient RF suppression for transmit power up to 30 dBm. After a
50% reduction of taps compared to the “Spatial Suppression” with full-tap analog canceller, the
proposed wideband cancellation with Lo = 2 is capable of avoiding RF saturation for all DL
transmit power values.

In Figure 11, we plot the probability of FD MIMO node b RX RF saturation for multi-
antenna DL and UL users with Nrx y,, = N1tx,m, = 4. With the increment of DL RX antennas,
the SI effect at the node b receiver grows substantially, as the TX transmits multiple streams
simultaneously. For the considered multi-antenna case, the existing “Spatial Suppression” with
no analog cancellation, “Joint BF and Analog Cancellation,” and “Integrated Wideband Cancel-
lation” approaches provide inadequate SI cancellation performance rendering the RX RF chains
into saturation. However, the proposed wideband cancellation with 50% taps is still capable
of achieving enough SI suppression to avoid RX RF saturation. Therefore, the proposed wide-
band analog SI cancellation method with 50% fewer taps compared to the full-tap cancellers
provides sufficient analog SI suppression avoiding RX RF chain saturation for considered single

and multi-antenna users.
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Figure 12. Average downlink rate as a function of the downlink transmit power for
NRX,b = NTX,b =4 and NRX,ml = {1, 4}

3.5.3 Achievable Downlink Rate

Figure 12 depicts the achievable DL rate of the proposed wideband FD MIMO system with
Nrxp = Ntxp = 4 and Ngxm, = {1,4} as a function of DL transmit power. The DL rate is
achieved after solving the OP2 using Algorithm 1 given the number of analog cancellation taps
that can achieve sufficient SI suppression, as discussed in the previous section. We also plot
the DL rate performance of the “Spatial suppression” approach with a full-tap analog canceller.
It is evident from Figure 12 that the proposed wideband analog cancellation approach with
only 50% taps (Lc = 2) outperforms the existing full-tap approach for both single and multi-

antenna user cases. Although the proposed approach with 75% taps (Lc = 3) provides a
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Figure 13. Digital SI cancellation value with respect to the number of training OFDM symbols
for digital SI estimation.

substantial DL rate improvement compared to the scheme with 50% taps for multi-antenna user
cases, their achievable DL rate is comparable for single-antenna users. Therefore, the proposed
wideband cancellation approach provides a trade-off between the number of canceller taps and
the achievable DL rate. It is to be noted that, in practical implementation, it is more desirable

to reduce the analog canceller taps as much as possible, providing a cost-effective solution.

3.5.4 Performance of the Digital SI Canceller

The residual SI signal after analog SI cancellation is further suppressed in the digital domain.
Here, we evaluate the performance of the proposed TSVD-based adaptive digital SI cancellation
approach. As discussed before, the number of parameters to be estimated for the digital SI

regeneration and cancellation increases with the number of antennas and multipath SI compo-
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nents at node b. To estimate such a large number of parameters, a very high number of training
samples is required resulting in an increased training overhead.

In Figure 13, we illustrate the amount of digital SI cancellation in dB with respect to the
training OFDM symbols each including 64 subcarrier samples for the considered 4 x 4 FD
MIMO node b and multi-antenna users with Nrxp = N1xp = NrRX;mi = NTX,m, = 4. The
digital SI estimation and cancellation are achieved for a transmit power of 40 dBm after applying
the proposed wideband analog cancellation with 50% taps shown to avoid RF saturation. We
compare our approach with “Linear Digital Cancellation” including only linear SI components
[58], “Widely Linear Cancellation” considering linear and image effects [66], “Nonlinear Digital
Cancellation” considering third-order nonlinear SI terms [57|, “Cascaded Nonlinear Cancellation”
providing joint cancellation technique cascading PA nonlinearity with transmitter IQ imbalance
[68], and “PCA-based Nonlinear Cancellation” employing PCA transformation on SI estimation
matrix [69]. It is evident that the linear, nonlinear, and widely linear cancellers achieve less
than 30 dB SI cancellation, as they only consider parts of the significant SI components for
digital cancellation. The PCA-based nonlinear canceller provides around 35 dB SI cancellation,
as it omits some significant SI components to reduce estimating parameters. However, the
proposed TSVD-based digital SI canceller achieves around 60 dB cancellation value with 4
OFDM symbols, while the cascaded nonlinear canceller requires more than double training
symbols to provide a similar cancellation value. Therefore, the proposed TSVD-based digital
canceller is capable of providing superior SI suppression performance with less computational

resources, reducing the communication overhead.
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Figure 14. Power Spectrum of the SI signal after SI cancellation in the RF and digital domains
with 40 dBm average TX power, 20 MHz bandwidth, and —100 dBm receiver noise floor.

Figure 14 depicts the power spectrum of the SI signal after TX-RX isolation, proposed
wideband RF cancellation with 50% taps, and TSVD-based digital SI cancellation for 40 dBm UL
and DL transmit power and 20 MHz bandwidth with Nrx, = Nrxp = NrxX;m; = NTX,m. = 4.
It is shown that the combination of proposed wideband A /D SI cancellation approaches can
achieve around 95 dB SI cancellation in addition to the 40 dB TX-RX isolation, and therefore

successfully suppress the SI signal to the thermal noise floor for the wideband FD MIMO systems.
3.5.5 Average FD Rate
In Figure 15, we illustrate the FD rate of the proposed wideband A/D cancellation with

respect to the DL and UL transmit power for Nrxp = N1xp = 4 and Nrx,m; = N1Xom, =

{1,4}. For comparison, we also provide the FD rate for “Spatial Suppression” with full-tap
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Figure 15. Average FD rate as a function of the downlink transmit power for
Nrxp = Ntxp = 4 and Nrx,m; = N1rx,m, = {1,4}.

analog canceller and the achievable HD rate for the considered MIMO system. It is evident that
the proposed digital and analog SI cancellation approach with 50% taps (Lc = 2) outperforms
the spatial suppression with full-tap analog canceller approach for both single and multi-antenna
users cases. In addition, the proposed wideband A /D SI cancellation approach with Le = 2 can
provide substantial rate improvement compared to the HD communication systems. Specifically,
for a transmit power of 40 dBm and multi-antenna users case, the proposed wideband A /D
SI cancellation approach can achieve 1.45x the FD rate compared to the HD system with a

reduction of 50% analog taps compared to the state-of-the-art full-tap canceller.
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Figure 16. Average FD rate as a function of the transmit power and different channel
estimation MSE for Ngrx s = N1xp = 4 and Nrxm; = N1xms, = {1,4}.

3.5.6 Impact of Channel Estimation Error on the FD Rate

The impact of channel estimation error on the proposed FD system performance is depicted
in Figure 16. We have plotted the average FD rate of the proposed wideband cancellation system
with respect to the DL transmit power for Ngx = Nrxp = 4 and Nrx,m, = N1x,m, = {1,4}
with different Mean Squared Errors (MSEs) for channel estimation of all considered channels
(i.e. SI, DL, and UL) as well as analog cancellation taps. It is evident from the figure that, for
channel estimation MSEs of —30dB and —20dB, the average FD rates are consistent with the
FD rate of ideal channel knowledge for the proposed wideband A /D SI cancellation approach

with both 50% and 75% taps. However, for the higher channel estimation error of —10dB MSE,
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Figure 17. Interference Suppression Ratio with respect to the transmit power and different
signal waveforms for the considered FD MIMO system with

Nrxp = Ntxp = NrRxX;m1 = NTX,mo = 4-

the FD rate is reduced at the large transmit powers of the proposed wideband FD system.
This happens due to the utilization of increased DL DoFs in order to achieve the required SI

cancellation, which will avoid RF saturation with non-ideal channels.

3.5.7 Interference Suppression Ratio for Different Signal Waveforms

In Figure 17, we illustrate Interference Suppression Ratio (ISR), which is defined as the aver-
age residual interference power versus the average SI power without cancellation, with respect to
the transmit power for Nrxp = N1xp = NrRX;m: = NTX,m, = 4 and different signal waveforms.
In addition to the WiFi signal waveform with 20MHz BW and 312.5KHz subcarrier spacing as

shown in Table III, we have also simulated Long Term Evolution (LTE) waveform with 20MHz
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BW and 15KHz subcarrier spacing as well as 5G New Radio (NR) waveform with 100MHz BW
and 60KHz subcarrier spacing, while considering multipath SI channel with Lo = 4 as described
in Sec. 3.5.1. It is to be noted that 5G NR and LTE waveforms’ sample delays, which are 4.069ns
and 32.552ns corresponding to the 60KHz and 15KHz subcarrier spacing, respectively, are not
similar to the SI path delays (50ns delay between consecutive reflected paths). Therefore, for
such waveforms, analog canceller experiences larger phase error corresponding to larger delay
mismatch error. However, it is evident in Figure 17 that the proposed joint wideband A/D
ST cancellation and TX/RX beamforming approach can achieve similar ISR performance for
100MHz 5G NR and 20MHz LTE waveforms to the previously considered WiFi waveforms.
This is due to the higher RF saturation level of the wider-bandwidth 5G NR, system. The
node b RX noise floor for the 100MHz 5G NR system (—90dBm) is higher than that of the
WiFi case (—100dBm). For an ADC dynamic range of 60dB, the RF saturation level in 5G
NR case is —30dBm, whereas the WiFi waveforms have a saturation level at —40dBm. There-
fore, the analog SI cancellation required in 5G NR cases is 10dB lower than WiFi waveforms.
Although higher delay mismatch in the analog canceller 5G NR waveform results in slightly
less SI cancellation, the residual SI is still well below the RF saturation level. Therefore, the
proposed approach is capable of achieving the required SI cancellation for both LTE and 5G

NR waveforms with large bandwidth.

3.6 Concluding Remarks

In this chapter, we have presented a reduced complexity wideband analog SI canceller jointly

designed with digital TX/RX beamforming for practical FD MIMO systems with TX IQ imbal-
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ances and PA nonlinearities maximizing the FD sum-rate performance. To suppress the residual
linear SI signal along with its conjugate and nonlinear components below the noise floor, we
proposed a novel adaptive digital SI cancellation technique reducing the number of estimation
parameters. Our representative performance evaluation comparisons with existing wideband FD
MIMO designs demonstrated that the proposed wideband A/D SI canceller achieves superior
SI cancellation capability. Furthermore, we showed that the proposed optimization framework
provided higher achievable rate performance with reduced hardware complexity for analog SI
cancellation and computational resources of digital SI cancellation compared to the full-tap

wideband FD MIMO radios.



CHAPTER 4

SIMULTANEOUS CONTROL AND DATA COMMUNICATION IN

SINGLE- AND MULTI-USER FD MIMO SYSTEMS

Due to its capability of simultaneous transmission and reception, full duplex systems cab
be utilized for extracting control information while maintaining data communication with other
nodes. In this chapter, we study Simultaneous Communication of Data and Control (SCDC)
information signals in FD MIMO wireless systems. In particular, considering an FD MIMO base
station serving multiple single-antenna FD users, novel single and multi-user communication
schemes for simultaneous DL beamformed data transmission and UL pilot-assisted channel
estimation is presented. Capitalizing on our FD MIMO hardware architecture in Chapter 3
with reduced complexity self-interference analog cancellation, we jointly design the base station’s
transmit and receive beamforming matrices as well as the settings for the multiple analog taps

and the digital SI canceller with the objective to maximize the DL sum rate.

4.1 Introduction

Multi-user FD MIMO communication technology has the potential of substantial spectral

efficiency improvement and simplification of the control information exchange over conventional

The content of this chapter is based on our published articles in [88] and [90]. Copyright ©) 2020
IEEE.
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TDD and FDD systems through concurrent UL and DL communication in the same frequency
and time resources [3,24,49,51,58,67,85,86,102].

As described in Chapter 1, the main bottleneck of FD MIMO systems is the in-band SI
signal at the reception side resulting from simultaneous transmission and reception, as well
as limited TX and RX isolation. Therefore, a combination of propagation domain isolation,
analog domain suppression, and digital SI cancellation techniques are adopted in practice to
suppress the strong SI below the noise floor [58,59,86]. In FD MIMO systems, the suppression
techniques are particularly challenging due to higher SI components, as a consequence of the
increased number of transceiver antennas. In Chapter 3, we presented a unified approach with
multi-tap analog cancellation and TX/RX beamforming, where the number of taps does not
scale with the product of TX and RX antenna elements while maximizing the achievable rate
performance under practical transceiver imperfections.

Recently, in [89,103,104], simultaneous DL data transmission and UL Channel State Infor-
mation (CSI) reception has been considered at an FD MIMO Base Station (BS) serving multiple
HD User Equipment (UE) nodes. In these studies, the UEs transmit training symbols through
the UL channel in a Time Division Multiple Access (TDMA) manner, which are utilized by the
BS to estimate the DL channels leveraging channel reciprocity, while at the same time transmit-
ting the DL payload to UEs for whom the DL CSI is already available. However, the adopted
multi-user models consider perfect analog cancellation that is based on conventional FD MIMO
architectures with fully connected analog cancellation, interconnecting all TX antenna elements

in the FD node with all its RX antennas.



4.1.1

83

Contributions

The main contributions of this chapter are summarized as follows:

We propose a novel simultaneous communication of data and control information signals

for single FD MIMO wireless systems.

considering a FD MIMO base station serving multiple single-antenna FD users, a novel
multi-user communication scheme for simultaneous DL beamformed data transmission and

UL pilot-assisted channel estimation is presented.

Exploiting channel reciprocity and relying on FD operation, the proposed system performs

joint digital TX beamforming for DL communication and UL pilot-assisted CSI estimation.

Considering realistic modeling for imperfect channel estimation and CSI delay error, we
present a joint optimization framework for the DL rate optimization and the accurate CSI

estimation.

Our representative Monte Carlo simulation results for an example algorithmic solution for
single-user SCDC scheme demonstrate that the proposed FD-based joint communication

and control scheme provides 1.4x the downlink rate of its half duplex counterpart.

We also showcase superior achievable DL rate performance for the multi-user SCDC scheme
with more than 50% reduction in the analog cancellation hardware complexity compared

to the conventional FD MIMO architectures with fully connected analog cancellation.
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4.2 System and Signal Models

A multi-user MIMO communication is considered with a BS node b containing N, TX and
RX antennas, and K single-antenna FD UE nodes', as shown in Figure 18. Each antenna is
attached to a dedicated TX/RX RF chain at all the nodes. A multi-tap analog SI canceller is
applied in the FD BS node b, whereas each UE node deploys a single-tap SI canceller. The FD
BS node is capable of performing digital TX beamforming realized, for simplicity, with linear
filters. We consider UL/DL channel reciprocity and focus on simultaneous data communication
and channel estimation, where the DL is intended for information data communication while
the UL is used for transmitting training signals from UEs to the BS. The UL CSI estimation is
used for designing the DL precoder to digitally process the data signals before transmission.

We assume that, for every channel use, the BS node b transmits the complex-valued infor-
mation data symbols s, € C"™*! (chosen from a discrete modulation set) using the unit norm
digital precoding vector Vi, € CNeX™b where the my, is the number of data streams. In the UL
direction, the K users simultaneously send orthogonal training symbols to the BS node b, which
can be denoted as s € CX*!. The signal transmissions at both BS and UE nodes are power
limited to P, and Py, respectively. Specifically, the DL signal is such that E{||Vysp||?} < P,

whereas the UL signal from all K UEs is constrained as E{||sk||*} < Pk.

Tt is to be noted that the single-user case can be achieved by setting the number of UEs K = 1.
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Figure 18. The considered multi-user FD MIMO system model for simultaneous DL data
transmission and UL pilot-assisted channel estimation. BS node b and all UE nodes deploy
A /D SI cancellation with the former node b realizing reduced complexity multi-tap analog

cancellation.

4.2.1 Channel Modeling

The Rayleigh faded DL channel from BS node b to UE node k, denoted by hg € CIx*Ns,
is modeled as Independent and Identically Distributed (IID) CN(0,lx), where Ik is the UL
pathloss. Stacking all UE channel vectors, the DL channel for K users can be expressed as
H = [h; hy --- hg]T € CE*M. Based on the UL/DL channel reciprocity, the Rayleigh faded
UL channel is HT € CMo*K_ As all nodes are capable of FD operation, the simultaneous DL
data and UL training transmission induce SI in the RXs of the BS and UEs, respectively. We
consider the Rician fading model for the SI channels denoted by Hy € CNoxNo for the BS and
hipr € C,Vk =1,2,..., K, for the UEs with Rician factor x and pathlosses lj; and [y, ;. at nodes

b and k, respectively [24]. Using matrix notation, the SI channel for K users can be expressed
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as Hi g = diag{h11,h22, - ,hx K} € CK*K  Similarly, the inter-node interference channel
between K users containing only off-diagonal elements is denoted as Hyy € CK*& CA(0, Iin),

where [y is the inter-node interference channel pathloss.

4.2.2 Signal Modeling at the BS and UE Nodes

Because of FD operation, BS node b RXs receive the training symbols transmitted from
K users as well as the SI signal induced by simultaneous data transmission. As shown in
Figure 18, the SI is suppressed using low complexity analog SI cancellation, which is followed
by a digital canceller in the baseband of BS node b. Denoting analog and digital SI cancellers
as Cp € CNox*No and Dy, € CVe*No | yespectively, the received baseband signal at BS node b,

yp € CNoX1 can be expressed as

Yo £ HTSK + (Hb,b + Cy + Dyp) Visp + ny,

= HTSK + I?Ib,besb + ny,

where n, € CMo*! is the zero-mean AWGN with variance agINb. Here, Ithyb e (Hpp + Cp + Dy)
represents the residual SI channel after A /D SI cancellation.
Similarly, after A/D SI cancellation at each UE node, the precoded DL signal received at K

(CK><1

user nodes, yx € is written as

yi 2 HVysy + (Hg x + Ci + Dg) sk + Hinsk + ng,

= HVys;, + ﬁK,KsK + Hinsk +ng, (4.2)
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CHE>1 ig the zero-mean AWGN with variance 0%(1 K.

where ng €
Here, Cx £ diag{ci,1, ¢, ,cx,xk} € CE*F Dy £ diag{di1,da2, - ,dk ik} € CEXE,

where the diagonal elements of Cx and D g represent the analog and digital SI canceller of each

UE node, and IA-JIKyK £ (Hi i + Ck + D) is the residual SI channel at all UE nodes.

4.3 Proposed SCDC Scheme

In this section, we present a multi-user FD MIMO based data communication and channel
estimation scheme. First, we describe the CSI acquisition and DL beamforming scheme in
Section 4.3.1. Then, in Section 4.3.2, we characterize the realistic channel estimation error, CSI
delay error, and average achievable DL rate.

4.3.1 Proposed CSI Acquisition and Beamforming

The proposed SCDC scheme is illustrated in Figure 19(a), where DL is dedicated for data
transmission and UL is accessed to transmit training symbols. We assume a time division du-
plexing based data transmission, where the considered channels remains constant for all the
channel uses in a time slot and the channels of successive time slots are temporally corre-
lated [105,106]. Each time slot contains 7" symbols (i.e. T' channel uses). The proposed data

transmission scheme and CSI acquisition scheme is described as follows:

1. For data transmission at any ith time slot, first, we obtain the UL channel estimate of
(=—1)th time slot using T" orthogonal training symbols sent from each UE, while maintaining

simultaneous data transmission in the DL.

2. Using UL/DL reciprocity, we obtain the DL channel estimate at (i—1)th time slot from

the UL channel estimate.
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Figure 19. (a) Proposed SCDC Scheme, (b) Sequential Beamforming with DL data
transmission and UL CSI, and (c) Conventional HD Beamforming with UL training over two
consecutive time slots.

3. Based on the DL channel estimate, we derive the DL precoder Vy[i] to process all the data

streams at the ith time slot.

In Figure 19(b), the FD sequential beamforming approach of [104] is depicted, where the UEs
access the UL channel in TDMA manner, and the BS initiates DL data transmission to the UEs
with available CSI, instead of waiting for all the UEs to finish training. Figure Figure 19(c)
represents the conventional HD MIMO scheme, where a fraction of the total channel uses is
dedicated for UL training and the rest of each time slot is utilized for data transmission in DL

direction.
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4.3.2 Channel Estimation Error and Average DL Rate

To estimate the UL channel at (i—1)th time slot, the K users transmit orthogonal training
symbols Sk[i — 1] € CE*T | such that E[Sk[i — 1]SiL[i — 1]] = T Pxk. Here, we utilize T training
symbols in the UL direction for estimation, while maintaining DL data transmission enabled by
FD. Therefore, the received training symbols at node b after A /D cancellation, Y;[i—1] € CNoXT

can be expressed as

Yy[i—1] 2 H [i—1)Sg[i—1] 4+ Hy 4[i— 1]V [i—1]Ss[i—1]

+ Ny[i—1], (4.3)

where HT[i — 1], ﬁbﬁ[i — 1], V[i — 1], Sp[i — 1], and Ny[i — 1] represent the UL channel, residual
SI channel, DL precoder, transmit signal matrix, and AWGN noise matrix of node b RXs at
(i—1)th time slot.

The considered MIMO channels H[i—1] and HJ[i] of the (i—1) and ith time slots, respectively,
are assumed temporally correlated. Using the classical Jakes model, the correlation coefficient

between DL channels H[i—1] and HJi] is defined as [106, Eq. (2.58)]

p & EHYH[i—1]] = Jo(2n faT), (4.4)
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where f,; is the Doppler frequency, T, is the time difference between two consecutive time slots,
Jo(+) is the zero-th order Bessel function of the first kind. Using the Gauss-Markov error model,

the time correlated DL channels in successive time slots can be expressed as [105]

H[i—1] £ pH[i] + /1 — p2E[i], (4.5)

where E[i] € CK*M is the error matrix, whose entries are modeled as IID CN(0, ), and is
independent of H[i]. Due to reciprocity, similar time correlation, as in Equation 4.5, hold for
all UL channels. Under this model, using UL/DL reciprocity, the received training signals at

BS node b at the (i—1)th time slot can be written using Equation 4.3 as

Yyli—1] £pH[()Sk[i—1] + /(1 — p?) P Bu[i]

+ H, [i— 1 Vi [i—1]Sp[i— 1] + Ny[i—1],

where Eyy[i] € CMo*T is the UL CSI delay error matrix modeled as IID CN/(0,lx) and inde-
pendent of Ny[i—1]. Based on Equation 4.6, the UL channel H'[i] can be estimated using the

Minimum Mean Squared Error (MMSE) estimator as [105]

ﬁT[Z] 2 pYb[i_l]SII_I([i_l]
of + af,b + (1 = p?)Pxlg + p2TH,’
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where 02, = HIth,b[i—l]Vb [i—1]Sp[i—1]|? is the residual SI power after A/D cancellation at node
b. From the UL estimate at the ith time slot, the relationship between the actual and estimated

DL channels at the ith time slot, using the Gauss-Markov error model, can be written as [107]

H[i] 2 \/1 — 72, H[i] + 7oL EpLli], (4.8)

where Epp [7] is the DL estimation error matrix having IID elements each modeled as CN (0, lx),
and py, € [0, 1] is the Gauss-Markov error parameter that depends on the effective DL Signal-to-
Noise-Ratio (SNR). The case p1, = 0 implies ideal DL CSI, whereas mp1, = 1 signifies unavailable
channel estimation. The Mean Squared Error (MSE) of the DL channel from Equation 4.7 at

the BS node b is given by [105]

05 + U?}b + (1 — pQ)PKlK
op + 02, + (1= p?) Pl + p*T Py’

MSEgp £ 71, = (4.9)

Using the DL estimate ﬁ[z], the achievable DL rate per channel use for the proposed SCDC

scheme at the ith time slot can be derived as

Rowli] 2 log, (det (IK + (1 — 2 BH[] V1]

X V}}[i]ﬁH[i]zk[irl)), (4.10)
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where the interference-plus-noise covariance matrix:

¥ [i] 2ok I +Hp kli]sk[i]s5 [{HR g [i]+Hix[i]s [i]

x s [iTHIN ] + 7hy, Polic Vi [i] V' [i]. (4.11)

4.4 Proposed Joint Optimization Framework

In this section, we focus on the joint design of the digital TX precoder Vy, the analog SI
cancellers Cp and ¢, Vk = 1,--- , K, as well as the digital cancellers D and dg, Vk at BS node
b and K UE nodes, respectively, maximizing the estimated achievable DL rate of ith time slot.
It is to be noted that, for simplicity, we omit the time slot index in the subsequent optimization
problem, as we are only dealing with variables at ith time slot, unless mentioned otherwise.
Based on the estimated DL channel ﬁ, SI channels ﬁb,b and I/-\IK,K at BS and UE nodes,
respectively, the considered optimization problem is expressed as:

mase log, (det (Tre+ (1 -3 BEV, VITHTS ) )

V;,Cyp,D
Ck,Dk

s.t. Pb”[(ﬁb,b + Cb)Vb](j,:)HQ < Vji=1,2,..., Ny,
Pr||[(Hep + C)lo > < M Vi =1,2,... K,

E{||[Vysp||?} < Py, and E{|sk|*} < Pxk. (4.12)

In this formulation, the first constraint imposes the RX RF chain saturation threshold A, after

analog cancellation at BS node b. As previously discussed, this threshold ensures proper recep-
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Algorithm 4 Proposed FD MIMO SCDC Design

Input: I/_\Ib,ba ﬁ, I/‘\IK,K, Pb, PK, N, and Nb.
Output: V,, Cy, Cg, Dy, and Dg.

1:
2:

10:

11:

12:
13:
14:

15:

16:
17:
18:
19:

Obtain the N-tap analog canceller Cy using [59, Eq. 1].
Obtain Qp including the N right-singular vectors of (ﬁbﬁ—i—Cb) corresponding to the singular
values in descending order.
Set Cx = _ﬁK,K-
for a = Ny, N, —1,...,2do
Set Fy = [Qu)(:,Ny—at+1:N,)-
Set Wy, = sort(ﬁFb), rearranging the rows of ﬁFb based on descending row vector norm.
Set Zy, = [Wb](lzmb,:)'
Set Gy = BZFZE(Z(,Z}){)_I, where [z is the normalization constant that ensures
Eltr(G,Gi)] = 1.
Set the IA)L precoder as Vi = FGy. R
if Py|[(Hpp+Co) Vol lI? <A, Vi=1,2,..., Ny, and P |[[(Hg+Cp)] o 1> < Ak, Vi=
1,2,..., K then

Output Vy, Cp, Cg, Dy = *(ﬁb,b + Cy), D = f(I/-\IKK + Ck), and stop the
algorithm.
end if
end for
Set 'V, = [Qb](37Nb)'

if Py|[[(Hpp + Co)Viloll? < A Vi=1,2,..., Ny, and Pr|[[(Hpp + Cr)l ol < Ai, Vi=
1,2,..., K then R R

Output Vy, Gy, Cg, Dy = —(Hb7b+Cb), Dg = _(HK,K+CK); and stop the algorithm.
else

Output that the Cy realizations or Cx do not meet the receive RF saturation constraints.
end if

tion of the training symbols by all N, RX RF chains of the BS, which means that the UL channel

can be efficiently estimated using Equation 4.7. The second constraint enforces the saturation

threshold A\x at the K UEs assuring feasible decoding of BS’s information data symbols. The

final two constraints in Equation 4.12 refer to the nodes’ average transmit powers.
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The optimization problem in Equation 4.12 is quite difficult to tackle, since it is non-convex
including couplings among the optimization variables. In this chapter, we suboptimally solve it
using an alternating optimization approach, leaving other possibilities for future work. To this
end, we start with an allowable Cj realization given the available number of analog canceller
taps N, where the tap values are set to be the respective amplitude elements of the estimated
SI channel IA{b,b. Based on the chosen Cj, we seek for the precoding matrix V; maximizing
the DL rate, while meeting the first constraint for the BS analog SI cancellation threshold Ap.
This procedure is repeated for all allowable realizations of Cy to find the best pair of C; and
V. Adopting the approach in [59], the BS precoder for DL data communication is constructed
as Vy = F3,Gyp, where F, € CM*® aims at reducing the residual SI after analog cancellation
and Gy € C**™ is the Zero-Forcing (ZF) beamformer maximizing the rate of the effective DL
channel ﬁFb. The parameter « is a positive integer taking the values 1 < a < Np. At each
of the UE nodes, a single-tap analog canceller is employed resulting in a diagonal analog SI
canceller matrix Cx = —ITIK, k. To maximize the signal-to-interference-plus-noise ratio, the
residual SI is further reduced by setting the digital cancellation signal at both FD nodes as their
respective complementary residual SI channels after analog SI cancellation. For each allowable
realization of Cyp, the proposed solution for the considered optimization problem Equation 4.12

is summarized in Algorithm 4.

4.5 Evaluation of SCDC Scheme for Single-user FD MIMO System

In this section, we investigate the performance of the proposed FD-enabled simultaneous

DL information data and UL training data transmission scheme for single-user FD MIMO sys-
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Figure 20. Achievable DL rate of the proposed FD SCDC scheme for a single-user versus the
DL transmit power in dBm for the case of limited UL transmit power at 5dBm.

tems. The simulation parameters and assumptions are detailed in the following Sec. 4.5.1, while

Sec. 4.5.2 presents representative results on the achievable DL rate and UL channel estimation.

4.5.1 Simulation Parameters

We perform an extensive simulation following the FD MIMO architecture illustrated in
Fig. Figure 18. We have considered a 4 x 4 (i.e., N, = 4) FD MIMO BS node b serving
a FD single-antenna UE node uw. Both DL and UL channels are assumed as block Rayleigh
fading channels with a pathloss of 110dB. The SI channels at both FD nodes b and u are
simulated as Rician fading channel with a K-factor of 35dB and pathloss of 40dB [24]. We
have considered a narrowband communication system with a bandwidth of 1.4MHz, which is a
supported bandwidth for LTE. RX noise floors at both nodes were assumed to be —110dBm.

To this end, the RXs have effective dynamic range of 62.24dB provided by the 14-bit ADC for
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Figure 21. MSE of UL channel estimation versus the UL transmit power for the case where
the DL transmit power is 40dBm.

a PAPR of 10 dB [98]. Therefore, the residual SI power after analog SI cancellation at the
input of each RX chain has to be below —47.76dBm to avoid saturation. Furthermore, non-
ideal multi-tap analog canceller is considered with steps of 0.02dB for attenuation and 0.13°
for phase as in [59]. We have used 1000 independent Monte Carlo simulation runs to calculate
the performance of all considered designs. In each run, a total number of T" = 400 symbols
were considered in every transmission packet. For the compared HD scheme, 10% the packet’s

symbols (i.e., Typ = 40) were dedicated for UL channel sounding.

4.5.2 Achievable DL Rate and CSI Estimation Performances

Figure 20 depicts the achievable DL rate performance of the single-user FD SCDC scheme
as a function of the DL transmit power in dBm for the case where the UL transmit power

for training data is 5dBm with 50dB digital SI cancellation. We have considered different
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numbers for the analog canceller taps N for the proposed FD MIMO architecture at BS node
b, and also sketched the performance of the ideal CSI case with N = 16 together with the
HD-based transmission scheme discussed in 4.5.1. It is shown in the figure that, for low to
moderate transmit powers (< 20dBm), the proposed FD-based transmission scheme exhibits
similar performance to the ideal CSI case. The performance gap in large transmit powers is a
consequence of practical CSI estimation error and residual SI at the FD RXs. For the highest
considered transmit power of 40dBm, Algorithm 1 results in less than 1bit/sec/Hz DL rate gap
between 4 and 16 taps for analog SI cancellation, leading to 75% reduction in the hardware
complexity for the analog canceller. It is also evident that, for all DL transmit powers, the
proposed scheme outperforms HD-based transmissions. For example, when the DL transmit
power is 40dBm, the DL data rate with FD-based transmissions is 1.4x the HD-based one.
The MSE of CSI estimation versus the UL transmit power in dBm is shown in Figure 21 for
the case where the DL transmit power is 40dBm. It is noted that the proposed FD-based
scheme provides similar MSE performance irrespective of N, since it targets reducing SI at BS’s
RX below the noise floor for all cases. Despite the residual SI, the proposed scheme exhibits
substantially smaller MSE compared to the HD scheme, since the former supports simultaneous
communication of 400 (T'" = 400 > Typ = 40) UL training symbols together with 400 DL
information data symbols. Finally, Figure 22 plots the achievable DL rate for different UL
transmit powers and DL transmit power of 40dBm. It is shown that with increasing UL transmit
power, the DL rate of the proposed FD-based scheme with CSI estimation approaches that of

the ideal CSI case, which witnesses that the CSI error decreases. The same trend happens for
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Figure 22. Achievable DL rate versus the UL transmit power for the case where the DL
transmit power is 40dBm.

the HD-based transmission scheme, whose DL rate performance is however outperformed from
the proposed scheme with only 4 analog SI cancellation taps. For UL transmit powers larger
than 12.5dB, the DL rate performance of the proposed scheme is around 1bit/sec/Hz close to

the ideal CSI case with 50% reduction in the number of the analog taps.

4.6 Evaluation of SCDC Scheme for Multi-user FD MIMO System

In this section, we provide representative simulation results of the proposed FD-based MU
MIMO simultaneous data communication and channel estimation approach. In Section 4.6.1, we
describe the existing FD and HD MIMO solutions to be compared with our proposed approach.
The simulations parameters and assumptions are detailed in Section 4.6.2, whereas the hardware

complexity, and achievable DL rate results are presented in Section 4.6.3.
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Figure 23. Achievable DL Rate w.r.t DL transmit power for N, = 8, K =4, f; = 50Hz and
different analog canceller taps N.

4.6.1 Compared FD and HD MIMO Designs

We compare our novel FD SCDC scheme with the Sequential Beamforming (SB) FD ap-
proach presented in [104], where the UEs send their training symbols using TDMA. Contrary
to the conventional HD MIMO approach, which is also illustrated here for comparison, in SB
FD approach, the BS node does not wait for all the UEs to finish training. In SB FD, the
BS starts transmitting to the UE with available CSI at the BS node, while receiving training
from other UEs. The SB FD approach considers perfect analog SI cancellation, which includes
full-tap analog SI canceller. In addition, we also illustrate the proposed FD approach with ideal

CSI and full-tap analog SI canceller.
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4.6.2 Simulation Parameters

We perform an extensive simulation following the FD MIMO architecture illustrated in
Fig. Figure 18. We have considered an 8 x 8 (i.e., N, = 8) FD MIMO BS node b serving K = 4
single-antenna FD UE nodes. DL, UL, and inter-node interference channels are assumed as block
Rayleigh fading channels with a pathloss of 110dB. The SI channels at the BS and all UE nodes
are simulated as Rician fading channels with a s-factor of 30dB and pathloss of 40dB [24]. We
have considered a narrowband communication system with a bandwidth and carrier frequency
of 1.4MHz and 2.4GHz, respectively. RX noise floors at all nodes were assumed to be —100dBm.
To this end, the RXs have effective dynamic range of 50dB provided by the 12-bit ADC for a
PAPR of 10 dB [98]. Therefore, the residual SI power after analog SI cancellation at the input
of each RX chain has to be below —50dBm to avoid RX RF chain saturation. Furthermore,
non-ideal multi-tap analog canceller is considered with steps of 0.02dB for attenuation and 0.13°
for phase as in [59]. All the user nodes employ single-tap SI canceller, where the MIMO BS node
requires an N-tap analog SI canceller. We have used 1000 independent Monte Carlo simulation
runs to calculate the performance of all considered designs. Every transmission time slot is
considered to be 1ms with 7" = 400 symbols. For the compared HD and SB FD scheme, 10%
of the total symbols were dedicated for UL channel sounding. The UL transmit power of each

UE node is limited to 10dBm for all considered designs.

4.6.3 Analog Canceller Complexity and Achievable DL Rate

We illustrate the DL rate performance of the proposed and other considered designs in

Figure 23 with respect to DL transmit power for K = 4, f; = 50Hz and varying analog
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Figure 24. Achievable DL Rate of FD MU system w.r.t number of UEs K for N, = 8,
P, = 40dBm, f; = 50Hz and different analog canceller taps N.

canceller taps N. The proposed SCDC scheme with full-tap analog canceller with N = 64
provides DL rate close to the ideal case for transmit power below 30dBm and outperforms
all other considered designs for all transmit powers. After 50% reduction of analog canceller
taps, the proposed approach with N = 32 still provides 1.25x DL rate compared to the SB
FD [104] and conventional HD approach for transmit power of 40dBm, while achieving identical
DL rate performance for low transmit powers. Furthermore, we consider a more extreme case
with N = 8, which results in an analog SI canceller with only 12.5% taps. Although, such
low-complexity SCDC approach provides less DL rate compared to the SB FD approach, it can
achieve higher performance for high transmit powers above 35dBm. In Figure 24, we plotted
the achievable DL rate of the considered transmission schemes with respect to the the number

of UEs K being served by the FD BS node for a fixed DL transmit power of 40dBm. It is
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Figure 25. Achievable DL Rate w.r.t Doppler frequency fy for N, = 8, P, = 40dBm, K =4
and different analog canceller taps N.

evident from the figure that, the proposed SCDC scheme with N = 64 provides substantial DL
rate increment compared to the SB FD [104] and the conventional FD design for any number of
UEs. However, the proposed approach with N = 32 can efficiently serve 6 UEs providing better
DL rate than the SB FD approach. For a further reduction of canceller taps, the proposed
SCDC approach with N = 8 achieves higher rate than SB FD and conventional HD scheme up
to 5 UEs. Therefore, the proposed SCDC scheme provides a flexible design with an important
trade-off between number of UEs and analog SI canceller taps that achieves higher DL rate
performance compared to the full-tap SB FD approach.

We showcase the DL rate performance of the considered design with respect to the Doppler
frequency f; in Figure 25 for K = 4 UEs and fixed DL transmit power of 40dBm. As described

in 4.3.2, the successive time slots are correlated and the correlation coefficient is measured using
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fa given T, = 1ms. It is evident from Figure 25 that the increment of f; only affects the
proposed scheme, as it estimates the DL channel based on the training symbols acquired in the
preceding time slot. However, it is shown that the proposed schemes with N = 64 and N = 32
taps provide superior rate compared to the SB FD [104] and the conventional HD approach for a
high Doppler frequency of 220Hz, which for our considered communication parameter represents
a relative velocity 100km /h between BS and UE nodes. The proposed SCDC scheme with N = 8
can achieve higher rate for f; up to 140Hz. Therefore, we conclude that, compared to the SB
FD and conventional HD scheme, the proposed SCDC approach can achieve higher rates with

50% less taps.

4.7 Concluding Remarks

In this chapter, we proposed single- and multi-user FD MIMO communication systems for
simultaneous DL information data transmission and UL CSI estimation with reduced complexity
multi-tap analog SI cancellation. Considering an MMSE-based channel estimation error model,
we presented a unified optimization framework for the joint design of digital TX precoding
and A /D SI cancellation. Our performance evaluation results demonstrated that the proposed
SCDC protocol is capable of achieving improved achievable DL rates for both single- and multi-
user systems compared to the existing FD and conventional HD systems, requiring reduced

complexity analog cancellation compared to conventional FD MIMO architectures.



CHAPTER 5

SELF-INTERFERENCE CANCELLATION FOR FULL DUPLEX

MASSIVE MIMO SYSTEMS WITH HYBRID BEAMFORMERS

Current wireless systems, and visions for 6G, adopt the massive MIMO technologies [6],
which rely on multiple TX and RX antennas and beamforming techniques to offer highly reli-
able and high throughput communication links. Naturally, if SI can be suppressed below the
reception noise floor, combining FD with MIMO communication will further boost the spectral
efficiency of FD operation compared to the case of FD SISO systems. Hybrid A/D beamforming
architectures have been lately considered as a candidate technology for realizing massive MIMO
transceivers with very large number of antenna elements, but with much fewer numbers of RF
chains. However, as the number of TX and/or RX antennas increases, mitigating SI becomes
more challenging, since more antennas result in more interference components. In this chap-
ter, we present a novel architecture for full duplex hybrid A/D transceivers including multi-tap
analog cancellation with reduced number of taps and simple multiplexers for efficient signal

routing among the transceiver RF chains. Capitalizing on the proposed transceiver architec-

Part of this chapter is based on our published and submitted articles in [102] and [108], respectively.
Copyright © 2020, 2022 IEEE.
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ture, we present a joint design of analog cancellation and A/D beamforming with the objective

to maximize the full duplex rate performance.

5.1 Introduction

The FD technology has been lately theoretically combined with Hybrid analog and digi-
tal BeamForming (HBF) [109] to enable simultaneous UL and DL communications in massive
MIMO systems operating in the millimeter wave frequency bands [110-112]. These works mainly
assigned the role of SI mitigation to the hybrid beamformers and/or deployed analog SI cancel-
lation that scales with the number of TX/RX antennas.

Recently, in [110-114], hybrid beamforming SI mitigation approach has been introduced for
FD massive MIMO systems. Specifically, these studies achieves SI suppression through both
analog RF precoding and digital baseband beamforming. In [113], authors provide a suboptimal
solution for analog RF beamformers suppressing the SI, whereas a multi-user hybrid beamform-
ing cancellation approach is presented in [110]. More recently, the authors in [111| proposed
a fully-digital hybrid beamforming solution for SI mitigation. However, all these approaches
assume an RF hardware based analog SI cancellation where the hardware requirements scale

with the number of TX/RX antennas.

5.1.1 Contributions

The contribution of this chapter is as follows.

e We present a novel hardware architecture for FD HBF systems enabling the joint design

of A/D TX/RX beamformers with reduced complexity tap-based analog cancellation.
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e The proposed analog canceller interconnects a subset of the outputs of the TX RF chains
to a subset of the inputs to the RX RF chains in order to ensure that the residual SI signal

after A/D TX precoding and analog RX combining remains below the noise floor.

e We also derive a novel sub-rate based RF TX/RX beamforming design that remove the
computational complexity of analog beam selection compared to a conventional exhaustive

search approach.

e Our indicative simulation results with the proposed architecture and an example FD HBF
algorithmic framework showcase a 1.7 times rate improvement over HD HBF communica-

tion.
5.2 System Model and Proposed Architecture

In this section, the considered FD MIMO communication system is introduced and the

proposed FD HBF hardware architecture is detailed together with the received signal models.

5.2.1 System Model

We consider the 3-user bidirectional communication system in Figure 26 comprising of a FD
MIMO node k equipped with N, TX and M RX antenna elements, and two half duplex multi-
antenna nodes ¢ and m having M, and N,,, antennas, respectively. Without loss of generality, it
is assumed that node k communicates simultaneously (in the same time and frequency resources)
with node ¢ in the DL and node m in the UL directions. All nodes are considered capable of
performing digital beamforming, which for simplicity we assume hereinafter to be realized with
linear filters. Node k is also capable of analog TX /RX beamforming using the partially connected

HBF architecture [109], as will be detailed in the sequel.
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Figure 26. The considered bidirectional communication system with the proposed FD HBF
architecture in the MIMO node k including N-tap analog cancellation and A/D TX/RX
beamforming. The HD multi-antenna nodes ¢ and m communicate with node %k in the DL and
UL directions, respectively.

It is assumed that node m makes use of the digital precoding matrix VS,? B) ¢ CNmxdm for

processing in BB its unit power symbol vector s,, € C4»*! (chosen from a discrete modulation

set) before UL transmission. The dimension of s,, satisfies d,;, < min{}M, éRF), Ny} with M ,gRF)

(it holds M ,gRF) < My, although in practice M, ,ERF) < M) denoting the number of RX RF chains

at node k. The latter constraint certifies data decodability for the considered UL communication.
It additionally holds that IE{HVS?B)smHQ} < P,,, where P,, is the total TX power of node m.

On the DL direction, the reception node g applies the digital combining matrix UEIBB) € CNaxdk

in the BB received signal that includes the unit power symbol vector s;, € C%**! (chosen from a

discrete modulation set) transmitted from node k such that d < min{M,, N, ,ERF)} with V. ,gRF)
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(N,iRF) < Nj, but practically N,gRF) < Ny) denoting the number of TX RF chains at node k.
Similarly, the latter constraint verifies the spatial DoF of the effective M, x N, IERF) DL MIMO
channel between the TX RF chains of node k£ and the RX RF chains of node ¢; recall that each

antenna at node ¢ is connected to a dedicated RF chain.

5.2.2 Proposed FD HBF Hardware Architecture

The proposed FD HBF hardware architecture comprising of N-tap analog cancellation for
the SI signal as well as A/D precoding and combining for the outgoing and incoming signals is
adopted for the MIMO node k, as depicted in the left part of Figure 26. Differently from [59]’s
architecture that considered only fully digital TX/RX beamforming, node k is capable of HBF

through its partially connected beamforming architecture. As shown in the figure, the analog

) (RF)

canceller interconnects the N IERF inputs of the analog TX precoder to the M, ™’ outputs of the

analog RX combiner. Evidently, the complexity of the analog canceller expressed in the number
of taps N is independent of the numbers N and M}, of the TX and RX antennas, respectively,

RF) With A < 1.

and as it will be shown in the results’ section scales with the product AN ,gRF)M ,5
This is in contrast to [59] where the analog canceller interconnects the N TX antenna inputs

to the M RX antenna outputs, and hence N scales as AN M} with 0.5 < A < 1.

5.2.3 Partially Connected HBF

Each of the NIERF) TX and MéRF) RX RF chains of node k is connected to a separate

subset of the available TX antenna elements. As shown in Figure 26, the i-th TX RF chain

with ¢ =1,2,..., N, IERF) is connected via phase shifters with N IEA) TX antenna elements, each

A)

denoted as TX(i,5) Vj = 1,2,..., NIEA). Clearly, it holds Ny = N,ERF)N]g for the total number
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of TX antennas at node k. Stacking the values of the N,gA) phase shifters that connect each

i-th TX RF chain with its antenna elements in a complex-valued NIEA) x 1 vector v;, we can

)

formulate the complex-valued N x N IERF analog TX precoder, as follows:

Vi ONIEA) . ON}iA)
0. Vo e 0 ()
F N, N,
Vl(sR ) k k (5.1)
O . 0.4 -+ VvV . &wF
RS i NFF |

The elements of each v; are assumed to have constant magnitude, i.e., |[vi].|> = 1/N, IEA) Vn =
1,2,.. .,N,E,A). In addition, we assume that v; € Fpx Vi, which means that all analog TX

precoding vectors belong in a predefined beam codebook Frx including card(Frx) distinct

vectors (or analog beams). Apart from applying V,(gRF) in the analog domain to the information

bearing signal before transmission, the symbol vector s, is also processed in BB with the digital

TX precoder V,gBB) e N xd (recall that dj < min{Mq,ngRF)}) before entering into the

NIERF) TX RF chains, as shown in Figure 26. Similar to the UL communication from node

m to k, we assume that the DL transmission from node k to ¢ is power limited according to
(RF)x,(BB) _ 12 . . .
E{|[V, "'V, 7s|*} < Py, with Py being the total available TX power at node k.
The RX side of node k is composed of an analog combiner connecting the RX antenna
elements with the inputs of the RX RF chains, and a digital combiner that processes the
outputs of the RX RF chains in BB before signal decoding. In particular, the n-th RX RF

RF)

chain with n = 1,2, .. .,M,g is connected through phase shifters with MIEA) RX antenna
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elements; each such component is denoted as RX(n,¢) V¢ =1,2,..., M ,iA). It should hold that

My =M ;RF)M ,gA) for the total number of RX antennas at node k. Similar to Equation 5.1, we

define the complex-valued My x M. ]ERF) analog RX combiner as:

u; 0, (a 0, (a
M MM
0 () us R | N
F M M
USCR ) = k k , (5.2)
0. 0, .« o+ W, (RF
ROV Vi) MR |

where each u,, contains the constant magnitude values of the M ,E,A) phase shifters (i.e., |[u,];|?

1/M /EA) Vi=12,...,.M IEA)) connecting each n-th RX RF chain with its antenna elements. We

further assume that u, € Frx Vn, implying that all analog RX combining vectors belong in a

predefined beam codebook Frx having card(Frx) distinct vectors. Finally, UIEBB) € CMziRF)de

with dp, < min{M IERF), Ny} represents the digital RX combiner at node k.

5.2.4 Multi-Tap Analog Cancellation

The analog canceller at node k consists of N taps with each tap connected via a N, ,ERF)—to—l
MUltipleXer (MUX) to all N,ERF) outputs of the respective TX RF chains. A tap includes a
fixed delay, a variable phase shifter, and a variable attenuator [59,115|. The output of each tap
is connected to a 1-to-M ,gRF) DEMUltipleXer (DEMUX), which routes the cancellation signal at
the output of the tap to one of the adders located just before the RX RF chains. There are a total
of NM ,ERF) such adders and we use the notation “Adder (4, 7)” to label the adder that connects

RF)

DEMUX j to RX RF chain ¢, where i = 1,2,. .., M]E and j =1,2,...,N. The adders before
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the RX RF chains can be implemented via power combiners or directional couplers, while the

analog RF MUXs/DEMUXs can be implemented with RF switches. Similar to [59], we model in
. . ) N 2 ®F)  y(RF)

BB the analog processing realized by the analog canceller with Cy = LgLoLy € CY« koo

(RF) (RF)
where Ly € RV*Me " Ly € CV*N | and Ly € RM

XN The elements [L;];, and [Lg); ; with
j=12...,N, {= 1,2,...,N,£RF), and i = 1,2,...,M,§RF) take the binary values 0 or 1, and

it must hold that

NIERF) M}ERF)
> Malje= Y [Msli;=1Vi=12,... N (5.3)
(=1 =1

The Ly in Cy, is a diagonal matrix whose complex entries represent the attenuation and phase
shift of the canceller taps; the magnitude and phase of the element [Lg|;; with ¢ = 1,2,..., N
specify the attenuation and phase of the i-th tap. Recall that the tap delays in each canceller
tap are fixed and since we focus on a narrowband system, we model the effects of the i-th tap
delay as a phase shift that is incorporated to the phase of [La]; ;.

The use of MUXs/DEMUXs for signal routing in the analog canceller and then subtraction
of the analog cancellation signal from the received RF signal has been first proposed in [59]
as an effective means to reduce the hardware complexity of multi-tap analog cancellation. As
previously discussed, the analog canceller in the proposed FD HBF architecture interconnects

(RF) . (RF) .
the IV inputs of the analog TX precoder to the M) outputs of the analog RX combiner,
hence, its complexity N depends on the number of TX/RX RF chains, and not on the number of

. . . (RF) _ . (RF) _
TX/RX antenna elements, as in [59]. Note that, in the special case of N~ = M,/ =1 and

arbitrary numbers for Ny and Mj, (i.e., only analog TX/RX beamformng is feasible), the analog
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canceller is comprised of only a single tap. The tap settings (i.e., values for the phase shifters
and attenuators), the configuration of the N MUXs and N DEMUXs, as well the values for the
A/D TX precoders and A/D RF combiners are jointly designed to meet certain performance
and complexity indicators, as will be discussed in Section 5.3. The joint design splits the burden
of SI cancellation between the TX/RX HBF and the analog canceller, thus allowing the use of
smaller N for the latter unit. It is noted that the choice for N can be decided offline in a flexible
way as a function of size constrains, cost per tap, or other constraints on the analog canceller
hardware. The A/D TX/RX beamformers and the analog canceller will adapt to each others
capabilities via their joint design.

5.2.5 Received Signal Models

Using the previously described system configuration, the baseband received signal y, €

CMax1 at node ¢ in the DL communication can be mathematically expressed as

RF)~ (BB
ve 2 H, VIOV L H L Vs + 1y, (5.4)
where H, € CMo*Nk is the DL channel gain matrix (i.e., between nodes ¢ and k), H,,, €
CMaxNm denotes the channel gain matrix for inter-node interference (i.e., between nodes ¢ and

m), and n, € CMax1 represents the AWGN at node ¢ with variance 02. In the UL communi-
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cation, the symbol vector §,, € C¥*1 used for the estimation of s,, at the FD HBF node k is

derived as

H H
sn 2 (UPY) <(U,§RF)) H,,, VI + Ck> v,

N (U](cBB)>H (U;R“)H (Flgyn VinSim + 11) | (5.5)

where Hy j, € CMrxNk denotes the SI channel seen at the RX antennas of node k due to its
own DL transmission, Hy, ,, € CMrxNm is the UL channel gain matrix (i.e., between nodes k
and m), and n; € CM+*! denotes the received AWGN at node k with variance 0,%,. The first
term in Equation 5.5 describes the residual SI signal after analog cancellation and A/D TX/RX
beamforming (all performed by node k using the proposed architecture), while its second term
contains the A/D RX combined signal transmitted from node m plus the AWGN. In contrast
. ®r)\H (RF) o .
to [59], Ci needs to cancel the effective SI channel (U, H, .V, ", which is a matrix of
. . (RF) (RF) . .
dimension M, "’ x N, and not the actual M}, x Ny, SI channel Hy, ;.. This fact witnesses the
reduced analog cancellation complexity offered by the proposed FD HBF architecture as well as

the interplay among the N-tap analog canceller, the analog TX precoder V,(gRF), and the analog

RX combiner U,(CRF), which can be further configured using the digital TX precoder VECBB) and

the digital RX combiner U,(CBB). It is finally noted that if the residual SI signal at the output
of the digital RX combiner, as expressed by the first term in Equation 5.5, does not meet the

cancellation requirements, further digital cancellation can be used [85].
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5.3 Joint Design Problem Formulation

As shown in Figure 26 with the proposed FD HBF hardware architecture, the components
of the analog canceller are jointly designed with the A/D TX/RX beamforming blocks in order
to satisfy certain performance objectives. In this section, we focus on the massive MIMO node &

and present a sum-rate optimization framework for the joint design of Cy, V,gRF), V,(fBB), UIERF),

and U,gBB). Using the notation V, = V,gRF)V,(CBB) and assuming capacity-achieving combining

at node ¢ like the non-linear minimum mean squared error successive interference cancellation,
. . . : . (RF) (BB)

the achievable DL rate that is a function of the A/D TX precoding matrices V"~ ’ and V.

of node k as well as the digital TX precoder V,, of node m, is given by

RpL = log, (det (Tng, + Hy Vi VIHLQ,Y)), (5.6)

where Q, € CMaxMq denotes the covariance matrix of the IpN at node ¢ that is obtained as

Q,= Hq7meVELHZ{m + 031 M,- (5.7)

We hereinafter assume that there is no inter-node interference between the half duplex nodes
g and m due to, for example, appropriate node scheduling [96,116] for the FD operation at node
k. The latter assumption translates to setting the channel matrix between the involved nodes

in Equation 5.4 as Hy;n, = Oy, %, , which means that Equation 5.7 simplifies to Qg = O‘ZIMQ.
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For the computation of the achievable UL rate, we use the notation Uj £ UéRF)UéBB)

to express this rate as a function of the A/D RX combiners U,(CRF) and U,(gBB), the A/D TX
BB)

precoders V](CRF) and V,(C , and the analog cancellation matrix Cy, of node k as well as of the

digital TX precoder V,,, of node m. Using Equation 5.5, the UL rate is given by
RuL = log, (det (Iz,, + UH;,, V., ViR HYL ULQ;Y)) - (5.8)

where Qj, € C%*dm denotes the IpN covariance matrix after A/D RX combining at node ¢

which can be expressed as

H . H .
Q. 2 (Ul(ﬁBB)) Hk,kV;E;BB) (V](gBB)> HE,kUI(gBB)

+o? (U](CBB)) H (UI(CRF)) H U]E:RF)UI(CBB)‘

RF) ><NIiRF

. ~ ( ) . .
In the latter expression, Hy j € CMe denotes the effective SI channel after performing

analog TX/RX beamforming and analog cancellation, which is defined as

H
Hy 2 (UF) =y v 4 (5.10)

)
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Using the latter expressions Equation 5.6 and Equation 5.8 for the achievable DL and UL
rates, respectively, the sum-rate optimization problem for the joint design of the analog canceller

and the A/D TX/RX beamformers is mathematically expressed as

OP: max RpL + RuL (5.11)
Ck’VI(CRF)’VI(cBB)j
UI(CRF)7U](€BB)
H H
st w(VIOVED (VPP (VD) T <Py, (C1)

Cj, = L3LyL; with Equation 5.3 and and [Lg); ; =0 for ¢ # j, (C2)

2
H [ﬁkvkv,gBB)L, )H <A, Vi=1,2,, M, (C3)
Js:
. B (RF)
quIFRXVJ andvnEFTXVn_l,Q,...,Nk , (04)

where constraint (C1) relates to the average transmit power at node k and constraint (C2) refers
to the hardware capabilities of the analog canceller. Constraint (C3) imposes the threshold Ay €
R on the average power of the residual SI signal after analog cancellation and analog TX/RX
beamforming. The averaging in the latter constraint is being taken over all transmitted symbols
within a coherent channel block. Finally, constraint (C4) refers to the predefined TX and RX
beam codebooks. To tackle OP, which is a nonconvex problem with nonconvex constraints,
we adopt a similar to [59] decoupled way that in this case requires at most quax AN ,gRF) -1
iterations including closed form expressions for the design parameters. We first solve for Cg,

VIERF), V,(gBB), and UlgRF) maximizing the DL rate, and then find U,(CBB) maximizing the UL
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rate. Specifically, we formulate the following optimization subproblem for the design of Cg,

VI vEB) ang URF,

OP1: max Rpr s.t. (C1), (C2), (C3), and (C4). (5.12)
C V(RF)
kr» Vi )
V](CBB)7U§€RF)

5.3.1 Exhaustive Search

Given RF precoder and combiner codebooks, we can solve the optimization problem OP1
using an exhaustive search approach. First, considering each combination of the RF precoder
V,(CRF) and combiner U,(vRF) of node k, we seek for V,(gBB) maximizing the DL rate while meeting
constraints (C1) and (C3). This procedure is repeated for all allowable realizations of Cy
satisfying the constraint (C2) for the given number of analog canceller taps N in order to find
the best V,(cBB) solving OP1.

Given each combination of V,gRF) and UECRF), the digital precoder V,(CBB) design procedure is
summarized in Algorithm 5, which is a generalization of [59, Algorithm 1| for the FD HBF case.
As shown in the algorithm, the digital TX beamformer is constructed as V,(CBB) = F;. G, with
| S (CNISRF)XO‘ and Gy € C“Xdﬁv, where « is a positive integer taking the values 1 < o < apax
and dj, < min{M,, a}. We note that, for large transmission powers and strictly small values
for Aa, one could set amax = min{M,, N,gRF)}. Moreover, it holds that the larger the « value
is, the higher the DL rate but also SI. Finally, as shown in the algorithm, we adopt a similar

approach to [86] for the design of V,(CBB) for each feasible « value.
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Given codebook Frx, the TX RF precoder V,gRF) has card(Frx)" ) distinct combinations,

while the RX RF combiner U,(CRF) renders card(IE‘RX)MIERF) combinations given RX codebook

Frx. Therefore, Algorithm 5 is required to run for card(F TX)NIERF) X card(FRX)MIERF) times
given one realization of Cj to solve for VI(CRF),UERF),V,(CBB) that maximizes the Rpr,. This
exhaustive search procedure renders high computational complexity that is impractical for real-
time implementations. Therefore, in the following subsection, we provide a low-complexity

subrate optimization based RF precoder and combiner solution that suboptimally solves OP1.

5.3.2 Sub-rate Optimization Based RF Precoder and Combiner

We propose to find V,(gRF) and U,(CRF) that potentially maximizes the DL rate and minimizes
the SI channel power. Using this suboptimal solution for the precoder and combiner, we use
Algorithm 5 to find digital precoder V,(CBB) that maximizes the DL rate while meeting constraints
(C1) and (C3).

First, we decompose the achievable DL rate in Equation 5.6 into summation of sub-rate of

each sub-antenna array.

Proposition 1. The total achievable DL rate in Equation 5.6
_ -2 HyyH
RpL = 10g2 (det (IMq + o, Hq,kaVk Hq,k)) ,

s equivalent to

P
RpL = Z logy <1 + N(RFk)QVERnGanEVn> ’ (5.13)
o

n=1
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Algorithm 5 Digital TX Precoder Design for FD massive MIMO systems

Input: Py, V( F) and U( ) solving OP2, Hy, ., and Hy  as well as a realization of Cy, for a

[
[

given N batlsfymg constraint (C2).

~ H
. Set Hyj, = (U;Rm) H,,, V" 4 Cp.
: Obtain Dy, including the N IERF) right-singular vectors of ﬁkk corresponding to the singular

values in descending order.

for a = amax, Omax — 1,...,2 do
Set Fy, = [Dk](:’NIERF)ia+1:NIERF)).

Set Gj as the optimum precoding for the effective DL MIMO channel Hq7kV,(€RF)Fk

given P ke

if || [Hy FrGrlol2 < M Vi=1,..., M then
Output V( B~ F;. Gy and stop the algorithm.
end if
end for )
: Set F, = [D d G :P12‘
et F, = | k](:’NISRF)) and Gy 5

Af |[Hp FrGeli2 < A Vi=1,..., M"™ then

Output VIEBB) = F; G and stop the algorithm.

. else
14:
15:

Output that the Cy, realization does not meet the residual SI constraint.
end if

_ _ H
where R, = [ONéA)xN,iA)(nfl) INIEA) ONliA)XNIEA)(NIgRF)in)], Gy = Hq,quJw and

%Gn_lR}jvnngnGn_l

Gy =Gpg — 70 : (5.14)
T 1+ (RF> et Vi R G RV,

Proof. See Appendix C. O
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Based on 1, we find v,,, Vn =1,..., N IERF) that maximizes the DL rate, while minimizing

the SI. Therefore, we formulate the optimization problem as

« VHRnGn_lRSV]‘
v, = argmax —y T T (5.15)
vj€frx, Vj Vj RnHk7ka,kRn v

Solving for the optimization problem in Equation 5.15, we form the V,E;RF) using the RF

RF)

precoding vectors vy, Vn=1,..., N ,g as shown in Equation 5.1.

Now, we seek the RF combiner vectors u,, Vvn =1,..., M ,gRF) of each sub-antenna array of
(RF)

the node &£ RX that minimizes the SI channel ﬁk,k = H,V, . Therefore, we formulate the

following optimization problem

. = =H
uy = argmin u?Rng7ka7kRmuj, (5.16)
u; €EFrx Vj
where R, = [0 IMIiA) OMéA>XM]5A)(MI§RF>7m)] is the RX sub-antenna array selec-

A A
MM M (m—1)

tion matrix.

Proposition 2. Considering very large number of RX antenna elements MIEA) in each array,
RF combiner vector u,, Yn can be found solving Equation 5.16 that suppresses the SI channel

norm ||Hg i |lg to zero.

Proof. See Appendix D. O
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Algorithm 6 Sub-rate Optimization based RF TX Precoder and RX Combiner Design
Input: H]ﬁk, Hq,ka FT)(, and FRX-
1: Set Go = H}, Hy .

2: forn:1,2,...,N,§RF) do

3: Set R, = [ONIEA)XNéA)(nfl) INIEA) ONJ(CA)XNIEA)(NI(CRF)*n)]'
4: Set v,, = argmax vy R Go i R s
n vje]FTX VJ vj RnHkkak,kR»Ir{lvj
P
Set G o WGn_lREVﬂVERnGn_l
5: et = 1 — —= .
n " P VIR.G. iRV,
Ng  og
6: end for
= F
7: Set Hy j, = ijle(CR ).
8: for m = 1,2,...,M,§RF) do
9: Set R, = [OMI(CA)XMlgA)(m_l) IM}iAI; OMIEA)XMIEA)(MIERF)_m)].
10: Set u,, = argmin u?RfInHkkak’kRmuj
u; €EFrx Vj
11: end for
Solving for the optimization problem in Equation 5.16, we form the analog combiner UéR )
using the RF combining vectors u},, Vn =1,..., M, IER ) as shown in Equation 5.2. The procedure

for designing RF precoder and combiner is summarized in Algorithm 6.

) (RF)

Now using the analog precoder V,iRF and combiner U, "’ derived from Algorithm 6, we

run the Algorithm 5 to seek the digital precoder V,gBB) for all allowable realization of Cj given

the number of analog cancellation taps V.

The values for Cy, V,(cRF), V,(CBB), and U](CRF) solving OP1 are finally substituted into the

achievable UL rate expression Ry, in Equation 5.8. The U,(gBB) maximizing this point-to-point

MIMO rate is obtained in closed form using [117, Sec. 4.2].



122

5.3.3 Complexity Analysis

In this subsection, we provide the complexity evaluation of the proposed low complexity
sub-rate base RF beamforming and combining solution of the optimization problem in OP1
in terms of the required numbers of complex multiplications along with the exhaustive search
procedure. First, we derive the complexity of the DL baseband precoder design described in
Algorithm 5.

The computational complexity originates from the following steps of Algorithm 5:

1. Step 1 residual SI channel matrix ﬁkk requires NIERF)Mk (MIERF) + Nk) numbers of mul-
tiplication.

2. The number of multiplications for the SVD operation in step 2 is (M éRF))Z N IERF).
3. The SVD operation in Step 5 along with the conditional operation in Step 6 require
(]\4(12 + M ,gRF)N ,gRF)) af: a numbers of multiplication.
a=
Therefore, Algorithm 5 requires in total Najg1 = N,gRF)Mk (MéRF) + Nk) + (M,ERF))2 NéRF) +
(Mq2 +M ,gRF)N ,gRF)) ai‘? o multiplications.
o=

Now, we evaluate the complexity of the sub-rate based RF precoder and combiner designing

procedure. From Algorithm 6, we observe that the complexity of each iteration renders from:

1. First, matrix Gg requires N, ]3Mq times of multiplications.

2. Selection of the RF precoder vectors for all the sub-antenna arrays requires in total

card (Frx) IV, k(;RF)N ,EA) (N k(;A) + 1) number of multiplications.
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TABLE IV

COMPUTATIONAL COMPLEXITY OF PROPOSED SCHEME AND EXHAUSTIVE
SEARCH

No. of Multiplications

Proposed Scheme ~ O(N2My + N (card (Frx ) NSV (NEY + 1) + N (2N + Ni) + M Ny)

+ card (Frx ) M M (MY NED 4 MY 41) 4 Najg)

Exhaustive Search O (card(IFTX)Nr(eRF) card(IE‘RX)M;iRF) NAlgl)

3. Updating matrix G,, at step 5 requires N ,ERF)N;{ <2N IEA) + Nk) times of multiplications.

)

4. Calculating matrix ﬁk,k in step 7 needs My Ni N IERF multiplications.

5. Finally selection of combining vectors of all receiver arrays at step 10 requires

card (Frx) M ,ERF) M IEA) (M ,gA)N IERF) + M ,EA) + 1) times of multiplications.

The total computational complexity of the proposed scheme and the exhaustive search
method is given in Table IV. For comparison of computational complexity between the exhaus-
tive search and proposed sub-rate based solution of OP1, we consider an example model with
N = My =4, M =2, N, =1, MY = MY = card(Frx) = card(Frx) = 16. Based on
the example parameters, exhaustive search approach would require 1.46 x 10'" multiplications.
In comparison, the proposed sub-rate based solution in Algorithm 6 requires only 116736 times

of multiplications, which is a very small fraction of the exhaustive search procedure.
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5.4 Simulation Results and Discussion

In this section, we provide the representative simulation results of our proposed full-duplex

design with hybrid A/D beamforming.

5.4.1 Channel Models

The FD node k and the HD node ¢ and m are separated in a far-field manner. Therefore,
we follow the narrowband clustered channel model for the DL and UL channels H, ; and Hy, ,,,

respectively. Explicitly, channels H,j and Hy, ,, are modeled as follows, where 7,j € {q,k,m},

Na Nray

H;; = Ml DN Bra ailora) &g (B, (5.17)

NclNray 1 =1

Here, N is the number of scattering clusters in the respective channel each contributing Nyay
propagation paths. The complex gain of ray [ from cluster k is given as 3 ; ~ CA(0, 1), while
¢k, and Oy are angle-of-arrival (AoA) and angle-of-departure (AoD), respectively. Considering

Uniform Linear Array (ULA), the array response vectors a; and a; are expressed as

a;(fr) = [1 ed Srdeos(drr) ejQTWUWi*UdCOS(dm,z)]T7
(5.18)
a;(0;) = [1 ejQTndCOS(ek,l))vn_’ejQTﬂ(Ni—l)dcos(GkJ)]T‘
The Rician SI channel Hy, ; is modeled as
K 1
H,,. = 7HII£S + 4/ —|NLOos (5.19)

’ K+1 K+1 kk >
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Figure 27. Frobenius Norm of ﬁkk vs Number of Analog Cancellation Taps for different
Antenna Elements per RF Chain at Node &

where K is the Rician factor of the SI channel. Here, HLOS and HNLOS are the line-of-sight
(LOS) and non-line-of-sight (NLOS) components of the SI channel, respectively. The LOS

channel component is described in a near-field fashion as

1 2
(S = —— exp(—j ="

Tm,n A

), (5.20)

where 7, 5, is the distance between m-th receive antenna and n-th transmit antenna of the SI
node k defined as [111, eq. (9)]. The NLOS component HY-OS is modeled in a far-field fashion

using Equation 5.17.
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5.4.2 Simulation Parameters

We perform an extensive simulation following the FD MIMO architecture illustrated in

RE) _ M, = 4, M,ERF) = 2, and N,, = 1. The FD node k has its antennas

Figure 26 with N,g
arranged in ULAs with A\/2 separation between adjacent elements, where A is the wavelength.
The distance and angle between the TX and RX ULAs of each node are respectively d = 2\ and
w = 7/6 in both cases, see [110, Fig. 2|. Each of the RF chain in node £ TX/RX is connected
to a ULA with N = M = {16,32,64,128}. The DL and UL channels are simulated
mmWave channels using Equation 5.17 with pathloss of 110 dB. The mmWave SI channel at
node k is assumed to be Rician fading channel with a K-factor of 35 dB and a pathloss of
40 dB and modeled as Equation 5.19. RX noise floors at both nodes k and ¢ are assumed to
be —110 dBm and —90 dBm, respectively. Therefore, the RXs have effective dynamic range
of 62dB provided by the 14-bit ADC for a PAPR of 10 dB [98]. Therefore, the residual SI
power after analog cancellation at the input of each RX RF chain has to be below —47 dBm to
avoid saturation. Furthermore, non-ideal multi-tap analog canceller is considered with steps of
0.02 dB for attenuation and 0.13° for phase as in [59]. For TX and RX analog beamforming,
we consider Discrete Fourier Transform (DFT) based predefined beam codebooks with lengths
equalling to the antenna elements NN, ,gA) and M ,gA), respectively. The entries of DFT codebooks

are defined as [118]. We have used 1000 Monte Carlo simulation runs (1000 independent set of

channels) to calculate the performance of all proposed FD MIMO design.
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Figure 28. Probability of avoiding RX RF chain saturation vs transmit power for different
Antenna Elements per RF Chain at Node k with o = 3

5.4.3 Hardware Complexity, Self-Interference Mitigation Capability, and Achiev-

able Rates

Using the proposed sub-rate based optimization in Algorithm 6, we find the beamformers
VIEJRF) and UéRF) based on the DFT beam codebook given antenna elements N,gA) = M,gA) =
{16, 32,64, 128}. Using the analog TX/RX beamformers, the effective SI channel I:IM in Equa-
tion 5.10 is derived. Figure 27 represents the Frobenius norm of ﬁk:k with respect to the number

) — Y = (16,32,64,128}. We observe

of analog taps N for different antenna elements N,
that the SI channel Frobenius norm reduces, as the number of antenna elements increases. This

trait further proves Proposition 2. As an example, in Figure 27, with only 3 analog taps the SI

for 128 antenna elements is almost 5 times lower than that of 16 antenna elements. Therefore,
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Figure 29. Achievable DL rates vs the transmit powers in dBm for Proposed Sub-rate and
Exhaustive Search Scheme with NV IEA) =M ,gA) = 16 antenna elements

we can decrease number of analog cancellation hardware with larger antenna arrays for the
proposed FD MIMO system.

Figure 28 shows the probability of RF chain saturation at node k RX with respect to trans-
mit power for different taps and antenna elements NIEA) = M,iA) = {16,128}. We run the
Algorithm 5, based on analog beamformers and analog canceller given number of taps N with
a = 3. Although, the system with 128 antenna elements and 3 taps analog canceller avoids RF
saturation for low transmit powers, the 16 antenna elements approach results in saturation in all
power cases. As shown, for 4 analog taps the proposed FD system avoids RF saturation result-
ing residual SI below threshold Ay = —48 dBm irrespective of the antenna elements. Therefore,

the proposed system achieves effective UL reception suppressing SI for an analog canceller of

0.5 x N, IERF)M ,gRF) hardware taps.
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Figure 30. Achievable DL rates vs the transmit powers in dBm of Proposed Sub-rate Scheme
with NV, ,gA) =M IEA) = {64, 128} antenna elements

Figure 29 exhibits the DL rate performance for the proposed sub-rate based scheme and
exhaustive search with 3 and 4 analog taps with respect to transmit power for different antenna
elements for 16 antenna elements for each sub-antenna array at node k. As shown, using
exhaustive search to solve OP1 achieves around 3 bps/Hz higher DL rate than the proposed
sub-rate scheme. However, the proposed scheme is still preferable because of its low-complexity
instead of this small DL rate trade-off.

A {64,128} with respect to transmit power is

The achievable DL rate for NIEA) = M,g
presented in Figure 30. The proposed system with 128 antenna elements provides the highest
DL rate considering 4 tap analog canceller. Although the 3 tap FD architecture provides similar

performance for low transmit powers, the DL rate degrades as more DoFs are required for

suppress the SI at high transmit power.
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Figure 31. Average FD and HD rates vs the transmit powers in dBm for
N IEA) =M lgA) = {16, 128} antenna elements and different analog canceller taps at node k.

The achievable FD rate as a function of the transmit powers of nodes k and m is illustrated in
Figure 31 for N = {3,4} taps for the proposed analog canceller, which translates to 50% — 62%
reduction in the number of taps compared to a case that connects all outputs of the TX RF
chains to every input to the RX RF chains. It is shown in the figure that all rates increase
with increasing transmit power, and no rate saturation is exhibited for the proposed FD HBF
technique for N = 4. The latter trend witnesses the effective adaptability of Algorithm 5 to the
SI conditions for both considered pairs of IV, ,gA) and M,gA). Although, for N = 3 taps, the FD
rate reduces at high transmit power, it provides comparable performance to N = 4 taps case
in limited transmit power cases while large antenna elements are considered. As an indicative

example, it is shown that for 40dBm transmit powers, the proposed approach with 128 antenna
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elements results in a 40bps/Hz achievable rate, which is around 1.6 times more than the HD

rate.

5.5 Concluding Remarks

In this chapter, we presented a hybrid A/D beamforming architecture realizing FD massive
MIMO transceivers with large antenna elements and much fewer RF chains. We proposed a
novel multi-tap analog canceller where the complexity is independent of number of antenna
elements. We also derived a novel sub-rate based RF TX/RX beamforming design that remove
the computational complexity of analog beam selection compared to a conventional exhaustive
search approach. Our representative simulation with millimeter wave channel model exhibits

achievable rate superiority of the proposed FD design compared to the HD system.



CHAPTER 6

DIRECTION-ASSISTED BEAM MANAGEMENT IN FULL DUPLEX

MILLIMETER WAVE MASSIVE MIMO SYSTEMS

Recent applications of the Full Duplex (FD) technology focus on enabling simultaneous con-
trol communication and data transmission to reduce the control information exchange overhead,
which impacts end-to-end latency and spectral efficiency. In this chapter, we present a simultane-
ous direction estimation and data transmission scheme for millimeter Wave (mmWave) massive
MIMO systems, enabled by a recent FD MIMO technology with reduced hardware complexity
SI cancellation. We apply the proposed framework in the mmWave analog beam management
problem, considering a base station equipped with a large transmit antenna array realizing
downlink analog beamforming and few digitally controlled receive antenna elements used for
uplink Direction of Arrival (DoA) estimation. A joint optimization framework for designing the
DoA-assisted analog beamformer and the analog as well as digital SI cancellation is presented

with the objective to maximize the achievable downlink rate.

The content of this chapter is based on our published article in [119]. Copyright (©) 2021 IEEE.
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6.1 Introduction

Recently in [102,110,120], FD MIMO systems operating at mmWave frequencies were in-
troduced, where SI suppression was achieved through a combination of propagation domain
isolation, analog domain suppression, and digital SI cancellation techniques.

Wireless communications at mmWave frequencies are mainly realized via highly directional
BF, which is enabled by massive MIMO transceivers [121] that are capable of analog or hybrid
A /D beamforming [122]. To alleviate the hardware cost in those transceiver architectures, the
large-scale antenna arrays are connected to small numbers of RF chains via analog preprocessing
networks comprised of phase shifters [123]. However, the selection of the adequate analog beams
from the predefined codebooks and the design of the digital beamformers require CSI knowledge,
which is hard to acquire with realistically affordable latency, especially under mobility conditions
(see, e.g., [124] and references therein). This challenge will be naturally more pronounced in
the envisioned FD massive MIMO systems operating at mmWave frequencies, where multiple
UL and DL channels need to be estimated. In practice, the analog BF in mmWave massive
MIMO systems is designed via beam switching between the communicating nodes in order to
find a pair of beams from their available beam codebooks meeting a link performance indicator
threshold [125,126]. However, such time-consuming beam training procedures incur significant
configuration overhead deprived of data transmission. Hence, beam misalignment may yield
poor performance under mobility scenarios [127]. Alternatively, exploiting UL /DL reciprocity
or position information, the DL BF can be performed in the direction of the UL dominant

Direction of Arrival (DoA), thus, reducing the beam sweeping overhead [121,128].
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Contributions

The contribution of our work is as follows.

6.2

We present a DoA-assisted beam management framework for FD mmWave massive MIMO
systems, where the BS is equipped with a large antenna array realizing DL analog BF and

few digitally controlled receive antenna elements used for UL DoA estimation.

Capitalizing on our presented FD hardware architecture for hybrid A/D BF in in Chap-
ter 5, we propose a Simultaneous DoA estimation and Data Transmission (SDDT) scheme

for boosting beam management in FD mmWave massive MIMO communications.

FEnabled by FD and leveraging channel reciprocity, we simultaneously estimate the UL

dominant DoA and transmit analog beamformed data in the DL direction.

We present a joint design of the DoA-assisted analog BF as well as the A /D SI cancellation

units, targeting the maximization of the achievable DL rate.

Our extensive simulation results considering a mmWave channel model showcase the FD-

enabled gains of DoA-assisted beam management under various user mobility conditions.

System and Signal Models

We consider an FD mmWave massive MIMO BS node b equipped with N, TX and M, RX

antenna elements communicating with a mobile single-antenna FD UE node u. In particular, in

the TX of the BS node b, a single RF chain is connected via phase shifters with a large antenna

array

of Ny elements, whereas each of the few M, RX antennas is connected to a dedicated RF
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Figure 32. The considered FD massive MIMO communication system operating at mmWave
frequencies: an FD massive MIMO BS capable of analog BF communicates with a mobile
single-antenna FD UE, where the latter node transmits training signals in the UL for DoA

estimation.

chain. In this work, a small number for M, is sufficient for UL DoA estimation; extension for
large M} and analog combining is left for future work. Using the values of the NV, phase shifters,
we can formulate the TX analog beamforming vector vi, € CMo*1 whose elements are assumed
to have constant magnitude, i.e., |[vp]n|? = 1/Ny Vn = 1,2,..., Ny. Besides, we assume that
the angles of the analog phase shifters are quantized and have a finite set of possible values.
Therefore, v;, € Frx, where Frx represents the predefined beam codebook including card(Frx)
distinct vectors (or analog beams) [124,129]. We assume that, for every channel use, the BS node
b transmits the complex-valued information data symbol s, (chosen from a discrete modulation
set) after analog BF with vp. Similarly, the single-antenna FD UE node u sends the training
symbol s, through the UL channel. The signal transmissions at both node b and node u are

power limited according to E{||vysp||?} < Py and E{|s,|?} < P,, respectively.
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6.2.1 Channel Model

All the considered mmWave UL/DL channels consist of multiple propagation paths. In the
spatial domain, each propagation path can be characterized by its DoA/DoD and the corre-
sponding power as well as phase components [130]. For a certain coherence block, the UL
channel h;, € CM»*! including a LoS component and L,—1 nLoS paths is mathematically

expressed as

Ly—1

hy ., £ Brosan, (Oros) + Z BnLoS,ean, (PnLos.0), (6.1)
=1

where fros € C and 0,5 € [0 27| represent the complex gain and the DoA of the LoS path,
respectively. Here, fBuros¢ € C and Oyh105¢ € [0 2] V2 = {1,2,..., L, —1} are the complex gains
and the DoAs of the nLoS path, respectively. Considering a ULA, the response vector ayy, ()

for My antenna elements and any DoA 6 is formulated as [129]

(6.2)

)

aMb(Q) L 1 [1’ ejzjﬂdsin(@)7 . e]'2T7T(1\41,—1)dsin(0)]T

E

where A is the propagation signal wavelength and d denotes the distance between adjacent

antenna elements.
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For the considered FD system, the UL and DL channels are reciprocal resulting in similar
complex gains and DoAs/DoDs [121,129]. Therefore, similar to Equation 6.1, the DL channel

hEb € C*M can be expressed as follows:

Ly—1

hyy, 2 Brosay, (Bros) + Y BuLes.can, (fnLes.e)- (6.3)
/=1

In this work, our goal is to estimate the LoS DoA 61,0g using the UL training symbols and find
the DoA-assisted analog beamformer v; that maximizes the DL rate. However, due to the FD
operation at both nodes, the simultaneous DL data and UL training transmission induce SI
signal in the RXs of the BS and UE. Following [102,111], we consider the mmWave clustered
model for the SI channels denoted by Hy; € CMoxNy for the BS node b and hyu € C for the

UE node u, where x represent the Rician factor.

6.2.2 Received Signal Model

At the RX of the BS node b, the training symbols transmitted from the UE node u are
received along with the SI signal induced by the simultaneous data and training signal trans-
missions. Due to limited propagation attenuation, the strong SI signal is capable of driving the
RX RF chains into saturation. Therefore, as shown in Figure 32, an N-tap analog SI canceller
is utilized to suppress the SI at the inputs of the RX RF chains, which is based on the TX RF
chain output. Exploiting the low-complexity cancellation in Chapter 5, we employ the canceller
taps at the TX RF chain output at the BS node b resulting in an analog SI canceller where the

number of taps does not scale with the number of antenna elements. To suppress the residual SI
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signal after analog cancellation, a digital SI canceller is utilized at the BS baseband. Denoting
cp, d, € CMeX1 a5 the analog and digital SI cancellers, respectively, the baseband received signal

at the BS node b, y, € CMo*1 s given by

vo = hy sy + (Hppvp + ¢, + dp)sp + 1y, (6.4)

where n, € CM*! is the zero-mean AWGN with variance afIMb. Similarly, the DL signal

Yy, € C received at the UE node u after analog and digital SI cancellation can be expressed as

Yu = habvbsb + (hu,u +cu + du)su + N, (65)

2
u-

where n, € C represents the AWGN with variance o;. As previously mentioned, for proper
FD-based reception, the RXs’ RF chains need to be unsaturated from any residual SI stemming
out analog SI cancellation at both nodes b and w [59,85]. Denoting the residual SI power
thresholds as A\, and A, at node b and node u, respectively, the residual SI power constraints
Pyl [(Hppve + cb)](j7:)|2 <MVj = 1,2,..., My and Py|(hyu + cu)|? < Ay are necessary to be

satisfied for successful reception after analog SI suppression.

6.3 DoA Estimation and DL Data Transmission

In this section, we introduce the proposed DoA-assisted analog beam management protocol
along with the DoA tracking scheme for the considered UL/DL mmWave channel with the

proposed FD massive MIMO system.
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6.3.1 UL/DL Channel Evolution Properties

We assume wireless communications in TDD manner, where the considered channels remain
constant for all the channel uses in a time slot, and the channel properties (i.e., DoAs/DoDs,
complex path gains) of the successive time slots are temporally correlated. Each time slot of
T, time units contains L symbols (i.e., L channel uses). For any consecutive (i— 1) and i time

slots, the evolution of LoS DoA component is expressed similar to [131] as

Oros[i] 2 Oros[i — 1] + AB, (6.6)

where A€ depends on the velocity of the UE node w and the time slot duration Ts. We also

assume that the UE node is moving with the constant velocity v, hence, A8 £ arctan (Zg;)
with dpg being the distance between the UE and the BS nodes. The evolution model for the

LoS complex path gain fr,og is given by the first-order Gauss-Markov model as [131]

Brosli] £ pBrosli — 1] + €[i — 1], (6.7)

where p is the correlation coefficient, and e[i — 1] is the zero-mean complex Gaussian noise
distributed as CA(0,1 — p?). The DoAs and complex path gains of the nLoS components are
assumed to change randomly between consecutive time slots. In this chapter, we propose to

track only the LoS DoA component for each time slot, and then use it analog beam selection.
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Figure 33. (a) Proposed FD SDDT Scheme, (b) Conventional HD DoA with update after
threshold, and (c) Conventional HD DoA estimation in each slot.

The estimation of all complex path gains and their correlation coefficients is left for future

investigation.

6.3.2 Proposed FD-Based SDDT Protocol

The proposed protocol for simultaneous DoA estimation and data transmission is illustrated

in Figure 33(a), where the DL channel is dedicated for data transmission, while the UL is

accessed to transmit training symbols. The procedures of DoA-based tracking and transmission

are described as follows:



141

1. DL Data transmission at any ith time slot leverages the DOA estimation for the previous
(¢ —1)th time slot, which is realized via simultaneous UL transmission of L orthogonal

training symbols sent from the UE node .

2. Capitalizing on the UL/DL reciprocity, any LoS component estimation O108 [i — 1] is used

during the next ith time slot for the DL data transmission precoding.

3. The DL analog beamformer v[i] € Frx at each ith time slot is chosen according to

gLos [i — 1] subject to the satisfaction of the residual SI power constraints.

In Figure 33(b), a conventional HD DoA-assisted analog beamforming scheme is illustrated,
where, contrary to the FD case, a fraction of the available symbols in a time slot is dedicated
for DoA estimation. Once the DoA of a time slot is estimated, its analog beamforming and that
of the succeeding ones utilizes the same DoA estimation, unless the received SNR falls below
a certain threshold; in this case, a DoA estimation update occurs. An HD data transmission

protocol with DoA estimation at each time slot is shown in Figure 33(c).

6.3.3 UL DoA Estimation

As previously discussed, the UL training symbols at any (i —1)th time slot are used for
this slot’s LoS DoA estimation, which is leveraged for analog BF at the ith time slot. For
this estimation, we deploy the MUltiple SIgnal Classification (MUSIC) algorithm; other DoA

estimation techniques can be used as well [132|. Starting from Equation 6.4, the received L
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training symbols at any (i—1)th time slot can be grouped in Y;[i—1] € CM*L_ For the MUSIC

DoA estimation, the received signal covariance matrix Ry € CMo*Ms can be estimated as

Ry 2E{Y,[i—1]Y3[i—1]"), ﬁbé%Yb[i—l]Y}f[i—l]. (6.8)

By taking the eigenvalue decomposition of the estimated sample covariance matrix f{b, it is

deduced that:

ﬁ'b £ Udlag{nla n2,... aan}UHa (69)

where n1 > 12 > ... > 1, are the eigenvalues of f{b and U € CMexMy contains their corre-
sponding eigenvectors. Since we are interested in estimating the DoA of the LoS component,

CMoxMy=1 gre the

the matrix U can be partitioned as U = [us|U,], where the columns in U, €
eigenvectors spanning the noise subspace and uy is the signal space eigenvector. We next project

the search vector ayy, (8) V8 € [0 27] onto the noise subspace U,, and calculate the spectral peak

as

1
all, (6)U, Ullay, (6)

S(6) 2 (6.10)

Finally, the position 6 of the spectral peak is the estimated LoS DoA é\LoS [i—1] corresponding

to this (i—1)th time slot.
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6.3.4 DoA-Assisted Analog Beamforming and DL Rate

Capitalizing on the UL /DL reciprocity and the estimated LoS DoA component, we propose
to approximate the DL channel at each ith time slot as follows:

hl,[i] 2 all, (resli — 1)). (6.11)

u,b

This approximation is further used during this ith time slot to find the best analog beamformer
vpli] at the BS node b, via searching in the available beam codebook Frx. Therefore, the
instantaneous achievable DL rate per channel use for the proposed FD-based SDDT scheme at

this time slot is given by

Rprli] = log, (1 + (6.12)

where o2 ,[i] £ Py|(huuli] + culi] + duli])]? is the residual signal power after both A/D SI

U

cancellation at the UE node w.
6.4 Proposed SDDT Optimization Framework
In this section, we focus on the joint design of the analog beamformer v, the analog SI

cancellers ¢, and ¢, as well as the digital canceller d; and d, at the BS node b and the UE

node u, which maximize the estimated achievable DL rate in Equation 6.12 at each ¢th time
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slot. Based on the availability of the DL channel estimation ﬂu,b[i], as well as the SI estimations
I?Ibb[i] and Euu [i], we consider the optimization problem:

Py|hT, [i]vy[i] 2
max  logs (1 + bu’b”b[.”>

v [i],cp[i],di]
culi]duli]

5.t Pyl [(Hyplilvali]+coli])] o [P < MVi=1,.... M,
PU‘@WJM + CUM)P < Au,
E{[lvs[i]s[i]|*} < Py, and E{[s,[i][*} < Py,

Vb[i] € Frx. (6.13)

The first and second constraints impose the RX RF chain saturation thresholds A\, and A, after
analog cancellation at nodes b and u, respectively. These saturation thresholds ensure successful
reception of the training symbols and decoding of BS’s data symbols. The next two constraints
in Equation 6.13 refer to the nodes’ average transmit powers. The final constraint enforces the
predefined analog codebook for the BS beamformer.

The optimization problem in Equation 6.13 is a non-convex problem with coupling variables,
hence, quite difficult to tackle. In this work, we solve it suboptimally using alternating opti-
mization, leaving other possibilities for future work. First, we find the BS analog beamformer

vy[i] via the following problem:

. LN
Vp[i] = arg max——

_—, (6.14)
velFTx HHb,b[i]VHZ
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Algorithm 7 Proposed FD massive MIMO SDDT Design

Input: I/-\Ibl,[i], /f;u,u[i], Py, Py, OLos [i — 1], and Mp.
Output: vy [i], cpli], cu[i], dp[i], and d[d]. R

1: Obtain the DL channel estimate hy, ;[i] using 6r0s[i — 1] as described in Equation 6.11.
b} [i)v]?

[ ELp 5 [i]v]|2

2: Obtain the analog beamformer v;[i] = arg max using exhaustive search.

veFrx
3: forn=1,2,... My—1do

4: Set analog SI canceller cp[i] = [_[Hb’b[i]vb[i]h:”].
N O (a1, —n:y)
5 Set culi] = —huuli].
6 AF Py|[(Fyplilvilil+eoli)] o < M Vi = 1,..., My, and Py|(hy,uli] + -culi])] < Ay then
€ Output vy[i], epli], culil, doli] = —(Hyplilvoli] + coldl), duli] = = (hu,uli] + cali]), and
terminate the iterations.
8: end if
9: end for R
10: Set cb[‘] = —H;[i]vp[i] and ¢, [i] = —hy[i].
11: if Py|[(Hypp[i]voli 1+coli])] ) < AV = - 1,2 ., My, and Py|(huy[i] + cu[i])|? < Ay then
1 Output vl call culd, Aol — —(Fonlivoli] + ol dulil = —(mal] + o), and
stop the algorithm.
13: else
14: Output that the c;[i] realizations or ¢,[i] do not meet the RX RF saturation constraints.
15: end if

The exhaustive search for this problem can be easily implemented by a simple look-up table given
the estimated SI channel I/:Ib7b[z'] and the estimated DL channel fl%b[i]. Following the analog SI
canceller structure in Chapter 5 and using v[i], we next seek the N-tap analog canceller c][i]
with 1 < N < M, that satisfies the first threshold constraint. The single-tap canceller at node
u is obtained as ¢,[i] = —Euu[z] To maximize the signal-to-interference-plus-noise ratio, the

digital cancellers d; and d, are set as the respective complementary residual SI channels after
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Figure 34. Error of LoS DoA estimation w.r.t the time slot index for the 64 x 2 FD massive

MIMO node b communicating with the mobile single-antenna FD UE « transmitting UL
training symbols with 10dBm transmit power.

analog SI cancellation. Our solution for the optimization problem Equation 6.13 is summarized
in Algorithm 7.

6.5 Numerical Results

In this section, we present simulation results for the performance of the proposed SDDT
scheme for FD mmWave massive systems in comparison with HD counterparts.
6.5.1 Simulation Parameters

We perform an extensive waveform simulation following the FD massive MIMO architecture

illustrated in Figure 32 when operating at mmWave frequencies, where a 64 x 2 FD massive

MIMO node b is communicating with a single-antenna FD UE node u. We have assumed that
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the single TX RF chain at the BS node b is connected to a ULA consisting of IV, = 64 antenna
elements. In contrast, on the RX side, M, = 2 RX antennas are connected to their dedicated
RX RF chains. The UE node w employs a non-ideal single-tap SI canceller, where the FD
massive MIMO BS node b deploys an N = 2 taps analog SI canceller [102]. The multipath
UL and DL channels are simulated as mmWave channels at 28 GHz each with one LoS and 4
nLoS channel paths. Considering the distance dgg = 100m of the BS node b from the UE, the
pathloss of the both UL and DL channels is assumed to be 100dB with a 25 dB Rician factor
between the LoS and nLoS paths [130]. In addition, the SI channels are modeled as Rician
fading channels with a k-factor of 35dB and pathloss 40dB [59]. The RX noise floors at all
nodes were assumed to be —100dBm. To this end, the RXs have an effective dynamic range
of 60dB provided by 14-bit ADC for a PAPR of 10 dB. Therefore, the residual SI power after
analog SI cancellation at the input of each RX RF chain has to be below —40dBm to avoid signal
saturation. For the considered FD massive MIMO architecture, we have assumed that the UE
u is moving at a constant velocity of 120km /h for a duration of 100 time slots, where each time
slot is considered to be Ty = 10msec with L = 400 symbols. For the BS analog beamformer, we
have used a 6-bit beam codebook based on the DFT matrix. We have used 1000 independent
Monte Carlo simulation runs to calculate the performance of all considered DoA estimation and

data transmission designs.

6.5.2 Compared HD Massive MIMO Designs

We compare the performance of the proposed FD-based SDDT scheme with three HD DoA-

assisted DL analog beam management techniques. First, we consider the “HD with Initial DoA”
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case, where DoA is estimated using the UL training symbols only in the first time slot, and for
the rest of the 99 time slots, the same DoA is utilized for finding the DL analog beam. Secondly,
we simulate the “HD DoA in Each Slot” scheme, where, for every time slot, a fraction of the UL
training symbols is utilized for DoA estimation, and the rest of the symbols are dedicated for
data transmission with analog BF. Finally, we consider the “HD DoA with Update” technique,
where DL analog BF in each time slot is performed using the DoA estimation of the previous
time slot, unless more than 3dB SNR loss occurs in the received DL signal, which triggers the

initialization of a DoA-based analog beamformer update. In addition to the latter HD cases,
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we have simulated the achievable DL rate for the proposed FD-based SDDT scheme with ideal

DoA estimation.

6.5.3 DoA Estimation Error and Average DL Rate

In Figure 34, the LoS DoA estimation error in radians is illustrated with respect to the
time slot index. We have considered that the FD massive MIMO node b communicates with
the mobile single-antenna FD UE w, while the latter sends training symbols in the UL for DoA
estimation with power 10dBm. It is shown in the figure that the “HD with Initial DoA” scheme
provides higher DoA estimation error with increasing time slot index. This happens because
it only estimates the DoA in the first time slot. As the UE moves, the initial DoA becomes
outdated, and hence, a DoA estimation as well as an analog beam update are required. As
illustrated in the inset plot, the “HD DoA with Update” scheme performs an LoS DoA update
after reaching approximately 0.1rad estimation error, while the “HD DoA in Each Slot” results
in a steady error as the estimation is performed in each time slot. It is, however, evident from
Figure 34 that the proposed FD-based SDDT scheme with a 2-tap analog canceller provides
substantially lower DoA estimation error compared to the HD cases across all time slots for the
considered 10dBm UL transmit power. In Figure 35, we plot the Mean Squared Error (MSE)
of the DoA estimation for all considered schemes as a function of the UL transmit power in the
range 0 — 20dBm. It is clear from the figure that the MSE of the DoA estimation reduces with
increasing UL transmit power. This happens because the received SNR at the BS increases. It

is also shown that the proposed scheme outperforms all considered HD-based counterparts.
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massive MIMO node b communicating with the mobile single-antenna FD UE wu sending
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Figure 36 illustrates the achievable DL rate of the proposed SDDT scheme as a function of
the DL transmit power, considering that the 64 x 2 BS node b is transmitting data in the DL
via analog BF to the constant-velocity mobile UE node u, while receiving UL training symbols
with 10dBm transmit power. It is demonstrated that the “HD with Initial DoA” provides the
lowest DL rate for all DL transmit power levels, as it suffers from the highest DoA estimation
error. It is also shown that, although the “HD DoA with Update” scheme achieves higher DoA
estimation error compared to the “HD DoA in Each Slot” approach, as depicted in Figure 34,
it achieves higher DL rate across all DL transmit powers. This is due to the fact that the later

HD DoA-assisted beam management scheme utilizes 10% symbols in each time slot for DoA
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estimation, whereas the “HD DoA with Update” approach is capable of sending data symbols
for the whole time slot when it doesn’t have to update the DoA estimation. It is finally evident
that the proposed scheme with 2-tap analog cancellation achieves a higher DL rate compared
to all the HD-based schemes fo all DL transmit powers. In particular, for the large DL transmit
power of 40dB, the proposed scheme for FD mmWave massive MIMO systems results in 120%

of the achievable DL rate with the best HD-based counterpart.

6.6 Concluding Remarks

In this chapter, we presented a novel DoA-assisted analog beam management scheme for
FD mmWave massive MIMO systems. We considered an FD massive MIMO BS with an analog
beamformer serving a mobile single-antenna FD user moving at a constant velocity. By adopting
the MUSIC DoA estimation technique as an example, we presented a joint design of the DoA-
assisted analog beamformer and A /D SI cancellation at the BS node maximizing the DL rate.
Our performance evaluation results considering a realistic mmWave channel model demonstrated

the superior achievable rates of the proposed FD-based SDDT scheme.



CHAPTER 7

INTEGRATED SENSING AND COMMUNICATION WITH

MILLIMETER WAVE FULL DUPLEX HYBRID BEAMFORMING

Integrated Sensing and Communication (ISAC) has attracted substantial attraction in recent
years for spectral efficiency improvement, enabling hardware and spectrum sharing for simul-
taneous sensing and signaling operations. In-band FD is being considered as a key enabling
technology for ISAC applications due to its simultaneous transmission and reception capabil-
ity. In this chapter, we present an FD-based ISAC system operating at mmWave frequencies,
where a massive MIMO BS node employing hybrid A/D beamforming is communicating with
DL multi-antenna users and the same waveform is utilized at the BS receiver for sensing the
radar targets in its coverage environment. We develop a sensing algorithm that is capable of
estimating DoA, range, and relative velocity of the radar targets. A joint optimization frame-
work for designing the A /D transmit and receive beamformers as well as the SI cancellation is
presented with the objective to maximize the achievable DL rate and the accuracy of the radar

target sensing performance.

Part of this chapter is based on our published and submitted articles in [133] and [134], respectively.
Copyright (©) 2022 IEEE.
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7.1 Introduction

Integrated sensing and communication is an emerging concept for future wireless networks,
where the previously competing sensing and communication operations are jointly optimized in
the same hardware platform using a unified signal processing framework [13—-17|. Recently,
FD massive MIMO communications have been considered a key enabler for ISAC applica-
tions due to their simultaneous UL and DL transmission capability within the entire frequency
band [90,102,119,135]. Furthermore, FD massive MIMO ISAC applications at millimeter Wave
frequencies have the potential to provide high capacity communication links while simultane-
ously achieving high-resolution sensing, e.g., direction of arrival, range, and relative speed of
radar targets/scatterers.

The performance of the FD ISAC systems relies on the in-band SI signal suppression capabil-
ity that stems from the TX to the RX side during FD operation. Recently in [102,110,119,120],
SI cancellation was achieved for the FD massive MIMO systems operating at mmWave, utilizing
a combination of propagation domain isolation, analog domain suppression, and digital SI can-
cellation techniques. To alleviate the hardware cost in mmWave massive MIMO transceivers,
hybrid A /D beamformers are usually employed, where large-scale antenna arrays are usually con-
nected to a small number of RF chains via analog preprocessing networks comprised of phase
shifters [123]. Such systems require appropriate beam selection for analog TX/RX beamformers,
chosen from predefined codebooks, to maximize DL rate and sensing accuracy. Moreover, in
the envisioned FD ISAC with massive MIMO radios, the transmit waveform will be utilized for

both DL data transmission and sensing of the radar targets [13|. Therefore, a joint design of the
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A /D beamformers and SI cancellation along with sensing techniques is required for maximizing
the performance of FD ISAC systems.

Very recently in [18,19], joint radar communication and sensing frameworks, leveraging FD
operation, were considered for single-antenna systems, where both communication and radar
waveforms were optimized for sensing performance. In [20,21], the FD ISAC operation was
proposed for mmWave frequency bands considering a massive MIMO FD BS, where the signal
power is maximized in the radar target direction, while maintaining a threshold DL rate per-
formance. Although the considered FD ISAC approach estimated the DoA two radar targets,
the range was only calculated for one target due to its disassociated DoA and range estimation

technique.

7.1.1 Contributions

The contribution of this chapter is as follows:

1. We present a novel FD massive MIMO ISAC system operating at mmWave frequencies
and realizing hybrid A /D beamforming, where OFDM waveforms are utilized for both DL

communication and radar target sensing.

2. Unlike state-of-the-art works, we devise an ISAC optimization framework that is capa-
ble of estimating the DoA, range, and relative velocity of multiple radar targets, while

maximizing the DL communication rate.

3. Our numerical results, considering the 5G NR OFDM waveform, verify the high sensing

accuracy and the increased communication rate of the proposed optimization design.
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BS communicates in the downlink with a mobile half duplex UE, while its reflected transmitted

signals from radar targets/scatterers in the environment are received via hybrid combining and
processed for DoA, range, and relative velocity estimations of the radar targets/scatterers.

4. We also employ the ISAC system for a multi-user DL, communication, where we propose

a joint design of the A/D beamformers and a reduced complexity SI cancellation for the

FD ISAC system, which target at maximizing the multi-user DL, communication rate and

the precision of the radar target tracking.

posed multi-user FD ISAC system.

7.2 System and Signal Models

. Our extensive waveform simulation exhibits the radar tracking performance of the pro-

We consider an FD ISAC system comprising of an FD mmWave massive MIMO BS node b

equipped with N TX and M, RX antenna elements communicating in the DL direction with
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an RX UE node u with M,, antenna elements, while the reflected DL signal is utilized to detect
radar targets/scatterers randomly distributed within the communication/sensing environment
at the RX of BS node b, as depicted in Figure 37. To reduce the number of RF chains and phase
shifters, the BS node b employs a partially-connected Hybrid beamforming structure with A /D
TX and RX beamformers, where each of the NbRF and MbRF TX/RX RF chains is connected to
a ULA of Né\ and MbA antenna elements, respectively, via phase shifters. Therefore, it holds
Ny = NlﬁNl}%F and M, = MﬁMf‘F for total number of TX and RX antennas, respectively, at
the BS node b. Since the size of the antenna array at the UE node w is typically much smaller
than at the FD massive MIMO BS b, we assume that the UE adopts a fully digital beamforming
structure.

It is assumed that BS node b transmits mmWave OFDM waveforms in the DL direction
containing Q OFDM symbols with P active subcarriers. In the BB, the unit power frequency-
domain symbol vector s, , € C%*1 at the pth subcarrier of gth OFDM symbol is precoded using
digital beamforming matrix V}?B e CN "xdy where dy < min{NbRF,Mu}. Following the BB
precoder, the DL signal is processed by the analog beamformer V?F € CNoxN™ containing the

configurations of the phase shifters as follows:

Vi Oyayg o0 Onasg

Onpxi  v2 o Onasg
b

_ON;*xl Onasr ++ VNED |



157

The elements of each v; are assumed to have constant magnitude, i.e., [[vi],|? = 1/N? Vn =
1,2,.. .,Nlﬁ. We also assume that v; € Fpx Vi = 1,2,.. .,NEF, which means that all analog
TX precoding vectors belong in a predefined beam codebook Frx including card(Frx) distinct
vectors (or analog beams). Applying both A /D beamforming, the TX frequency-domain symbols

at the antenna elements are expressed as

Xp,q = VEFVI])BBSP,W (7.2)

where x,,, € CM*1. The signal transmissions is power limited. Therefore, E{|[VRF'VEBs, |2} <
P,.

7.2.1 Radar Signal Reception Model

For sensing operation, we consider that a collection of K radar targets/scatterers are ran-
domly distributed within the communication/sensing environment and are to be detected by
the BS node b. All the K targets reflect DL signal back to the RX of the BS node, while only
a subset of them (L out of K) contributes to the DL communication scattering paths between
the BS node b and the RX UE node u. The purpose of the sensing operation is to estimate the
DoA, range, and relative velocity of each radar targets.

We consider that the DoAs of the K targets are defined as © = [01,6s,--- ,0k]|, while the

distance and the relative speed of kth target correspond to a delay 73, and a Doppler shift fpx,
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respectively. Enabled by FD, the received signal y,, € CMv>1 at the RX of the BS node b

combining the SI and the reflected signal by the Radar targets is expressed as

K
Yp.q = Z O‘k€]27r(qufD’k_mAf)aMb (Qk)a%b (0)%p,q + HppXp g + 1p g, (7.3)
k=1

where oy, € C and ny, , ~ CN(0, 071y, ) represent the reflection coefficient of the kth radar target
and the receiver noise floor, respectively. Here, Af and Ts = 1/Af + Tty denote the subcarrier
spacing and the total OFDM symbol duration (including the cyclic prefix). The propagation
delay causes the phase shift e 72™7Af across subcarriers, while the Doppler shift contributes a
row-wise oscillation across different OFDM symbols [136]. Considering ULA, the steering vector

ay, (0) for N, antenna elements and any DoA 6 is formulated as [129]

1 j 2T 1 - 27 .
any, (9) L4 _ - [1, ej27d511’1(9)7 o 76]%(Nb—1)dsm(9)]T

N (7.4)

I

where A is the propagation signal wavelength and d denotes the distance between adjacent
antenna elements. Here, Hyy € CMvxNo i the SI channel path at the BS node b, which is
modeled as a Rician fading mmWave channel as [111, eq. (9)].

The received signal at the node b RX is first processed by the RF combiner W};‘F € CMox My F,

where the structure of the combiner is formulated similarly as Equation 7.1. Here, the analog
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RX combining vectors belong in a predefined beam codebook Frx including card(Frx) distinct

vectors. After RF combination and A/D SI cancellation, the received signal is expressed as

K
Ypa é(WIE{F)Hzakej%(qTSfD’k_mAf)aMb(ek)a%b(ek)Xp,q
k=1

+ (Hyp+Cp+Dy) VPBs, o+ (WE ), (7.5)

where ITIbvb = (W?F)HHbva?F is the effective SI channel after analog TX/RX beamforming.
Here, C and Dy, represent the analog and digital SI cancellation, respectively, that are designed

following the structure presented in Chapter 5.

7.2.2 DL Signal Reception Model

As mentioned above, L out of K scatterers contributes to the DL channel H,,;, € CMuxNo — Ag
the principal focus of the work is to estimate Radar target parameters, we ignore the delay and
de

Doppler shift parameters for the DL channel. Now, the received DL signal vector rp , € CMu

at the UE RX is expressed as

(1>

Tpgq

L
w ( > Bean, (Be)al, (00)%pq + Zp,q)
=1 (7.6)

WEI (Hu,bxp,q + Zp,q)v

where §; € C and z, 4 ~ CN(0, 021y, ) represent the complex reflection coefficient of /th scatter

path and the noise floor at RX node u, respectively.



160

The achievable DL rate of the FD ISAC system can be expressed as
Ror 2 log, (det (Idb + WHH, , VEFVEB(VEF VBB THE W, (WHW,02) )) (7.7)

7.3 DoA, Delay, and Doppler Shift Estimation

In this section, we present the estimations of the DoA, delay, and Doppler shift parameters

of the Radar targets, which are realized by the BS’s RX using the reflected signals.

7.3.1 Radar Target DoA Estimation

For DoA estimation, we deploy the MUSIC algorithm; other DoA estimation techniques can
be used as well [132]. First, we estimate the covariance matrix of the radar target reflected
signal. Across all subcarriers and OFDM symbols of the communication slot, the covariance

. RF RF .
matrix Ry € CM™ *M™ can be estimated as

Q—-1pP—
- ~ 1
RbéE{yP»ngq}v R, £ PQ Z Z qupq (7.8)
g=0 p=0

By taking the eigenvalue decomposition of the estimated sample covariance matrix ﬁb, it is

deduced that:

ﬁb é Udlag{Uh n2,... 777Mb}UH7 <79)

MRF

where 91 > 2 > ... > NpRe are the eigenvalues of f{b and U € CM" XM contains their

corresponding eigenvectors. Since we are interested in estimating the DoAs of K radar targets,
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Algorithm 8 Delay and Doppler Shift Estimation

Input: X,.q, ¥p.q.¥p, ¢, WEE and 0, Vk.
Output: ?k,fD,k, Vk.
St P L andm= —§
2 fork=12,...,Kdo
3: Set gp.q £ aMb(ek)a%b(ek)Xp,m

M,y
4: Set zp,q 2 1\% z:l[WlE{FYp,q]i/[gp,q]ia vp, q.
(2

IO
|
—_

L Pl (Q-l ionam \ g pn
5: Set A(n,m) = 3> | D zpge 77T @ |27

p=0 q=0
6: Set (n*,m*) = arg max |A(n,m)[%.
n,m
7: Set the estimated delay 7, = P"—Af. ~
8: Set the Doppler frequency of kth target fp i = &

9: end for

the matrix U can be partitioned as U = [Ug|U,], where the columns in U,, € CM" XM =K

x K

are the eigenvectors spanning the noise subspace and U, € CM contains the signal space

eigenvectors. The MUSIC spectrum for the considered HBF architecture can be thus formulated

as:

S(6) 2 (all, (WU, UL (WE)Hay, (6)) ", (7.10)

whose K peaks correspond to the K estimated DoAs é;g,Vk:.
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7.3.2 Delay and Doppler Shift Estimation

The next step is to estimate the delay and Doppler shift parameters associated with the K
estimated DoAs. Using the estimate DoA é\k and the known transmit signal x, 4, we formulate

a reference signal in the DoA direction as

8pq 2 anr, (O)akl, (01)%,,. (7.11)

Now, we utilize the received signal y, , to derive the quotient averaged across all RX antennas

that includes the effect of delay and Doppler shift in the direction of §k as

=375 [ngF?p,q]i/[gp,q]ia Vp, q. (7.12)

To estimate 7, and J?D,ka we formulate the likelihood function:

"
L
)

—1
A(n,m) = zp’qe_ﬂ”% eI2mF (7.13)

3
I
)

<
Il
=)

wheren=0,--- ,P—1and m = —Q/2,--- ,Q/2— 1. Finally, we find the best quantized delay
and Doppler shift that maximizes the likelihood function norm. The delay and Doppler shift

estimation procedure is provided in Algorithm 8.
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7.4 Proposed ISAC Optimization Framework

In this section, we present a joint optimization framework deriving A /D beamformers and
SI cancellation matrices with the objective to maximize the DL rate and the radar estimation
accuracy.

We consider a time division duplexing communication protocol, where the DoAs estimated in
one communication time slot is utilized to derive the beamformers and SI cancellation matrices
for the successive slot. To optimize the DL rate and radar target parameter estimation accuracy,
we propose to maximize the SNR in both the DL and radar target direction. Given the estimated

DoAs @c, Vk, the SNR in the direction of all radar targets can be written as

K
~ N N 2
IRadar £ H(WII;{F)H Z aAM, (ek)al}\lfb (ek)vllj{FVll)gB H 2_17 (714)
k=1
where X, = ||(Hpp + Cp + D,)VEE|? + HW}?FHQ of is the interference plus noise covariance

matrix at the RX of node b. Similarly, the estimated DL SNR is expressed as

L
~ —~ —~ 2
oL = HWE S au, (Gg)a]%b(eg)VEFVEBH 5oL, (7.15)
/=1

9 . . . .
where 3, = |[W,||” 02 is the noise covariance matrix at the RX node wu.
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The optimization problem to maximize the Radar target and DL SNR can be written as

OP: max T T
VbRF VbBB W?F Radar T 1 DL
Cy, Dy, Wy
s.t.

~ 2
[(Hb,b+cb)VI})3B](j,:) S)\lhwz 17 .. 7MI?F7

E{[ViFVEPIP) < Py, (7.16)
w; € Frx Vj and v, € Frx Vn = 1,2,...,Nb(RF)

The optimization problem in Equation 7.16 is a non-convex problem with coupling vari-
ables, hence, quite difficult to tackle. In this work, we solve it suboptimally using alternating
optimization, leaving other possibilities for future work.

First, using the estimated DoAs, we formulate a virtual channel of in the radar target
direction as Hy £ % aMb(é\k)a%b (é\k) Now to maximize the radar SNR, we find the TX analog

k=1

beams solving the following suboptimization problem:

OP1: VI 2argmax  |[HRVEF|? (7.17)

\Zi eFrx

The solution of OP1 requires a simple search through the beam codebook Frx. Using the TX
analog beamformer VEF, we derive the analog combiner solving the suboptimization problem

OP1, where we simultaneously maximize the radar SNR and suppress SI signal as follows:

WRF Hﬁ VERF|2
OP2: W?Féargmax It b ) Hr b I

L (7.18)
w; €Frx ||(W(13F)HHb7bVZ1?FH2
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Algorithm 9 FD ISAC Optimization

Input: I/-\Ibl,, N, Py and 6A?k Vk.
Output: VIE{F,VI]?B,WIBF, Cy, Dy, and W,,.

1:

10:

11:

12:

[\

13:
14:
15:
16:
17:

~ K ~ —~
Set Hg £ > aMb(9k>aI;\Ifb(9k)-
k=1

~ L ~ ~
: Set H,, 4 Z ay, (Qg)a%b (6y).
/=1

Set W, as the dj left-singular vectors of ﬁmb corresponding to the singular values in de-
scending order.

Set VI £ arg max  |[Hr VR ||2
VjEIFTX
WRF)HﬁRVR’F H2
Set WRF £ aro max (W, ") "HrV, )
b e (WA, VEF 2

Set ﬁ@b = (W}}F)HI/‘\IMVIE{F and IA:Iuyb = I/‘\I%bV?F.
Set Cp = {—[ﬁb,b};71;% 0, (npr__n ey | and Dy = —(Hyy, + Cy).

ME 8 M
Obtain B with the le{F right-singular vectors of (Iﬂ-vlbyb + C;) corresponding to the singular
values in descending order.
for a:le{F,NbRF—l,...J do
Set F = [B](:,N,]RF—(X—&—I:NI?F)'

Set G as the optimum precoding for the effective DL MIMO channel IA:Iu,bF given Py.
2

if H [(Hy,+Cy)FG] ;. H <Ap,¥ji=1,..., MFF then

Output V]b-)’B = FG and stop the algorithm.
else
Output that the Cy realization does not meet the residual SI constraint.
end if
end for

Similar to OP1, the solution of OP2 requires a simple search through the available beam code-

book Frx. Given the analog SI cancellation taps N < N,)RFMZ?F and the analog TX/RX

beamformer at the BS, we follow a similar procedure to Chapter 5, aiming to find the digi-

tal beamforming matrix VI];?’B and the SI cancellation matrices maximizing the DL rate and
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suppressing the SI signal power below the RF saturation level of A,. The latter will ensure
proper reception of the Radar target reflected signal. Our solution for the optimization problem

Equation 7.16 is summarized in Algorithm 9.

7.5 Numerical Results and Discussion

In this section, we present numerical results for the radar sensing and DL rate performance

of the proposed FD massive MIMO ISAC system operating at mmWave frequencies.

7.5.1 Simulation Parameters

We perform an extensive waveform simulation following the FD massive MIMO architecture
illustrated in Figure 37 when operating at mmWave frequencies, where a 128 x 128 FD massive
MIMO node b is communicating in the DL direction with 4 antenna RX UE node u. The BS
node b employs NI?F = Mg{F = 8 TX/RX RF chains with each of them connected to a ULA
of NbA = Mﬁ = 16 antenna elements via phase shifters. The communication is performed
using mmWave frequency of 28GHz and a 5G NR OFDM waveform with 100MHz BW and
Af = 120KHz subcarrier spacing. According to the 5G NR specifications, we have 66 Physical
Resource Blocks (PRBs) resulting in P = 792 active subcarriers and Q = 14 OFDM symbols
in each communication slot. Total OFDM symbol duration is defined as Ts = 8.92us. We have
considered a radio subframe of 1ms for DL. communication. The RX noise floors at all nodes
were assumed to be —90dBm for 100MHz BW OFDM signal. To this end, the RXs have an
effective dynamic range of 60dB provided by 14-bit ADC for a PAPR of 10 dB. Therefore, the
residual SI power after analog SI cancellation at the input of each RX RF chain has to be below

—30dBm to avoid signal saturation. The pathloss of the clustered DL channel is assumed to
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Figure 38. Sensing parameter estimation performance for 6 radar targets with
NRF = MRF =8 NA = N = 16 and transmit power of 30dBm. (a) DoA and range
estimation, (b) Range and relative velocity estimation.
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be 100dB, whereas the SI channels are modeled as Rician fading channels with a x-factor of
35dB and pathloss 40dB [59]. For the BS analog TX/RX beamformer, we consider a 5-bit beam
codebook based on the DFT matrix. We have used 1000 independent Monte Carlo simulation

runs to calculate the Radar sensing and DL rate performance.

7.5.2 Radar Target Parameters

We have considered K = 6 radar targets randomly distributed in the sensing/communication
environment with DoAs 6y € [-90° 90°],Vk. For communication scatters, L = 2 out of K = 6
targets are chosen randomly. Each of the radar targets the range and relative velocity is selected

randomly with a maximum range of 80m and maximum velocity of 100km /h.

7.5.3 Radar Target Sensing performance

In Figure 38, We have depicted the sensing performance of the proposed FD ISAC sys-
tem with a 128 x 128 massive MIMO node transmitting DL signal with a transmit power of
30dBm. The DoA and range estimation is plotted in contrast to the true target parameters in
Figure 38(a), where it is evident that the proposed FD ISAC system can detect all 6 targets
successfully with high precision. Even for really close target (10° and 12°) with only 2° angle
and less than 5m range difference, the estimation performance is highly accurate. The superior
sensing performance is provided by the proposed associated delay estimation approach with
high-resolution MUSIC DoA estimation unlike previous FD ISAC work in [21], where range es-
timation for such close targets was not possible. In Figure 38(b), the relative velocity is plotted

with respect to the range estimation for 30dBm DL transmit power. The figure shows that the
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Figure 39. Sensing parameter estimation performance for 6 radar targets with
NEF = MBF =8 Nf* = N* = 16 and DL transmit power of 10dBm. (a) DoA and range
estimation, (b) Range and relative velocity estimation.
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Figure 40. DL rate with respect to transmit power in dBm for the 128 x 128 massive MIMO
FD BS communicating with a 4 antenna UE RX node.

proposed FD ISAC system is capable of estimating the relative velocity of all 6 targets with less
than 1.5% estimation error.

In Figure 39, radar target sensing performance of the proposed FD ISAC system is presented
for 10dBm DL transmit power. It is evident from Figure 39(a) that the DoA estimation is almost
accurate even at a low transmit power of 10dBm. However, for the target at 3°, the estimated
range is around 3m away the actual value of 80m. This is due to the low transmit power
and higher path loss of the furthest target. In Figure 39(b), the relative velocity estimation
is showcased, where the proposed approach achieved sensing performance with less than 5%

estimation error for a low transmit power of 10dBm.
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Figure 41. RMSE of the DoA Tracking for 4 radar targets with
NRr = Mgp = 8, No = M = 16 and DL transmit power of 30dBm.

The DL rate performance of the proposed FD ISAC system with a 128 x 128 massive MIMO
BS node transmitting to a 4 antenna UE RX node is depicted in Figure 40 with respect to
transmit power. It is evident from the figure that the proposed FD ISAC approach is capable
of providing DL rate very close (1.5bps/Hz) to the ideal rate in addition to the high radar
sensing performance at the RX of BS node for N = 16 (25%) analog SI cancellation taps at
the FD massive MIMO node. For even smaller hardware complexity (12.5%) taps, the DL rate
performance is comparable up to 20 dB transmit power. However, as transmit power increases
the impact of SI signal worsens, for DL transmit power of 30dBm, the FD ISAC system is

capable of providing 75% of the ideal DL rate with only N = 8 SI cancellation taps.
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In Figure 41, we have plotted the Root Mean Square Error (RMSE) of the DoA tracking
in degrees for K = 4 the radar targets across 20 5G NR radio subframes with different DoA
evolution Af = [0.01° 0.05° 0.1° 0.2°] between consecutive subframes. For a range of 20m, an
angle evolution of 0.2° corresponds to a velocity of 250km /h for radar targets. Therefore, the
proposed FD ISAC approach is capable of tracking multiple radar targets moving at very high
speed. For a moderate transmit power of 20dBm, the proposed approach provides less than
1° RMSE for most of the DoA evolution cases. However, the RMSE of DoA tracking for all
different Afy cases is around 0.25° for 30dBm transmit power exhibiting precise target tracking
performance. Therefore, the proposed FD ISAC technique exhibits superior precision of radar

tracking

7.6 Concluding Remarks

In this chapter, we presented an FD-based ISAC optimization framework, where an FD
massive MIMO BS node is transmitting DL signals and concurrently performing radar target
sensing utilizing the reflected signals. We devised a DoA, delay, and Doppler shift estimation
algorithm for multiple radar target sensing considering hybrid A /D beamforming at the BS node.
Adopting a limited complexity analog SI cancellation architecture, we presented a joint design
of the A /D beamformer and SI cancellation that maximizes the DL rate together with the target
sensing performance. Our performance results for a mmWave channel model demonstrated the
high precision DoA, range, velocity estimation and tracking of multiple radar targets while

providing maximized DL rate.



CHAPTER 8

CONCLUSION

This thesis investigated FD systems for future wireless networks through the co-design of
low-complexity SI suppression techniques and optimized transceiver architecture for various
performance objectives.

Chapter 2 studied the single-antenna FD systems. We provided a comprehensive signal
modeling of the single-antenna FD node considering practical hardware impairments of the
TX/RX RF components. Utilizing the model, we devised an orthogonalized QR decomposition
based digital cancellation algorithm. It was shown the proposed scheme can achieve superior SI
suppression performance compared to the conventional SI cancellation techniques under limited
analog cancellation. We, furthermore, designed a Transfer Learning based DNN architecture to
perform nonlinear digital SI cancellation which outperforms the traditional approaches without
prior knowledge of the nonlinearity order of the SI components.

In Chapter 3, we presented a reduced complexity wideband analog SI canceller jointly de-
signed with digital TX/RX beamforming for practical FD MIMO systems maximizing the FD
sum-rate performance. To suppress the SI signal at the FD node, we proposed a novel adaptive
digital SI cancellation technique to reduce the number of estimation parameters. We showed
that the proposed optimization framework provided higher achievable rate performance with
reduced hardware complexity for analog SI cancellation and computational resources of dig-

ital SI cancellation compared to the full-tap wideband FD MIMO radios. Building on the
173
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low-complexity FD MIMO architecture, we proposed a novel SCDC scheme for simultaneous
channel acquisition and DL transmission in Chapter 4.

Exploiting our low-complexity analog cancellation solution, we presented FD massive MIMO
systems with hybrid beamforming operating at mmWave frequencies in Chapter 5. A unified FD
massive MIMO transceiver architecture is proposed comprising A/D TX/RX BF as well as A/D
SI cancellation, which is jointly optimized for various performance objectives and complexity
requirements. The proposed scheme outperformed the state-of-the-art approaches providing
a superior FD sum rate, while radically reducing the analog beam selection complexity. In
Chapter 6, we designed a direction-Assisted beam management technique for mmWave FD
massive MIMO systems utilizing its simultaneous transmission and reception capability and
thus, reducing the beam training overhead.

Finally, in Chapter 7, we investigated mmWave FD massive MIMO radios as the key enabler
for the emerging ISAC systems, where an FD massive MIMO BS node is transmitting DL signals
and concurrently performing radar target sensing utilizing the reflected signals. We devised a
DoA, delay, and Doppler shift estimation algorithm for multiple radar target sensing considering
hybrid A/D beamforming at the BS node. Through an indicative mmWave waveform simula-
tion, it was demonstrated the proposed FD ISAC approach achieves high precision parameter
estimation and tracking of multiple radar targets while providing maximized DL rate.

As 5G NR has adopted mmWave frequencies to accommodate high data rate communica-
tions, its successors, 6G and beyond, are expected to support wireless links at TeraHertz (THz)

(i.e., 0.1 — 10 THz). Therefore, a promising future extension of this thesis is the combina-
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tion of the proposed low-complexity FD massive MIMO system with THz communication to
compensate for the high path loss of higher frequencies. Additionally, the SCDC features of
the presented FD massive MIMO framework can be used for low latency analog beam tracking,
paving the way for beyond 5G standalone mmWave and THz communications. For example, the
beam refinement for multiple UEs can take place in the UL simultaneously with their DL data
communication from the FD massive MIMO BS. Recently, the incorporation of reconfigurable
metasurfaces in wireless networks has been advocated as a revolutionary means to transform
any naturally passive wireless propagation environment into a dynamically programmable one.
This can be accomplished by deploying cost-effective and easy-to-coat metasurfaces to the en-
vironment’s objects, thus, offering increased environmental intelligence for the scope of diverse
wireless networking objectives. Interesting directions of research are the investigation of FD mas-
sive MIMO operation in networks empowered by passive metasurfaces, and the design of FD
MIMO architectures with massive numbers of metasurface-based antennas. In the former direc-
tion, efficient NOMA techniques to manage FD-based reflections need to be devised, whereas,
in the latter, hybrid A/D TX/RX BF schemes will be required. Metasurface antenna based
FD massive MIMO systems operating in THz frequencies can further enable a new paradigm
in ISAC systems providing extreme data rates with millimeter-level precision in radar sensing

performance.
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Appendix A
Proof of Equation 2.6

Necessary proofs for Equation 2.6 are provided here.
Let wet + Ory(t) = wet + Op,(t) = A(t) as Or,(t) = O ().
Now,

LPF{ ( ZBLNA,q( > hy(t) (xIQ(t))p) L c(tb ev’Am}

q=1,3 p=1,3

— LPF ZBLNA,q((hl(t) % 2(8) +ha(t) % 322(1)2(t)) /20

(ha(t) * 2(t) + hs(t) * 32(t)§(t)2)kejA(t)(q—2k_1)}

qql) (Ra(t) = 2(t) + ha(t) * 32°()z(t)) =

g—1

(ha(t)  2(£) + ha(t) * 32(0)2(t)%) 7 .

Here, (c) is achieved if

1
q—2k—1=0:>k:qT.
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Appendix B
Derivation of Equation 3.9

The linearly processed estimated symbol vector ?b,n is derived as

el j2mkn
Sb n— m1 n(\/—kz%< z::HDL Xb k’ E] +Wo, [/{:D eJNL>
N¢—1 Lpr,—1
(a) U,, n(\/—z< ZHDL | (G1pxp[k—1C] + z[k—1])
Wi, [k])e—%”f")

.—1 Lpr.—1 Ne—1
gy (Y 1 3
o "(Fk (3ol (G 3 Wi

£=0

J2mp(k—t)

X Sppe  Ne +z[k—€])+wml[k]>ej2£f">

Lpy—1 J2ntn Ne—1Nq—1
:lel,n( Z HDL[E]G_ Ne ( < Z Z pr
£=0 Ne k=0

p=0

Ne—1

j2m(p—n)k J27r[p jQﬁE\I]cfl)n
X Sppe  Ne € N E c
k=0

| Ned -
_ J2mkn
T I, D W [Kle” e )

(é) um1,n <%DL,TL (Gl,bvb,nsb,n + Zb,n) + w’rru,n)a
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Appendix B (Continued)

where (a) and (b) are obtained from Equation 3.5 and Equation 3.1, respectively. Here,

(¢) is derived using the identities

i ]ch_lej%r(lz\a,:n)k _ { 17 lfp n?
N,
k=0 0, ifp#n,
Ne—1
1 c j2mkn
Zpp = z[ ]6_]21\’5 and

Similarly, the proof of Equation 3.12 can be obtained using Equation 3.13 and the above

mentioned identities.
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Appendix C
Proof of Proposition 1

From Equation 5.6, the achievable DL rate is expressed as

H H
Row = log, <det (IM + 0,2 H,, VI VY (V,EBB)> (V;ERF)> Hih))

Here V,(CBB) is the digital basedband precoding matrix which will be obtained using the

containing the first N,

H
right singular vectors of the effective DL channel Hq,kV,(fRF). Therefore V,(CBB) (V,gBB)> =

Py
N}iRF) INIERF).

P H
Rpi, = 10g2 (det <IMq + A]\[(R—P]?)ZHq’le(cRF) <V](gRF)> H}:k>> (Cl)
k Uq

We can divide the RF precoder V,ERF) as V,iRF) = [P ywr)_, Pymn], where p mr) is the
k k k

(RF)

R th column of the precoder matrix V,(CRF), and P e is an Ny X N7 — 1 matrix
k

(RF) _ 1 columns of V,E:RF)

P
Rpr = log, (det (IMq + N(R—F]?)Qquk[PNIERF)_l pNIERF)HPNIiRm_I legRF)]HH(I;k>>,
9

Py
( <IMq (RF 2Hq,kP NRFL 1PiliRF)_ ngl,k + WH%M) NIERF)pI]—\I[]iRF)H}]—I,k)>7
94 k9
@ log, (det log, (det (T Pr po o H H o HE
0gy | de N(RF> 1)) T 1ogy (det{ Ly, + N(R—F) NEO_y kP N (RF) pNISRF) 0.k

Py H H -1
det(T N _ 1)) +log2< —NISRF)OQpNIiRF)qukTN]iRF)_lHq’kpNIERF))
q

(C.2)
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where (a) is obtained by TNIERF)_l =1y, —i—Mg—lff)aqu,kPNmF)_lPi(.RF)_1Hg{k and (b) is
true due to the fact that det(I+XY) = det(I+YX) by defining X = T} N(EE) lHq,kleiRF)
and Y = pi,iRF)Hgk' The second term on the right side of Equation C.2 is the DL
rate of V. ,ERF)th sub-antenna array, while the first term log, <det (T ngRF)_1>> shares the
same form as Equation C.1. This observation implies that we can further decompose

log, <det <T N(RF)71)> using the similar method in Equation C.2 as
k

P
log, (det (TNIERF)_1>> =log, <det (TNISRF)_2)> + log, (1 + ]\[(R—I{f)gpg,gRF)—l
y o

q

X HHkT_(RF) 2Hq,klegRF)71> (C.3)

Then, after N ,gRF) such decomposition, the total achievable DL rate in Equation C.1 can

be presented as

NIERF)
Py
Ro = Y log, (1+ anHHan (Hy D, )
n=1 Nk C.4

Z log, (1 + N(E—F WG, 1Pn>

q

where we have

Py
N ,gRF)OZ

T, =1Ly, + H,,P. P H, To=1 @n
’ k

G,=H], T 'Hy,
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From Equation C.4, we observe that the total achievable rate optimization problem can
be transformed into a series of sub-rate optimization problems of sub-antenna arrays,
which can be optimized one by one.

The nth precoding vector p,, only has N, ,E,A) non-zero elements v,, from the (N, ,gA) (n—

1)+1)th one to the (N,gA)n)th one. Therefore the total achievable DL rate can be written

as
NP
Py
RpL = Z log, < (RF) HRnGn,lREVH> (C.5)
g
where R,, = [0 I 0 NI A ( NIERF)_n)] is the corresponding sub-array

A A A
NAXNM n-1)  TND

selection matrix. For each sub-array, updating G,, involves the matrix inversion of T,,
large size, which leads to high computational complexity. To avoid the matrix inversion,

partitioning P,, = [P,,_1 p,], T, can be written as

Pk Pk:
T, = IMq + (RF) ZHq,kPnPSH}:k = IMq + (RF) 2Hq,k[Pnfl pn][Pnfl pn]HHg{k
N, g Ny, og
=1 +LH P,_PI HY +LH p.p iH!
My NIERF)O_(? gkt n—14tn_1t4q K N]gRF)O'g ¢.kPnPntiqk
Py,
= Tnfl + (R—F)Qqukp"ngfll_Ivk (C6)
N, oy

Then, T,! can be presented as

_ p —1
Tnl = (Tnfl + (R—PE)QHq,kPnPI:HgQ
N/,C oy
) N(RF T Hq kpanHtl;Ik;Tr:il (C7)
n—1 "

I

1+ N(RF) Qan T Hq kPn
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using the Sherman-Morrison formula (A +uvi)=t = A~1 — %. Now substituting
Equation C.7 into G, = H}', T "H,
G,=H],T 'H,,
N(RF) QT Hq,kpnngng;il
—Hl (T, - 2 — )H,
1+ (RF) 2anq an71Hq,kpn
ﬁ(}n 1PnPnG (0-8)
=G, — k24

P H H
N(Rl%a? anan VoV, Rnanl
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Proof of Proposition 2

According to the optimization problem in Equation 5.16, we seek for the RF combining
vectors u,, that minimizes the SI channel ﬁk,k. Now, we reformulate the optimization

problem into a codebook free system as

u = argren}i_n lulH, |2, (D.1)
Un

where F = {u] |[u;| = 1/\/]\/[,§A), Vi = 1,...,M,§A)} and H,, = RIH, ;. Now, the
unconstrained solution of the combiner vector is a,, € CMéA)Xl such that <an, Hn> = 0.

There, the combining vector optimization problem can be formulated as

u?P' = argmin ||a, — u,|*. (D.2)
u, €F

Here, a,, can be expressed as a, = |a,| o e/“®». Therefore, the optimal solution u%* =
1 6jLa

ﬁ . Given this specific choice of matrices, the residual error of the combining
Mk:

vector selection can be expressed as

o — u P = [ - ]| = ] 0 772
M}EA) M}gA)
1 . 1

= [l = =) o= = (el - =]
Mk Mk
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M@ ) )
= Dl + Y — == Il (D3)
j=1 =1 M, \/Mé ) =
BN
(a)
21— =" lfa;l)
M& =
() 1
(A
MM

o)
where (a) is obtained as i l[an];|* = 1 and (b) is formed exploiting the fact that
j=1

M}iA) M}iA)
> lan)il < 4| D2 |lan)j?. Since the error is distributed over the M,gA) antenna ele-
= =1

ments, therefore average per-element error is formulated as

2(1 S )
lan —wiPt* _ V) 2 (D.4)

> < .
M}gA) Mk(;A) M}gA)

It is evident from Equation D.4 that for large values of M,gA), the error is negligible,
H 2
<ugpt> H,

therefore the SI effective channel power gets close to 0 and suppress the

SI in the node k receiver.
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