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Abstract

Advanced Signal Processing Techniques For Full-Duplex

Systems

Elyes Balti, PhD
The University of Texas at Austin, 2024

SUPERVISOR: Prof. Brian L. Evans

The evolution of cellular communications has seen each generation achieve a
tenfold increase in data rates and a reduction in latency by a factor of 1/10, alongside
more complex infrastructure and use cases. As the industry progresses toward sixth
generation (6G), emerging services such as high-fidelity mobile holograms, digital
twins that replicate and interact with physical entities in real-time, and truly im-
mersive extended reality (XR) are becoming increasingly prominent. These services
demand exceptionally high data rates and low latency, which current outdoor cellu-
lar networks such as long term evolution (LTE) and fifth generation (5G) struggle
to support. While virtual and augmented reality applications are currently limited
to indoor environments powered by wireless-fidelity (Wi-Fi), cellular networks must
evolve to accommodate these advanced applications. Full-duplex (FD) communica-
tion, which can double data rates and reduce latency, is identified as a key enabler for
delivering these next-generation services over cellular networks. This research exam-
ines FD technology and its potential to overcome the limitations of current cellular

systems, paving the way for seamless, high-performance 6G services.

FD systems enable bidirectional transmission over the same resource block,

with the potential to significantly reduce latency and double spectral efficiency. How-
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ever, self-interference (SI) remains a key challenge, as the power of the SI signal can
be several orders of magnitude higher than the desired signal, potentially saturating
the analog-to-digital converters (ADCs) and degrading system performance. Massive
antenna arrays offer the necessary degrees of freedom for spatial multiplexing and
effective SI suppression. Current FD solutions, primarily implemented for sub-6 GHz
radios, provide a valuable foundation for extending FD capabilities to the millimeter
wave (mmWave) spectrum. Nevertheless, this extension requires more than just a
frequency shift—it necessitates a reevaluation of the underlying assumptions in sig-
nal processing developed for the sub-6 GHz band. Adapting FD solutions to the
mmWave band thus demands the development of advanced signal processing tech-
niques that account for the specific challenges of mmWave communication. Recently,
the combination of FD and mmWave communication has been proposed in 3GPP
Releases 17 and 18, where FD is being considered for integrated access and backhaul
(IAB) systems. Throughout the literature, various SI cancellation techniques have
been explored, typically classified into passive and active methods. Passive techniques
include antenna array directionality, strategic antenna placement, and isolation, while
active cancellation involves suppression through analog and digital circuitry. In this
research, I leverage the available degrees of freedom provided by massive antenna
arrays to design robust hybrid analog and digital beamformers capable of suppress-
ing SI and enabling FD operation in mmWave systems. The design of these hybrid
beamformers is subject to several constraints, including the unit modulus constraint
imposed by mmWave hardware, which necessitates phased-array implementation for
beam direction tuning. Additionally, significant SI power must be mitigated in the
analog domain to prevent ADC saturation, while residual interference is eliminated

in the digital domain.

First, I focused on a point-to-point system where two FD nodes communicate
over bidirectional links. I formulated the problem of maximizing the sum spectral
efficiency under the constraints imposed by hybrid analog/digital beamformers. Di-

rectly maximizing the sum spectral efficiency or signal-to-interference-plus-noise ratio
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(SINR) involves jointly addressing both the signal power and the self-interference (SI)
components of the SINR. Consequently, the problem was reformulated as minimiz-
ing the SI power, a key step toward enhancing the overall sum spectral efficiency.
Specifically, I formulated the SI power minimization problem under the constraints of
the analog beamformers, including the unit modulus constraint and maintaining the
rank of the effective channel, i.e., optimizing the beamformed received channel. To
address this, I relaxed the unit modulus constraint to preserve the convexity of the
minimization problem and derived a closed-form solution for the analog beamformers
at both FD nodes. Following this, I proposed a digital beamforming design aimed at
maximizing the sum spectral efficiency. Simulations confirmed the efficacy of the pro-
posed algorithm, demonstrating significant improvements in spectral efficiency and
SI power reduction. Furthermore, I developed a practical design framework, ana-
lyzing trade-offs in terms of the number of antennas, RF chains, system complexity,
and power consumption necessary to enable full-duplex operation. In this context, I
established that a minimum of 50 dB of self-interference must be mitigated through

analog beamforming to achieve effective FD performance.

Second, I examined a single-cell, single-user scenario where both uplink and
downlink communications are handled by a FD base station (BS). In this setup, the
uplink user is affected by self-interference, while the downlink user experiences inter-
user interference (IUI) caused by the uplink transmission. I formulated the problem of
maximizing the sum of uplink and downlink spectral efficiency, subject to minimizing
SI, inter-user interference, and adhering to unit modulus and semi-unitary constraints.
The objective was to design low-complexity hybrid analog/digital beamformers that
require few iterations to converge. I further investigated factors influencing the algo-
rithm’s convergence, such as the regularization of the interference covariance matrix
and the normalization of beamforming both before and after convergence. The perfor-
mance of the algorithm was assessed based on key metrics, including self-interference
reduction, computational cost, rate of convergence, and convergence stability. Simu-

lation results demonstrate the robustness of the proposed approach, achieving signif-
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icant improvements in interference suppression and spectral efficiency compared to

existing methods.

Third, I investigated an IAB system, where the IAB node receives data from
the gNB donor via the backhaul link and transmits to the user through the access
channel. Operating in full-duplex mode, the IAB node experiences self-interference
(SI), which degrades the performance of the backhaul channel. To address this, I
formulated an SI power minimization problem and applied a similar approach as in
my previous work to design the analog beamformers at the IAB node. For the gNB
donor and user, I derived regularized zero-forcing (RZF) and minimum mean square
error (MMSE) beamforming designs, respectively. The computational complexity of
designing the hybrid beamformers was found to be relatively low compared to exist-
ing solutions. By using SI reduction as the objective in both the analog and digital
domains, the proposed algorithm demonstrated rapid convergence, typically requir-
ing only 3 — 5 iterations to efficiently suppress SI. Additionally, simulation results
confirmed that the proposed hybrid analog/digital beamforming design outperforms
half-duplex systems and other state-of-the-art approaches in terms of spectral effi-

ciency.

Fourth, I extended the second contribution to a wideband multiuser uplink
and downlink communication system. In this scenario, the users employ a fully digi-
tal architecture, while the BS utilizes a hybrid analog/digital architecture. To reduce
power consumption, the phase shifters at the BS are quantized, and the transmis-
sion/reception arrays at the BS implement a partially connected structure. I formu-
lated the problem of maximizing the per-subcarrier sum spectral efficiency for both
uplink and downlink users, subject to minimizing self-interference, inter-user interfer-
ence (uplink users interfering with downlink users), and multiuser interference (among
uplink or downlink users), while also satisfying unit modulus and semi-unitary con-
straints. To address these challenges, I designed hybrid analog/digital beamformers
that meet the imposed requirements. Simulation results demonstrate the optimization

of beampatterns at both the BS and user devices. Furthermore, I tracked interference
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reduction across different stages of the receiver chain and over the entire bandwidth.
The findings also highlight the advantages of using a partially connected architec-
ture, showing improvements in both energy efficiency and spectral efficiency when

compared to existing methods.

In the fifth contribution, I extended the previous contribution to a massive
multiple-input-multiple-output (MIMO) multicell, multi-user scenario, where BSs op-
erate in FD mode and are equipped with a large number of antennas. I developed a
unified analytical framework for both uplink (reverse) and downlink (forward) links,
applicable to both LTE and mmWave bands, while incorporating the use of low-
resolution data converters. The analysis accounted for various system imperfections,
including low-resolution quantization noise, pilot contamination, network irregular-
ities, imperfect channel state information (CSI), user mobility, cellular interference,
and self-interference. I derived the signal-to-quantization-to-interference-to-noise ra-
tio (SQINR) as a key performance metric, and based on this, I investigated the
effective spectral and energy efficiency of the system. In addition, I derived the spe-
cial cases, asymptotic results and power scaling laws to unpack several engineering
insights of the proposed model. This comprehensive analysis provides insights into
the challenges and trade-offs involved in implementing FD massive MIMO systems

in real-world scenarios.

These five contributions offer significant advancements in the feasibility and
development of power-efficient FD systems by addressing the communication require-
ments of modern wireless networks. They effectively mitigate interference below the
noise floor, optimize spectral and energy efficiency, reduce latency, and maximize
the utilization of available resources and degrees of freedom. These enhancements
are critical for improving the performance and scalability of next-generation wireless

systems, particularly in the context of FD communication.
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Chapter 1: Introduction

1.1 Background

1.1.1 Evolution of Cellular Communications

Smart Phone (2007)

R I

LTE WiMALLEE customizable, vertical
UMTS, CDMA2000 @ broadband, IP, global

voice + data
GSM, GPRS, EDGE, 1S-95,
PDC, iDEN, D-AMPS, ... @ \ WTO (1995)

digital

NMT, AMPS, TACS, C-450, TMA, RTMI,
TZ-801/802/803, DD, ...

cellular

Figure 1.1: Evolution of cellular networks generations.

The evolution of cellular communications has unfolded over several decades,
marked by successive generations of technology, each bringing significant advance-
ments in data rates, network capacity, latency, and connectivity. The journey began
with the first generation (1G) in the 1980s, which utilized analog technology and Fre-
quency Division Multiple Access (FDMA) to facilitate basic voice communication.
These early systems, such as the Advanced Mobile Phone System (AMPS) and Total
Access Communication System (TACS), were limited by poor voice quality, lack of

data services, and minimal security:.

The second generation (2G), introduced in the 1990s, transitioned to digital
technology with the adoption of Time Division Multiple Access (TDMA) and Code
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Division Multiple Access (CDMA). This shift brought improved voice quality, en-
hanced security, and the introduction of SMS and basic data services. Prominent
examples include the Global System for Mobile Communications (GSM) and IS-95
(CDMA ONE). The evolution continued with the advent of General Packet Radio
Service (GPRS) and Enhanced Data rates for GSM Evolution, which enabled rudi-

mentary internet access on mobile devices.

The third generation (3G), which emerged in the 2000s, significantly enhanced
mobile data capabilities. Utilizing Wideband CDMA (WCDMA) and CDMA2000,
3G systems supported higher data rates and mobile internet access, making services
like video calling and multimedia messaging possible. Universal Mobile Telecommuni-
cations System (UMTS) and CDMA2000 became the standards of this era, providing
mobile broadband with peak data rates up to 2 Mbps, later improved by High-Speed
Packet Access (HSPA) technologies.

The fourth generation (4G), launched in the 2010s, marked a major leap for-
ward with the introduction of LTE and LTE-Advanced. These technologies employed
Orthogonal Frequency Division Multiple Access (OFDMA) and MIMO techniques to
deliver high-speed data transmission, significantly improving data rates, latency, and
network capacity. 4G enabled seamless HD video streaming, VoIP, and online gam-
ing, with peak data rates reaching up to 1 Gbps. The increased spectral efficiency

and reduced latency set new standards for mobile communication.

In the 2020s, the 5G brought transformative advancements, including En-
hanced Mobile Broadband (eMBB), Ultra-Reliable Low-Latency Communication (URLLC),
and Massive Machine-Type Communication (mMTC) to support the growing Inter-
net of Things (IoT). Leveraging New Radio (NR) technology, including mmWave
frequencies, massive MIMO, and beamforming, 5G achieved peak data rates of up to
20 Gbps and sub-millisecond latency. These advancements have enabled new appli-
cations such as autonomous vehicles, smart cities, and augmented reality, with 5G

networks deployed globally by major Telecom operators.
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Looking ahead, the 6G is envisioned for the 2030s and beyond, promising even
greater capabilities. 6G is expected to explore terahertz (THz) frequencies, advanced
artificial intelligence (Al)-driven networks, reconfigurable intelligent surfaces, and
quantum communication. It aims to achieve data rates up to 1 Tbps, microsecond-
level latency, and extreme connectivity for immersive experiences like holographic
communication and digital twins. However, 6G faces challenges, including spectrum

allocation, energy efficiency, security, and the need for global standardization.

In summary, the evolution of cellular communications has been driven by the
increasing demand for faster, more reliable, and more connected mobile services and
fixed wireless access (FWA) as shown by Fig. . From the analog voice services of
first generation (1G) to the high-speed, low-latency networks of 5G, each generation
has built upon the advancements of its predecessors. As we move towards 6G, the
focus will be on integrating cutting-edge technologies to create even faster, more
efficient, and more intelligent networks that bridge the gap between the physical and
digital worlds.
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Figure 1.2: Global mobile traffic forecast [58].
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Figure 1.3: Truly immersive XR.

1.1.2 Road to 6G Cellular

The road to 6G cellular technology is driven by the need for higher data rates,
lower latency, massive connectivity, and the integration of advanced technologies to
support new and transformative applications. It will involve overcoming significant
technical challenges, developing new standards, and ensuring that the next generation
of wireless networks meets the growing demands of a hyper-connected world. The
journey to 6G is expected to shape the future of communication, bringing about

unprecedented changes in how we interact with the digital and physical world.

1.1.2.1 6G Services

The representative categories of 5G services—eMBB, URLLC, and mMTC are
expected to continue evolving and improving as we transition toward 6G. This section
focuses on emerging 6G services that will arise from advancements in communications
and other technologies such as sensing, imaging, display, and AI. These new services
will leverage hyper-connectivity to integrate humans and a wide range of devices,
delivering an unparalleled multimedia experience. Specifically, we highlight three key

6G services: truly immersive XR, high-fidelity mobile holograms, and digital replicas.

Truly Immersive XR: XR is an emerging term that encompasses Virtual

Reality (VR), Augmented Reality (AR), and Mixed Reality (MR). XR has garnered
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significant attention and is expanding opportunities across various sectors, includ-
ing entertainment, healthcare, science, education, and manufacturing. While techni-
cal advancements in XR are ongoing, and new innovations continue to emerge, the
primary barrier between XR’s potential and its practical application is hardware.
XR technologies require sophisticated device form factors, such as handheld compo-
nents, to support mobile and dynamic software content. However, current mobile
devices lack the standalone computing capabilities needed to meet these demands.
The progress in hardware performance, particularly in mobile computing power and
battery capacity, is lagging behind the rapid growth of XR, posing a significant threat
to market expansion. We believe that these challenges can be addressed by offloading

computational tasks to more powerful devices or servers.

Another critical challenge is ensuring sufficient wireless capacity. For example,
current AR technology requires 55.3 Mbps to support 8K displays with one million
points, which is adequate for a mobile display experience. However, achieving truly
immersive AR will require substantially increased density and a throughput of 0.44
Gbps for 16 million points. Additionally, XR media streaming may demand band-
width similar to 16K Ultra High Definition (UHD) quality video, where 16K VR,
for instance, requires 0.9 Gbps throughput with a compression ratio of 1:400. The
current data rates provided by 5G are insufficient for seamless streaming experiences.
The market sizes for VR and AR are projected to reach $44.7 billion [103] and $87
billion, respectively, by 2030 [43].

High-Fidelity Mobile Hologram: With rapid advancements in high-resolution
rendering, wearable displays, and wireless networks, mobile devices will soon be ca-
pable of rendering media for 3D hologram displays. Holography represents a next-
generation media technology that can depict gestures and facial expressions through
holographic displays. The content for these displays is generated using real-time cap-
ture, transmission, and 3D rendering techniques. To offer hologram displays as part
of real-time services, exceptionally high data transmission rates—hundreds of times

greater than those supported by current 5G systems—will be required. For instance,
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Figure 1.5: Digital replica: bridge the real and virtual worlds.

a 19.1 Gigapixel hologram display demands a data rate of 1 Tbps [159]. A hologram
display on a mobile device with a 6.7-inch form factor and one micrometer pixel size
(equating to 11.1 Gigapixels) would require at least 0.58 Thps. Additionally, sup-
porting human-sized holograms would necessitate an even larger number of pixels,
requiring several Thps [27]. Given that the peak data rate of 5G is 20 Gbps, it
is inadequate for supporting the substantial data volume needed for real-time holo-
gram media. To reduce the data transmission requirements for hologram displays and
make them feasible in the 6G era, Al technologies can be employed to enable efficient
compression, extraction, and rendering of hologram data. The market for hologram

displays is projected to reach $7.6 billion by 2023 [66].

Digital Replica: Leveraging advanced sensors, Al, and communication tech-
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nologies, it will become feasible to replicate physical entities—including individuals,
devices, objects, systems, and locations—in a virtual environment. This virtual rep-
resentation of a physical entity is known as a digital twin. In a 6G environment,
digital twins will enable users to explore and monitor the physical world within a
virtual space, free from temporal or spatial limitations. Through digital twins, users
can remotely observe changes, detect issues, and even interact with these virtual rep-
resentations using VR devices or holographic displays. Digital twins can represent a
network of sensors and actuators that are remotely controlled, allowing interactions
with digital twins to trigger actions in the physical world. For example, a user could
navigate a remote site by controlling a robot through real-time interactions with a

digital twin of that site.

AT enhances digital replication, enabling efficient management, problem de-
tection, and mitigation in the real world without the need for human presence or
detailed supervision. If an issue is identified within the digital twin, Al can auto-
matically initiate the necessary actions in the physical environment. However, the
technical challenges are considerable. For instance, replicating a 1m x 1m area would
require a Tera-pixel, necessitating a data throughput of 0.8 Tbps, assuming periodic
synchronization every 100 milliseconds and a compression ratio of 1:300. The market

for digital replicas is projected to reach $26 billion by 2025 [54].

1.1.2.2 6G Spectrum

As an initial step to design the 6G spectrum concept, three groups of bands,

i.e., low, mid and high bands are defined as shown in Fig. [1.6

[GHz] 1 7 24 92 300
<«— 3GPPFR1 —> ¢—— 3GPPFR2 ———>

Figure 1.6: 6G spectrum grouping.
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e Low-Band: Frequency range below 1 GHz is to emphasize the spectrum re-

quirement for extremely large area and deep indoor coverage of the network.

e Mid-Band: Frequency range from 1 GHz to 24 GHz taking into account the

following.

1. the band from 1 GHz to 7 GHz, generally called mid-band today,
2. the need for extension of mid-band up to 24 GHz,
3. various rulemaking processes,

4. discussion progress in mobile industry-based organizations such as 3GPP

and GSA, and

5. International Mobile Telecommunication (IMT) bands identification and

candidate bands being studied in ITU-R.

e High-Band: The upper boundary needs to be extended beyond that for 5G,
so that the frequency range 24-300 GHz is grouped as high-band. In addition,
this frequency range can consist of two sub-frequency ranges, i.e., the mmWave
band (24-92 GHz) to be used as an important band not only for 5G but also
for 6G and the sub-THz band (92-300 GHz) as a new frontier band for 6G. It
is noted that this white paper focuses on the sub-THz band up to 300 GHz at
this stage, while we expect that the full range of terahertz spectrum up to 3

THz could be considered in future.

To achieve the 6G vision, securing the appropriate spectrum is crucial. When con-
sidering spectrum allocation for 6G, several key factors must be addressed, including
coverage, the requirements of new services, high throughput, and Quality of Service

(QoS), among others.

The low-band spectrum (below 1 GHz), though offering limited bandwidth
compared to higher frequency bands, provides extensive area coverage and excellent

indoor penetration due to its superior propagation characteristics.
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The mid-band spectrum (1-24 GHz) offers the advantage of relatively large
contiguous bandwidth (hundreds of MHz), providing a balance between coverage and
capacity. However, this bandwidth remains insufficient to support high-throughput

environments, such as hotspots with dense connection demands.

The high-band spectrum, specifically the 24-92 GHz range, also known as the
mmWave band, allows for high-capacity services with wide contiguous bandwidth,
though it faces coverage limitations. The sub-THz range within 92-300 GHz of the
high-band is well-suited for both existing and emerging services that demand an
ultimate user experience, such as holograms and XR, which require ultra-high capacity

and ultra-low latency.

To explore the 6G spectrum in depth, we analyze these three band groups
across three key dimensions: coverage, contiguous bandwidth, and frequency. These
dimensions are essential for determining service usage scenarios. Our initial approach

to examining potential 6G spectrum candidates is depicted in Fig.
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Figure 1.7: Three dimensions of 6G spectrum grouping.
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1.1.2.3 Requirements

To enable advanced multimedia services such as truly immersive XR, mobile
holograms, and digital replicas, 6G must deliver significantly higher data rates than
5G. While 5G was designed to achieve a peak data rate of 20 Gbps, the target for 6G
is a peak data rate of 1,000 Gbps, along with a user-experienced data rate of 1 Gbps.

To provide these advanced services to a large number of users, the overall net-
work performance must be enhanced, aiming for a spectral efficiency that is twice that
of 5G. For delay-sensitive, real-time applications such as interactive tactile internet,
substantial improvements in latency-related performance are essential. The perfor-
mance targets include air latency of less than 100 microseconds, end-to-end (E2E)
latency of less than 1 millisecond, and extremely low delay jitter on the order of mi-
croseconds. Meeting these requirements would result in a user-experienced latency
of less than 10 milliseconds, aligning with the motion-to-photon latency needs of XR
services. This latency requirement encompasses all latency components, including
wireless and wireline links, as well as computational delays on both client and server

sides.

For latency-sensitive services that demand extreme reliability, such as indus-
trial automation, emergency response, and remote surgery, 6G aims to improve reli-

ability by a factor of 100 compared to 5G, targeting an error rate of 107".

Network coverage has been a crucial aspect of past generations and will con-
tinue to be vital in 6G. We aim to support broader coverage than 5G. The maximum
supported speed for mobile devices has increased from 350 km/h in 4G to 500 km/h
in 5G, and further improvements may be necessary in 6G to accommodate advances
in transportation systems. The anticipated surge in connected devices will require
6G to support approximately 107 devices per square kilometer, which is ten times the

connection density requirement of 5G.

In the 6G era, users will expect seamless, high-end services in their daily lives,

ideally with extended battery life. Given the increasing emphasis on environmental
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sustainability, minimizing the energy consumption of 6G networks is a priority. The
goal is to enhance the energy efficiency of both devices and networks by at least

two-fold.

Fig. [[.§ illustrates the enhancement of key requirements from 5G to 6G.
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Figure 1.8: Comparison of key performance requirements between 5G and 6G.

1.1.3 Low Resolution Data Converters

Low-resolution data converters are valuable in applications where speed, power
efficiency, and cost are prioritized over high precision. They are widely used in wireless
communications, portable devices, and high-speed digital systems. While they offer
advantages in terms of simplicity and performance, careful consideration of their lim-
itations, such as increased quantization noise and limited dynamic range, is necessary

to ensure optimal system performance.
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For infinite resolution, a typical received signal is given by
y=Hx+n (1.1)

where H, x, and n are the channel matrix, precoded symbols, and additive white
Gaussian noise (AWGN), respectively. The landscape of wireless communications
literature is rich with various proposals for nonlinear quantization models. However,
when it comes to a more significant number of Analog-to-Digital Converter (ADC)
bits, the analysis of such models escalates in complexity. The realm of quantized
systems has seen the derivation of a lower bound on spectral efficiency, achieved
by interpreting the quantization as additive Gaussian noise. This noise exhibits a
variance inversely proportional to the quantizer’s resolution, namely 278 multiplied

by the received input power.

Intriguingly, more recent research endeavors, as illustrated in [85] [5], have
employed the additive quantization noise model (AQNM) for mmWave signals that
feature arbitrary numbers of ADC bits. This area of work aligns closely with other
studies [I15, [51], which have derived Gaussian approximations via Bussgang Theory,
aiming to linearize the nonlinear quantization distortion. The similarities between

these studies and AQNM modeling are noteworthy.

Following this line of reasoning, the received signal, as expressed in , is
subjected to processing through the Radio Frequency (RF) chains. Subsequently, the
ADC converts it into the digital domain. The AQNM provides a representation for
the quantized version of , as follows

Yo=0ay +q (1.2)

where q is the additive quantization noise, « = 1—n, and 7 is the inverse of the signal-

to-quantization-plus-noise ratio (SQNR), which is inversely proportional to the square

of the resolution of an ADC, i.e., n = %ﬁ - 272Bits  Gee Table

To examine the robustness and validity of the AQNM, we contemplate a uni-

form quantizer defined by a specific step size A. This step size is given by the formula
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Table 1.1: n for different numbers of bits [170].

Bits 1 2 3 4 5
n 03634 0.1175 0.03454 0.009497 0.002499

A= %, wherein a and b represent the lower and upper bounds of the quantizer

respectively.

We introduce y. as the output generated by the uniform quantizer. Addition-
ally, we denote y, as the signal quantized via the AQNM, defined by y, = ay + q.
In this equation, y symbolizes the input of the quantizer, which follows a uniform

distribution in the range |a, b].

It is worth noting that q is characterized as the AQNM, following a Gaussian
distribution with a zero mean and a variance as per the guidelines outlined in [g].
This theoretical model and its underpinnings serve as the foundation for further

investigation into the behavior of AQNM in the domain of wireless communication.

of = ?—22 (1.3)

The mean square error (MSE) is defined by
MSE = "E [lye[n] — yq[nll*] (1.4)
To show the tightness, let’s consider an example of a quantizer with a = —15V and

b=15V,y ~ U[-15,15].

As shown by Fig. [1.9] as the number of quantization bits gets increased the
MSE is decreasing, i.e., the precision of the AQNM is accurate and the model gets

closer to the output of the quantizer.
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Figure 1.9: Mean square error between the output of the quantizer and the quantized
signal through AQNM.

1.1.4 Evolution of Duplex Technology
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Figure 1.10: Evolution of duplex technology.
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In early cellular systems such as 3G, Frequency Division Duplexing (FDD)
was commonly used due to the narrowband characteristics of wireless signals and the
symmetrical nature of downlink and uplink traffic, particularly for voice telephony,
which was the predominant application at the time. In FDD, downlink and uplink
utilize separate, non-overlapping frequency resources, as illustrated in the Fig. [1.10]
with substantial separation between the frequencies to prevent interference between
the signals. A key advantage of FDD is that it allows both downlink and uplink
to fully utilize time resources, thereby enhancing coverage. However, a limitation
of FDD is its inflexibility in reallocating frequency resources between downlink and

uplink, as these resources are fixed for each direction.

Unlike FDD, Time Division Duplexing (TDD) utilizes the same frequency
resources for both downlink and uplink. Rather than separating downlink and uplink
through distinct frequency bands, TDD allocates dedicated and non-overlapping time
resources for each, as shown in Fig. [[.I0] As a result, in TDD, neither downlink nor
uplink can fully access the time resources, leading to reduced coverage compared to

FDD.

Although TDD was initially introduced in 3G to complement FDD, it was
not as widely adopted. However, as wireless traffic has grown exponentially, driven
by downlink-heavy applications such as video streaming and wireless internet, the
advantages of TDD have become more apparent. TDD allows the allocation of addi-
tional time resources to either downlink or uplink, depending on network demands,
a flexibility not possible with FDD. This limitation of FDD often results in under
utilization of uplink frequency resources while downlink resources are heavily used
in many commercial 4G networks. In 5G, most newly assigned spectrum bands are
TDD carriers, which better accommodate the asymmetric nature of downlink and
uplink traffic. However, TDD still faces the inherent challenge of limited coverage

compared to FDD.

Cross-Division Duplex (XDD) was developed to address the limitations of
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TDD while preserving its key advantages. XDD enables simultaneous downlink and
uplink operations within a TDD carrier by utilizing non-overlapping downlink and
uplink frequency resources within the same carrier. This flexible allocation of fre-
quency resources allows XDD to effectively manage the asymmetric downlink and
uplink traffic ratios typical of modern cellular systems. Additionally, XDD can allo-
cate non-overlapping downlink and uplink resources in both the frequency and time
domains. In essence, duplexing can be achieved through time, frequency, or a combi-
nation of both within a TDD carrier, depending on the specific requirements of the

deployment scenario.

In XDD, a base station can allocate non-overlapping frequency resources to
terminals, allowing downlink and uplink transmissions to occur simultaneously within
the same time slot, as illustrated in Fig. [1.10, For instance, cell-edge terminals can be
assigned to continuously transmit uplink while the base station simultaneously trans-
mits downlink to other terminals. Consequently, the accumulated received energy on
the uplink at the base station is higher in XDD than in TDD, resulting in enhanced
coverage, as depicted in Fig. It is important to note that simultaneous down-
link and uplink operations occur only at the base station. For terminals, they can
either transmit uplink or receive downlink at any given time, but not both. Although
enabling simultaneous uplink reception and downlink transmission at the terminal
level would offer additional benefits, the implementation challenges, particularly for

devices with small form factors such as smartphones, would be prohibitive.
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Figure 1.11: Extending 5G TDD coverage with XDD.
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Unlike XDD which allows the uplink to borrow a portion of the frequency
resources from the downlink, FD allows overlap between downlink and uplink over

the entire time-frequency resource as illustrated by Fig. [1.10]

Following benefits can be expected for XDD/FD compared to conventional
TDD:

e Coverage enhancement: One of the most straightforward ways to improve
coverage is by increasing the total energy delivered to the receiver. In TDD, the
received energy at the base station is limited because only about 20% to 25%
of the time resources are typically allocated to uplink in commercial networks.
In contrast, FDD does not face this issue, as the uplink has full access to all
time resources. XDD/FD addresses this limitation by enabling simultaneous
downlink and uplink operations within a single TDD carrier, allowing uplink
coverage to be extended to levels comparable to FDD. Unlike TDD, where
uplink access is restricted, XDD/FD enables the uplink to utilize 100% of the

time resources, significantly enhancing coverage.

e Latency reduction: A notable drawback of TDD compared to FDD is the
increased latency caused by the intermittent availability of uplink transmission
times. Due to the limited allocation of uplink transmission slots, the hybrid
automatic repeat request (HARQ) responses for downlink and other feedback
information transmitted on the uplink experience greater latency than in FDD.
When the latency of HARQ responses for downlink increases, it prolongs the
time required to clear data packets from the base station buffers, leading to
reduced user-perceived throughput. In contrast, XDD/FD can minimize this
latency because uplink transmission time is continuously available, allowing for

more timely HARQ responses and feedback.

e Throughput enhancement: Extending the uplink transmission time in XDD/FD

enhances not only coverage and latency but also throughput. For terminals lo-
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cated closer to the cell center, the additional uplink resources can be utilized to

increase the uplink data rate, thereby improving overall performance.

1.1.5 Challenges
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Figure 1.12: Main obstacles in deploying (XDD/FD).

Deviating from the “mutually exclusive” (FDD/TDD) principle in duplex com-
munication introduces challenges such as SI and cross-link interference. SI, as depicted
in Figures and [1.13] occurs at the base station (BS) receiver when it transmits
downlink signals on the same time-frequency resources used by uplink signals from
user equipment (UE). Due to the proximity of the BS’s transmit and receive antennas,
the SI is significantly stronger than the desired signals from the UEs. To advance
duplex technology beyond the “mutually exclusive” approach, effectively mitigating
SI is essential. Research in SI cancellation (SIC) has shown that effective solutions
often involve both analog and digital domain cancellation techniques [I4T], [84]. The
following requirements need to be met for the SIC implementation of an XDD base

station.

e The power of the downlink signal received on the uplink receiver should be

sufficiently suppressed to prevent ADC saturation.
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o Residual interference after SIC must not rise above the base station receiver’s

noise level to provide sufficient demodulation and decoding performance.

e [requency separation between the uplink and downlink within the TDD car-

rier which acts as a guardband should be minimized to achieve XDD without

sacrificing resource efficiency.
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Table [1.2| summarizes the amount of SI to be canceled to enable FD operation for

various network generations.

Table 1.2: Amount of ST Suppressed to Enable FD Operation [35], 48] [89] 138 [144]
[101], 13, 128, 112].

Generation | Technology/Medium Access | Channel Bandwidth | Transmit Power | Noise Power | SI Cancellation
1G AMPS/FDMA 30 KHz up to 60 dBm -129 dBm 189 dB
2G GSM/TDMA 200 KHz 36 dBm -121 dBm 157 dB
3G WCDMA /UMTS 5 MHz 43 dBm -107 dBm 150 dB

CDMA 2000 1.25 MHz 43 dBm -113 dBm 156 dB
4G/LTE LTE-Advanced 20 MHz 46 dBm -101 dBm 147 dB
(OFDMA /SC-FDMA)
WIMAX/ Scalable OFDMA 10 MHz 43 dBm -104 dBm 150 dB
5G BDMA/ FBMC 60 GHz 20 dBm -96 dBm 116 dB
802.11ac - Gigabit Wi-Fi 20, 40, 80, 160 MHz 20 dBm -91 dBm 112 dB
(taunted as 5G Wi-Fi)
802.11ad - Wireless Gigabit 2 GHz 20 dBm -81 dBm 101 dB
(Microwave Wi-Fi)
802.11af - White-Fi 5, 10, 20, 40 MHz 20 dBm -98 dBm 118 dB

t Advanced Mobile Phone Service (AMPS), Frequency Division Multiple Multiple Access (FDMA), Global Systems
for Mobile Communications (GSM), Time Division Multiple Access (TDMA), Code Division Multiple Access
(CDMA), Wideband CDMA (WCDMA), Universal Mobile Telecommunications Systems (UMTS), Long Term

Evolution (LTE), Orthogonal/Single Carrier Frequency Division Multiple Access (OFDMA /SC-FDMA), Worldwide

Interoperability for Microwave Access (WIMAX), Beam Division Multiple Access (BDMA), Filter Bank

Multi-Carrier (FBMC).
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Cross-link interference (CLI) refers to the interference that occurs between UEs
or between BSs. Fig. [1.12| provides an example where UEs adhere to the “mutually
exclusive” principle between their uplink transmissions and downlink receptions, while
the BS does not. CLI between UEs arises when the same time-frequency resource is
allocated for uplink transmission from one UE and downlink transmission to another
UE. This UE-to-UE CLI can be mitigated if the BS selects a group of UEs that
do not cause significant interference to each other. CLI between BSs occurs when
the downlink transmission from one BS (the aggressor) uses the same time-frequency
resource as the uplink of another BS (the victim). Mitigating BS-to-BS CLI requires

close coordination between BSs to manage resource allocation effectively.

Another challenge is managing adjacent channel CLI, known as inter-operator
cross-carrier CLI. This issue arises when the spectrum allocated to one operator is
positioned directly adjacent to the spectrum of another operator within the same
cellular band. For instance, in a region with nationwide 5G coverage, three Mobile
Network Operators (MNOs) have their 5G spectrum allocations situated next to each
other (as shown in Fig. [1.14)).

e MNO#1: 3.42 GHz - 3.6GHz (3GPP band n78)
e MNO#2: 3.5 GHz - 3.6 GHz (3GPP band n78)

e MNO#3: 3.6 GHz - 3.7 GHz (3GPP band n78)

Downlink Uplink Downlink

MNO #2
Cross-link

interference

3.42 GHz 3.5GHz 3.6 GHz 3.7GHz

Figure 1.14: CLI from adjacent carriers from multi-operator scenario.
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Assume that MNO#2 is deploying XDD in its network. In this scenario, MNO#2
must address not only co-channel CLI (such as inter-base station and inter-terminal
CLI) within its own spectrum but also adjacent channel CLI caused by the downlink
transmissions of the other two MNOs due to insufficient filtering. In a conventional
TDD system, this adjacent channel CLI would not pose a problem, as all three op-
erators would use the same uplink-downlink time resource configuration, effectively
eliminating adjacent channel CLI. However, managing adjacent channel CLI is signif-
icantly more challenging than dealing with SI, as there is no prior knowledge of the

interference characteristics.

1.1.6 SI Mitigation Techniques

SI Mitigation
|
Y I
Classical SI Cancellation .
| ML-based SI Cancellation

v * e Nonlinear SI cancellation

Passive Suppression . ) - p .
(PropagatioE?Domain) Active Cancellation e Linear+Nonlinear SI cancellation

e AS-based passive suppression ¢ | ¢

o AC-based passive suppression -
e Directional passive suppression Analog-Domain Digital-Domain
e Cross-polarization-based passive SI Cancellation SI Cancellation

suppression

e Analog cancellation of linear SI e Estimation of the linear SI
e Dynamic adoption based analog e Estimation of the nonlinear SI
cancellation

Figure 1.15: SI mitigation techniques [104].

In FD transceivers, SI power suppression is typically achieved through a syner-
gistic application of both active and passive techniques. Passive cancellation leverages
the enhancement of path loss for the loopback SI signal, utilizing strategies such as ar-
ray directivity, physical separation of antennas (antenna isolation), polarization, and
the incorporation of RF absorbing materials. For instance, improvements in array
directivity and strategic antenna placement have been shown to attenuate SI power
by 30 dB and 47 dB, respectively, while cross-polarization techniques can facilitate

up to 50 dB of SI reduction [&1].
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Conversely, active cancellation techniques are predicated on the precise knowl-
edge of the transmitted signal and are typically executed in three distinct stages: RF
suppression, antenna suppression, and digital suppression. RF suppression uses the
known transmitted signal as a reference within the RF chain to reconstruct and subse-
quently subtract the SI. Antenna cancellation is achieved by generating two antiphase
replicas of the transmitted signal through multiple transmit (TX) and receive (RX)
antennas, thereby nullifying the SI through the superposition of these antiphase repli-
cas. Digital cancellation complements RF or antenna suppression methods by further
attenuating the SI in the baseband, which, when combined with either RF or an-
tenna suppression techniques, can result in approximately 60 dB of SI reduction, as
both SI and noise are concurrently mitigated [81]. However, these techniques may en-
counter performance degradation due to nonlinearities introduced by data converters,
power amplifiers, in-phase and quadrature (IQ) imbalance, and phase noise, leading
to significant residual SI [I56]. This highlights the complex interplay between various
suppression methods and the inherent challenges in achieving optimal SI mitigation
in FD communication systems. Table [I.2] summarizes the amount of SI to be canceled

to enable FD operation for various network generations.

Machine learning (ML)-based SI cancellation (SIC) is an advanced approach
used in FD wireless communication systems to address the complex and dynamic na-
ture of SI, where traditional analog and digital methods often fall short. By leveraging
models such as neural networks, reinforcement learning, and support vector machines,
ML-based SIC can adaptively learn and mitigate interference in real time, enhanc-
ing signal quality and overall system performance. Key benefits include the ability
to handle nonlinear interference patterns and dynamically adjust to varying channel
conditions. However, challenges such as high computational complexity, significant
data requirements, latency issues, and the need for robust model generalization must
be managed. Additionally, integrating ML-based SIC with existing systems can be
complex and resource-intensive, posing limitations in resource-constrained environ-

ments. Despite these challenges, ML-based SIC holds significant potential to improve
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FD communication in 5G and future wireless networks by providing more effective

interference management and enhancing spectral efficiency.

Table summarizes the SI mitigation techniques along with the advantages

and limitations.

1.1.7 Beamforming

Beamforming is a signal processing technique used in wireless communication
systems to direct the transmission or reception of signals in specific directions using an
array of antennas. By controlling the phase and amplitude of the signals at each an-
tenna in the array, beamforming creates constructive interference in desired directions
and destructive interference in others. This effectively forms a focused beam that can
be steered dynamically toward a target, such as a user or device, enhancing signal

strength, reducing interference, and improving overall communication efficiency.

Beamforming works by using an array of antennas where each antenna element
contributes to the overall signal in a controlled manner. By adjusting the phase and
amplitude of the signals sent from or received by each antenna element, beamforming
shapes the overall radiation pattern of the antenna array. Constructive interfer-
ence occurs in the desired direction, where the signals from each antenna combine
to strengthen the signal, while destructive interference reduces signals in unwanted
directions. Beamforming can be implemented in various ways, including analog, digi-
tal, and hybrid beamforming, each offering different balances of complexity, flexibility,

and performance.
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Table 1.3: Performance comparison among variant SI cancellation techniques [171].

e Adaptivity to varying SIRs

Category Technique Ntx X Nerx Advantages Disadvantages
o SI mitigated due to pathloss e Performance depends highly on
e Directional e Minimizes inter-device AS and beam pattern
Passive e Diversity interference e AS is restricted by variant factors
Cancellation | e Antennas e Improves power efficiency such as device size and interference
e [solation e More isolation results in a better | channel estimation accuracy
mitigation of SI signal e Restricted application to SISO
o Fasv to implement e Broadband-induced loss
e Antenna asy plen e e Degrades the received signal
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cancellation . ¥ e Limited transmit power
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o Precod e Better than pre-nuling e Requires SI estimation
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& & e Capacity optimization matrix
§
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°
g
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=1
<
e Optimal o Power of the residual SI is e Beam selection matrices are
Eigenbeamform- | Nty x Ngrx minimized calculated
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e High complexity in deriving the
. o Improves the useful signal optimum matrices
Mz 1 ] ©
o Maximum SIR | Nrx x Nex e Suppresses both ST and noise e Channel attenuation highly
impacts the performance
e MMSE e Improves the useful signal . .
filtering Nrx > Nex e Suppresses both SI and noise o High complexity
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o Has a low complexity complicates the best subset
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Figure 1.16: Different types of beamforming.

1. Digital Beamforming: Utilizes digital signal processing (DSP) to control the
phase and amplitude of the signals, offering greater flexibility and precision
in shaping the beam. Multiple beams are simultaneously synthesized to serve
multiple users. Since each antenna has its own dedicated RF chain, this archi-
tecture consumes prohibitively large amount of power, in particular, for massive

MIMO.

2. Analog Beamforming: Adjusts the phase of the signals in the analog domain
using phase shifters (PSs). It is simpler but less flexible compared to digital
beamforming. It consists of a single RF chain and serves only one user at a

time.

3. Hybrid Beamforming: Combines analog and digital beamforming to balance
performance and complexity, often used in systems with a large number of

antennas, such as massive MIMO in 5G. In this architecture, reduced number
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of RF chains, fewer than the number of antennas, are considered while multiple
beams are created to serve multiple users. Reducing the number of RF chains
is beneficial to save the power, however, it penalizes fraction of the spectral

efficiency.

1.1.8 SI Channels Models

SI channel models are essential for designing and evaluating SIC techniques in
FD communication systems. These models characterize how the transmitted signal
from a device, such as a BS or UE, interferes with its own receiver, which operates on
the same frequency simultaneously. Understanding and accurately modeling the SI
channel is crucial for developing effective SIC strategies. Here’s an overview of some

SI channel models.

1.1.8.1 Rician Model

TX Array

1 2 - q RX Array

Figure 1.17: Relative position of TX and RX arrays at BS. Given that the TX and
RX arrays are collocated, the far-field assumption that the signal impinges on the
antenna array as a planar wave does not hold. Instead, for FD transceivers, it is more
suitable to assume that the signal impinges on the array as a spherical wave for the

near-field LOS channel.
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As illustrated in Fig. the SI leakage at the BS is modeled by the channel
matrix Hgj. Note that the SI channel is decomposed into a static line-of-sight (LOS)
channel modeled by H| os, which is derived from the geometry of the transceiver, and
a non-line-of-sight (NLOS) channel described by Hyios. Considering a wideband
fading for the purpose of generality, the /-th tap of the aggregate SI channel matrix

can be expressed by

K 1
Hg[(] = Vi 1I{L05'+'\/;;j;jIIINLos[f] (1.5)

Near-Field Far-Field

where k 1s the Rician factor.

Tpg = \/((50035 +(p—1)hicosa — (g —1)h,)> + (§sin f+ (p — )hysina)®  (1.6)

LOS Channel: The (g,p)-th entry of the LOS SI leakage matrix can be
written as
[Hiog],y = —e 7% (1.7)
T'pq
where 7, is the distance between the p-th antenna in the TX array and g¢-th

antenna in the RX array at BS given by (1.6]).

NLOS Channel: It is often useful to represent the channel in the frequency
domain. In general, the channel response is time-varying [61]

Np—1

H(t, f) = ) ae® " Dag(¢rs, Or)at(dre, Or0) (1.8)
£=0

where ¢ry, Or, are the azimuth and elevation angles of arrival (AoA) of the
(-th ray, ¢4, 07, are the angles of departure (AoD) of the /-th ray. We denote by
a(¢,0) the array response of the uniform rectangular array defined by

1
vVNM

T
iZTﬂ(dh(M_l) sin ¢ sin 0+dy, (N —1) cos )

a(¢,0) =

2l . .
[17 o 7ez < (dhpmn(z)sme—l-dvqcos@)? ..,e

(1.9)
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where N and M are the vertical and horizontal dimensions of the array panel,
respectively. A is the signal wavelength, d; and d, are the antenna spacing in hori-
zontal and vertical dimensions, respectively, 0 <p < M —1,and 0 < ¢ < N — 1 are

the antennas indices in the 2D plane.

Assuming that the channel is sufficiently slowly varying over the signal period
T, the Doppler shifts of all the paths are small, v, 7" < 1, V¢, £ = 1,..., N,. Therefore,
(1.8) can be reduced to

Np—1

H(f) = ) ae > ag(¢re, Ore)at(dre, O7.0) (1.10)

=0
Besides, if the channel bandwidth W is sufficiently small so that W, < 1, VI, ¢ =
1,..., N,, then the channel fading becomes narrowband and (.10 can be simplified

into
Np—1

H= Z apar(re, Ore)at(Pre, O1.0) (1.11)

=0

1.1.8.2 Empirical Model

Improving the performance of current SIC schemes relies on exact model of
SI channels [4]. A number of measurement based studies have been done to present

empirical models of SI channels.

Power delay profiles (PDPs) of SI channels at 2.6 GHz in indoor environments
were measured in studies [I54] and [149]. In [I54], the PDP was decomposed into
three components: the leakage path, the antenna reflection path, and space multipath.
The space multipath was further modeled using a power-law decay with a noise-like
variation following a Lognormal distribution. In contrast, the PDP in [I49] was rep-
resented as an exponentially decaying function with specular components modeled
by delta functions. Additionally, the SI channel at 2.45 GHz was characterized us-
ing a 2x2 MIMO FD transceiver with dual-polarized antennas, as reported in [31].
This study indicated that the SI channel could be represented by a multipath model
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consisting of a quasi-static internal subchannel and a time-varying external subchan-
nel, modeled by a modified Saleh-Valenzuela model. Furthermore, the dispersive
behaviors of the SI channel in both direction and delay domains were investigated at
millimeter-wave frequency bands within a meeting room environment, as explored in

[60).

While previous studies primarily focused on indoor environments, Wang et al.
[150] conducted measurement campaigns in a dense urban environment. Their ob-
servations revealed that the power of multipath components within a cluster decayed
exponentially, whereas the most significant path in each cluster remained unaffected.
Additionally, residual SI (RSI) channel measurements were performed in a mmWave
beamformed FD system for both indoor and outdoor settings, as reported in [82].
The study found that RSI exhibited long propagation delays that could not be effec-
tively mitigated by conventional analog-circuit-domain cancellation techniques. To
the best of our knowledge, this study is unique in investigating the characteristics of

RSI independently from direct SI.

AT&T Labs: constructs an empirical SI channel model elaborated in an ane-
choic chamber [30], [135]. In this study, the authors present a comprehensive analysis
and series of measurements pertaining to SI in a multi-panel mmWave FD communica-
tion system operating at 28 GHz. Utilizing an anechoic chamber, the authors perform
the measurements of the SI power between the input of a transmitting phased array
and the output of a co-located receiving phased array. Both arrays were electronically
steered across a range of directions in azimuth and elevation. Figures and
[1.20] illustrate the block diagram explaining the steps of measurement collections as

well as the layout of the anechoic chamber wherein the experiments are carried out.
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Figure 1.18: A block diagram explaining the way the measurements are carried out
by AT&T Labs.

The power measurements of SI provide invaluable insights into the feasibility of
a FD communication system receiving a target signal while simultaneously transmit-
ting in-band. Our study, comprising nearly 6.5 million measurements, demonstrated
that increased SI is typically coupled when the transmitting and receiving phased
arrays direct their beams toward each other. However, slight shifts in the steering

direction, on the order of a single degree, can lead to considerable fluctuations in SI

power.

5.8m

Transmit Array

1.5m

1.2m
MAWV

Figure 1.19: A side-view (left) and top-view (right) of the phased array measurement
platform in the anechoic chamber.
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Figure 1.20: 28 GHz Phased array measurement platform inside an anechoic chamber;
receive array on left and transmit array on right

These measurements were meticulously analyzed to characterize the spatial
variability of SI, enabling to better quantify and create a statistical model of this
sensitivity. The analysis and the resulting statistical findings serve as useful refer-
ences when developing and evaluating mmWave FD systems. Furthermore, this study
motivates a myriad of future topics including beam selection, beamforming codebook

design, and SI channel modeling.

Following the empirical model, a statistical geometric channel model is elabo-

rated based on the parameters fitting from the collected data, depicted by Fig. [1.21]
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Figure 1.21: An illustration of coupling clusters comprising the coarse geometric
model of the SI channel between the transmit and receive arrays.

The channel matrix produced by the k-th cluster (in Fig. [1.21]) is given by

Hk - Z Z arx(‘grx; ¢rx)atx(‘9tX7 sztx)»< (112>

(Bo,66) EDL) (B, ) €D

Note that DY and D% are the beamforming codebooks at the receiver and

transmitter, respectively. The resulting channel matrix comprising all the Ngs; is

— Nclust NixNix
H= Zkz:l Hy, I

Y .
ey Hy |l r

1.1.8.3 Geometry-Based Statistical Channel Model

Analytical channel models are generally more appealing than empirical models
for representing channel behavior in diverse environments. One of the most widely
used analytical models is the geometry-based statistical channel model (GBSCM)
[33]. GBSCMs are defined by the spatial locations of the transmitter, receiver, and
scatterers, which are characterized by their spatial distribution and density within a

specified area [174].
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The literature features numerous studies on foundational GBSCMs for propa-
gation channels in half-duplex (HD) systems. Liberti and Rappaport [87] introduced
a geometrical model for microcell propagation channels, where scatterers are uni-
formly distributed within an ellipse with the base station and mobile receiver located
at the foci. Additionally, a circular model for macrocell channels was developed in
[121], assuming scatterers uniformly distributed within a circle centered on the mobile
receiver, with the base station positioned outside this area. Subsequent models have
utilized ellipses [47, [72] or circles [113] 120} [68] to define scattering areas as illustrated
by Fig. [1.22

(a) Concentric ellipses model. (b) Concentric ellipses model.

Figure 1.22: The BS and mobile station (MS) are denoted by green circles and the
reflectors by red circles. The blue solid and red dash arrows denote the propagation
paths of DS from S; and RSI from S5, respectively. Note that the propagation paths
of RSI from S; and DS from Sy are omitted.

A multi-elliptical model for single scattering path geometry was proposed by
Parsons and Bajwa [I19], with an extension in [I74] that links the Doppler effect to
the spatial positions of objects. Other forms such as rings and semi-ellipses have also
been employed as scattering areas [114] [164]. Beyond these 2-D scattering models,
3-D scattering models have been developed as well, as seen in [109] 127, 57].

1.2 Dissertation Summary

In summary, I have dedicated my research to the development of advanced

signal processing techniques aimed at effectively mitigating interference and optimiz-
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ing data rates, thereby demonstrating the feasibility of FD technology in real-world
applications. These contributions lay the foundation for integrating FD systems into
current and emerging communication networks, showcasing their potential to enhance
performance in both existing and future applications, such as 5G, 6G, IoT, and be-
yond. Through rigorous analysis and innovative solutions, this work proves that FD
technology can play a pivotal role in overcoming the challenges of next-generation

wireless communication systems.

1.2.1 Thesis Statement
In this dissertation, I define the following statement:

FD systems have the potential to double data rates and significantly reduce
latency, thereby meeting the stringent demands of current and future applications.
Although the inherent SI, particularly arising from the near-far problem, presents a
substantial challenge, advanced signal processing techniques can effectively mitigate
this interference. By preventing receiver chain saturation, these techniques enable
the practical implementation of FD systems, ensuring their viability for real-world

applications.

1.2.2 Overview of Contributions

The main contributions of this dissertation are summarized as follows:

e Chapter 2: Point-to-Point Systems

1. The methodology presented in [I37] focuses on designing all-digital beam-
forming and derives a hybrid analog/digital (A/D) decomposition utilizing
the Least Squares (LS) method. This approach has two major shortcom-
ings. First, the technique seeks to attenuate SI at baseband. In practical
applications, however, this suppression should occur in the analog domain

to circumvent saturation in the analog front end. Second, such hybrid LS
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approximations are not guaranteed to effectively neutralize ST [172], lead-
ing to performance degradation at elevated SI levels. I proposed design

explicitly addresses these two issues.

. I design the hybrid A/D beamformers at the two-FD nodes wherein the
analog beamformers substantially minimize the SI power (of around 67 dB
reduction on average per Table) to avoid ADC saturation and preserve
the rank of the effective channel, i.e., sustain the maximum admissible
spatial streams/layers. In other terms, we introduced a constraint into the
optimization problem to balance the use of the Degree of Freedom (DoF)
between suppressing the SI and avoiding rank deficiency of the effective
channel. This contribution is in TX and RX beamforming cancellation

BFC as illustrated by Fig. 2.2

. I design all-digital beamformers, which use a prohibitively consume a large
amount of power, to serve as a benchmark. The results show the proposed

all-digital solution is very tight to the upper bound.

. I provide computational complexity analysis of the proposed hybrid A/D
and all-digital beamforming design in the number of floating-point opera-

tions (FLOPS).

. Tanalyze the effects of the number of antennas, number of RF chains, chan-
nel estimation error, number of PS resolution bits on spectral efficiency,
energy efficiency, SINR per RF chain, and the residual and suppressed

analog effective SI reduction.

. I conduct a comprehensive comparison and discussion to establish a prac-
tical design in terms how many number of antennas and RF chains are
required to achieve the best tradeoff in terms of spectral efficiency, amount
of analog effective SI suppression (to enable FD operation and avoid the
ADC saturation), complexity (how many FLOPS required) and the total

power consumption at the RX.
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e Chapter 3: Single-Cell Single User MIMO

1. I design the all-digital beamformers to not only serve as a performance
benchmark due to their higher power consumption but also to provide a
SE upper bound. Our findings reveal that the proposed all-digital solution

closely approximates this upper bound.

2. T develop robust hybrid A/D beamforming techniques for both users and
the BS, aimed at minimizing SI and Inter-User Interference (IUI) while
ensuring the preservation of the rank of the effective channels in up-

link /downlink communications.

3. For the hybrid A/D design, I adopt a strategic approach to manage unit
modulus and interference suppression constraints concurrently in the ana-
log domain, ensuring the unit modulus constraint does not violate inter-
ference suppression. This methodology is pivotal for minimizing ADC
saturation risks. Our findings, as shown in Fig. 2.2] confirm the effective-
ness of this strategy, with more than 50 dB of SI reduction achieved in the

analog domain, thus facilitating FD operation.

4. T compare and analyze our beamforming design in computational cost and
performance (SE and SI reduction). Since the hybrid A/D beamforming
design problem is not convex, we investigate the stability and rate of the

convergence under different scenarios.

5. I present a comprehensive comparative analysis, benchmarking our hybrid
A/D beamforming design against prior methods. This evaluation high-
lights the enhanced robustness and superior performance of the proposed
method, effectively illustrating its advancements in SE and interference

suppression over related work.
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e Chapter 4: Integrated Access and backhaul

1. T propose low complexity hybrid A/D beamforming algorithm to suppress
the SI, avoid the ADC saturation and maximize the sum spectral efficiency

of the access and backhaul links.
2. I derive the all-digital solution and upper bound on the spectral efficiency.

3. T present complexity analysis of the proposed hybrid A/D as well as all-
digital beamforming in the number of FLOPS.

4. T conduct a comprehensive comparison against HD, all-digital beamform-

ing, conventional SI cancellation techniques and upper bound.

e Chapter 5: Single-Cell Multiuser MIMO

1. T propose a novel design for all-digital beamformers aimed at enhancing
spectral efficiency. This design extends existing literature from a nar-
rowband single-user scenario to a wideband multiuser context, applicable
to both uplink and downlink FD BS mmWave transceivers supporting
multiple streams. The proposed all-digital framework demonstrates near-
optimal efficacy and provides a foundational reference and benchmark for

subsequent hybrid A/D designs.

2. I introduce a methodology to derive hybrid precoders and combiners for
the FD BS, predicated on a partially-connected PS-based framework for
the analog stage, while meticulously considering the quantization effects of
PSs. This design is readily adaptable to accommodate a fully-connected

array configuration.

3. While minimizing the interference in the analog domain to avoid the ADC
saturation, I developed a method for the design of the analog beamform-
ers to circumvent the losses incurred by the constant amplitude quantized
phase-shifters (CAQP) constraint, as it violates the interference suppres-

sion constraint as shown in the literature.
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4. T propose a method to compute the baseband beamformers at the FD
BS trading-off interference suppression and maximizing uplink/downlink

beamformed powers.

e Chapter 6: Massive MIMO Cellular Networks

1. T derive expressions for the received signals as well as the relative SQINR for
reverse and forward links under channel hardening, LMMSE channel esti-
mation, low-resolution ADCs/digital-analog-converters (DACs), and pilot

contamination.

2. I derive closed-form and approximate analytical expressions for spectral
efficiency in the reverse and forward links. We adopt the additive quanti-
zation noise model (AQNMED to model ADC and DAC quantization error.
We show that the spectral efficiency is substantially affected by the use
of low-resolution ADCs/DACs which cannot be compensated only by em-
ploying a massive number of BS antennas; each UE should adopt high
resolution ADCs/DACs to ensure good performance. Since each UE only
requires two ADCs for in-phase and quadrature (IQ) sampling in the re-
verse link and two DACs for 1QQ sampling in the forward link, using high-

resolution data converters in the UEs is a viable solution.

3. T analyze the effects of network imperfections and irregularities such as the
cell shape, shadowing, noise and cellular interference on the reverse and
forward links. Cellular interference includes includes pilot contamination
as well as inter-cell and intra-cell interference. We further investigate the
impact of pilot overhead, number of users per cell, and frequency reuse
factor on both the cumulative distribution function (CDF) and spectral

efficiency.

ITo facilitate analytical performance of systems with low resolution ADCs/DACSs, we adopt the
common AQNM proposed in the literature.
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4. T gauge the effects of full-duplexing such as SI channel power, SI signal

power, and IUI on the reverse and forward link users, respectively.

5. Derive asymptotic results as well as power scaling laws for reverse and
forward links in order to unpack engineering insights into the proposed

system model.

6. I demonstrate the generality of the proposed work by showing the results
match those in related work for several special cases. Although some of
the special cases such as single-user, single-cell, and high-resolution cases,

are less common, the analysis of these cases is useful for gaining insight.

7. 1 assess the numerical results in terms of CDF, spectral and energy effi-
ciency for hexagonal lattice, square grid and Poisson point process (PPP)

tessellation.
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Chapter 2: Point-to-Point Systems

Enabling simultaneous transmission and reception on the same resource block
known as FD communication necessitates significant suppression of SI. In this chap-
terl] we focus on design of hybrid A/D beamformers (precoders and combiners) in
an FD millimeter-wave point-to-point bidirectional link to enable spatial suppression
of SI. The proposed beamforming design aims to cancel SI at the analog combiner
output, mitigating risk of saturation in the ADC in the RX. Each analog beamformer,
which reduces the number of RF chains to lower power consumption, imposes a unit
modulus constraint, which causes loss of convexity in the optimization problem. For
practical consideration, we evaluate tradeoffs for our proposed hybrid beamformer de-
sign in spectral efficiency, computational complexity, total power consumption, and
analog SI suppression vs. numbers of antennas and RF chains. At least 50 dB of
analog SI reduction is needed for FD communication per Fig.[2.2] We further investi-
gate tradeoffs for our proposed hybrid beamformer design in SINR, spectral efficiency,
energy efficiency and residual and suppressed effective SI reduction vs. number of PS
quantization bits, channel estimation error, number of antennas, and number of RF
chains. The results show our proposed design not only achieves analog SI reduction
of 67 dB on average (Table but also outperforms HD mode in spectral efficiency,
supporting feasibility of FD in practical mmWave systems. We also design all-digital
beamformers, which consume prohibitively large amounts of power, to serve as bench-

mark.

'This chapter is based on the following journal paper: E. Balti, and B. L. Evans, “Millimeter
Wave Full-Duplex Massive MIMO: Beamforming and System Design Tradeoffs”. It is an extension
version of the conference paper: E. Balti and N. Mensi, ”Zero-Forcing Max-Power Beamforming
for Hybrid mmWave Full-Duplex MIMO Systems,” 2020 jth International Conference on Advanced
Systems and Emergent Technologies (IC_.ASET), Hammamet, Tunisia, 2020, pp. 344-349. These
works were supported by AT&T Labs, NVIDIA and Tektronix through their industrial affiliation
with the 6GQUT research center at UT Austin.
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2.1 Introduction

Mobile networks are incorporating mmWave bands (30-300 GHZ)EI. The cur-
rent 5G NR standards extend mmWave FR2 bands up to 52.6 GHz. Future standards
are anticipated to extend the FR2 bands beyond 52.6 GHz, possibly into sub-THz
bands for 6G.

The vast bandwidths inherent in mmWave offer a significant opportunity for
elevated data rates. However, crafting communication systems at mmWave frequen-
cies poses significant challenges. To counteract pronounced path losses and maintain
a robust link margin, mmWave communication leans heavily on beamforming advan-
tages offered by large antenna arrays, typically comprising dozens or even hundreds

of elements.

FD is an emerging physical layer technology garnering significant attention in
research. This mode allows simultaneous TX and RX on the same resource block.
This stands in stark contrast to the conventional HD mode, which utilizes either
separate time intervals or bandwidths to maintain TX-RX orthogonality [172] [146].
Beyond potentially doubling spectral efficiency, FD can enhance point-to-point hand-

shaking, advance multiple access schemes, and curtail HD latencies [143].

2.1.1 Prior Work

A primary challenge impeding the widespread adoption of FD is SI. SI arises
when an FD node’s transmission inadvertently feeds into its own receiver, overshad-
owing the more subdued incoming signal from a distant node. Consequently, extensive
research efforts have concentrated on SI mitigation techniques tailored for FD. En-
couraging outcomes have been documented for single-antenna FD nodes functioning
at microwave frequencies [24] [64] 37] via an amalgamation of strategies [74]. Initially,

passive methods in the propagation domain emphasize optimized antenna design and

2While a precise definition places mmWave frequencies between 30 and 300 GHz, the industry
more broadly defines them from 10 to 300 GHz.
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strategic placement [25 49]. Subsequently, analog circuit techniques actively fashion
an analog counterpart of the SI, which is then subtracted from the incoming signal
to avert RX front-end saturation [69]. Finally, digital domain strategies discern and
deduct any remaining SI at baseband [7§]. This approach necessitates the remaining

SI intensities remain low to ensure ADCs operate at their maximum dynamic range.

In recent advances, the integration of FD capabilities into mmWave systems
has garnered significant attention [156, 133]. Yet, the cancellation of SI in these
systems presents unique challenges not encountered at microwave frequencies. Par-
ticularly, RF impairments become more pronounced, necessitating SI addressal in
the analog domain due to the inherent difficulties in baseband cancellation [I56].
Moreover, traditional analog-circuit domain techniques aren’t easily scalable with an
increasing number of antennas, complicating their application to MIMO FD systems
[T46]. However, the silver lining resides in leveraging the plethora of antennas inherent
to MIMO FD for SI mitigation through BFC. While BFC’s adoption in microwave-
band systems typically results in a tradeoff of spectral efficiency as some spatial DoF
are expended in SI mitigation |41, 65], [50, 67] — the expansive arrays in mmWave offer
substantially greater DoF. Consequently, BFC strategies for SI mitigation emerge as

a highly attractive solution in the mmWave context.

Initial research into FD mmWayve prioritized assessing the effectiveness of prop-
agation domain methods for SI mitigation [124] [44] 42]. Within this context, BFC was
first introduced in [92], utilized a singular data stream in each direction, and applied
a zero-forcing (ZF) constraint related to the SI. The methodology in [92] presumed
all-digital beamforming, limiting its applicability in mmWave scenarios; nonetheless,
it demonstrated minimal loss compared to an SI-free benchmark. This suggests that

the DoF utilized by ZF constraints marginally affected the final performance.

Regarding analog beamforming, [156] elucidated that directly projecting opti-
mal all-digital beamforming weights to the feasible set drastically reduced perfor-

mance, even with infinite-resolution phase shifters. This degradation can be at-
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tributed to the fact ZF constraints may not remain intact post-projection, leading to
ST leakage. This challenge was addressed in [21] by refining the design from [I56],
subsequently broadening its scope to incorporate multiple data streams via hybrid
beamforming [2I]. Other FD methodologies for hybrid beamformers in similar con-

texts are discussed in [137, 6], [131], [73] 134].

The technique in [137] hinges on hybrid factorization using a least squares
(LS) approximation of all-digital beamformers. LS approximation inaccuracies lead
to significant SI leakage. Additionally, it tackles SI at baseband instead of the analog
domain, much like [I31]. In contrast, other designs [I17, [73, 134] curb SI in the
analog domain. To conceptualize hybrid beamformers, [I17] harnesses a principle from
[T45] that posits any beamforming matrix can be decomposed into analog (presuming
unquantized PSs) and digital components without discrepancies, provided the number
of RF chains is double the number of data streams. However, this condition is not
always feasible. Meanwhile, [73] offers a design premised on the angular data of the
pertinent far-field channel reactions, but assumes the LOS proximal-field component
of SI channels can be impeccably curtailed through antenna isolation strategies. In
[6] and [134], RF phases are found by exhaustive search, solving an optimization
dilemma for each potential candidate. Specifically, [6] advocates for a combined
design incorporating active analog cancellation, whereas [145] presupposes residual
SI is precisely known, facilitating its cancellation through subtraction in the digital

domain.

MmWave FD has been recently introduced into integrated access and back-
haul in 3GPP Rel. 17 wherein [22] proposed hybrid A/D beamforming to suppress
analog SI power to avoid ADC saturation and maximize sum spectral efficiency across
backhaul and access links. In subsequent work, [20, 18, 19, [17] introduced FD into
multicell and multiuser networks for LTE and mmWave bands. For BSs operating
in FD mode with low-resolution data converters, they derived asymptotic analysis as

well as power scaling laws.
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2.1.2 Contributions

In this chapter, the main contributions can be summarized as

e The methodology presented in [I37] focuses on designing all-digital beamform-
ing and derives a hybrid A/D decomposition using the Least Squares (LS)
method. However, this approach has two significant limitations. First, it targets
SI attenuation at baseband, whereas in practical systems, suppression should oc-
cur in the analog domain to prevent saturation in the analog front end. Second,
the hybrid LS approximations are not guaranteed to neutralize SI effectively, as
highlighted in [I72], leading to performance degradation, especially at high ST

levels. I proposed design addresses these two issues directly.

e I design hybrid A/D beamformers for the two FD nodes, where the analog
beamformers significantly reduce SI power, achieving an average reduction of 67
dB (as shown in Table , thereby preventing ADC saturation and preserving
the rank of the effective channel. This ensures that the maximum allowable
number of spatial streams or layers is maintained. In essence, we introduced
a constraint in the optimization problem to balance the degrees of freedom
between SI suppression and maintaining the full rank of the effective channel.
This contribution is evident in both the transmit and receive beamforming

chains, as illustrated in Fig. [2.2]

e [ design all-digital beamformers, which, although highly effective, consume an
impractically large amount of power, serving primarily as a benchmark for com-
parison. The results demonstrate that the proposed all-digital solution closely

approaches the theoretical upper bound in terms of performance.

e [ provide a detailed computational complexity analysis of both the proposed
hybrid A/D and all-digital beamforming designs, expressed in terms of the
number of FLOPS.
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e [ investigate the impact of key factors such as the number of antennas, RF
chains, channel estimation errors, and the resolution of phase shifters on spectral
efficiency, energy efficiency, SINR per RF chain, as well as the residual and

suppressed SI in the analog domain.

e [ conduct a comprehensive comparison and analysis are performed to establish
an optimal design, identifying the required number of antennas and RF chains
to achieve the best tradeoff between spectral efficiency, the extent of analog SI
suppression (to enable FD operation and prevent ADC saturation), computa-
tional complexity (measured in FLOPS), and overall power consumption at the

receiver.

2.1.3 Structure

I organize the rest of this chapter as follows: Section presents the system
model. In Section [2.3] I formulate the optimization of the beamforming design while
in Section [2.4] I discuss the target metrics. In Section [2.5] I discussed the numerical

results while the concluding remarks are reported in Section [2.6]

2.2 System Model

We consider a bidirectional FD system depicted in Fig. [2.1] where both nodes
possess FD functionalities. With each node indexed as n € {1,2}, node n is equipped
with N%’“() TX antennas, enabling transmission of NS(”) data streams to the counterpart
node m € {1,2}, m # n. This counterpart node is outfitted with NI%Y(L) RX antennas.
The data vectors s, € CNS(H),n € {1,2}, are zero-mean Gaussian distributed with

covariance E[s,s’] = I Node n’s TX and RX interfaces consist of N,I;( ™) and

NRR;( ™) RF chains, respectively. In a purely digital system that allocates a single
. .. . TX(n n RX(n n

RF chain to each antenna, it is derived that NRF( ) = N%g and NRF( ) = Néx), n e

{1,2}. Transitioning to a hybrid A/D framework results in a reduced RF chain

count to reduce cost and improve power efficiency. Thus, it typically follows that
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Figure 2.1: Basic abstraction of a hybrid A /D architecture of a bidirectional two-node
FD system. The two nodes are simultaneously communicating with each other at the
same resource block. This incurs a loopback SI between the TX and RX arrays at
each node.

N < N2 < N and NE™ < NRXOW < NS o omeoe {1,2),m # n.

It is presumed that channel characteristics can be viewed as frequency-flat,
signifying narrowband transmission, and their attributes are precisely known. Such
assumptions align with prior studies on the subject [92) 137, 117, 39]. Channel es-
timation can be carried out during an initial training stage in HD mode leveraging
renowned sparsity-driven methods for mmWave, as per [7]. Nevertheless, it is recog-
nized that FD channel modeling and estimation at mmWave remain active research
topics [156], 133, 39]. Accepting that contemporary mmWave systems are likely to
be wideband, and acknowledging the significance of channel estimation in practice,
we defer the extension to frequency-selective channels and channel uncertainty as a
future direction. Consequently, we represent by H,,, € CV MK the channel ma-
trix bridging the TX array of node m to the RX array of node n. For n # m, H,,,

represents the inter-node channel, while H,,,, corresponds to the SI channel affecting

node n. Channel matrices are presumed normalized, hence ||[Hy, || = NS NI
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2.2.1 Received Signal Model

Before transmission, node m applies a digital precoder FBB to the data stream
vector s,,, followed by the analog precoder FRF. Since the analog beamformers are
implemented using phased arrays, they are subject to the unit modulus constraint.
To process the received signal, the node n applies the analog combiner WRF followed
by the digital combiner WEB in order to extract the data streams. Accordingly, the
received signal at node n transmitted from node m # n is given by

v, = WSB*WSF*HanZFFiBX@+WSB*WSF*HnnFSFFSBX@_i_yVEB*WSF*n@

vV VvV VvV
Desired Signal Self-Interference Signal Filtered Noise

(2.1)

where H,,,, and n,, ~ €N(0,I) are the SI channel and additive white Gaussian noise
(AWGN) at node n. The goal is to come up with a practical design of the analog and
digital beamformers in order to enable FD systems operation, i.e., suppressing at least
50 dB of effective SI in the analog domain per Fig. and maximizing the spectral

efficiency, thus, outperforming the HD mode, the case of actual cellular systems.
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Figure 2.2: Example breakdown of SIC power levels at various points in a FD
mmWave transceiver employing beamforming cancellation (BFC), analog and dig-
ital (A/D) cancellation [133]. My work focuses on transmit and receive BFC range
(50 dB) shown in red.

2.3 Problem Formulation and Beamforming Design

The main objective of this work is to design optimal beamformers to maximize

spectral efficiency and reject a large amount of interference in the analog domain to
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Table 2.1: System Model Notations and Variables.

| Variable | Definition | Size |
N1x Number of antennas at TX -
NRrx Number of antennas at RX —
Np& Number of RF chains at TX —
NgX Number of RF chains at RX —
Ns Number of spatial streams —

W, All-digital combiner at node n | Ngrx X N
F, All-digital precoder at node n | Ntx X N
wiF Analog combiner at node n | Nrx x N&*
FrF Analog precoder at node n. | Ntx x Ngg
w2B Baseband combiner at node n | Ng& x N
FB8 Baseband precoder at node n | NpZ x N

avoid ADC saturation. The general optimization problem can be formulated as

Py : WTBLB’WBLF’WE?7$%>§F%B,F7RLF7F§”B’FTR'IL: T + T
st [FSTFEP: = [FEFER)% = 29)

FRF FRF € Fre, WREWERF € Wie
where Frr and Wge are the sets of the feasible (unit modulus) analog precoders and
combiners, respectively, and J,,, is the spectral efficiency from node m to node n
given by
Jpm = log det (I + snranfoanngfg:) (2.3)

where H = WEBB*WRFH, | FRFFBB and Q, is given by

Q, = inr, HE" ™ 1 1 (2.4)

where snr,,,, is the signal-to-noise ratio (SNR) of the link (m— > n) and inr, is the

interference-to-noise ratio (INR) at the node n.

2.3.1 Hybrid Analog/Digital Beamforming

We perform the design of the hybrid A/D beamformers in two stages (analog
and digital).
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2.3.1.1 Analog Beamforming

We optimize the analog beamformers to jointly minimize the interference and
preserve the signal space dimension, i.e., preserve the rank of the effective channel
(rank (WRFH,,,,FRF) = Ngg). We refer to the alternating minimization method; i.e.,
we fix the precoder and solve for the combiner and vice versa. We perform this process
of optimization in an iterative routine so the effective SI is minimized. Accordingly,

the first subproblem is expressed by

21 :min Tr (WRTR, W)
WERF

st. WRPH,,, FRF = aly,, (2.5)
WFRF € Wee
where R, [} a positive definite matrix, is the covariance of the precoded SI and noise,
which is given by
R, = inr, H,,,FRFFRH* 4+ 1 (2.6)

Now, we fix the analog combiner WRF as the solution of (2.5, and we solve

n

for the analog precoder FRF. Accordingly, we define the second subproblem as
P r;lép Tr (FRF*S, FRF)
s.t. WRH,,,,FXF = By, (2.7)
FRF ¢ Tge
where S,,, a positive definite matrix, is the covariance of the combined SI and noise

which is given by
S, = inr, HX WRFWRFH, | 11 (2.8)

Note that the problems (2.5 and (2.7) are not convex since they contain the unit
modulus constraints (W,FfF € Wkge, FEF € ?RF). Therefore, we consider a two-stage

analog beamforming design:

3The term related to the Identity matrix I is added to (2.6) to ensure that the matrix R, is
invertible. However, it has no influence on the design regardless of the snr and/or inr. It can be
removed if R, is invertible in practice. The same reasoning applies to the matrix S,.
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1. Relax the unit modulus constraint to preserve the convexity of the problems

2.5). (2.7) and solve for the unconstrained analog beamformers WRF and FRF.
2.3), g " "

2. Once convergence is obtained, we project the unconstrained analog solution into

the unit modulus space.

Theorem 1. The unconstrained analog beamformers, solutions of (2.5) and (2.7)), are
expressed by

) R ~ _ -1
W = R, 'Hy B (H B R, H B (29)
~ y _ - -1
FRF = 58, H,, W (W HL,, S, HY, W) (2.10)

where o = 1/\/Tr (WﬁF*WSF) and f = 1/4/Tr (FEF*FﬁF) are the normalization

power coefficients, respectively.

Proof. The proof of Theorem is given by Appendix . O]

Remark 1. The beamforming solutions entailed by Theorem [I| are coupled. Hence,

an iterative routine is carried out until convergence.

Remark 2. For the analog beamformer solution X € CM*¥ M and N are the numbers
of antennas and RF chains, respectively. M should be large enough to achieve a good
multiplexing gain (sustaining N spatial streams wherein Ny < N) and the remaining

P = M — N DoF should be dedicated to suppress the interference.

Once the unconstrained analog beamformers (VVEF, F5F> are obtained, we then in-

troduce the unit modulus constraint to obtain (WRF, FRF).

2.3.1.2 Digital Beamforming

Once the analog beamformers are obtained to suppress SI in the analog domain
to avoid ADC saturation and preserve the signal dimension, we design the digital

beamformers to maximize spectral efficiency.
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Theorem 2. The optimal digital beamformer XBB can be derived from the analog
beamformer solution XRF as follows. We apply the singular value decomposition
(SVD) XRF = URFSRFVRF* and then we express XBB = VRF (STFfF)f1 Q., where the
columns of Q, € CM**N comprise the N dominant left singular vectors of URF*A, .

Note that XRF € CM*L XBB ¢ CLXN and A,, € CM*V,

Proof. The proof of Theorem [2] is detailed in Appendix [A.2] O

Algorithm 1 Hybrid Beamforming Design

function DicITAL(XRF A, N)

Compute SVD XRF = URFSRFyRF«

Q < N Dominant left singular vectors of URF* A
X5 < ViIr(si T

return XEBB

end function

Construct F,F;F(O), FEF(O), WO and WEB® with random phases for (m # n)
and set £ =0

9: repeat

10:  Compute R%),n = 1,2 from ([2.6]

11:  Obtain the unconstrained solution Wi' ) from (12.9)

12:  Project W into the unit modulus space

15 W - Digital (W, H,, PR, )

14:  Compute S,(f), n =1,2 from 1}
15:  Obtain the unconstrained solution Fy ) from 1}
16:  Project FRF® into the unit modulus space

17, F2O  Digital (FEF(@, H WRFOWBEBO, NS>
. BB (¢ BB(¢
18: Normalize Fn 0 <— WFn )

190 L+ (0+1
20: until Convergence
21: return WRF WBB FRF BB — 1 2
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2.3.2 All-Digital Beamforming

The all-digital beamforming will be designed in a similar way as the analog

beamformers. Accordingly, the corresponding subproblems are given by

Py :minTr (W, G, W,,)
Wa (2.11)
s.t. W H,, . F = 71y,

P, :minTr (F; D, F,)
Fn (2.12)

st. W H,,,,F,, = (In,
where v and ( are the power normalization coefficients defined as a and 3 while G,,

and D,, are respectively expressed by
G, =inr,H,,)F,F H +1 (2.13)

D, = inr, H:, W,W*H,, +I (2.14)

As we notice that the two subproblems and are convex since the all-
digital combiners are not constrained by the unit modulus constraint. In a similar
way, the optimal all-digital solutions are given by (similar to the unconstrained analog
beamformers)

W = 4G 'H,,,F,, (H,,,F,,G,'H,,,F,,) " (2.15)

-1

F* = (D, 'H,,, W, (W, H,,D, 'H; W,) (2.16)

We observe the all-digital beamformer design at nodes m and n are coupled; therefore,

an iterative routine is required to obtain convergence.

2.3.3 Convergence

The designs for all-digital and analog beamforming are identical. Conse-
quently, analyzing the convergence of one inherently validates the convergence of
the other. For the sake of clarity and without loss of generality, we focus on the

convergence of the all-digital beamforming design. We thereby introduce the effective
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Figure 2.3: Results for all-digital beamforming: Effective SI (in linear scale) and spec-
tral efficiency vs. number of iterations. The plot is produced with snr = 0 dB,inr =

30 dB, Nyx = Ngrx = 64. The all-digital design uses prohibitively large amount of
power and serves as a benchmark in this work.

ST cost function (2.17). At each iteration, we monitor the progress in the reducing

the effective SI and increasing the spectral efficiency until convergence is attained.
esi, = inr, Tr (W' H,,,,F, F-H* 'W,) (2.17)

Furthermore, Theorem (1| provides the local optimal solutions for the objective func-

tions defined in subproblems (2.5)), (2.7)), (2.11)) and (2.12)). Convergence to this local
optimum is assured by Algorithm [I| of the proposed design. It is noteworthy that the

value of the effective SI diminishes with each iteration and is bounded below by zero,

whereas the spectral efficiency increases at each iteration and is upper bounded by a

ceiling.

Fig. illustrates the convergence of the effective SI (2.17) as well as the
spectral efficiency defined in the all-digital domain, for the recommended design ap-

proach. The graph indicates that the effective SI and the spectral efficiency rapidly
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converge to a local optimum within merely 5-10 iterations. It is noteworthy that
the effective SI becomes practically negligible after 5 iterations while the spectral

efficiency converges to a ceiling after roughly 10 iterations.

2.3.4 Complexity Analysis

To evaluate the computational complexity of the proposed beamforming de-
sign, we need to compute the FLOPS for the following matrix operations. Multiplying
matrices A € C"™*" and B € C"*? requires nmp FLOPS. An inverse of an n x n ma-
trix using Cholesky decomposition requires %3 FLOPS whereas multiplication of a
matrix A € C™*" and its Hermitian (AA*) requires ”zﬁ FLOPS. The computation
of the pseudo-inverse A of the matrix A requires an2 + 7;—3 +n?m if n < m, otherwise,

. . 2 3
it requires "= 4 Z- + m?n.

Table 2.2: Computational complexity of the hybrid A/D algorithm . Results are
produced with Ngx = Ntx = 64, N&* = NZX =2 and N, = 2.

| Operation | Complex Multiplications for Highest-Order Terms | FLOPS | Dominant Term Contribution (Total) |
WRF SNENEX + 2(NFX)? Nex + NENeE + Nox NaxNag + 2 N3 + 2 (NFX) [ 1.4679%e+05 | TIN5 59.53% (25.01%)
FRF S NZNTE + 2(NRX) Nyx + NENEE + Nex Nex NEX + N3y + = (NEX)* | 1.4679¢+05 | INZ, 59.53% (25.01%)
wes 9Nex (NRX)? + ONex N2 + NEXNZ, + N? 27912 | NRXNZ, 58.70% (4.69%)
FB8 9Nt (NEX)” + INtx N2 + NaX N3, + N3 27912 | NpZXNZ, 58.70% (4.69%)

2.4 Target Metrics Analysis

Throughout this paper, we have emphasized that the primary goal of devising
hybrid beamformers is to minimize interference in the analog domain, maintain the
signal dimension, and subsequently enhance spectral efficiency. However, investigat-
ing additional metrics, such as the SINR and energy efficiency , can provide deeper
engineering insights into the proposed algorithm. Moreover, both the upper bound
and the all-digital beamforming design, despite its impracticability due to excessive
power requirements, can function as benchmarks to assess the limitations of the tech-

nique we propose.
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2.4.1 Signal-to-Interference-plus-Noise Ratio

We define the SINR at the /-th RX RF chain of node n as

RFx REBB BB+ RF+ LT+ <, RF
SNFpm W,y H,, F, F °EFo2 F Hnmwnyé

: RFx RFFBBFBB+FRF+* wRF
inr, w ' Hy FRFFPEFPS FIHY w41

sinry, ;= (2.18)

2.4.2 Effective Self-Interference

We define the analog effective SI level at node n and at a given state (¢-th
iteration) in Algorithm [1] as

& = inr,, x Tr (WRFOH,,  FRAOFEBORBBO-FREO-1+ WRFO) (2.19)

We further define the amount of analog effective SI suppressed at node n between
two states in Algorithm [I], say iterations ¢ and ¢ (¢ > ¢) is given by

af= ¢

(2.20)

2.4.3 Energy Efficiency

The energy efficiency , expressed in bits/s/Watt or bits/Joule, is defined as the
ratio between the spectral efficiency J(sinr) and the total power consumption prota.

It is given by
I(sinr)

PTotal

For hybrid A/D architecture as illustrated by Fig. , the total power con-

J(sinr) = (2.21)

sumption by the mmWave hybrid receiver is expressed by

PiSal = Nerx (pina + psp + Nz pps) + Nip (pre + pc + 2papc) (2.22)

where Ngry is the number of receive antennas and prg is the power consumption per

RF chain which is defined by

PRF = PMixer + PLO T PLPF + PBB.mp (2.23)
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Figure 2.4: Tllustration of a hybrid A/D combiner at the FD node. The combiner con-
sists of multiple components such as low noise amplifiers (LNAs), phase shifters, RF
chains, mixers, splitters, oscillators, filters and ADCs, etc. The power consumption

of each component is shown in Table

In Table [2.3] we provide exemplary data on the power consumption of each
device. For all components, with the exception of the ADC, the power consumption
remains independent of the bandwidth B and the number of bits b. However, the
power consumption for papc increases exponentially in relation to b and shows a linear
correlation with B. This is in line with Walden’s figure of merit for ADCs, denoted as
¢, which represents the energy consumed per conversion step for each Hz. Reference

values for ¢ can be found in Table [2.4]

2.4.4 Upper Bound on Spectral Efficiency

An ideal performance upper bound, although typically unattainable but valu-
able for comparative analysis, can be derived by presuming the absence of SI (inr = 0)
and relaxing hardware limitations. Under such conditions, the beamformers W,,, F,,,(m #
n) need only to adhere to semi-unitary constraints. Consequently, the optimal pre-

coders and combiners are determined by the dominant right and left singular vectors
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Table 2.3: Power Consumption of Each Device [3].

| Device | Notation | Value |
Low Noise Amplifier PLNA 39 mW
Splitter psp 19.5 mW
Combiner pc 19.5 mW
Phase Shifter PPs 2 mW
Mixer PMixer 16.8 mW
Local Oscillator pLO 5 mW
Low Pass Filter PLPF 14 mW
Baseband Amplifier PBBamp 5 mW
ADC PADC CBQb

Table 2.4: ADC Power Consumption Per Sample Per Level, ¢ [3].

| Scenario | Value | Generation |
LPADC 5 tJ/step/Hz | Low Power (ideal future value)
IPADC | 65 fJ/step/Hz Intermediate Power
HPADC | 494 fJ/step/Hz | High Power (state of the art)

of the inter-node channel matrix H,,,, resulting in J,,,,, < Jgoung Where

Ns—1

JBound = Z log (1 + oy (H)2 snr) (2.24)

=0

2.5 Numerical Results

We consider a two-node FD system operating at a carrier frequency of 28 GHz
and a bandwidth B = 1 GHz. Parameters related to the inter-node channel are given
by C' = 6 clusters, R. = 8 rays per cluster, and the angular spread of AoD/AoD is
20°. Parameters related to the SI channel are Rician factor x = 5 dB, transceiver

incline w = 7/6 and transceiver gap d = 2\, where \ is the wavelength of the carrier.
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Figure 2.5: Spectral efficiency vs. SNR for different beamforming (BF) schemes.
The plot is produced with inr = 15 dB, Ntx = Ngx = 64, Ng¥ = NgX = 2 and
Ng = 2. The all-digital design uses one RF chain per antenna element, which will use
a prohibitively large amount of power, and is included here as a benchmark.

2.5.1 Comparison of Beamforming Schemes

Fig. 2.5 illustrates the spectral efficiency in relation to the average SNR for
various beamforming methods. It is evident that the introduced FD Hybrid BF
surpasses the HD mode, showcasing a significant rate gain that continues to increase
with average SNR. This finding suggests the potential viability of the proposed FD
design in cellular network settings, esp. considering that current BSs predominantly
operate in HD mode. Additionally, our FD Hybrid BF design yields much better
outcomes compared to the SVD method, even when the latter is executed in an all-
digital framework. Specifically, as the average SNR escalates, the difference steadily
widens, with the SVD method plateauing due to its inability to mitigate interference,
and consequently overwhelming the ADCs. However, our FD Hybrid BF design incurs
some rate losses when compared to the all-digital model and theoretical upper bound.

Such losses can be attributed to the constraints on unit modulus and the diminished
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Figure 2.6: Results for hybrid beamforming: Amount of analog effective SI sup-
pressed and energy efficiency for different number of RF chains. The energy effi-
ciency is considered for the three ADC power modes. The plot is produced with
snr = —5 dB,inr = 15 dB, Ntx = Nrx = 128, Ny = 2 and 10 bits of ADC resolution.

DoF associated with RF chains in the hybrid setup, in contrast to the all-digital

configuration.

2.5.2 Effect of the number of RF chains

The amount of effective SI suppressed, plotted in Fig. [2.6] is defined as

AP = (;5—0 (2.25)

where §y and d,, denote the effective SI level before running Algorithm [I] and after
convergence. In other words, A§® measures the amount of effective SI rejected through

beamforming in the analog domain.

Fig. depicts the amount of effective SI suppressed and energy efficiency in
relation to the number of RF chains across varying power modes. Notably, in settings

with a large number of RF chains, the low power LPADC demonstrates superior
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energy efficiency when contrasted with both intermediate IPADC and high power
HPADC. This performance by LPADC can be anticipated, given its most favorable
Walden figure of merit vs. IPADC and HPADC.

As the number of phase shifters directly correlates with the quantity of RF
chains and antennas, there is a marked escalation in power consumption with an
increase in the number of RF chains. Despite the enhancement in spectral efficiency
as RF chains increase, power consumption rises at a pace that outstrips this, leading
to a pronounced drop in energy efficiency. Conversely, with a minimal number of RF
chains, the system attains optimal energy efficiency. This can be attributed to our
adoption of a fully-connected array structure, wherein each RF chain connects to all

antenna phase shifters.

In referencing the literature [I61], a partially-connected array structure—where
each RF chain links to a sub-array of antennas—demonstrates a distinct energy effi-
ciency pattern compared to its fully-connected counterpart. The partially-connected
structure tends to be more power-efficient when a sizable quantity of RF chains is
integrated into the hardware. But, its reduced DoF translates into a dip in spectral
efficiency. Yet, from an industrial perspective, prioritizing a limited number of RF
chains becomes crucial to curtail power usage in hardware operating in the mmWave

bands.

There’s a certain latitude in sacrificing a bit of spectral efficiency. As we look
to 5G advancements or even 6G, it becomes imperative to strike a balance between
attaining peak spectral efficiency and curbing power consumption. Such a challenge
often necessitates intricate optimization processes, compelling a shift in focus towards

maximizing energy efficiency instead of solely emphasizing spectral efficiency.

In addition, we observe that by increasing the number of RF chains, the
amount of effective SI suppressed, as shown by the difference before and after running
Algorithm [T} is very large and reaches around 60 dB for 64 RF chains. Yet 32 and 16

RF chains can achieve reasonable amount of SI reduction, roughly 55.8 dB and 51.7
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Figure 2.7: Results for hybrid beamforming: Amount of analog effective SI suppressed
and spectral efficiency for different number of antennas. The plot is produced with
snr = —5 dB,inr = 15 dB, Ng¥ = NFX =16 and N; = 2.

dB, respectively. Fig. indicates that for a system to facilitate FD operation, a
minimum of 50 dB of SI must be rejected. For a system outfitted with 128 antennas,
a minimum of 16 RF chains is essential to prevent ADC saturation and make FD

systems operational.

2.5.3 Effect of the number of antennas

Fig. illustrates the amount of effective SI suppressed and the spectral effi-
ciency with respect to the number of antennas. As the number of antennas increases,
we achieve a more effective SI reduction of up to 63 dB with 512 antennas. With 16
RF chains, 32 and 64 antennas can bring the effective SI power, respectively, to 46
and 49 dB, respectively, which is not sufficient to avoid ADC saturation as illustrated
by Fig. 2.2l Furthermore, 128 antennas can further reduce about 51.8 dB while 256
antennas can boost the SI reduction to around 57 dB. In addition, increasing DoF

not only achieves large effective SI reduction but also increases the spectral efficiency
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Figure 2.8: Results for analog-only architecture (single stream and single RF chain):
sinr, residual and suppressed interference with respect to the variance of the SI channel
estimation error. Results are produced with snr = 0 dB, inr = 30 dB and Ngrx = N1x =
32.

to around 16.5 bits/s/Hz for 512 antennas. Our joint beamforming design efficiently

balances the use of the DoF between suppressing interference and increasing SE.

2.5.4 Channel estimation error

We address the influence of channel estimation error on the efficacy of our pro-
posed models. Given the heightened sensitivity to SI levels, SI channel is anticipated
to exert a more profound impact compared to inter-node channels. Based on that, we
assume the inter-node channels H,,,,,,n # m are known whereas I:Inn =H,, + I:Inn,
where I:Inn is the SI channel estimate and I:I,m is the estimation error, distributed as
independent and identically (iid) zero-mean Gaussian with variance €2. Since H,,, is

normalized to ||[H,, |2 = NN one has
B2 -
——— = €,. .
E || Ho 7]
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Figure 2.9: Spectral efficiency vs. SNR for different beamforming (BF') schemes. The
hybrid BF is considered for different PS quantization bits. The results are obtained
with inr = 15 dB, Ntx = Nrx = 64, NgZ = NRX = 2/ N; = 2. The all-digital design
uses one RF' chain per antenna element, which will use prohibitively large amounts
of power, and is included here as a benchmark.

The outcomes of this are depicted in Fig. for an analog-only architecture com-
prising 32 antennas, single RF chain and single spatial stream in both directions,

with snr = 0 dB, inr = 30 dB and channel estimation error power €2 = €2 across

n m
both nodes. Elevated channel estimation error power incurs more degradation into
the system performance since the minimization of the SI power is not guaranteed
with imperfect CSI. This leads to amplifying the residual SI power and reducing the
amount of effective SI suppressed. Furthermore, since the channel estimation error is
treated as additional source of interference, when the variance of the error increases,
the resulting effective SI is also growing and therefore the sinr is affected. For exam-

ple, the sinr is quite stable for €2 < 1077, however, it decreases as €2 becomes higher

than 107,
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Figure 2.10: Spectral efficiency vs. INR for different beamforming (BF) schemes. The
hybrid BF is considered for different PS quantization bits. The results are obtained
with snr = 0 dB, Ntx = Ngx = 64, Ng& = NRX = 2 N, = 2. The all-digital design
uses one RF' chain per antenna element, which will use prohibitively large amounts
of power, and is included here as a benchmark.

2.5.5 Phase shifter resolution

Fig. 2.9 illustrates the spectral efficiency vs. the average SNR for different
BF schemes as well as the effect of different PS quantization bits. We observe that
by decreasing the number PS bits, the performance gets worse; e.g., 4 PS bits incur
an SNR degradation of -2.5 dB with respect to the infinite PS resolution. Further
decreasing the number of PS bits introduces more SNR losses about -5 dB, -13 dB and
-22.5 dB for 3, 2 and 1 bit, respectively. These observations are further confirmed by
Fig.[2.10 wherein we illustrate the spectral efficiency vs. the average INR for different
BF schemes as well as the effect of the PS resolution. With quantized PSs, the SI
suppression becomes inaccurate; i.e., the interference is re-introduced into the system
resulting into a poor spectral efficiency. By decreasing the PS resolution bits, the

SI suppression accuracy also decreases; i.e., severe interference is re-injected into the
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system and hence the spectral efficiency is subject to more degradation.

2.5.6 Practical Design and Tradeoffs

The objective of our proposed hybrid beamforming design is leveraging the
available DoF in terms of antennas and RF chains to improve the spectral efficiency

and reduce the SI power.

Starting with the worst case scenario (Nrx, Nre) = (1,1), although lower
complexity and power consumption are required, the spectral efficiency as well as the
amount of SI suppression are very poor. This result is explained by the fact that the
available DoF are not sufficient to suppress the SI and enhance the spectral efficiency,

given that our design relies on a massive number of DoF.

For a fixed number of RF chains, e.g., Ngg = 16, increasing the number of
antennas (from 16 to 512) improves the spectral efficiency from 4.6713 to 28.7508
bits/s/Hz (around 83.75% improvement). This increase in number of antennas also
achieves about 59.1286 dB and 72.2514 dB reduction in effective SI, respectively.
In addition, for Ngp € 32,64, 128, respectively, increasing the number of antennas
achieves about 69.82%, 58.14% and 18.60% of spectral efficiency enhancement. In
addition, the number of antennas increases the efficiency in suppressing the analog
SI. For example, for a fixed number of RF chains such as Nggp = 4, by increas-
ing the number of antennas from 16 to 512, the amount of SI suppressed increases
from 51.1346 dB to 66.8737 dB (around 15.7391 dB increase in SI suppression). For
Ngrr € {16, 32,64, 128}, respectively, increasing the number of antennas also further
enhances the efficiency in analog SI suppression about 13.1228 dB, 10.2706 dB, 9.5092
dB and 5.0863 dB, respectively. On the other hand, increasing the number of anten-
nas substantially increases the computational complexity since it is dominated by
%Ngx as detailed by the computational complexity analysis in Table . In addition,
the hardware requires hefty power consumption for a massive number of antennas,

e.g., with Ngg = 1, increasing the number of antennas from 1 to 512 also increases
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Table 2.5: Target metric results for different numbers of antennas (Ngx) and RF
chains (Ngg). We consider the amount of effective SI suppressed in the analog domain
¢ as defined by . The computational complexity is evaluated as the number
of floating-point operations required to configure the analog combiner WRF. Results
are simulated with snr = 5 dB, inr = 30 dB, HPADC mode and 10 bits of ADC
resolution. The total power consumption in dBm is evaluated at the receiver ([2.22)).
Settings that enable FD operation (AJ® > 50 dB) are highlighted in bold font.

(Nrx, Nre) SE A Complexity | Power
(bits/s/Hz) | (dB) | (MFLOPS) | (dBm)

| (L1) | 00014 [-122.7386 [ 6.1667e-06 [ 30.5404 |
(16,1) 1.1556 42.6378 0.0023 33.0963
(32,1) 2.1647 45.7153 0.0146 34.7828
(64,1) 4.0781 49.1768 0.1018 36.9408
(128,1) 6.8318 52.0405 0.7567 39.4527
(256,1) 9.4134 55.7835 5.8223 42.1906
(512,1) 12.0488 58.2820 45.6578 45.0580
(16,2) 1.3673 47.5886 0.0033 34.9749
(32,2) 2.8530 50.9809 0.0183 36.1742
(64,2) 5.9009 54.2940 0.1166 37.8845
(128,2) 10.7337 57.4724 0.8148 40.0621
(256,2) 16.3465 60.6778 6.0532 42.5873
(512,2) 21.5733 63.5513 46.5783 45.3331
(16,4) 1.4560 51.1346 0.0055 37.2852
(32,4) 3.7698 53.7236 0.0263 38.0727
(64,4) 6.5487 57.0377 0.1468 39.3166
(128,4) 12.2912 60.2226 0.9325 41.0721
(256,4) 18.7435 63.4234 6.5181 43.2863
(512,4) 23.4077 66.8737 48.4257 45.8361
(16,16) 4.6713 59.1286 0.0253 42.6952
(32,16) 6.4003 61.0395 0.0860 43.0208
(64,16) 9.7695 63.8643 0.3509 43.6067
(128,16) 17.0681 66.3901 1.6835 44.5843
(256,16) 23.4479 69.1546 9.3949 46.0552
(512,16) 28.7508 72.2514 59.6828 48.0269
(32,32) 9.6111 66.3456 0.2021 45.8234
(64,32) 12.8400 66.6776 0.6881 46.2474
(128,32) 20.8642 70.3621 2.8071 46.9883
(256,32) 26.4013 73.5857 13.4676 48.1733
(512,32) 31.8479 76.6162 75.1589 49.8688
(64,64) 15.0882 71.2978 1.6166 49.0604
(128,64) 25.1033 74.5826 0.5870 50.0469
(256,64) 32.6504 77.4570 22.4570 50.6578
(512,64) 36.0522 80.8070 | 107.7412 | 52.1510
(128,128) 32.0314 76.9282 12.9324 52.4913
(256,128) 36.0611 79.0967 44.0402 53.3792
(512,128) 39.3526  1()32.0145 | 179.6560 | 54.7457
(256,256) 43.1311 81.6408 | 103.4595 [ 56.2375
(512,256) 52.8005 83.4704 | 352.32115 | 57.5322

| (512,512) | 60.6294 | 86.0893 | 827.6760 | 60.4262 |

Averaging Over

Feasible Settings | 20.4712 | 66.9799 | 56.5116 | 46.1551




Table 2.6: Increase in target metric for a fixed number of RF chains (Ngg) while
varying the number of antennas (Ngx) from Ngg to 512. Extracted from Table .

Nge SE A | Complexity | Power
(bits/s/Hz) | (dB) | (MFLOPS) | (dB)

1 | 10.89 (90.40%) | 15.64 45.6555 11.9617

2 |20.20 (93.66%) | 15.96 46.5750 10.3582

4 | 21.95(93.77%) | 15.73 48.4202 8.5509

( )

( )

)

16 | 24.07 (83.75%) | 13.12 59.6575 5.3317
32 | 22.23 (69.82%) | 10.27 74.9568 4.0454
64 | 20.96 (58.14%) | 9.50 106.1246 3.0906
128 | 7.32 (18.60%) | 5.08 166.7236 2.2544
256 | 9.66 (18.31%) | 1.82 248.8616 1.2947

Table 2.7: Increase in target metric for a fixed number of antennas (Ngrx) while
varying the number of RF chains (Ngg) from 1 to Ngrx. Extracted from Table .

NRrx SE Ag° | Complexity | Power
(bits/s/Hz) | (dB) | (MFLOPS) | (dB)
16 | 3.51 (75.26%) | 16.49 0.0230 9.5989

32 | 7.44 (77.47%) | 20.63 0.1875 11.0406
64 | 11.01 (72.97%) | 22.12 1.5148 12.1196
128 | 25.19 (78.67%) | 24.88 12.1757 13.0386
256 | 33.71 (78.17%) | 25.85 97.6372 14.0469
512 | 48.58 (80.12%) | 27.80 782.0182 15.3682

the power consumption by about 11.9617 dB. More information about the effect of

increasing the number of antennas, with a fixed number of RF chains, are presented

by Table [2.6]

For a fixed number of antennas, increasing the number of RF chains reduces the
analog effective SI power. For Ngrx = 64, increasing the number of RF chains from 1
to 2 achieves about (49.1768 dB < 50 dB, which is not a feasible setting) and 54.2940
dB; therefore, the new FD setting (with 2 RF chains) becomes feasible. Further
increase in Ngrf to 4, 16, 32 and 64 improves the amount of effective SI suppression
to about 57.0377 dB, 63.8643 dB, 66.6776 dB and 71.2978 dB, respectively; i.e.,
switching Ngg from 1 to 64 further improves the total SI suppression for about 22.12
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dB as shown by Table 2.7 With Ngx = 512, increasing the RF chains from 1 to
512 achieves about 58.2820 dB and 86.0893 dB, respectively, which increases the
SI suppression efficiency by about 27.80 dB. Moreover, similar to the effective SI
reduction, increasing the number of RF chains also improves the SE; e.g., with fixed
Nrx = 128, increasing Ngg from 1 to 128 achieves about 6.8318 bits/s/Hz and 32.0314
bits/s/Hz which is 78.67% of spectral efficiency improvement. With Ngx = 256,
switching Ngr from 1 to 256 achieves about 9.4134 bits/s/Hz and 43.1311 bits/s/Hz,
which is 78.17 % spectral efficiency enhancement. However, increasing the number of
RF chains increases the computational complexity as well as the power consumption.
For example, with Ngx = 32 increasing Ngrg from 1 to 32 requires about 0.0023
MFLOPS and 0.2021 MFLOPS, respectively, i.e., about 100 times increase in floating-
point operations. This increase requires 34.7828 dBm and 45.8234 dBm, respectively,
which is an 11.0406 dB increase in power consumption as illustrated by Table 2.7
More insights on the effect of the number of RF chains with fixed number of antennas

can be found in Table

For practical consideration, with 10 bits of ADC resolution, the maximum
ADC dynamic range is around 60 dB. Given that we need to achieve a total of 120
dB SI isolation, according to Fig.[2.2] a minimum of 50 dB of SI has to be rejected by
analog beamforming to enable FD operation. In Table [2.5] we highlight in bold the

feasible FD system configurations ensuring at least 50 dB of analog SI suppression.

According to Table [2.5] systems settings achieving higher SI reduction and
spectral efficiency, i.e. with large number of antennas and RF chains, also increases
the complexity and power consumption and vice versa. Since the average is evaluated
on the FD settings, i.e., a minimum of 50 dB of SI reduction is achieved, we therefore
focus our discussion on the tradeoffs between the spectral efficiency vs. complexity
and power consumption. If we allow a tolerance (lower bound on spectral efficiency)
of SE = 20.5 — 2 = 18.5 bits/s/Hz based on the service provider or QoS requirements
dictated by a given application/service to be supported in terms of spectral efficiency

threshold, then we can pick the following settings (Nrx, NXX) = (512,2), (256,4),
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(512,4), (256,16), (512,16), (128,32), (256,32), (512,32), (128,64), (256,64), (512,64),
(128,128), (256,128), (512,128), (256,256), (512,256), (512,512). The setting (512,512)
achieves the best spectral efficiency (60.6294 bits/s/Hz) as well as the highest ST re-
duction; however, the computational complexity is huge (827.6760 MFLOPS) and
hence the design is not suitable for practical consideration. The same observation
can be made with respect to (512,256), (256,256), (512,128), (512,64) wherein the
relative computational complexity, exceeding 100 MFLOPS, is far larger to those for
other settings, and therefore they can be excluded from consideration. For example,
(512,2) and (512,4) require high complexity of around 46.5 and 48.4 MFLOPS and
yet the achievable spectral efficiency is around the average, so they can be discarded.
As stated earlier, an acceptable spectral efficiency can be around the average and
based on that, the other settings (512,16), (512,32), (256,32), (256,64), (128,128),
(256,128) achieve better spectral efficiency and yet the complexity and power con-
sumption are hefty. Now the designer is left with settings (256,4), (256,16), (128,32),
and (128,64) which achieve good spectral efficiency around the average as well as sat-
isfactory SI reduction but most importantly with reduced computational complexity

(< 10 MFLOPS) and power consumption compared to the other settings.

In terms of power consumption, the settings (128,32) and (256,16) achieve
the closest values to the average power consumption. In terms of spectral efficiency,
(256,16) achieves better spectral efficiency compared to (128,32) and yet the amount
of ST reduction is quite similar (around 70 dB) while the setting (128,32) saves around
6.5878 MFLOPS. From an industrial point of view, the primary concern is the power
consumption and computational complexity; hence, the setting (128,32) is the best
candidate. The setting (256,4) requires the least power consumption (43.2863 dBm)
among the four settings; however, in terms of computational complexity, SI reduction
and spectral efficiency is worse when compared to (128,32). The setting (128,64)
achieves the best spectral efficiency as well as the highest SI reduction, but the power
consumption is about 5 dB more than that for (128,32). Consequently, the setting
(128,32) achieves the best tradeoff among the considered target metrics to enable FD
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system operation.

Furthermore, since 10-bit ADCs offer a maximum dynamic range of 60 dB
and require at least 50 dB of SI reduction out of the 120 dB in Fig. 2.2] the setting
(Nrx, N&X) = (128, 32) achieves about 70 dB of SI reduction. Thereby, the ADC may
operate at lower dynamic range and hence fewer bits of resolution can be considered.
Therefore, the proposed design may suggest ADC operating at low resolution and yet
not saturated. This observation needs careful attention and considering low resolution

ADC will be a future direction of this research.

2.6 Conclusion

Beamforming is a powerful tool for suppressing SI in mmWave FD systems.
Using a hybrid A /D architecture to reduce the number of RF chains so as to reduce the
power consumption imposes hardware constraints such the unit modulus constraint
as well as quantized PSs. In this work, we propose a hybrid A/D beamforming design
algorithm to achieve a large effective analog SI suppression to avoid the saturation
of the analog front end and maximizing the sum spectral efficiency. More precisely,
we introduced a constraint into the optimization problem to avoid assigning all the
DoF for SI suppression. The constraint allocates a fraction of the DoF to ensure
that the rank of effective channel is not experiencing deficiency in order to sustain a
maximum number of admissible spatial streams and then guaranteeing a satisfactory
multiplexing gain. We also investigate the effects of the number of PSs quantization
bits, channel estimation error, number of RF chains, and number of antennas on
spectral efficiency, energy efficiency, SINR per RF chain, and analog effective SI
(residual and suppressed). The results show that our design achieves not only large
SI reduction in the analog domain (around 67 dB on average) but also enhances
the SE. We further determined the optimal number of RF chains and number of
antennas to derive the best tradeoff in terms of spectral efficiency, analog effective

SI suppression, computation complexity, and total power consumption. From an
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industrial viewpoint, a practical design can be implemented with 128 antennas and
32 RF chains offering a 20.8642 bits/s/Hz, a reduced complexity of about 2.8071
MFLOPS, and significant SI suppression of about 70.3621 dB. This large amount of
SI suppression may allow the ADC to reduce its dynamic range, i.e., operate using
low bit resolution ADCs and therefore reducing the power consumption in the ADCs.
Finally, the actual design/architecture can be extended to support partially-connected
PSs structures and low resolution data converters as well as multiuser MIMO and

wideband configurations.
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Chapter 3: Single-Cell Single User MIMO

FD operation at the BS enables simultaneous transmission and reception of sig-
nals and promises considerable increases in spectral efficiency. FD operation however
results in a new source of interference SI causing ADC saturation and a subsequent
reduction in spectral efficiency gains. In this chapterfl] I present a novel design of
precoders and combiners for mmWave BSs that leverages a hybrid A/D beamform-
ing architecture. The proposed design balances SI reduction in the analog domain
to avoid ADC saturation and in the digital domain to enable increased spectral ef-
ficiency. Our hybrid beamforming design requires a few iterations to converge and
provides reasonable performance, significantly improving upon related work in the lit-
erature. For example, our hybrid FD design achieves spectral efficiency gains of 1.05x
to 3.09x vs. several leading hybrid FD designs; an spectral efficiency gain of 1.91x
vs. HD; and an spectral efficiency loss of 1.10x vs. an all-digital FD beamformer.
The all-digital FD beamformer assumes there is no ADC saturation and uses one RF
chain per antenna (which has prohibitive power consumption for a large number of

antennas).

3.1 Introduction

MmWave bands are an integral part of 5G, and will continue to play a crucial
role in enabling high data rates in next generation networks [153] 125, 123]. The
increased transmission bandwidths come at a price of higher propagation losses which

can be counteracted by the use of large antenna arrays at the BSs [55, [71].

! This chapter is based on the work published in the following journal paper: E. Balti, S. Akoum, I.
Alfalujah and B. L. Evans, “Hybrid Beamforming Design For Full-Duplex Millimeter Wave Massive
MIMO Systems,” in IEEE Transactions on Vehicular Technology. This work was supported by
AT&T labs, NVIDIA and Tektronix through their industrial affiliation with the 6GQUT research
center at UT Austin.
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The advent of FD communication technologies heralds a transformative era in
the landscape of 5G and nascent 6G networks, introducing the capability for simul-
taneous bidirectional data transmission and reception within the same resource block
(time/frequency). This groundbreaking advancement promises to revolutionize wire-
less communication by potentially doubling spectral efficiency and markedly reducing
latency, thereby addressing the escalating demands for higher data throughput and
more efficient spectrum utilization in an increasingly connected world [104]. The inte-
gration of FD communication, particularly through the deployment of mmWave-based
FD for IAB, exemplifies the industry’s commitment to harnessing this technology for
enhancing network capabilities and fostering new communication paradigms [22]. The
allure of FD technology extends beyond its promise of spectral efficiency enhancement;
it can also lead to novel network architectures, more resilient communication links,

and new real-time applications because of the reduced latency.

The realization of FD’s full potential is intricately tied to overcoming signifi-
cant technical challenges, chief among them being the mitigation of loopback SI [100].
SI in FD systems presents a formidable obstacle, as the power of the loopback interfer-
ence signal can vastly exceed that of the incoming desired signal, leading to potential
analog-to-digital (ADC) saturation. This not only compromises the spectral efficiency
gains afforded by FD communication but also threatens the operational integrity of
the system, rendering it incapable of achieving the anticipated performance enhance-
ments. Addressing SI effectively requires a multifaceted approach, encompassing both
analog and digital domain interference suppression techniques. The analog domain
is particularly critical, as suppression at this stage is essential for preventing ADC
saturation and ensuring that subsequent digital domain processing can refine the sig-
nal quality to achieve a noise floor that is conducive to high-quality communication

[142].

In response to these challenges, our research focuses on the development and
optimization of robust hybrid beamforming techniques specifically designed to ad-

dress the unique demands of FD communication systems. By prioritizing interference
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suppression in the analog domain, our work aims to lay the groundwork for FD sys-
tems to achieve their full potential, unlocking new dimensions of spectral and energy
efficiency that can significantly contribute to the performance and sustainability of
future wireless networks. Through comprehensive analysis and innovative design, we
strive to mitigate the inherent limitations posed by SI, paving the way for FD tech-
nologies to become a cornerstone of advanced wireless communication strategies in

the era of 5G and beyond.

3.1.1 Related Work

In FD transceivers, SI power suppression is typically achieved through a syner-
gistic application of both active and passive techniques. Passive cancellation leverages
the enhancement of path loss for the loopback SI signal, utilizing strategies such as
array directivity, physical separation of antennas (antenna isolation), polarization,
and the incorporation of radio-frequency (RF) absorbing materials. For instance,
improvements in array directivity and strategic antenna placement have been shown
to attenuate SI power by 30 dB and 47 dB, respectively, while cross-polarization
techniques can facilitate up to 50 dB of SI reduction [81].

Conversely, active cancellation techniques are predicated on the precise knowl-
edge of the transmitted signal and are typically executed in three distinct stages: RF
suppression, antenna suppression, and digital suppression. RF suppression uses the
known transmitted signal as a reference within the RF chain to reconstruct and
subsequently subtract the SI. Antenna cancellation is achieved by generating two
antiphase replicas of the transmitted signal through multiple TX and RX anten-
nas, thereby nullifying the SI through the superposition of these antiphase replicas.
Digital cancellation complements RF or antenna suppression methods by further at-
tenuating the SI in the baseband, which, when combined with either RF or antenna
suppression techniques, can result in approximately 60 dB of SI reduction, as both SI
and noise are concurrently mitigated [81]. However, these techniques may encounter

performance degradation due to nonlinearities introduced by data converters, power
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amplifiers, in-phase and quadrature (I/Q) imbalance, and phase noise, leading to
significant residual ST [I56]. This highlights the complex interplay between various
suppression methods and the inherent challenges in achieving optimal SI mitigation
in FD communication systems. Table[l.2]summarizes the amount of SI to be canceled

to enable FD operation for various network generations.

Recently, BFC algorithms have been specifically designed to mitigate SI in FD
systems [21], O8] [132] 165, 22 137]. BFC was originally considered in [92] based on
a zero-forcing (ZF) constraint on the SI. Although this approach shows a very small
loss compared to an Sl-free scenario, the design assumes a single data stream and is
implemented using an all-digital architecture. The all-digital FD beamformer uses one
RF chain per antenna which has prohibitive power consumption for a large number of
antennas. This design is later extended to support multiple data streams with hybrid
beamforming [21]. The work [137] uses hybrid factorization of all-digital beamformers
which has two main issues: it suffers from high SI leakage due to approximation errors
and mitigates SI at the baseband rather than in the analog domain which can lead to
the ADC saturation. The design [165] developed BFC based on ZF constraint on the
SI. However, when projecting the analog beamformers on the unit modulus space,
the ZF constraint is violated and high SI is re-introduced into the system resulting in
a very low spectral efficiency. Moreover, [132] developed a frequency-selective hybrid
beamforming design to maximize spectral efficiency; however, the SI is suppressed in
the baseband using a LMMSE precoder. Although the results show spectral efficiency
enhancement, the dynamic range and saturation of the ADC are not addressed by

this work.

In [19, 17, 20], the authors present a unified framework for FD massive MIMO
communications in cellular networks with low resolution data converters for LTE
and mmWave bands. Although these papers provide accurate modeling of network

irregularities and impairments, the design does not attempt to suppress SI.

In this chapter, we design hybrid A/D beamformers aiming at maximizing
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the spectral efficiency. The use of the DoF in terms of antennas are balanced be-
tween maximizing the beamformed power and ensuring that large SI is reduced in
the analog domain to avoid ADC saturation, e.g, increasing the number of antennas
at the BS from 4 to 128 can achieve about 130 dB reduction of SI. As the literature
states, the unit modulus constraint imposed on analog beamformers may violate the
interference suppression constraint. Our model solves this shortcoming by using the
Alternating Projection method to minimize the losses incurred by these successive
projections. For example, by considering both the unit modulus and interference
suppression constraints, our design achieves a notable increase in SE, showing an
enhancement of approximately 70% compared to approaches that manage these con-
straints separately. Furthermore, our design requires just a few iterations to converge;
e.g., 15 iterations lead to 180 dB reduction in SI as well as 25 dB increase in the up-
link SINR per RF chain. Furthermore, our design achieves considerable gains in term
of spectral efficiency compared to related work. For example, our hybrid FD design
achieves spectral efficiency gains of 1.05x to 3.09x vs. several leading hybrid FD de-
signs; an spectral efficiency gain of 1.91x vs. HD; and an spectral efficiency loss of
1.10x vs. an all-digital FD beamformer. The all-digital FD beamformer assumes no
ADC saturation, and uses one RF chain per antenna which has prohibitive power

consumption for a large number of antennas.

3.1.2 Contributions

In this chapter, we explore a single-user (in uplink/downlink) MIMO frame-
work, focusing on a FD BS facilitating concurrent uplink and downlink communi-
cations. Our primary objective is the mitigation of interference through the joint
optimization of beamforming weights. Initially, we procure an all-digital beamform-
ing solution, predicated on the iterative routine under the assumption of perfect CSI.
Leveraging these all-digital solutions, we subsequently derive hybrid A /D beamform-
ing. Our approach allocates DoF to both maintain the signal’s dimensionality and

effectively suppress interference. The contributions of this work are detailed below:
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e [ design the all-digital beamformers to serve as both a performance benchmark,
given their higher power consumption, and to establish an upper bound for spec-
tral efficiency (SE). Our results indicate that the proposed all-digital solution
closely approaches this upper bound.

e I develop robust hybrid A/D beamforming techniques for both users and the
base station (BS), with the objective of minimizing SI and IUI, while maintain-
ing the rank of the effective channels in both uplink and downlink communica-

tions.

e In our hybrid A/D design, I strategically manage the unit modulus constraint
alongside interference suppression in the analog domain. This approach ensures
that the unit modulus constraint does not compromise interference suppression,
which is crucial for mitigating risks of ADC saturation. Our results, as illus-
trated in Fig. demonstrate the effectiveness of this approach, achieving over

50 dB of SI reduction in the analog domain, enabling FD operation.

e [ compare and analyze our beamforming design in terms of both computational
cost and performance, including spectral efficiency and SI reduction. Given that
the hybrid A/D beamforming design problem is non-convex, we also investigate

the stability and convergence rates under various scenarios.

e I conduct a comprehensive comparative analysis, benchmark our hybrid A/D
beamforming design against previous methods. This evaluation highlights the
enhanced robustness and superior performance of our approach, demonstrat-
ing significant improvements in spectral efficiency and interference suppression

compared to related work.

3.1.3 Structure

The rest of the chapter is organized as follows: Section|3.2|discusses the system

and channel models, while the beamforming design for all-digital and hybrid architec-
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tures are detailed in Section [3.3] Target metrics are analyzed in Section [3.4] whereas
numerical results and their discussions appear in Section Section [3.6| concludes

the chapter.

3.2 System Model

Loopback Self-Interference Hs

T[T, Tt
RE RF
@ a(ng Ine
| z Iy ; ol 5
BB : UE RF : : RF : BS BB | BB : BS RF : : RF H UE BB
FUE NRF FUE WBS NRF WES FBS NRF FBS WUE NRF WUE
| DAC RF | DAC . RF
j t ADS (o] M j t ADC
Uplink User Full-Duplex Basestation Downlink User

Inter-User Interference Hj,;

Figure 3.1: Basic abstraction of the hybrid A/D architecture of the FD BS and the
uplink/downlink users. The number of streams that the BS can sustain is denoted by
N, while the number of RF chains at the BS and the users are denoted by NB2 and
NyE, respectively. We further illustrate the loopback SI from the transmit to receive
arrays of the BS and we denote it by Hg the aggregate SI channel. Besides, the IUI
channel from the uplink to the downlink user is denoted by Hy;.

I consider a single-user mmWave FD system wherein the uplink user sends
N data streams to the FD BS while the latter sends Ny independent data streams
(independent with respect to uplink streams) to the downlink user. The FD BS and
the users are equipped with Ngs and Nyg antennas, respectively. In addition, the
FD BS and the users have NE2 and NJE RF chains, respectively. Note that the RF
chains are subject to these constraints Ny < ]\fRBFS < Ngs and Ny < NFL{JE < Nye.

Assumption 1. We assume that the FD BS has separate arrays wherein one of them

is dedicated for transmitting while the other is dedicated for receiving.

Assumption 2. We assume that the transmit and receive modules of the BS are
equipped with the same number of antennas as well as the same number of RF chains

and the same number of data streams (Ny). In addition, we presume that the uplink
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and downlink users are equipped with the same number of antennas as well as the

same number of RF chains and the same number of data streams.

Initially, the uplink user applies the digital precoder FEE € C™ re Ve to the N,
data streams followed by the analog precoder FRE € CNexNer - Note that the uplink
precoded transmit signal can be written as x, = FREFEEs,, where s, is the Ny x 1
uplink symbol vector with covariance matrix E [s,s*] = NLSI N.. To process the uplink
received signal, the BS applies the analog combiner WgE € CNes* N /e followed by the

digital combiner WEBB e CN&#*Ns in order to extract the N, data streams.

In the downlink scenario, the BS applies the digital precoder FEZ € CNREx N
to the Ny streams followed by the analog precoder FE¢ € CNes*N# . Note that the
downlink precoded transmit signal can be written as x4 = FREFESsy, where sq is the
N x 1 downlink symbol vector with covariance matrix E [sqs]j] = N%INS. To process
the downlink received signal, the user applies the analog combiner W{E € CNuexNef
followed by the digital combiner WBE e CNer*Ns in order to extract the N, data
streams. Since the BS and the users are implemented using analog phase shifters, they
are subject to the unit modulus constraint, i.e., each entry of the analog beamformer

satisfies the following constraint

FRF 2 _ WRF 2 — L

|[Fes],| = [[Wes],.| Nas (3.1)
FRE 2 _ |[WREF 2 _ L

IF5E] I = (WL, = 5o 52)

V1<m< Ny, V1<n<NSE

The normalized transmit power constraint in uplink and downlink are given

by [[FSEFGE: = Ne and [[FESFES|IE = N:, respectively.

Since the BS transmits and receives simultaneously at the same resource block
(time/frequency), a loopback SI signal gets leaked from the transmit to the receive

arrays of the BS, leading to corrupt the uplink received signal at the BS. Equivalently,
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the received uplink signal model (yu € CNSXl) at the BS can be written as

Yu :WBB*WEE*H FR u+\/p—sWBB* RF*H F F d+wBB*wRF*

Desired Signal Self- Interference Signal F|Itered Noise

(3.3)

where p, and ps are the average receive uplink and SI powers, respectively. In addition,
H, and Hj are the narrowband uplink and SI channels, respectively, while ngg is the
AWGN at the BS which is distributed as €N (0, 03sIn,,), with o3 being the noise

variance at the BS.

Given that the BS operates in FD mode, the uplink and downlink users are
transmitting and receiving, respectively, at the same. Consequently, the downlink
user is vulnerable to the IUI incurred by the uplink user. Equivalently, the downlink
received signal (yd € (CNs“) at the UE is expressed by
V4 = WBB*WRF*HdFRFFBSSd+MWBE*WSE*HiuiFSEFB u_,_wBB*wRF*

~
Desired Signal Inter-User Interference Signal F|Itered Noise

(3.4)

where pq and p;,; are the average receive downlink and IUI powers, respectively. In
addition, Hy and H;,; are the narrowband downlink and IUI channels, respectively,
while nyg is the AWGN at the UE which is distributed as €N (0, 03eln,, ), with odg

being the noise variance at the UE.

The detailed architecture description of the proposed system is illustrated by

Fig. 3.1}

3.2.1 Channel Model

In this work, we use the geometric channel model given by [22]

N N C—1R.—1
H - ~¢ sz(R = Z Z Oé""caRX Te aTX(¢"’c> (35>

c=0 re.=
where C' is number of clusters, R. is number of rays per cluster, and 6, and ¢,_ are

the AoA and AoD of the r.-th ray, respectively. Each ray has a complex path gain
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TX Array

RX Array

Figure 3.2: Relative position of TX and RX arrays at the FD BS. The BS consists of
a two dedicated arrays for transmission and reception, respectively.

a,,. Also, arx(f) and arx(¢) are the RX and TX antenna array response vectors,
respectively. We adopt a uniform linear array wherein the generic expression of the
array response vector (for TX or RX) is given by [22]

T

a(0) = L [Lei%Trsin(e)’ e W-Dsn@)] (3.6)

VN

where r and A are the antenna spacing and the signal wavelength, respectively, while

N is the number of antennas at TX or RX.

3.2.2 Self-Interference Channel Model

Per Fig. 3.2] the SI leakage at the BS is modeled by the channel matrix Hs.
The separation, or transceiver gap, between TX and RX arrays is defined by distance
d while the transceiver incline is determined by w. The SI channel is decomposed into
a deterministic LOS channel modeled by H gs, which is derived from the geometry of
the transceiver, and a NLOS channel described by Hypos which follows the geometric
channel model defined by [22]. The (q,p)-th entry of the LOS SI leakage is
expressed by [22]

[HLOS]qp = —e TN (3~7)

where d,, is the distance between the p-th antenna in the TX array and ¢-th antenna

in the RX array at BS given by (1.6). The aggregate SI channel matrix is given by
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2]

K 1
H. = H —H 3.8
Vgl Los + 1 Hnwos (3.8)

where k 1s the Rician factor.

Assumption 3. Note that the uplink, downlink and IUT channels follow the geometric
channel model given by while the SI channel is modeled by .

Assumption 4. In this work, we assume perfect CSI known at both the transmitter
and receiver while designing the beamformers. In practice, the CSI can be accurately
and efficiently obtained by channel estimation [7] at the receiver and further shared
with the transmitter with feedback techniques [14] [94]. Nevertheless, we introduce
the imperfect CSI after once the beamformers are designed, i.e., once the convergence

is attained, in the simulation of Fig.

3.3 Problem Formulation and Beamforming Design

3.3.1 Problem Formulation

The main objective of this work is to design the optimal beamformers in order
to substantially reduce the interference and maximize the sum spectral efficiency of
uplink and downlink UEs. The optimization problem can be expressed as

P . max Ju+ 34
Wes, Wue,Fss, Fue
s.t. WESWBS = INS,
FgsFas = In,,
WieWue = 1y, (3.10)
FieFue = In,,
WESHSFBS — 0,
veHiwiFue = 0.
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where J, and J4 are the uplink and downlink spectral efficiency, respectively, given by
J, = logdet (Ly, + ps WisH, FueQ, 'Fije H Wes) (3.11)

Jg = logdet (Ly, + paW e HeFps Qg ' FH W) (3.12)

where Q, and Qg are the covariance matrices of the interference-plus-noise power in

uplink and downlink, respectively, given by
Q. = pWisH.FsFisH:Wpgs + 0° Wi Wes (3.13)
Qq = P WieHii Fue FUeHi, Wue + 0 W5 We (3.14)

Note that maximizing the sum spectral efficiency (J, + J4) is a non-
convex problem with unknown closed-form solution. Following similar approach as
[137], we transform the problem (3.10] from maximizing the sum spectral efficiency)
into convex sub-problems (minimizing the effective interference and preserving the

signal dimension) yielding closed-form solutions of the beamformers.

While maximizing spectral efficiency involves many factors such as efficient
use of bandwidth, optimizing power allocation, improving coding and modulation
schemes, and strategically managing the resources in a network environment, other
crucial factors include suppressing interference and preserving the signal dimension
(the focus of our work). It is noteworthy that preserving the signal dimension is
equivalent to preserving the rank of the effective channel [I37], which is the beam-
formed channel given by (Heffective = W*HF'). The logical progression from to

the convex sub-problems is justified as

e From spectral efficiency/SINR Maximization to Interference Mini-
mization: Directly maximizing the spectral efficiency or its SINR approxi-
mation involves addressing both the signal power and interference components
of the SINR equation. In FD systems, SI at the BS is a major deterrent to

achieving high SINR for uplink/downlink transmissions. Therefore, we pivot
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our strategy towards minimizing the SI/IUI as a critical step in enhancing sum

uplink /downlink spectral efficiency.

e Formulation of Subproblem: specifically targets the minimization of SI/TUT
power subject to beamforming constraints at the BS and UEs. This focused
approach indirectly serves the goal of maximizing the sum spectral efficiency by
improving the SINR condition. The constraints within subproblems, as will be
defined later in subsection [3.3.2] ensure the preservation of signal dimensionality,
which is crucial for maintaining the integrity of transmitted signals and the

overall capacity of the system.

e Motivation for Decomposition: The decomposition into subproblem emerges
logically from the necessity to manage the inherent challenges of FD commu-
nications, where simultaneous transmission and reception at the BS incurs SI.
By addressing this interference through a dedicated subproblem, we lay a foun-
dational groundwork for achieving our broader spectral efficiency maximization

goal.
The optimization problem will be solved in the following steps:

1. Decompose the problem ({3.10)) into four subproblems to solve for each all-digital

beamformer.
2. Once the all-digital beamformers are obtained, we decompose them into the

equivalent analog and digital solutions.

3.3.2 All-Digital Beamforming

In this stage, we proceed to design the all-digital combiner Wgg € CNes* s
and precoder Fgs € CMes*M at the BS node as well as the all-digital combiner

Wye € CNexNs and precoder at the UE Fyg € CNuexNs,
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e Optimization of BS Combiner: We start by defining the first subproblem

by defining the covariance matrix of the precoded SI and noise at the BS as
R; = psHFpsFisH! + 0gsln,. (3.15)

The first subproblem intends to design the all-digital combiner at the BS in such
a way to minimize the SI power and preserve the rank of the effective channel
as rank (WgsH Fyg) = Ns. Thereby, the first subproblem can be expressed
1 :min Tr (W5sR1Wis)
Waes

(3.16)
s.t. WESHUFUE = Oé]:]\/S

Note that R is a positive definite matrix (Ry > 0) and o = 1/4/Tr (W5 Wps)

is a power normalization coefficient.

e Optimization of BS Precoder: Similarly, we define the second subproblem
as to design the all-digital precoder at the BS in order to minimize the SI power
and preserve the rank of the effective channel (rank (W{jcHqFgs) = N;). We

introduce the covariance matrix of the combined SI and noise as [
R2 = pSH:WBSW’éSHS + UIZB»SINBS (317)

where (R, > 0) is a positive definite matrix. Equivalently, the second subprob-

lem exhibits the following generic form as
Py :min Tr (FgsR,Fgs)
Fgs

(3.18)
s.t. WGEHdFBS = BINS

where = 1//Tr (FsFgs) is a power normalization coefficient.

2The term related to the Identity matrix (0g¢Ing) is added to to ensure that the matrix
R, is invertible. The physical meaning of this is that it minimizes the norm of the precoder matrix.
However, its effect is counteracted by 3, which ensures that the transmit power is constant, i.e.,
|Fgss||% = Ns. Therefore, the identity matrix role in is to ensure that R, is invertible, but
it has no influence on the design regardless of the SNR/INR. It can be removed if R; is invertible in
practice. The same reasoning applies on the matrix Ry.
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e Optimization of UE Combiner: Regarding the third subproblem, we defined

the covariance matrix of the precoded IUI and noise as

R3 = piuiHilji]E"lJ|5Pv[J|EHfk + O-lQJEINUE (319)

iui

where (R3 > 0) is a positive definite matrix. Similar to the previous sub-

problems, this subproblem aims to design the all-digital combiner at the UE

in order to minimize the IUI and preserve the rank of the effective channel

(rank (W{eHyFgs) = N;). The relative generic form is given by
P IVI\IIIUI; Tr (W{eRsWyE)

(3.20)
s.t. WGEHdFBS = ’}/INs

where v = 1/,/Tr (W{;gWye) is a power normalization coefficient.

e Optimization of UE Precoder: The fourth problem aims to design the all-
digital precoder at the UE in order to minimize the IUI while preserving the rank
of effective uplink channel (rank (W§sH Fye) = N;). We define the covariance

matrix of the combined IUI and power as
Ry = piiHi; Wue WieHisi + 00enge (3.21)

where (R4 > 0) is a positive definite matrix. The generic form the fourth
subproblem is given by
Py min Tr (F{eR4F yg)
Fuye

(3.22)
s.t. WESHUFUE = CINS

where ( = 1//Tr (F{)eFue) is a power normalization coefficient.

Remark 3. Tt is worth noticing from the subproblems (3.16)), (3.18)), (3.20) and (3.22)

that the objective functions not only eliminate the interference (SI and IUI) but
also preserve the DoF for the desired signals, which is formulated in the constraints.

The engineering insight of the objective functions is to guarantee that the signal
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Algorithm 2 All-Digital Beamforming Design

1: Input H,, Hy, Hs, H;;

2: Initialize Fyg, Fgs, Wye

3: repeat

4:  Compute Ry (3.15))

Obtain Wgg and normalize by «
Compute R, using updated Wpgg from step 5
Obtain Fgs (3.24) and normalize by f3
Compute Rz (3.19
Obtain Wyg (3.25) using updated Fgg from step 7 and normalize by ~
10:  Compute Ry (3.21)) using updated W g from step 9

11:  Obtain Fyg @ using updated Wpgs from step 5 and normalize by (
12: until Convergence

13:

14: return Wgs, Wyg, Fgs and F e

cannot suffer from distortions. The proposed objective functions can be interpreted as

maximizing the SINR, where the numerator (signal space dimension) is kept unaltered

while decreasing the denominator (interference). We also relaxed the semi-unitary

constraints in (3.10) while solving (3.16)), (3.18)), (3.20)) and (3.22)), in order to preserve

the convexity of these subproblems.

Theorem 3. The optimal all-digital combiners and precoders at the BS and UEs,

solutions to the problems (3.16}f3.18]13.20| and [3.22)) are expressed by

Wies = Ry 'H, Fue (FjcH:R; "H,Fue)

Fgs = R, "H;Wye (WieHoR; 'H W e)

Wue = Ry 'HyFgs (FiH Ry 'HyFgs)

Fue = R; 'H Wgs (WisH,R; '"H: Wgs)
Proof. The proof of Theorem [3]is provided in Appendix [B.1}

The proposed all-digital beamforming is summarized in Algorithm [2|
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Remark 4. The beamforming solutions entailed by Theorem |3 are coupled. Hence,
an iterative routine is carried out until the convergence. Note that the closed form-
expressions in Theorem 3| will be normalized at every iteration in the routine, as

detailed by Algorithm 2]

Remark 5. Given the all-digital beamformer solution X € CM*N A and N are the
number of antennas and spatial streams, respectively. M should be large enough to
sustain N spatial streams and the remaining P = M — N DoF should be dedicated

to suppress the interference.

3.3.3 Convergence

In this subsection, we prove the convergence of the all-digital beamforming al-

gorithm[2] We show that the objective functions (3.16)), (3.18)), (3-20), (3-22)) decrease

in each iteration and converge to the local optimum in a few iterations, which makes

it computationally efficient. The SI plus noise power at the BS, i.e., the objective
function of (3.16]) is given by
T1 :Tr (WESRIWBS)
=Tr ( BS (/)SHSFBSFESH: + UESINBS) WBS)

(3.27)
= Tr (PSWESHSFBSFESH:WBSZ ‘|‘0%st-
Effective Snower (d1)
Similarly, the ST plus noise power defined in ([3.18)) is given by
Ty =Tr (FESR2FBS)
=Tr (Fis (psH; WesWisH, + 035 Iy;,) Fes) (3.28)

=Tr (psF s Hi Ws Wi HFis) +02s V..

J/

~
Effective SI Power (J2)
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In a similar fashion, the IUI and noise power defined in is given by
T3 =Tr (W gRsWyE)
=Tr (Wie (puiHiwiFueFeHy, + 0gelng:) Wue)
:?I" (pii W eHiiFueF e Hi, i Wue) +UaENs~

Effective Ul Power (J3)

The IUT and noise power are defined in (3.22)) is given by
T, =Tr (F{cR4Fuye)
=Tr (Fie (o WueWieHii + 0geng. ) Fue)
= Tr (puiF e Hiyy Wue WieHiwi Fue) +05e Ns.

J/

Effective IUl Power (J4)

(3.29)

(3.30)

The local optimal solutions of the objective functions (3.27)), (3.28)), (3.29) and (3.30)

are given by Theorem [3| and they are sure to converge to the locally optimal solution

as it is guaranteed by Algorithm [2]
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Figure 3.3: (a) Convergence of the objective functions (3.27)), (3.28), (3.29) and
defining the effective interference in linear scale with respect to the number of itera-
tions in Algorithm . (b) Tllustration of the convergence of the sum objective function
Jrotal = d1+J2 +J3 + d4, as well as, the uplink/downlink beamformed/effective chan-
nel power. (c) Illustration of the monotonic decreasing of the SI power for Ry being
with/without regularization. (d) Ilustration of the effect of beamforming normal-
ization; at every iteration and after the convergence. The plot is produced with
Ngs = 64, Nye = 8, SNR = 0 dB, SI power ps = 15 dB and IUI power p;,; = 5 dB.

Fig. presents a compelling visualization of the monotonic decrease in in-
dividual costs over the course of 5-6 iterations, indicative of the algorithm’s efficiency
and targeted approach towards minimizing interference. Each subproblem, by de-
sign, aims to reduce interference while preserving the rank of the effective channel,
a critical factor for maintaining or enhancing the system’s capacity. The methodical
decrease in these sub-objectives underscores the algorithm’s capability to iteratively
refine each aspect of the system’s performance through precise adjustments. This
disciplined optimization of individual costs not only contributes to the reduction of

total interference but also aligns with the overarching goal of spectral efficiency en-
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hancement.

Fig.[3.3D] the analysis reveals a simultaneous decrease in the total cost of inter-
ference (Jiota = d1 + Jd2 + d3 + J4) alongside an increase in the effective channel power
for both uplink and downlink communications. This phenomenon is emblematic of
the algorithm’s holistic impact, where the cumulative effect of minimizing individual
interference translates into a substantial reduction in total system interference. The
concurrent augmentation of effective channel power is a direct consequence of the
algorithm’s dual focus on interference mitigation and channel rank preservation. By
ensuring that each iteration moves towards reducing Ji, d2, d3, and J4, the algorithm
inherently boosts the signal’s strength relative to noise and interference, thereby max-
imizing spectral efficiency. Note that the rapid convergence of the algorithm, typically
within 5-6 iterations as observed, signifies not only its computational efficiency but

also its practical applicability in dynamic communication environments.

Fig. [3.3d investigates the effect of regularization of Ry on the effective SI. This
regularization affects the design of the BS precoder at which in turn affects
the SI minimization in (3.23)). The regularization term is introduced, as explained
in footnote 2, to ensure that Ry is invertible in case it is singular. In Fig. [3.3d
we observe that the effect of the regularization term is negligible, since the power
normalization coefficient S will compensate this effect and ensures that the transmit

power (||Fgss||% = N) constraint is maintained.

Fig. evaluates the two beamforming optimization strategies—mnormalizing
at every iteration versus normalizing after convergence—our empirical findings advo-
cate for the former approach due to its pronounced benefits in achieving effective SI
reduction and ensuring convergence stability. Although this method incurs a slower
convergence rate and higher computational overhead O(K NgsNZ2) for normalizing
Wis, K is the number of iterations required for convergence and O(NgsN2) cost for
the second approach, the consistent improvement in performance and the reliability

of the optimization process across various scenarios firmly justify its adoption. The
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Table 3.1: Comparative Analysis of Beamforming Normalization Techniques.

Metrics Every Iteration | After Convergence
Performance (Effective SI)
Computational Cost
Rate of Convergence
Convergence Stability

ANERIRIAN
NANANE

strategy of normalizing at every iteration meticulously maintains the alignment with
the optimization’s constraints and goals, thereby facilitating a more controlled and
predictable optimization trajectory. This is particularly vital in complex beamforming
environments where the precision and dependability of the solution critically impact
system performance. The choice to prioritize these aspects underscores our com-
mitment to delivering robust and high-quality beamforming solutions, acknowledging
that the increased computational cost is a worthwhile investment for the enhanced
performance and stability it brings to the optimization process. Table offers a

comparative overview of the two beamforming normalization strategies.

3.3.4 Hybrid Analog/Baseband Beamforming

In mmWave communications, employing an all-digital beamforming approach
that utilizes one RF chain per antenna alongside full precision data converters has
prohibitively high power consumption for a large number of antennas. Despite its
capability to achieve high SE, this method falls short in terms of energy efficiency.
Nonetheless, this all-digital beamforming configuration can be utilized as a bench-
mark to evaluate the effectiveness of the proposed hybrid beamforming design, imple-
mented with reduced number of RF chains, which is characterized by its lower power

consumption.

In this work, we decompose the precoding and combining matrices into analog
and baseband components, with the analog components being subject to constant

amplitude constraints (unit modulus). Moreover, to prevent ADC saturation at the
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receiver side, it’s essential that interference—including SI and IUI is effectively mit-
igated at the analog combiners outputs. Following this, our methodology involves
designing the precoders and combiners based on specific criteria. Initially, the ana-
log precoders and combiners are designed to concurrently minimize interference in
the analog domain and optimize the power of the beamformed signal. Subsequently,
with the all-digital and analog beamformers established, the baseband precoders and
combiners are derived using the LS method. This leads to the formulation of the

optimization problem that guides our design process.

s - max Ju + J4

RF pRF YW RF RF
Wais Fis, Wie Fie

68 pbb BB bt
Wis Fes,WiEe Fie

st. |[FEsFes (% = N
|FEEREE(Z = A,
FRE FRE € o (3.31)

WEE, WRE € Wge
WEEHFEE =0
W HFE =

where Frr and Wge are the sets of feasible analog precoders and combiners, re-

spectively, wherein the beamformers are implemented using phased array with unit

modulus entries.

3.3.4.1 Analog Beamforming

We adopt an approach in which maximizing the beamformed power and min-
imizing the interference constitutes the analog beamformers’ main roles, as it is im-
portant to mitigate the interference power before the ADC stages to avoid dynamic

range issues. With a fixed baseband beamformers (WEE FEE WEE FEB), Problem
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(3.31)) becomes

P - max J, + J4
ngvFRF WRF FEII:E

BS> UE>
s.t. Fgg, FEE € Frr
ng, WSE € Wke
RF RF (3:32)
Wes™ HiFgs = 0
——
=C
WiE H, FRE =0
——
—C
To minimize the interference (last two constraints in (3.32])), we adopt the the Moore-
Penrose pseudoinverse approach (CCTC) to construct the interference null space pro-

jection matrix as

P, =1-CC' (3.33)
C is defined in 3.31] as the beamformed interference channel.

Without loss of generality, we proceed the analysis to solve for the analog
beamformers at the BS and in a similar way, we derive the analog beamformers at

the users.

For a fixed FRE, FEE and FEE, in a trivial sense, the design of the analog

combiner at the BS should follow these steps

1. Maximize the received power by taking the N2 dominant left singular vectors

of the uplink beamformed channel H,FJEFEE.

2. Suppress the effective SI by projecting the BS analog combiner on the SI null-
space (P).

3. Project the BS analog combiner onto the unit modulus space (Wgg).

Unfortunately, the unit modulus constraint not only removes the convexity of the

problem (3.32)) but also violates the interference suppression constraint. As argued

131



in [156], if the unit modulus constraint is handled separately from the interference
suppression constraint, large losses are incurred into the system performance. To
solve this shortcoming, we refer to the “Alternating Projection Method” to properly
handle the two constraints. To seek for the optimal space wherein the best analog
combiner lies, we introduce an iterative routine to alternate the projections between

the unit modulus space and the interference null space.

Now, we fix WEE (solved from the previous routine) as well as WEE and WEE,
and we proceed to solve for the analog precoder FEE as detailed in the following steps

as

1. Maximize the received power by taking the N2 dominant left singular vectors

of the uplink beamformed channel HYWFEWEE.

2. Given we re-write the interference suppression constraint to be FRE*H:WEE =
0, mitigate the effective SI by projecting the BS analog precoder on the SI
null-space (P ), with C = H;Wge.

3. Project the BS analog precoder on the unit modulus space (Fgg).

4. Apply the alternating projection method to seek for the optimal subspace of
the BS analog precoder.

In a similar reasoning, as detailed for the derivation of the analog beamformers at the
BS, we design the analog beamformers at the users. Detailed derivation is illustrated

in Algorithm [3]

3.3.4.2 Baseband Beamforming

Now we derive the baseband beamformers using the LS method. Given that
the analog as well as the all-digital beamformers are obtained, the baseband beam-
formers at the BS and users are, respectively, given by

WS = Wie Wes (3.34)
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FEE = FEl'Fes (3.35)
WEE = Wit Wee (3.36)
FoE = Fip Fue (3.37)

To satisfy the transmit power constraint in , we normalize the digital precoders

at BS and uplink UE, respectively, by a factor of HFR?:/F;B”F and IIFR;/FWBSBIIF

Remark 6. Since the hybrid analog/baseband beamformers at the BS and the users
are coupled, we proceed with an iterative routine up until the convergence. Detailed

steps of the hybrid design are summarized in Algorithm
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Algorithm 3 Hybrid Beamforming Design

WD NN N NN NN N N KN £ H e
S © XN O TR W N RO ®© oUW O

31:
32:

function ANALOG(A,C, L)
XRgF < L Dominant left singular vectors of A
P, + I — CC* (Interference null-space matrix)
Set n =0
repeat
X PLXgy
fori<1: Mand j<« 1:Ldo
(Xérl?)ij < (X(RHFJFI))U /I <Xg::+1)>ij |
end for
n<n+1

: until Convergence
. return Xgg € CM*L
: end function

. Input H,, Hy, Hs and H;;

. Initialize FEE, FBB, WRE, WEE and FEE

: Obtain Wgs, Fgs, Wyg and Fyg from Algorithm
:Set k=0

: repeat

Wit ANaLoc(H FpeVFoe®) HFR®  NEBS)
WestH o WREF DWW e (LS Solution)

FRe ) ANavoc(H;WHEPYWie®) HrwEEFHD | ES)
ngB(k—&-l) - Fgg(kH)TFBS

Wi ANaLoG(HGFRE PP VFEe MY H, FRE® | NYE)
WSE(kJrl) - WSE(k+1)TWUE

FEETY o AnaLoa(HLWEE S WER ) L WIES Y NgE)
FBBG+1) FSE(}:H)TFUE

UE
k+—k+1

: until Convergence
. Normalize the digital precoders at BS and UE as FBg < LFEE, FEE «+

IFEEFES (P
vN. BB
[FGEFGElF — UE

RF BB TRF BB WRF BB ToRF BB
return Wgg, Wee, Fgg, Fgg, Wie, Wig, Fug, Foe
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Table 3.2: Complexity Analysis

Beamformer Cost
Wis, Fgs O(Ngs)
We, Fue O(Ne)
WES, FiS§

O (Ninner(NUe N2 + 2N3NES))
WEE FUE | O (Ninner NBSN2+2N3EN,;JFE))
WES FEE O(Ngs(NEE)? + NEF Ngs N;)
WiE, FOE O(Nue(NGE)? + NSENueNs)

3.3.5 Complexity Analysis

The overall computational complexity of evaluating Wpgs is dominated by
the matrix inversion and multiplication steps involving Ngs X Ngg matrices, leading
to a complexity of O(NgZs) due to the inverse R; and H:R;'H, operations. The
computational cost of designing the analog beamformer WEE is primarily driven by
the SVD of (H,FBEFEE) and the construction of the SI null-space, with complex-
ities of O(NyeNs) and O(N3sNE?), respectively. Iterating these operations Nipner
times results in an overall complexity of O (Ninner(NugNZ + 2N3sNE?)), underscor-
ing the significant computational effort required. The complexity of designing WgE
requires the computation of the pseudo-inverse O(Ngs(NgE)?) and matrix multiplica-
tion O(NEE NgsNg) resulting in a total computational cost O(Ngs(NEE )%+ NEE Ngs N;).
Table [3.2 provides a summary of the computational complexity involved in the design

of all beamformers.

3.4 Target Metrics Analysis

As we mention throughout the chapter, the main objective of designing the hy-
brid beamformers is to maximize the sum spectral efficiency. Nevertheless, exploring
other target metrics such as outage probability, SINR and energy efficiency is benefi-

cial to obtain more engineering insights into the proposed algorithm. In addition, the
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upper bound as well as the all-digital beamforming design, which is impractical as it
would consume a prohibitively large amount of power, may serve as benchmarking

tools for the proposed technique.

3.4.1 Outage Probability

Given a transmission strategy, the CDF or in other terms the outage proba-

bility for rate R (bits/s/Hz) is defined by [95]

Poui(snr, R) = P[I(snr) < RJ. (3.38)

In the presence of robust channel codes and under the condition of no outage,
the probability of error is minimal; thus, the probability of outage offers an effective
approximation of the actual block error probability. Contemporary radio systems,
including the UMTS and LTE, operate based on a designated target error probability.
The foremost performance metric is the maximum data rateﬂ corresponding to each

snr, such that the outage probability remains below e [95]

R (snr) = max {C: Poui(snr, () < €} (3.39)

3.4.2 Signal-to-Interference-plus-Noise Ratio

We define uplink SINR at the /-th RF chain at the BS as
RF+ RF 10 BB BB+ ToRF+ LT %<« RF
PuWBs,zHuFUEFUEFUE F e HuWBs,z
RF+ RF'BB BB+ 'RF* RF 2
psWes  HsFpc Fes Fes " Fps"Hiwgg ) + 035
RFx RF 1BB BB+ ToRF+ T+, RF
snrywgs H F e FoeFg F e HuWBs,e

= 2 < RFx RFT'BBT'BB* T RF* RF
ps/opsWis HsFps Fpe Fed* Fg*Hiwgs , + 1

sinry =

(3.40)

3In this study, we conceptualize 'rate with outage’ as the average data rate accurately decoded
at the receiver end, which aligns with the definition of throughput. In alternate methodologies, the
‘rate with outage’ is integrated into the transmit data rate. For the purpose of our method, we
consider the probability of burst occurrences (outage) and multiply by (1 — €); in the case of the
transmit data rate methodology, the term (1 — ¢€) is excluded.
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Figure 3.4: Illustration of a hybrid A/D combiner at the BS. The combiner consists
of multiple components such as LNAs, phase shifters, RF chains, mixers, splitters,
oscillators, filters and ADCs, etc. The power consumption of each component is

shown in Table .

while the downlink SINR at the u-th RF chain at the user is expressed by

RFx RF TnBB BB+ TnRF% LT+« RF
PdWUE,quFBsFBsFBs Fgs HdWBs,u

— RF+ TT. T'RF'BBT'BB+ I RF+TT+ < RF 2
pIUIWUE,uH'U'FUEFUEFUE Fie H; iWUEw T OUE

sinr, =
al

RFx RF BB BB+ RF+ 1T # <, RF

. SnrdWUE,quFBSFBSFBS Fgs HdWBS,u

=/ 2 < RFx 11. TRF BB BB+ RF+ T+ < RF
Plun/UUEWUE,uHmIFUEFUEFUE FoeHwig, +1

{101}

(3.41)

where pe/02c is the SI-to-noise ratio while pi,;/02< is the IUI-to-noise ratio.
Ps/OBs p BS

3.4.3 Energy Efficiency

The energy efficiency, expressed in bits/s/Watt or bits/Joule, is defined as the
ratio between the spectral efficiency I(sinr) and the total power consumption protal-

It is given by

(3.42)

For hybrid A/D architecture as illustrated by Fig. , the total power con-

sumption by the mmWave hybrid receiver is expressed by
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PHS = Nrx (pina + psp + Nrepps) + Nre (pre + pc + 20apc) (3.43)

where Ngrx is the number of receive antennas and pgrg is the power consumption per

RF chain which is defined by
PRF = PM + PLO + PLPF + PBBamp (3.44)

Examples of the power consumption of each device is presented in Table [3.3]
The power consumption of all components except the ADC is independent of the
bandwidth B and number of bits b. For the ADC, papc grows exponentially with b
and linearly with B and with Walden’s figure of merit for ADCs ¢, which is the energy

consumption per conversion step per Hz. Common values of ¢ are given in Table (3.4}
Table 3.3: Power Consumption of Each Device [3].

Device Notation Value

Low Noise Amplifier [162] pina 39 mW
Splitter  psp 19.5 mW
Combiner [162] pc 19.5 mW
Phase Shifter [77, 163] pps 2 mW
Mixer [80] pm 16.8 mW
Local Oscillator [106] pLo 5 mW
Low Pass Filter [106] pppr 14 mW
Baseband Amplifier [106] pgs,,, 5 mW
ADC  papc cB2b

Table 3.4: ADC Power Consumption Per Sample Per Level, ¢ [3].

Scenario Value Generation
LPADC 5 fJ/step/Hz Low Power (ideal future value)
IPADC 65 fJ/step/Hz  Intermediate Power
HPADC 494 fJ/step/Hz High Power (state of the art)

In this manuscript, we carefully chose three plausible models representing the
power consumption of individual components, which are approximately identifiable
with both present and prospective generations of technology. These ADCs possess
specific figures of merit denoted as ¢, which are delineated in Table [3.4]
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3.4.4 Upper Bound on Spectral Efficiency

A performance upper bound, not achievable in general but useful for bench-
marking purposes, can be obtained by assuming no SI and IUI (ps = pi,; = 0) and
neglecting hardware constraints, so that Wpgs, Fgs, Wyg, Fug are only constrained
to be semi-unitary matrices. Then the optimal combiners and precoders are respec-
tively given by the dominant left and right singular vectors of the uplink/downlink

channels matrices, yielding J, + J4 < Jgound Where

Ns—1 Ns—1
Jgound = Y _ log (1+ ¢ (H,)* SNR) + ) log (1 + o (Hg)* SNR) (3.45)
=0 =0

With the optimum beamformers diagonalizing the channel H € CV*™ and allocating
power via waterfilling, the capacity bound equals

]Vminf1 +
SNR )\, (H*H))}
Jwr = lo 3.46
" ; [ g ( Ny n ( )

where Npin = min(Ny, N,) > N, and the optimized power per (-th stream is given by

P=|: o AT (3.47)
L n SNR)\[(H*H) ) =U,..., Vmin—1, )

where n must satisfy that >, P = N;. Note A\¢(X) is the (-th eigen value of X in

descending order and [z]" = max(0, z).

3.5 Numerical Analysis

In this section, we provide numerical results of the system performance along
with the discussion. Unless otherwise stated, Table gives the parameter values
used in the simulations. For each case, 1000 channels realizations were generated to

perform the Monte Carlo simulation in MATLAB.

3.5.1 Beamforming Schemes: A Comparison

Fig. depicts the sum spectral efficiency versus average SNR across differ-
ent beamforming strategies, highlighting that the proposed FD hybrid BF distinctly

139



Table 3.5: System Parameters.

Parameter Value

Carrier Frequency 28 GHz
Bandwidth (B) 1 GHz
Number of BS Antennas (Ngs) 16, 32, 64, 128, 256, 512
Number of UE Antennas (Nyg) 4,8

Number of Spatial Streams (NN;) 1,2

Number of RF Chains at BS (Ng2) | 1, 2, 4, 8, 16, 32, 64, 128
Number of RF Chains at UE (Ngg) 1,2, 4
Number of Clusters (C) 6

Number of Rays per Cluster (R,) 8

AoA/AoD Angular Spread 20°
Transceivers Gap (d) 2\
Transceivers Incline (w) %

Rician Factor (k) 5dB

Average Receive SI Power (ps) 15, 30 dB
Average Receive TUI Power (piyi) 5 dB

outperforms both the all-digital BF and HD hybrid BF modes, with a rate gain that
expands as the average SNR increases. This performance indicates the practical ap-
plicability of our FD approach in cellular networks, where BSs typically operate in
HD mode. Furthermore, our FD hybrid BF design yields superior outcomes compared
to the SVD method, even within an all-digital context. As average SNR rises, the
advantage of our approach becomes more pronounced, with the SVD method reaching
a saturation point due to its failure to suppress interference, thereby overloading the
ADCs. Nonetheless, there are observed rate losses in our FD hybrid BF relative to
all-digital designs and the theoretical upper bound, attributed to the unit modulus
constraint and reduced DoF due to fewer RF chains in the hybrid setup compared to

all-digital configurations.
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Figure 3.5: Sum spectral efficiency vs. SNR for different beamforming (BF) schemes.
The plot is produced with average receive SI power ps = 30 dB, IUI power p;,; = 5 dB,
Ngs = 64, NB2 = 4, Nyg = 8, NYF = 4. The all-digital design uses one RF chain per
antenna element, which will use a prohibitively large amount of power, and is included
here as a benchmark.

3.5.2 Effect of The Average Inter-User Interference

Fig. displays the relationship between downlink spectral efficiency and av-
erage [UI power across various beamforming architectures. Notably, a reduction in
IUT power correlates with an enhancement in downlink spectral efficiency for most
schemes, with the exception of HD and theoretical upper bound scenarios, which
are inherently immune to interference effects. In the realm of all-digital beamform-
ing, performance is slightly influenced by IUI power, yet the associated rate losses
remain minimal. Remarkably, our FD hybrid BF demonstrates resilience to escalat-
ing IUI power, significantly surpassing the performance of HD mode implemented in
all-digital beamforming. A persistent performance discrepancy between our hybrid
approach and all-digital BF can be attributed to the unit modulus constraint along-

side a decrease in DoF due to a limited number of RF chains. Furthermore, our FD
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Figure 3.6: Downlink spectral efficiency vs. the average receive IUI power for different
BF schemes. The plot is simulated with SNR = 0 dB, Ngs = 64, NB° = 4, Nyg =
8, NyE = 4. The all-digital design uses one RF chain per antenna element, which will
use a prohibitively large amount of power, and is included here as a benchmark.

design consistently exceeds the performance of the FD all-digital SVD method across
the spectrum of TUI power levels, with a notable exception in the lower TUI power
range (—20 to —10 dB), where the SVD method momentarily surpasses our proposed
design. This exception occurs as [UI power diminishes to around —20 dB, at which
point interference impact becomes minimal, allowing the SVD to align closely with

the defined theoretical upper bound.

3.5.3 Effect of The Number of Antennas at The Base Station

Fig. demonstrates the CDF of uplink spectral efficiency across varying Ngg
at the BS. An increase in Ngg correspondingly enhances the CDF, while a reduction
in antennas leads to a decrease. With a larger Ngs, the system gains ample DoF,
which is crucial for balancing spatial multiplexing gains and interference suppression.

However, when Ngs is limited, there’s insufficient DoF to meet both objectives, ad-
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Figure 3.7: CDF of the uplink spectral efficiency for different number of BS antennas.
The plot is produced with NyE = 2, NB = 4, Nyg = 8 while the average receive SI
power is ps = 30 dB.

versely affecting performance. For instance, at Ngs = 32, the system faces a 98.8%
probability of outage when attempting to deliver a service at 10 bits/s/Hz. Con-
versely, increasing Ngs to 256 enhances DoF, significantly improves system coverage,

and reduces outage probability to around 18%.

3.5.4 Uplink Spectral Efficiency vs. Effective Self-Interference

Fig. [3.8] illustrates the effective ST and uplink spectral efficiency with respect
to the number of antennas at the BS. The effective analog SI, plotted in Fig. |3.8] is
defined as

e = piTr (WG HLFECFEEFES FEE H W) (3.45)
The subscript “oo” indicates that Algorithm [3| reached convergence and the effective
analog SI d is evaluated for this state (convergence). As Ngg increases, effective SI

reduction enhances significantly, reaching up to —138 dB with 128 antennas. With 2
RF chains at the BS, employing 32 antennas reduces the effective SI power to —60 dB,
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Figure 3.8: Effective SI and uplink spectral efficiency with respect to the number of
antennas at BS. Results are simulated with N§2 = 2, Nyg = 8, NJF =2, SNR = 0 dB
and average receive SI power ps = 30 dB. In our system model, the uplink spectral
efficiency is not affected by inter-user interference.

a level adequate to prevent ADC saturation as shown in Fig.[2.2] Utilizing 64 antennas
allows for further SI mitigation to about —110 dB; however, setups with 8 and 16
antennas achieve only —5 dB and —30 dB in effective SI reduction, respectively,
which are insufficient for FD operations. The increase in DoF not only facilitates
substantial SI reduction but also boosts the uplink spectral efficiency to 14 bits/s/Hz
for configurations with 128 antennas. Thus, our joint beamforming design effectively
harmonizes the allocation of DoF between enhancing uplink spectral efficiency and

suppressing interference.

3.5.5 Uplink Energy Efficiency vs. Amount of Self-Interference Sup-
pressed

Fig. illustrates the amount of effective SI suppressed and uplink energy

efficiency vs. number of BS antennas for different power modes. We define the
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Figure 3.9: Amount of analog SI suppressed and uplink energy efficiency for the hybrid
A/D beamformers, with respect to the number of RF chains at the BS. Results are
simulated with Ngs = 512, Nyg = 8, NYF = 2, SNR = 0 dB, average receive SI power
ps = 30 dB and 10 bits of ADC resolution.

amount of analog SI suppressed A as

S

A:
Oos

(3.49)

where 9§y denotes the effective SI before running Algorithm Increasing Ngs sig-
nificantly enhances the SI suppression capabilities post-application of Algorithm [3]
with suppression levels exceeding 260 dB (x10%) for configurations with 128 anten-
nas. Configurations with 32 and 64 antennas also exhibit substantial SI suppression,
achieving approximately 243 dB and 257 dB, respectively. Nonetheless, the magni-
tude of SI suppression alone does not elucidate the adequacy of residual effective SI
levels for ADC tolerance. For instance, while 16 antennas at the BS can suppress SI by
about 210 dB, the residual effective SI remains at —30 dB, falling short of the —50 dB
threshold necessary to prevent ADC saturation and facilitate FD operations. More-
over, it is observed that the LPADC mode yields superior energy efficiency relative to

both IPADC and HPADC modes, particularly in scenarios with an extensive antenna
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Figure 3.10: Uplink spectral efficiency vs. SNR for different beamforming (BF)
schemes and for various iterations of the inner loop in Algorithm [3] Results are
simulated with Ngs = 64, NE2 = 2, Nyg = 8, NNE = 2 and p, = 30 dB.

array at the BS. This outcome aligns with expectations, considering LPADC’s lower
Walden figures of merit in comparison to those of IPADC and HPADC. Furthermore,
as the number of phase shifters is directly proportional to both the count of RF chains
and antennas, power consumption escalates significantly with an increase in Ngg. De-
spite the uplink spectral efficiency enhancement associated with a greater number of
antennas, the rate of power consumption acceleration surpasses the spectral efficiency

improvement, leading to a marked decline in energy efficiency.

3.5.6 Unit Modulus and Interference Suppression Constraints: Joint vs.
Two-Step Designs
In Fig. [3.10] uplink spectral efficiency versus average SNR is compared across
various beamforming configurations and the number of inner loop iterations. The
plot shows that performance significantly deteriorates when the unit modulus and

interference suppression constraints are handled separately, as seen in the " Two-Step
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of the SI channel estimation error for different average receive SI power ps. Results
are simulated for analog-only architecture (single stream and single RF chain) with
NBS = 64, NUE = 8, and SNR = 0 dB.

Constraints.” This degradation primarily results from the unit modulus constraint
compromising interference suppression, thus increasing interference and reducing up-
link spectral efficiency. Conversely, as constraints are considered jointly, this per-
formance gap narrows with more inner loop iterations. For example, at 5 dB SNR,
the two-step design achieves about 3 bits/s/Hz, while the joint design reaches 15.5
bits/s/Hz, translating to a 70% improvement in spectral efficiency. Additionally,
increasing inner loop iterations beyond 10 doesn’t yield spectral efficiency improve-
ments, indicating that convergence is reached, highlighting the effectiveness of our

joint constraint management strategy.

147



3.5.7 Effects of The Average Self-Interference Power and Imperfect Chan-
nel State Information

Fig demonstrates the impact of the variance of Hs, representing SI
channel estimation error, and varying levels of average receive SI power, ps, on both
effective SI level and uplink spectral efficiency. The beamforming approach relies on
Hs for SI channel estimates, treating Hs as an additional interference factor. Conse-
quently, while beamformers are designed to suppress effective SI, they do not directly
address interference caused by estimation errors. An increase in the error’s variance
amplifies its effect, leading to less effective SI suppression. This degradation becomes
particularly pronounced as ps increases, underscoring the challenge of managing SI in
the presence of significant channel estimation inaccuracies. We can deduce this from

(3.50]), the effective SI incurred from the estimation error is measured as

Oener = psTr (WEE HLFESFEEFEE FEC T WL ) (3.50)

The presence of estimation error as an ancillary source of SI implies that an
increase in the error’s variance directly escalates SI power, thereby adversely affect-
ing spectral efficiency. Moreover, an augmented average SI power leads to notable
degradation in system performance, notably lowering uplink spectral efficiency. This
correlation, which aligns with expectations, is substantiated through the analysis con-
ducted for Fig. [3.6] illustrating the critical influence of SI power levels and estimation

error variance on system efficiency.

3.5.8 Effect of the Outer Loop Iterations: Uplink SINR vs. Effective
Self-Interference
Fig. presents the variation in effective SI and uplink SINR per RF chain
across a spectrum of outer loop iterations. It is noted that effective SI begins to
stabilize around —180 dB after a few iterations, exhibiting minimal fluctuation and
achieving a near-constant level post-15 iterations. Conversely, the convergence trajec-

tory of uplink SINR demonstrates enhanced steadiness with 25 dB increase, with no
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Figure 3.12: Effective SI and uplink SINR per RF chain with respect to the number
of iterations of outer loop in Algorithm Results are simulated with Ngg = 128,
NE® =2 Nyg =8 and NYF = 2.

observable oscillations and a stabilization at —4 dB after merely 5 iterations. These
findings indicate that global convergence, as regulated by the outer loop, is effec-
tively realized within a limited number of iterations, highlighting the efficiency of the

beamforming design in rapidly achieving optimal performance metrics.

3.5.9 Effect of the Inner Loop Iterations: Convergence of Alternating
Projections Method
We note a consistent decrease in the cost functions, namely effective ST and IUI,
as the alternating projections routine progresses through iterations. The convergence
of the routine exhibits stability, typically requiring a modest number of iterations,
averaging around 10. While providing a mathematical proof of convergence poses
challenges due to the involvement of non-convex constraints, empirical results from

simulations affirm the convergence of the alternating projections routine.
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3.5.10 Comparison With Previous Beamforming Techniques

In our analysis, we benchmark our proposed FD hybrid A/D beamforming
design against several prior methodologies to assess its performance. Notably, we
compare it with the approach from Valcarce et al. [98] (denoted as “RM”), Xiao et
al. [156] (“ZPX”), our earlier work [22] (“EBC”), the method from Satyanarayana
et al. [137] (“KMPAL”), and Robert et al. [I32] (“IHS”). In these referenced stud-
ies [156] 137, 22 132], the designs exhibit significant sensitivity to the level of SI
as performance notably declines (unless the SI level is minimal). This is primarily
due to these designs not maintaining the unit modulus constraint in the hybrid A /D
beamformers, thus violating interference suppression constraints and leading to per-
formance degradation. Specifically, in [156], Xiao et al. adopt a zero-forcing-matched
filter for beamforming design (referred to as method 2 in [I56]), but the imposition of
unit modulus constraints disrupts the zero-forcing condition for SI suppression, rein-

troducing SI into the system and significantly impacting spectral efficiency. In our
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Figure 3.14: A comprehensive comparison with previous methods. Results are simu-
lated with Ngs = 128, N2 =2, Nyg = 8, NyF = 2, ps = 20 dB and p;,; = 5 dB.

preceding work [22], we initially relaxed the unit modulus constraint during the hybrid
A /D beamformer design phase, yet post-optimization imposition of this constraint
contradicted the design prerequisites, thereby impairing system performance. Addi-
tionally, Satyanarayana et al. [137] commence with deriving all-digital beamformers,
and apply a convex quadratically-constrained quadratic programming (QCQP) to
obtain the digital and the unconstrained analog (without being constrained on unit
modulus constraint) solutions. The subsequent introduction of this constraint leads
to a compromise in interference suppression, adversely affecting spectral efficiency.
Furthermore, Robert et al. [I32] utilize SVD for all-digital beamforming and apply
orthogonal matching pursuit (OMP) for equivalent hybrid analog and baseband so-
lutions. Adjustments to suppress SI through baseband beamforming modifications
make the design vulnerable to SI levels due to inadequate analog domain mitigation.
Conversely, the “RM” design [98] proves more resilient against SI by approximat-
ing all-digital counterparts in Euclidean distance, while the analog RF combiner is

optimized to minimize SI power before the ADC, appropriately addressing the unit
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modulus constraint during beamformer design to mitigate interference effects. The
baseband combiner is then tailored to eliminate residual SI, enhancing spectral effi-
ciency. Our design exhibits a slight performance gap compared to “RM” [9§], which
can be attributed to our analog precoder being specifically designed to both maximize
beamformed power and suppress SI, unlike in [98] where the analog precoder does
not explicitly incorporate an interference suppression constraint, relying instead on
the analog combiner for SI mitigation. This distinct approach enables our design to

surpass the performance seen in [98].

3.6 Conclusion

In this chapter, I developed an iterative beamforming algorithm tailored for FD
mmWave multiuser MIMO configurations. Our methodology optimizes hybrid A/D
beamformers to mitigate SI and IUI. Leveraging the convex nature of the all-digital
optimization problem, we derive closed-form solutions by employing the Lagrange
multipliers. Further, our baseband design is informed by both all-digital and analog
beamformers, utilizing the LS method for derivation. The analog beamforming com-
ponent of our design meets critical objectives, including the amplification of received
power, implementation of analog-domain interference suppression, and adherence to
the unit modulus constraint. Through the application of the alternating projection

method, we achieved a synergistic balance among these constraints.

The design yields a substantial enhancement in uplink spectral efficiency by
70%, concurrently achieving interference suppression below the —50 dB threshold
necessary in the analog domain to prevent ADC saturation. Remarkably, an increase
in BS antennas further diminishes effective SI to —130 dB and elevates uplink spectral
efficiency to 14 bits/s/Hz. At its core, our approach deftly navigates the DoF, tackling
both interference suppression and spectral efficiency optimization with finesse. A key
hallmark of our algorithm is its rapid convergence, typically within 5 — 10 iterations,

which is critical for minimizing latency and reducing the overhead associated with
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beamforming configurations. This efficiency in convergence underscores the signifi-
cant time savings our method offers. Moreover, our strategy demonstrates superior
performance over existing hybrid beamforming approaches and the HD methodol-
ogy, underscoring the transformative potential of FD mmWave technology in cellular

networks.
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Chapter 4: Integrated Access and Backhaul

In this chapterl] I consider an IAB node operating in FD mode. I analyze si-
multaneous transmission from the New Radio gNB to the IAB node on the backhaul
uplink, TAB node to a UE on the access downlink, and IAB transmitter to the IAB
receiver on the SI channel. Our contributions are as follows: (1) the development
of a low-complexity algorithm for jointly designing hybrid analog/digital beamform-
ers across all three nodes, aimed at maximizing the sum spectral efficiency of the
access and backhaul links by mitigating SI and optimizing received power; (2) the
derivation of an all-digital beamforming approach and spectral efficiency upper bound
for benchmarking purposes; and (3) comprehensive simulations comparing FD and
HD modes, hybrid and all-digital beamforming algorithms, and the proposed hybrid
beamforming against conventional methods, including the spectral efficiency upper
bound. The simulation results demonstrate a substantial reduction in SI power and

a notable increase in sum spectral efficiency with the proposed algorithm.

4.1 Introduction

Future wireless networks are expected to have densely deployed BSs to sup-
port future applications, such as the Internet of Things, virtual/augmented reality,
and vehicle-to-everything. However, traditional fiber backhauling is often unavailable
or prohibitively expensive for carrier operators. IAB technology has emerged as a
cost-effective alternative. In the case of IAB, only a few BSs are connected to the

traditional wired infrastructures while the others relay the backhaul traffic wirelessly

'This chapter is based on the work published in the following conference paper: E. Balti, C.
Dick and B. L. Evans, “Low Complexity Hybrid Beamforming for mmWave Full-Duplex Integrated
Access and Backhaul,” GLOBECOM 2022 - 2022 IEEE Global Communications Conference, Rio
de Janeiro, Brazil, 2022, pp. 1606-1611. This work was supported by NVIDIA, an affiliate of the
WNCG 6GQUT Research Center at UT Austin.
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[38, 169]. In a typical TAB framework, the access and backhaul links share the same
frequency spectrum, which results in resource collision; thus, resource management
is required to resolve this issue. Owing to the simplicity of implementation, many
previous studies have incorporated HD constraints in their frameworks [122]. In the
HD IAB approach, the access and backhaul links must use the given radio resources
orthogonally, be it in time or frequency. While this helps prevent collisions in the two

links, it fails to exploit the full potential of the given radio resources.

4.1.1 Related Work

Although FD brings many advantages, it suffers from loopback SI, which is
caused by the simultaneous transmission and reception over the same resource blocks.
This loopback signal cannot be neglected as the SI power can be several orders of
magnitude stronger than the signal power received from the UE, which can render
FD systems dysfunctional [2I]. To address this limitation, related work proposed
robust beamforming design to suppress the SI signal and achieve acceptable spectral
efficiency [132, [75], [160] 32]. Authors in [134] proposed a hybrid A/D beamforming
for FD systems with limited dynamic range. In addition, authors in [59] proposed a
low complexity frequency-domain successive SI cancellation for FD radios. Authors
in [93, 0] proposed a robust beamforming design for an intelligent reflecting surfaces

assisted FD multiuser systems to wipe out SI and improve sum spectral efficiency.

4.1.2 Contributions

In this chapter, I consider an FD TAB system wherein the gNB communicates
with the IAB node through the backhaul link, while the user is receiving from the

[AB node through the access channel. The main contributions can be summarized as

e To address SI, I propose a low complexity hybrid analog/digital beamforming
to cancel SI, avoid ADC saturation and maximize sum spectral efficiency of the

access and backhaul links.
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Figure 4.1: Full-duplex integrated access and backhaul for a single-user case. The
gNB donor, linked to the core network by fiber backhaul, communicates with the
IAB node through wireless backhaul. The user equipment is served by the IAB node
through the wireless access link. Simultaneous transmission and reception of the IAB
node over the same time/frequency resources blocks incurs loopback self-interference.

e [ derive an all-digital solution and upper bound, and compare full vs. half
duplex, hybrid vs. all-digital beamforming, conventional SI cancellation, and

upper bound.

4.1.3 Structure

The rest of this chapter is organized as follows: Section describes the sys-
tem model. Section presents the optimization problem and beamforming design.

Section [4.4] gives numerical results. Section [4.5 concludes the chapter.

4.2 System Model

Per Fig. [4.1] the system transmits from gNB to [AB nodes on backhaul uplink,

IAB node to user equipment on access downlink, and IAB transmitter to receiver on

SI channel.
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Figure 4.2: Basic abstraction of the hybrid analog/digital architecture of the full-
duplex integrated access and backhaul system. The backhaul channel is between the
gNB donor and TAB node, and the access channel is between the IAB node and the
user equipment.

4.2.1 Access and Backhaul Channels Model

Per Fig. [4.2] the backhaul uplink channel, Hy,, and the downlink access chan-

nel, H,, each have the form

N N C—1R.—1

c=0 r.=0
where C' is number of clusters, R. is number of rays per cluster, and 6,, and ¢, are
the AoA and AoD of the r.-th ray, respectively. Each ray has a relative time delay
7,. and complex path gain «,,. Also, arx(f) and atx(¢) are the RX and TX antenna

array response vectors, respectively. The array response vector is given by

1 ord o ) T
ax(0) = —— [1,&/"T00), @ Dm0 (4.2)

where X is the TX or RX and Nx is the number antennas.

4.2.2 Self-Interference Channel Model

Per Fig. [4.3] the SI leakage at the BS is modeled by the channel matrix Hs.
The separation, or transceiver gap, between TX and RX arrays is defined by distance
d while the transceiver incline is determined by w. The SI channel is decomposed
into a static LOS channel modeled by H, os, which is derived from the geometry of

the transceiver, and a NLOS channel described by Hyos which follows the geometric
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Figure 4.3: Relative position of TX and RX arrays at BS. Given that the TX and
RX arrays are collocated, the far-field assumption that the signal impinges on the
antenna array as a planar wave does not hold. Instead, for FD transceivers, it is more
suitable to assume that the signal impinges on the array as a spherical wave for the

near-field LOS channel.

channel model defined by (3.5)). The (g, p)-th entry of the LOS SI leakage matrix can
be written as
1 . dpg
[Hioslgp = d_eﬂQﬂT (4.3)
Pq
where d,, is the distance between the p-th antenna in the TX array and ¢-th antenna

in the RX array at BS given by (1.6). The aggregate SI channel matrix can be

obtained by
K 1
H. = H —H 4.4
Vit LOS+\\/I€+1 NLOS/ (4.4)

Near-Field Far-Field

where k is the Rician factor.

o = \/(tandw - ”DZ (a0 1>2)2 2 (@ 0 03) (G + 0 1) e

(4.5)
4.2.3 Signal Model
Received signals at the IAB (y;,) and UE (y,) are given by
Vb = /o WiagHoFgngss + /s Wiag HsFiags, +\‘Nri/\BnIAB/ (4.6)

Vs v TV
Desired Signal Self-Interference Signal AWGN
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Ya = /P2 WieHaFiagsa + W{jenye
~ ——

~
Desired Signal AWGN

(4.7)

where Wipg € CVne*Ns and Fiag € CV#8*Ns are the all-digital combiner and precoder
at the TAB node, respectively. Wyg € CNoeXNs and Fyyg € CNene*Ns heing the all-
digital combiner and precoder at the UE and gNB, respectively. Also, Ny is the

number of spatial streams and Ny is the number of antennas at node X.

4.3 Beamforming Design

The objective of designing of the beamformers is to maximize the received
power for backhaul and access links and simultaneously reject the SI. In this work,
we propose a hybrid analog/digital beamforming design wherein large amount of SI
is suppressed in the analog domain to avoid the ADC saturation while residual SI is

wiped out in the digital domain.

4.3.1 Hybrid Beamforming: Analog Stage

In this stage, we proceed to design the analog combiner W, € CNine X N
and precoder Fif; € CNmeXNge at the TAB node as well as the analog combiner at
UE WERE € CNuexNir and the analog precoder at the gNB FXs € CNave X NEE | where
Nj is the number of RF chains at node X. To avoid the ADC saturation, large
amount of SI has to be rejected in the analog domain which consequently requires a
robust design. The covariance matrix of the precoded SI and noise at the IAB node
is expressed by

RIAB = psHsFEAFBFII?AFgH: + UQINlAB (48)

where o2

is the noise variance. Our objective is to jointly design the analog com-
biners Wz, WEE and precoders FE,SB, FRf; to minimize the SI power at the IAB
node and preserve the dimension of the signal space, i.e., rank (WiEHFEg) =

min (N}{}B,NEEB) and rank (WREH,FRG) = min (NYE, NIAB) . We formulate the
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optimization problem accordingly
21 : min Tr (Wiig Ring Wikg)
Wiae (49)
RF RF

where Rag is a positive definite matrix (Rjag > 0) and a = 1/\/Tr (W,RAFgwlRAFB) is
a power normalization coefficient.

To design the analog precoder at the IAB F{¥5, we proceed similarly as Whis.

The covariance matrix of the combined SI and noise is expressed by
Siag = pHIWREWREH, + 0?1y, (4.10)

where (Sjag > 0) is a positive definite matrix. Then, we formulate the problem
accordingly
P :min'Tr (F&F§S|ABF&FB)
Fiks (4.11)
st. WEHLFiig = Sl yus

where 8 =1/4/Tr (FRZFG) is a power normalization coefficient.

Theorem 4. The optimal analog combiner and precoder at the IAB node, solutions

to the problems (4.9) and (4.11)) are expressed by

— * * — -1
W&FB = O‘RIAlBHngRﬁB (FEIGBHbRIAlBHbFEIGB) (4.12)
Fiis = 08 HWEE (WEHLS L HIWEE) (4.13)
Proof. The proof of Theorem [ is provided in Appendix [C.1} ]

In this design, the analog precoder at gNB Fig and combiner at UE F{g
can be selected regardless of Problems (4.9) and (4.11)).

Proposition 1. The analog combiner at the UE that minimizes the SI and hence the
MSE is the Wiener filter or LMMSE receiver Wymse. The filter design problem can
be defined as

P35 - Wumse = argvl\flninE [lls = ylI3] (4.14)
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For the analog precoder at the gNB, we adopt the Regularized Zero-Forcing
filter Fregzr. The expressions of the analog combiner and precoder at the UE and

gNB, respectively, are given by

crpe o, VUE o
Wi = (H FiigFis H + SNR. INUE) H.Fi\p (4.15)
>k F* NlAB - >k

where SNR, = 2, x € {a, b}.

The analog beamformers designed in Eqgs. (4.12f4.16)) are unconstrained solu-
tions, i.e., they do not satisfy the constant amplitude (CA) constraint. To satisfy
such constraint, they have to be projected onto the subspace of the CA constraint.

Equivalently, the unconstrained solutions are updated as follows

1 .
XRg — \/_N exp (IAXRF) (417)

where N and ZX are the number of rows and angles of the complex matrix X,

respectively.

4.3.2 Hybrid Beamforming: Digital Stage

Once the analog beamformers are designed to reject large amount of SI to avoid
the ADC saturation, the analog cancellation is not perfect, i.e., there are some residual
SI left over after the analog stage. The digital beamformers which are interpreted as

the last line of defense come to further remove this residual SI.

Theorem 5. The optimal digital beamformer Xgg can be expressed in terms of the
analog beamformer Xgr as follows. We first apply the SVD Xgrr = UgrSrrVie-
Second we express Xpg = VRFSEéQ*, where the columns of Q, € CM*N comprise
the N dominant left singular vectors of UgrA. Note that Xgr € CM*F Xgg € CE*N
and A € CM*V,

Proof. The proof of Theorem [j] is reported in Appendix [C.2] O
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4.3.3 All-Digital Beamforming

In mmWave communications, all-digital beamforming using one RF chain per
antenna with full precision data converters is not a practical design. Although it
achieves high spectral efficiency, it is not energy efficient. However, such a design
may serve as a benchmarking tool to measure the efficacy of the proposed hybrid
beamforming design. To this end, we design an all-digital beamformer to cancel
SI and maximize the sum spectral efficiency by extending the routine we are using
for analog beamforming design. The first extension is the all-digital beamformer
X € CM*N would have different dimensions compared to the analog beamfomers,
where M and N are the numbers of antennas and spatial streams, respectively. The
second extension is that the all-digital beamformer design is unconstrained; i.e., the

CA constraint does not exist for such a design.

Remark 7. Given the all-digital beamformer solution X € CM*N M and N are the
number of antennas and spatial streams, respectively. M should be large enough to
sustain N spatial streams and the remaining P = M — N degrees of freedom should

dedicated to suppress the SI.

We introduce the expressions of the spectral efficiency for the backhaul and

access links, respectively, as follows
jb = IOg det (I]\[s + pbWTABHngNBQ;IFZNBHzWIAB) (418)

Ja = IOg det (INS + paWGEHaFIABQ;IFTABH:WUE) (419)

where Q) is the covariance matrix of the SI and noise power for the backhaul link
and Q, is the covariance matrix of the noise power for the access link, respectively
given by

Qb = psWirgHFiagFiangHiWiag + 0? Wi Wiag (4.20)

Qa == UZWTABWMB (4.21)
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Lemma 1. For the interference-free case, the optimal beamformers diagonalize the
channel. By applying the SVD on the channel, we retrieve the singular values and
extract the first Ny modes associated with the spatial streams. The upper bound for

backhaul or access link is given by

Ns—1

Jgound = Y _ log (1 + o¢ (H)* SNR) (4.22)
=0

Algorithm 4 Hybrid Beamforming Design

1: function DIGITAL(Xgg, A, N)

2: Compute SVD Xgr = UreSrrVie

3: Q <= N Dominant left singular vectors of UgA

4: Xpgg VRFSEéQ

5: return Xpgp

6: end function

7

8 Input Hg, H,, Hy

9: Initialize FgNB, FRs, WG, WEE, FS,EB, FEE, WEE, WEE

10: Set Wiag WIABWIAB7 Fiag FEAFBFEAB? Wiag WSEWBE and FgNB <

FRF FBB
gNB* gNB
11: Compute Rjag and Siag from (4.8]) and (4.10
12: Obtain Wi, and Fi{; from (4.12) and (4.13
13: Obtain WEE and FE,GB from (4.15)) and (4.16)
14: PrOJect the analog beamformers on the CA subspace (4.17))
17: WSE +— DIGITAL (WUE, H,Fag, Ns)
18: FUs DIGITAL(FE,GB, H;W g, N)
FRF FBB
gNB+ gNB
20: Repeat Steps (11-19) until the convergence of (4.9 . ) and (4.11))
21: return Ffls, Fils, Wiks, WiE, Figs, Filg, Wikg, WEE

4.3.4 Convergence

In this subsection, we prove the convergence of the proposed algorithm[4] Since

the digital beamforming solutions are derived in terms of the analog beamformers,
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the convergence of the hybrid analog/digital beamforming algorithm depends on the
convergence of the analog solutions themselves. In other terms, it is sufficient to
prove the convergence of the objective functions in and . We show that
the objective function decreases in each iteration and converges to the local optimum
in a few iterations, which makes it computationally efficient. The total SI plus noise

power at the IAB node, i.e., the objective function of (4.9) is given by
R =Tr (W&FgRMBWEA\FB)
=Tr (Wiig (psHF g Fig H: + 0Ly, ) Wiks)

(4.23)
=Tr (psWing Hy F&FBFIF;\F;H*WIAB) +0? NR.
Effective SI Power (J)
Similarly, the SI plus noise power defined in (4.11]) is given by
=Tr (Fixg (psH:WiRgWikg Hs + 0%y ) Fikg) (4.24)

=Tr (pFig HiWRWRGHFRG) + 0” Nrr.

It is noteworthy to state that the objective functions in and have
the same generic form and so the solutions as well. The local optimal solutions of
the objective functions and are given by Theorem [ and they are sure
to converge to the locally optimal solution as it is guaranteed by Algorithm [4] The

effective SI power decreases in each iteration and it is lower bounded by zero.

Fig. [4.4] illustrates the progress of the effective SI power with respect to the
number of iterations. We notice that the algorithm converges in just 10 iterations
requiring 0.7 Mflops in total. In addition, we observe that the analog beamforming
drops the SI power from 128 to 16 to prevent the ADC saturation (8x) while the
digital beamforming drops the SI power from 16 to 10.06 (1.5x). Since the objective
function has the same generic form as , the results in Fig. also hold

for the problem (4.11)).
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Figure 4.4: Convergence of the effective SI power function implemented in analog (d)
defined in the objective function and hybrid analog/digital for the proposed
hybrid beamforming algorithm The plot is produced with SNR = 0 dB and SI
power ps = 15 dB.

4.3.5 Complexity Analysis

Table[4.T]analyzes the computational complexity of the proposed hybrid beam-

forming algorithm. Multiplying matrices A € C™*" and B € C"*? requires nmp flops.

. . . . . 3
An inverse of an n X n matrix using Cholesky decomposition requires - flops whereas

multiplication of a matrix A € C™*" and its Hermitian (AA*) requires "77”2 flops.

Table 4.1: Computational complexity of the hybrid beamforming algorithm. Param-
eters values are selected from Table

Operation Complex Multiplications for Highest-Order Terms Flops | Dominant Term Contribution (Total)
- 3
WG | $NAGNE® + INhe + Nows Nina VE® + 1 (NEF®) + N3 VE® | 21165 | 1Nj,e 51.61% (16.06%)
FRY, SNZE VB + LNC + NueNiag NSE + L (NSE) + NagNSE | 19373 | 1N 56.38% (16.06%)
FRi. N2 NE + ENg 13995 | 1 N3 78.05% (16.06%)
WEE, 9 (N$8)” Niag + IN2Niag + Nag N, + N3 4360 | NagNs 46.97% (3.03%)
FEE 9 (N¥®)” Niag + INZNiag + N Ns + N3 4360 | N2gN, 46.97% (3.01%)
2
FB8 9 (NEEB Neng + IN2Ngng + N2y N, + N3 4360 | N3N 46.97% (3.01%)
WEE 9 (NYE)” Nuye + IN2Nye + NZeN, + N3 328 | 9 (NYE)” Nue 43.90% (0.21%)
WEE SNGENSE + IN3e 70 | ENZENRE 69.23% (0.07%)
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Table 4.2: System parameters.

Parameter Value
Carrier frequency 28 GHz
Bandwidth 850 MHz
Number of gNB/IAB Antennas (Ngng/Niag) 32
Number of UE Antennas (Nyg) 4
Number of Clusters (C') 6
Number of Rays per Cluster (R,) 8
AoA/AoD Angular Spread 20°
Transceivers Gap (d) 2\
Transceivers Incline (w) s
Rician Factor (k) 5dB
ST Power (ps) 15 dB
Number of Spatial Streams (NN;) 2
Number of RF Chains (Ngg) 2

4.4 Numerical Analysis

Table gives the parameter values used in the simulations. For each case,
1000 channels realizations were generated to perform the Monte Carlo simulation in

MATLAB.

Among the three FD hybrid beamforming solutions in Fig. .5, SVD and [132]
are very sensitive to SI because the relative analog beamformers ignore SI cancellation,
which leads to ADC saturation and hence more performance loss. Our approach,
however, introduces analog beamformer design to reduce a large amount of SI power as
shown in Fig.[£.4] The performance of the proposed system is improved by the optimal
digital beamforming solution which further suppresses residual SI. At SNR = 5 dB, we
notice the proposed FD system achieves a gain of around 4.71, and 6.2 bits/s/Hz with
respect to SVD, work [132], respectively. In addition, our proposed FD beamforming
algorithm outperforms the HD mode, which is a goal of this work, and achieves a

gain of 8.62 bits/s/Hz at SNR = 5 dB.
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Figure 4.5: Sum spectral efficiency results: Performance comparison between the
proposed algorithm with the related works as well as the benchmarking tools.

4.5 Conclusion

In this chapter, I proposed a low complexity hybrid A/D beamforming design
for a FD TAB system. The proposed algorithm designs the hybrid precoders for the
gNB Donor and TAB node, and the hybrid combiners for the TAB node and user
equipment. In simulation, the algorithm converges in five iterations while reducing
a large amount of SI in the analog domain to avoid ADC saturation. In addition,
the hybrid beamforming results are further improved by the implementation of the
optimal digital beamformers which wipe out the residual SI. Simulations show that the
proposed FD beamforming design outperforms the related works in terms of spectral
efficiency as well as it beats the HD mode which demonstrates the feasibility of the

proposed design for practical consideration.
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Chapter 5: Single-Cell Multiuser MIMO

The implementation of FD communication, which allows simultaneous trans-
mission and reception on the same frequency and time, necessitates significant sup-
pression of SI. In this chapterl] we focus on a wideband single-cell multiuser context
where an FD BS engages concurrently with multiple users in both uplink and downlink
directions at mmWave band. We explore the design of beamformers at both the users
and BS, leveraging dense antenna arrays to facilitate SI and multiuser interference
suppression via beamforming cancellation techniques. Typically, BS beamformers
are executed using a hybrid analog/digital approach with a limited number of RF
chains, presenting certain inherent limitations that must be addressed. Our study
centers on a hybrid architecture that incorporates a partially-connected analog stage
based on phase shifters with finite resolution. To prevent ADC saturation, our pro-
posed design strategically suppresses SI in the analog domain using a combination
of analog precoding and combining at BS. Subsequently, we develop baseband beam-
formers to further mitigate residual SI and multiuser interference while enhancing up-
link/downlink beamformed powers. Through comprehensive numerical simulations,
we demonstrate that our proposed beamforming techniques can significantly improve
beam patterns, interference suppression, spectral and energy efficiency, showcasing

considerable performance advantages.

!This chapter is based on the following journal paper: E. Balti, and B. L. Evans, “Millimeter
Wave Full-Duplex Multiuser MIMO: Joint Beamforming Design and Optimization”. This work was
supported by AT&T labs and Tektronix through their industrial affiliation with the 6GQUT research
center at UT Austin.
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5.1 Introduction

Mobile networks are increasingly integrating mmWave bands within the range
of 30-300 GHzﬂ Present 5G NR standards encompass mmWave FR2 bands up to a
threshold of 52.6 GHz. Subsequent standards are projected to expand the FR2 bands
beyond this threshold into the FR2 bands, venturing into sub-terahertz (sub-THz)

bands slotted for 6G communications systems.

The availability of extensive bandwidths in mmWave frequencies presents a
great opportunity for increased data transmission rates. However, designing commu-
nication systems that operate at mmWave frequencies poses significant challenges.
To overcome path losses and ensure resilient link margins, mmWave communications
relies on beamforming benefits derived from extensive antenna arrays. These arrays
integrate numerous elements, ranging from dozens to hundreds in count, which results
in complexity associated with MIMO system designs and user operations. These op-
erations must ensure optimal performance while efficiently utilizing scarce bandwidth

resources.

FD technology offers needed spectral efficiency and is gaining significant atten-
tion in the realm of physical layer communication. FD allows simultaneous TX and
RX on the same carrier frequency, unlike traditional HD methods that partition time
or bandwidth to achieve TX-RX separation [104], 146]. FD not only holds the promise
of doubling spectral efficiency but also introduces flexibility to point-to-point commu-
nication and multiple access schemes. Additionally, it can reduce latency associated
with HD operations [I136]. However, the primary challenge hindering widespread FD
adoption is SI, wherein a node’s transmission leaks into its own receiver, potentially

overpowering the desired signal from a remote node.

Extensive efforts have been made to address SI mitigation methods for FD.

Results show promising outcomes have been reported for single-antenna FD nodes op-

2Technically, mmWave frequencies are categorized between 30 and 300 GHz, but the broader
industry defines them within the range of 10 to 300 GHz.
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erating in microwave frequencies [24] [63], 37], employing a combination of techniques
[74]. These techniques span three domains: propagation domain methods that opti-
mize antenna design and placement passively |49, [78]; analog-circuit domain methods
that actively create an analog SI replica and subtract it from the received signal to
prevent RX front-end saturation [70]; and digital domain methods that estimate and
subtract residual SI at the baseband [78]. With respect to the digital domain, suc-
cessful SI mitigation necessitates sufficiently low residual SI levels in order to fully

leverage the dynamic range of ADCs.

In contrast, in microwave-band systems, BFC to mitigate SI leads to a spectral
efficiency trade-offs as some spatial DoF are allocated to SI mitigation [41] [65] 48, 67].
However, in mmWave systems with large antenna arrays, the abundant DoF makes

BFC-based SI mitigation highly appealing in maintaining spectral efficiency.

5.1.1 Related Works

Early FD mmWave research initially explored propagation domain methods
for SI mitigation. One approach, as seen in [92], applied ZF constraints to SI with a
single data stream in each direction. This approach, although primarily designed for
all-digital beamforming, showed promise with a small performance loss in mmWave

scenarios, indicating that ZF constraints had limited impact.

In analog beamforming, [I56] demonstrated that direct projection of optimal
all-digital beamforming weights onto the feasible set led to significant performance
degradation, even with infinite-resolution phase shifters. The issue was addressed in
[97], extending to multiple data streams with hybrid beamforming in [96]. Other FD
designs for hybrid beamformers were explored in [137], 118, 6, 131, (73], [134].

Another method [137] adopted a hybrid factorization by LS approximation
of all-digital beamformers. However, this approach suffered from high SI leakage
due to LS approximation errors and suppressed SI at the baseband rather than in

the analog domain. In contrast, [118], [73], and [134] aimed to suppress SI in the
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analog domain. [118] leveraged a result from [145], factoring beamforming matrices
into analog and digital stages without error when the number of RF chains exceeded
twice the number of data streams. This condition did not always hold in practice.
[73] designed the hybrid beamformers based on angular information about the far-field
channel responses, assuming perfect suppression of the LoS near-field component of
SI channels through antenna isolation techniques. [6] and [134] employed exhaustive
search methods for RF stage design, solving convex optimization problems for each
candidate. [6] proposed a joint design with active analog cancellation, while [134]

assumed perfect knowledge of the remaining SI, canceled in the digital domain.

Among these works, [97, 06, 137, 118] assumed unquantized phase shifters,
while [6 131, [73, 134] used Discrete Fourier Transform (DFT) codebooks for the
analog stages. The latter designs allowed for implementation with log, /N-bit phase
shifters, where IV represented the number of antenna elements. Consequently, as the
array size increased, the required precision for these designs grew, exacerbated by
the fact that the number of phase shifters was proportional to the array size N. This
prompted the exploration of alternatives that permitted flexibility in phase-shifter

resolution, enabling a trade-off between performance and cost.

5.1.2 Contributions

In this chapter, I delve into the design of BFC for FD mmWave multiuser
multiple-input multiple-output (MU-MIMO) systems. These systems involve a FD
BS serving multiple HD uplink and downlink users. Our focus is on overcoming
challenges associated with achieving adequate SI suppression in the analog domain,
preventing ADC saturation, and dealing with the constraints of the common hybrid
A/D architecture found in mmWave transceivers. Specifically, we concentrate on
partially-connected, known for their better energy efficiency compared to the fully-
connected array, in the analog stage implementations that utilize phase shifters. These
phase shifters have finite resolution, resulting in complex beamformer entries with

the same magnitudes and discrete phases. Such constraints are particularly relevant
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for the lower-resolution phase shifters commonly used in practice to manage power
consumption and hardware costs [152], 83, [09]. To our knowledge, this is the first
study addressing a MU-MIMO scenario using a practical, energy-efficient (partially-
connected) BS architecture, while also considering arbitrary quantized PS resolutions

within a multicarrier OFDM waveform context.

The main contributions of this work can be summarized as follows:

1. I propose a novel design for all-digital beamformers aimed at improving spectral
efficiency. This design extends the current literature from narrowband single-
user scenarios to a wideband multiuser framework, applicable to both uplink and
downlink FD BS mmWave transceivers supporting multiple streams. The pro-
posed all-digital framework demonstrates near-optimal performance and serves

as a foundational reference and benchmark for future hybrid A/D designs.

2. T introduce a methodology for deriving hybrid precoders and combiners for the
FD BS, based on a partially-connected phase shifter framework in the analog
stage, while carefully accounting for the quantization effects of phase shifters.
This design is also adaptable to fully-connected array configurations, providing

flexibility for different system architectures.

3. In addressing the challenge of minimizing interference in the analog domain to
prevent ADC saturation, I developed a method for designing analog beamform-
ers that mitigates the losses associated with CAQP, which have been shown in

the literature to conflict with effective interference suppression.

4. 1 propose a method for computing the baseband beamformers at the FD BS,
balancing the trade-off between interference suppression and maximizing beam-

formed power for uplink and downlink transmissions.
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5.1.3 Structure

The rest of this chapter is organized as follows: Section 5.2 presents the system
model in terms of architectures, signals and beam-patterns formulation. Section
explains the proposed all-digital beamforming at FD BS and uplink/downlink users
while Section delves into the design of hybrid analog/digital beamforming at FD
BS. Numerical results are described in Section [B.5 while conclusive summaries are

reported in Section [5.6]

5.2 System Model

We consider a single-cell MU-MIMO systems wherein the BS is equipped with
Npgs antennas and operates in FD mode. The BS independently serves U uplink and
K downlink UEs wherein each user is equipped with Nyg antennas and operates in
HD mode. Each uplink user sends a single spatial stream to the BS and to guarantee
that the BS sustains serving multiple users, we assume that NFf* = U, where NF*
is the number of layers (spatial streams) sustainable at the BS. Besides, we assume
that the maximum number of served users satisfies U < Lgx, where Lgryx is the
number of RX RF chains at the BS. This is motivated by the spatial multiplexing
gain of the proposed MU-MIMO hybrid beamforming system, which is restricted by
min (Lgx, U) for N§ > Nyg. Since the BS is operating in FD mode, a loopback SI
is leaked from the transmit to the received arrays of the BS. Detailed description of
the BS architecture is illustrated by Fig. 5.1} Similar to the uplink scenario, the BS
is transmitting NJ* layers/spatial streams to serve K downlink users. We further
assume that K = NJ* as well as the maximum number of served users satisfies

K < Ltx, where Lty is the number of TX RF chains at the BS.

In alignment with numerous benchmark studies, we adopt OFDM as the foun-
dational waveform. Subsequently, the index of the OFDM subcarrier is represented as
n=20,..., Noc—1, where Ny, denotes the number of active subcarriers. To streamline

notation, the signal models have been articulated for a generic subcarrier with index
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Figure 5.1: MU-MIMO scenario: Basic abstraction of the hybrid A/D partially-
connected architecture of the FD BS (left hand side) as well as the all-digital archi-
tectures of the uplink/downlink users (right hand side), illustrating various modules
of the system such as ADCs, DACs, RF chains, A/D precoders and combiners, phase
shifters, Low noise amplifiers, power amplifiers, and the analog canceller. The uplink
user is corrupted by the SI while the downlink user is subject to the IUI incurred by
the uplink user. The analog canceller consists of an analog-circuit domain methods
actively construct an analog replica of the SI and subtract it from the received signal
in order to avoid the ADC saturation. Our contribution is to design to hybrid A/D
beamformers to spatially suppress the SI as well as the IUI and multiuser interference

(MUI) or multistream interference.
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Table 5.1: System Model Notations and Variables.

Variable Definition Size
N Number of RX antennas at BS —
Ng& Number of TX antennas at BS —
Nue Number of antennas at UE —

Lrx Number of RX RF chains at BS —
Lrx Number of TX RF chains at BS —
U Number of UL users —
K Number of DL users —
Ny Number of active subcarriers —

Wks All-digital BS combiner at subcarrier n NEF;%( x U
Fgs,p, All-digital BS precoder at subcarrier n Na& x K
WEE Analog BS combiner N x Lrx
FRE Analog BS precoder Na& x Lyx

Wge Baseband BS combiner at subcarrier n Lrx x U
Fge, Baseband BS precoder at subcarrier n Ltx x K
Wion All-digital k-th UE combiner at subcarrier n Ny x 1
fun All-digital u-th UE precoder at subcarrier n Ny x 1
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n.

Remark 8. In the subsequent system model, we operate under the assumption of a
static channel for the sake of clarity. Nonetheless, the OFDM-based system model
presented herein possesses the capability to be readily adapted to accommodate time-

varying channels and the detection of mobile targets.

To process the uplink signal received from the users, the BS applies the analog
combiner WEE followed by the digital combiner WESBW. In the downlink scenario,
the BS applies the digital precoder Fggn on the K streams followed by the analog
precoder FEE. Since the analog precoder and combiner at the BS are implemented

using analog phase shifters, they are constrained by CAQP.

5.2.1 Downlink Signal Model

The beamformed spatial TX signal samples at the BS and at the n-th subcar-
rier within an OFDM symbol index is given by

K—1
RF BB
Xgsn = Fgs E st,k,nl’BS,k,n (5.1)
k=0

where FRE and fgs 1., are the analog precoder and the frequency-dependent digital
precoders for the k-th stream, respectively, while xgs 1, ,, k = 0, ..., K —1, denote the
spatially multiplexed data symbols. After combining, the received signal at the k-th

downlink user and at the n-th subcarrier is given by
U-1

* RF ¢BB *
Yk = Wk,nHkmFBSfBSJc,anSJC,n T Win E :Hk,u,nfu,nxu,n

. Y. u=0
Desired Signal -~ v

Inter-User Interference (1UI)

K-1
* RF ¢BB *
+ Win E :Hk,nFBszs,k,anS,k,n"‘Wk,nnUE,n
N kk Filtered Noise

TV
Multiuser Interference (MUI)

where nyg,, € CMex! is the AWGN at the UE which is distributed as €N(0, Iy,),

fgs'f k.n» Which is the k-th column of Fggn7 is the BS baseband precoder intended to the
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k-th downlink user, wy, is the combiner of the k-th downlink user, Hy,, € CNuexNeg
is the downlink channel from the BS to the k-th downlink user. Hy, ,,, € CNuexNue jg
the IUI channel between the u-th uplink and the k-th downlink users.

5.2.2 Uplink Signal Model

After combining, the received signal (y,, € CV*!) at the BS for subcarrier n is
given by

U-1
BBx* RF* BBx* RF*
=WES WEE S " Hyofy s + WEE, WEE ns
u=0
BB RF* RF1BB
+ Was , Was Hs,n FgsFgs . XBs n

(5.3)

where z,, is the complex symbol scalar sent by the u-th user at subcarrier n and
Hg,, € CNE*Neg' is the n-th SI subcarrier. Note that H,, € CNE*Ne s the UL
subcarrier n between the u-th user and the BS. We denote by ngs,, € CNEs*1 the
AWGN at the BS which is distributed as €N(0,Iyzx). After decomposing the first
term in , the uplink received signal at the BS for subcarrier n and transmitted

from the u-th user is expressed by

BBx RFx BBx RFx*
Yun = Wgs 4 nW Hy nfun®y n + Wgs 4, » Wgs 1Bs n

Desired Signal Flltered Noise
BBx RFx*
+ WBS w nW HS| TLF SFBS anS n
Self- Interference (54)
BBx RF* E :
+ BS u, n I_Iu nfu nxu ,n
uFu

Multiuser Interference (MUI)

where WESBM € CE*l  which is the u-th column vector of WEE, is the baseband

combiner applied at the BS to extract the u-th uplink stream.
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5.2.3 Beam Patterns

The effective BS TX beam pattern for the k-th downlink user can be expressed

as

Ggg () = larxn(0) FES fo5 s ol (5.5)

where arx ,(#) is the array response given by
arxn(0) = [1’ ei@n(e)’ o 7e7;(NTX—1)<I>n(9):|T ’ (5.6)

where Ntx is the number of antennas, ®,(0) = 27Td;—:: sin(f), dane is the antenna

elements separation and )\, is the wavelength of the subcarrier n.

Similarly, we express the BS RX beam pattern for the /-th RX RF chain as
Gis.e.n(0) = [WES T arx . (0)], (5.7)

where ng’z € CWes/Lr)x1 gnd arxn(0) € C Vs /LR)X L with ¢ = 1,..., Lrx, respec-
tively. According to the partially-connected structure of the BS in Fig. [5.1 wherein
each RF chain is connected to a subarray of antennas, the analog beamformer (pre-

coder/combiner) at the /-th RF chain has the following structure

wikF 0 ... 0
RF :
wre— | 0w 0 (5.8)
S0 .0
0 ... 0 wfF

where 0 is the zero vector and L is the number of RF chains.

5.3 All-Digital Beamforming

As a foundational basis for the hybrid A/D design, which will be elucidated in
the next Section, and to serve as a performance benchmark, we introduce an all-digital
beamforming design approach for both precoder and combiner (Fgs,,, Wgs,,) at the

BS. This design assumes one RF chain as well as a data converter per antenna, in
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order to transform all processing to purely baseband without any hardware-imposed
limitations. Note that even in this case, i.e., without constraints on (Fgs,, Wgs)
beyond being semi-unitary, maximizing the sum spectral efficiency is a non-convex
problem and hence no closed-form solution can be found. Equivalently, the beamform-
ers have to be jointly deigned in order to maximize the received power and suppress
the interference. Accordingly, the uplink (downlink) SINR for the u-th user (k-th
user), respectively, for subcarrier n are expressed by and , respectively.

2
ST w0 [ WS 0 Hunfun|

Sinry,., =
, U—1
_
Z San7"l|WES,u,nHUanfU7n| + Inr’ﬂWES,u,nHS|unFstnFES,nHEI,nWstuan +1
uFu
(5.9)
* 2
s — SN | Wi o Hinfigs o (5.10)
kn = K U—1 :
> st Wi Hicfes knl? + >0 snry | wi  Hyunfunl> +1
kZk u=0

Note that snr,,,, and inr,, are the SNR of the u-th user and the INR, respectively,
across the subcarrier n. Equivalently, the sum uplink and downlink spectral efficiency

at the subcarrier n for all the users is given by

U-1 K-1
geum Z log (1 + sinr,,,) + Z log (1 + sinrg ) (5.11)
u=0 k=0

In other terms, maximizing the sum spectral efficiency is equivalent to simul-
taneously maximizing the received power and minimizing the interference, i.e., the
designed beamformers have to sharply steer the power towards the desired receiver

and assign nulls towards the interference directions. Accordingly, the optimization
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problem can be formulated as

maximize I35 (5.12a)
WBS,nvwn
FBS,nyFn
subject to  Fgs, Fgsn = Ik (5.12b)
WES,nWBsm = IU (512C)
Wil = [funll® = 1, V%, u (5.124)
Wes  Hsi,nFgsn =0 (5.12¢)
Wés,u,nHu,nfu,n =0,Yu # u (5.12f)
W;:mHk,nfBS,k,n = O,V/{} 7& k (512g)
Wi Hiunfun = 0,Vu, k (5.12h)
where Wes,, = [Wesuunlo o, Fosn = [festnlieg> Wn = Wiali, and F, =
[f'WL]g:_O1 . Note that problem (5.12al) is hard to solve since the variables are coupled in

the constraints [5.12¢| [5.121] [5.12g| and [5.12h] Note that if we fix the precoders Fgs ,,

and F,,, we can maximize the sum spectral efficiency with respect to Wgs,, and W,,.

This leads to the maximization routine to solve problem

e Given Fgs, and F,, solve

maximize 5™ (5.13a)
BS,n7wn
subject to  Wgs ,,Wgs,, = Iy (5.13b)
Wil = 1,Vk (5.13¢)
WES,nHSLnFBS,n =0 (513d)
WES,u,nHu,nfu,n - O,Vu 7& u (5136)
W;;nHk,nfBS,k,n = O,ka 7é k (513f)
Wi o Hiunfun = 0,Vu, & (5.13g)
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e Given Wgs,, and W, solve

maximize I3 (5.14a)
FBS,TL7F7L

subject to  Fgs, Fesy = Ik (5.14b)

[funll” = 1, Vu (5.14c)

Bs.nHsin Wesn = 0 (5.14d)

fés,k,nHi,an,n = 0>Vk 7é k (5146)

£ Wen = 0,Vu, k (5.14f)

These stages are iterated until obtaining the convergence. Note that the sub-

problems and exhibit the same generic structure

ma;gémize logdet (Iy + p X, A, AN X)) (5.15a)
subject to XX, =1y (5.15Db)
X*C, =0 (5.15¢)

where p, is the SNR, (, is the INR, X,, € CM*V is the variable to be solved,
A, € CM*¥ is the beamformed uplink/downlink channel and C, € CM*F is the
beamformed interference channel. Note that M is the number of antennas, N is the
signal of interest dimension and P is the interfering signal dimension. To solve the
generic problem [5.15a There are some DoF M, N and P that have to be satisfied.
Accordingly, if M > N + P, i.e., the number of antennas is large enough to support
N spatial streams after dedicating P DoF to satisfy the interference suppression
constraint (5.15¢). However, if M < N + P, the problem is not feasible.
Note that in this generic problem, the variable M and N are (in subproblem
M = Ngg, N = U when solving Wgs,,, M = Nyg, N = 1 when solving W)
and (in subproblem [5.14a, M = Ng&, N = K when solving Fgs ., M = Nyg, N = 1

when solving F,,).
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Table 5.2: Required Degree of Freedom for the BS and the users.

Degree of | Data Interference
Freedom | Streams | SI | UL Streams | DL Streams
Ng& K U — K-1
NEX U K U-1 —
Nye (DL) 1 — U K—-1

Nye (UL) 1 — — K

At the TX side of the BS, the precoder Fgs,, has to transmit K streams and
suppress the SI incurred by the U streams (from the BS RX antennas) as well as the
interference between the K-streams intended to downlink users (requiring at least
K — 1 DoF to suppress the interference between the K streams, as each stream can
interfere with K’ — 1 other streams), i.e., the number of BS TX antennas has to satisfy
Ng& > 2K +U —1. At the RX side of the BS, the combiner Wgs ,, needs to sustain U
uplink streams and suppress the SI incurred by the K downlink streams as well as the
uplink multi-stream interference U — 1. Therefore, the number of BS RX antennas
has to satisfy Ngg( > 2U + K — 1. At the downlink user, the combiner wy,,, needs to
sustain one layer/stream and suppress the interference incurred by K — 1 downlink
streams as well as the U uplink streams, i.e., Nyg > U + K. At the uplink user,
the precoder transmits one stream, and has to null the interference intended to the
K downlink users, i.e., Nyg > 1 + K. In practical circumstances, these conditions
are generally satisfied when using massive number of antennas at mmWave bands.

Details are summarized in Table (.2l

Remark 9. In the generic problem , the cost function (spectral efficiency) is
expressed for a system supporting multiple streams N, with a variable X,, € CM*¥
and a beamformed channel A,, € CM*¥_ In our problem, each user supports only a
single stream, i.e., N = 1. Therefore, the variable and the beamformed channel are
reduced to vectors x,, € CM*! and a,, € CM*!, respectively, when formulating the

solution in the sequel.
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Let Nysp € CM*M he the null-space projection (NSP) matrix for suppressing
the interference and constructing solvable optimization problems in order to maximize
the beamformed power according to the constraints. The NSP matrix Nysp = I —
C,.C! spans the null-space of the interference, i.e., any given beamformer projected

by this matrix will definitely reject the interference.

For the u-th BS combiner wgs 4, the beamformed SI channel is given by

CE v = |HsinFes ., [Hufunlizo (5.16)
——— u

U

K Sl Nulls
U—1 MUI Nulls

The NSP matrix Nysp is given by I — CEQU,HCE)S(LW. To maximize the beamformed
power, the u-th BS combiner wgs ,, ,, has to be aligned (matched filter) with the uplink
beamformed channel (a,, = H,,f,,). Therefore, the u-th BS combiner wgs ., is
given by

Nnspay,

WBSun = - 5.17
85 ||NNSPau,n|| ( )

In a similar way, the beamformed interference channels for the u-th BS pre-

coder fgs 1, the k-th downlink user and the u-th uplink user are, respectively, given

by

* * K-1
Cgé,k,n = |Hs,,Wes [Hk,an,n} 0 (5.18)

U Sl Nulls K—1 MUI Nulls

u=0"

CE)E(,k,n = [Hk,u,nfu,n]U_l [Hk,nfBS,k,n]E:':](g1 (519)
N—————

J/

U Ul Nulls ~~
K—1 MUI Nulls

C—lgé,u,n = |:[ i,u,nwk,n] ii;]l] (520)

N J/

K 1UI Nulls
Details on designing the all-digital beamformers are given by Algorithm [5
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Algorithm 5 All-Digital Beamforming Design

Function AvLDiciTAL(C,, a, )

Construct the NSP matrix Nysp < I — CnC;fl
X,, < Nnspa,
Normalize X,, <
return X,

End Function

IIXnH

Initialize Fgs, = [faspnlrg and F, = [f, ]
repeat
WBS un ALLDIGITAL(CBS wns H )
Win <= ALLDIGITAL(CGE ;. ., Hy, nst & n)
fas.kn ALLDIGITAL(CBS T H’,; WWin) V
fun < ALLDIGITAL(CUEM, WBSM)

: until Convergence
: return Wgs,,, Fgs,,, W,,, F,,

e R T T
A S e

Now we proceed with the complexity analysis; with K, U << Nyg, N§&, NE&,
the cost of wgs ,, ,, is dominated by the computation of CBS un and the NSP matrices.
Therefore, the overall complexity to compute wgs ., is O ((K +U-1) (N§§)2 + (N§§)2>.
Since K, U are much smaller than N5, the dominant term becomes O <(N§§()2>. In

a similar case, the complexity of fgs , is dominated by O <(NE¥<)2) while the cost
of wy, and £, ,, is O ((NUE)Q).

5.4 MU-MIMO Hybrid Analog/Digital Beamforming at the
Base Station

Throughout this work, we assumed that the users are implemented in all-digital
architecture, while in this Section, we adopt the hybrid A/D architecture at the BS.
In the sequel, we tackle the problem of designing and optimizing the hybrid A/D
beamformers at the BS in order to maximize the beamformed power and suppress
the interference to avoid the ADC saturation. Unlike the all-digital case, the analog

beamformers are implemented using finite-resolution phased array, i.e., their entries
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are conditioned upon having CAQP constraint is considered in the design. Given
that the SI is the most detrimental signal compared to the IUI, we leverage the NSP
method to design the analog beamformers so that to achieve a large SI reduction at
the output of the RF combiner at the BS. While the baseband beamformers at the BS
are designed to suppress the IUI as well as maximizing the beamformed power. Note
that the digital beamformers are designed for each subcarrier, however, the analog

beamformers are common for all the subcarriers.

5.4.1 Hybrid Combiner Design
5.4.1.1 Analog Combiner

The analog BS combiner is designed to suppress the SI power at its output.
According to the system model |5.4]), the effective interference channel between the

TX streams and the RX RF chains can be given by
Csi,,» = Wis 'Hs, FEsFae ., (5.21)

with Cgp,, € CERXE " In particular, the matrix elements cs s, = [CSI,n]e,k with
{=1,...,Lgx and k =0,..., K — 1, represents the effective SI channel between the
k-th downlink user and the ¢-th RX RF chain at subcarrier n. To reject the SI in the
¢-th RX RF chain, the analog combiner ngz should satisfy the following condition

Csitn = ng*engzF FBS . =07, (5.22)

where Hsm € C( /LRX)XN'%, WBSE is the /-th column of WBS, and cgj ¢, € CxK
is the /-th row of the matrix (| - While the condition is expressed for a
given subcarrier n, we can extend this condition to support Ngeq subcarriers across
the whole transmission bandwidth to suppress the wideband SI signal. It can be

expressed as

« 4, l,:
WEE,K [Hél,r)uF FBSnlv"'>H( ) F FBanf ]

sl ’anreq

- (5.23)

B,

RFx _nT
_WBsze — 0 3
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where ny, ..., ny,,, are the indices of the subcarriers for which the NSP method is

applied.

The goal of designing the /-th RF combiner wg§, is to minimize the gain of
the SI channel at the /-th RX RF chain. Accordingly, the optimization problem can

be stated as

minimize I wis Bell7 (5.24a)
Was,¢
RX
subject to wgge € ngVBS /LRX)XI, ¢=1,..., Lrx (5.24b)

Note that due to the unit modulus constraint, the problem is not
convex and therefore no closed-form solution can be derived. Instead, we will refer
to an iterative method to solve . Similar to the all-digital design, the NSP
matrix can be derived from based on the Moore-Penrose pseudoinverse method
(B/BIB, = B)) as

NE, =1- B,B/. (5.25)

To minimize the cost function , the RF combiner has to be projected
on the SI null-space using the NSP matrix Ngj,. However, the CAQP constraint
(5.24b|) violates the NSP concept, thus, the SI is re-introduced resulting in a severe
degradation of the system performance. To circumvent this shortcoming, we refer to
the alternating projections method to handle the CAQP constraint without violating
the SI minimization cycle. To seek for the optimal space wherein the best RF combiner
lies, we propose an iterative routine to alternate the projections between the CAQP
space and the SI null-space. The convergence is obtained when the losses incurred
by the CAQP are minimized and the RF combiner entries are unchanged. Finally,
we define the average SI suppressed, between the DL k-th stream and /-th RX RF

chain, among the overall transmission bandwidth with a total of Ng. subcarriers as

| Mol
Cslt ke = N Z leste k|, (5.26)
sC n=0
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We further define the per-user effective spectral efficiency, i.e., averaged over
the total transmission bandwidth as well as for U users with sinrg,, ..., sinry_1,, at

subcarrier n, as
Nee—1U-1

- N - ) (5.27)

n=0 u=0

5.4.1.2 Baseband Combiner

The baseband combiner is designed so that it simultaneously maximizes the
receive beamforming gain and suppresses the residual SI and IUIL. Similar to the all-
digital design, we leverage the NSP method to construct the baseband combiner.

Accordingly, the NSP condition for the uplink user u at subcarrier n can be written

as
* * * U 1
WEEL, [ WL H PR [WELH, 0,5
K Residual SI Nulls R (5.28)
D...
= WE?Z nDU»n = 0T7
Subsequently, the optimization problem of the baseband combiner can be
stated as
maximize (Woewn WES Hunfun | (5.29a)
WBS u,n
subject to  |[Wgswas, || = 1, Va, (5.29b)
Wes ynDun = 07, Vu. (5.29¢)
To maximize the cost function ([5.29a)), a matched-filter solution can be adopted
as

Wiy = WRECH, o, Vu (5.30)
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Then, the corresponding NSP matrix for the UL user u and subcarrier n can
be derived by
Ngé,u,n =1- Du,nDL,n- (531)
Therefore, the baseband combiner solution is expressed by
WS un = NBunWESun- (5.32)
BB

Note that the baseband combiner wgg, ,, (5.32) needs to be normalized so that the

constraint (5.29b)) is satisfied.

5.4.2 Hybrid Precoder Design

Building on the signal model (5.4), the effective SI channel at subcarrier n
between the TX and RX streams at the FD BS can be first expressed as

Ssin = Wae Wit 'Hg) . FEFae ., (5.33)

The main purpose to design the analog precoder FRE is to minimize the SI
power at the RF combiner, before the ADC, while the baseband precoder Fg¢, is
designed to suppress the residual SI and IUI, and maximize the TX beamforming

gain.

5.4.2.1 Analog Precoder

Based on the signal model (5.4)), the effective SI channel between the TX RF
chains to the RX RF chains is expressed by
Ps),, = Fis"Hg, , Wis W . (5.34)

where Pg;,, € C'™*U. Specifically, the elements [Csy,], , with u =0,...,U — 1 and
¢ =1,...,Ltx represents the effective SI channel between the /-th TX RF chain
and u-th UL stream. To suppress the SI between the /-th TX RF chain and the UL
streams, the analog precoder should satisfy the following condition

Psien = fBRng(SI,Q*WEEWEB;SB,n = 0T7 (535>
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where HSI CNRSXX(NQ?/LTX) fge , is the (-th column of FBS, and psjy, € CV
is the ¢-th row of the matrix ( - While the condition is expressed for a
given subcarrier n, we can extend this condition to support Nfreq subcarriers across
the whole transmission bandwidth to suppress the wideband SI signal. It can be
expressed as
fBRsFZ Hé|2;kw §Whs nl,--->H§|’fZLﬁ WREWERS aneq]
A g (5.36)

A,
= fgs A =07,
The goal of designing the (-th RF precoder fgt , is to minimize the gain of the SI
channel. Accordingly, the optimization problem can be stated as

minimize 1656 i Al (5.37a)
BS,¢

Ng& /LTX)

subject to fae , € V( ,0=1,..., Ltx (5.37b)

This problem is also not convex due to the CAQP constraint ((5.37b)), and therefore
the closed-form solution is not available. Similar to the analog combiner, the NSP

matrix can be derived from ([5.36|) and it is given by
N =1- AA]. (5.38)

To minimize the gain of the effective SI channel, the analog precoder f&E 5 needs
to be projected on the NSP matrix Nsm- As arguing for the analog combiner, the
CAQP constraint violates the NSP concept and hence the interference is re-injected
which limits the system performance. In order to minimize the losses incurred by the
CAQP constraint, we proceed with alternating projections. Details will be given by
Algorithm [6]

Remark 10. Note that the analog precoder and combiner at the BS are coupled.
Therefore, we will proceed with an alternating optimization approach. In other terms,
we can fix the analog precoder and solve for the analog combiner and vice versa.

Consequently, an iterative routine is required to obtain the convergence.
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5.4.2.2 Baseband Precoder

The main objective to design the baseband precoder is to maximize the trans-
mit beamforming gain and suppress the residual SI as well as the MUI between the
DL users, i.e., the effective TX response at the other users’ directions Ggg ., (fi) =~ 0
with k # k. Accordingly, the NSP condition for the downlink user £ at subcarrier n

can be written as

RF g RFEs 1% K-1
fBSkn F smw WBsna [F k,an,n] 1&2
K Residual SI Nulls PR TIO (5.39)
Ek,n

* T
= fBS,kmEkﬂ =0,

Maximizing the TX beamforming gain ([5.40al) and suppressing the interference
(5.40c]) can be reformulated as in the following optimization problem

maximize |f§§2 nFRF*H,C Wi (5.40a)

fBEk n
subject to | FRe S,m|| = 1,Vk, (5.40b)
feor nErn = 0", Vk. (5.40c)

The cost function can be maximized using a matched-filter option as
fBSkn = Fgs Hj Wi (5.41)
While the NSP matrix can be derived as
NBB e EknELn (5.42)
Therefore, the baseband precoder solution is given by
f5s BSkn — NBBknfBBEkn (5.43)

Then, the baseband precoder ([5.43)) needs to be normalized to satisfy the constraint
(5.40D)).
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The hybrid precoding and combining design is summarized in Algorithm [0}

Algorithm 6 Hybrid Beamforming Design

2: Imtlahze WEE WEE o FEE, and FEB n

3: { Alternating optimization cycle, i.e., fix the precoders and solve for the combiners
and vice versa (Remark [10])}

4: repeat

5: Construct the NSP matrix Ng, v/

6: Setp=0

7. { Alternating projections between NSP and CAQP}

8 repeat

9 ng(fﬂ) « Ngiw Eg(f),VE

RF(p+1),
10: Wee ) st}
11: p<p+1

12:  until local convergence

13:  Construct the NSP matrix Ngg , ., Vu (5.31)) from the optimized WEE

. BB RX BB
14: WBSun — NBBUTLWBS’U,TNVU'

15:  Construct the NSP matrix N, ¥/ (5.3 - ) from the optimized Wgg and Wg¢ |

16: Setqg=0
17. { Alternating projections between NSP and CAQP}
18: repeat

RF(4+1) RF(q
19: fgs zq — N szs L
RF( +1)
20: fre )+ ’Q{ZfBS e v
21: qg<—q+1

22:  until local convergence
23:  Construct the NSP matrix Ngékn,‘v’k - ) from the optimized FR¢, WEE,

and WEE n
24: fBSkn « NBBknfBSknaVk

 TFECREE 7 BSn
26: until global convergence
27: return WRE, WBsn, FEE, and FBSn

With K,U < Lgx, Ltx << NEX, Ng&, the total computational complexity of
wEE , and £5F, is dominated by O (N (NBX/Lgx) ) and O (N (NTX/Lrx) )
respectively. While the total cost of wgs ,, , and fge, . is dominated by O (Nouter K "N eq (NEX/Lrx))
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and O (NouterUQN3 (NEQ(/LTX)), respectively.

freq

5.5 Numerical Results

In this section, we evaluate the proposed beamforming techniques for all-digital
as well as the hybrid MU-MIMO architectures. We consider linear arrays at BS and
users wherein equipped with 64 and 8 antennas, respectively. For the hybrid MU-
MIMO partially-connected architecture, the BS is equipped with 2 TX/RX RF chains,
i.e., each RF chain is connected to a sub-array of 32 antennas. The system operating
frequency is 28 GHz with a bandwidth of 500 MHz. For the uplink, downlink and
IUI channels, we use the geometric channel model based on clusters and rays as
it precisely captures the mmWave characteristics, while the SI channel follows the
Rician model as described in [22]. Furthermore, a performance upper bound, not
achievable in general but useful for benchmarking goals, can be derived by assuming
interference-free and neglecting hardware constraints, so that Wgs,,, W,,, Fgs ., F,,
are only constrained to be semi-unitary matrices. Then the optimal beamformers are
given by the dominant left and right singular vectors of the uplink/downlink channels

matrices, yielding Jupiink + Jdownlink < Jbound

| NeeglU-1 | NelE-
Toound = log (1 + snruynain(Hu,n)) + log (1 + snrk’na2’n(Hkm))
T % 2 WK 2 2 ‘“

(5.44)

5.5.1 Beam Patterns Analysis

Figure provides a visualization of the optimized beam patterns for both
the downlink users and the BS. In Figure [5.2a] the effective RX patterns for the two
downlink users are presented. Notably, these patterns demonstrate a minimization of
IUI achieved by introducing nulls in the directions of the uplink users. Additionally,
the mitigation of MUI is evident as nulls are allocated to the other downlink users.

For instance, consider the first downlink user (indicated by the blue-colored beam)
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Figure 5.2: Illustration of the beam-patterns for the hybrid MU-MIMO architecture
at the BS. (a). Effective RX beam patterns at the downlink users wherein located
at —40° and 40°, while the uplink users are located at —20° and 20°. (b). Effective
TX beam-pattern of the BS transmitting two streams, wherein the self-interferers
are leaking within the floor bounded by —10° and 10°, which can be interpreted
as a line-of-sight SI. (c¢). Effective TX beam-pattern of the BS transmitting to the
downlink users at —40° and 40°, wherein the self-interferers are leaking from different
directions, which can be viewed as an external random non line-of-sight SI. Note that
the BS is equipped with 4 TX/RX RF chains and each sub-array is equipped with 32
antennas, while each user is equipped with 8 antennas.
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Figure 5.3: Illustration of SI suppression at different stages in MU-MUMO hybrid
architecture and across the whole transmission bandwidth. The system parameters
are: Ngeq = 5, K = U = 2, 2 TX/RX RF chains at the BS and each sub-array is
equipped with 32 antennas, while each user is equipped with 8 antennas.

positioned at —40°, which effectively suppresses IUI from the uplink users located
at —20° and 20°, as well as the multistream interference originating from the second

downlink user (represented by the red-colored beam) situated at 40°.

Figures and further illustrate the effective TX beam pattern of the
BS, where two beams are generated for the two downlink users. These patterns reflect
a deliberate nulling of interference emanating from the other user’s direction while

concurrently achieving substantial SI suppression.

5.5.2 Self-Interference Suppression Analysis

Fig. [.3| provides an illustrative depiction of the effective SI suppression at
various stages encompassing the entire bandwidth within the context of the hybrid
A/D partially-connected structure. Initially, the SI level undergoes a reduction to
approximately 52 dB following physical TX/RX isolation measures. Subsequently,
through the implementation of hybrid A/D precoding, denoted as Fggn and FEE, an
additional SI reduction of about 77 dB is achieved. This results in a lower effective

SI level (prior to LNA) maintained at approximately —25 dB. Further SI reduction
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Figure 5.4: Illustration of the SI suppression in MU-MIMO hybrid architecture, show-
ing the effective SI level right before the ADC across the whole transmission band-
width and for different subcarriers Ngeq. The considered system parameters are:
K =U =2, 2 TX/RX RF chains at the BS and each sub-array is equipped with 32
antennas, while each user is equipped with 8 antennas.

is accomplished by applying RF combining techniques at the Base BS, denoted as
WEE . which achieves roughly 73 dB of SI suppression. The average effective SI level
is consequently sustained at approximately —98 dB (before ADC), a level sufficient
to prevent ADC saturation. Notably, for frequencies designated as null frequencies
(Nfreq = 5), the effective SI level experiences a substantial reduction to approximately
—200 dB. Moreover, the integration of a digital combiner at the BS, represented by
(ngn), contributes to substantial SI suppression on each subcarrier. The average

SI level is consistently maintained at approximately —300 dB.

Fig. [5.4]illustrates the characteristics of the frequency-domain beamformed SI
channel, prior to ADC. This analysis pertains to the hybrid A/D partially-connected
structure at the BS and focuses on evaluating the impact of the number of frequency
nulls, denoted as Nfq, on the effectiveness of SI suppression. The chosen frequency
nulls are distributed uniformly across the entire bandwidth, following the formula
for = 2775+ 0.5#&1 GHz, where n’ = 1,2, ..., Ngeq [23]. The results reveal a clear

trend: increasing the number of frequency nulls significantly enhances the effectiveness

of SI suppression. For instance, when Ngeq = 1, the average effective SI suppression
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Figure 5.5: Illustration of the effective SI suppression performance, averaged over the
total number of subcarriers, with respect to the relative SI channel estimation error
2. The considered system parameters are: K = U = 2, 2 TX/RX RF chains at the
BS and each sub-array is equipped with 32 antennas, while each user is equipped with
8 antennas.

within the analyzed frequency channel is approximately —48 dB. However, by in-
creasing the number of nulls to Ngeq = 4, an impressive effective SI suppression level
of approximately —75 dB is attainable. This observation underscores the substantial

impact of the number of frequency nulls on SI mitigation.

In Fig. [5.5] we model the estimation process through additive SI channel es-
timation error I:ISW € CNES*NE | with entries distributed as independent Complex

Gaussian, given by

ﬂsm = Hs, + ﬁsm (5.45)

while the variance of the SI channel estimation error is expressed by

B[ Hs3] 51
€ = — 5 .
E[|Hsi,[I7]

We proceed to evaluate the impact of imperfect SI channel estimates on the

achievable SI suppression performance within the framework of the presented beam-
forming scheme of the partially-connected structure. In this assessment, we examine

how the level of SI channel estimation error, characterized by the parameter € in
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Figure 5.6: Per-user uplink effective spectral efficiency simulated with U = 2 uplink
users and an average inr = 30 dB. Note that the BS is equipped with 2 TX/RX
RF chains and each sub-array (for partially-connected structure) is equipped with 32
antennas, while each user is equipped with 8 antennas. Scenario is simulated with oo
resolution of PS.

(5.46)), influences system performance. As depicted in Fig. |5.5] it becomes evident
that the degree of SI suppression achievable is quite sensitive to the accuracy of es-
timation. As originally designed, the considered configurations exhibit varying levels
of SI suppression, contingent on the number of nulls, when accurate SI channel esti-
mates are available. Conversely, as anticipated, a reduction in SI channel estimation
accuracy leads to a scenario where SI suppression essentially converges to the case
of Nfeq = 0. In this scenario, the efficacy of beamforming SI suppression becomes

negligible, and SI suppression is primarily reliant on physical isolation measures.

5.5.3 Spectral Efficiency Analysis

Fig. [5.6| provides a comprehensive representation of per-user effective uplink
spectral efficiency across a range of average SNR for various beamforming schemes.
In this analysis, we utilize both the upper bound and the all-digital performance,
which, it’s important to note, demands a significantly high power consumption and
serves as a benchmark for evaluation. Notably, the fully-connected structure consis-

tently demonstrates near-optimal performance throughout the considered SNR range.
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Figure 5.7: Illustration of the per-user downlink effective spectral efficiency for dif-
ferent phases shifters resolution at the BS and users. (a). Results are obtained with
U = K = 2 users and an average IUI of 5 dB while varying the average SNR. (b).
Results are achieved with U = K = 2 users and an average SNR of 0 dB while varying
the average IUIL. Note that the BS is equipped with 2 TX/RX RF chains and each
sub-array (for partially-connected structure) is equipped with 64 antennas, while each
user is equipped with 8 antennas. Note that the IUI is incurred by the uplink users
to corrupt the downlink users since the communications (uplink/downlink) occur at
the same frequency band.

This indicates that the proposed algorithm can effectively approximate the perfor-
mance of an all-digital beamforming scheme, even when employing a limited number
of RF chains. In contrast, the partially-connected structure exhibits lower spectral
efficiency compared to the fully-connected architecture. This discrepancy arises from
the reduced number of connections between the RF chains and the antenna phase
shifters, resulting in a loss of degrees of freedom and consequently lower SE. How-
ever, it is crucial to highlight that the partially-connected structure, particularly in
the FD scenario, offers substantial performance gains over HD beamforming schemes,
which include the all-digital, fully-connected, and partially-connected configurations.
Notably, the FD all-digital SVD scheme, when interference is absent, converges pre-
cisely to the upper bound. In Fig. the partially-connected structure consistently
outperforms the FD all-digital SVD across the entire SNR range, primarily due to
the relatively high average SI-to-noise ratio (inr = 30 dB), which results in the early
saturation of the FD all-digital SVD at approximately 0.7 bits/s/Hz.
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Fig. provides a comprehensive analysis of per-user downlink effective
spectral efficiency concerning the average SNR for different beamforming schemes,
along with an evaluation of the impact of varying phase shifter quantization levels.
Notably, when employing 4 bits of resolution or more, the performance closely ap-
proaches the ideal case of infinite resolution. However, a reduction in resolution leads
to a degradation in performance. For instance, a quantization level of 3 bits results in
an SNR loss of 5 dB compared to the infinite resolution case, while achieving an SE of
4.8 bits/s/Hz. Further reduction in resolution exacerbates the SNR loss, highlighting

the trade-off between quantization precision and performance.

These findings are further corroborated by Fig. [5.7b| which illustrates spec-
tral efficiency in relation to the average IUI for different beamforming schemes and
various phase shifter resolution levels. It is evident that the introduction of quantized
phase shifters leads to a departure from accurate SI suppression, resulting in the re-
introduction of interference into the system and subsequently, a decline in spectral
efficiency. Decreasing the phases shifters resolution bits amplifies this accuracy re-
duction, leading to more pronounced interference and, consequently, severe spectral

efficiency degradation.

5.5.4 Energy Efficiency Analysis

We define the energy efficiency, expressed in bits/s/Watt or bits/Joule, as the
ratio between the spectral efficiency and the total power consumption [161]

J
" Peommon + LTxPrF + Nxppa + Npspps’

J (5.47)

where peommon 18 the common power at the TX. pre, ppa, and pps are the power each
RF chain, power amplifier, and phase shifter, respectively. The number of phase

shifters Nps is expressed by

(5.48)

Noe — Nag&Lvx  Fully-Connected
e Ng& Partially-Connected .
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Figure 5.8: Tllustration of the per-user downlink effective energy efficiency for different
BS architectures. Results are obtained with U = K = 2 users, average inr = 30 dB,
average [UI of 5 dB, 3 bits of phase shifters resolution, while varying the number of
RF chains at the BS. Note that the BS is equipped with 256 antennas, while each
user is equipped with 8 antennas.

In this subsection, we conduct a performance comparison between two hybrid
A/D architectures at the BS with a focus on energy efficiency, defined as ((5.47)).
Our simulations employ the following parameters: peommon = 10 W, prg = 100 mW,

pps = 10 mW, and ppa = 100 mW, as detailed in [126].

The simulation results, presented in Fig. [5.8| reveal distinct behaviors between
the three architectural structures. For all-digital architecture though achieves the best
spectral efficiency, it consumes prohibitively large amount of power resulting in a poor
energy efficiency. In the case of the fully-connected structure, the number of phase
shifters Nps scales linearly with Ltx and Ng&. Consequently, increasing Ltx leads to
a substantial rise in power consumption. However, the Spectral Efficiency achieved
by the fully-connected structure closely approaches that of the all-digital architecture
when Ltx closely matches the number of antennas Ng&. Beyond this point, increasing
Ltx yields minimal gains in spectral efficiency. This discrepancy between power
consumption and SE results in a significant reduction in energy efficiency, approaching

the lower limit established by the all-digital architecture.
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Conversely, in the partially-connected structure, the number of phase shifters
Nps remains independent of Ltx. Consequently, the dominant component of total
power consumption remains relatively stable across varying RF chain numbers. Si-
multaneously, spectral efficiency gradually approaches that of the all-digital structure
with increasing Ltx. The combined improvement in spectral efficiency and the rel-
atively unchanged power consumption contribute to an overall increase in energy

efficiency as Ltx increases in the partially-connected structure.

Notably, Fig. highlights an intersection point at Ltx = 6,16 where the
energy efficiency for both hybrid A/D structures converges. Specifically, the fully-
connected structure exhibits higher energy efficiency with a smaller number of RF
chains, while the partially-connected structure proves more energy-efficient with a
relatively larger number of RF chains. This observation carries valuable insights
for RF chain implementation in hybrid architectures. The spectral efficiency of the
fully-connected structure can approach the performance of the all-digital architecture
when the number of RF chains is slightly larger than that of the number of users
(data streams). Therefore, there is no need to implement more RF chains considering
the energy efficiency. In contrast, the partially-connected structure benefits from
leveraging a larger RF chain count, achievable with low-complexity hardware, to

enhance both spectral and energy efficiency.

5.5.5 Comparative Study

In our analysis, we benchmark our proposed FD hybrid A/D beamforming
design against several prior methodologies to assess its performance. Notably, we
compare it with the approach from Valcarce et al. [98] (denoted as “RM”), Xiao et
al. [156] (“ZPX"), our earlier work [22] (“EBC”), the method from Satyanarayana
et al. [137] (“KMPAL”), and Robert et al. [I32] (“IHS”). In these referenced stud-
ies [156] 137, 22 132], the designs exhibit significant sensitivity to the level of SI
as performance notably declines (unless the SI level is minimal). This is primarily

due to these designs not maintaining the unit modulus constraint in the hybrid A/D
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Figure 5.9: A comprehensive comparison with previous methods in terms of the per-
user uplink effective spectral efficiency. Results are obtained with U = K = 2 users,
average inr = 30 dB, average IUI of 5 dB, oo-bits of phase shifters resolution and
Lrx = Ltx = 4. Note that the BS is equipped with 256 antennas, while each user is
equipped with 8 antennas.

beamformers, thus violating interference suppression constraints and leading to per-
formance degradation. Specifically, in [I56], Xiao et al. adopt a zero-forcing-matched
filter for beamforming design (referred to as method 2 in [156]), but the imposition
of unit modulus constraints disrupts the zero-forcing condition for SI suppression,
reintroducing SI into the system and significantly impacting spectral efficiency. In
our preceding work [22], we initially relaxed the unit modulus constraint during the
hybrid A/D beamformer design phase, yet post-optimization imposition of this con-
straint contradicted the design prerequisites, thereby impairing system performance.
Additionally, Satyanarayana et al. [I37] commence with deriving all-digital beam-
formers, and apply a convex QCQP to obtain the digital and the unconstrained analog
(without being constrained on unit modulus constraint) solutions. The subsequent
introduction of this constraint leads to a compromise in interference suppression, ad-
versely affecting spectral efficiency. Furthermore, Robert et al. [132] utilize SVD
for all-digital beamforming and apply orthogonal matching pursuit (OMP) for equiv-
alent hybrid analog and baseband solutions. Adjustments to suppress SI through

baseband beamforming modifications make the design vulnerable to SI levels due to
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inadequate analog domain mitigation. Conversely, the “RM” design [98] proves more
resilient against SI by approximating all-digital counterparts in Euclidean distance,
while the analog RF combiner is optimized to minimize SI power before the ADC,
appropriately addressing the unit modulus constraint during beamformer design to
mitigate interference effects. The baseband combiner is then tailored to eliminate
residual SI, enhancing spectral efficiency. Our design exhibits a slight performance
gap compared to “RM” [98], which can be attributed to our analog precoder being
specifically designed to both maximize beamformed power and suppress SI, unlike in
[98] where the analog precoder does not explicitly incorporate an interference sup-
pression constraint, relying instead on the analog combiner for SI mitigation. This

distinct approach enables our design to surpass the performance seen in [98§].

5.6 Conclusion

In this chapter, we examined a wideband single-cell multiuser framework where
a FD base BS engages in simultaneous communication with multiple uplink and down-
link users. We explored both all-digital and hybrid A/D beamforming, introducing
several innovative beamformer designs and optimization strategies to tackle the is-
sues of SI and multiuser interference. Given the rigorous limitations of the hybrid
architecture, such as the absence of amplitude control in phase shifters and the chal-
lenge of finite-resolution phase shifters, we demonstrated the feasibility of integrating
these constraints into our design, achieving significant interference reduction in the
analog domain to prevent ADCs saturation. Specifically, our analog beamformers
effectively suppress wideband SI through the implementation of multiple frequency
nulls. Concurrently, the baseband beamformers are meticulously designed to enhance
beamformed powers and minimize residual SI and multiuser interference, as evidenced
by the effective beam patterns. We adopted a partially-connected array approach for
the hybrid architecture to boost energy efficiency. Our method outperforms existing

hybrid beamforming techniques and the HD approach, highlighting the transforma-
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tive potential of FD millimeter-wave technology in cellular networks and integrated

sensing and communications.
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Chapter 6: Massive MIMO Cellular Networks

In this chapterl] I provide a unified framework for FD massive MIMO cellu-
lar networks with low-resolution ADCs and DACs. An objective of this work is to
derive an accurate model to account for a wide variety of network irregularities and
imperfections, including loopback SI that arises in FD systems and quantization error
from low-resolution data converters. Our contributions for forward and reverse links
include (1) deriving SQINR under pilot contamination, LMMSE channel estimation
and channel hardening; (2) deriving closed-form and approximate analytical expres-
sions of spectral efficiency; (3) deriving asymptotic results and power scaling laws
with respect to the number of quantization bits, base station antennas, and users,
as well as base station and user equipment power budgets; and (4) analyzing outage
probability and spectral efficiency vs. cell shape, shadowing, noise, cellular interfer-
ence, pilot contamination, pilot overhead, and frequency reuse. Cell shapes include
hexagonal, square, and PPP tessellations. In simulation, we quantify spectral and
energy efficiency as well as the impact of SI power, inter-user interference, and cell

shape on outage probability. We carry out the analysis for sub-7 GHz LTE bands

'This chapter is based on the work published in the following journal paper: E. Balti and B.
L. Evans, “A Unified Framework for Full-Duplex Massive MIMO Cellular Networks With Low
Resolution Data Converters,” in IEEE Open Journal of the Communications Society, vol. 4, pp.
1-28, 2023. In addition, this work is an extension of the following conference papers:

e FE. Balti and B. L. Evans, “Full-Duplex Massive MIMO Cellular Networks with Low Resolution
ADC/DAC,” GLOBECOM 2022 - 2022 IEEE Global Communications Conference, Rio de
Janeiro, Brazil, 2022, pp. 1649-1654

e E. Balti and B. L. Evans, "Reverse Link Analysis for Full-Duplex Cellular Networks with
Low Resolution ADC/DAC,” 2022 IEEFE 23rd International Workshop on Signal Processing
Advances in Wireless Communication (SPAWC), Oulu, Finland, 2022, pp. 1-5

e E. Balti and B. L. Evans, "Forward Link Analysis for Full-Duplex Cellular Networks with
Low Resolution ADC/DAC,” 2022 IEEFE 23rd International Workshop on Signal Processing
Advances in Wireless Communication (SPAWC), Oulu, Finland, 2022, pp. 1-5

These works were supported by NVIDIA and AT&T Labs through their industrial affiliation with
the 6GQUT research center at UT Austin.
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and then extend the framework to support mmWave bands.

6.1 Introduction

With increasing demand for higher data rate, lower latency, and higher reli-
ability from a growing number of wireless users and services, RF technologies seek
to use the limited available spectrum more effectively. Beyond the connections from
base stations to mobile and fixed wireless subscribers, cellular systems also provide
backhaul from BSs to the Internet and other networks. Installing optical fiber or other
cabling for backhaul can be prohibitively expensive and in some cases not allowed by

law.

As far back as 2011, microwave and satellite RF bands had become commonly
used to support backhaul [I48]. Currently, mmWave technology, which refers to the
spectrum in the 10-300 GHz rangeﬂ has emerged as a promising solution for providing
large bandwidths. In particular, mmWave is an attractive band for integrated access

and backhaul [107] 52} [79].

One proposed solution to address the scarcity of spectrum is to employ FD
transceivers [134]. FD systems have emerged as a viable solution to enable the efficient
use of spectrum by allowing transmission and reception using the same resource blocks
[133]. A direct consequence is the potential to reduce latency and overhead as well
as double the spectral efficiency vs. HD systems [10]. Moreover, FD transceivers
are cost efficient since the transmit and receive arrays can be placed into a single
dedicated array for shared transmission and reception [I5], 21, 16]. These benefits
call for the integration of FD into practical consideration, e.g., machine-to-machine
communications as well as integrated access and backhaul which have been recently

adopted in 3GPP Release 17 [I].

! Although a rigorous definition of mmWave frequencies would place them between 30 and 300
GHz, industry has loosely defined them to include the spectrum from 10 to 300 GHz.
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Due to the dramatic differences in received power from near and far transmit-
ters, FD systems are constrained by loopback self-interference (SI) that leaks from the
transmit array to the colocated receive array and that can be up to 100 dB stronger
than the desired received signal [73] [169]. Without proper SI cancellation, the ADCs

can be swamped by SI, thereby resulting in very poor communication performance.

6.1.1 Prior Works

Recent publications have proposed robust beamforming design to suppress SI
and enable FD operation [75], 32, 139]. Authors [28| [130, 129] have proposed beam-
forming techniques such as ZF, MMSE, and NSP to suppress SI. In massive MIMO
systems in particular, BSs employ many more antennas than those available on UE.
Having a massive number of antennas enables not only enough spatial multiplexing
gain but also sufficient DoF to reduce SI and improve spectral efficiency significantly.
In addition, authors in [12] investigated FD massive MIMO relaying with low reso-
lution ADC in terms of spectral and energy efficiency. They derived the ZF as well
as closed-form expressions for spectral efficiency and the tradeoff between energy and
spectral efficiency for various system configurations. Moreover, work [I58] proposed
a beam-domain approach using hybrid time-switching and power splitting for FD
massive MIMO systems to improve spectral efficiency. Furthermore, authors in [173]
proposed an antenna selection scheme to cancel the loopback SI and used a genetic

algorithm to solve the non-convex optimization problem.

Several authors have harnessed the advantages of both FD and massive MIMO
[110], [151], [140]. In fact, the authors in [110] and [I51] investigated a multipair decode-
and-forward relay employing FD massive MIMO and proved that as the number of
antennas goes to infinity, SI is asymptotically suppressed. In [140], an Sl-aware receive
filter for the uplink (reverse link) and precoder for the downlink (forward link) are

designed.

Although employing a massive number of antennas has many benefits, it comes
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with a tradeoff of hefty power consumption. In fact, having a large number of antennas
leads to pronounced growth in the power consumption and hardware cost as each
RF processing chain requires a pair of high-resolution ADCs (e.g. 10-12 bits each
for commercial applications) [167, 11]. A b-bit ADC with a sampling frequency f;
requires 2°- f, computations per second. Consequently, the power consumption grows
exponentially with the resolution and linearly with the sampling frequency [105].
To circumvent this, low-resolution ADCs (1-3 bits) have been suggested for massive
MIMO to reduce power consumption at the expense of spectral efficiency [40), [45] 168,
90, 102, 91].

Related works have proposed power-efficient system designs based on low-
resolution ADCs and DACs. In [76], the authors investigated a FD massive MIMO
amplify-and-forward relay with low-resolution ADCs while the authors in [86] studied
a massive MIMO mixed-ADC system, wherein a few of the high-resolution ADCs
are allocated for channel estimation with 1-bit ADCs used for payload reception.
In addition, the authors in [168] considered a mixed DAC/ADC multipair amplify-
and-forward massive MIMO relay, analyzed sum spectral efficiency, and proposed
a power allocation scheme with the aim of maximizing the sum spectral efficiency.
An uplink spectral efficiency of a HD massive MIMO with low-resolution ADCs and
a spectral /energy efficiency trade-off analysis in mixed ADC scenarios have been

investigated over Rician channels in [167, [166], respectively.

6.1.2 Contributions

In this chapter, we propose a unified framework for analysis of FD mas-
sive MIMO cellular networks with low-resolution ADCs/DACs for different network
topologies such as hexagonal lattice, square grid, and PPP tessellation. The BSs
operate in FD mode under low-resolution ADCs/DACs and are each equipped with
a massive number of antennas, while the UEs operate with a single antenna in HD
mode under infinite ADC/DAC resolution. More importantly, we propose separate

analysis frameworks for reverse and forward links under pilot contamination, and use
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matched filters in the receiver and for the precoder at the FD BSs. Since the BSs
operate in FD, loopback SI is created at the BS transceiver wherein the precoded
signal transmitted by the BS leaks to the BS combiner and consequently corrupts the
uplink signals received from the users. In addition, downlink users are vulnerable to

the IUI incurred by the uplink UEs since the BSs operate in FD mode.

To characterize the reverse and forward link performance measures, we eval-
uate the average signal-to-quantization-plus-interference-plus-noise ratio (SQINRE[)
among the users (either on the reverse or forward link). The channels are estimated
in the reverse link phase wherein the UEs send the pilots to the BSs which estimate
the channels and compute the precoders and combiners. We propose the forward link
CSI acquisition based on the channel reciprocity property of TDD systems. As long
as the forward and reverse transmissions occur within the channel coherence time, the
physical channel is reciprocal. This property is exploited for Massive MIMO [101] to
avoid the large channel feedback to the BS in the reverse link phase. The only issue
is that the receive and transmit RF chains in the transceivers (i.e. the hardware from
the antenna to the ADC in the receive path and from the DAC to the antenna in
the transmit path) are not reciprocal, thereby calibration is required to compensate
hardware asymmetry. To facilitate the analysis, we assume TDD channel reciprocity

with perfect calibration.

For channel modeling, we consider channel hardening; for channel estimation,
we consider the LMMSE approach. Capitalizing on both, we evaluate the CDF,
spectral efficiency, and energy efficiency vs. the average SQINR for reverse and for-
ward links under several scenarios. To the best of our knowledge, this is the first work

proposing a unified framework for FD massive MIMO in multiuser and multicell cases

2The word “quantization” introduced in the term SQINR is derived from the application of
low-resolution ADCs/DACs as the received signal becomes quantized rather than continuous in
amplitude. Although the application of low-resolution ADCs/DACs reduces the power consumption,
it incurs nonlinear distortion. One approach models the nonlinear distortion as additive noise. Other
approach uses Bussgang Theory to linearize this distortion for the sake of simplicity and tractability
and approximate the nonlinearity as a gain plus additive noise.
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with low-resolution ADCs/DACs.

The main contributions of this chapter are summarized as follows:

o [ derive expressions for the received signals and the corresponding SQINR for
both the reverse and forward links, considering factors such as channel hard-
ening, LMMSE channel estimation, low-resolution ADCs/DACs, and pilot con-

tamination.

e [ derive both closed-form and approximate analytical expressions for the spectral
efficiency of the reverse and forward links. The additive quantization noise
model (AQNMP) is used to model the quantization errors in ADCs and DACs.
Our findings indicate that spectral efficiency is significantly impacted by the
use of low-resolution ADCs/DACs, and this degradation cannot be fully offset
by simply increasing the number of BS antennas. Therefore, each UE must
adopt high-resolution ADCs/DACs to ensure optimal performance. Since each
UE only requires two ADCs for 1QQ sampling in the reverse link, and two DACs
for IQQ sampling in the forward link, high-resolution data converters at the UEs

are a feasible solution.

e [ analyze the effects of network imperfections and irregularities, such as vary-
ing cell shapes, shadowing, noise, and cellular interference, on the reverse and
forward links. Cellular interference includes pilot contamination, as well as
inter-cell and intra-cell interference. Additionally, we examine the impact of
pilot overhead, user density per cell, and frequency reuse factors on both the

CDF and spectral efficiency.

e Evaluate the effects of FD operation, including SI channel power, SI signal

power, and IUI, on users in both the reverse and forward links.

3To facilitate the analytical evaluation of systems with low-resolution ADCs/DACs, we adopt
the widely recognized AQNM from the literature.
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e Derive asymptotic results and power scaling laws for both reverse and forward

links to provide engineering insights into the proposed system model.

e Demonstrate the generality of the proposed model by showing that the results
align with existing literature for several special cases. Although some cases,
such as single-user, single-cell, and high-resolution scenarios, are less common,

analyzing these cases offers valuable insights.

e Evaluate the numerical results for the CDF, spectral efficiency, and energy effi-
ciency using different tessellation structures, including hexagonal lattice, square

grid, and PPP tessellation.

6.1.3 Structure

The chapter is organized as follows. The system model is introduced in Sec-
tion 6.2l The reverse and forward links analysis are presented in Sections and
6.4] respectively. Derivation of asymptotic results as well as power scaling laws are
reported in Section [6.5, Section extends the modeling of the reverse and for-
ward links from sub-7 GHz LTE bands to 5G LTE millimeter wave bands. Section
defines performance measures of energy efficiency and outage probability. The
numerical results and their discussion are presented in Section while Section

concludes the chapter.

6.2 Network Model

We consider a macrocellular network where each BS operates in FD mode and
is equipped with N, > 1 antennas. Each UE operates in HD mode and has a single

antenna.
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Table 6.1: Definition of symbols commonly used in this chapter in alphabetical order.

Variable Symbol
Bandwidth 2]
Number of ADC/DAC resolution bits b
Fraction of pilot overhead b
Set of cells reusing the same pilot dimensions C
Walden’s figure of merit for ADCs and DACs c
Shadowing (Variance) X(04B)
Copilot distance between the cell of interest and its first tier of copilot cells D opilot
Fractional frequency reuse factor A
Pathloss exponent n
Precoder applied from ¢-th BS to k-th user in [-th cell Jeanr
Large scale fading between ¢-th BS and the k-th user served by [-th BS G (r,)
Small scale fading between the n-th user in /-th cell and the £-th user in [-th cell | g ),
Self-interference channel S|
Small scale fading between /-th BS and the k-th user served by [-th BS hy )
LMMSE channel estimate h
LMMSE channel estimation error h
Spectral efficiency of k-th user for matched filter i
Effective spectral efficiency Jett
Energy efficiency d
Number of users in ¢-th cell Ky
BSs density ABs
UEs density AUE
Pathloss oftset Lot
Self-interference channel power E
Variance of LMMGSE channel estimation error MMSE
Number of antennas at BS N,
Number of coherence tiles N
Number of pilots per cell N,
BSs location process Dps
ULs location process D
Power between /-th BS and A-th user in [-th cell Py k)
Outage probability for a threshold ( P, ()
Self-interference power B,
Maximum uplink (downlink) power P,(F,)
Additive quantization noise q
Distance between /-th BS and the k-th user served by [-th BS T4, (k)
Inverse of the signal-to-quantization-plus-noise ratio 2
Forward-to-reverse links SNR ratio 0
Signal-to-interference-plus-noise ratio of k-th user sinry
Signal-to-noise ratio from ¢-th BS to k-th user in [-th cell SNRy 1.1)
Signal-to-quantization-plus-interference-plus-noise ratio of k-th user sqinr,
SQINR of k-th user based on LMMSE channel estimation E[sqinr, |
SQINR of k-th user based on channel hardening sqinr;,
Large scale fading between n-th user in /-th BS and the k-th user in /[-th BS Tion),a.k)
Noise (variance) A v(o?)
Combiner at /-th BS from the k-th usefrifi [-th cell Wy, (1.k)
Precoded symbols vector transmitted by /-th BS Ty
Power control (Reverse)/Power allocation (Forward) i




Figure 6.1: Hexagonal lattice network. The cell of interest and the cells belonging to
subset C, i.e., all the ones reusing the same pilot dimensions, are shaded and a copilot
user equipment in each cell is indicated by a circle. Also indicated is the distance
To,¢,k) between the cell of interest cell 0 and the k-th user equipment served by the
cell £. In addition, indicated is the distance Dcopilt between the cell of interest and
its first tier of copilot cells.
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6.2.1 Network Geometry

Recent research on modern cellular networks has proposed various approaches
to address the modeling and performance analysis of reverse and forward links. The
Wyner model [155] gained enormous attention for its simplicity as it considers inter-
cell interference to be constant or a single random variable to account for fading.
However, it has been shown in [I57] that this model suffers from shortcomings in the
cases where the inter-cell interference is spatially averaged, e.g., a CDMA network
congested by a high load. In the same context, existing work suggests a network model
consisting of regular and deterministic BS deployment, e.g., hexagonal or square grid-
based model shown by Figs. and [6.2a] Although this network model is regular,
closed-form expressions for the communication performance are not tractable and
instead the derivation is based on approximations and Monte Carlo simulation. It has
been shown that the grid-based model is an upper bound to the actual performance
retrieved from real data, e.g., the SINR coverage based upon a square grid is an upper

bound to network measurements [9, [1TT].

Limitations of previous approaches led to the development of random spatial
models for network modeling. This new perspective brought two important results.
First, tractable derivations of communication performance such as rate and SINR
expressions became possible. Second, random spatial models were at least as accurate
as grid-based models and in many cases more accurate with respect to actual networks.
For example, Fig. is a PPP distribution of both BS deployment and UE locations,

which provides accurate SINR statistics for real urban networks [147].

6.2.2 Large-Scale Fading

The locations of BSs form a stationary and ergodic point process ®pg C R?
of density Apg, and the UE positions follow an independent point process ®yp C R?
of density Ayg, which is also stationary and ergodic. Together, they model a realistic

macrocellular network scenario.
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Figure 6.2: Realization of homogeneous cellular networks. (a) Square grid consists
of regular deployment of BSs while the UEs are uniformly distributed in the cells.
(b) PPP network model wherein the deployment of BSs and UEs are distributed
according to a PPP.

Each UE is associated with the BS from which it has the strongest large-
scale channel gain and we denote by K} and K¢ the number of uplink and downlink
UEs served by the ¢-th BS. The large-scale gain comprises pathloss with exponent
n > 2 and shadowing that is independently and identically distributed (IID) across
the paths. In particular, the large-scale gain between the ¢-th BS and the k-th user
connected to the [-th BS is

Lref
Gox) = TZ([ . Xe,(1,k)s (6.1)

with L. as the pathloss intercept at a unit distance, 7, ) the link distance, and
Xe,,k) as the shadowing coefficient satisfying E[x?/"] < oco. Further, we introduce
large-scale fading between the UEs to model the IUL. We denote Tis ) ax) as the
large-scale channel gain between the n-th user and the k-th user associated with the

(-th and [-th BSs, respectively.
Without loss of generality, we denote the 0-th BS as the focus of interest and

drop its subscript for notational compactness. For large-scale gains,

o Go ) = Gur relates the BS of interest with the k-th UE associated with the
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[-th BS.

o Gy ok = Guy relates the -th BS with the k-th UE associated with the BS of

interest.
e Gy 0,k = Gy relates the BS of interest with its own k-th UE.

o Ky = K is the number of UEs served by the BS of interest.

The same scripting and compact notation are applied to other quantities.

6.2.3 Small-Scale Fading

We denote hy ) ~ Ne(0,1I) as the normalized reverse link N, x 1 small-scale
fading between the k-th user located in cell [ and the BS in cell ¢ and hz(l’k) as the

forward link reciprocal, assuming TDD with perfect calibration [53]. In addition, we

2
iui

in cell ¢ and the k-th user in cell [ [40]. We further denote by Hs; ~ N¢(0, p2)) the
SI channel matrix (N, x N,) [40].

denote by gn),ak) ~ Nc(0,04;) the 1 x 1 small-scale fading between the n-th user

Remark 11. In this work, we assume perfect knowledge of the SI channel. The es-
timation of the SI channel can be carried out with conventional methods such as
LS or MMSE estimators. If the channel matrix is sparse, then a compressive sens-
ing method will be the best candidate, in particular, for a channel matrix of large
dimension. In addition, we consider an estimate of the SI channel (Hg)) while the
estimation error can be accounted as additional source of SI. Note that tackling the

SI channel estimation problem is out of the scope of this work.

6.2.4 Number of Users per Cell

Regardless of the regularity of the network lattice, disparities may come to

play across the BSs due to shadowing and randomness of user locations.
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Without shadowing, any user is associated with the tagged BS in its Voronoi
cell, and the number of users, conditioned on the cell area, is a random variable
with mean Ayg multiplied by the cell area A. If ®yg is a PPP, then the number of
users follows a Poisson distribution. Depending on how the cell area is distributed,
the distribution of the number of users per cell can be evaluated. For example, if
® e is a PPP, such number in a lattice network is Poisson distributed with average
Aue/Ass while, for an irregular network with PPP distributed BSs, the corresponding

distribution is approximated in [46].

In the presence of shadowing, a user is not necessarily associated with the
nearest BS. Although the shadowing per link is strong and independent, the number
of users per BS still follows a Poisson distribution with mean Ayg/Ags regardless of
the BS locations. In fact, when shadowing increases significantly, it dominates the
pathloss and each BS becomes equally likely to be the one serving a particular user.
For instance, let’s consider a region with a finite area A consisting of AAgs BSs and
AMlye UEs, all located randomly. When the shadowing strengthens, the number of
users served by each BS follows a Binomial distribution B (A)\UE, ﬁ), since each
UE has equal probability JﬁUE of being associated with any of the A\gs BSs. For a
region with infinite area (A — o) and with a constant mean A\yg/Ags, the Binomial

distribution converges to a Poisson distribution [29].

6.2.5 Full-Duplex and Low Resolution ADC/DAC

Fig. illustrates a basic abstraction of a BS operating in FD mode. The
uplink UEs send the data to the BS independently from the data intended for the
downlink UE transmitted from the BS. Since the BS transmits and receives simulta-

neously using the same resource blocks, SI leakage is created as loopback from TX to

RX arrays of the BS.

Without loss of generality, we illustrate the analysis of a FD system with low

resolution ADCs/DACs for a single-cell scenario. Then we generalize the analysis to
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Figure 6.3: Basic abstraction of a full-duplex base station: The uplink UE sends the
data to the BS independently from the data intended to the downlink UE sent from
the BS. Since the BS transmits and receives simultaneously at the same resource
blocks, SI leakage is created in the form of a loopback from TX to RX sides of the
BS.

a multi-cell network for reverse and forward links.

The received uplink signal y* at the BS prior to quantization is given by
y' = VPHx, + VFPHsy! + n,, (6.2)
where the downlink unquantized precoded signal y? is given by
y? = Fxq. (6.3)

Here, F is the precoder. By approximating the quantization effects using the AQNM,

the received signal y* and transmitted signal y? after quantization at the BS can be

modeled as
Y = aqy’ + qa. (6.5)
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We define the covariance matrices for the AQNM [40] as

Rq, = Elquq}] = au(1 — o) diag (P,HH], + Q + 0’1y,) (6.6)

Ry, = E[q.q))] = aq(l — ag4) diag (FF*), (6.7)

where Q is given by
Q = P,Hg (oJFF* + R,) HY,. (6.8)

6.3 Reverse Link Analysis

At the channel estimation stage, we assume the BS operates in HD mode
with full-resolution ADCs and DACs [168]. In other words, in the absence of the SI
and quantization error due to limited ADC/DAC resolution, the received signal (sent
from the k-th uplink UE) at the BS of interest, assuming no pilot contamination and

single-cell single-user case, is given by

Upon data transmission from the users (in a multicell and multiuser scenario),
the BS operates in full-duplex mode with low-resolution ADCs/DACs. Consequently,

the BS of interest observes the following received signal vector

Ko—1

Vg =Qu Z Z VGerPoiherser + auy/ PsiHsiqq
¢ k=0

K-1

+ oy g/ PSI Z HSIfksg + . + V.
k=0

(6.10)

Next, we will consider two channel estimation /acquisition approaches, LMMSE
and channel hardening, wherein the pilot contamination will come to play.
Remark 12. As illustrated in Fig.[6.3], the BS consists of two antennas arrays dedicated
for transmission and reception and hence the uplink and downlink channels estimation

can be carried out separately.
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6.3.1 LMMSE Channel Estimation

Decomposing the channel into an estimate and an error term entails a new

formulation of the received signal vector

Ko—1

Yy =0 Z Z VGer P (Bé,k + flm) Sp + Vv
¢ k=0

L (6.11)
+ auaay/Pa Y Hsifis) + auy/PaHsiqa + qu.
k=0

Note that flg,k is the LMMSE channel estimate and I~1g7k is the channel estimation

error which is uncorrelated with the channel estimate and has variance given by
1

MMSE;, = ———
© 1+ ZSNR;

(6.12)

where P, is the total power transmitted from the BS at the cell of interest and P is

the power transmitted from the k-th user to the BS of interest.

Since the number of coherence tiles N, is finite[] the number of orthogonal pilot
dimensions N, < IV, is also finite. While it is possible to assign orthogonal pilots to
K active users in certain cells, it is impossible to preserve pilot orthogonality over
the entire network especially when having many cells. When the system runs out of
orthogonal pilots, pilots have to be reused across network cells. Eventually, this reuse
incurs interference or pilot contamination during the estimation stage. For each user,

the BS of interest would like to estimate the quantity

D
1/Fkahk, k=0,... K—1, (6.13)

However, with pilot contamination, the BS ends up estimating

P P,
,/E’jakhﬁz,/ ]ﬁ;’“aé,kh&k, k=0,... K—1, (6.14)

Lec

4The number of coherence tiles per fading block or also termed as the number of single-carrier
symbols per block denoted by N. = BT, where B is the bandwidth and 7% is the channel coherence
time. If the fading blocks are IID, then T, coincides with the coherence time of a stationary fading
process, which leads to N, = [%] with v is the velocity. Note that the expressions of the number
of coherence tiles hold if the bandwidth is not too large [62, Chapter 3.
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Thereby, the LMMSE channel estimate is given

R Dk SNRY
= Pu - . (6.15)
14 FSNRY 4+ 37,0 F2SNRY,
and the variance of the LMMSE channel estimation error flk becomes
1+ Lk GNRY
MMSE;, = —— 2ree T, L . (6.16)
1+ p_iSNRZ + D sce #SNRZk

Proof. The proof is given in Appendix [D.1] ]

6.3.2 Data Transmission

By decomposing the interference into inter-cell and intra-cell components and
applying the linear receive filter wj at the k-th user (y;ﬁk = w,y, ), the received signal

at the BS of interest of the k-th user is given by (6.17)).

yg,k u'V GkPkahkSk + o,/ GkPkahkSk + Z vV GkPka (hk + hk)

Desired Slgnal Channel Estlmatlon Error _

Intra-Cell Interference
Kp—1

+ oy, Z Z V4 Ge P kahg kSex + gy Ps Z WkHSIkak

1£0 k=0

J/

Inter-Cell Interference Self Interference due to Full- Duplexmg

* * *
Ay \/ PSIWkHSqu + W.qu + QW V
~~ -~ N~——
Aggregate AQNM Filtered Noise

(6.17)

To distinguish pilot contamination from other sources of interference, we de-

compose the sources of inter-cell interference which results in the expression of the

received signal (6.18]).
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y};,k :Eyu\/ GkPkWZflkS]E—l—EJéu\/ kaszflksli‘l’ Oy, Z GkPkWii (flk + flk> Sk

[\ J/

Desired Signal Channel Estimation Error

Vv
Intra-Cell Interference

Ko—1 Ko—1
* *
+ ay, E E V Gk Poxwihegsey + E E VGerPoxwihy psex
(40 k=0 (cC k=0
e K2k

(.

Vv
Inter-Cell Interference

K—1
d
+ ayagqy/ Ps E wiHg fisy + o, E V Gk Porwy i hy s
k=0

lec
~~ ~~ 7
Self-Interference due to Full-Duplexing Pilot Contamination
* * *
+ auV/ Pawi Hsiqq + wiq, + a,wiv
N TV v
Aggregate AQNM Filtered Noise

(6.18)

Theorem 6. For LMMSE channel estimation, the output SQINR of the k-th uplink
user is given by (/6.19)).

a2 LSNRY |why, |2

sqinry, = e den ’ (6.19)
where den,, is given by ((6.20)).
5 Py <\ Prx e viou « Prx e v 2
den, =a2 | 14+ 5 SNREMMSE, + > 5 SNRY, + >y - SNRY | [l
keth Y A0 T tce k=0 U
I2:4¢ k#k
2 By u 1 2 2 PZJC u * *
+a2 ) SSNR; wkhk’ a2 > ESNRYWIE [Beshy i wi] w
KAtk Y ee Y
+ Z;QdPS| Z lwiHg f|* + §P5| lwiHsiqal® + 2 Wiqul”-
k=0
(6.20)
Proof. The proof is given in Appendix [0 ]
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If the channel estimation is perfect, the pilot contamination is negligible and

inter-cell interference is subsumed within the noise.

Proposition 2. With perfect CSI, without full-duplexing (Hg; = 0) and without pilot
contamination, we retrieve the same SQINR expression for reverse link derived by

134).

Averaging over the channel realization hy and hence wy, the reverse link user

spectral efficiency is provided by
) .
5 = E [log (1 +sqinr,)], k=0,..., K —1, (6.21)
If we introduce the pilot overhead, we would need to aggregate the reverse and forward
spectral efficiencies or, in its place, a partition of the overhead between the reverse

and forward links. Thereby, the effective reverse link spectral efficiency becomes

jsz Np )
5= 1_BF E [log (1 +sqinr,)], k=0,..., K — 1. (6.22)

where 3 € [0, 1] is the fraction of the pilot overhead ascribed to the reverse link.

6.3.3 Channel Hardening

One of the benefits of having massive number of antennas is the hardening of
the filtered signals. Suppose that, rather than W;;flk (where h is the estimate of h),
the decoder regards E[wihy] as the filtered channel. The receiver can compute this

value from the channel statistics while the fluctuation of the filtered signal around

the mean can be treated as SI. Thereby, (6.18]) becomes ((6.23)).
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K,—1

yflﬁk :Evu GkPk]E[Wth}Sli‘l’ Q, Z \/ GkPkWthSk + Z Z \/ G&kpg’sz,hg’k(s&k

Desired Signal k#k {#0 k=0

[\ J/ [\

Vv Vv
Intra-Cell Interference Inter-Cell Interference
Aggregate Self-Interference
7\

Y

K-1
ay\/ Gp Py (Wihy — E[wihy]) sk + g/ Py Z wi Hgfs?

Channel Estlmatlon Error

N J/

Self-Interference due to Full-Duplexing
* * *
ayV PowiHsiqq + Wi, oy wiv

Vv
Aggregate AQNM Filtered Noise

(6.23)

When considering pilot contamination, the received signal of the k-th user can

be reformulated as (6.24]).

y;k GkPkE[thk]Sk + Oéu\/ GiPs (thk — E[thk]) Sk + Z \/ GkPkahkSk
Desired Signal Channel E k#k
esire igna anne stlmatlon Error

[\ J/

Vv
Intra-Cell Interference

+ ay, Z VG Popwihe s, + ayaqy/ Ps Z wiHg) 5!

lee
Pilot Con;;mination Self-Interference due to Full-Duplexing
K,—1 K,—1
+ ay E E V Gk Poxcwihypsex + E E VGopPocwihypsx
£#0 k=0 LeC k=0
tge k£k

.

Inter-Cell Interference
* * *
ay\/ Pow Hsiqq + Wiqy + a,wiv

~~ S——
Aggregate AQNM Filtered Noise

(6.24)
Theorem 7. For channel hardening, the output SQINR of the k-th uplink user is given
by

o2 LLSNRY |E [wihy][?
sqinr, = —2 % Wil , (6.25)
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where den,, is given by (6.26]).

P,
den, =a FSNR“var [wihy] + o Z —SNR“E [[wihy] + a2 #SNRZ,CE [[wiheu)?]

k£k Py ee Y
K[ ].P K[ ].P
+a? 1+ZZ ~LESNRY, Zzﬂsm E [||w?]
040 k=0 Py leC k 0
ege
9 2o K-1

au *
+ ;PSIE [|[wiHsiqa?] + PSI Z Ellw;Hsifi|!] + = E[|quu| J.

- (6.26)

With sqinr,, k£ =0,... K — 1 being locally stable, the evaluation of the gross
spectral efficiencies do not require averaging over the fading realizations, but rather

it is directly computed by

=log (1 +sqinr,), k=0,...,K — 1. (6.27)

6.3.4 Matched Filter Receiver

A matched filter for user k satisfies wMF oc hy. This entails the following

expression as [62, Eq. (10.48)]

LLSNRY Pk g\RY
MF Py Z P, 2,k /
Wk = " P hk -+ ﬁhé,k + Vk
1+ ’;—55NRk + Y ree 7ESNRY), —\| 2SNR;
(6.28)

In above equation, the scaling is important to operate the decoder, but im-
material otherwise because it equally affects the received signal as well as the noise
and interference. The scaling satisfies E [[[w)F||?] = N, and the entries of v}, have
power of 1/ <%SNR}§) as discussed in [62, Section 10.3.2]. The pilots are assumed to

be regular and aligned at every cell.
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Corollary 1. If x and y are jointly Gaussian, i.e.,

Y Hy Ry Ryx
MRl ad) o2
The random variable y|x = x is complex Gaussian with mean

jt = Ryx Ry 'x (6.30)

and covariance

R =R, — RyxR;'Ryy. (6.31)

We will use Corollary [1] later to prove the results of Theorem [§

6.3.4.1 LMMSE Channel Estimation

In this part, we will derive the output SQINR of the k-th uplink user under

LMMSE channel estimation and with a matched filter receiver.

Theorem 8. For LMMSE channel estimation and with a matched filter receiver, the

output SQINR of the k-th uplink user is given by (/6.32)).

2PkSNRu WMF*h 2
sqinrp't = i b (6.32)

MF
den,

where den™F is given by (6.33).

K-1
den =a2 )" %SNRﬁwgﬂF*ﬁkﬁ +a? (1 + Z —SNR“MMSEk +y Y ]Z’kSNRZk> [ ||

krk ~ (£0 k=0 Y
> <%SNRM>2 ) s K-l
teC \ P, 4 2 (/e % 2
ai P; u Py i <HWI,:3/IFH - HW/';/IFH > + 2dP5|Z|Wl'<\;/IF HSIfk|
1+ FSNRy + Zeee - SNR, o —
.12
+ PSI |wy' HSICId‘ t3 ‘WMF Q|
(6.33)
Proof. The proof of Theorem [§]is given by Appendix [D.3] O

226



Proposition 3. With LMMSE channel estimation, without full-duplexing, with full-
resolution (a,, = g = 1) and with a matched filter receiver, we exactly retrieve the

same output SINR of the k-th uplink user given by [62, Eq. (10.50)].

6.3.4.2 Channel Hardening

We adopt the matched filter receiver to design the combiner wy, kK =0,..., K"—
1.

Corollary 2. The matched filter receiver wMF (transmitter f'7) has the following

properties [53] 40]
L E [[|W'"[?] = E[I{""]|?] = N,
2. E[[wi™lI*] = E [[IE'F|*] = NZ + Na.

3. B |[wiFn’| = E|

hifMF|| -
Theorem 9. For channel hardening and a matched filter receiver, the output SQINR
of the k-th uplink user is given by ([6.34]).

2
. o2 (F:SNRY) N2
sqinr, = - (6.34)
(1 + BSNRY + 3, £ SNRY k) den."

where Ezﬂ " s given by (6.35)).

2
K1 p Sree (HESNRY)
S Lee 3 0k
den" —aZN, 1+Z Z —SNRM +a2NI—— " -t
14+ FESNRY + > e 5 SNRY,
+ aZag(l — ad)KdelmR +a2a2K*NZINR

Pecr P P
QFzSNRkA—ZFkSNR +ZZ ok

k£k Y 140 k

+ Ny, (1 — )

(6.35)

Here, INR = P13, /o2
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Proof. The proof of Theorem [9]is provided in Appendix [D.4] O

Corollary 3. To further characterize the spectral efficiency, we derive a new bound

using the following formula [26, Eq. (35)]. Assuming statistical independence between

E {log (1 + g)} ~ Jog <1 + %) . (6.36)

Lemma 2. Assuming perfect CSI, and applying Corollary |3 the output SQINR of the
k-th uplink user (6.34]) becomes

x and y, we have

2
" (%SNR;;) (N2 1 N,)
sqinr, = : (6.37)
k Py u Py g u MF
(1 + BSNRY + 3,00 P—;SNRM> den.’

In the proof of Theorem |§| in Appendix , the terms in (6.35)) related to the channel

estimation error and pilot contamination vanish because the CSI is perfect.

Proposition 4. Considering a single-cell multiuser system (without any inter-cell in-
terference) with perfect CSI, Corollary |3 entails the results for the reverse link in
[40].

Proposition 5. With channel hardening, without full-duplexing, with full-resolution
and with a matched filter receiver, the output SINR of the k-th uplink user is given

by (39,

2
i u = Lok u (%SNR;i)
——MF 1+ 5, SNRE+D pee 5, SNRY ), N7
sinr, = yT] . (6.38)
L 2
Prx u Na Pk u
143 5 TESNRY 4+ M 5 (DesNRy, )
¢ k=0 + 5, kT 2ece B 0k £EC

Remark 13. Note that Proposition [5] entails the same result for reverse link derived

in [62, Eq. (10.63)].

Lemma 3. When the power (SNR}) of the k-th uplink user goes to infinity, the output
SINR (6.38)) converges to Nj.
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This SINR limit, caused by the channel estimation error, is incurred by the
users with favorable conditions, i.e., having small shadowing and short distances from
the associated BS. However, this limit is irreducible and cannot be overtaken by a

matched filter receiver reliant on channel hardening.

Neglecting pilot contamination, the output SINR expression (6.38)) can be

reduced to )
P U
——MF N (P_ESNRk>
sinr, &

(6.39)

u

(1+ BSNRE) (14 50, %5 SESNRY, )

6.3.5 Fractional Power Control

In an outdoor environment, the received power is highly degraded by pathloss
and shadowing; hence, we adopt a slow power control regime such as fractional power
control to compensate pathloss. Such a power adaptation technique is character-

ized by a parameter ¢ € [0, 1] to control the received power of the UEs. Formally,

P o Py 1
R -

must be optimized at each cell ¢ on the basis of that cell’s weighted
sum spectral efficiency. Consequently, the power control factor is

Pé,k 1
P, G

k=0, K1 (6.40)
£,(¢,k)

By saying PPL;:“ <1, k=0,..., K} —1, we mean the reverse link transmit power must
not exceed its maximum value. If ¥ = 0, all UEs have the same transmit power and
no power control regime is adopted. When ¢ = 1, the pathloss represented by the

pathloss exponent is completely compensated.

6.4 Forward Link Analysis

The signal transmitted by the ¢-th BS is

Ki-1 P,
Xe= Y 4/ N LekSek, (6.41)
k=0 2
2
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where P, is the power allocated to the data symbol sy ~ N¢(0, 1), which is precoded
by f;; and intended for its k-th user. The power allocation satisfies

d
Ki-1

> Puy=P (6.42)
k=0

where P, is the forward link power per cell. Since the BS operates in FD mode,
the reverse link users are only corrupted by the SI while the forward link users are
Sl-free. But since the reverse link users users are sending simultaneously when the
forward link users users are receiving, the latter are vulnerable to the IUI caused by

the reverse link users.

Upon data transmission from the BS of interest, the k-th user observes the

following quantized received signal from the BS of interest as

Kg—1 Ki-1
G P, G P,
d AZEATIS L0k &
i =0 D AT Biafewsect D DL /TR i
¢ k=0 £ k=0

Kp—1
> D/ TennPii&eisst + vr.
l k=0

In the reverse link, the LMMSE channel estimates are available at the BSs from

(6.43)

the corresponding pilot observations. Therefore, exploiting the channel reciprocity
in TDD, we can skip the channel estimation at the UEs. Nevertheless, the channel
estimation at the UEs can be carried out by sending precoded forward pilots, using

at least one precoded pilot per UE and per coherence time (block of samples).

In the rest of this section, we focus on the analysis of channel-hardening reliant

receivers.

6.4.1 Channel Hardening

Since we consider receivers taking advantage of channel hardening, the k-th
user served by the BS of interest regards E[hjfy] as its precoded channel wherein the

small-scale fading is averaged. The variation of the actual precoded channel around

the mean incurs SI, such that (6.43]) can be formulated as ([6.44]).
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GiP, | G Py, |G B
yik =Qyq ]Ii/-akEIh*fk:ISk_I_ad N (h*fk —E[hkfk Sk—I—Ode k kh*fksk

k£k

~
Desired Signal Channel Estlmatlon Error
Intra-Cell Interference

+Z Z ,/G"’“ “‘hquwadz Z I/G"’“ “h“,fgksfk

{#£0 k=0
Aggregate AQNM Inter-Cell Interference
Kp—1
+ E \/ ik By 8 Sk u +E E / Liex) kP8 e kSt + Dk
k;ék Z;é() k=0 Norse
Same Cell Inter User Interference Other Cells Inter User Interference

(6.44)
Theorem 10. For channel hardening, the output SQINR of the k-th downlink user is

given by (6.45).

SNRY |E [h;f,]|?

a?
sqinry, = dPN = (6.45)
d
Here, deny is expressed by II
-1
deny =a3— - SNRivar [hfy] + a2 3 — < SNR{E [|hjf[?] Z Fex A SNRYE I
PdN = P N, it

K“l

+Z Z ekSNRILI'k R [Ig(t’k kI I IZP

e o I

(6.46)

where SNR'(LlI'k w = PT i r/0°.

Proof. The proof is straightforward by evaluating the expected value of the power of
each term. The expected value of the power of channel estimation error is nothing
but the variance of the precoded channel. The derivation cannot go further because
this result is considered for any given BS precoder. Later in Thereom [11] we will

specify the BS precoder and hence the derivation will be more intricate. O
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6.4.2 Matched Filter Precoder

The ¢-th BS gathers channel estimates fle,(g,o), e ,};\167(& Kd-1) from the reverse
link pilots transmitted by its own users. With a matched filter transmitter, the

precoders at cell ¢ are given by

h
£YF — /N, LEH k=0, K1, (6.47)
. 2
= [Jicea
where the precoders share the same properties as the matched filter receiver indicated

by Corollary [2|

Recall the expression of the reverse link channel estimate at the cell of interest
(6.15)), and referring to the analogy with the matched filter receiver, the k-th matched
filter precoder at the BS of interest is expressed by

%SNR“

fMF: hk+

hyp+v |- (6.48)

which exactly matches the reverse link matched filter receiver.

Theorem 11. For channel hardening and with a matched filter precoder, the output

SQINR of the k-th downlink user is expressed by (6.49)).

_F FESNRYZESNRYN,
sqinr, = (6.49)
P u Py S -MF
(1 + —’“SNRk + e TESNRY k) den’
Remark 14. The fractions }jﬁf and L& for any ¢ and k, are the fractional power

control and power allocation coeﬂficuents7 respectively.

While introducing the new term o = SNRZ(M)/SNRZ(”@ for any ¢,1 and k as
the forward-reverse signal-to-noise ratio (SNR) ratio, the output SQINR of the k-th

downlink UE becomes

02k (SNRY)”
ME g+ ’“SNRd-i-Zeee SNRd d
sqinr, = T (6.50)
den,
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where EZAF is given by ((6.51)).

N, Py Py, d \2
Z ;QJFP}“SNRMJFE&@?CSNR@zk)P Py
Ki 1 pu P
+) Z “‘SNR'“;k)k +ag(l—ag) Y “SNRM (K +1).
¢ k=0 ¢
(6.51)
Proof. The proof of Theorem [11] is provided in Appendix O

Proposition 6. Considering a single-cell multiuser system (without any inter-cell in-

terference) with perfect CSI, Corollary [3| entails the results for forward link in [40].

Proposition 7. With channel hardening, without full-duplexing (no IUI), with full-
resolution and with a matched filter precoder, the output SINR of the k-th downlink

user is given by (16.52)).

2
Py - 0k d. ?C ?k (SNR%)
—MF Q—"_PiuSNRk'i_ZZeG By SNR u td
sinr, = P 5 N o P v
2 P ek

Nz Pli
PESNRY 4+ ce 7o SNRY (1

(6.52)
Remark 15. Note that Proposition [7] entails the same result for forward link derived

in [53].

Neglecting pilot contamination and assuming o + %SNRZ ~ %SNR%, the
output SINR of the k-th downlink user (6.52)) is reduced to (6.53)).

—wF gk (SNRd)
sinr, A~ .
(o %SNR;Q (1+Y, SNRZ,C)
Remark 16. Note that the output SINR expression (6.53) admits a duality with its
reverse link counterpart (6.39). In addition, the assumption of o+ %SNRZ ~ %SNR%

(6.53)
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is equivalent to considering a perfect channel estimation and therefore any achievable
SINRs in the reverse link can be also achieved in the forward link if the same total

power is transmitted.

6.4.3 Tractability

Finding closed-form expressions of the proposed systems is not tractable. How-
ever, under special assumptions, tractable expressions of the CDF as well as the

spectral efficiency can be derived.

Proposition 8. Without full-duplexing, with full resolution, without pilot contamina-
tion, without noise, and with fixed number of users as well as assuming the number
of downlink users (K) is the same in all the cells, the CDF and the average spectral
efficiency per user under uniform power allocation scheme satisfy and ,

respectively.

~ st (Da-1 N./K

Ek(T)_e(K ) 0=<7< 3+e
Four(7) =1~ (2 — 1)’ sinc(d) + B; <N_—§K) NIK <o o MK (g5

5 . N./K .,

FEII\CAF(T) =1— (£ —1)"sinc(0) 2/ <7<

“+o0o
- 1 —e#Na/K gz

J—wr =1 — 6.55
sWZIF OgQ(e) / 1F1(1,1 —(S, 2) z ’ ( )

Here, the function Bs(+) is defined by

Bs(@) = = iy (20 +2)T2(1—6) '

(6.56)

Here, oF(-) is the Gauss hypergeometric function,  F1(-) is the confluent hypergeo-

metric or Kumar function, and I'(+) is the Gamma function.
In (6.54)), the term s* < 0 is defined as the solution of
§*~(—6,5*) = 0. (6.57)
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where 7(, -) is the incomplete lower Gamma function and § = 2/7. We solve (6.57)) to
find s* which then determines the values of n and ¢ in this tractable case. Common

values of the parameter s* for typical pathloss exponents are given by Table [6.2]

Table 6.2: Values for parameter s for typical pathloss exponents 7 [62, Table 10.1].

n s
3.5 —0.672
3.6 —0.71
3.7 —0.747
3.8 —0.783
3.9 —-0.819
4.0 —0.854
Proof. The proof of the results entailed by Proposition (8] are derived in [53]. O

6.5 Asymptotic Analysis and Power Scaling Laws

In the section, we investigate the effects of the number of quantization bits,
number of BS antennas, number of users, and BS and UE power budgets on spectral
efficiency for the reverse and forward links. In the next Section, we carry out the

analysis for the channel hardening case.

Lemma 4. For a fixed power budget, fixed number of transmit antennas and full-

resolution (b — oo, a,, = ag = 1), the spectral efficiencies for reverse and forward

links converge to (6.58) and ([6.59)), respectively.

P, w2
(FESNRy) N
TMF 5 P
~“— —log |1+ L7y SNREH S vce iy SNRY
B ¢ Kv—1 p, > (%SNR“ )2
e 4,k u LEC\ Py 0,k d
L+ 3220k FoSNRp + Na—p— P + N.K°INR
1+ESNRk+Zeee o SNRM
(6.58)
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JMF
—_— %
B
=~ B (SNRY)®
1 o+ PESNR 43", ek SNRY P P (SNR:)
og | 1+ d N, Py Po d 12 Ki—1 By >
1+ SNRy, + > ce P (SNRZ )™+ 200 20k 2. SNR(7 1)

P d Pk d P, P
ot pESNRE  +3 0 ce 5 SNRY 4y T 14

(6.59)

In and , the quantization error introduced by finite resolution
ADCs and DACs vanishes for full-resolution. When the number of antennas is fixed,
spectral efficiency for uplink/downlink users becomes constant. Although increasing
ADC/DAC resolution can improve the uplink/downlink spectral efficiency, the latter
is limited by pilot contamination, SI, IUT and cellular interference including intra and

inter-cell interference.

Lemma 5. For a fixed number of antennas IV, and a fixed number of bits b as well as
assuming uniform power allocation for the forward link, when SNR}, SNRﬁ — 00, the

spectral efficiency for the reverse and forward links converge to

JMF N,
j'c\l/”: OédNa

In and , the spectral efficiency for the reverse and forward links de-
pend on the number of antennas N,, number of users K, and the AQNM ADC/DAC
resolution parameter . When the transmit power at the BS and UE in the cell of
interest grows large enough, the aggregate interference as well as the pilot contami-

nation are eliminated.

Lemma 6. If the transmit powers of the BS and each user are scaled with the number
of antennas N, i.e., P = NE where F is fixed, as N, — oo, the spectral efficiencies for

reverse and forward links converge to
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In (6.62)) and (6.63)), we found that using a proper power scaling law and more
antennas can eliminate the inter-user, inter-cell and intra-cell interference as well as
pilot contamination and noise for both the reverse and forward links. However, the

reverse link is still corrupted by the SI.

Lemma 7. If the transmit power and number of users per cell are fixed, the spectral
efficiencies for reverse and forward links as N, /K — oo converge to (6.64) and (6.65),

respectively.

au(istu>2
AMF
142k kSNR} + k SNRY
S —log | 1+ o ; Eece ' SNRL (6.64)
ZEGG(T{LSNRZIC) d
ay— P + ag (o, K4+ 1—«,) INR
1+ 5ESNRE+Y e - SNRE
_ 1 Py Pr (GNRY 2
Ty 1 1 o+ TESNRI+S e e SNRY, P P (SNRY) 6.65
Zz e ( K,k:)

d d P, P
+PkSNRZk+ZlEG FoSNRY 4y T Tl

Equations (6.64) and (6.65) corroborate the fact that increasing the ratio
(N,/K) leads to pilot contamination dominance which imposes a limit on the SQINR.
The reverse link performance is also saturated by the SI in addition to the pilot con-

tamination.

6.6 Extension to Millimeter Wave Bands

Up to this point, we have been focusing on sub-7 GHz LTE bands. In this

section, we provide an extension of the previous analysis to the mmWave spectrum
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from 30 to 300 GHZH whereas most users operate at a carrier frequency below 7
GHz. The major benefits of operating in mmWave frequencies is the availability of
larger bandwidths and unlicensed spectrum. For example, channels with 2 GHz of
bandwidth are common for systems operating at 60 GHz unlicensed mmWave bands.

Larger bandwidth channels mean higher data rates.

6.6.1 Channel Model

Radio channel properties depend on the carrier frequency. Electromagnetic
waves propagating at low/medium frequency can travel for long distances due to low
penetration loss, small pathloss, and rich scattering paths. A good channel model
to describe such a phenomenon is the Complex Gaussian or Rayleigh fading. For
mmWave bands, electromagnetic waves travel short ranges due to high penetration
loss, large pathloss, and limited scattering paths. In other words, mmWave channels
are generally sparse wherein the number of rays is small and grouped in a small
clusters. A good common channel model that can capture these properties is the 3D

geometric channel, a.k.a. the Saleh-Valenzuela model, expressed as

Now V. C—1R.—1
H= \/ % Z Z arCaRX<0rc)a:ﬁl'X<¢rc)7 (6‘66>

=0 re=0
where Ngrx and Ntx are the numbers of antennas at RX and TX, respectively. C'
is the number of clusters, R. is the number of rays per cluster, and 6,, and ¢, are
the AoA and AoD of the r.-th ray, respectively. Each ray has a complex path gain
a,,. Also, arx(f) and arx(¢) are the RX and TX antenna array response vectors,
respectively. We adopt a uniform linear array wherein the array response vector is
given by

1 27T ; 27T i T
1. et 5 sin(0) o elT(NRX—l) sm(@)] . (667)
VNrx L s

where r and A\ are the antenna spacing and signal wavelength, respectively.

aRX(H) =

% Although a rigorous definition of mmWave frequencies would place them between 30 and 300
GHz, industry has loosely defined them to include the spectrum from 10 to 300 GHz.
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TX Array

RX Array

Figure 6.4: Relative position of TX and RX arrays at BS. Given that the TX and
RX arrays are collocated, the far-field assumption that the signal impinges on the
antenna array as a planar wave does not hold. Instead, for FD transceivers, it is more

suitable to assume that the signal impinges on the array as a spherical wave for the
near-field LOS channel.

6.6.2 Self-Interference Channel Model

Per Fig. [6.4] the SI leakage at the BS is modeled by the channel matrix Hs.
The separation, or transceiver gap, between TX and RX arrays is defined by distance
d while the transceiver incline is determined by w. The SI channel is decomposed
into a static LOS channel modeled by H| ps, which is derived from the geometry of
the transceiver, and a NLOS channel described by Hyos which follows the geometric
channel model defined by (6.66). The (g, p)-th entry of the LOS SI leakage matrix
can be written as

L iondp

[HLOS]qp = d_e Ay (668)

Pq
where d,, is the distance between the p-th antenna in the TX array and ¢-th antenna

in the RX array at BS given by (6.70)). The aggregate SI channel matrix can be

obtained by
K 1
H, = H —H , 6.69
Vg os + g ies (6.69)

-

V.
Near-Field Far-Field

where k is the Rician factor.
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dpy = \/(tand(w) +(g— 1);)2 + (Sincgw) +- 1)/2\>2 -2 (tanciw) +(g— 1);) <suf(lw) +( (p | 1);\) cos(w),
6.70

6.6.3 Signal Processing Perspective

Communicating at mmWave bands is not simply a matter of just switching
the frequency band to be higher. Migrating to mmWave completely changes the
assumptions that underlie prior developments in signal processing for communica-
tions. The RF hardware introduces constraints that have significant effects on the
beamforming, precoding, power consumption, etc. Unlike UMTS and LTE, devices
operating at mmWave frequencies are power hungry; e.g., the ADC/DAC consumes
hefty power because higher sampling rates are needed for the larger bandwidths in

mmWave communications.

Adopting a full-digital architecture for the large antenna arrays needed for
mmWave LTE communications becomes impractical. In fact, for the full-digital ar-
chitecture, an RF chain is dedicated for each antenna, but due to the higher power con-
sumption of each RF chain at mmWave bands, the full-digital solution for mmWave
communications is not feasible. To reduce the power consumption, adopting a hybrid
A /D architecture, wherein the number of RF chains is reduced and each RF chain is
connected to the entire array of antennas as illustrated by Fig. [2.4] may solve this
shortcoming. Although such a solution reduces the number of RF chains and hence
sacrifices degrees of freedom leading to reduction in spectral efficiency, the reduction
in the total power consumption can lead to a practical implementation. For compari-
son, the full-digital architecture of the FD BS is illustrated by Fig. and the hybrid
A/D architecture of the FD BS by Fig. [6.5

The full-digital precoder or combiner designed in the previous sections for the
reverse and forward links is neither energy-efficient nor feasible for mmWave; however,

the designs may serve as benchmarking tools to measure the efficacy of the hybrid
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Figure 6.5: Basic abstraction of the hybrid analog/digital architecture of the FD BS.
Wgr and Wpgg are the analog and digital combiners at the BS, respectively. Fgrg
and Fgg are the analog and digital precoders at the BS, respectively. The number of
streams that the BS can sustain is denoted by Ng while the number of RF chains is
denoted by Ngg. We further illustrate the loopback SI from the transmit to receive
arrays of the BS and we denote by Hg the aggregated SI channel.

T T
T b

beamforming design in Fig.[6.5] In proceeding with mmWave analysis, we decompose
the full-digital solution into the equivalent analog and digital components. Without
loss of generality, we conduct the analysis for a given optimal full-digital precoder

denoted by Fop.

In this subsection, we aim at decomposing the optimal precoder Fo into the
equivalent digital Fgg and analog Fgrg solutions. The hybrid A/D decomposition

problem &7, can be stated as

@1 : min HFopt — FRFFBB”%‘
Fgg,Fre
s.t. Frr € Fgre (671)
|FreFagll7 = N,
where Fge is the set of feasible RF precoders which correspond to a hybrid architecture

based on phase shifters, i.e., the set of matrices with constant-magnitude entries.
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6.6.4 Implementation of Millimeter Wave Solutions

The main objective of this subsection is to illustrate the implementation of

the mmWave hybrid A /D solutions following these steps:

1. Find full-digital combiner W = [wq, w1, ..., Wgu_1] and precoder F = [fy, f;, ... fxa_4]
at the FD BS of interest. Such solutions could be the matched filter as proposed
for LTE bands or other solutions such as ZF or MMSE.

2. Decompose full-digital combiner and precoder at the FD BS into the equivalent
analog and digital solutions as W = WgrgWpgg and F = FreFgg.

For the forward link, each user receives a single spatial stream from the BS and
hence we assume that the total number of allowable spatial streams is Ng = K. In
addition, we assume that the maximum number of served users is equal to the number
of RF chains at the BS, i.e., K < Ngg. This is motivated by the spatial multiplexing
gain of the proposed MU-MIMO hybrid precoding system, which is restricted by
min (Ngg, K) for N, > Ngg. For simplicity, the BS uses K out of the Ngg available
RF chains to serve the K users. In the digital domain, the BS applies a K x K digital
precoder Fgg followed by an N, x Nrr analog precoder Fre. Since the analog precoder
is implemented using analog phase shifters, it has the constant amplitude constraint,
[Fr 0 2

= NL Further, we assume that the angles of the analog phase shifters
are quantized and have a finite set of possible values. With these assumptions, the

ie.,

analog precoder entries takes the following form [Fge], = = \/Lﬁewm” where 6,,,, is the

a

quantized angle at the (m,n)-th entry of the analog precoder. The total power is

constrained by normalizing the digital precoder such that |[FreFggl/% = Ns.

For the reverse link, we adopt the same assumptions in terms of the number
of spatial streams and RF chains as the forward link. To process the received spatial
streams of each user, the BS applies an N, x Ngg analog combiner Wgg followed
by a K x K digital combiner Wpgg. Like the analog precoder, the analog combiner

2

_ 1
= A Given

is implemented using analog phase shifters and satisfies )[WRF]W”
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that the analog phase shifters are quantized and have finite set of feasible values,
the analog combiner entries satisfies [Wge| =~ = \/LN—aei‘bm" where ¢,,,, is the quantized

angle at the (m,n)-th entry of the analog combiner.

We start by designing the digital precoder Fgg by using the LS routine as

Feg = FiFop, (6.72)

To satisfy the power constraint in (6.71]), we normalize the digital precoder

Ns
FBB by a factor of m

To design the analog precoder Fgrg, we proceed by alternating optimization;
i.e., we fix the digital precoder Fgg and seek the analog precoder that optimizes the

following problem

@2 . min ||Fopt — FRFFBBH%‘
Fgg,Frr

(6.73)
s.t. Frr € Fge.

It is important to note that decomposing the optimal solution into a hybrid
A /D solution is not straightforward due to the non-convex unit modulus constraints.
There is no general method to optimally solve . To solve this problem, we adopt
the approach used by [161] to offer a near-optimal solution of . The authors
apply the Conjugate Gradient Algorithm for analog precoding based on Manifold
Optimization [I61]. More details about Manifold Optimization can be found in [I16].
The hybrid precoding design is summarized by Algorithm [7]

Algorithm 7 Hybrid Beamforming Design

: Input F,;

: Construct Fg)F) with random phases and set n = 0

repeat
Fix FgLF) and F(BnB) = FI(;:LF)TFOpt Optimize FénFH) using [161], Algorithm 1] when
F(BnB) is fixed.
n+<n+ 1.

until a stopping criterion triggers

7: For the digital precoder at the transmit side, normalize Fgg <—

= w oy =

v/ Ns F
[FreFesl[r BB
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6.6.5 Upper Bound on Spectral Efficiency

For the interference-free case, the optimal beamformers diagonalize the chan-
nel. By applying the SVD on the channel, we retrieve the singular values and extract
the first Ny modes associated with the spatial streams. The upper bound for uplink

or downlink is given by

Ns—1

Jgound = Y _ log (1+ o (H)*SNR) . (6.74)
=0

6.7 Energy Efficiency and Outage Probability
6.7.1 Energy Efficiency

The energy efficiency, expressed in bits/s/Watt or bits/Joule, is defined as the
ratio between the spectral efficiency I(sqinr) and total power consumption prota. It

is expressed as
JI(sqinr)

J(sqinr) = (6.75)

PTotal

In this work, we define the energy efficiency with respect to reverse link since
the receiver (BS) is equipped with multiple antennas. For full-digital BS combiner as

illustrated by Fig. the total power consumption model is defined by

PRoiat = Na (pLna + pre + 2panc) , (6.76)

where pgrg is the power consumption per RF chain which is defined by

PRE = PM + PLO T PLPF + PBBamp- (6.77)
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Figure 6.7: Basic abstraction of an analog combiner (AC).
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Figure 6.6: Basic abstraction of a digital combiner (DC).

For analog architecture as illustrated by Fig. the total power consumption

can be expressed as

AC __
PTotal =

N, (puna + pps) + pre + pc + 2papc.

(6.78)

For hybrid A/D architecture as illustrated by Fig. , the total power con-
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Figure 6.8: Basic abstraction of a hybrid analog/digital combiner.

sumption by the mmWave hybrid receiver is expressed by
HC
PTotal = Na (pLna + psp + Nrepps) + Nrr (prr + pc + 2papc) - (6.79)

Examples of the power consumption of each device is presented in Table [6.3]
The power consumption of all components except the ADC is independent of the
bandwidth B and number of bits b, whereas papc grows exponentially with b and
linearly with B and with Walden’s figure of merit for ADCs ¢, which is the energy

consumption per conversion step per Hz. Common values of ¢ are given in Table [6.4]

In this work, we selected three reasonable component power consumption mod-
els that we approximately identify with current and future generations of technology.

The Walden figures of merit ¢ for these ADCs are detailed in Table [6.4]

e The HPADC model is based on an existing device that supports sampling at
Gs/s and has been cited in related literature such as [115]. In order to give
phase shifters appropriate power consumption values, we pair the existing ADC

model with an existing phase shifter model with papc = 2mW in [77].
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Table 6.3: Power Consumption of Each Device [3].

| Device | Notation | Value |
Low Noise Amplifier PLNA 39 mW
Splitter psp 19.5 mW
Combiner pc 19.5 mW
Phase Shifter PPs 2 mW
Mixer PMixer 16.8 mW
Local Oscillator pLO 5 mW
Low Pass Filter PLPF 14 mW
Baseband Amplifier PBBamp 5 mW
ADC PADC CBQb

Table 6.4: ADC Power Consumption Per Sample Per Level, ¢ [3].

| Scenario | Value | Generation |
LPADC 5 tJ/step/Hz | Low Power (ideal future value)
IPADC | 65 fJ/step/Hz Intermediate Power
HPADC | 494 fJ/step/Hz | High Power (state of the art)

The LPADC model considers a likely future best-case scenario deduced from
the hardware survey [105]. Likewise, we pair this “best case scenario” with a
best case phase shifter model, with negligible power consumption ~ OmW in

88].

The ADC power values are rapidly changing, and we consider the extreme
cases of well-established HPADC [I15] and future LPADC [105]. Very recently
a new IPADC has been proposed in [108]. Given this dynamic situation, we
complement our study by using the method and associated Web visualization

tool in [2] to enable researchers include advances in ADC technology.
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6.7.2 Outage Probability

Once a transmission strategy is specified, the corresponding CDF or outage

probability for rate R (bits/s/Hz) is then

P, (sqinr, R) = P[I(sqinr) < R], (6.80)

With available powerful channel codes, the probability of error when there is
no outage is very small and hence the outage probability is an accurate approximation
for the actual block error probability [95]. As justified in the literature, radio systems
such as UMTS and LTE operate at a target error probability [95]. Therefore, the
primary communications performance measure is the maximum rateﬁ, at each sqinr,

such that this threshold € is not overtaken, i.e.,

R.(sqinr) = mgax {C : Pour(sqinr, () < e}. (6.81)

6.8 Numerical Results

In this section, we discuss numerical results of the system performance. Unless
otherwise stated, Table presents the values of the system parameterﬂ. We assume

uniform power allocation for the forward links as well as a two-tier hexagonal network.

For hexagonal and square grids, we draw the geometry of the cells wherein a
BS is dropped at the center of each cell (square or hexagonal) and users are uniformly

distributed in each cell. For PPP tessellations, we draw the Voronoi network wherein

6Tn this work, we define the notion of rate with outage as the average data rate that is correctly
received/decoded at the receiver which is equivalent to the throughput. In other standards in the
literature, the rate with outage is often synonymous with the transmit data rate. If we consider
the rate with outage as the throughput, we would account for the probability of bursts (outage) by
multiplying by the term (1 — ¢), while for the transmit data rate, the term (1 — €¢) would not be
accounted for.

It is important to note here that these values for the parameters are selected from [I11}, 53] [40]
subject to the standards to prove the validity of the obtained results. For all cases, 10° realizations
of the random variables were generated to perform the Monte Carlo simulation in MATLAB.
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Table 6.5: System Parameters [111], 53| [40] 21].

Parameter Symbol Default Value
Bandwidth (LTE) B 20 MHz
Base station antenna gain 30 dB
Fraction of pilot overhead I6; 0.5
Distance between adjacent hexagonal cells V3 km
Fractional frequency reuse A 1
Length of cell side Dcan 1 km
Pathloss exponent n 4
Pathloss offset -128 dB
Number of forward/reverse link users per cell K, 10

BS density ABs 0.1 BS/km?
UE density AUE 0.5 UE/km?
Number of antennas N, 100
Number of fading coherence tiles N 20,000 (Pedestrians)
Number of pilots per cell N, 3K,
Noise figure 3 dB
Forward link transmit power 40 W

SI channel power sl 10 dB

SI power P 40 W
Reverse link transmit power 200 mW
Shadowing O4B 8 dB
Thermal noise spectral density -174 dBm/Hz
Reverse fractional power control 0 0.7
Forward power allocation v 0.0 (uniform)
Carrier frequency (mmWave) 28 GHz
Bandwidth (mmWave) 850 MHz
Number of clusters C 6
Number of rays per cluster R 8
AoA/AoD angular spread 20°
Transceivers gap d 2\
Transceivers incline w 3
Rician factor K 5 dB

a BS is dropped in each Voronoi cell and the BS locations are generated using PPP

with rate A\gs while user locations are generated using PPP with rate Ayg.
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Figure 6.9: Forward link results: Large-scale distributions of st of an interference-
limited network with uniform power allocation, where the number of pilots per cell
N, — oo. Comparison between the analytical solution in Proposition |8 and the
simulation-based results for a hexagonal with 2-tier (19 cells) and a square (25 cells)
lattice networks.

The comparison of the analytical solution stated by Proposition |8 with the
simulation-based results is illustrated by Fig. [6.90 The gap between the analytical
results (which are asymptotic in the shadowing standard deviation and number of
cells) and simulation results (with only 19 hexagonal and 25 square grid cells) is always
less than 2 dB. As the strength of the shadowing and number of cells increases, the gap
shrinks as the simulation curves converge to their analytical counterparts. Likewise,
if the BS locations cease to conform to a lattice and adopt a more irregular layout,

the simulation curves would shift left of the analytical ones based on a regular layout.
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Figure 6.10: Reverse link results: Effects of antenna gain, SI channel power and
number of downlink UEs on the CDF of the SQINR. Unless otherwise stated, the
number of downlink UEs per cell is 10 users and the antenna array gain is 30 dB. The
difference between red and blue curves is the value of the ratio N,/K,. The difference
between the gray and orange curves is the number of downlink users per cell, i.e., 20
vs. 10. The black curve is simulated using the default values except antenna gain is

0 dB.

Fig. [6.10] illustrates the CDF of the average reverse link SQINR. When the
number of downlink users is large (20 users per cell) and hence there is significant
SI power, the CDF performance worsens, and vice-versa. In addition, by increasing
the ratio IV, /Ky, the user beams become exceedingly narrow which allows the desired
signal to dominate the noise and rejects a large amount of interference. In addition,
by increasing the SI channel power from 10 to 15 dB, the SI power increases and
hence the CDF worsens. Furthermore, antenna array directivity plays an important
role in compensating pathloss and suppressing interference. This is confirmed when

employing omnidirectional BSs, the CDF performance degrades, and vice versa.
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Figure 6.11: Reverse link results: Effects of SI power, overhead, ADC/DAC resolu-
tion, duplexing mode and pilot contamination on spectral efficiency. The dashed red
curve is simulated for HD and accounts for pilot contamination unlike the solid yellow
curve. The dashed gray curve is simulated using the default values in Table [6.5] A
hexagonal grid is assumed for this simulation. The solid red curve is considered for
pedestrians unlike the solid gray curve which is considered for vehicles.

Fig. plots the effective spectral efficiency vs. number of ADC/DAC
quantization bits (b). Spectral efficiency increases with b and converges to a ceiling
defined by the full-resolution case. The rate decreases when adopting low-resolution
ADC/DACs (i.e. having a small number of bits b). In addition, spectral efficiency
noticeably degrades for 40W vs. 30W of SI power. Although FD is vulnerable to
loopback SI; FD outperforms HD mode which is one of the goals of this work. We
evaluate a low mobility case (pedestrians) and a high mobility case (vehicles). Since
the pedestrian model features a large fading coherence tile and hence low overhead,
better effective spectral efficiency is achieved compared to the vehicular case that

features a small fading coherence tile and hence higher overhead.
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Figure 6.12: Forward link results: Effects of full-duplexing, ADC/DAC quantization
error, and the ratio NV,/K, on the CDF of the SQINR. The dashed gray and solid
blue curves are simulated for full and low resolution DAC, respectively.

Fig. plots the CDF, or outage probability, of the average forward link
SQINR. When the number of reverse link users is large (e.g. 100 users per cell)
and hence IUI is large, the CDF performance worsens, and vice versa. In addition,
the performance improves with increasing ADC/DAC resolution. By significantly
increasing the ratio N,/Kj, the user beams become exceedingly narrow, and the
desired signal dominates the noise and interference. This factor, for example, rejects
about 9 dB of interference at a CDF of 80%. Although the increase of this factor is
important, the SINR is limited by the pilot contamination which is corroborated by
(6.52)).
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Figure 6.13: Forward link results: Effects of SI power, overhead, DAC resolution,
duplexing mode and pilot contamination on the spectral efficiency. Dashed yellow
curve stands for full-resolution, pedestrians and FD. Solid red and gray curves stand
for low-resolution and FD. Solid blue curve stands for low-resolution DAC, HD and
pedestrians scenario.

Fig. shows the forward link spectral efficiency vs. number of BS anten-
nas for low and full DAC resolution. Since the pedestrian mobility features a large
fading coherence tile and hence low overhead, better spectral efficiency is achieved
vs. vehicular mobility that features a small fading coherence tile and hence higher
overhead. In addition, we observe that the proposed system outperforms HD mode,

which shows the feasibility of FD in cellular networks.
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Figure 6.14: Forward link results: Effects of full-duplexing, quantization error, and
network cell shapes on outage probability (CDF) with quantizer gains a,, = g = 0.6.
The results are simulated without accounting for pilot contamination.

Fig. plots the CDF, or outage probability, vs. forward link SQINR. In the
CDF, the PPP tessellation exceeds the hexagonal lattice except for a small range of
5-8 dB of forward link SNR. In addition, the performance decreases with increasing
inter-user interference incurred by FD operation of the BS and uplink UEs transmis-
sion. The plot shows the loss incurred by the low-resolution ADC/DAC is about 2
dB when the CDF saturates.
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Figure 6.15: Reverse link results: Energy efficiency vs. number of quantization bits
for three ADC generations using values of Walden’s figure of merit ¢ given in Table

6-4

Fig. plots the energy efficiency vs. number of quantization bits b for
three ADC generations. Each generation shows the number of ADC bits that gives
maximum energy efficiency, e.g. 8 bits for HPADC, 11 bits for IPADC and 15 bits for
LPDAC described in Section [6.7.1 with energy efficiency increasing for b lower than
this value and decreasing for b greater than this value. The optimal point is influenced
by both the saturation of the spectral efficiency as b increases, which depends on SNR,
and by the ADC power consumption model, which increases with b. Comparing ADC
generations, the power consumption of the legacy LPADC model increases at a higher

rate vs. b than for either IPADC or HPADC models.
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Figure 6.16: Reverse link results: Spectral efficiency vs. energy efficiency for three
ADC generations using values of Walden’s figure of merit ¢ given in Table .

Fig. plots the spectral vs. energy efficiency for three ADC generations.
In the chart, we notice curves that evolve as the number of bits b is increased, reach-
ing upward and right up to a point where they wrap around themselves and energy
efficiency returns to the top left corner. Each curve can be interpreted as an “op-
erating region” where the BS receiver can be implemented. The more extended the
area covered by a receiver, the more versatile the corresponding design; the closer a
curve to the top-right corner, the better the corresponding architecture. We observe
that the energy efficiency only increases up to a certain number of bits due to the
fact that for a smaller number of bits b, the spectral efficiency increases more than
the power, and the energy efficiency increases. However, for a larger number of bits b,
the power consumption increases faster than the spectral efficiency, thereby resulting
in a decrease of the energy efficiency while the spectral efficiency still increases. This
occurs due to the fact that the power consumption of ADC increases exponentially,

whereas the spectral efficiency increases sub-linearly, with an increase in the number

of ADC bits.
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Figure 6.17: Large-scale distribution of E [sqinrMF] based LMMSE estimation in the
reverse link of a two-tier hexagonal network with fractional power control () and
SI power (Ps)). A cell-edge user is considered for the simulation with 3 bits of ADC
resolution at the BS. The gray and yellow curves are simulated for the same power
control (¥ = 0.7) but with a different number of downlink users per cell. The blue,
red and yellow curves correspond to the same simulation parameters including the
same number of downlink UEs = 10, but with different power control coefficients (7).

Fig. [6.17] plots the CDF of the SQINR based on LMMSE channel estimation
for different fractional power control values as well as SI power. The primary moti-
vations for a fractional power control policy in the cellular reverse link are to provide
beneficial coverage enhancements for the lowest-percentile users, who are typically
at the cell-edge, and manage the average transmit power of battery-powered UE de-
vices. In practical cellular systems such as LTE and New Radio (NR), fractional
power control policy is network-specific and not user-specific; thus, there needs to
be some optimization carried out to select parameters that can provide acceptable
performance for the majority of users and bestow a high overall system capacity. For
¥ = 0, the fractional power control policy reverts to a fixed-power transmission. For
¥ > 0, conversely, it compresses the dynamic range of the received power by a factor
9. At high SNR, the use of larger values ¢ affects the CDF since the users closest to

their serving BSs greatly decrease their transmit power relative to the users at the
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cell-edge. Exponent values for ¢ in the range of 0.5 to 0.7 have been identified as
providing a satisfactory balance between cell-edge and aggregate performance [62].
In addition, the cell-edge features high SI power of around 90 dB. When the number
of forward link UEs decreases, the forward link transmit power at the BSs decreases
resulting in lowering the SI power by approximately 6 dB and hence improving the

CDF.
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Figure 6.18: Large-scale distribution of E [sqinrMF] based LMMSE estimation and

sqinr’vIF based channel hardening in the reverse link of a two-tier hexagonal network
without power control. For ADC resolution, b = 3 bits is assumed.

Fig. [6.18| plots the CDF of the large-scale distribution for LMMSE chan-
nel estimation and channel hardening as well as different values of the shadowing
standard deviation. We observe that sqinr’v|F (channel hardening) tracks E [sqinrMF]

(LMMSE channel estimation) most of the way with a gap of roughly 7 dB. Certainly,

——MF . ———MF —MF
sqinr, < E [sqlnr,';/'F} .k =0,..., K — 1 because to evaluate sqinr; ,...,sqinrg_;,
we have unconditioned on flo, e ,flK_l and wy, thereby depriving the receiver of

information. However, the performance of a channel hardening-based receiver is less
complex to compute, and deep into the massive MIMO regime; it is hardly inferior

but instead serves as a tight lower bound and convenient analytical tool. We further
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observe that the shadowing strength raises the lower tail of the SQINR distribution

at the expense of a slight reduction in the upper tail of the CDF near saturation.
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—— 1 Frequency Band
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08 = 3 Frequency Bands

| = 4 Frequency Bands

CDF
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Figure 6.19: Large-scale CDF wvs. sqinrMF based channel hardening in the forward
link for a PPP network for four different numbers of frequency bands, A. For ADC
resolution, b = 3 bits is assumed.

Cellular network service providers must guarantee a minimum QoS for their
customers such as rate and coverage probability. Commercial cellular network design-
ers must find a way to increase and maintain a satisfied coverage probability. For the
case where the network is interference-limited, a robust way to improve the coverage
is to decrease the number of interfering BSs. This can be carried out using fractional
frequency reuse policy wherein A > 1 is the reuse factor that determines the number
of various frequency bands exploited by the network, where one band is used per cell.
From the independent thinning Theorem of PPP [56, Theorem 2.36], it follows that
the interfering BSs that transmit in the same frequency band are a thinned version
of the original PPP and have a density Ags/A. Note that the thinned version of a
PPP is also a PPP. Increasing the frequency reuse factor leads to minimizing the in-
terference and hence improving the outage probability (CDF) as shown by Fig. m

When A — oo, cellular interference is completely eliminated and hence the network
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becomes noise-limited.
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Figure 6.20: Spectral efficiency vs. number of frequency bands for the large-scale

sqinr'vIF based channel hardening in the reverse link for a PPP network. Simula-
tions are considered for different values of the pathloss (1) as well as 3 bits of ADC
resolution.

The desirable increase in coverage with increasing A has to be balanced against
the fact that each cell can only exploit 1/A-th of the available frequencies. Fig.
shows the optimal fractional frequency reuse A from the average spectral efficiency
perspective is in fact A = 1; i.e., any increase in coverage from frequency reuse is paid
for by decreasing the sum spectral efficiency in the network. Therefore, increasing
the number of frequency bands can lead to non-efficient use of the spectrum and
hence degrade the spectral efficiency. We also observe spectral efficiency improves
with increasing pathloss. In fact, this is explained by the fact that since the network
is interference-limited, the higher pathloss exponent would also reduce the power of

the interfering signals, thereby leading to the spectral efficiency improvement.
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Figure 6.21: Spectral efficiency vs. number of quantization bits for large-scale distri-

bution sqinr'v|F in the reverse link for a PPP network. We assume N, = 1000 antennas
at the BS.

Fig. [6.21] simulates the reverse link spectral efficiency vs. number of quan-
tization bits (b) for a PPP tessellation network. Spectral efficiency increases with b
and converges to a ceiling derived by in Lemma ; the rate decreases when
adopting low-resolution ADCs and DACs (low b). Spectral efficiency degrades for
10W and 40W of SI power vs. the Sl-free case.
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Figure 6.22: Spectral efficiency vs. number of antennas for large-scale distribution

sqinr'vIF in the forward link for a PPP network. The default value of frequency reuse
factor is 1.

Fig. |6.22|shows the forward link spectral efficiency increasing with the number
of quantization bits b and BS antennas for a PPP tessellation. When considering low

and full resolution data converters, spectral efficiency converges to a fixed ceiling with

enough antennas, which agrees with (6.65)) in Lemma

Fig. [6.23] illustrates the performance of the reverse link spectral efficiency vs.
average SNR. We observe that the proposed hybrid beamforming FD design achieves
better spectral efficiency than the HD mode, and the relative gap increases with
average SNR. Moreover, there are losses in spectral efficiency between the proposed
design in comparison with the benchmarks of the all-digital case (wherein an RF
chain is dedicated to each antenna element) and the upper bound. These losses are
incurred by the unit modulus constraint as well as the limited number of RF chains

in the hybrid architecture which itself is a loss in the DoF.

Fig. [6.24] shows the performance of the forward link spectral efficiency vs.
average SNR. We notice that the performance improves with the number of RF chains

at the BS and approaches the all-digital performance with 8 RF chains. In fact,
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Figure 6.23: Reverse link spectral efficiency results for single cell, multiuser scenario:
Comparison of the proposed FD hybrid beamforming algorithm with the HD case,
all-digital beamforming, and upper bound. 5 users are uniformly dropped in the cell.
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Figure 6.24: Forward link spectral efficiency results for single cell, multiuser scenario.
Comparison between all-digital and hybrid beamforming for different numbers of RF
chains at the BS. 5 users are uniformly placed in the cell.
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increasing the number of RF chains is equivalent to providing more DoF to cancel
the interference and achieve a spatial multiplexing gain, thereby resulting in good

spectral efficiency.

6.9 Conclusion

In this chapter, we provided a unified framework for full-duplex cellular net-
works with low resolution ADCs/DACs. Using the framework, we developed analyt-
ical expressions for the SQINR and spectral efficiency and for forward and reverse
links under pilot contamination, LMMSE channel estimation and channel hardening.
The proposed modeling accounts for pilot overhead, self-interference, and network
geometry such as hexagonal lattice, square grid and PPP tessellation. Matched filter
receivers and precoders are applied at the receive and transmit arrays of the BSs,

respectively, to further reduce complexity.

Further, we derived special cases, asymptotic results and power scaling laws
to unpack several engineering insights of the proposed model. First, if the number
of antennas N, and number of resolution bits b are held fixed and the power goes to
infinity, the spectral efficiency for the reverse and forward links are saturated by a
ceiling determined by the number of antennas and the ADC/DAC resolution gains.
Second, if the power scales with the number of antennas and the latter becomes
massive, cellular interference including pilot contamination, inter-cell interference,
and intra-cell interference vanishes except for the SI power. Third, if the ratio of the
number of antennas N, and the number of users per cell K, goes to infinity, cellular
interference is rejected but pilot contamination and SI power remain. We also observe
spectral efficiency improves with increasing pathloss. In fact, this is explained by the
fact that since the network is interference-limited, the higher pathloss exponent would
also reduce the the interfering signals power, thereby leading to the spectral efficiency

improvement.
Furthermore, we extended the analysis of sub-7 GHz LTE bands to support
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mmWave bands. In the analysis, we introduced a signal processing perspective on
hybrid A/D beamforming, a problem formulation of the hybrid beamforming design
and benchmarking tools such as the impractical all-digital beamforming approach

and an upper bound on the spectral efficiency.

We also analyzed power consumption and investigated the effects of ADC/DAC
power, Walden’s figure merit for ADCs/DACs, and the number of quantization bits on
energy efficiency. In addition, the overall system performance is quantified in terms
of effective spectral efficiency and outage probability (i.e. cumulative distribution
function of the large-scale distribution of the SQINR). Using a proper scaling ratio
of the number of antennas N, over number of users per cell K,, a large amount of
interference can be rejected as previously mentioned; this justifies the use of matched
filter beamforming which is less complex than MMSE and ZF filters. Although the
SQINR is limited by pilot contamination for a massive number of antennas, this effect

is not pronounced.

Simulation results show the quantization error, SI, and IUI incur rate losses;
however, the rate loss can be compensated by employing a large number of BS anten-
nas as well as high resolution ADCs/DACsS in the UEs. The hefty power consumption
in the BSs due to having a large number of antennas can be reduced by employing
low resolution ADCs/DACs. The simulation results also corroborated the robustness
of the proposed FD mode compared to the HD mode, which is one of the goals of this

work to demonstrate the feasibility of the FD in cellular networks.

Finally, analytical expressions derived for matched filters are widely applicable,
as corroborated by a multitude of examples. This wide applicability of the proposed
reverse and forward link analysis makes its extension to other low-complex and yet
resilient transmit and receive strategies, power allocation, user association policies

and even channel conditions, highly attractive.
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Chapter 7: Conclusions

This chapter concludes the dissertation with a summary of contributions in

Section [7.1] and potential future directions in Section

7.1 Summary

This dissertation has explored advanced signal processing techniques for en-
abling FD communication in mmWave systems for different scenarios. The research
contributions presented have proposed beamforming-based solutions that allow mmWave
communication systems to simultaneously transmit and receive over the same resource

block, facilitating efficient FD operation.

e Contribution I: I investigated a point-to-point system in which two FD nodes
communicate over bidirectional links at the mmWave band. In this work, I de-
veloped a hybrid A/D beamforming design that addresses several key practical
considerations. The design employs convex optimization techniques to spatially
minimize SI power to levels sufficiently low to prevent the saturation of critical
receiver chain components, such as LNAs and ADCs. Simulation results demon-
strate that the proposed design achieves significant SI reduction in the analog
domain, averaging approximately 67 dB, while also improving the sum spec-
tral efficiency. From an industrial perspective, the design can be practically
implemented using 128 antennas and 32 RF chains, yielding a spectral effi-
ciency of 20.8642 bits/s/Hz and a computational complexity of approximately
2.8071 MFLOPS. Additionally, the design achieves substantial SI suppression
of around 70.3621 dB. This high level of SI suppression could enable the use
of lower-resolution ADCs by reducing the dynamic range requirements, thereby

decreasing the power consumption of the ADCs.
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e Contribution II: I investigated a single-cell, single-user communication scenario
where both single uplink and single downlink transmissions are facilitated by
a FD BS. I developed a hybrid A/D beamforming design that addresses sev-
eral key constraints, including minimizing SI and inter-user interference, while
adhering to unit modulus and semi-unitary constraints. The primary objec-
tive was to design a low-complexity, yet robust, hybrid beamforming solution
that effectively mitigates interference and converges within a few iterations.
Additionally, I examined factors that influence the algorithm’s convergence,
such as the regularization of the interference covariance matrix and the nor-
malization of beamforming both pre- and post-convergence. The performance
of the algorithm was evaluated using critical metrics, including SI reduction,
computational complexity, convergence rate, and stability. Simulation results
demonstrate the robustness of the proposed design, achieving substantial im-
provements in interference suppression and spectral efficiency compared to ex-
isting methods. The proposed design offers a significant enhancement in uplink
spectral efficiency, with improvements of up to 70%, while achieving interference
suppression below the —50 dB threshold in the analog domain to prevent ADC
saturation. Notably, increasing the number of BS antennas further reduces ef-
fective SI to —130 dB, while enhancing uplink spectral efficiency to 14 bits/s/Hz.
The approach skillfully leverages the available degrees of freedom to balance in-
terference suppression and spectral efficiency optimization. A key advantage of
the algorithm is its rapid convergence, typically within 5 — 10 iterations, which
is essential for minimizing latency and reducing the overhead associated with
beamforming configuration. This efficiency in convergence highlights the time
savings achieved by the method. Furthermore, the proposed strategy outper-
forms existing hybrid beamforming approaches and half-duplex methodologies,
underscoring the transformative potential of FD mmWave technology in cellular

networks.

e Contribution III: T explored the TAB system in which the IAB node receives data
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from the gNB donor via the backhaul link and transmits it to the user over the
access channel. Operating in FD mode, the IAB node experiences significant
self-interference (SI), which adversely affects the backhaul channel. To mitigate
this issue, I formulated an optimization problem aimed at minimizing the SI
power at the IAB node. Utilizing a similar approach as in the first contribution,
I designed the analog beamformers for the IAB node and derived regularized
zero-forcing beamformers for the gNB donor and MMSE beamformers for the
user. The computational cost of designing the hybrid beamformers was found to
be relatively efficient compared to existing methods. By tracking SI reduction
in both the analog and digital domains, the proposed algorithm demonstrated
rapid convergence, typically within 3 — 5 iterations, effectively reducing SI to
a lower level. Moreover, simulation results revealed that the proposed hybrid
A /D beamforming design outperforms half-duplex systems in terms of spectral
efficiency and offers superior performance compared to other related approaches,
thus highlighting the practicality and feasibility of the proposed design for real-

world applications.

Contribution IV: Building upon the second contribution, I extended the research
to encompass wideband mmWave multiuser uplink and downlink communica-
tions. In this setup, the user devices employ a fully digital architecture, while
the BS adopts a hybrid A/D architecture. To reduce power consumption, the
phase shifters at the BS are quantized, and the transmit/receive arrays utilize
a partially connected structure. I formulated the per-subcarrier sum spectral
efficiency for both uplink and downlink users, focusing on minimizing SI, inter-
user interference (uplink interference with downlink users), and multiuser in-
terference (interference among uplink or downlink users). Given the stringent
constraints of the hybrid architecture—such as the absence of amplitude con-
trol in the phase shifters and the challenge of finite-resolution phase shifters—I

demonstrated the feasibility of incorporating these limitations into the design
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while achieving significant interference reduction in the analog domain to pre-
vent ADC saturation. Specifically, the proposed analog beamformers effectively
suppress wideband SI through the implementation of multiple frequency nulls.
Simultaneously, the baseband beamformers are carefully optimized to enhance
beamformed signal power and minimize residual SI and multiuser interference,
as shown by the improved beam patterns. In addition, I employed a partially
connected array structure in the hybrid architecture to improve energy effi-
ciency. The proposed approach outperforms existing hybrid beamforming tech-
niques and HD methods, demonstrating the transformative potential of FD
mmWave technology in cellular networks and integrated sensing and communi-

cation systems.

Contribution V: In this work, I extended the previous contribution to a massive
MIMO multicell, multiuser scenario, where BSs operate in FD mode and are
equipped with a large number of antennas. I developed a unified analytical
framework to address both uplink (reverse) and downlink (forward) commu-
nications, applicable to both LTE and mmWave bands, while incorporating
low-resolution data converters. The analysis accounts for various system im-
perfections, including low-resolution quantization noise, pilot contamination,
network irregularities, imperfect CSI, user mobility, cellular interference, and
SI. A key performance metric, the SQINR, was derived, enabling an in-depth
investigation of the system’s effective spectral and energy efficiency. Further-
more, | derived special cases, asymptotic results, and power scaling laws to
provide critical engineering insights into the proposed model. Specifically, I ex-
amined the effect of the ratio between the number of antennas and the number
of users on pilot contamination, cellular interference, and self-interference. The
analysis was also extended from sub-7 GHz LTE bands to mmWave bands, in-
corporating hybrid A/D beamforming and formulating the beamforming design

problem. Benchmarking tools, such as the impractical all-digital beamforming
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approach and upper bounds on spectral efficiency, were also introduced. Addi-
tionally, I analyzed power consumption and explored the impact of ADC/DAC
power, Walden’s figure of merit for ADCs/DACs, and quantization resolution on
energy efficiency. The overall system performance was quantified using metrics
such as effective spectral efficiency and outage probability, represented by the
cumulative distribution function of the large-scale distribution of the SQINR.
By maintaining a suitable scaling ratio of antennas to users per cell, a signifi-
cant portion of interference can be mitigated, justifying the use of matched filter
beamforming, which offers lower complexity compared to MMSE and ZF filters.
Although the SQINR is theoretically limited by pilot contamination in massive
antenna arrays, this effect was shown to be minimal. Simulation results demon-
strate that quantization errors, self-interference, and inter-user interference lead
to rate degradation; however, this loss can be compensated by increasing the
number of BS antennas and employing high-resolution ADCs/DACs at the UE.
The high power consumption at the BS, due to the large number of anten-
nas, can be reduced by using low-resolution ADCs/DACs. Simulation results
further confirmed the robustness of the proposed FD mode in comparison to
half-duplex operation, validating the feasibility of FD technology in cellular net-
works. Finally, the analytical expressions derived for matched filters are widely
applicable, as supported by numerous examples. This versatility makes the pro-
posed reverse and forward links analysis highly attractive for extension to other
low-complexity, resilient transmission and reception strategies, power allocation

schemes, user association policies, and various channel conditions.

7.2 Future Directions

This dissertation concludes by detailing directions for future research that can

capitalize on the progress made herein.
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7.2.1 Full-Duplex in Integrated Sensing and Communication Systems

Integrated Sensing and Communication (ISAC) is becoming a key component
of emerging applications such as autonomous vehicles, industrial IoT, and smart cities,
where systems must communicate while simultaneously sensing their environment.
FD technology enables simultaneous transmission and reception, allowing ISAC sys-
tems to perform both tasks concurrently. However, managing interference between
the communication and sensing functions remains a significant challenge. Research
could explore new beamforming and interference mitigation techniques to ensure that
both communication and sensing are carried out efficiently. In a smart city scenario,
for instance, FD ISAC systems could enable autonomous vehicles to simultaneously
communicate with traffic management systems while using radar to detect nearby
obstacles. The FD system would allow vehicles to send real-time updates about
their location, speed, and traffic conditions, while also using sensors to monitor the
surrounding environment for potential hazards. This would greatly improve safety
and efficiency, particularly in high-traffic areas, where quick decision-making is crit-
ical. The challenge lies in ensuring that communication and sensing tasks do not
interfere with each other, which requires sophisticated interference management and

beamforming strategies.

7.2.2 Full-Duplex in Cooperative and Relay Networks

In cooperative communication systems, where nodes assist in forwarding data
between users, FD relays can significantly boost network throughput by enabling si-
multaneous transmission and reception. This has the potential to double the effective
data rate compared to half-duplex relays. However, implementing FD in relay sys-
tems introduces additional interference, particularly from the transmitted signals to
the received signals. Advanced SI cancellation techniques need to be developed for re-
lay scenarios to ensure reliable data forwarding without degradation in performance.

Research could also focus on optimizing the relay protocols to manage the increased
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complexity introduced by FD.

Consider a healthcare scenario in a remote village where FD relays are used
to extend connectivity from a main hospital to a smaller clinic. These relays would
enable simultaneous transmission of medical data from the clinic to the hospital and
reception of patient records or consultations from the hospital. The relay could for-
ward critical patient data in real-time, improving the quality of healthcare by allowing
instant communication between doctors and patients. The ability to double the data
rate without doubling the infrastructure is particularly valuable in rural areas, where

building new infrastructure can be costly and time-consuming.

7.2.3 Machine Learning for Full-Duplex Resource Management

Managing the complexity of FD systems, especially in multiuser and massive
MIMO settings, requires intelligent resource management strategies. ML algorithms
could be used to dynamically allocate resources such as power, bandwidth, and beam-
forming configurations in real time. ML models can learn from network conditions
and optimize interference mitigation and resource usage based on real-time data.
This would be particularly useful in environments with highly variable interference

and traffic loads, such as smart cities or industrial IoT networks.

In a smart city like San Diego, where network demand fluctuates throughout
the day, ML algorithms could predict periods of high traffic and optimize FD BS
resources accordingly. For example, during rush hour, the algorithms could allocate
more resources to areas with higher data demand, such as public transportation hubs,
while minimizing interference in adjacent areas. This real-time optimization would
ensure a smooth communication experience for users while maximizing the efficiency

of the FD system, reducing power consumption, and mitigating interference.
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7.2.4 Security in Full-Duplex Systems

FD systems, while offering performance gains, also introduce new security
challenges, such as the risk of eavesdropping on SI channels or vulnerability to jam-
ming attacks. Physical-layer security techniques could be developed to protect FD
systems from these threats. For example, artificial noise could be generated to mask
sensitive communications, or cooperative jamming could be used to disrupt potential
eavesdroppers. Research could focus on developing security protocols that leverage

FD technology to provide robust protection against these new types of attacks.

In a high-security environment, such as financial institutions in downtown
Austin, FD systems with enhanced security features could ensure that sensitive data,
such as financial transactions, remain secure even in the presence of potential eaves-
droppers. By using artificial noise generation to mask communication signals, FD
systems could prevent unauthorized interception of data. This would be particularly
important in environments where privacy and security are critical, and traditional

security mechanisms may be insufficient.

7.2.5 Full-Duplex for Quantum Communication Networks

As quantum communication networks become a reality, ensuring the efficient
transmission and reception of quantum information will be critical. FD technol-
ogy could potentially play a role in quantum communication networks by allowing
quantum bits (qubits) to be transmitted and received simultaneously, improving the
overall efficiency of quantum data transfer. However, integrating FD with quantum
communication presents unique challenges, particularly in managing the delicate na-
ture of quantum states and ensuring that interference does not degrade quantum

entanglement or coherence.

Research could explore how FD techniques can be adapted to quantum com-
munication, focusing on minimizing quantum noise and maintaining the integrity of

qubits during transmission and reception. For example, in a quantum key distribu-
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tion system, FD could enable faster and more secure transmission of quantum keys
by allowing simultaneous exchange of quantum information between two parties, im-

proving the speed and security of encryption.

275



Appendix A: Proofs of Chapter 2

A.1 Proof of Theorem

The objective is to minimize the cost function (effective interference power) in
(2.5), while preserving the rank of the effective channel. We express the Lagrangian

function given by
L(WX z) = WRR, Wi + 2 (WRHym Fr — Inge ) (A1)

The Lagrangian conditions for this problem are expressed by

Ve £ = 0 (A.2)
o (Wi HymFt = Iy ) =0 (A.3)

Then, can be reformulated as
Vwee Tt (WRPR,WRY) + 2" Viyee, (Wi Hy Fil = Inge) =0 (A.4)

where V is the gradient operator and x* is the Lagrange multiplier. Differentiating

(A.4) with respect to Wgg, we obtain
R, WFF +2H,,, FRF =0 (A.5)

WFF = R, 'H,,,FRz (A.6)

Then substituting the expression of WRF in (A.3)), we get

(_R;LlHanarFx)* Hanan = aINRF (A?)
r = —a (FRFH:, R 'H,,, FRF) ™ (A.8)

Thereby
WFF — oR;'H,,, FRF (FRFH? R, 'H,,, FRF) (A.9)

The proof of the analog precoder (FRF) follows the same derivation steps as WRF.
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A.2 Proof of Theorem [2

For a given XRF consider the SVD XRF = URFSRFVRF ‘and let Q = SRFVRF+XBB ¢
CE*N. Then XRFXBE = URFQ so that XBB*XRF-XRFXBE — Q-URFURFQ = Q'Q.

The generic form of the spectral efficiency in ([2.3]) is expressed in terms of Q as

max logdet (I + pQ*UEF*AnAZUEFQ) (A.10)
Q*Q=Iy

Solution Q, is given by the N dominant left singular vectors of URFA,,. By changing
variables, we solve XBB = VRF(SRA)~1Q = For Q = Q,, the objective function

becomes
log det (I+ pQ* Uy A, AL UN Q) <logdet (I+ pALA,) (A.11)

with the bound in (A.11) applying to any semi-unitary URF. This bound holds with
equality if the columns of URF are taken as the L dominant left singular vectors of

A,.
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Appendix B: Proofs of Chapter 3

B.1 Proof of Theorem [3

The objective is to minimize the cost function (effective interference power) in
(3.16]), while preserving the rank of the effective channel. We express the Lagrangian

function given by
L (Wgs, .T}) = WESR&WBS +x (WESHUFUE — IN5> (Bl)
The Lagrangian conditions for this problem are expressed by
Vwg b =0 (B.2)
$* (WESHUFUE - IN5> =0 (BS)
Then, (B.2) can be reformulated as
VWESTY (WESleBS) + x*VWES (WESHuFUE — INS) =0 (B4)

where V is the gradient operator and x* is the Lagrange multiplier. Differentiating

(B.4) with respect to Wgg, we obtain
R1WBS + JZHUFUE =0 (B5)
WBS = —Rl_lHuFUEQZ (BG)

Then substituting the expression of Wgs in (B.3]), we get

(—R;'H,Fyez) H,Fue = oly, (B.7)
v =—a (FieH;Ry "H,Fue) (B.8)

Thereby
Wes = aR;"H,Fue (FicH R ' H,Fue) ™ (B.9)

The proof of the all-digital BS precoder (Fgs) and the all-digital precoder (Fyg) and
combiner (Wyg) at UEs follow the same derivation steps as Wgs. In a similar way,

we reproduce the same routine to solve for the analog beamformers.
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Appendix C: Proofs of Chapter 4

C.1 Proof of Theorem

The objective is to minimize the equality in (4.9)), while preserving the signal

dimensions. We begin by expressing the Lagrangian function given by
L (Wis ) = WRERneWiig + 2 (Wi HoF g — Ing) (C.1)

The Lagrangian conditions for this problem are

" (WigHpFayng — Ing:) =0 (C.3)
Eq. (A.2) can be reformulated as
VW&FgTr (WE\FSRIABW&FB) + x*vwfjfg (WE’-\FgHngRIGB - INRF) =0 (C.4)

Where V is the gradient operator and z* is the Lagrangian multiplier. Differentiating

(C.4) with respect to WREF we get
IAB
R|ABW|RAFB + beFZIGB =0 (05)
Wits = —Ri s HoF g (C.6)

Then substituting the expression of (Wf;) in (A.3), we obtain

(—RiasHoFinge) HoFffg = ol (C.7)
* * — _]-
r=—«a (FgRNFBHmelBHngRﬁB) (C.8)
Thereby
_ T — -1
W&FB = O‘RIAlBHngRﬁB (FSI\FIBHmelBHngRﬁB) (C.9)

The proof of the analog precoder at the IAB node (FiYg) follows the same derivation
steps as (WRG).
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C.2 Proof of Theorem [5

For Xgr given Consider the SVD Xgr = UrpSrr Vg, and let Q = SrpVieXes €
(CLXN. Then XRFXBB = URFQ so that XEBXTQFXRFXBB = Q*UF{FURFQ = Q*Q
The generic form of the spectral efficiency in (4.18) and (4.19) is expressed in terms
of Q as

QA logdet (Iy + pQ*Urr AA*UgreQ) (C.10)

Solution Q, is given by the N dominant left singular vectors of UgrA. By changing

variables, we solve Xgg = VRFS§;Q*. For Q = Q,, the objective function becomes
log det (Iy + pQ UgAA*UgeQ) < logdet (Iy + pA*A) (C.11)

with the bound in ((C.11)) applying to any semi-unitary Ugg. This bound holds with
equality if the columns of Ugg are taken as the L dominant left singular vectors of

A.
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Appendix D: Proofs of Chapter 6

D.1 Proof of the LMMSE Channel Estimate

During channel estimation in the reverse link, the BSs switch to operate in

HD mode and full-resolution so that the received signal at the BS of interest becomes

vi = vV GiPchy, + Z VG Poihe i + vi. (D.1)

lee
The LMMSE equalizer is
-1
WMMSE = (kakz + Z G&kpg,k + 0'2> GkPkI (DQ)
et

Therefore, the LMMSE channel estimate (hy, = wMMSEy,) is

~ GkPk GK lcPK k U
h, = h; + E ——kpp+ —— | - D.3
YT GhP + > vce GenPuy + o2 ( ‘ =V Giby SRV e ) (D-3)

By properly scaling the numerator and denominator by the noise power, we have

G P GroPr i v
o o2 GkPk k
hk o GkPk+Zee§2G€,kP[,k+o'2 hk + ZEZC h[ k + m ) (D4)
which leads to the result in 1) with v, = v/ G P, and
|V;“| o? 1
= = . D.5
& Vill] = N wPi GePr ZESNRy (D-5)
The estimation error is flk =h,; — flk, which is
P
fl - 1+Z€e€ JﬁkSNREk
= k
1+ LESNRY + 3 e Z2ESNRY,
P u Py SNRY
o P uPUSNR Py Z PkéD'i\L'R“ hy (D6)
14+ 5ESNRE + e 5 SNRY, e Pt
P, u
P—ﬁSNR y

1+ BSNRY + Y, ZESNRY,, Vi

281



While the variance of the estimation error is calculated as
1+ Y ce 2ESNRY,,

MMSE, — .
C T BSNRY £ Y00 ESNRY,

(D.7)

D.2 Proof of Theorem

The derivations of the terms related to SI and aggregate AQNM in the de-
nominator of (6.19) are straightforward. We will focus on deriving the remaining

terms.

The desired signal is the component projected onto what the receiver regards
as the true channel for the k-th uplink user, flk, while the projection onto the estima-
tion error hy, is treated as additional Gaussian noise (filtered by wy). The inter-cell
interference, included within the noise, is made explicit in this formulation, but also
treated as Gaussian noise (filtered by hy). Conditioned on ho, ..., hx_; and wy, which
the BS of interest is privy to, the output SQINR for user k£ equals to (6.19) where we
have capitalized on the independence between w; and flk, fork=0,..., K —1, to
develop

* 2 *1 T
E [‘thk‘ |Wki| =K [thkhkwk|wk}
=w E [fl fl*] w
S ) (D.8)

As far as the inter-cell interference goes, the term E [|hhy ) |*|wi] = wiE [h&khzk]wk} Wy,
cannot be further elaborated in complete generality for copilot interferers, i.e., for
¢ € C and k = k, because wy, is contaminated by, and therefore it is not independent
of, hy; whenever ¢ € €. For noncopilot interferers, though, w; and hyy do exhibit
independence and thus

WZE [hg}khzk\wk} Wi = WZE [hf,khzk] Wi = HW]CHQ (Dg)
Therefore, we obtain the expression (6.19) in Theorem [6]
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D.3 Proof of Theorem

The derivation of the terms in (6.33]) are straightforward except for the term

E [hyih, |wiF]. For a matched filter receiver wp'F, using the results of Corollary

and after some mathematical manipulations, the conditional covariance of the copilot

interference can be evaluated as

P u
* MF] _ %SNRZ MF . MFx
E [hyphy,|wi' | =T+ (wpfw™ —T1).  (D.10)

1+ ZESNR} + ¢ ELSNRY,

After substituting (D.10)) in (6.32)), we prove the results of Theorem

D.4 Proof of Theorem

From the expression of the SQINR (|6.34)), den'" can be written as (D.11)).

u

MF

u
k£k = ¥ e T

Kp—-1

den'" =a —SNRkvar (wih,] + a2 %SNRﬁE [|w,“fF*hk\2} +a2y ];ﬁ’kSNRZk]E [\W,Q”F*hz,kf]

2
+alN, [ 1+ Z P“‘SNR“{JFZZ P“‘SNR +%P5|1E [|whM™Hsgqq]]

0£0 k=0 Py 0€C k#k Py

o@ge

2 2
a0,

K-1
5 Ps| Z E [|W¥F*Hs|fk| ] + E UWMF* i] .
k=0

(D.11)

Using Corollary [2, we derive the terms of (D.11) as

var [[w™hy|*] = B [|wit by *] - — P . N
1+P_:SNRZ+Z£€€' +SNR7, (D.12)

= N,.
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Since wMF and hy are independent for k # k&

I

—
E [|w,’§"F*hk‘2} — E [wM™ E [hyhi] wF

, (D.13)
=E |||w}"|]
= N,.
The unconditional copilot interference power equals to
Pk u
—==SNR
E | [wihes|*| = Ny + — P N2 (D.14)
1+ 5ESNRE + 37 5SNRY,
Since wM Hg; and qg are mutually independent
* 2 k * *
E | |wi™ Hsia| } = [WMFE [He HZ, | [quay] wh'F] D15
ag(1 — ag) K pd N2
In addition, the mutual independence of wMF Hgj and fVF yields
K4—1
YE ka P He £V } 12 KON, (D.16)
k=0

Using [40, Appendix A], the last term of (D.11]) is given by (D.17)

1
o?

P
E“W,lz/l':*quf} = Naau(1—aw,) IQFzSNR +3 uSNR“+ZZ PikonRe, + agN,INR + 1
K~k £0 k
(D.17)

where INR = Psju /0. The derivation of the above terms leads to the results of
Theorem [Ol

D.5 Proof of Theorem [11]

In Theorem (11} initially the denominator dend of the output SQINR is ex-

pressed by ([D.18)).
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deny” :adpd SNRivar [hif""] + a2y f“ SNRdE[h*fQ”FH Z e SNRME[ H
k£k tee
2 = P * P * eMF|2
+a2d" Y o SNRLE [|huf& } dzz A SNRLE [|hmf£7k\ }
Z&g k=0 ¢ tee k;ék:

Ky—1 a

P
D) PRGN PGS o

“CSNRYLE | [ et + 1

(D.18)

Using [40, Appendix A], the 7-th term of (D.18)) can be simplified as follows:
Py d
> S SNRYE |
- PdNaS bk

The first 5 terms of (D.18)) can be derived using results from the reverse link
analysis (D.12))-(D.14)) as well as Corollary After mathematical manipulations,

(D.18) can be simplified as (D.20)).

P,
2] = ag(l—ag) Y %fSNR‘Zk (Kf+1).  (D.19)
l

SNRY,,

Bl = 14 SR+ oS L SNRiy Po
d = g 0k d " P "
foo 1+ ZESNRY, 4+ 2 e BESNRY 5 L

K“l

P,
+ Z Z “SNR”;'k>,k + ag(l — ay) Z ﬂSNR L (KE+1).
4
(D.20)

While introducing the new term o = SNRZ(Z’k)/SNRZ(M) for any ¢,1 and k as
the forward-reverse SNR ratio, (D.20)) can be reduced to (6.51) and hence Theorem
is proved.
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