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Abstract

To enable ultra-high data rate and ubiquitous coverage in future wireless networks, new physi-
cal layer techniques are desired. Relaying is a promising technique for future wireless networks
since it can boost the coverage and can provide low cost wireless backhauling solutions, as
compared to traditional wired backhauling solutions via fiber and copper. Traditional one-
way relaying (OWR) techniques suffer from the spectral loss due to the half-duplex (HD)
operation at the relay. On one hand, two-way relaying (TWR) allows the communication
partners to transmit to and/or receive from the relay simultaneously and thus uses the spec-
trum more efficiently than OWR. Therefore, we study two-way relays and more specifically
multi-pair/multi-user TWR systems with amplify-and-forward (AF) relays. These scenarios
suffer from inter-pair or inter-user interference. To deal with the interference, advanced signal
processing algorithms, in other words, spatial division multiple access (SDMA) techniques, are
desired. On the other hand, if the relay is a full-duplex (FD) relay, the spectral loss due to a
HD operation can also be compensated. However, in practice, a FD device is hard to realize
due to the strong loop-back self-interference and the limited dynamic range at the transceiver.
Thus, advanced self-interference suppression techniques should be developed. This thesis con-
tributes to the two goals by developing optimal and/or efficient algebraic solutions for different
scenarios subject to different utility functions of the system, e.g., sum rate maximization and
transmit power minimization.

In the first part of this thesis, we first study a multi-pair TWR network with a multi-antenna
AF relay. This scenario can be also treated as the sharing of the relay and the spectrum among
multiple operators assuming that different pairs of users belong to different operators. Existing
approaches focus on interference suppression. We propose a projection based separation of
multiple operators (ProBaSeMO) scheme, which can be easily extended when each user has
multiple antennas or when different system design criteria are applied. To benchmark the
ProBaSeMO scheme, we develop optimal relay transmit strategies to maximize the system
sum rate, minimize the required transmit power at the relay, or maximize the minimum signal
to interference plus noise ratio (SINR) of the users. Specifically for the sum rate maximization
problem, gradient based methods are developed regardless whether each user has a single
antenna or multiple antennas. To guarantee a worst-case polynomial time solution, we also
develop a polynomial time algorithm which has been inspired by the polynomial time difference

of convex functions (POTDC) method. Finally, we analyze the conditions for obtaining the




Abstract

sharing gain in terms of the sum rate. Then we study the sum rate maximization problem of
a multi-pair TWR network with multiple single antenna AF relays and single antenna users.
The resulting sum rate maximization problem, subject to a total transmit power constraint
of the relays in the network, yields a similar problem structure as in the previous scenario.
Therefore the optimal solution for one scenario can be used for the other. Moreover, a global
optimal solution, which is based on the polyblock approach, and several suboptimal solutions,
which are more computationally efficient and approximate the optimal solution, are developed
when there is a total transmit power constraint of the relays in the network or each relay has
its own transmit power constraint. We then shift our focus to a multi-pair TWR network
with multiple multi-antenna AF relays and multiple dumb repeaters. This scenario is more
general because the previous two scenarios can be seen as special realizations of this scenario.
The interference management in this scenario is more challenging due to the existence of
the repeaters. Interference neutralization (IN) is a solution for dealing with this kind of
interference. Thereby, necessary and sufficient conditions for neutralizing the interference are
derived. Moreover, a general framework to optimize different system utility functions in this
network with or without IN is developed regardless whether the AF relays in the network have
a total transmit power limit or individual transmit power limits. Finally, we develop the relay
transmit strategy as well as base station (BS) precoding and decoding schemes for a TWR
assisted multi-user MIMO (MU-MIMO) downlink channel. Compared to the multi-pair TWR
network, this scenario suffers from the co-channel interference. We develop three suboptimal
algorithms which are based on channel inversion, ProBaSeMO and zero-forcing dirty paper
coding (ZFDPC), which has a low computational complexity, provides a balance between the
performance and the complexity, and suffers only a little when the system is heavily loaded,
respectively.

In the second part of this thesis, we investigate self-interference (SI) suppression techniques
to exploit the FD gain for a point-to-point MIMO system. We first develop SI aware transmit
strategies, which provide a balance between the SI suppression and the multiplexing gain of
the system. To get the best performance, perfect channel state information (CSI) is needed,
which is imperfect in practice. Thus, worst case transmit strategies to combat the imperfect
CSI are developed, where the CSI errors are modeled deterministically and bounded by ellip-
soids. In real word applications, the RF chain is imperfect. This affects the performance of
the SI suppression techniques and thus results in residual SI. We develop efficient transmit
beamforming techniques, which are based on the signal to leakage plus noise ratio (SLNR)
criterion, to deal with the imperfections in the RF chain. All the proposed design concepts
can be extended to FD OWR systems.
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Zusammenfassung

Sehr hohe Datenraten und eine standige Netzabdeckung in zukiinftigen drahtlosen Netzwerken
erfordern die Entwicklung neuer Algorithmen auf der physikalischen Schicht. Die Nutzung von
Relais stellt dabei ein vielversprechendes Verfahren dar, um die Netzabdeckung zu vergrofern.
Zusétzlich steht hierdurch im Vergleich zu Kupfer- oder Glasfaserleitungen eine preiswerte
Losung zur Anbindung an die Netzinfrastruktur zur Verfiigung. Traditionelle Einwege-Relais-
Techniken (One-Way Relaying [OWR]) nutzen Halbduplex-Verfahren (HD-Verfahren), welche
das iibertragungssystem ausbremsen und zu spektralen Verlusten fithren. Einerseits erlauben es
Zweiwege-Relais-Techniken (Two-Way Relaying [TWR]), simultan sowohl das Senden als auch
das Empfangen am Relais, wodurch im Vergleich zu OWR das Spektrum effizienter genutzt
wird. Aus diesem Grunde untersuchen wir Zweiwege-Relais und im Speziellen TWR-Systeme
fiir den Mehrpaar-/Mehrnutzer-Betrieb unter Nutzung von Amplify-and-forward-Relais (AF-
Relais). Derartige Szenarien leiden unter Interferenz zwischen Paaren bzw. zwischen Nutzern.
Um diesen Interferenz zu vermeiden, werden hochentwickelte Signalverarbeitungsalgorithmen
— oder in anderen Worten riaumliche Mehrfachzugriffsverfahren (Spatial Division Multiple Ac-
cess [SDMA]) — benotigt. Andererseits kann der spektrale Verlust durch den HD-Betrieb auch
kompensiert werden, wenn das Relais im Vollduplexbetrieb arbeitet. Nichtsdestotrotz ist ein
FD-Gerit in der Praxis aufgrund starker interner Selbstinterferenz (SI) und begrenztem Dy-
namikumfang des Tranceivers schwer zu realisieren. Aus diesem Grunde sollten fortschrittliche
Verfahren zur SI-Unterdriickung entwickelt werden. Diese Dissertation trégt diesen beiden Zie-
len Rechnung, indem optimale und/oder effiziente algebraische Losungen entwickelt werden,
welche verschiedene Nutzenfunktionen, wie Summenrate und minimale Sendeleistung, opti-
mieren.

Im ersten Teil der Arbeit studieren wir zunédchst Mehrpaar-TWR-Netzwerke mit einem
einzelnen Mehrantennen-AF-Relais. Dieser Anwendungsfall kann auch so betrachtet werden,
dass sich mehrere verschiedene Dienstoperatoren das Relais und das Spektrum teilen, wobei
verschiedene Nutzerpaare zu verschiedenen Dienstoperatoren gehoren. Aktuelle Ansétze zie-
len auf die Interferenzunterdriickung ab. Wir schlagen ein auf Projektion basiertes Verfahren
zur Trennung mehrerer Dienstoperatoren (projection based separation of multiple operators
[ProBaSeMO]) vor. ProBaSeMO ist leicht anpassbar fiir den Fall, dass jeder Nutzer mehrere
Antennen besitzt oder unterschiedliche Systemdesignkriterien angewendet werden miissen. Als

Bewertungsmaflstab fiir ProBaSeMO entwickeln wir optimale Algorithmen zur Maximierung
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Zusammenfassung

der Summenrate, zur Minimierung der Sendeleistung am Relais oder zur Maximierung des
minimalen Signal-zu-Interferenz-und-Rausch-Verhiltnisses (Signal to Interference plus Noise
Ratio [SINR]) am Nutzer. Zur Maximierung der Summenrate wurden spezifische gradientenba-
sierte Methoden entwickelt, die unabhéngig von den Anzahl der Antennen am Nutzer sind. Um
im Falle eines ,, Worst-Case“ immer noch eine geringe Rechenkomplexitét zu garantieren, entwi-
ckelten wir einen Algorithmus mit polynomieller Laufzeit. Dieser ist inspiriert von der ,,Polyno-
mial Time Difference of Convex Functions“-Methode (POTDC-Methode). Beziiglich der Sum-
menrate des Systems untersuchen wir schliellich, welche Bedingungen erfiillt sein miissen, um
einen Gewinn durch gemeinsames Nutzen zu erhalten. Hiernach untersuchen wir die Maximie-
rung der Summenrate eines Mehrpaar-TWR-Netzwerkes mit mehreren Einantennen-AF-Relais
und Einantennen-Nutzern. Das daraus resultierende Problem der Summenraten-Maximierung,
gebunden an eine bestimmte Gesamtsendeleistung aller Relais im Netzwerk, ist &hnlich dem
des vorangegangenen Szenarios. Dementsprechend kann eine optimale Losung fiir das eine
Szenario auch fiir das jeweils andere Szenario genutzt werden. Weiterhin werden basierend
auf dem Polynomialzeitalgorithmus global optimale Losungen entwickelt. Diese Losungen sind
entweder an eine maximale Gesamtsendeleistung aller Relais oder an eine maximale Sende-
leistung jedes einzelnen Relais gebunden. Zusétzlich entwickeln wir suboptimale Losungen,
die effizient in ihrer Laufzeit sind und eine Approximation der optimalen Losung darstellen.
Anschliefend legen wir unser Augenmerk auf ein Mehrpaar-TWR-Netzwerk mit mehreren
Mehrantennen-AF-Relais und mehreren Repeatern. Solch ein Szenario ist allgemeiner, da die
vorherigen beiden Szenarien als spezielle Realisierungen dieses Szenarios aufgefasst werden
konnen. Das Interferenz-Management in diesem Szenario ist herausfordernder aufgrund der
vorhandenen Repeater. Eine Interferenzneutralisierung (IN) stellt eine Losung dar, um diese
entstehende Interferenz zu handhaben. Im Zuge dessen werden notwendige und ausreichende
Bedingungen zur Aufhebung der Interferenz hergeleitet. Weiterhin wird ein Framework entwi-
ckelt, dass verschiedene Systemnutzenfunktionen optimiert, wobei IN im jeweiligen Netzwerk
vorhanden sein kann oder auch nicht. Dies ist unabhéingig davon, ob die Relais einer maxima-
len Gesamtsendeleistung oder einer individuellen maximalen Sendeleistung unterliegen. Letzt-
endlich entwickeln wir ein iibertragungsverfahren sowie ein Vorkodier- und Dekodierverfahren
fiir Basisstationen (BS) in einem TWR-assistierten Mehrbenutzer-MIMO-Downlink-Kanal. Im
Vergleich mit dem Mehrpaar-TWR-Netzwerk leidet dieses Szenario unter Interferenzen zwi-
schen den Kanilen. Wir entwickeln drei suboptimale Algorithmen, welche auf die Kanalinver-
sion, ProBaSeMO und ,,Zero-Forcing Dirty Paper Coding* (ZFDPC) beruhen. Diese weisen
eine geringe Zeitkomplexitdt auf und schaffen eine Balance zwischen Leistungsfihigkeit und

Komplexitéit. Zusétzlich gibt es jeweils nur geringe Einbriiche in stark beanspruchten Kom-
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munikationssystemen.

Im zweiten Teil untersuchen wir Techniken zur SI-Unterdriickung, um den FD-Gewinn in ei-
nem Punkt-zu-Punkt-System auszunutzen. Zunéchst entwickeln wir ein iibertragungsverfahren,
dass auf SI Riicksicht nimmt und die SI-Unterdriickung gegen den Multiplexgewinn abwégt.
Die besten Ergebnisse werden durch die perfekte Kenntnis des Kanals erzielt, was praktisch
kaum der Fall ist. Aus diesem Grund werden iibertragungstechniken fiir den ,,Worst Case®
entwickelt, die den Kanalschétzfehlern Rechnung tragen. Diese Fehler werden deterministisch
modelliert und durch Ellipsoide beschrankt. In praktischen Szenarien sind aulerdem die HF-
Schaltkreise nicht perfekt. Dies hat Einfluss auf die Verfahren zur SI-Unterdriickung und fiihrt
zu einer Restselbstinterferenz. Wir entwickeln effiziente Ubertragungstechniken mittels Be-
amforming, welche auf dem Signal-zu-Verlust-und-Rausch-Verhéltnis (signal to leakage plus
noise ratio [SLNR]) aufbauen, um Unvollkommenheiten der HF-Schaltkreise auszugleichen.

Zusétzlich konnen alle Designkonzepte auf FD-OWR-Systeme erweitert werden.

ix
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1 Introduction and scope of the thesis

The successful deployment of new applications in wireless communications, e.g., short message
services (SMS) in the second generation (2G) of cellular communications, mobile Internet
services and wireless data services in the third generation (3G), etc., has allowed its rapid
development from the first generation (1G) to the fourth generation (4G) [5GN13]. The
popularity of the smart phone and its associated mobile data services, e.g., video streaming,
set up a strong demand on high data rate and real-time communications everywhere and
every time. This is the current challenge for the 4G. As reported in [Cisl4] and shown in
Figure 1.1, the smart phone will occupy the largest portion of wireless devices in 2018. This
makes it still the focus of the service architecture for future mobile networks. Meanwhile,
the mobile data traffic by 2018 is estimated to be nearly 11 times more than in 2013. As
also reported in [4G 14], the data traffic on mobile Internet doubles per year. Moreover,
the growth of the machine-to-machine (M2M) connections, e.g., home and office security and
automation, smart metering and utilities, and wearable devices, e.g., smart watches, heads-up
displays, health and fitness trackers, etc., which bring together people, processes and things
to make networked connections more relevant and valuable, will have a tangible impact on
mobile traffic, as shown in Figure 1.2. The next generation of mobile broadband, say, the fifth
generation (5G), should be fully prepared for forthcoming challenges and be able to support
different service requirements [Eril3]. First of all, the requirement on higher data rate, which
will be accelerated by video streaming, data sharing, and cloud devices, should be fulfilled.
Moreover, new applications such as augmented reality and ultra-high-resolution video require
not only reliable Gbps data rates but also lower latency down to a few milliseconds. In addition,
the large-scale M2M communications are not human centric any more. Instead, they should
operate without the monitoring of human beings [TK12]. They will also bring requirements on
new levels of services, e.g., for sensor networks low energy consumption is extremely important;
for applications like e-health and traffic surveillance very high levels of network reliability are
required, etc..

To enable ultra-high traffic capacity and data rate, the key solution is to have ultra-dense
small-cell deployments, as foreseen by Ericsson [Eril3]. That is, low-power access nodes,
which operate with a very wide bandwidth and in higher frequency band, i.e., 10 - 100 GHz,
are deployed with much higher density than the networks of today. The motivation of using

higher frequency bands is because they can provide a contiguous large bandwidth, which
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Figure 1.1: Cisco’s forecasts of the global mobile devices growth and the mobile data traffic by
2018. [Cis14]

is the direct enabler of a high data rate. Moreover, the millimeter-wave technology, which
provides radio communications over the band 30 - 300 GHz, becomes more mature after years of
development [PK11]. A drawback of using ultra-dense networks is the associated overwhelming
task of installing and configuring backhaul network nodes, where the conventional backhauling
solutions, e.g., via optic fibers, becomes cost and operation inefficient. New backhauling
technology, i.e., wireless backhauling via relays (also called self-backhauling [ITN10]), becomes
promising for this purpose. Relaying means that the communications between partners are
accomplished via the help of multiple intermediate nodes, i.e., relays. Transmit strategies,
which can enhance the performance of a relaying network, will be investigated in Part I of this
thesis. One major drawback of the relaying technology is the latency introduced by multiple
hops and the half-duplex (HD) operation, i.e., a device can only transmit or receive in one
time slot (time-division duplex (TDD)) or on a single frequency (frequency-division duplex
(FDD)). Full-duplex (FD) communications allow simultaneous transmission and reception at
the same time and on the same frequency, which in theory can reduce the round-trip time
by half. Therefore, it can be used to alleviate or even overcome the disadvantage of the
HD operation [CJLK10]. But in practice there are still obstacles, which prevent us from fully
exploiting the gain of a FD system. One of these obstacles is the strong loop-back interference.
In Part II of this thesis, we will introduce transmit strategies which can help to suppress the

self-interference such that a simultaneous transmission and reception is guaranteed.

In summary, our thesis is motivated but not restricted by the possible 5G application of

relaying technologies and FD communications. To enhance the overall structure of the thesis,
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Figure 1.2: Cisco’s forecasts of the global M2M growth and mitigation from 2G to 4G, and the
growth of global connected wearable devices by 2018. [Cis14].

the two different technologies are presented in a separate part of the thesis which can be read
independently of each other. The following sections provide a brief introduction of different
research problems, outlining the possible applications, summarizing the major contributions,

and sketching the overall structure of the thesis.

1.1 Summary of contributions

In this thesis we provide a general framework to optimize different system utility functions in
a multi-pair or multi-user non-regenerative two-way relaying network and a general framework
to improve the performance of a FD system with limited dynamic range based on spatial
division multiple access (SDMA) techniques.

Before we discuss the detailed contributions, it is worth introducing some common assump-
tions of our research. First, all the system models are valid under a narrow band assumption,
or considering a frequency flat subcarrier of a broadband multi-carrier system, e.g., this can be
achieved by considering a subcarrier of an orthogonal frequency division multiplexing (OFDM)
system with cyclic prefix (CP). Second, the considered transmit power constraints are average
power constraints, i.e., the power of the transmitted data (assuming a zero mean) is set to its
variance. Lastly, the sum rate maximization problem refers to the maximization of the mutual
information using complex circularly symmetric Gaussian inputs. Note that Gaussian inputs
are optimal from a mutual information point of view and they cannot be realized in practice.

Discrete modulations/constellations, e.g., quadrature amplitude modulation (QAM), are used
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in practice, which can significantly depart from the Gaussian idealization. To maximize the
mutual information subject to arbitrary input constellations, one may consider the so called
mercury/waterfilling technique in [LTV06].

Furthermore, convex optimization theory is the one of the major mathematical tools, which
is used to solve the formulated optimization problems in this thesis. If the formulated prob-
lems are convex, they can be solved using a unified approach, i.e., the interior-point algorithm
in [BV04]. Many software programs are available for solving standard convex optimization
problems, e.g., the CVX toolbox [CVX12] and the MOSEK toolbox [MOS12]. A short in-
troduction to convex optimization theory is found in Appendix B. Nevertheless, it is worth
stressing two major enablers, which make it possible to solve our problems using convex op-
timization theory. First, in general convex optimization theory is more suitable/developed
for vector or scalar optimization variables. However, in most of our problems, e.g., the relay
amplification matrix design in Part I, the optimization variable is a matrix. In this case, the
properties of the Kronecker product, e.g., in Chapter 3, and the Hadamard product, e.g., in
Chapter 4, enable the transformation from matrix variables to vector variables. Second, most
of our formulated optimization problems are non-convex quadratically constrained quadratic
programming (QCQP) problems. Convex reformulations are required such that the non-convex
problems can be reformulated, e.g., via the S-procedure in Chapter 8, or relaxed, e.g., using
the semidefinite relaxation (SDR) technique or the second-order cone programming (SOCP)

method in Chapter 3, to convex problems.

1.1.1 Part I: Two-Way Relaying Networks

Relays have a good potential in reducing the deployment cost, enhancing the network capacity,
mitigating shadowing effects, and providing reliable communications for different applications.
When placed at the cell edge, relays can also boost the coverage. Earlier works focus on
one-way relaying (OWR) [CT91]. In one-way relaying the communication between two nodes
is completed in four phases since the channels are accessed by the two nodes in an orthog-
onal manner and a HD relay is considered. By allowing non-orthogonal channel access, i.e.,
both nodes transmit to or receive from the relay at the same time, the communication can
be completed in two phases. This is the so-called two-way relaying (TWR) or bidirectional
relaying technique. It can compensate the spectral efficiency loss in one-way relaying due to
the HD constraint of the relay and therefore uses the radio resources in a particular efficient
manner [RW07]. Moreover, it can be combined with the amplify-and-forward (AF) relaying
strategy, which simply amplifies the received data and retransmits it to the destination. In

contrast to the decode-and-forward (DF) relaying strategy, which decodes the received data
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and re-encodes and retransmits it to the destination, the AF strategy has a reduced process-
ing delay and a reduced hardware complexity [ZLCC09]. Hence, AF TWR is also considered
in our work. Single-pair AF TWR systems are well studied especially for the case where
two nodes communicate with the help of a multiple-antenna relay [UK08, ZLCC09] or multi-
ple cooperative single antenna relays [DS10]. The fundamental problem associated with the
TWR systems is the design of the relay transmit strategy based on the available channel state
information (CSI). For a scenario with a MIMO ! relay, this refers to the design of a relay am-
plification matrix. For a scenario with multiple single antenna relays, this refers to the design
of a complex weighting factor per relay. Nevertheless, in practice single pair TWR scenarios
are not sufficient to cover all network structures. For instance, the optimal transmit strategies
for single-pair TWR systems are in general suboptimal when they are applied to multi-user
TWR scenarios. By multi-user TWR scenarios, we mean multi-pair multi-user TWR scenarios
and the relay-assisted multi-user downlink scenario. These scenarios have important practical
applications. For example, if different pairs of users belong to different operators, then we
will have a multi-operator TWR scenario [ZRH12b]. Typically, in such a scenario the physical
resources, i.e., the spectrum and the relays, are used by different operators in an orthogonal
manner, e.g., users of different operators can access the spectrum and the relay in different
time slots. However, the orthogonal manner is spectrally inefficient compared to the case that
users of different operators access the spectrum and the relay at the same time, i.e., the non-
orthogonal manner. Such a non-orthogonal resource access scheme is termed as the physical
resource sharing and it is a potential candidate for improving the spectral efficiency of future
networks. However, in the aforementioned application interference from users of the other
operators is introduced due to the co-channel transmissions. When the noise is weak, the per-
formance of the inter-operator/inter-pair TWR system will be dominated by the interference.
In other words, the system is interference limited. Since the inter-operator /inter-pair interfer-
ence does not exist in a single-pair system, the optimal single-pair relay transmit strategies are
naturally suboptimal for the multi-operator/multi-pair TWR system with a non-orthogonal
resource access. Thus, this motivates us to develop advanced relay transmit strategies, which
are more suitable for the multi-operator /multi-pair TWR system. A similar motivation holds
for our study of the relay-assisted multi-user MIMO (MU-MIMO) downlink scenario, where
the difference is that the interference is caused by the dedicated signal to the other users of

the same operator or the same base station (BS).

"Multiple-input and multiple output (MIMO) relay here means that the relay has multiple transmit and receive
antennas and it receives and transmits the signal using MIMO techniques, e.g., spatial multiplexing schemes
or diversity schemes.
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Relay transmit strategy design for the multi-opertor/multi-pair TWR system

The relay transmit strategy is usually designed such that a specific performance criterion is
optimized under constraints on the available resources or quality of service (QoS) requirements.
This can be done by setting up a constrained optimization problem and then solving it using
optimization theory, e.g., maximizing the sum rate under the power constraint at the relay.
However, this methodology might result in a non-linear problem which is in general non-
deterministic polynomial time hard (NP-hard) to solve [GJ79]. Moreover, the obtained optimal
strategy might not be simply adapted for other performance criteria or other system settings.
Therefore, it is also attractive to have low-complexity (e.g., closed-form) efficient (e.g., close
to optimal performance) solutions which are flexible to be used under different system setups
or for different performance criteria.

The first scenario we investigate is the multi-operator TWR scenario with a MIMO AF
relay, where the users of different operators can have single or multiple antennas. In previous
works the relay amplification matrix has been designed based on zero-forcing (ZF) and mini-
mum mean-squared-error (MMSE) criteria [JS10], or only single antenna users are considered
[YZGK10]. Inspired by the transmit strategy for the MU-MIMO downlink channel [SSHO4],
i.e., linear precoding techniques are designed to first suppress the inter-user interference and
then to optimize each user’s performance separately, we propose to design the relay amplifi-
cation matrix in the way that first the inter-operator interference is suppressed and then each
operator can design their relay transmit strategies independently. The proposed scheme is
called the projection based separation of multiple operators (ProBaSeMO) scheme [ZRH12b].
It provides an interference-free communication environment for different operators. The relay
amplification matrix is obtained as a closed-form solution. It can also be easily adapted to
different utility functions such as sum rate maximization, relay transmit power minimization,
or minimum signal to interference plus noise ratio (SINR) maximization. When each user
has multiple antennas, the ProBaSeMO strategy can be easily extended. Since it allows each
operator to design its own relay transmit strategy, it protects the privacy of each operator.
This is especially important in the context of physical resource sharing. Nevertheless, the
proposed ProBaSeMO strategy is a suboptimal solution. It is worth to know its performance
loss compared to the optimal solution. Hence, we study optimal relay transmit strategies to
maximize the system sum rate subject to the transmit power constraint at the relay [ZRH12b],
[ZVKH13|, minimize the required transmit power at the relay subject to SINR constraints at
each user [ZBR*12], and maximize the minimum achievable SINR at the users subject to the
transmit power constraint at the relay (also known as SINR balancing) [ZBR"12]. It is worth

mentioning that we are the first to study these optimization problems. We reformulate the
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sum rate maximization problem into an unconstrained optimization problem. This optimiza-
tion problem is non-linear and in general NP-hard to solve regardless of whether each user
has single or multiple antennas. We then adopt the gradient based solutions. More specifi-
cally, when each user has a single antenna, we show that, by taking the first-order derivative
of the cost function and setting it to zero, the obtained equation is similar to a dominant
eigenvector problem. Thus, we apply the power method, which is an iterative algorithm for
calculating the dominant eigenvalue and the corresponding dominant eigenvector of a square
matrix [GL96]. When each user has multiple antennas, we apply the steepest descent method
from [Ber95|. Interestingly, the power method shows fast convergence in numerical simula-
tions. However, in general we do not have analytic evidences that either the power method or
the steepest descent method have a guaranteed polynomial time convergence. Moreover, they
might only converge to local optima. Therefore, it is worth further investigating the sum rate
maximization problem in the direction of reducing the computational complexity or finding
a global optimum. To this end, we study this optimization problem from the aspect of the
optimization theory. Moreover, to avoid intractable optimization problems, we consider only
single antenna users from now on. We first show that the corresponding sum rate maximiza-
tion problem corresponds to the difference of convex functions (DC) programming problem
which is non-convex and NP-hard in general. Afterwards, we derive an efficient polynomial
time convex optimization based algorithm to solve the problem approximately. The derived
algorithm can be viewed as an extension of the polynomial time DC (POTDC) method which
has been recently proposed in [KRVH12| to maximize the sum rate of a single pair TWR
system. For the latter problem, the POTDC algorithm, one step of which is based on SDR,
is exact, while in the case of multiple operators, the randomization procedure has to be used
that makes it approximate 2. Numerical results show that the POTDC inspired algorithm
converges much faster than the power method. Then we derive the optimal relay amplification
matrix to minimize the required transmit power at the relay or to solve the SINR balancing
problem. Both optimization problems are non-convex QCQP problems, which are in general
NP-hard to solve [LMS*10]. We show that they can be solved using the SDR technique. More
specifically, the transmit power minimization problem can be solved using the SDR technique
together with the randomization procedure while for solving the SINR balancing problem an

additional bisection search is required. Additionally, we show that the transmit power mini-

2The SDR technique first transforms the quadratic terms into the traces of a matrix product and then drops the
non-convex rank-1 constraint on the new matrix variable. The goal is to relax a non-convex QCQP problem
into a convex semidefinite programming (SDP) problem [LMS*10]. After solving the relaxed problem, rank-1
extraction has to be performed to obtain a rank-1 approximation for the original problem. The randomization
technique is one of the rank-1 extraction techniques. More details are discussed in Appendix B.3.5.




1 Introduction and scope of the thesis

mization problem can be also reformulated into a SOCP problem. One advantage of the SOCP
approach is that it has less computational complexity compared to the SDP approach [BPG12].
Simulation results show that the obtained solutions for both problems are almost always op-
timal. We compare the proposed ProBaSeMO approach to optimal solutions by adapting it
to different utility functions. Numerical results show that the proposed ProBaSeMO approach
has close to optimal performance especially when there are many antennas at the relay. The
last research we carry on for the multi-operator TWR scenario is the derivation of an optimal
widely linear relay amplification matrix. The motivation behind this is that if the transmitted
complex-valued signal is non-circular, i.e., the real part and the imaginary part of the signal
are correlated, also known as non-circularity, widely linear signal processing techniques can be
used to exploit this non-circularity such that additional gain is obtained compared to purely
linear processing [Ste07]. The key idea of a widely linear design is to perform linear processing
to the real and imaginary parts of the signal separately. Again, we study both optimal and
suboptimal widely linear relay amplification matrix designs. For optimal designs we use relay
transmit power minimization and SINR balancing as the design criteria. After some refor-
mulation we obtain optimization problems which have same problem structure but doubled
parameter size compared to their linear counterparts. For a suboptimal widely linear design
we consider a single pair TWR system. We propose the widely linear dual channel matching
(DCM) scheme [VRWHI11] and derive the gain of using widely linear signal processing over
liner signal processing analytically [ZH13].

The second scenario we investigate is a multi-pair TWR network with multiple single an-
tenna AF relays and single antenna users. Here relay transmit strategy design means that the
relays cooperate with each other to design their amplification coefficients, i.e., a complex-valued
coefficient is applied to each relay. Due to the change of the parameter structure, it is not
possible to apply the ProBaSeMO scheme. The optimization problem also needs to be refor-
mulated. Among previous works, reference [LXDL10] deals with the adaptive power allocation
problem while assuming different pairs of users access the network using different subcarriers,
i.e., no inter-pair interference is created during the data transmission. Reference [WCY™11]
proposes suboptimal beamforming techniques for networks with inter-pair interference, where
the proposed strategy is to first null the inter-pair interference using a ZF method and then op-
timize the interference-free system using a relay transmit power minimization criterion (under
a linear constraint). In summary, both [LXDL10] and [WCY*11] resort to ZF based transmis-
sion. Moreover, none of them deals with the case that each relay has its own transmit power
constraint. In other words, previous works consider only a total transmit power constraint for

all relays in the network. In contrast, we study the sum rate maximization problem for such a
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network with either a total transmit power constraint or individual transmit power constraints
[ZRH"12¢, ZRH12a]. We first show that the objective function of the optimization problem
can be represented as a product of quadratic ratios, which is a non-convex QCQP optimization
problem. Then we prove that regardless of the considered power constraints the optimization
problem satisfies the monotonic optimization framework [Tuy00]. Thus, a polyblock approach,
which is a unified approach to solve the monotonic optimization problem [Tuy00], can be ap-
plied to solve our problem. Although theoretically the polyblock approach provides globally
optimal solutions, its computational cost is high and thus low complexity algorithms are re-
quired. It is worth mentioning that when the total transmit power is considered the sum rate
maximization problem has the same problem structure as the sum rate maximization problem
of the previous multi-operator TWR scenario with single antenna users. This implies that the
optimal algorithm designed for one scenario can be used for the other scenario and vice versa.
Therefore, we can apply the power method and the POTDC algorithm to the sum rate max-
imization problem in this scenario, which yield a lower computational complexity compared
to the polyblock approach. When each relay has its own transmit power constraint, we show
that a low complexity solution can be also obtained by extending the POTDC algorithm. To
further reduce the computational complexity, we propose a heuristic approach, i.e., the total
SINR eigen-beamformer. The total SINR eigen-beamformer maximizes the ratio between the
sum of the signal powers of all the users and the sum of the interference plus noise powers
of all the users. It provides a closed-form solution when a total transmit power constraint is
considered while it does not require iterations when individual transmit power constraints are
considered. Numerical results demonstrate the superiority of the proposed methods over the

previously developed methods.

The third scenario under investigation is a multi-pair TWR network with single antenna
users and two types of AF relays, namely, the smart relays and the dummy repeaters. Smart
relays mean that the relays have multiple antennas and they perform linear processing over
the signal as in the scenarios before. By dummy repeaters we refer to the relays which do
not require CSI and only amplify the power of the received signal. Dummy repeaters do not
cooperate with each other so that cooperative transmission is not possible. Assume that the
dummy repeaters can be shut off. Then the considered scenario simplifies to the multi-operator
TWR scenario if the smart relays in the network are grouped together to form a big MIMO
relay. The considered scenario degenerates to the multi-pair TWR scenario with single an-
tenna relays if the antennas are distributed in the network such that each relay only has a
single antenna. Therefore, the third scenario generalizes the first and the second scenario.

Interference management in this kind of scenario is more challenging due to the existence of
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the dummy repeaters [HJG13b]. Interference neutralization (IN) is a technique, which tunes
the interfering signals such that they neutralize each other at the destination node, is proven
to be a powerful tool to handle interference in a multi-pair OWR network with both smart
relays and repeaters [HJ12], and in deterministic channels [MDFT08a, MDT09]. Therefore,
we study the IN feasibility and derive necessary and sufficient IN conditions for our scenario
[ZHJH14c, ZHJH14a]. The derived conditions provide an interesting result on how the total
number of antennas in the network, which are required to realize IN, decreases when clusters
of relays can be formed. Afterwards, we develop relay amplification matrices to optimize dif-
ferent system utility functions with or without IN [ZHJH14b]. The utility functions include
minimizing the required transmit power at the relays subject to minimum SINR. constraints,
maximizing the minimum SINR of the users subject to relay transmit power constraint(s) (i.e.,
the SINR balancing problem), and maximize the weighted sum rate subject to relay transmit
power constraint(s), regardless whether the smart relays in the network have a total transmit
power limit or individual transmit power limits. We solve the relay power minimization prob-
lem and the sum rate maximization problem using the SDR technique and the monotonic opti-
mization framework, respectively. For the SINR balancing problem, we propose a generalized
Dinkelbach-type algorithm, which has a better convergence speed compared to the traditional
solution using bisection search [GSS*10]. Simulation results show that the IN based solution
has close to optimal performance but has a much lower computational complexity compared

to optimal solutions without IN.

Joint relay transmit strategy design and BS precoder and decoder design for
relay-assisted MU-MIMO downlink channel

The last scenario we study is the relay-assisted MU-MIMO downlink channel (or relay broad-
casting channel) with a MIMO AF relay. Here the BS has individual messages for each single
antenna user and it communicates with its users via the help a MIMO AF relay. The problem
is that the transmit strategy design includes not only the relay transmit strategy but also the
transmit and receive strategy (precoding and decoding strategy) for the BS. Before our work
[ZRH11], only [TS09] and [DKTL11] discuss the transmit strategy design problem for a MIMO
AF relay broadcasting channel and they consider only the channel inversion based techniques.
Finding the sum rate optimal transmit strategy for our scenario might result in an intractable
optimization problem. To avoid this issue, we resort to a suboptimal transmit strategy design.
We propose three suboptimal algorithms for computing the transmit and receive beamforming
matrices at the BS as well as the amplification matrix at the relay [ZRH11]. They are based
on conventional channel inversion (CI), the ProBaSeMO approach, and ZF dirty paper cod-

10
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ing (ZFDPC), which is a non-linear precoding technique [YH10]. Numerical results show the
superiority of the proposed methods over the previously developed methods in [T'S09].

1.1.2 Part II: Full-Duplex Wireless Communication Systems

FD technologies enable simultaneous transmission and reception at the same time on the same
frequency and thus they have the potential to improve the spectral efficiency. For example, if
the relay node can operate in a FD mode, then the spectral efficiency loss of a OWR system
due to the HD limitation of the relay can be compensated. This will make a FD OWR system
competitive when compared to a TWR system. Moreover, if both the users and the relays
can operate in FD modes and a TWR protocol is deployed, then the spectral efficiency of
the relaying system can be further improved. The latter scenario, i.e., a FD TWR system, is
more ambitious and thus can be considered as a future research topic. The major challenge
of enabling a FD operation is that the loop-back self-interference (SI) is much stronger than
the received desired signal [JCK*11]. Theoretically, the loop-back SI is known at the receiver
and hence it can be successfully subtracted from the received signal if we have a sufficiently
large dynamic range at the receiver and the SI channel is perfectly known. In practice these

3. To suppress the SI

two requirements cannot be satisfied especially in an outdoor scenario
as much as possible, most of the current SI cancellation techniques suggests a combining
of RF cancellation techniques and digital baseband cancellation techniques at the receiver.
First, a sufficient isolation between the transmit and the receive chain has to be achieved via
geometrical separation of the transmit and the receive antennas or via exploiting the antenna
diversity [EDDS11]. This kind of techniques can be seen as an artificial injection of path loss
for the SI channel. Then one can consider utilizing specific physical phenomena [CJLK10],
[JCK*11], [SPS11], e.g., an antenna cancellation approach using two transmit antennas is
proposed [CJLK10]. By properly adjusting the position of the two antennas, the signals of
both transmit antennas overlap destructively at the receiver antenna. All the aforementioned
technique are performed in the RF domain and thus they are RF cancellation techniques. The
amount of SI suppression provided by most of the RF cancellation techniques is limited by
the hardware capabilities. Therefore, other SI cancellation techniques, i.e., digital baseband
cancellation techniques [RWW11], have to be used to further reduce the SI. Digital baseband
cancellation can be achieved via the subtraction of the estimated SI signal at the receiver
or via spatial suppression schemes by jointly designing the precoder at the transmitter and

the decoder at the receiver [RWW11]. There are several disadvantages of the current SI

3 . o . .
In an outdoor scenario the path loss and the user mobility is more severe and thus requires a even larger
dynamic range compared to an indoor scenario for an idealistic FD implementation.
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cancellation schemes. First, they only guarantee a SI suppression in a specific scenario under
a specific system configuration, i.e., their extendability to a different scenario and to a general
system setup, e.g., MIMO settings, are unknown. Second, most of the cancellation techniques
focus only on the SI minimization but are not aware of the resulting system performance, e.g.,

the achievable sum rate.

Hence, we propose a SI aware transmit beamforming solution for realizing a FD point-to-
point (P2P) MIMO system. Our concept here is to first define a SI threshold (which is known
a priori). This threshold guarantees that with or without using RF cancellation techniques the
received SI should be within the limited dynamic range of the receiver chain. Then the residual
SI can be estimated and then be subtracted at the digital baseband of the receiver. Since this
threshold can be formulated as a constraint, this allows us to develop transmit beamformers
to optimize different system utility functions by setting up constrained optimization problems.
Clearly, this approach provides more flexibilities in SI cancellation, which can be very useful
for critical scenarios such as wide-area deployments. The other advantage of this approach
is that it allows two transceivers to design their transmit strategies independently compared
to the joint design in [DMBS12]. We develop optimal SI aware precoders to maximize the
sum rate of the FD system [ZTLH12]. By analyzing active constraints at the optimality,
i.e., the constraints are satisfied with equality at the optimality, we show that closed-form
solutions can be obtained when each FD device has multiple transmit antennas and a single
receive antenna, i.e., a multiple-input single-output (MISO) setup, or when each FD device
has 2 transmit antennas and 2 receive antennas, i.e., a 2-by-2 MIMO setup. To achieve the
best performance, perfect CSI is desired, which is difficult to obtain practice. Thus, robust
design approaches which take into account the imperfections of the CSI such as [WP09] are
important for a realistic system implementation. Therefore, we also develop a worst-case
optimal transmit strategy by applying a deterministic channel error model in case of imperfect
CSI [ZTH13b]. The system utility function is to minimize the total transmit power subject
to total SINR constraints at each user. Simulation results demonstrate the robustness of the

developed algorithm.

Due to the imperfect RF chain, even after subtracting the known SI, the residual SI can
still affect the achievable sum rate of a FD P2P system [DMBS12]. The resulting sum rate
maximization problem is non-convex and thus a gradient projection (GP) algorithm is applied
in [DMBS12]. Moreover, to guarantee that the achievable FD sum rate is never below the
achievable sum rate of a HD baseline scenario, reference [DMBS12] proposes to jointly optimize
the transmit covariance matrices of the two terminals for every two time slots. Thereby, when

the achievable FD rate is smaller than its HD counterpart, a FD operation is switched to a
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HD operation by the proposed algorithm. To avoid a prohibitive computational complexity,
we develop sub-optimal transmit strategies which can be calculated during each time slot
[ZTH13c|. First, we exploit the statistics of the residual interference and develop signal to
leakage plus noise ratio (SLNR) based precoders which have closed-form solutions for both
the MISO and the MIMO setup [HMVS01]. The proposed precoders allow the devices to
always operate in a FD mode (such that simultaneous transmission and reception is always
available). A FD gain is obtained especially in the low to medium SNR regime. Second,
noticing that properly controlling the transmit power can also improve the performance of a
FD system, we design optimal power adjustment schemes while the precoder is fixed. Power
adjustment schemes which maximize the achievable sum rate are developed for the single-input
single-output (SISO) and MISO setup while a power adjustment scheme which maximizes the
sum SINRs are found for the MIMO setup. Considering the fairness in the system, we also
develop power adjustment schemes which maximize the minimum total SINR per user in
the system. The proposed power adjustment algorithms can be further combined with the
proposed precoding algorithms to enhance the performance. Simulation results demonstrate
that the proposed transmit strategies achieve a significant gain over traditional HD transmit

strategies when applied to FD systems.

1.1.3 Other contributions

In this section we provide a list of contributions which are not directly related to the two
major contributions before. These contributions are worth mentioning because either they are
side products of our major contributions or the knowledge we have learned from the major
contributions can be applied here. They are not part of the thesis.

The first contribution is a tensor-based channel estimation algorithm for single-pair TWR
systems with multiple multi-antenna AF relays and multi-antenna users [ZNH14]. The moti-
vation behind this is that advanced transmit strategy designs (especially the precoder and de-
coder design at the users) require instantaneous CSI at the transmitter and/or at the receiver.
To estimate the channel for relaying networks, tensor-based channel estimation methods, e.g.,
[RH10b] and [RKX12], can provide a better estimation accuracy, require less training and lead
to less ambiguities compared to the traditional matrix-based methods, e.g., [LV0S].

The second contribution deals with an optimal transmit strategy for the single-pair TWR
scenario with a DF relay [GZV*12, GVJ*13a, GVJ*13b]. In these works we consider only a
single carrier flat fading system but each node has multiple antennas and the superposition
coding in [OWBO09] is applied at the relay. Our task is to characterize the achievable rate

region by optimizing the transmit strategies at the relay as well as at the users. By analyzing
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active constraints at the optimality, we obtain analytical solutions at the end.

Another contribution is about the joint source and relay precoding design for FD MIMO
OWR systems with a MIMO AF relay. Specifically, we study the sum rate maximization
problem subject to a SI power constraint and the transmit power constraints at the source
and the relay [ZTH13a, TZH14]. Moreover, the sum rate maximization problem for a FD P2P
MIMO system with multiple linear constraints is studied in [CZHH14].

The last part of the contributions we would like to mention are the works related to the
transmit strategy for MU-MIMO downlink scenarios [CLZ*12, LCZ*12, CLZ*13, ZRH13].
The works in [CLZ*12, LCZ*12, CLZ*13] are devoted to the development of practical low-
complexity transmit strategies for OFDM based MU-MIMO downlink systems. The results of
these works are successfully patented in [DCL*13a], [DCL*13c|, and [DCL*13b]. In [ZRH13],
we study the analytic performance of the block diagonalization (BD) scheme under imperfect
CSIL

1.2 Organization of the thesis

The thesis is organized as follows. In Part I we first provide a detailed introduction and moti-
vation of TWR in Chapter 2. Then we present the multi-operator TWR scenario with a MIMO
AF relay in Chapter 3. Here we propose the ProBaSeMO scheme and derive optimal relay
amplification matrices subject to different system utility functions. We also develop optimal
and suboptimal widely linear relay transmit strategies for TWR systems with non-circular sig-
nals. Then in Chapter 4 we study the sum rate maximization problem for a multi-pair TWR
scenario with multiple single antenna AF relays. We develop optimal and suboptimal transmit
strategies under a total transmit power constraint of the relays in the network or under individ-
ual relay transmit power constraints. In Chapter 5 we study a multi-pair TWR network with
multiple MIMO AF relays and dumb repeaters. The necessary and sufficient conditions for
interference-free transmission via IN are derived. A general framework for optimizing different
utility functions is also developed. In Chapter 6 we develop suboptimal solutions for the joint
design of the precoder and the decoder at the BS as well as the relay amplification matrix
in a relay-assisted MU-MIMO downlink channel with a two-way MIMO AF relay. Chapter 7
provides a summary and outlines possible future research directions related to TWR. Proofs
and derivations are found in Appendix C.

In Part II of this thesis we discuss the possibilities of using digital transmit strategies to
suppress the SI in a FD point to point system. In Chapter 8 we develop SI aware trans-

mit strategies to maximize the sum rate of the system. To combat the imperfect CSI at the
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transmitter, we also develop a robust transmit strategy, i.e., worst-case beamforming to mini-
mize the required transmit power. In Chapter 9 we develop transmit strategies to combat the
residual interference in a FD system due to imperfect RF chains. To this end, SLNR based
beamformers and power adjustment algorithms are designed. A complete summary of Part 11
and possible future research topics are given in Chapter 10. The related proofs of this part
are provided in Appendix D.

The final Chapters 11 and 12 collect all the contributions from the thesis again and sum-
marize the future research directions. There are four appendices to the thesis. Appendix A
summarizes the list of acronyms and the mathematical notation used throughout the thesis.
Appendix B provides background knowledge of convex optimization. Appendices C and D
contain proofs and derivations of Part I and Part II, respectively. The bibliography is split

into two parts: one part with the own publications and the other part with all other references.
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The first part of the thesis is devoted to the development of suboptimal or optimal linear
relay transmit strategies for relay-assisted communications with two-way amplify-and-forward
(AF) relays. More specifically, we focus on multi-pair/multi-user two-way relaying (TWR)
networks. Here the network is interference limited especially in the high signal to noise ratio
(SNR) regime. In other words, we allow non-orthogonal physical resource access, in contrast to
the orthogonal physical resource access schemes, e.g., time-division multiple access (TDMA).
The physical resources include the spectrum and the infrastructure, e.g., the relay. By a non-
orthogonal physical resource access, we mean the simultaneous access of the spectrum and
the relay, i.e., spatial-division multiple access (SDMA) schemes. One of the applications of
this scenario is the spectrum and the relay sharing among multiple operators. Non-orthogonal
physical resource access suffers from the co-channel interference, which is caused by the non-
orthogonal use of the channels at the same time and on the same frequency. If the interference
is not dealt with carefully, the network might fail to provide sufficient quality of services (QoSs)
to the users. The QoS measures include the total throughput, the achievable SINR per user,

etc..

In Chapter 2 we give a thorough introduction into commonly used relaying protocols, strate-
gies, and its standardization activities. At the end of this chapter we provide the assumption
on the relay model and the system model, which are used in the rest of this part. In Chapter 3
we introduce a multi-operator TWR network with a MIMO AF relay, where multiple operators
share the spectrum and the relay. This scenario motivates our study of interference limited
relay networks. In this chapter we first present a low complexity close to optimal performance
relay amplification matrix design, which is called the projection based separation of multiple
operators (ProBaSeMO) scheme. The ProBaSeMO scheme nulls the inter-operator interfer-
ence and thus allow an interference-free transmission of each operator’s signals via the relay.
It is flexible in the sense that it can be extended to different system utility functions, i.e.,
maximizing the system sum rate, minimizing the transmit power at the relay, and maximizing
the minimum SINR per user, and that the users can have multiple antennas. Concerning the
sum rate maximization problem of the considered scenario, we develop gradient based solu-
tions which are suitable for both single and multiple antenna terminals. Furthermore, when
each user has only a single antenna, we derive optimal relay amplification matrices, which can
be used for maximizing the achievable sum rate, minimizing the transmit power at the relay,
or maximizing the minimum SINR at each user. At the end of this chapter, we also study
widely linear relay transmit strategies for single/multiple pair AF TWR systems, which can
exploit the non-circularity (as defined in Section 3.8) of the source signals. In Chapter 4, we

study the sum rate maximization problem of a multi-pair TWR network with multiple single



antenna AF relays. This scenario can be seen as a counterpart of the scenario in Chapter 3,
i.e., instead of using a multi-antenna relay we use multiple relays each with a single antenna.
The relays cooperate with each other to calculate the optimal beamforming vectors for a cen-
tralized network. A globally optimal solution has been found using the monotonic optimization
framework. In Chapter 5 we study interference neutralization, which is a technique that cre-
ates positive and negative copies of the interference at the receiver such that they cancel each
other, for more general multi-pair TWR networks. It is general because this scenario considers
multiple multi-antenna relays as well as repeaters, which simply scale the received signals and
forward them. The scenarios in Chapter 3 and Chapter 4 can be seen as special cases of this
scenario. Necessary and sufficient conditions for interference neutralization are derived and
optimal relay amplification matrices are developed with or without interference neutralization.
The last TWR scenario we introduce is the relay broadcast channel in Chapter 6, which is a
common scenario in a cellular network. Here we develop suboptimal linear and non-linear relay
transmit strategies as well as precoders and decoders at the base station to provide a better

system throughput. Finally, a conclusion and a future perspective are given in Chapter 7.



2 Introduction to two-way relaying networks

The increasing demand on high data rates and better user experiences have significantly influ-
enced the development of next generation wireless communications systems. It is a common
view that larger bandwidths, densified network structures using small cells, and high spectrum
efficiency are key solutions to satisfy the demand. On the one hand, a larger bandwidth re-
quires the shift from the current low frequency bands, i.e., 300 MHz - 3 GHz to much higher
frequency bands, e.g., the millimeter-wave band from 30 - 300 GHz [PK11], in addition to the
lower frequency. A drawback of the frequency shift is that the path loss will increase expo-
nentially such that the cell size has to be decreased. Thus, a coverage extension is required.
Instead of building new network facilities, i.e., sites, base stations (BSs), and backhauls etc.,
one economic solution for coverage extension is to use intermediate nodes to forward the signal
from the BSs to user terminals (UTs). The intermediate node which performs the relaying
functionality is called a relay. On the other hand, small cells can be used to connect both per-
spective UTs in the vicinity and massive devices, e.g., smart home devices. However, unless
the terminals within the small cell only communicate with each other, backhaul solutions are
required for an access to the mobile Internet. Compared to the wired backhauls via fibers,
relays can provide wireless backhauling solutions with much lower costs [WIN06]. Therefore,
relays will become essential elements of future wireless networks. For more motivations or

practical scenarios we refer to [SAP10] and the references therein.

Unlike the typical single-hop communication scenarios, e.g., point-to-point, point-to-multi-
point, multi-point-to-multi-point, multi-hop communications have more variations depending
on the transmission protocols, e.g., one-way, two-way, or the transmit strategies, e.g., amplify-
and-forward or decode-and-forward, at the intermediate nodes (relays), and whether a direct
link between the source and the destination is available. Thereby, even though the capacity
region of some relaying scenarios has been derived [EK11], the optimal relay transmit strategies
are in general unknown. To be focused, we limit ourselves to two-hop relaying and half-duplex
relays. Moreover, we assume that the direct link between the source and the destination
is poor and thus it can be ignored. In the rest of this chapter, we first introduce popular
relay transmit strategies of two-hop relaying in Section 2.1. Then we summarize the current
standardization activities in the area of two-hop relaying in the long term evolution advanced
(LTE-A) standard by the 3rd Generation Partnership Project (3GPP). Finally, we discuss the

relaying model considered in the rest of Part I.
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2 Introduction to two-way relaying networks

2.1 Relaying protocols and relaying strategies

Relaying protocols

——>| R
R o
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Figure 2.1: A traditional one-way relaying protocol where the communication is completed in
4 phases. The communication partner S; has a message x1 for So. The communication partner

Sy has a message x5 for S;.
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(a) 2-phase two-way relaying ) 3-phase two-way relaying

Figure 2.2: Different types of two-way relaying. x; and xo represent the messages from the
two communication partners S; and So while x19 represent the forwarded signal from the relay,
which is a coded version of x1 and xs.

The simplest relaying protocol is one-way relaying (OWR) in Figure 2.1. Here one-way
means that the information flows in a unidirectional way, i.e., from one specific source via
one relay or multiple relays to a specific destination. One-way relaying is also the earliest
relaying protocol which was investigated [CT91]. Therefore, it has been comparably well

studied. However, the main drawback of one-way relaying is that for a bidirectional exchange
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Figure 2.3: An example of multi-way relaying with three communication partners Sy, So, and
S3. The messages x1, 2, and x3 are messages from one partner to the other two partners.
The three-phase protocol in the figure is the same as in [AK10b].

of information, at least four time slots are needed if the relay operates in the half-duplex mode.

This causes a fundamental loss in spectral efficiency.

To compensate this drawback, two-way relaying (TWR), where two communication partners
exchange data bidirectionally with the assistance of one relay node as shown in Figure 2.2, has
been proposed [RW07]. Each of these communication partners could be a mobile user as well as
a fixed BS. Moreover, the information exchange between two partners takes only two time slots
instead of four time slots of the OWR protocol, i.e., in the first time slot all the communication
partners transmit simultaneously to the relay and in the second time slot the relay processes
the received data, and forwards it to all the nodes. Thereby, the spectral efficiency loss of
one-way relaying is compensated and the two-way relaying protocol has been popularized
especially via [RW07] and [UKO08]. Not surprisingly, two-way relaying has its own drawbacks.
The most obvious one is the interference introduced into the two phases: the multi-user uplink
interference is created in the first time slot; the multi-user downlink interference and the self-
interference are created in the second time slot. Although each communication partner knows
its own transmitted symbols and thus the self-interference can be subtracted given the channel
knowledge at the receiver, additional coding and signal processing are required, which is much
more complex compared to one-way relaying. It is worth mentioning that there also exists a
three-phase version of two-way relaying, where in the first phase the communication partners

transmit to the relay sequentially [SGS11]. The original purpose of this three-phase two-way
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relaying is to apply network coding schemes [LK10].

Recently, another relaying protocol, namely, multi-way relaying (MWR), has drawn more
and more research interest [GYGP09]. Here multi-way means that there are more than two
communication partners, at least three, that communicate with the help of a relay, where each
partner has a message and wants to decode messages from all the other partners. Multi-way
relaying has its applications such as video conferencing and multi-player gaming. In such
applications, multiple nodes communicate with each other. Multi-way relaying can be treated
as an extension of one-way or two-way relaying [AK10b]. But it is more difficult to deal with
because more co-channel interferences from the other users are introduced. An example of a
multi-way relaying scenario is demonstrated in Figure 2.3. In the first phase, the sources S,
So, and Sz send messages 1, x2, and z3 to a multi-antenna relay. The relay uses beamforming
to spatially separate the data streams and forwards them to the destinations. In the second
phase, the relay forwards x1 to So, 22 to Sg, and x3 to S1. In the third phase, the relay forwards
21 to S3, x9 to S, and x3 to So. After three phases, each node has received the messages from
the other nodes [AK10b].

Relaying strategies

Relaying strategies specify what kind of processing is applied to the received data at the
relay. One of the relaying strategies is decode-and-forward (DF) relaying. DF relays decode
the original message from the received signal via base band signal processing, similarly as
what the receiver does in a single-hop communication. Afterwards, it encodes the decoded
information using dedicated modulation and coding schemes (MCSs) and then transmit the
re-encoded information to the destination, similarly as a general transmitter does. Therefore,
DF relays are closely related to single-hop communications. Signal processing techniques from
single-hop communications can be easily adopted. Moreover, if the there are no decoding
errors, the information will be forwarded in a noise-free manner. The drawback of a DF
relay is that it performs the functions of the transmitter and the receiver in a sequential
way, and thus an additional delay is introduced. When combined with the TWR protocol,
additional coding schemes have to be applied to remove the self-interference at the destination.
Commonly used codes are superposition codes and network codes, e.g., XOR codes [OWB09].
The superposition code can be easily implemented but it is power inefficient. The XOR code
can achieve a rectangular rate region in the second phase (also called the broadcast channel
(BC) phase) but it is not suitable if two communication partners experience asymmetric data
traffic. In other words, the existing coding schemes do not achieve the capacity of a DF relay

channel. But the optimal coding scheme is unknown. Furthermore, one should be aware that
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in a DF channel the rate from one communication partner to the other communication partner
is dominated by the weakest link, i.e., the weaker one of the link from the source to the relay
and the link from the relay to the destination. In a two-way relaying channel, this restriction
is extended such that the rate region is the limited by the minimum achievable rate in the first

phase (also called the multiple access channel (MAC) phase) and in the second phase.

Another well-known relaying strategy is the so called amplify-and-forward (AF) relaying
strategy. The AF relays simply amplify the received data and retransmit it to the destination.
Thereby, the received noise at the relay is also amplified and forwarded, which will affect
the performance at the destination. However, compared to the DF relay, it does not decode
and re-encode the data and thus it requires less computational complexity and has a smaller
delay. Moreover, since it does not require detailed modulation and coding information, it
protects the privacy of the communication partners, which is important especially in a relay
sharing scenario, e.g., the multi-operator relay sharing scenario in Chapter 3. The simplest
implementation of the AF relaying strategy is to amplify the received data directly in the
radio frequency (RF) band, i.e., without going to base band. This version of AF relays is
also known as repeaters [3GP08], which we will call analog AF. From the signal processing
point of view, only powers are tuned or trivial complex coefficients are adopted at each RF
chain. Moreover, this implies that the signal cannot be stored and hence the relay must
operate in full-duplex mode. A full-duplex mode operation will result in the problem of a
strong loop-back interference, i.e., the transmitted signal of the relay is much stronger than its
received signal. Thus, additional loop-back interference cancellation techniques are required
[RWW11]. One way to avoid the loop-back interference is to use different bands for the source-
to-relay link and the relay-to-destination link. Obviously, such an operation mode is spectrally
inefficient. Another operation mode of AF relays is to process the received signal at the base
band, i.e., the received signal is converted to the base band and then its weighted linear
combination is amplified and transmitted. This processing happens in the digital domain and
thus we call it digital AF. Compared to repeaters, digital AF relay can tune both the powers
and the phases and thus it has more flexibilities in signal processing, e.g., it can be used to
realize sophisticated cooperative relaying networks, although this means that channel state
information (CSI) has to be available at the relay. When combined with two-way relaying, the
estimated self-interference, i.e., the product of the estimated channel and its own transmitted

symbols is subtracted at the receiver, which is known as analogy network coding [ZLCCO09].

There are also other relaying strategies, e.g., compress-and-forward (CrF) [CE79], [KGGO05],
[SMMVC10] and compute-and-forward (CuF) [NG11]. Both CrF and CuF relaying are pro-

posed from an information theory basis and are more closely related to DF relaying. Consider
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a OWR channel, when the capacity of the source to relay link becomes infinitely high, the
DF strategy becomes capacity achieving since the relay channel capacity tends to that of a
point-to-point channel given that the duration of the first time slot of DF relaying can be
shortened as much as possible. Now, thinking about of the second time slot, instead of send-
ing a replica of the received signal, we can quantize it, e.g., using the Wyner-Ziv (WZ) source
coding scheme, and send the resulting finite sequence of bits. The destination can then recon-
struct the relay observation, and the duration of the second time slot can be made arbitrarily
short regardless of the quantization accuracy, provided the relay to destination link capacity
is infinite. In this case, this quantized relaying strategy, which is called compress-and-forward,
becomes capacity-achieving. Compared to the noisy quantization introduced by the CrF re-
lays, compute and forward relays tend to provide reliable information especially in a muli-user
relaying channel, e.g., the TWR channel. That is, if the source transmits coded messages
using structured codes, e.g., nested lattice codes, CuF relays can decode linear equations of
the transmitted messages using the noisy linear combinations provided by the channel. The
destination can decode the desired message if it receives sufficiently many linear combinations
[NG11]. The advantage of using structured codes is that a better MAC rate region is obtained

compared to traditional DF relaying strategies.

2.2 Standardization activities

Standardization bodies, e.g., 3GPP, IEEE 802.16j, are also active in pushing relays to real-
world deployments [YHXMO09]. In this section we focus on the relaying operations and ter-
minologies defined in 3GPP LTE-A [HCM*12], [ITN10], [SVP*13]. Two types of relays have
been exactly defined in the 3GPP LTE-Advanced standards, namely, a Type-1 relay and a
Type-2 relay [3GP10]. Moreover, relays in the LTE network can also be classified as L1 relays,
L2 relays and L3 relays according to the functionality at the relay. Recently, moving relay
nodes (MRNs) have also become an active item of the 3GPP standardization group [SVP*13].

Type-1 relay vs. Type-2 relay

According to [3GP10], a Type-1 relay station (RS) is non-transparent to the user equipments
(UEs). It is in control of cells of its own and has a unique physical-layer cell identity as
depicted in Figure 2.4. It is used to help remote UEs, which are located far away from an
evolved Node B (eNB, or a BS), to access the eNB. Thus, its main objective is to extend the
coverage. A Type-1 RS uses the DF relaying strategy. There are two variants of Type-1 RSs,
namely, a Type-1a RS and a Type-1b RS. A Type-la RS is half-duplex and operates outband,
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Figure 2.4: A Type-1, Type-la, or Type-1b relay defined in LTE. These types of relays have
their own cell identities.

i.e., the eNB-relay link (also known as the backhaul link) and the relay-UE link (also known as
the access link) use different frequencies. A Type-1b relay operates inband, i.e., the backhaul
link and the access link use the same frequency. Since the backhaul link and the access links
of a Type-1b RS operate in the same spectrum, an adequate antenna isolation is required to
minimize the self-interference between the access link and the backhaul link [DPS14]. Thus,
a Type-1b relay is expensive to implement. In contrast, a Type-1 RS is always a half-duplez
inband relay, where the backhaul link and the access link operate in different time slots and
thus the self-interference is avoided. It is said that at least Type 1 and Type-la relays are
part of LTE-Advanced. On the other hand, a Type-2 relay helps a local UE, which is located
within the coverage of an eNB and has a direct communication link with the eNB as shown in
Figure 2.5, to improve its service quality and link capacity. It is always an inband relay and
thus does not have its own cell identity [YHXMO09]. The relaying system in this thesis fits to
the description of a Type-1 RS except that an AF relaying strategy is used.

L1 relays, L2 relays and L3 relays

According to [ITN10], relays in LTE can be also categorized into L1 relays, L2 relays and L3
relays according to the functionality of the relay. A L1 relay is a smart repeater. In contrast to a
dumb repeater (also considered in Chapter 5), which, once installed, continuously forwards the
received signal regardless of whether there is a terminal in its coverage area, a smart repeater
can be controlled, e.g., activate the repeater only when users are present in the area. However,

scheduling and retransmission control is always handled by the eNB. If the RS performs the
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Figure 2.5: A Type-2 relay defined in LTE. A Type-2 relay does not has its own cell identity.

DF strategy, less noise is forwarded by the relay and thus more options can be included on the
RS, e.g., rate adaptation. Nevertheless, this kind of relay distinguishes itself based on whether
forwarding is performed on Layer 2 (thus denoted as L2 relaying) or on Layer 3 (thus denoted
as L3 relaying or self-backhauling).

Moving relay nodes

MRNSs or mobile relays nodes aim at providing good quality of service to users on high speed
vehicles, e.g., trains that operate at 350 km/h [3GP13]. The advantages of using a mobile
relay for such scenarios are shown as follows: firstly, group handover can be performed by
considering the UEs served by the same MRN as a group. The probability of a group handover
failure can be noticeably reduced [SVP*13]. Secondly, the MRN is not limited by the size and
power compared to the regular UE, and thus it can better exploit MIMO techniques and other
advanced signal processing schemes. Lastly, by a proper placement of the indoor and outdoor

antennas, an MRN can circumvent the strong vehicular penetration loss [SVP*13].

2.3 System assumption, transmission protocols, and mathematical

notation

In this section, we describe the general relay and system assumptions used in our study, i.e.,
in the rest of Part I. We consider TWR with half-duplex AF relays. That is, half-duplex UTs
communicate with each other via AF relays and the direct links between UTs are ignored

due to their weaknesses. Moreover, in our work one successful communication consists of a
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2.3 System assumption, transmission protocols, and mathematical notation

training phase and a data transmission phase. That is, in the training phase each UT only
transmits training symbols. These training symbols are used for channel estimation. The
estimated channels are used for the calculation of the complex weighting coefficients at each
antenna of the relays. The training symbols are also used for channel estimation and the
calculation of precoding matrices at the UTs, given multiple receive antennas at the UTs.
The algorithms proposed in the rest of Part I are all executed after the training phase. In
the data transmission phase, each UT transmits data symbols using the precoding matrices
computed from the training phase and a scaled version of the complex weighting coefficients
can be applied at each antenna of the relays '. Furthermore, the considered systems are
narrow band systems. Symbol level synchronization is assumed. The channel is assumed to
be frequency flat and quasi-static block fading. Moreover, we assume that the reciprocity
holds for the uplink and downlink channel between the UTs and the relay, which is valid
in an ideal reciprocal time-division duplex (TDD) system. Note that in an OFDM system
the proposed signal processing algorithms can be applied on a per-subcarrier basis. But the
resulting performance is suboptimal in general since some problems can only be studied under
a multi-carrier setup, e.g., optimal power allocation over different subcarriers [HDL11].
Upper-case and lower-case bold-faced letters denote matrices and vectors, respectively. The
expectation, trace of a matrix, transpose, conjugate, Hermitian transpose, and Moore-Penrose
pseudo inverse are denoted by E{-}, Tr{-}, {-}T, {-}*, {}!, and {-}*, respectively. The m-by-m
identity matrix is I,,,. The m-by-n matrix with all zero elements is 0,,x,. The Euclidean
norm of a vector and the Frobenius norm of a matrix are denoted by ||| and | |r, respectively.
The operator |-| denotes the absolute value or the determinant of a matrix and = stands for
identical. The Kronecker product is ® and the Hadamard product is ®. The Khatri-Rao
product is denoted by ¢, which is defined as a column-wise Kronecker product. The vec{-}
operator stacks the columns of a matrix into a vector. The unvecy;xn{:} operator stands for
the inverse function of vec{-}. The operator diag{wv} creates a diagonal matrix by aligning the
elements of the vector v onto its diagonal. A block diagonal matrix is created by the operation
blkdiag{ A, }"_, or blkdiag{A, B}. The rank of a matrix is denoted by rank{-}. For vectors
> and > denote element-wise inequality while for matrices they denote positive semidefinite
and positive definite, correspondingly. The ceiling function [z]| maps a real number x to the
smallest integer that is greater or equal to . The dimension of a subspace, the image/range of a
matrix, and the null space of a matrix are denoted by dim{-}, S{-}, and N'{-}, correspondingly.
The operator 0 stands for the partial derivative. The dominant eigenvalue and the dominant

eigenvector of a square matrix are denoted as Apax{-} and P(-), respectively. Moreover, log

!The reason for the scaling will be elaborated in Section 3.3.5.
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and log, stand for the natural logarithm and the logarithm to the base 2, respectively.

28



3 Multi-operator relaying networks with a MIMO relay

In this chapter, we discuss multi-operator two-way relaying networks, where UTs of multiple
operators communicate with each other with a shared MIMO AF relay. Specifically, we de-
velop optimal and suboptimal transmit strategies and verify the sharing gain in terms of the
system sum rate of the simultaneous spectrum and relay sharing compared to the time-shared
use of the spectrum and the relay by the operators !. We first propose an efficient relay trans-
mit strategy which is the projection based separation of multiple operators (ProBaSeMO)
[RZHJ10, ZRH12b] in Section 3.3. Using ProBaSeMO, the system is firstly decoupled into
multiple independent single-operator TWR, sub-systems via inter-operator interference sup-
pression techniques at the relay. Then, arbitrary transmit strategies for single-operator two-
way AF MIMO relaying are applied to enhance the performance of the sub-systems of each
operator. Note that the ProBaSeMO approach also facilitates the use of multiple antennas
at the UTs. Therefore, we introduce precoding and decoding strategies for UTs with mul-
tiple antennas in Section 3.3.4. Moreover, we introduce a least squares (LS) based channel
estimation algorithm for acquiring channel knowledge about the compound channel at both
the relay and each UT in Section 3.3.6. Next, to get benchmarks for the ProBaSeMO strat-
egy, we study the sum rate maximization problem subject to a transmit power constraint at
the relay [ZRH12b, ZVKH13] in Sections 3.4 and 3.5, the relay transmit power minimization
problem [ZRH"12¢] in Section 3.6, and the SINR balancing problem [ZRH*12c] in Section 3.7.
Afterwards, we develop widely linear transmit strategies, which can take advantage of the non-
circularity of the transmitted complex-valued signals [ZH13] in contrast to the linear transmit
strategies, in Section 3.8. Finally, the developed algorithms are compared based on simula-
tions in Section 3.9. Moreover, the sharing gain compared to the time-shared approach is also

evaluated and discussed in Section 3.9.

3.1 Problem description and state of the art

In general, the physical resources in wireless communications are spectrum and infrastructure
[JBF*10]. Traditionally these resources are allocated orthogonally or exclusively in frequency,
time, and space inside the network of a single operator or among the networks of different

operators. Nevertheless, it is shown in [LJLMO09] that spectrum sharing offers the potential

In the time-shared approach the operators and the UTs are multiplexed in the time domain.
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3 Multi-operator relaying networks with a MIMO relay

to improve the network spectral efficiency. It is also reported that infrastructure (including
network equipments, sites, etc.) sharing provides advantages like reduced capital expenditures
and reduced operating expenditures [GSMO08]. However, by sharing physical resources, new
types of interference are created on the physical layer. Handling these new types of interference

poses a significant and novel challenge to the design of appropriate transmission techniques.

UT — user terminal
RS — relay station
BS — base station

Figure 3.1: A typical metropolitan scenario where two operators share the spectrum and a
multi-antenna relay. The arrows show the data flow in two phases, i.e., in the first time slot,
all the UTs transmit to the multi-antenna relay and the relay amplifies and sends the signal
to all the UTs in the second time slot.

We present a relay-assisted resource sharing scenario in which multiple communication part-
ners (belonging to different operators) use one relay (possibly owned by a third party / virtual
operator) to bidirectionally exchange information using the same spectrum. The relay has
multiple antennas and operates in a half-duplex mode. Note that this scenario includes spec-
trum as well as infrastructure (relay) sharing and has attractive practical applications. One
concrete application for this kind of relay sharing is the metropolitan scenario as shown in
Figure 3.1. Here, strong shadowing effects may cause many coverage holes. Therefore, dense
networks are required to guarantee the quality of service (QoS) at the user terminals. Also

taking into account that more than one operator or service provider operate in the same area,

30



3.1 Problem description and state of the art

if they share the relays as well as the spectrum, this leads to lower capital expenditures and
operating expenditures for all the operators. Another application is a disaster scenario where
the BS cannot provide services any more. Then the relays can be deployed to temporarily
maintain the communication among the local residents. Concerning the privacy and the com-
petitiveness of different operators, in our scenario AF relays are preferable since they avoid
complex signaling and data sharing among operators, e.g., an AF relay does not need the
knowledge of the modulation and coding formats of different operators as opposed to the re-
generative relaying strategies such as DF. Moreover, AF relays significantly reduce the delay
and the complexity.

A traditional transmit strategy for our scenario is to assign the physical resources to all the
operators in an orthogonal manner, e.g., via different time slots (TDMA manner which is the
time-shared approach used in this chapter). Hence, if there is voluntary infrastructure (relay)

and spectrum sharing, four important questions arise:

e What are the potential gains (losses) with respect to the chosen performance metric (e.g.,
the system sum rate, the achievable rate region, etc.) as compared to the orthogonally

sharing (e.g., time-shared) approach?
e What are the parameter settings such that a significant gain is achieved?
e What is the order of magnitude of the gain?

o Which transmit strategies, i.e., optimal transmit strategies or suboptimal transmit strate-

gies, are more efficient to achieve the sharing gain?

These are the questions that we will answer in this chapter. For simplicity, we focus on the
abstracted system model for L operators shown in Figure 3.2. A multi-antenna AF relay is
deployed to assist the communication between pairs of UTs belonging to L different operators.
This system model has the same mathematical formulation as the multi-pair TWR scenario
with a MIMO AF relay. Thereby, each UT experiences not only the intra-operator interference
(the self-interference (SI) caused by its own transmitted signal) but also the inter-operator
interference (interference caused by other data signals dedicated to the UTs of other operators).
The SI can be subtracted at the UTs if channel knowledge can be acquired. Depending on
whether to subtract the SI at the UTs, the SDMA based techniques for our scenario can
be categorized into pairing aware methods (in which the SI is subtracted at the UTs, e.g.,
[RZHJ10], [YZGK10]) and non-pairing aware methods (in which the SI is nulled at the relay,
e.g., [JS10]). We will adopt pairing aware methods to design optimal or suboptimal relay

transmit strategies.
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3 Multi-operator relaying networks with a MIMO relay

Let us first provide a brief review of the state of the art in relay transmit strategy design.
One-way relaying techniques with MIMO AF relays have been well studied. For example, the
optimal beamforming design for single pair one-way relaying systems with single antenna or
multiple-antenna UTs are studied in [HNSG10] and [KYAO8], respectively. In [FDSGO09] it is
also implicitly shown that sharing relays between multiple UT pairs outperforms the TDMA
scheme. Nevertheless, TWR can compensate the spectral efficiency loss of one-way relaying due
to the half-duplex constraint and therefore uses the radio resources more efficiently [RW07].
Previous work on TWR systems with MIMO AF relays includes [JS10], [LLSLO09], [RH09],
[RH10a], [YZGK10], [ZLCCO09]. The optimal beamforming technique [LLSLO09], [ZLCCO09] as
well as several linear preprocessing techniques [RH09], [RH10a], have been proposed for the
design of relay amplification matrix in the single pair two-way AF relay channel. Beamforming
solutions for the multi-pair two-way MIMO relay channel are shown in [JS10], [YZGK10]. The
transmit strategy proposed in [JS10] is based on zero-forcing (ZF) and minimum mean-squared-
error (MMSE) criteria. In [YZGK10] the authors consider single antenna UTs and focus on the
quantize and forward relaying strategy. In [TW12| the max-min fair relay amplification matrix
design for multi-pair two-way MIMO relay channel is presented, which has been published
almost at the same time as our work [ZBR*12]. In a more recent work [FWY13] optimal relay
transmit strategies based on Dinkelbach type I algorithm are also studied, which maximize the
sum rate (using the same polyblock approach as in our work [ZRH*12¢|, [ZRH12a]), minimize
the transmit power at the relay (less efficient than our proposed algorithm in [ZBR*12]), or
maximize the minimum SINR per UT. However, to our knowledge, no references deal explicitly
with the relay sharing scenario other than our work in [RZHJ10] and [ZRH12b]. Therefore, we
consider the transmit strategy design to accomplish this form of spectrum and infrastructure

sharing by exploiting the multiple antennas at the relay.

3.2 Data model and transmission protocol

The scenario under investigation is shown in Figure 3.2. Pairs of UTs belonging to L different
operators want to communicate with each other. However, due to the poor quality of the direct
channel between these pairs of UTs, they can communicate only with the help of the relay. For
notational simplicity, the kth UT of the £th operator has Méz) = My antennas Yk, ¢ (k€ {1,2}
is the UT index, ¢ € {1,..., L} denotes the operator index). The relay is equipped with My

antennas. We assume that the synchronization is perfect 2 and the channel is flat fading. The

2In practice, the level of synchronization between UTs of the same operator and UTs of different operators
might be different which will have practical impacts on the performance of the proposed algorithms. However,
analyzing this issue is out of our scope since detailed mathematical modeling and analysis are required.
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: : (1)
Ut o T oy uTy
— BT

R {

Figure 3.2: L-operator two-way relaying system model. The k-th terminal belonging to the
f-th operator has M, k(:g) antennas and the relay station is equipped with M g antennas.

channel between the kth UT of the /th operator and the relay is denoted by H](f) e CMrxMu
Furthermore, we assume H ](f) is a full rank matrix which implies rank{ H ](f)} = min{ Mg, My }.

The two-way AF relaying protocol consists of two transmission phases: in the first phase,
which could also be called MAC phase, all the UTs transmit their data simultaneously to the
relay. Let the kth UT of the ¢th operator transmit the data vector s,(f) € (Cr,(f) with transmit
precoding matrix W,(f) € (CMUX’"I(f) (rff) is the number of transmitted data streams of the

(0)
k

corresponding UT.). Then its transmitted signal vector @, ’ can be written as

20— W00, 31)

. . . 2 .
with the transmit power constraint E{Ha:](f) H } = P]gé). The elements of the input data vectors

s,(f) are independently distributed with zero mean and unit variance.

The received signal vector at the relay is then
L 2 ¢ ’
rzzz:H,(C)w,(f)+nReCMR, (3.2)
=1 k=1

where ng € CM®R denotes the zero-mean circularly symmetric complex Gaussian (ZMCSCG)
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3 Multi-operator relaying networks with a MIMO relay

noise vector and ]E{ang} = O'%{I Mg -
In the second phase, which could also be called BC phase, the relay amplifies the received
signal and then forwards it to all the UTs simultaneously. The signal transmitted by the relay

can be expressed as
F=G-r. (3.3)

where G € CMr*Mr g the relay amplification matrix. The transmit power constraint at the
relay should be fulfilled such that E{|#|?} < Pg, where Pr denotes the total power at the
relay.

For notational simplicity, we assume that the reciprocity assumption between the first- and
second-phase channels is valid. This assumption is fulfilled in a TDD system if the RF chains
are calibrated.® The received signal vector y,(f) at the kth UT of the ¢th operator can be
written as

O = HO 7 4

_HOTGHO O L O GE® 50
-H" ¢gH 2" +H ¢H 2!

kT3
desired signal self-interference
Ok @, Ok 0 . oMy
+7Z H,’ GH,’z,”+H;’ Gng+n ¢C"U, (3.4)
k=1,2
040 effective noise

inter-operator interference

where n,(f) e CMu denotes the ZMCSCG noise vector and E{n,(f)ng)H} = O-]E;Z)2IMU' Then

=(£)
the decoding matrix F ](f) e CT *Mu (f](f) is the number of received data streams of the
corresponding UT.) will be used to convert the received signal y,(f) into an estimate of the
transmitted data

~(£ l) (¢
58 = Oy, (3.5)

The overall sum rate of the system is equal to

> log,(1+ 7)) (3.6)

N
—
T
—
-

i

—

where 7715;51‘) is the SINR per stream at each UT and the factor 1/2 is due to the two transmission

30ur method is not limited to the reciprocity assumption.
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phases (half duplex).

3.3 Projection based separation of multiple operators
(ProBaSeMO) concept

The system in Figure 3.2 is an interference limited system since the UTs of one operator suffer
from both the inter-operator interference which is created by the UTs of the other operators
and the additional self-interference which is due to the two-way relaying protocol. We need
to manage these interferences in an efficient way such that the QoS of all the UTs can be
guaranteed. A similar situation occurs in the multi-user MIMO (MU-MIMO) downlink system.
There linear precoding techniques like block diagonalization (BD) [SSH04] and regularized
block diagonalization (RBD) [SHO8] first suppress the inter-user interference and then calculate
the precoder for each user separately, which simplifies the system design and significantly
improves the system performance. Inspired by this two-step strategy for MU-MIMO systems,
we propose to first suppress the inter-operator interference in our system, e.g., by designing the
relay amplification matrix such that the UTs of one operator transmit and receive in the null
space of the combined channels of all the other UTs. Thereby, the system will be decoupled into
L parallel independent single-operator TWR, sub-systems. Then, in the second step, arbitrary
transmission techniques for single-operator TWR systems can be applied separately on each
sub-system. This also facilitates the differentiation among multiple operators. To fulfill the
requirement of our proposed projection based separation of multiple operators (ProBaSeMO)

approach, we decompose the relay amplification matrix G into
G = Yo - Go =7 - GT . GS . GR [S CMRXMR (3.7)

where G ¢ CFMR*Mr and Gy e CMR*EMR gre filters designed to suppress the inter-operator
interference during the MAC phase and the BC phase, respectively. The parameter vy € R,
is chosen such that the transmit power constraint at the relay is fulfilled. Moreover, the
dimensions of the system increase such that the block diagonal matrix Gg € CEMrR*EMR cay

be written as

L Gg) = Ourgxg
Gy = blkdiag{Gg@} - : : ,
=t (L)
Orpxrty G
where Gg), el GéL) € CMr*Mr are the relay amplification matrices for each sub-system. Note

that G is block diagonal since it represents the processing performed in the individual sub-
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systems.

The overall transmit and receive filter matrices G and GR can also be partitioned as
T
Gt = [GEFI), e G(TL)], GRr = [GS)T, cey G%L)T]

where Gg) e CMr*Mr 5 Gg) e CMr*Mg_ Tp the following we show how to calculate the

matrices G(Té), Gg), and Gl(f) for each operator.

3.3.1 Block-diagonalization at the Relay

As mentioned before, to eliminate only the inter-operator interference but leave the intra-
operator interference to the UTs themselves, one choice is to adapt the BD technique for
MU-MIMO systems in [SSH04| to design the matrices G(Tg ) and Gg).

Taking the design of the Gg ) matrix for the MAC phase as an example, let us define the
combined channel matrix H® ¢ CMrx2(L-DMy o1 511 UTs except the UTs of the ¢th operator
as

A9 -[H® . B HED HD), (3.8)

where H() = [HI(E) HQ(K)] e CMr*2Mvu ig the concatenated channel matrix of the UTs of the

fth operator. Then the receive filter matrix Gg) should lie in the left null space of H® so
that the signal of the ¢th operator will not cause interference to all the other operators. Let
LO = rank{ H®} and define the singular value decomposition (SVD) of H® as

O [ﬁs(e) ﬁ—r(lf)] $OFO" (3.9)

where l}éz) contains the last (Mg — f)(e)) left singular vectors. Thus, ffée) forms an orthogonal
basis for the left null space of H® such that ﬁéé)Hﬁ (©) = 0. Then a linear combination of
the rows of f]ﬁf)H is the candidate for the receive filter Gg ). Unlike the work in [YZGK10],
we choose

GO _GOFO" ¢ MM, (3.10)

It can be easily seen that the Gl(f ) in (3.10) is a projection matrix which projects any matrix
onto the left null space of H®.
In the BC phase, due to the reciprocity of the channel and the usage of BD, the transmit

filter G(f ) and receive filter Gg) are also reciprocal, so that we get

G- (3.11)
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Note that the BD inspired strategy can null the inter-operator interference completely. How-
ever, it is restricted by the dimensionality constraint, i.e., the left null space of H® cannot
be empty. For our system it implies that the condition Mg > 2(L - 1) My has to be fulfilled.

3.3.2 Regularized Block-diagonalization at the Relay

One algorithm for MU-MIMO systems which is not limited by the dimensionality constraint is
the RBD algorithm [SHO8|. It allows a residual amount of interference in order to balance it
with the noise enhancement. It has been also proved in [SH09] that the performance of RBD
converges to BD in the high SNR regime. Now we adopt the RBD design for our scenario.
In the MAC phase, the mean square error (MSE) of the received signal vector can be written

as:

E{|z-Grr|’} =E{|z - GRHz - Grng |’} = E{ |- GrHz|* + HGRnR”?} (3.12)

where x = [mgl)T mgl)T ac%L)T

17T .
, , méL) ] € C2LMu contains the concatenated trans-

9

mitted signal vectors of all the UTs and the equivalent combined channel matrix of all the

operators GgrH is equal to

GPHO ¢VH® .. cPH®D
(2) £7(1) (2) £7(2) (2) z7(L)
H H® . H
GrH-| 1 i L (3.13)
¢PHO ¢PH® ... ¢PH®

Using the same definition of the interference channel H® as in (3.8), the ¢th operator’s
effective channel is given by G(Pf JH® and the interference caused by the other operators to
the ¢th operator is determined by Gg VO, Inspired by the RBD algorithm, the matrix Gg
is designed to minimize the interference plus noise power, i.e., the optimization criterion of our

RBD inspired strategy is given as

L - 2
GRr = argrginE {Z HGS)H“).@E(@H + HGRnRHQ}, (3.14)
R l=1
where (9 = [:L'(I)T @D T ()T B with (0 = [:EEZ)T asg)T]T.

Let us again compute the SVD of H®) as

HO - gOsO37 0" (3.15)
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Following a similar procedure as in [SHO8], the solution to (3.14) can be obtained as

P(E) -1/2
~ ~ H ~ H
G§>:(_A;U £O5O +U§IMR) A (3.16)

The complete proof is given in the Appendix C.1.

In the BC phase, the design of the G matrix follows the same way. The interference
generated to the other operators is determined by HO" G¥ ) 4 Then, the optimization criterion
becomes

L
Gr= argncl;inE{Z (|

T =1

AO'GVz0| + [n® HQ)} , (3.17)

T
where n() = [nge)T nge)T] and we set YF, HG(TZ) |2 = Pg. After following the optimization

procedure in [SHO8] and utilizing the SVD definition in (3.15), GSFZ ) is obtained as

5 ./~ . ~ -1/2
G(TZ) 30 (2(4) $OT 2LMUU](€£)2IMR/PR) _ (3.18)

1 A Interference+Noise (2,16)
—/— Noise (2,16)

—-30p —%— Interference (2,16)

—<- Interference+Noise (2,8)
_aol —> Noise (2,8)

—+— Interference (2,8)

Average power [dBW]

—& Interference+Noise (1,8)
-50pf <5 Noise (1,8)

—¥— Interference (1,8)

—60}H —# Interference+Noise (1,4)
—=— Noise (1,4)

—— Interference (1,4)

-70 I 1 1 1 1
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Figure 3.3: The average interference level at the UTs when RBD is applied and L = 2. (2,16)
stands for (My, Mg). The SNR is defined in equation (3.100) of Section 3.9.

Figure 3.3 demonstrates the relationship between the residual interference power and the

47T comes from the reciprocity assumption.
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effective noise power when the RBD inspired strategy is applied. It is obvious that the residual
interference decreases significantly as SNR increases. This implies that the RBD inspired

design is noise dominated especially in the high SNR regime for our application.

3.3.3 Relay amplification matrix for each sub-system

After applying the receive filter Gr and the transmit filter G, we get L independent single-
operator TWR systems when BD is used which corresponds to RBD in the high SNR regime.
Thus, each sub-matrix Gée) can be derived separately. In general, any arbitrary design of Gg)
can be applied. Nevertheless, in our work we use the algebraic norm maximizing (ANOMAX)
transmit strategy where the Frobenius norm of the desired signal is maximized [RH09] and
its modification rank-restored ANOMAX (RR-ANOMAX) which restores the rank while pre-
serving the same subspace and is thus more suitable for spatial multiplexing [RH10a]. Both
algorithms have a good trade-off between performance and computational complexity.

The received signal vectors (3.4) at the UTs of the /th operator can be further expanded as

b0 = a0 Bl -l

0 = He) s He0 <A 319

where nk =2E Y, H, 0" GH Q) (g) +H ]5@ ! Gnpg + n,(f) denotes the effective noise term which
consists of the residual mter—operator interference, the UTs’ own noise, and the forwarded
relay noise. The effective channel H ,ga between the source m and destination k up to ~q is
defined as
gHO - (K)T (0) (~(0) ~(0) gy (2

H" ¢yacy’cyHY, (3.20)

km

where m € {1,2}. The ANOMAX algorithm solves the following cost function [RHO09]

o g |- 2 o2

where 8 €[0,1] is a weighting factor. Next we introduce the definitions gée) = vec{Gég)} and
4 l L 07T l ¢ l 0T ¢
K - [ﬁ((agﬂg e (60" >)),<1 _5)((G;>Hf Ve (a4 Y >))]. (3.22)

We compute the SVD of Kg) as Kée) =U B(K)Eée)VB(Z)H. Then, the optimal g( ) is given by

gé@ = ug)l*, where u(ﬁtj)l is the first column of U/E,é) [RHO09]. Finally, the optimal matrix Gé ) is
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computed via Gg) = UNVEC My x My {ug)l* }

However, as discussed in [RH10a], the ANOMAX scheme yields a low rank relay amplifi-
cation matrix and therefore cannot reach the full multiplexing gain for high SNRs especially
when multiple antennas are deployed at the UTs. Therefore, one alternative low complexity
scheme which is called water-filling rank-restored ANOMAX (WF RR-ANOMAX) is proposed
in the same paper. The WF RR-ANOMAX scheme restores the rank of the relay amplification
matrix Gg) via an optimization inspired by the water filling algorithm over the profile of the

singular values of the matrix G'g) [RH10a].

3.3.4 Transmit and receive strategies at the UTs

When each UT has multiple antennas, it is beneficial to apply the precoding matrix to either
exploit the multiplexing gain or the diversity gain. Beamforming designs have also been
addressed in [JS10]. The beamforming schemes used in [JS10] are based on the amount of
channel state information (CSI) available at the UTs. Moreover, in [JS10] H 15[) is required
for each UT to generate its beamforming vector. However, it is more natural to design the
beamforming vector based on the equivalent channel between the transceiver pair, i.e., the pair
of UTs which communicate with each other. It is also easier to obtain the equivalent channel
than to obtain ngg) at each UT as shown in Section 3.3.6.

Since the transmit and receive strategies of the same UT are based on different equivalent
channels, we define two kinds of equivalent channels. The first one, which we refer to as the
equivalent forward channel, denotes the effective channel from the source to the destination.
The second one, which we refer to as the equivalent backward channel, denotes the effective
channel measured at the destination from the source. Taking UTs of the ¢th operator as an
example, the equivalent forward channel of its first UT is HQ(E)TGH l(g) and its corresponding
equivalent backward channel is H 1(£)T GHQ(E).

Assume that ProBaSeMO is used to determine G and we fix Gy during the training phase
and the data transmission phase. The resulting system will comprise 2L independent point-
to-point MIMO systems.® In our work, the matrices Wk(g) and kaz) are designed using two
optimal transmit strategies for single stream transmission and multiple stream transmission

in the point-to-point MIMO system, respectively.

¢ Dominant eigenmode transmission (DET): The transmit and receive beamforming
vectors of the effective channel between the transceiver pair are chosen to be its right and

left dominant singular vector, respectively. DET is a single stream transmission scheme

5For RBD the residual inter-operator interference is treated as noise.
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3.3 Projection based separation of multiple operators (ProBaSeMO) concept

which maximizes the receive SNR.

e Spatial multiplexing with water-filling algorithm (WF): With perfect CSI at the
transmitter the capacity maximizing spatial multiplexing strategy corresponds to the

SVD based precoding along with a power allocation based on water-filling [PNGO03].

Note that all the point-to-point MIMO systems experience colored noise. Therefore, prewhiten-

ing operation is required. The details on the DET and WF schemes are shown in Appendix C.2.

3.3.5 Power control at the relay

In this section, we determine the amplification factor g which scales G such that the transmit

power constraint at the relay is fulfilled. The amplification factor vy can be obtained via

P P

70=\/ S = R : (3.23)
{1} OO , ;2 I

Tr{Go| Y. P," Q) + oIy | GE

k¢

with Q(e) -HYR © (e)H(e)H. Here the transmit covariance matrix of the kth UT of the
k k x, x, k

lth operator is defined as Rw(g)w(e) = W,{EZ)WIEQH.

However, when the transmikt strategies in Section 3.3.4 are used, 7 cannot be calculated in
a closed-form using (3.23). This is due to the fact that in general the precoding matrices (e.g.,
WF) of the UTs depend on the the effective SNR which is a function of ~y. Vice versa, the
power allocation at each UT will affect Tr{GoPég)ng)Gg} and thus the received power at
the relay. Hence, to fulfill the transmit power constraint at the relay a joint design of Rm“’mff)
and 7y is required. To avoid a complex joint optimization, we propose an iterative solution
which finds the two parameters sequentially. The proposed iterative algorithm is presented in
Algorithm 1. It is observed from numerical simulations that in general the proposed algorithm

converges in less than 10 iterations.

Remarks

Remark 1. As shown in [RH09], if the weighting factor f is set to 0.5, we will have Gg) =
Gée)T. Furthermore, if BD is applied or RBD is applied in the high SNR regime, we get
G = GT. Such a feature can help to avoid the use of channel feedback or backhauling when

channel reciprocity exists. Thus it further reduces the complexity of the system.
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3 Multi-operator relaying networks with a MIMO relay

Algorithm 1 Iterative power control at the relay in case of multi-stream transmission

(

1: Initialize: set ,YOO) =1, G(()O) = Gy, maximum iteration number Ny, and the threshold

value e.
2: Main step:
3: for p=1to Nyax do

4:  Insert G(()p D into the algorithm in Appendix C.2 to calculate R®)

MOMGE
-1) . . . (p) kok
5. Insert Rizz)m“’ and G(()p into equation (3.23) to obtain vuf) Sate"
k k
i ) _ (1) _(»)
6: Yo = ) ’yupdate
7 Gép) = ’yép) Gy
: (»)

8 if [logio(Vypaate)| < € then

9 G=v" -Gy

10: break

11:  end if

12: end for
Table 3.1: Comparison of Relay Amplification Schemes

Algorithm Gr Gs GRr

ZF [JS10] (FH")" ((FH") (FHT)H)% I, e (@ Iy,) ((EW)" (HW))’1 (HW)!
MMSE [JS10] (HHTFHFHT +2LUWIMR/PR)_] HTF! [, 0L e Iy,) wHHE (HEWWHEHT +0’§I;\,1R/P‘§£>)_l
ProBaSeMO (BD) G} Arbitrary block diagonal matrix U7 T ve

e =k T -1/2 o, . ~1/2 ~
ProBaSeMO (RBD) U (2“) EW+2LMUU,E“21MR/PR) ¥ Arbitrary block diagonal matrix (PLE[)E(“E(/‘)“/AMU+0§,IMR) Pgon v

Remark 2. The ZF and MMSE solution in [JS10] can be also obtained using the routine of
(3.7), i.e., designing Gt and Gg using the ZF and MMSE criteria. Since in these cases all the
channels are equalized, the matrix Gg) =TI, ® I, is a permutation matrix where Iy = [ { ]
is the exchange matrix which ensures that the user will not receive its own transmitted data.
A detailed comparison is shown in Table 3.1. Note that the ZF algorithm requires that

Mg > 2L My if the same transmit strategy is used.

Remark 3. As discussed in Section 3.3.1, to apply BD, there should be at least My > 2(L —
1) My antennas at the relay. However, this requirement is exact only if My data streams per
UT have to be transmitted without interference. In other words, given fixed number of My
and My, BD can be still applied by jointly designing the precoder and the decoder at the UTs
(also known as coordinated beamforming [SRH13]) once My > 2(L - 1), i.e., each UT only

transmits a single stream.

Remark 4. The problem of jointly designing G, Wk(e), and F; k(z) is non-convex. To simplify
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3.3 Projection based separation of multiple operators (ProBaSeMO) concept

the non-convexity, iteratively designing these matrices using the strategy in Section 3.3 can
improve the performance. However, this requires an additional overhead in both signaling and

computational complexity compared to the proposed scheme.

3.3.6 Acquisition of channel knowledge

The ProBaSeMO strategy requires that the relay and each UT possess channel knowledge.
The relay needs to know the channels H ]52)’ Vk,£. If a single antenna is deployed at each
UT, the equivalent backward channel is needed at each UT; if multiple antennas are deployed
at each UT, both the equivalent forward and backward channels are needed at each UT. In
both cases, knowledge of the self-interference channel should be also obtained at each UT. In
general, the equivalent backward channel can be obtained via channel estimation. If G = G7,
the equivalent forward channel is equal to the transpose of the equivalent backward channel.
Otherwise, feedback from the relay is required.

To avoid unnecessary complexity, we propose a simple extension of the LS scheme introduced
in [RH10b] to estimate these channels. To this end, all the terminals need to transmit a
sequence of My - N, pilot symbols p,(fj). for j =[1,2,---, Np]. The overall training data received
at the relay is then

2
S HO PO + Ny e cMe, (3.24)
1k=1

M=

B-=
‘

where NR denotes the ZMCSCG noise matrix and the pilot matrix Pk(e) is defined as

(€) (&) ()

Pria Prio k,1,Np
Piay  Pias v Do
P - - 2 0 (3.25)
0} © o
pk,Mlgl),l pk,M,gf),z pk,M,g‘),Np

T
Let P = [Pl(l)T, PQ(I)T7 e Pl(L)T,Pz(L)T] be a row-orthogonal matrix. The conventional LS

estimate H of the overall channel matrix H at the relay is obtained via
H=-B P (3.26)

Note that (3.26) requires N, > 2-L-My. Let us denote the relay amplification matrix computed
from the imperfect channel knowledge as G. The relay can compute é’, e.g., using BD, and
then transmits G - B to all UTs. At the kth UT of the /th operator, the received signal can
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3 Multi-operator relaying networks with a MIMO relay

be written as

Y(f) H(E)P(e) ﬁég) P(ﬁ) + Ng) (3_27)

with m # k, m,k € {1,2} and IEI(E) H(E)TG'H(K) Vi,j,£. The effective noise matrix is
denoted by N(Z) YU, H(g K)P(E) + GNg + N( ) where N( ) denotes the ZMCSCG noise
matrix at the UT.
Similarly, the LS estimates of the effective channels for UTs of the Ith operator are given by
(0 7yt ¢ o*
[ &2 B ] = %P for UT1 and
A~ E A g e +
[ &2 &) ] - v PO forUT, (3.28)

T
where PO is defined as P® = [Pl(e)T,P;E)T] . Here we only require that N, > 2My. It

implies that to estimate the channel at the relay requires additional training overhead.

3.4 Sum rate maximization via gradient-based methods

In this section, we derive the optimal matrix G using the sum rate maximization criterion.
Then, the results will be used as the benchmark for our ProBaSeMO scheme.

3.4.1 Single antenna at each UT

The specific case with My =1 is considered in the following while the general case is discussed
in Section 3.4.2. We compute the optimal G which maximizes the sum rate of the system

subject to a transmit power constraint at the relay, i.e.,

max ZZIOgQ (1+77( ))

é 1k=1
s. t. E{|7]?} < Pr. (3.29)

Since each UT has only a single antenna, the SINR n,(f) of each UT is expressed as
O ap® O
" o a0

" {|k§£h<Z>TGh<Z> el }m{uwan H }Mgff

(3.30)

where all the terms in (3.30) come from the single antenna version of (3.4).
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3.4 Sum rate maximization via gradient-based methods

To derive the optimal G, further algebraic manipulations are required. The transmit power

at the relay can be expanded as
E{|7[*} = E{Tr{Gr(Gr)"}}

= Tr {G’ (Z PORORO" 4 UE{IMR) GH}

k,l
=Y 1 {PGhOR" G} + Tr {R GG
k.t

H
4 l L
- PO(GhY) Gh + oig'g - g"'Cg (3.31)
k0
where g = vec{G}. The fact Tr{T'1T's} = Tr{T2T1} and vec{T'; XT} = (T} ® T';)vec{ X} is
used in the derivation. Moreover, C' is a positive definite Hermitian matrix which is defined

as

¢ 0, (0T
C:%P,Q((h,ﬁ)h,g) ) ®IMR)+01%LIM§.

Following a similar procedure, the SINR 77( ) can be rewritten as

Hpy()
___9 D9 (3.32)
Tk GIRGE '
gE, g+ o,
where D,(f) >0 and E,gé) > 0 are defined as
H
D(f) P(f)(h(f)T h;(f)T) (héf_)l: ® h(Z)T)
G D (DT g pOT\ (DT o pO7 (0) p (01
B =Y PORY on? ) (b oh) + o} (L ® (b B ) ).
k, 0+l
The derivation of (3.32) is found in Appendix C.3.
Inserting (3.32) and (3.31) into (3.29), the original problem can be reformulated as
142 gHDg)
PP G ED g+ o0
0=1k=1 E g+o,
s. t. g''Cg < Pg. (3.33)

Problem (3.33) is non-convex. To simplify the optimization problem we note that the inequality

constraint in (3.33) has to be satisfied with equality at the optimal point. Otherwise, the
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3 Multi-operator relaying networks with a MIMO relay

optimal g can be scaled up to satisfy the constraint with equality while increasing the objective
function, which contradicts the optimality. Inserting the power constraint into the objective
function and dropping the logarithm in the cost function, problem (3.33) can be reformulated

as an unconstrained optimization problem

HA(E)g
max AMg) = H H (3.34)
=1 k=1 gHBlie)g
where Béﬁ) E(ﬁ) C and A(@ B,g) + D,(f) are positive definite Hermitian matrices.

Since the objective functlon in (3.34) is homogeneous and any scaling in g does not change
the optimality, the solution to problem (3.34) differs from the solution to (3.29) only in scaling
and reshaping, i.e., if g is the solution to (3.34), the optimal solution to (3.29) is given by
Pr
G = unvec . « g\ =———1- 3.35
VEC MR x Mg {g chg} ( )

To solve (3.34), we follow a similar routine as in [RH10b]. We take the necessary condition
for optimality of (3.34), i.e

oA(g)
= 3.36
v (3.36)
After some algebraic manipulations [RH10b], we obtain
K-g=\g)-J-g (3.37)
The matrices K and J are defined as
. H (D)) 40
K-35 (1T o"a)al
(F1h=1 \ B ok
: He Hp® \p©
J:ZZ( HgB )Bk. (3.38)
l=1k=1 k@\k[

where k, £\ k,/ stands for the whole set {{k, ¢}k € {1,2},¢ € {1,2,---,L}} excluding the con-
dition {k =k, = ¢}. Clearly, equation (3.37) shows that the optimal g must be a generalized
eigenvector of the matrices K and J. This is similar as in [RH10Db]. However, the bisection
search of [RH10b] cannot be applied here since an increase in L will increase the number of
parameters to search over and thus results in a prohibitive computational complexity. For-

tunately, J is a positive definite matrix and thus it is invertible. Equation (3.37) can be
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3.4 Sum rate maximization via gradient-based methods

reformulated into an eigenvalue problem as
J'K-g=Xg)-g. (3.39)

From (3.39) the dominant eigenvalue of J~'K will be the global optimum for (3.34) and the
corresponding dominant eigenvector will the optimal g. If J 'K and A(g) are not functions
of g, the dominant eigenvalue and the dominant eigenvector can be obtained using the power
method (PM) in [GL96] (Section 7.3.1). In our case, although the matrix J 'K and the scalar
A(g) are functions of g, we still propose to compute optimal g using the iterative power method.
Since our problem is more general than the one in [GL96], we call the proposed algorithm as
generalized power method (GPM). The details for the GPM are summarized in Algorithm 2.
It is worth mentioning that using the PM to solve the maximization problem of the form in
(3.34) is also proposed in [LYCO08]. Although simulation results show that the GPM algorithm
converges, compared to ProBaSeMO it has a significantly higher computational complexity

and can only be used as a benchmark.

Algorithm 2 Generalized power method (GPM) for sum rate maximization

1: Initialize: set a random g(o), maximum iteration number Ny.x and the threshold value
V.
Main step:
for p=1 to Npax do
Calculate ¥®~1) = (j_lff)(P—l) using g,
2(®) = g1 gkr-1)
g = z(P) /|2
if ||9(p) —9(p71)|| < v then
break
end if
end for

._.
e

3.4.2 Multiple antennas at each UT

In this section, we calculate the optimal relay amplification matrix assuming that Wk(z) =
\/P,SE)IMU/\/MU. The achievable rate for the k&th UT of the /th operator is

«

)
0 _1 Py 20 (OF (O 7 (OF ~H (0
Rk: = 510g2( IMU + M—UHk GHgkag,k G Hk:
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3 Multi-operator relaying networks with a MIMO relay

(6)
P T 7 \H * T * 2 -1
72 k-U FIIEZ) GE[’—EZ) FI}%E) GH FIIEE) +O_% FI}EZ) GGH FI}EK) +O'](f) IMU)
k,0+0

).

The sum rate maximization problem is then formulated as

L 2 ‘
xR =3 3 R
¢ =1 k=1

s. t. E{|7|?*} < Pgr. (3.40)

The same argument as in Section 3.4.1 holds, i.e., the constraint has to be satisfied with
equality at the optimum. Inserting the constraint into the cost function in (3.40), again we
calculate the necessary condition for optimality. Using the fact that d(log|T|) = tr{T""*dT'},
d{tr{T'}} = tr{dT'} [Hjo11], the gradient of the sum rate is then obtained as:

8Rsum
Rsum =
v oG
Z 1 [O—l(f)QT {\I,(f)_l \I’(E)_I}GQ H(Z)* \IJ(Z)_l \I,(Z)_l)H(Z)T
= u— + —_
£ 2Mylog2! Pr I Fg 3k ro (W 3k k
V4 YA HH V4 0)* )t HH YA HH
G-POHOHED Y+ PO HD 9O HY aHY H, ] (3.41)

where €2, \Il,(f), and ‘Il:(,f)k are defined as

Q=S POHOHO" L 02 MyIyy,

k.t
© ol Tr () L @7 () £7(0) 25 (OF\ ~H £y(0)*
ol S T IMU+—MUHk c-pr"HYH" )G H]
®) ©) P OF g7 (©) p(OF ~H (0
vl =) -~k a eH H), GV H| (3.42)
U

Finally, we apply the steepest descent method as in Algorithm 3 to obtain G. The step size
t is chosen using the Armijo’s Rule which provides provable convergence [Ber95]. That is, ¢ is

calculated as t = 8 where n is the smallest integer such that
Rsum(G + BnVRsum) - Rsum(G) < a/BnTr{VRsumHVRsum} (343)

where [ and « are fixed scalars between zero and one. Since the cost function in (3.40) is

non-convex, this solution here might be merely a local minimum.
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3.5 Sum rate maximization via POTDC

Algorithm 3 Steepest descent method for sum rate maximization

1: Initialize: set a random G and calculate R;?Zn, maximum iteration number Ny, and the
threshold value v.

2: Main step:

3: for p=1to Npax do

4:  Calculate the steepest descent direction VRsum/|V Rsum|F-

5. Choose a step size t using Armijo’s Rule in (3.43).

6: Update G = G + tV Rsum/ |V Rsum||F-

7. Calculate Réﬁzn with the updated G.

g if |[RE), - RV < v then

9

break
10: end if
11: end for

3.5 Sum rate maximization via POTDC

The sum rate maximization problem can be also formulated as a difference of convex functions
(DC) programming problem, which is non-convex and NP-hard in general. Using the DC
structure, in the following we derive an efficient polynomial time convex optimization-based
algorithm to solve the problem approximately. This algorithm can be viewed as an extension
of the polynomial time DC (POTDC) method which has been recently proposed in [KRVH12]
to maximize the sum rate in AF TWR with multiple antennas at the relay and just a single
pair of users. For the latter problem, the POTDC algorithm, one step of which is based on
semidefinite programming (SDP) relaxation, is exact, while in the case of multiple operators
(multiple pairs of users that share the same relay), the randomization procedure has to be

used that makes it approximate.

We consider the sum rate maximization problem (3.33), which is

152 gHD,(f)g
max — Z Z logo [ 1+
9 2.4i0 gHE,g)g + al(f)z
s. t. ¢g'Cg< Pg. (3.44)

Using the observation that the relay transmit power constraint in (3.44) can be rewritten as
an equality constraint, changing to the natural logarithm, and also omitting the constant %

in the objective function, the constrained optimization problem (3.44) can be turned into the
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3 Multi-operator relaying networks with a MIMO relay

following unconstrained optimization problem

L 2 H y(0)
max . » log|1+ 9 Zk g(£)2 . (3.45)
g 11— ¢ o

ek g"E g +g"%—Cqg

Moreover, after some straightforward algebra, the problem (3.45) can be shown to be equivalent

to the following optimization problem

(é’)
oA, ) (3.4

mgx log (H H (z)

t=1k=1 g" B}
The problem (3.46) is a homogeneous quadratically constrained quadratic programming (QCQP)
problem which is NP-hard in general.
Introducing the new notation X = gg" and using the property that Tr{T'X} = g''T'g, the

problem (3.46) can be equivalently written as

L 2 ¢ )
max Y- > (log(Tr{A X }) - log(Tr{ B X }))
(=1k=1

s. t. rank(X)=1
X >0. (3.47)

Moreover, using SDP relaxation, i.e., removing the non-convex rank-1 constraint in (3.47),
the relaxed problem can be shown to be a DC programming problem, which is still non-

(6)

convex. Hereafter, for notational simplicity, we define an index m to substitute the indices
such that m=2(¢-1) + k,Vk,¢ (i.e., me {1,2,--,2L}). Then the relaxed problem (3.47) with

new simplified indices can be rewritten as

2L 2L
. {maxﬁ } log(Tr{A;X}) —log(Tr{B1 X })+ Y log(am) - > log(Bm)
N OmPm m=2 m=2

s. t. Tr{A,X}=am, m=2,3,-,2L
Tr{B,, X} = Bm, m=2,3,--,2L
X >0. (3.48)

Due to the Rayleigh-quotient structure of (3.46), the problem does not change by setting
g"'Big = Tr{B, X} = 1. Furthermore, the objective function in (3.48) turns into a convex

function by replacing the concave elements, i.e., the elements with the minus signs by scalar
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3.5 Sum rate maximization via POTDC

variables. Then the reformulated problem, which is equivalent to (3.48), is written as

2L 2L
max log(Tr{A1X}) + log(am) — tm
X){amyﬁmytm} g( { ! }) TnZ=2 g( ) n’LZ=2

s. t. Tr{A,X}=am, m=2,3,---,2L
Te{B;, X} = Bm, m=2,3,-,2L
log(Bm) < tm, m=2,3,-,2L
T{BX}=1, X = 0. (3.49)

As compared to the problem (3.48) with a non-convex DC-type objective function, the non-
convexity in the equivalent problem (3.49) is localized in the inequality constraints log(S,,) <
tm, m = 2,3,---,2L. To deal with these non-convex constraints, we propose to use a linear
approximation of the log function, e.g., the first order Taylor series of the log function, which
uses the same philosophy as the original POTDC algorithm in [KRVHI12]. The first order
Taylor polynomial approximation of log(f) at Sy is defined as

B = Bo

log(3) ~ log(fo) + B (3.50)
0

Using (3.50), the optimization problem (3.49) can be reformulated as

2L 2L
max log(Tr{ A1 X}) + > log(am) = > tm
X {am,Bmtm} m=2 m=2

s. t. Tr{A,X}=am, m=2,3,---,2L
Tr{B, X} = Bm, m=2,3,-,2L

log(Bo.m) + M <tm, m=2,3,--,2L
0,m

It can be seen that for a given set of initial values {2, 50,3, ", Bo,m }, the problem (3.51) is
an SDP problem that can be solved efficiently using the interior-point algorithms if it is feasible
[BV04]. Since the best set of initial values is unknown, it is natural to use an iterative method

and update the initial values in each iteration. Here, the initial values {ﬁépg , épg) TN ép%} at

the pth step are the optimal values of 3, which are obtained by solving the problem (3.51) at
the (p— 1)th step. It is worth stressing that, if the problem (3.51) is feasible at the pth step,

«(P)

then the optimal value of the cost function in (3.51) denoted as f should be larger or equal
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3 Multi-operator relaying networks with a MIMO relay

to the optimal value for the same problem at the previous (p—1)th step, i.e., f Ly Otherwise,
if f <) f *(p_l), it is contradictory to the objective function. Moreover, the following lemma

holds for the POTDC inspired algorithm.

Lemma 3.5.1. The solution generated by the POTDC inspired algorithm converges to the
Karush-Kuhn-Tucker (KKT) point of problem (3.49).

Proof. This conclusion comes straightforwardly from Proposition 3.2 of [BBTT10]. O

Summarizing, the proposed iterative algorithm for solving the optimization problem (3.49)

can be described as in Algorithm 4.

Algorithm 4 Tterative algorithm for solving the optimization problem (3.49)

1: Initialize: input: A, By, A, By, C, set {58?2)75(()?3)’ “-,ﬁé%}, f*(o), maximum iteration
number Ny,,x and the threshold value e.
Main step:
for p=1to Npax do
Solve the problem (3.51) in order to find the optimal value f ) and ﬁq(f; ),
O = 8P m =23, 2L

i;m}*(m _ e
break
end if
end for

< e then

It should also be stressed that the initial set of { 68?2) , éf)g) RPES 50721} has to be feasible. Taking
into account the generalized Rayleigh quotient structure and recalling that g B1g = 1, 3,,, can
be any value between the maximum and minimum generalized eigenvalues of the matrix pair
B, and By, i.e, B € Muin{B7' B}, Amax {B7' By} }. For example, ((]?77)1 can be chosen in a

random way such that
o) _ a'"B,,a

0m = QB m=2,3,--,2L, (3.52)

where a € CMz ~ CN(O,IMFQ{).

Algorithm 4 provides only an approximate solution to the relaxed problem (3.44) in terms
of the matrix variable X. This solution is the same as the solution of the original problem
(3.44) only if X is a rank-1 matrix. In other words, g is optimal for (3.44) only if there exists
X* = gg', where X* is the solution obtained based on Algorithm 4. However, according
to [HP10] (Theorem 3.2 and Corollary 3.4 ), there is no guarantee that the matrix X found
using Algorithm 4 has rank-1. Indeed, the latter would be guaranteed only if the number

92



3.5 Sum rate maximization via POTDC

of constraints in the SDP relaxed optimization problem would be less or equal to 3. In our
problem, the number of constraints is clearly larger than 3 when (L > 2), i.e., when the
number of operators is larger than one. For such a situation, a good rank-1 approximation
can be obtained by using the randomization techniques [LMS*10], which is also described in
Appendix B.3.5. Thus, using also randomization for obtaining a rank-1 approximate solution
to the problem (3.44), the overall algorithm for finding an approximate solution to the sum-
rate maximization problem in multi-operator TWR networks with an AF relay equipped with

multiple antennas can be summarized as in Algorithm 5.

Algorithm 5 Iterative algorithm for approximately solving the problem (3.44)

1: Initialize: input: Aq, By, A, Bm, C, set {55?2), (()?3),---, (()?n)l}, f*(o), Rsum,0, maximum
iteration number Npyax, Niter and the threshold value e.
Main step:
Solve problem (3.49) finding X with arbitrary rank
Calculate the eigen-decomposition of X as X = USUHY,;
for j =1 to Niter do

Generate §; = USY?z; where z; € CMg ~ CN([)?IMFQ{).
T gj = —gj\/P_R .

/9 C3;
Insert g; into (3.44) to calculate Rgym,;j-

9: if Rsum,j > Rsum,(jfl) then

10: Gopt = gj-
11:  end if
12: end for

Remark 5. Note that due to the randomization step in Algorithm 5 the optimality of the
obtained solutions to problem (3.44) is not guaranteed theoretically. However, numerical

results show a strong evidence that the achieved performance is optimal.

It is interesting to compare the proposed POTDC approach with the ProBaSeMO algorithm.
While the performance comparison is summarized in Section 3.9, we discuss their computa-
tional complexity here. The complexity of the ProBaSeMO schemes can be roughly estimated
as follows. For L pairs ProBaSeMO requires L SVDs of complex matrices of size Mg x2(L-1)
and L SVDs of complex matrices of size MPQ{ x 2. Assuming that the SVD of a M x N real
matrix has the complexity of O(MN?) and taking into account that a M x N complex matrix
can be written equivalently as a 2M x 2N real matrix, then the complexity of ProBaSeMO can
be estimated as O(L(32M3 +32Mg (L - 1)?)). The complexity of the proposed POTDC-type
algorithm is a product of the number of required iterations to the complexity of solving the
SDP problem (3.51), which is higher than the complexity of the SVD.
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3 Multi-operator relaying networks with a MIMO relay

3.6 Relay transmit power minimization

In this subsection, we determine the optimal g which minimizes the transmit power at the

relay subject to an SINR constraint at each UT. The optimization problem is expressed as

min ¢g'Cyg
g9
H ()
st —3 eDk S ) (3.53)
gHElg )g + a,g )

Problem (3.53) is mathematically similar to the beamforming problems in [LMS*10] and
[BPG12] which are in general non-convex. It can be further expanded into the following

equivalent problem

min ¢g"'Cyg
g
s.t. gHC,gZ)g > 726)026)2, Vi, £. (3.54)

where C,gg) = Dg) - ’y,gz)Elgé). Each constraint in (3.54) is a superlevel set of a quadratic
function [BV04]. Such a set is convex if and only if the quadratic function is concave, i.e.,
C,gf) is negative semi-definite, Vk,¢. It is clear that in this case the feasible set is empty
since gHC’IE.K)g <0, Vk,£. Hence, problem (3.54) may not be solvable in polynomial time, but
its approximate solution can be obtained by using either the SDP approach [LMS*10] or the
iterative second-order cone programming (SOCP) approach [BPG12]. In the sequel we will
discuss the two approaches.

In general, the SDP approach which uses the semidefinite relaxation technique (SDR) works
as follows [LMS*10]. We introduce a new variable X = gg"' and rewrite problem (3.54) as

H}}n Tr{CX}
st. T{COX} 2706 vk 0
X >0, rank{X} =1. (3.55)

Dropping the rank-1 constraint, problem (3.55) can be approximated by the following convex
SDP problem which can be solved efficiently by the interior-point method [BV04],

min Tr{CX}

st. T{COX} 2706 vk, 0
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3.6 Relay transmit power minimization

X >0. (3.56)

Obviously, problem (3.56) is a relaxed version of the original problem (3.53), i.e., the optimal
value of (3.56) is a lower bound of problem (3.53). If the optimal solution Xy of (3.56) is rank-
1, it is also optimal for the original problem and the optimal gyt is the principle component
of Xopt. Due to the relaxation, Xgp¢ is generally not rank-1. Although a rank-1 solution of
(3.56) always exists if the number of constraints in (3.56) is less or equal to three [HP10], our
problem has always more than three constraints, i.e, at least two operators and two UTs per
operator. Thus, we apply the randomization method in Appendix B.3.5 to extract the rank-1
approximation from Xop¢ [LMS*10].

Since the SDP solution is in general not optimal for our problem, it is worth applying an
alternative approach which is the iterative SOCP method [BPG12]. In the traditional SOCP
method, the rank-1 property of the matrix D,(f) is exploited and the constraints in (3.53) are

rewritten as

/ (£) 07T ¢
P( |gH(h( ® h( ) )H| (g) Vk . (3 57)
Vel EOg + o™

If we introduce

1
) 1
go_| o’ o
|l o EY |7
~ ¢ or 0T\«
g=[1.9"1", " = [0, (bl @17 )T,
(3.57) can be rewritten as

~H7 (¢ J4 Oy~ <
5" >\ 1PN g, vk, e (3.58)

With the conservative approximation [BPG12]
"R > Re {g"R{"}, (3.59)

the non-convex part of the constraint (3.58) can be strengthened as

J4 J4 l )t ~
Re{g"h{"} > /5" /P TG, v, L. (3.60)
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3 Multi-operator relaying networks with a MIMO relay

Constraint (3.60) is harder to fulfill than (3.58). This is also due to the fact that Re {gHﬁ,(f)}

can have a negative value. Introducing the auxiliary variable ¢t and the matrix

- oT |?
V:[g C] , (3.61)

problem (3.53) can be approximated by the following convex SOCP problem

min ¢
t7g

st [VHg|<t, g1=1
l ¢ y4 0Ot~
Re{g"h{"} > >\ O PO1TO" 5|, v, e, (3.62)

where ¢ is the first element of g.

Since replacing (3.58) by (3.60) yields a restricted convex feasible set which is a subset of
the original feasible set of problem (3.53), it guarantees that the optimal solution of (3.62)
is always feasible for (3.53). However, the drawback of this approach is that the solution of
(3.53) might not be in the feasible set of (3.62) and thus it may turn the original feasible
problem into an infeasible one. Thus, the performance and feasibility strongly depend on how
accurately the non-convex feasible set of problem (3.53) is approximated. To improve the
convex approximation, we apply the iterative SOCP approach which is proposed in [BPG12].
The iterative SOCP approach guarantees that in each iteration the obtained approximate
solution of the original problem is improved as compared to that of the previous iteration.
It is worth mentioning that numerical results in Section 3.9 show that the SOCP approach
converges to the SDP approach, which is a strong evidence that the obtained solution is globally

optimal.

3.7 SINR balancing

In this section, we study the SINR balancing problem. That is, we derive optimal g to maximize
the minimum SINR at each UT. Recalling the SINR definition in (3.32), the SINR balancing

problem can be formulated as

max min n(g)
g Vki k
st. giCg< Pr (3.63)
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or equivalently as

max t
g’t
s.t. gHCg < Pp,
HD(Z)
Lt 21, Yk, L. (3.64)
gl E; g+o,

Problem (3.63) is non-convex. Following the idea of SDR in the previous section, we introduce

X = gg" and drop the non-convex rank-1 constraint. The problem is then reformulated into

max t
Xt
s.t. Tr{CX}<Pr, X>0
To{(D” —tEP) X} 2 to", Vi, 1 (3.65)

Problem (3.65) is a quasi-convex problem similar as in [GSS*10]. Hence, it can be solved using
the same procedure as in [GSS*10], i.e., using a simple bisection search algorithm in which
a feasibility problem is solved at each step. Due to the relaxation, the solution X,p; might
not be feasible for the original problem. The randomization techniques in Appendix B.3.5 is
applied to obtain the final g [LMS*10].

3.8 Widely linear relay amplification matrix design

Widely linear (WL) signal processing generalizes linear signal processing by linearly process-
ing the real and imaginary parts of the input signals separately [ASS11]. When applied to
wireless communication systems which deploy improper or non-circular modulation schemes,
such as real modulation formats (e.g., binary phase-shift keying (BPSK), amplitude-shift key-
ing (ASK)) and offset schemes (e.g., OQAM), additional degrees of freedom can be exploited.
Thereby, a significant performance gain is obtained over linear signal processing methods
[Ste07]. Although WL signal processing techniques have been studied for point-to-point MIMO
[Ste07], [DGPV12] and the one-way relaying scenario with multiple AF relays [SH13], they have
not been extended to two-way relaying scenarios with MIMO relays.

In this section, we develop WL signal processing techniques for TWR scenarios with single
or multiple pairs of UTs and a MIMO AF relay. First, we propose generalized WL system
models which are a prerequisite for developing WL signal processing techniques. Since WL
processing can be applied at the relay and/or the UTs, a complete design requires jointly

optimizing the WL precoder and decoder at the UT and the WL relay amplification matrix at
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3 Multi-operator relaying networks with a MIMO relay

the relay. This problem is non-convex and might be intractable. Thus, we resort to a simplified
model where the WL signal processing is only applied at the relay. Since this model can be
transformed into an equivalent linear model, most of the linear transmit strategies can simply
be extended. We design WL relay amplification matrices by adopting the optimal transmit
strategies (which include the maximization of the minimum SINR subject to a relay power
constraint and the minimization of the required transmit power at the relay subject to SINR
constraints [ZBR"12]) as well as a suboptimal transmit strategy, which is the dual channel
matching (DCM) scheme in [VRWH11].

3.8.1 Transformation from widely linear system model to linear system model

Let us first introduce the definition of non-circular data. According to [SS10], we have the

following definition.

Definition 3.8.1. [SS10] A complex-valued random vector x € C" is called circular if  has
the same probability distribution as e/®x for any given real number «; otherwise it is called

non-circular.

As we have mentioned before, real modulation schemes, e.g., BPSK and ASK, and complex
offset modulation schemes (after some processing [GSLO03]), e.g., OQAM, are non-circular

modulation schemes.

To perform the WL processing, or in other words, to explore the noncircularity for the
scenario in Figure 3.2, we need WL transformations of the transmitted and received complex-
valued data [ASS11]. For notational simplicity, we select the complex augmented representa-
tion of the complex-valued data as defined in [ASS11]. That is, if a WL precoder u?ff) eC?is
applied, the transmitted data at the UT is written as:

0 _ =" () _[, (O O [0 (©F
r, =W, 8, = [wk’l wy ] [sk Eh ] (3.66)
where §l(f) is called the complex augmented vector of s,(f) € C and s,(f) has zero mean and unit

variance. It is further assumed that sl(f) is strongly non-circular [SS10], i.e., s,(f)* = ejﬁs,(f)

and 8 € R. For example, real modulation schemes satisfy 8 = 0. Thereby, s,(f) has non-zero

~ 2 .
pseudo-variance, i.e., C¢ = E{s,(f) } = e78 £ 0. The selection of 8 will not affect our analysis in
the following. Therefore, without loss of generality we assume § = 0. Moreover, the transmit

power constraint at each UT has to be fulfilled such that E{|z%|*} = Pk(e). Then the received
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3.8 Widely linear relay amplification matrix design

signal at the relay is
L2
r=3 S K20 sy ecMn (3.67)

where ny denote the ZMCSCG noise and E{ang} = O'%{IMR. The AF relay amplifies the
received data and forwards it to all the UTs simultaneously. If WL processing is applied at

the relay, the signal transmitted by the relay is expressed as
F=Gr=[G; Go][rT "] (3.68)

where {G1, G2} € CMR*MRr and the transmit power constraint at the relay has to be satisfied

such that E{|#|?} < Pr. Assume that there is reciprocity between the uplink and downlink

channels due to TDD transmission and define Q](f), gl(f), ng, ﬂ,(f), and gl(f) as the augmented

complex vectors of h,(f), l"(f), ng, n,(f), and y,(f), respectively. If the receiver performs WL

processing, the received augmented data vector at the kth UT of the fth operator is given by

v - 8 GAa, + B GH 2

desired signal self-interference
~ (T ~ (7 7 T
+ > B GH ,:E%,Sf) +H'Y Gngp +nlY e C?, (3.69)
k=1,2
0+0 effective noise

inter-operator interference

where H'” = blkdiag{h”,n{")"} e C2Mrx2 @ -

Gy Gi
ZMCSCG noise with variance 0',(5)2. If channel knowledge is available at the UTs, the self-

interference term can be subtracted and we get

G, G
l ! 2 ] e C?Mrx2MR  4nqd n,(f) is the

~ ~(0)T (¢ l
3=y -7 a2 (3.70)
An estimate of the transmitted symbol is then obtained via
(O _ FOT ) _[ 207 (0[50 0"
Tk = Jk ﬂi(c ) = [ k.2 ][yk Yp ] (3.71)

k1

where flge) € C? is the WL decoder. From (3.69) it appears that to jointly design 'tIJ,(f), G,

and flge) is difficult since G has a specific structure. Actually it has been already discussed in
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3 Multi-operator relaying networks with a MIMO relay

Section 2.3 that for a practical system it is better to divide the transmission into two phases.
In the first phase (training phase), the UTs send out only training symbols so that the relay
amplification matrix is designed at the relay as described in Section 3.3.6. Afterwards, each
UT estimates its equivalent channel which is h,(f)TéQég_)k and then designs its WL precoder
and decoder based on the channel knowledge. In the second phase, the data will be transmitted
using precoders, decoders and the relay amplification matrix which is designed in the training
phase. Nevertheless, in this chapter we focus on the WL relay amplification matrix design
in the first phase but leave the WL precoder and decoder design for future work. More
specifically, the precoder and the decoder are set to w“) [\/@ 0] and f,ge)H =[1 0],

Vk, £, respectively. Then the system model in (3.69) simplifies to:

O = JPORO" GEO O Z PORDTGAD 5D + b Gy +nf?

H; 83
E:té
PO GRY, O+ 3 [ PORDT GROsD 4 n" Gy +n” (3.72)
desired signal kgiﬁ effective noise

inter-operator interference

It is worth mentioning that equation (3.72) is a linear function with respect to G and thus

arbitrary linear transmit strategies can be extended to this equivalent linear model.

3.8.2 Optimal widely linear design

In this section we address the optimal WL design of G such that the minimum SINR of the UTs
is maximized subject to a total transmit power constraint at the relay or the relay transmit
power is minimized subject to SINR constraints at the UTs. For this purpose we need to
derive explicit expressions for the actual SINR and the actual power consumption at the relay.
The SINR at the kth UT of the /th operator is computed as

P(g |h(£)TGh(f)k|2

SINR{") = _ (3.73)
l ¢ 14 0+ A )4
> P |pO" G@,g)|2+aR||hl§> G2+
k=1,2
129
and the actual relay transmit power is calculated by
2y _ S > p0) RO
E{I7| }:ZZ |Gh”[? + o] G- (3.74)
=1k=1
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Let us define § = vec{G}. Using the properties that Tr{I';T's} = Tr{T2T'; } and vec{T'; X Ty} =
(T ®T')vec{ X}, it is possible to further expand (3.73) and (3.74) by following a similar pro-
cedure as in [ZBR*12] and the same steps in Appendix C.3. Finally we get

~HD(£)~
SINR(? = —J kT (3.75)
gH(E,C +F,7)g+o,
and
E{|7[?} = §" Ag, (3.76)
where D,(f), E,gg), and Fk(z) are defined as
‘ [4 0)*, (0)T 0)*, ()T
DL < PR o (BT
14 L 0*, (0T 0%, ()T
B'= ¥ POGR ) e nR)
k=12
f=1,,L 0+l
¢ 0), ("
F9 = 6% (Ioar, ® (RORD)T)
* T
A=Y PO b ) @ Ly + oIy 2. (3.77)

k0

Now it is possible to calculate the optimal WL relay amplification matrix G using the derived

expressions (3.75) and (3.76). Our SINR balancing problem is formulated as

max min SINR,(f)

G vkl
st. ghAg< Py (3.78)
or equivalently
max ¢
gt
st. SINRY) > ¢, vk, ¢
g Ag < Py (3.79)

Problem (3.78) is the same non-convex problem as in Section 3.7. Therefore, it can be solved
efficiently using the two-step method proposed in Section 3.7. The first step is to solve the
relaxed problem based on SDR together with a bisection search. Afterwards, a randomization

procedure is used to get a rank-1 approximation.
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The power minimization problem is formulated as

min g Ag
g
~H (6 ~
g D;'g (©)
St Tl e o 2k TR G (3.80)
g (Ek +Fy )g+ak

Problem (3.80) has exactly the same structure as the problem in Section 3.6. Thus, it can be
solved using SDR together with the randomization procedure or the iterative SOCP approach.
Here the SDR approach is used.

3.8.3 Suboptimal widely linear design and large system analysis for a single
operator TWR system

The main idea of WL signal processing is to exploit the noncircularity of the transmitted
symbols. However, as also pointed out in [ASS11] and [Ste07], the magnitude of the gain from
a WL design depends on certain conditions. Although in general such conditions are still open
for TWR scenarios, in the following we show that a simple extension of the suboptimal relay
amplification matrix design may provide only limited gain over linear signal processing. This
is true for our proposed WL extension of the DCM method [VRWH11] which is a simple and
efficient algorithm used in single operator TWR with a MIMO AF relay. Here we only consider
the single operator case, i.e., L = 1. In the remaining part of this section, the index (©) will be
dropped for simplicity. The WL model in (3.72) is then reduced to

~ T ~
O =/ Ps_hi Ghy_ps3p+ h;(f) Gng +ny (3.81)
desired signal effective noise

Let us first recall the linear DCM design by setting G = [ G 0 ]. Then we get the linear

model of our system as

T
U = \/Pg_kh;gth_kSg_k + h](f) Gng +ng (3.82)
desired signal effective noise

According to [VRWH11], the linear DCM design which is inspired by the maximum ratio
combining is given by
GLpom = hihil + hihl e CMR* MR (3.83)
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We extend this strategy to our equivalent linear system model in (3.81) and propose our WL
DCM design as

Gwipom = hihd + hihi! = [R{RY + R3RY,  hih] + kT | e CMre2Mr, (3.84)

Our proposed WL DCM design in (3.84) shares the same characteristics as the linear DCM

design in the sense that the received signal powers at both UTs are the same.

Now we analyze the WL gain in terms of SNR using the proposed design. Taking UT 1
(k=1) as an example, the SNR of UT 1 in the linear model (3.82) can be computed by

E{|\/P:h{ G pcmhasa|?}

SNRp, =
E{|h?GL,DCMnR|2} + 0'% . ’yﬂQ

(3.85)

where 1, € R* is an amplification factor which guarantees that the transmit power constraint
at the relay is fulfilled, i.e.,
E{ln-Grpem - r|*} = Pr. (3.86)

Then by using the linear DCM design the desired signal power at the UT 1 is derived as

E{|\/P2hi GLpcrmhesa|*} = Polhi G pomhal? = Polhi hihi by + h] hihilh)?
= Py(|h1|?[h2|? + R hal?)?. (3.87)

Using the fact that hThj = hi'h; and |hithy| = |RilA4|, the noise power which includes both

the propagated noise power from the relay and the noise power at UT 1 is calculated by
E{|h{ Gr.pomng[*} + 07 71
. O
= ojhi GLpovmGL penhi + P—;(PlhlfGEDCMGL,DCMhl + Pyhy G1 pomGL povhe
+ E{ni Gt pcmGLooumR})
Py Py
= o ([ha|*[R2]? + 3| b [*[RY o) + Uf(P—Rth 1%+ P—RHh2||2)(H’hHQthH2 +3|hihof*)

1
+ 20%U§P—R(Hh1\\2\\h2 |2+ i haf?) (3.88)

Similarly, the SNR, of UT 1 using the WL DCM design is calculated as

E{|v/PhT Gwrpomhysal’}

SNRw11 = -
E{|hTGwrpcvng[?} +0F -2

(3.89)
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where ywr, € R is determined by
E{Jywr - Gwrpcm 7’} = Pr. (3.90)
Then the desired signal power and the noise power are computed by
E{|\/Poh{ Gwrpombysal’} = Pol2ha? b + R ol + (RS Ry ). (3.91)
and
E{|hi Gwrpomng[*} + ot -,
= o hi GwLpemGwr povb + ;_i(Plhllié%L,DCM - Gwi,pemhy + Pohy Gyr penGwiponby
+ E{QEG%L,DCMGWL,DCMQR})
= 2012{(”’11”4”’12”2 + 2|1 [*|h} ol + %thHZ((hIfhﬁz + (h§h1)2))
403 (G a2 ) (P el + 1510 R f + 3 (hlthe)? + ()

1 1 1
wdotah o (I Plal? + SIRE Rl o LI P (B Ra)? + (BB (392)

correspondingly. Based on the equations (3.87), (3.88), (3.91), and (3.92) it is clear that in
general we do not get a two-fold WL gain. But it is difficult to determine the exact magnitude
of the WL gain since the derived expressions are complicated. Hence, to gain more insights
into the achievable WL gain we perform a large system analysis, i.e., Mg — +o0. Let the
elements of the channels hj be i.i.d Gaussian distributed with zero mean and variance one,
i.e., ZMCSCG. According to the law of large numbers in [Ser80] we have

1 s |1 =7
mh?hj ay . ! (3.93)
1 :rt]

where {i,7} € {1,2}. Thereby, for equation (3.87) we have

1 a.s.
WEHV Pyhi G pemhasal’} ™ Pa. (3.94)
R

64



3.9 Simulation results

For equation (3.88) we can get

P1 +P2
M3 (E{|h{ GLpcung|*} + 07 - 71%) = of +0f P

(3.95)

Similarly, for the derived signal power expression (3.91) and the derived noise power expression
(3.92) we have

M4 —E{\/Ph{ Gwr ponhy s’} 5 4P, (3.96)
and . bop
~ o | as. ¥
W(E{’h?GWL,DCMﬂR\Q}+U%"YWQL) 20, + 4ot 1PR 2, (3.97)
R

correspondingly. Therefore, when Mg — +oco, the WL gain in terms of the SNR for UT 1 is

computed as

SNRwr,1 a.s. 20k +207 5 (399
= e . 3.98
1 SNRp1 O‘R + 20%1)113;;D2

If we consider the special case where P = P» = PR = P and 01 = ag = Jﬁ o2, then we get

7 = 1.2 immediately, which implies the achievable WL gain is only 20 %. However, if we have
P=h-= ﬁ and 01 = 0’% = O'R = J , then 7 = 1.96. If PR increases and P; = P, < PR, then
n =2 and a two-fold WL gain can be obtained.

3.9 Simulation results

In this section, the performance of the proposed algorithms are evaluated via Monte Carlo sim-
ulations. In the first set of simulations (Figures 3.7-3.19), a single antenna is used at each UT
and the proposed optimal and suboptimal algorithms are evaluated and compared to the time-
shared case as well as the algorithms in [JS10] and [YZGK10]. In the second set of simulations
(Figures 3.20, 3.21, 3.22), a similar evaluation is performed for multiple antennas at the UT.
Here, “uXX” stands for the transmit strategy at each UT and “rXX” stands for the transmit
strategy at the relay. In Figure 3.23, the effects of CSI imperfections are evaluated and dis-
cussed. Based on the simulation results of the four ProBaSeMO approaches, i.e., {BD, RBD}
& {ANOMAX, RR-ANOMAX}, the BD and the RBD strategy only differ in the low SNR
regime and in general "BD ANOMAX”<”’RBD ANOMAX”< "BD RR-ANOMAX”<”"RBD
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RR-ANOMAX?”. 6 For brevity, we mainly demonstrate the performance of "BD ANOMAX”
(or ”ProBaSeMO (BA)”) and "RBD RR-ANOMAX” (or ”ProBaSeMO (RR)”) in the sequel.
Moreover, the time-shared case performance is labeled by “excl” which stands for exclusively.
It means that the relay as well as the spectrum are used by different operators in a TDMA
fashion. In particular, in the first two time slots, only the UTs of the first operator are served.
In the next two time slots, the UTs of the second operator are served and so on.

The simulated MIMO flat fading channels H ](f) are uncorrelated Rayleigh channels except
for Figure 3.22. When the channel is correlated, the spatial correlation is modeled using the

Kronecker model such that the channel matrix H ,(f) is obtained from
O) _ pl/2 7 (0) p(O)Y?
H' =RI'HUR" ", (3.99)

where H ‘(,fz e CMr*Mu represents a spatially white unit variance flat fading MIMO channel,
whereas Ry and R,(f) are the spatial correlation matrices with Tr{ Rr} = Mg and Tr{R,(f)} =
My. The spatial correlation matrix Ry at the relay contains ones on the main diagonal and
elements with magnitude pr and random phases on all the other positions.

The channel H ](f) is fixed during the training phase and the data transmission phase. The
transmit power at each UT and at the relay are identical and PIEE) =Pr =1W, Vk,¢. The
SNR at each UT and at the relay are also identical. It is defined as

172 (02
SNR =1/og = 1/0," , VL. (3.100)

The ANOMAX weighting factor 3 is set to 0.5 in all simulations (see Section 3.3.3). All the

simulation results are obtained by averaging over 1000 channel realizations.

3.9.1 Single antenna at each UT

Figure 3.7 shows the system sum rate comparison when My =1 and L = 2. The “Optimum”
and “excl Optimum” methods are based on the power method described in Section 3.4.1. The
performance of the ProBaSeMO algorithm outperforms the time-shared approach for large
values of My as well as moderate to high SNR values. At an SNR of 35 dB, the sharing
gain is nearly two-fold due to an increased multiplexing gain. The result also implies that the
ProBaSeMO algorithm coincides with the optimum when My increases.

Figure 3.8 shows the relay transmit power vs. a common SINR constraint with SNR =
15 dB, i.e., the transmit power of the UTs is 15 dB above the noise power level. “SDP” is

"RBD ANOMAX”>"BD RR-ANOMAX?” in the low SNR regime. When Mpg increases the differences become
small.
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the convex approximation using SDP and the randomization technique [LMS*10] while “lower
bound” is obtained from (3.56). “iISOCP” is the iterative SOCP technique. It can be observed
that the difference of the ProBaSeMO solution to the lower bound reduces for increasing Mp.
Moreover, the two convex approximation techniques SDP and iterative SOCP merge with the
lower bound. This implies that both approximation techniques are accurate enough for our

problem.

Figure 3.9 depicts the results corresponding to the SINR balancing approach where this
time, the maximized minimum SINR vs. SNR is shown. “BiSDR” stands for SDP with rank-
one extraction plus bisection search. Again the method based on convex approximation yields
the best results. However, the ProBaSeMO method, which yields competitive results, requires

a significantly lower computational complexity.

Additionally, the optimal linear design and the optimal widely linear design are compared
in Fig. 3.10 and Fig. 3.11. “Optimal WL” stands for the optimal WL design solution while
“Optimal L” stands for the optimal linear solution. Fig. 3.10 demonstrates the achievable
average minimum SINR by using the optimal WL design and the linear design under different
system settings. It can be concluded that in general the WL processing is more effective than
the linear processing techniques. Nevertheless, when L = 1 the WL gain is approximately 1
dB and the gain reduces slightly when the number of antennas at the relay increases. This
result fits to our analysis of the suboptimal algorithm. As L increases, the WL gain also
increases. But the gain again reduces as the array size of the relay enlarges. This implies
that the linear design benefits more from increased spatial dimension and the WL design is
superior compared to the linear design only if there are not sufficient degrees of freedom in
the spatial domain. Fig. 3.11 shows the average minimum transmit power at the relay given
identical SINR constraints at all UTs. The same conclusion can be drawn. That is, the WL
gain is limited when there is only a single pair of UTs. The WL gain increases as the number

of pairs increases. However, it decreases as the array size at the relay increases.

Figure 3.12 demonstrates the sum rate comparison of the ProBaSeMO schemes and the
proposed POTDC approach in a symmetric scenario. That is, each user has equal distance to
the relay. The proposed POTDC only slightly outperforms the ProBaSeMO schemes. When
the noise variance is small and the number of antennas at the relay is large, the performance

difference almost vanishes.

In Figure 3.13, the ProBaSeMO algorithms are compared to other techniques from the liter-
ature. The “ZF” and "MMSE” methods are the single antenna version of algorithms proposed
in [JS10]. “YZGK10” stands for the algorithm proposed in [YZGK10]. As the result suggests,
the ProBaSeMO algorithms give the best performance especially from moderate to high SNRs.
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When Mg increases, there will be sufficient degrees of freedom in the spatial dimension. Thus,
non-pairing aware algorithms (ZF and MMSE) almost approach the performance of pairing
aware algorithms with less than 1 dB difference. The ProBaSeMO methods can provide a
gain of approximately 10 dB over the YZGK10 method at the high SNRs when Mg = 8. This
implies that ANOMAX offers this performance enhancement because one major difference
between the YZGK10 method and the ProBaSeMO (BA) method is that an identity matrix
instead of the ANOMAX strategy in Section 3.3.3 is used as the relay amplification matrix for
each sub-system. However, all the curves have the same slope in the high SNR regime which

means that they yield the same multiplexing gain.

Figure 3.14 shows the sum rate as a function of the number of antennas at the relay when the
SNR is 25 dB. The sharing gain of pairing aware schemes (ProBaSeMO, YZGK10) as well as
non-pairing aware schemes (ZF and MMSE) increases as the array size at the relay increases.
ProBaSeMO outperforms ZF and MMSE especially when only a few antennas are deployed at
the relay, e.g., Mg = 3. This is due to the fact that the ZF and the MMSE algorithms require
more antennas at the relay to null the interference. It can be also seen that the time-shared
approach has a better or equal performance compared to the non-pairing aware algorithms
when the relay has only a few antennas (e.g., 3 antennas). Again, the performance of the
YZGK10 approach implies that the ANOMAX algorithm determines the gain obtained in the
ProBaSeMO schemes.

Figure 3.15 demonstrates the system loading capability for both high SNR (25 dB) and low
SNR (5 dB) when the relay has 20 antennas. It shows that increasing the number of operators
which share the spectrum and the relay will increase the sharing gain. However, due to the
dimensionality constraint of the SDMA based appraches, there is a turning point after which

increasing number of operators will decrease the system sum rate.

Figure 3.16 demonstrates the effects of path loss on the sum rate performance for Mgy = 8.
The path loss model Py, = 20 logm(d,(f)) is applied where d,(f) is the normalized distance between
the relay and the UT. We further assume a symmetric system model, i.e., dy) =dj and dgg) =dy
V¢. The near-far (N/F) ratio is defined as dy/d;. It can be seen that the suboptimal algorithms
suffer more loss when the ratio is smaller that 0.5. When an asymmetric path loss model
is applied, i.e., N/Fratio = dgl) /dgl) = ng) /d§2), the superiority of the optimal approach is
further revealed. As shown in Figures 3.17 and 3.18, compared to the POTDC approach, the
ProBaSeMO scheme and the MMSE method in [JS10] suffer more from the asymmetry of the
system especially when the near-far ratio is far away from 1. When the number of antennas
at the relay increases, the performance difference between the ProBaSeMO approach and the

POTDC approach is even enlarged.
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3.9 Simulation results

Figure 3.19 illustrates the uncoded system BER performance of different algorithms. Un-
coded system BER is defined as the average over all UTs’ uncoded BERs. Among all al-
gorithms, RBD RR-ANOMAX provides the best performance. Not surprisingly, the RBD
ANOMAX solution has a slightly worse performance than BD ANOMAX. There are two rea-
sons. First, the low rank nature of ANOMAX will cause more bit errors in some data streams
and the worst data stream dominates the BER performance. Second, compared to the BD
solution, the singular value profile of the RBD solution is more imbalanced [SHO8]. This
will result in a worse decoding situation. Thus, substituting ANOMAX with RR-ANOMAX
provides a better BER performance. Another method for improving the RBD ANOMAX per-
formance is to use the power loading method in [SHO8]. However, it requires a significantly

higher computational complexity.

3.9.2 Two antennas at each UT

Figure 3.20 shows the comparison of different transmission strategies when each UT has 2 an-
tennas. Three precoding approaches, namely, “uWF (water-filling algorithm in Section 3.3.4)”,
“uDET” (dominant eigenmode transmission in Section 3.3.4) and “uJou2010” (dominant eigen
beamforming in [JS10] which uses a different effective channel than “uDET”), are compared
in this simulation. “rStDe” is the steepest descent method in Section 3.4.2. Compared to
the time-shared approach, the ProBaSeMO approaches obtain an almost two-fold sharing gain
in terms of the sum rate at an SNR of 35 dB due to the increased slope of the curves (in-
creased spatial multiplexing gain). Moreover, the ProBaSeMO approaches have achieved the
same multiplexing gain as the steepest descent method but with much less computational
complexity.

In Figure 3.21, the sum rate performance is shown as a function of the number of antennas at
the relay at high SNR (25 dB). As My increases, the slope of ProBaSeMO is higher compared to
the time-shared approaches. This means that larger sharing gains are obtained when the relay
has more antennas. However, when the relay has only 5 antennas, the time-shared approach
slightly outperforms ProBaSeMO because the SDMA approach sacrifices the available degrees
of freedom. Nevertheless, the ProBaSeMO scheme achieves the same multiplexing gain as the
steepest descent method.

Figure 3.22 demonstrates the sum rate comparison of different transmission strategies when
spatial correlation exists at the relay, i.e., pg = 0.9. The ProBaSeMO algorithms with single
stream transmission are robust against this kind of correlation while multiple stream transmis-
sion suffers from spatial correlation. However, the ZF and MMSE methods have a significant

degradation of the performance even in the case of single stream transmission.
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3 Multi-operator relaying networks with a MIMO relay

3.9.3 CSI imperfections

In Figure 3.23, we show the effects of the CSI imperfection on the system spectral effi-
ciency when each UT has 2 antennas and the relay has 8 antennas. Each UT transmits 8
pilot symbols. The spectral efficiency is defined as (Number of correctly received packets x
Number of bits per packet/Total transmission time). “LS r4u” denotes that the LS channel
estimation method in Section 3.3.6 is applied at all nodes while “pCSI” stands for perfect CSI.
As can be seen, the ProBaSeMO approaches are not sensitive (in this simulation less than 1
dB) to channel estimation errors. Note that we have not compared to the techniques in [JS10]

since each UT needs to acquire H ](f) and the CSI acquisition method is not specified in [JS10].

3.10 Discussion of the sharing gain

In this section we discuss some important findings with respect to the sharing gain, i.e.,
e What is the order of magnitude of the gain?
e What are the parameter settings such that a significant gain is achieved?

To demonstrate our findings, we use numerical simulations and the simulation parameters
are the same as in Section 3.9. Moreover, we consider the single antenna UT case and select the
ProBaSeMO approach as the transmit strategy for accomplishing the resource sharing among

multiple operators. If we define the fractional sharing gain as

Throughput of non-orthogonal sharing
Throughput of TDMA with half the number of antennas at the relay’

Fractional sharing gain =

then the fractional sharing gain as a function of the SNR and a function of number of antennas
at the relay for the two operator (L = 2) sharing case are demonstrated in Figure 3.4 and
Figure 3.5. TDMA with half the number of antennas at the relay implies that the two operators
will not only share the spectrum but will also share a relay with twice the number of antennas.
As shown in Figure 3.4, the sharing gain tends to be two-fold as long as the SNR increases.
Figure 3.5 shows that the sharing gain converges to two-fold as the number of antennas at the
relay increases regardless of the SNR, i.e., the sharing gain saturates when there are only two
operators share the spectrum and the relay.

If we increase the number of the operators L and allow the array size of the relay increases
linearly as the number of operators, i.e., Mg = 4L, then Figure 3.6 shows that the sharing gain

increases linearly as the number of operators increases. In such a case, the fractional sharing
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Figure 3.4: Fractional sharing gain as a function of SNR for My =1 and L = 2.

gain is defined as

Throughput of non-orthogonal sharing
Throughput of TDMA with 4 antennas at the relay

Fractional sharing gain =

3.11 Summary

In this chapter we discuss relay transmit strategies for multi-operator two-way relaying net-
works with a MIMO AF relay first proposed by us in [RZHJ10, ZRH*12¢, ZRH12b, ZH13,
ZVKH13]. First, we propose the ProBaSeMO strategy inspired by the BD and RBD MU-
MIMO precoding schemes. We demonstrate that all operators can serve their users by using
multiple antennas at the relay via the the ProBaSeMO strategy. This ProBaSeMO strategy can
be applied for both single and multiple antennas at the UTs. Transmit and receive strategies
for both single-stream and multiple streams transmission are also proposed. Then, we develop
optimal linear relaying strategies which can be used as benchmarks for the ProBaSeMO ap-
proach when each UT has a single antenna. The sum rate maximization problem is non-convex
and in general NP-hard. The steepest descent algorithm simplifies to a dominant eigenvector

problem for the single antenna UT case. It thus can be solved using a modified power method.
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Although the steepest descent algorithm can be extended for multiple antennas UT, it re-
quires many iterations. Thus, its computational complexity is much higher compared to the
ProBaSeMO approach. In a single antenna UT case, the corresponding optimization task can
be also represented as a DC programming problem. Therefore, the efficient polynomial time al-
gorithm POTDC is extended to this multi-operator case and solves the problem approximately.
Furthermore, two other QoS based system design criteria have been chosen for the design of
optimal relay amplification matrices. First, we minimize the average transmit power at the
relay subject to an SINR constraint per user. Second, we discuss the SINR balancing problem
with average relay transmit power constraint. Both problems are generally non-convex. Thus,
to solve the optimization problems, we apply convex approximation techniques based on SDP
and SOCP. Finally, we address the WL design for the specific case of transmitting strictly
non-circular signals. Our goal is to exploit the WL gain by applying WL signal processing
to the nodes in the system. It turns out that a globally optimal WL design for our system
requires a joint WL design at the UTs and at the relay. This problem is in general non-convex
and NP-hard. Therefore, we resort to a suboptimal problem where the WL design is only
applied at the relay. Since the considered WL model can be transformed into an equivalent
linear model, arbitrary linear transmit strategies can be applied. We study the design of the
optimal WL transmit strategies to maximize the minimum SINR per user or to minimize the
average required transmit power at the relay. We have also proposed a suboptimal WL design,
namely, the WL DCM method, for the scenario with only one operator.

Simulation results have demonstrated that

e Compared to the time-shared approach, the ProBaSeMO approach can achieve a two-
fold sharing gain with many antennas at the relay or in the high SNR regime regardless
of single stream transmission or multiple stream transmission at the UTs when two
operators are considered. For a fixed number of antennas at the relay, a higher sharing
gain can be obtained if the number of operators which share the relay increases. The
sharing gain is defined as the performance comparison of the non-orthogonal sharing

approaches and the time-shared approach in terms of system sum rate.

e Compared to the non-pairing aware approach in [JS10] and the pairing aware approach
in [YZGK10], the ProBaSeMO approach has a better sum rate performance especially in
the high SNR regime and is more robust to the spatial correlation at the relay. Moreover,
less number of antennas at the relay are required to apply the ProBaSeMO approach
compared to the methods in [JS10].

e The ProBaSeMO scheme has almost the same performance as the power method for the
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3 Multi-operator relaying networks with a MIMO relay

single antenna case and suffers only a little loss compared to the steepest descent method

for the multiple antennas case.

When each UT has a single antenna and the relay power minimization and SINR bal-
ancing are system design criteria, the ProBaSeMO scheme yields competitive results
compared to the convex optimization techniques especially when a large number of an-

tennas is deployed at the relay. However, it requires much less computational complexity.

When each UT has a single antenna and strongly non-circular modulation schemes are
deployed, a WL signal processing gain is obtained by using optimal WL techniques over
optimal linear techniques. The WL gain increases as the number of operators increases
but it decreases as the number of antennas at the relay increases. Moreover, by taking a
large number of antennas at the relay and using the law of large numbers we derive the
asymptotic gain of the WL DCM scheme when compared to linear DCM, which can be

only 20 % in the worst case.
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Figure 3.23: System spectral efficiency comparison of different approaches for QPSK modula-
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4 Multi-pair relaying networks with multiple single

antenna relays

Now we consider another TWR scenario, i.e., a multi-pair TWR network with multiple single
antenna AF relays. The sum rate maximization problem subject to a total transmit power
constraint of the relays in the network or individual relay transmit power constraints is studied.
Due to the structure of the network, we shift from the design of relay amplification matrices
to the design of relay amplification coefficients for each relay. The major challenge comes
when each relay has its own transmit power constraint. Considering different types of power
constraints, we divide this chapter into two parts. In the first part, we investigate the opti-
mization problem under a total relay transmit power constraint [ZRH"12c|. First, we show
that the problem is a monotonic optimization problem and propose a polyblock approxima-
tion algorithm for obtaining the global optimum. However, this algorithm is only suitable for
benchmarking because of its high computational complexity. After observing that the nec-
essary optimality condition for our problem is similar to that of the generalized eigenvalue
problem, we propose to use the power method as in Section 3.4 which can approach the opti-
mum recursively. Finally, we propose the total signal to interference plus noise ratio (SINR)
eigen-beamformer which is a closed-form suboptimal solution that reduces the computational
complexity significantly. In the second part we study the sum rate maximization problem
problem where each relay has its own transmit power constraint [ZRH12a]. Again, we show
that the polyblock algorithm can be applied with a few modifications. Afterwards, inspired by
the polynomial time difference of convex functions (POTDC) method [KRVHI12], we develop
a suboptimal solution which has lower complexity but comparable performance. To further
reduce the computational complexity, we propose two other algorithms, i.e., the modified total
SINR eigen-beamformer and an interference neutralization based design which are the low

SNR and high SNR approximations of the original optimization problem, respectively.

4.1 Problem description and state of the art

The optimal beamforming design for the sum rate maximization in AF TWR networks with
one pair of users and multiple single antenna AF relays has been studied in [HNSG10] and
[DS10]. Only a few references deal with multi-pair AF TWR networks, which include adaptive
power allocation [LXDL10] and distributed beamforming [WCY*11]. Reference [LXDL10]
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Figure 4.1: Multi-pair two-way relaying with multiple single antenna amplify and forward
relays.

deals with the adaptive power allocation problem while assuming different pairs of UTs access
the network using different frequency bins, i.e., no inter-pair interference is created during
the data transmission. Reference [WCY"11] proposes suboptimal beamforming techniques
for networks with inter-pair interference, where the strategy is to first null the inter-pair
interference using a ZF method and then optimize the interference-free system. When the
inter-pair interference is involved in the sum rate maximization problem, it is non-convex and
in general NP-hard.

The sum rate maximization problem with non-orthogonal network access has not been stud-
ied prior to our work [ZRH"12c| and [ZRH12a]. The optimum beamforming design for maxi-
mizing the sum rate of this system is developed in [ZRH"12c]. However, a sum power constraint
is assumed in [ZRH"12c]. Thereby, this motivates us to extend it to the case where each relay
has its own transmit power constraint in [ZRH12a] because this case has not been dealt with

before. Moreover, it is mathematically more difficult as will be shown in Section 4.4.

4.2 System model

The scenario under investigation is shown in Fig. 4.1. K pairs of single antenna users would
like to communicate with each other via the help of NV single antenna relays. We assume perfect
synchronization and the channel is frequency flat and quasi-static block fading. The vector
channel from the (2k—1)—th user (on the left-hand side of Fig. 4.1) to the relays is denoted as
for-1 = [for-1.1, for-1,2, - - .,ka_l’N]T e CV, while the channel from the (2k)-th user (on the
right-hand side of Fig. 4.1) to the relay is denoted as gor = [g2k.1,92k,2; - - - ,ggka]T e CN, for
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4 Multi-pair relaying networks with multiple single antenna relays

ke {1,2,---, K}. For notational simplicity, we assume an ideal TDD system, i.e., the channels
are reciprocal. The transmission takes two time slots. In the first time slot, the signal received

at all relays can be combined in a vector as
< N
T =) (for-150k-1 + Gorsar) + nr € C (4.1)
k=1

where so;_1 and sof are i.i.d. symbols with zero mean and unit power. The vector ng denotes
the ZMCSCG noise and E{ngnh} =i Iy.

Afterwards, the AF relays broadcast the weighted signal as
F=W-r (4.2)

where W = diag{w*} and w = [wy,ws, ..., wy]" is the vector which consists of the N complex

weights of all the relays.

In the second time slot, the received signal at the (2k — 1)-th user (on the left-hand side of
Fig. 4.1) is expressed as [WCY"11]

H H
Yok-1 =W Fop_1gopsor +w Fop_1 for_152k-1

desired signal self-interfernce
H X H
+w Fap_y ) (far-1520-1 + Gorsae) +w Fop_1mg + ngjy (4.3)
Lk
=1 effective noise

inter-pair interference

where Fy,_1 = diag{ for_1} and ngx_1 is the ZMCSCG noise with variance O'gkfl. The SINR of

the m-th user can be calculated as

H
Bo._
SINRy_1 = W Dok W

4.4
wH(Doj—y + Egpq)w + 03, 44

here Doy = TK, (R RO RO RO Y and Bogt = hop 1Bl N x N positi
where Dog_1 = Y% ( 2k-1,0M2k- 1,0t o1 0 2k—1,€) and Bay-1 = hap-1hy),_; are N x NV positive
/=1

semidefinite Hermitian matrices. The matrices Do,_1 and Bg,_1 are related to the interference

power and the desired signal power, respectively, (hog_1 = for-1 © g2k, ﬁg,?_l 0= For10 for 1
7 (e)

and h2k—1,€

is denoted by an N x N full rank diagonal matrix Fop_1 = UI%LF%—IFQI}q—l‘ Similar SINR

expression can be obtained when m = 2k. Furthermore, the total transmit power is given by

= for—1 ® g2¢). The term which is related to the forwarded noise from the relay
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4.3 Sum rate maximization under a total relay transmit power constraint

E{|7|?} = w'Tw with
K
T=> (Foy-1Fy_; + GouGY,) + op I, (4.5)
k=1

where Gy, = diag{gor}. The i-th relay’s transmit power is given by E{|7;|?} = w"X;w with
Y, = Fivieie?. The vector e; is the i-th column of an identity matrix. The scalar I';; is the

(i,7)-th element of the diagonal matrix T".

Assume that perfect channel knowledge can be obtained such that the self-interference terms
can be canceled. Our goal is to find the weight vector w such that the sum rate of the system

is maximized subject to a sum power constraint or individual relay transmit power constraints.

4.3 Sum rate maximization under a total relay transmit power

constraint

Hereafter, for notational simplicity, we define an index m to substitute the indices k such that
me{1,2,---,2K}. Let Pgr be the total transmit power consumed by the relays in the network.

The optimization problem can be formulated as

2K
max % > logy(1+SINR,,)

m=1

subject to E{|#[?} < Pr, (4.6)

where the factor 1/2 is due to the two channel uses (half duplex).

To simplify the optimization problem we note that the inequality constraint in (4.6) has to
be satisfied with equality at optimality. Otherwise, the optimal w can be scaled up to satisfy
the constraint with equality while increasing the objective function, which contradicts the
optimality. Inserting the constraint into the objective function in (4.6), the original problem

can be reformulated as an unconstrained optimization problem

2K , H
w A, w
ma; || 4.7
o oy WHC,w (47)

2
where C,, = D,, + E,, + ;—’;F and A,, = B, + C), are positive definite. Problem (4.7) is
equivalent to (4.6) since the objective function is homogeneous and any scaling in w does not

change the optimality. Nevertheless, if w is the solution to (4.7), it should be scaled to fulfill
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4 Multi-pair relaying networks with multiple single antenna relays

the transmit power constraint, i.e., the optimal solution to (4.6) is given by

Pr

w =
wHTw

. (4.8)
Problem (4.7) is non-convex and in general NP-hard.

4.3.1 Generalized polyblock algorithm

Monotonic optimization (see [Tuy00], [PT03]) deals with the maximization or minimization of
an increasing function over an intersection of normal and reverse normal sets. The polyblock
approximation approach is a unified algorithm to find the global optimum of the monotonic
optimization problem. Prior work that used this approach in the area of wireless communi-
cations can be found in [QZHO09], [JL10]. We show that the problem (4.7) is a monotonic
optimization problem and then propose a version of the polyblock algorithm to solve it. A

polyblock approach is also summarized in Appendix C.7.2.
Proposition 4.3.1. Problem (4.7) is a monotonic optimization problem.

Proof. Problem (4.7) is equivalent to the following problem
max {&(y)ly € D} (4.9)

where ®(y) = [125, ym and D = G nLL. The sets G = {y € R?K|y,, < max,, wWiAnw ), ¢ cNy

wlHC,w’

wl A, w
wlC,,w

function ®(y) is an increasing function since ®(g) > ®(y) for g > y. Then the proof of the

and L = {y € R2X|y,,, > min,,

} are normal set and reverse normal set, respectively. The

equivalence follows similar steps as in [PT03]. Thus, problem (4.7) is a monotonic optimization
problem. The definitions of increasing function, normal set, and reverse normal set are the
same as in [PT03]. O

A polyblock P with vertex set T c R?¥ is defined as the finite union of all the boxes [0, 2],
z € T. It is dominated by its proper vertices. A vertex z is proper if there is no z # z and
z>zfor zeT.

According to Proposition 2 in [PT03], the global maximum of the problem (4.9), if exists, is
attained on 9*D, i.e., the upper boundary of D. The main idea of the polyblock approxima-
tion algorithm for solving (4.9) is to approximate 0" by polyblocks, i.e., construct a nested

sequence of polyblocks which approximate D from above, that is,

Py 5Py 5.2 Ds.t. max P(y) — max P(y) (4.10)
yelPy yeD
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4.3 Sum rate maximization under a total relay transmit power constraint

when k — oo and yy, > yp for all £ > k.

Now we outline how to construct the subset Py in our case, which is clearly the critical step
of a polyblock approximation. Let T} be the proper vertex set of P, and define the maximizer

at iteration k as

Gr, € argmax{®(§)[g € Ty }- (4.11)

Compute the unique intersection point of 9*D and gy as gx = VxYr with 7% € [0,1]. Then the
proper vertex set Tg,1 of Pryq in step k + 1 is the set obtained by substituting g in T with
the new vertices {7, ,fgiK} defined by

g;;:n = gk - (gk,m - gk,m)e’ﬂh m= 1772K (412)

and removing all the improper vertices !

as well as the vertices not belonging to L. The
scalar @i, is the m-th element of g, and e, € R2K is the m-th unit vector. The factor - is

calculated as [PT03]

) wHAmw
vk = max min

_ 4.13
wom G ,wlChw ( )

Although (4.13) is non-convex, it is an easier sub-problem which can be solved approximately
(n—optimality) 2 using the algorithm in [GSS*10]. Finally, the proposed (¢, n)-optimal solution

using the polyblock algorithm is described in Algorithm 6. The proof of the global convergence

follows similar steps as in [PT03].

Algorithm 6 (e,n)-optimal polyblock algorithm for solving (4.7)

1: Initialize: set initial vertex set To = {b}%, maximum iteration number Np.., and the
threshold values ¢, 7.

2: Main step:

3: for k=1 to Npax do

4:  Solve (4.11) and (4.13) finding gy and n—optimal 7.
5:  Construct a smaller polyblock Py using 4 and ~.
6:  if maxy, {(Jr.m — Yk,m)/Ykm} < € then

7: break

8: end if

9: end for

LA vertex is improper if it is dominated by other vertices in the same set. For example, if {y1,y2} € T and
Y2 > Y1, then yi1 is dominated by y2 and thus y: is improper [PT03].
2The n—optimality means that the stopping criterion or the tolerance factor of the iterative algorithm is 7.

H
3Here b € R2X gatisfies by, = maxe ZHém$7 m=1,-2K.
m
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4 Multi-pair relaying networks with multiple single antenna relays

4.3.2 Extended GPM algorithm

Clearly, problem (4.7) can also be solved using the GPM algorithm in Section 3.4.1, which
is also applied in [LYCO8]. Although the GPM algorithm converges fast in practice and
the numerical results provide a strong evidence that it provides globally optimal solution
(compared to the polyblock approach), we can neither prove its optimality nor characterize its

convergence behavior theoretically. The analytic study of it is not trivial.

Let us briefly review the GPM method of Section 3.4.1. According to the optimality condi-

tion, all the local maximizers for the problem (4.7) should satisfy

OA(w) ‘
ow lw=w

-0 (4.14)

where A\(w) = 12X, %TZ:Z‘ After differentiation and some algebraic manipulation, the con-

dition in (4.14) can be converted into
V(w)w = A\(w)Q(w)w (4.15)

where V(@) = 225, ([Tje @1 A;0)A,, and Q(w) = Y25, ([1;em @ Ci0)C,,.  Equation
(4.15) is a generalized eigenvalue problem and A(w) can be thought as the generalized eigen-
value of matrices V(@) and Q(w). Thus, the maximum generalized eigenvalue Ay ax () is the
maximum of the problem (4.7). Since both matrices are functions of @, a closed-form solution
is not possible. Therefore, in Section 3.4.1 we propose to apply the recursive power method of
[GLI6] to obtain the solution. In [GLI6], it is shown that the original power method converges
only if the largest eigenvalue is dominant and the convergence speed depends on the ratio
between the largest and the second largest eigenvalues. Although we can only demonstrate
this via numerical simulations, we claim that GPM should have similar features as the original

power method. Thus, the following conjecture is given.

Conjecture 1. The GPM algorithm converges if there is a dominant eigenvalue. The conver-
gence behavior depends on the dispersion of the eigenvalue profiles of the matrices of A,, and
Ch.

Moreover, it is observed that the GPM algorithm converges faster in the high SNR regime
with a given error tolerance factor. For a detailed implementation one can be referred to
Section 3.4.1.
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4.4 Sum rate maximization under individual relay transmit power constraints

4.3.3 Total SINR Eigen-Beamformer

Although the polyblock algorithm and the GPM algorithm solve the problem (4.7) in an
optimal way, they require many iterations. In this section, we propose a closed-form sub-
optimal design. This closed-form solution is based on the observation that for our scenario
nulling the inter-pair interferences by forcing every interference term to zero is equivalent to
nulling the sum of the inter-pair interferences. That is, if the sum of the interference powers

wl(22 D,)w = 22K, (wh D, w) = 0, it is clear that w D,,w =0, for all m since D,, > 0.

Let us define Siq; = an{l B,,, and Uiy = anlil C,,. Thus, wS,iw and wl U, w are the
sum of the signal power and the sum of the interference plus noise power of all the users,
respectively. Then the proposed total SINR eigen-beamformer solves the following problem
wHStotw

max

. 4.16
w 'LUHUtOt'LU ( )

It is obvious that the optimal value of (4.16) is the dominant eigenvalue Apax{UsgStot} and
the optimal w is the corresponding dominant eigenvector of the matrix Ut_olt Stot (Utot is always

invertible due to the noise term). In the end, a scaling has to be performed as in (4.8).

Remark 6. Although all the proposed algorithms do not have any requirements on N, to
cancel the interference completely N > 2K (K —1) is required since the rank of the sum of the
interference terms is equal to rank{¥?%, D,,,} = 2K (K - 1) [WCY*11]. If N < 2K (K —1), the
results will be unfair for some users since they will suffer from extremely lower throughput

compared to the other users.

4.4 Sum rate maximization under individual relay transmit power

constraints

Let Pr; be the transmit power constraint of the i-th relay in the network. The optimization

problem can be formulated as

1 2K
max - » logy(1+SINR,,)
w 2 m=1

subject to E{|7]*} < Pry, Vie {1,2,--, N}. (4.17)
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4 Multi-pair relaying networks with multiple single antenna relays

Using the quadratic reformulation in Section 4.2, problem (4.17) can be rewritten as

2K U A 2

max ] “’H_m—w*‘fu

w5 wHC,w+ o2
subject to  wI;w < Pr, Vi (4.18)

or equivalently
2K _ _
max Y. (log('wHAm'w +02) - log(w'C,,w + aﬁ))
w m=1

subject to  w"Y;w < Pry, Vi (4.19)

where C,, = D,, + E,, and A,, = B,, + C,, are positive definite, and Y; is defined below
equation (4.5). Note that for simplicity the scalar % is dropped and the natural logarithm is

used instead. The formulations (4.18) or (4.19) are still non-convex.

4.4.1 Generalized polyblock Algorithm

In Section 4.3.1 we have proven that the sum rate maximization problem in such a relay net-
work with a total power constraint satisfies the monotonic optimization framework. Similarly,
problem (4.18) is also a monotonic optimization problem which can be solved using a unified
algorithm, which is called the polyblock approximation approach [PT03]. In the following
we prove that the problem (4.18) is a monotonic optimization problem and then adapt the

polyblock algorithm to solve it.
Problem (4.18) is equivalent to the following problem

max ((y)ly € D) (4.20)

where ®(y) = [12£, ym and D = G nL. The sets G = {y € R?K|y,, < max,, M} and

wHCpw+o2

. HAm 2

L = {y € R |y, > min,, —ZHGWZE
[PT03]. The domain of w is defined as {w e C|w!Y;w < Pr;,Vi}. Moreover, the function

®(y) is an increasing function since ®(g) > ®(y), Vg > g. Thereby, problem (4.18) is the

} are a normal set and a reverse normal set, respectively

maximization of an increasing function over an intersection of normal and reverse normal sets.
As shown in [PT03], such a formulation is a monotonic optimization problem. The definitions

of the increasing function, the normal set, and the reverse normal set are the same as in [PT03].

Following the same procedure as in Section 4.3.1, the (e,n)-optimal solution of problem
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4.4 Sum rate maximization under individual relay transmit power constraints

(4.18) is obtained. Note that the major difference between the problem in Section 4.3.1 and
our problem is the calculation of 74 € (0,1] at the k-th step. The scalar v determines the
unique intersection between the ray through 0 and g, and the upper boundary 9*D where gy,
is the vertex in T} which maximizes the function ®(y). Instead of solving an unconstrained

max-min problem as in Section 4.3.1, we need to solve the following constrained problem

2

wl A, w + oy

Y, = max min

woom G, wlChw + o2

u

subject to  w"Y;w < Pr, Vi (4.21)

Similar as in [ZRH"12c|, problem (4.21) is solved using semidefinite relaxation together with

the bisection search (the concept of this method is elaborated in Section 4.4.3).

4.4.2 POTDC inspired approach

The computational complexity of the polyblock algorithm can be non-polynomial time in the
worst case. Thus, it is worth to look for a polynomial time solution. In this section, we
introduce a polynomial time solution which is similar as in Section 3.5.

Let us first define X = ww'!. Using the SDR technique and dropping the rank-1 constraint,

problem (4.19) can be reformulated as

2K 2K
min - 21 log(am,) - (— 21 10g(/3m))

X 0t ,Bm,¥m
subject to Tr{Y; X} < P, Vi,
Tr{A, X} +02=apn,
Te{Cp X} +02 =B, Vm,

X >0. (4.22)

The objective function of problem (4.22) is a DC problem and therefore is non-convex and
in general NP-hard. Inspired by the POTDC algorithm in [KRVH12], we replace the concave
part of the objective function in (4.22) by its linear approximation, i.e., log(f,,) is replaced
by its first order Taylor polynomial log(8o,m) + %ﬁg—f:””,\fm. After the substitutions, the cost

function in (4.22) becomes convex. Finally, we obtain the following problem:

2K 2K
min - log(auy,) + t
X ,0m,Pm tmYm 7nZ=1 g( m) 7712=1 "
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subject to Tr{Y; X} < Pr;,Vi,X >0
Tr{A, X} +02 = apn,
TH{Cp X} +02 =B

u

log(Bo,m) + L(Bm = Bom) < tm. (4.23)
Bom
Problem (4.23) is a convex SDP problem and can be solved using the standard interior-point
algorithm [BV04].

Clearly, the first order Taylor polynomial approximation in problem (4.23) is the exact Taylor
expansion of log(8,,) in (4.22) only if Sy, is equal to the optimal Bops,m. Thus, similarly as in
Section 3.5, we apply the same iterative algorithm as in Algorithm 4 for obtaining the optimal
Xopt of problem (4.23). The proposed algorithm, which is described in Algorithm 7, has
preserved the convergence properties from the original POTDC. That is, the optimal values
obtained over the iterations are non-decreasing. Furthermore, the proposed algorithm provides
a polynomial-time solution since it solves a sequence of convex problems. In the end, to obtain

Wept We need to extract a rank-1 solution from X, p¢. In our work, the randomization technique
described in [LMS*10] and Appendix B.3.5 is applied.

Algorithm 7 POTDC approach for solving problem (4.23)
1: Initialize: set initial values By, Vm, maximum iteration number Np,.x and the tolerance

factor e.
2: Main step:
3: for p=1to Nyax do
4 Solve (4.23) finding optimal value f** and B.
s B =W m=1, 2K
6: if |77 - | <e then
T break
8 end if
9: end for

4.4.3 Modified total SINR Eigen-Beamformer

Although the POTDC inspired algorithm has a comparable performance and guaranteed poly-
nomial time solution compared to the polyblock algorithm, it requires iterations (approxi-
mately 10-20 iterations are required in general) and therefore is still computationally ineffi-
cient. To further reduce the computational complexity, we propose a low SNR approximation

of problem (4.17), i.e., the total SINR eigen-beamformer (denoted as ToT in the simulation
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4.4 Sum rate maximization under individual relay transmit power constraints

results). As stated in Section 4.3.3, the total SINR eigen-beamformer aims at maximizing the
ratio between the sum of the received signal powers of all the UTs and the sum of interference
plus noise power of all the UTs. This beamformer design can be applied to our problem but a
closed-form solution as in Section 4.3.3 cannot be obtained due to the individual relay power
constraints. In the following we apply the concept of the total SINR eigen-beamformer and

develop the solution to it.

Let us define Sio; = z%’,{il B, and Uy = Z?nlil C,,. Thus, wiS;o;w and wlU.w are the
sum of the signal power and the sum of the interference power plus the forwarded noise power
from all the relays, respectively. Then our proposed total SINR eigen-beamformer solves the

following problem

wHStotw
max
w ’lUH[]tot’l,U~|'2}'(0'31
subject to  wY;w < Pr, Vi (4.24)

Although problem (4.24) is in general non-convex and NP-hard, it is well studied in the
literature, e.g., [GSS*10], [LPP11]. In our work, we use the SDR together with a bisection
search which is similar to [GSS*10]. In the following we briefly introduce this algorithm.
Applying the SDR method, problem (4.24) is reformulated as

min -t
Xt
subject to  Tr{Y; X} < Pr;, Vi, X =0
Tr{(tUsot — Stot) X } < —2Kto?, Vi (4.25)

For a fixed ¢, problem (4.25) is a feasibility check problem. Thereby, the optimal X, can be
obtained via a bisection search over an interval [¢min, tmax ] In our case, we select i, = 0 and
tmax = P(Usos + 2K 02T/ (XN Pr.i)) ' Siot), where T is defined in equation (4.5). After obtain-
ing Xopt, the optimal beamforming vector wgpt is found using the randomization techniques
described in [LMS*10].

Next we prove that problem (4.24) is the low SNR approximation of the original problem
(4.17). Applying the the Taylor expansion of the logarithmic function log(1+ x), we have Ym

( wiB,,w ) wlB,,w
log| 1+

wi (D, + E,)w + o2 ¥ wi(D,, + E;,)w + 02’

Using the fact that in the low SNR regime (a%{ - +00) WD, w « wlE,,w~ a%{, Vm and
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thus w(Dy, + Ep)w ~ w(Dy + Ep)w for m # 7 and {m,a} € {1,-, 2K}, we can rewrite the

objective function in (4.17) as

2212{ | 14 wHBmw %{ wHBmw
0] ~
oy} & wi(D,, + E,)w + o2 2wl (D, + Ep)w + 02
2K .
w B,,w
mz=:1 " wi Sow

N -

2K CwlU w + 2K02'
S (W (D, + En)w + 02) rot u
m=1

4.4.4 Interference neutralization based design

In this section, we propose a high SNR approximation of the original problem (4.17). The
proposed algorithm is based on the interference neutralization which is a technique that tunes
the interfering signals such that they neutralize each other at the receiver [MDFT08a]. Math-

ematically, interference neutralization for our scenario requires that

for-1© form)Pw=0 VO C+k

(
ao0g)w=0 VOEL+E

(for-1 @ gar) " w (.36)

(g2 © for-1)Hw =0 Ve k (+k

(

gor © go)Hw = 0 VO, k0 k.

where the first two equations, which are from equation (4.3), represent the interference from
odd-indexed (i.e., (2¢ — 1)-th) users and even-indexed (i.e., (2¢)-th) users to another odd-
indexed (i.e., (2k — 1)-th) user. Similar as equation (4.3), the received signal model for the
even-indexed (i.e., (2k)-th) users can be obtained and thus we get the last two equations of
(4.26).

Utilizing the commutative property of the Hadamard product, 2K (K — 1) duplicated equa-

tions in (4.26) are removed and we have
H® .w=0. (4.27)

where H(®) has a dimension of 2K (K —1) x N. Define i € {1,--,K} and j € {i+1,--,K}. The
matrix H(©) is generated by

T
(e) _ * * * * * * * *
HY = [f2271 © f2371 fyi,© 95; 950 f2371 95; © 925]
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Equation (4.27) is solvable only if the null space of H(®) is not empty, i.e., N > 2K (K - 1).
Define the SVD of H(®) = US[V, V;]%, where Vj, contains the last (N — 2K (K — 1)) right
singular vectors and thus forms an orthonormal basis for the null subspace of H(®). Without
loss of generality, we define the interference neutralization based beamformer (denoted as
IntNeu in the simulation results) as w = V@, where @ € CV 2K *+2K }ag a smaller dimension
than w € CV. In other words, searching over @ yields a lower computational complexity.
Furthermore, observing that we have w E,,w — O'%{, Vm also in the high SNR regime (O‘% - 0),

the cost function in (4.19) is then reformulated as
2K _ 2K
3 log(w" VI A, Vaw +02) - > log(ok + 02) (4.28)
m=1 m=1

Replacing the cost function in (4.19) by (4.28) and dropping the constant terms, we obtain
the following problem

2K
max . log(w" Ay, w +02)
m=1
subject to @ Y < Pry, Vi (4.29)

where A,, = V1A, V,,Vm and Y; = V;IHI‘Z-Z-eie?Vn. Again applying the SDR, we have the

following convex SDP problem

2K
min - log(a
X .am,Ym mz::1 g( m)
subject to  Tr{¥; X} < Pg;, Vi, X >0

Tr{A,, X} +02 = an. (4.30)

where X = ww'. After obtaining the optimal X'Opt, the rank-1 extraction of Vo X VnH, which

is computed using the randomization technique, yields the final wqpt.

4.5 Simulation results

In this section, the performance of the proposed algorithms is evaluated via Monte-Carlo
simulations. The simulated flat fading channels are spatially uncorrelated Rayleigh fading
channels. The total relay power Py is fixed to unity. The noise variances at all nodes are the
same, i.e., o0& = 02 and thus SNR = 1/02. There are K = 2 pairs of users in the network. All

the simulation results are obtained by averaging over 1000 channel realizations.
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4.5.1 A sum transmit power constraint for the relays in the network

“Polyblock”, “GPM”, “Total SINR”, and “Method 1” denote the algorithms in Sections 4.3.1,
4.3.2, 4.3.3, and [WCY"11], respectively. For the polyblock algorithm, € = 10~ and 7 = 107°.

Figure 4.2 shows the comparison of different algorithms with N = 5 relays and N = 12
relays in the network. “Method 1”7 is available only for the case N = 12 since it requires that
N >2K?+ K. It is obvious that “Polyblock”, “GPM” and “Total SINR” outperform “Method
17. One possible reason is that in “Method 1”7 a part of the transmit power is used to force
the self-interference power to a certain level. The polyblock algorithm performs slightly worse
than the GPM algorithm. This is due to the (e,n)-optimality. Moreover, the total SINR
eigen-beamformer performs almost the same as the optimal solution with a small number of
relays (IV = 5) and suffers only a small loss when many relays (N = 12) exist.

Figures 4.3, 4.4, and 4.5 demonstrate the convergence behavior of the POTDC inspired
algorithm, the GPM algorithm, and the polyblock approach, when a total transmit power
constraint is considered, respectively. As can be seen, the POTDC approach provides the
fastest convergence speed in all cases. The polyblock approach provides the worst convergence
behavior. As we discussed in Section 4.3.2, the convergence speed of the GPM scheme increases

when the number of relays increases in the network or the SNR is high.

4.5.2 Individual relay transmit power constraints

“Polyblock”, “POTDC”, “ToT”, and “IntNeu” denote the algorithms in Sections 4.4.1, 4.4.2,
4.4.3, and 4.4.4, respectively. For the polyblock algorithm, the POTDC algorithm, and the
ToT algorithm, the stopping criterion is set to be a tolerance factor of 1074.

Figure 4.6 shows the comparison of different algorithms with N =6 relays and N = 12 relays
in the network. Clearly, the POTDC algorithm has close to optimal performance especially in
the low SNR regime and when there is a sufficient number of relays in the network (e.g., N =
12). Thus, the POTDC algorithm can also be used as a benchmark for the other suboptimal
algorithms since it has a lower computational complexity but a comparable performance when
compared to the global optimal solution.

Figure 4.7 demonstrates the comparison of different suboptimal algorithms. As depicted in
the figure, the modified total SINR eigen-beamformer (denoted by “ToT”) and the interference
neutralization based design (denoted by “IntNeu”) show a low SNR performance and a high
SNR performance of the global optimum solution, respectively. Moreover, when there are
enough relays in the network, both the distributed total SINR eigen-beamformer and the

interference neutralization based design are very close to the optimum solution but have a
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much lower computational complexity.

4.6 Summary

In this chapter, we investigate the sum rate maximization problem in multi-pair AF TWR
networks with multiple single antenna relays, which has been firstly studied by us in [ZRH*12c,
ZRH12a]. Unlike the multi-operator TWR networks in Chapter 3, a relay transmit beamformer
instead of a relay amplification matrix has to be designed. Given a total network power
constraint, the optimization problem is quite similar to the one in Sections 3.4.1 and 3.5
and thus the power method and the POTDC based approach can be directly applied. But
it is not possible to apply the ProBaSeMO approach here. When a sum power constraint is
considered, the optimization problem fits into the monotonic optimization framework and thus
can be solved using the generalized polyblock approximation algorithm. Since the optimality
condition yields a generalized eigenvalue problem, we apply the GPM algorithm, which is based
on the power method in Sections 3.4.1. To reduce the computational complexity, we propose
the total SINR eigen-beamformer which maximizes the total SINR of the network. When
each relay in the network has its own transmit power constraint, the optimization problem
becomes more challenging. Most of the aforementioned methods cannot be applied directly.
Nevertheless, by modifying the polyblock algorithm and the POTDC approach, it is possible to
solve the optimization problem accordingly. Again, considering the computational complexity,
we propose a modified version of the total SINR eigen-beamformer method. The modified
total SINR eigen-beamformer is a low SNR approximation of the original problem. We also
propose an interference neutralization based design which provides a high SNR approximation
of the optimum solution.

Simulation results have illustrated that

e When a sum relay transmit power is considered, all the proposed algorithms outperform
the state of the art algorithm in [WCY*11]. Moreover, the proposed total SINR eigen-
beamformer only suffers a little loss compared to the polyblock algorithm and the GPM

algorithm.

e When each relay has its own transmit power constraint, the achievable system sum rate
is slightly worse compared to the case with a total transmit power constraint. Moreover,
the proposed modified total SINR eigen-beamformer is close to the polyblock algorithm
and the generalized POTDC algorithm when there is a sufficient number of relays in

the network. The same performance can be observed for the proposed interference neu-
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tralization based design, which has the lowest computational complexity among all the

proposed algorithms.
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Figure 4.2: Sum rate comparison of the proposed algorithms under a total transmit power
constraint.

| 2-SNR = -5 dB,N=5

|7 SNR = 15 dB,N=5

-| =—SNR = -5 dB,N=12
| —=+—SNR =15 dB,N=12

1-normalized sum rate

20 40 60 80 100 120 140
Iterations

Figure 4.3: Convergence property of the POTDC inspired method with different N and SNRs.
Averaged over 100 channel realizations.
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eraged over 100 channel realizations.
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Figure 4.6: Sum rate comparison of the polyblock algorithm and the POTDC algorithm under

individual relay transmit power constraints.
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Figure 4.7: Sum rate comparison of the POTDC algorithm, the total SINR eigen-beamfomer
(low SNR approximation), and the interference neutralization based design (high SNR approx-
imation) under individual relay transmit power constraints.
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5 Multi-pair relaying networks with non-cooperative

repeaters

In this chapter we look at a more general multi-pair TWR scenario, i.e., a TWR network
with multiple repeaters and smart relays, where the smart relays use the AF relaying strat-
egy. The relaying network here is more general because the scenarios, which are studied in
previous chapters, can be seen as special cases of the considered scenario. Our contribu-
tion is summarized as a general framework to optimize different system utility functions in
a TWR with repeaters and smart relay nodes with and without interference neutralization
[ZHJH14c, ZHJH14a, ZHJH14b]. In this part, we first introduce the system model and per-
form necessary algebraic manipulations on it in Section 5.3. Then in Section 5.4 we derive
necessary and sufficient conditions for realizing interference-free transmission using interference
neutralization. Afterwards, we design optimal relay amplification matrices, which minimize
the required transmit power at the relays subject to minimum SINR constraints, maximize the
minimum SINR of the users subject to relay transmit power constraint(s), or maximize the
weighted system sum rate subject to relay transmit power constraint(s), regardless whether
the smart relays in the network have a total transmit power limit or individual transmit power
limits in Sections 5.5, 5.6, and 5.7, respectively. Finally, the proposed methods are evaluated

in Section 5.8 and a conclusion is drawn in Section 5.9.

5.1 State of the art

Interference is one major bottleneck on the capacity of wireless networks. Recently a num-
ber of new ideas and techniques have been developed in network information theory [EK11].
These approaches led to the optimal resource allocation and transceiver design of single-hop
multi-cell systems [BJ13]. However, in modern networks such as LTE and WiMAX [IEE09],
wireless links can be connected using layer-1 repeaters (simple amplifiers) [Sei09, BSR*13].
The advantage of non-regenerative relaying strategies is that the relay is transparent to the
modulation and coding schemes and thus offers a flexible implementation. Furthermore, it
induces negligible signal processing delays [BUK"09]. The notion of relay-without-delays, also
known as instantaneous relays if the relays are memoryless [EH05, EHMO07, CJ09, LJ11], refers
to relays that forward signals consisting of both current symbol and symbols in the past, in-

stead of only the past symbols as in conventional relays. Therefore, we assume that the relays
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employ an AF, i.e., a non-regenerative, strategy.

In multi-hop interference networks, one way to manage interference is to choose the transmit
and receive strategies such that the interference components cancel over different paths when
arriving at a destination node. This is usually termed as interference neutralization (IN). IN
has been applied to eliminate interference in various single-carrier systems, such as determin-
istic channels [MDFETO08b, MDT09], together with other interference management techniques,
e.g., interference separation, interference alignment, and interference suppression. For two-hop
relay channels IN is studied in [BUK*09, BW05] where it is termed multi-user ZF relaying. In
[LLL13], the generalized degrees of freedom of a two-way MIMO relay interference channel are
studied. In [RWO07] partial and complete interference cancellation in two-way and two-path
relaying is proposed and compared. Finally, in [ZRH12a] and in Chapter 4, the maximization
of the sum rate of a multi-pair two-way AF relaying network where each relay has its individual
power constraint is studied. In [LJ13] the degrees of freedom of the two-cell two-hop MIMO
interference channel are described and an interference-free relay transmission scheme is pro-
posed. Instantaneous relay channels are considered in [HJ12] and interference neutralization

is compared to the optimal relaying strategy obtained by non-convex complex optimization.

In relay-enhanced cellular systems, instantaneous relays originate from the coexistence of
layer-1 repeaters and smart non-regenerative relays. Both operate on the same time scale:
Signals traveling over layer-1 repeaters and smart AF relays arrive symbol-synchronous at the
receivers (see example LTE scenario in [HJG13b]). This results in an effective instantaneous
relay model. In an adversarial environment in which receivers act as well-behaved but curious

nodes, the IN technique can be successfully applied to avoid information leakage [HJG13b].
When multiple pairs of users access the network via the help of MIMO relays, the design

of the relay amplification matrices becomes more complicated. This is due to the fact that
each pair of users in this network suffers from the interference caused by the other users
especially in the high SNR regime. Thus, the inter-pair interference has to be dealt with
properly. Previous work on multi-pair TWR systems with a single MIMO relay includes
optimal designs [FWY13], [TW12], [ZBR"12] and suboptimal designs [YZGK10], [ZRH12b],
[JS10]. All the suboptimal schemes use the concept of interference cancellation or suppression.
In [JS10], closed-form relay transmit strategies are obtained based on ZF and MMSE criteria.
In [YZGK10], the relay amplification matrix is designed using a singular value decomposition
(SVD) to null the interference. A more general SVD-based algorithm is proposed in [ZRH12b],
where the design principle is to null the inter-pair interference first and then to optimize
each sub-system (pair) independently. Conversely, an optimal design does not necessarily

rely on interference cancellation. Moreover, the known optimal designs use the fact that the
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relay amplification matrix can be stacked into a vector. Thereby, system utilities such as
max-min fairness in [TW12] and power minimization in [ZBR*12] (in Section 3.6) turn into
quadratic programming problems, which can be solved using convex optimization techniques.
In [FWY13], this approach was generalized such that all the utility functions are reformulated
as a max-min fairness problem.

Nevertheless, IN has not been studied for a general multi-pair TWR network with multiple
AF relays prior to our work. The general scenario can include the TWR scenario with direct
user terminal links (via dummy repeaters) or not. Thereby, it is more general than the multi-
pair two-way MIMO relay interference channel. Furthermore, our system operates with finite
relay and terminal transmit power. Therefore the feasibility of IN depends on the system
parameters (number of antennas and links) but also on the terminal and relay transmit powers.
Moreover, neither optimal relay transmit strategies nor IN based suboptimal strategies have
been studied prior to our work. Therefore, our problem is more general. But it is also more
challenging due to the involvement of multiple relays, which can have their own transmit power

limitation.

5.2 Our contributions

In this chapter, we develop a general framework to optimize different system utility functions
in a two-way relay network with repeater and smart relay nodes with and without interference
neutralization. Sufficient and necessary conditions for interference neutralization under differ-
ent system settings have been characterized and proven. Optimal relay amplification matrices,
which minimize the required transmit power at the relay subject to minimum SINR constraints,
maximize the minimum SINR of the users subject to relay transmit power constraint(s), and
maximize the weighted system sum rate subject to relay transmit power constraint(s) have
been derived regardless whether the smart relays in the network have a total transmit power
limit or individual transmit power limits. The major contributions are summarized in the

following.

5.2.1 Distributed relay nodes vs. relay clusters

To have a better network resource management, given a total number of antennas, we study
the problem of antenna assignment in a relay-assisted wireless network. This is a relevant
question in network planning and resource management. In one extreme, it is possible to
group all antennas in one mega relay which is powerful and manages all network resources and

traffic. In another extreme, we can use a single antenna per relay, such as in sensor networks.
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Or, as a compromise between both schemes, bundles of antennas are distributed in various
locations in the network. We discuss the feasibility of interference neutralization with two-way
relaying in these settings in Section 5.4.

We provide a very interesting result which shows how the required total number of antennas
in the network decreases when clusters of relays can be formed. For example, when single
antenna relays cannot cooperate with each other, one needs NMp > 2K (K - 1) antennas in
total, where N, My, and K denote the number of relays, the number of antennas at each relay
and the number of user pairs, respectively. However, if we allow 3 single antenna relays to form
a cluster - a multi-antenna relay, the number of antennas required in the network decreases by
half: NMp > K(K -1).

5.2.2 The minimum required transmit power to perform IN

To neutralize the interference, a certain amount of power has to be available at the relay.
Then the question arises regarding the minimum required transmit power to perform IN in the
network. This problem is solved and analytic solutions are provided in Section 5.4. Similar to
the discussion about the distribution of the antennas, the general trend is that the required
power decreases as the number of antennas at each relay increases. It increases as the number
of pairs increases. However, the decrease is not monotonic. Moreover, for fixed K, we show
that the required transmit power depends on the value of %NMR(MR +1)-2K (K -1), which
represents the available spatial dimensions that can be used to scale down the required transmit

power. The higher this value is, the less power is required to perform IN.

5.2.3 Optimal relay amplification matrices

For the considered scenario it is interesting to know the optimal relay amplification matrices
under different system utility functions, e.g., minimizing the required transmit power at the
relay, balancing the achievable SINR of the users, and maximizing the weighted sum rate.
Although IN nulls the interference in the system, in general the structure of the considered
optimization problems remains unchanged after the interference is canceled. This is due to
the forwarded noise of the AF relaying strategy. Thus, the system with and without IN share
the same optimal solution. The difference is that less parameters need to be optimized after
applying IN. Moreover, the optimal solution for the case where the relays in the network have
a total transmit power limit can be extended to the case where each relay has its own transmit
power limit. Furthermore, all the formulated problems are in general non-convex QCQP

problems. But they can be relaxed into SDP problems using SDR techniques. Numerical
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results show that the obtained solutions are almost always rank-1. Specifically, when the SINR
balancing problem is considered, we propose a generalized Dinkelbach-type (DT) algorithm,
which includes two versions, namely, DT-1 and DT-2. The convergence speed of the proposed
algorithm is proven to be at least linearly in general. If a DT-2 algorithm is applied, a better
convergence can be obtained. When the weighted sum rate problem is considered, we propose

a polyblock approach which can be applied to obtain a globally optimal solution.

5.2.4 Orthogonal vs non-orthogonal resource access

In such an interference limited network, one way to avoid the interference is to let the users
access the resources in the network, e.g., the smart relays, in an orthogonal way. This leads to
the question when it is better to perform an orthogonal resource access than a non-orthogonal
resource access, and vice versa. We answer this question by comparing our proposed non-
orthogonal relay access schemes to an orthogonal relay access scheme, where the smart relays
are used by different pairs of users in a time-shared approach as described in Section 5.8.
Simulation results show that the non-orthogonal approach is preferred when the noise power

is low and when there are many antennas at the relay (given a fixed N - MR).

5.3 Preliminaries

5.3.1 System model

The scenario under investigation is shown in Figure 5.1, where K pairs of single antenna UTs
communicate with each other via the help of N smart relays and K dumb repeaters. Each
smart relay has My antennas. All the nodes are half-duplex. We assume that the channel is
frequency flat and quasi-static block fading. The channel vector from the (2k —1)-th UT to
the n-th relay is denoted as for 1, € CM¥® (n e {1,--,N}) and the cascaded channel vector of
the (2k — 1)-th UT to all the relays is for_1 = [szkal, e fQkaLN]T e CNMr _ Meanwhile, the
channel from the (2k)-th user to the n-th relay is denoted as goj p € CMr and the cascaded
channel vector of the (2k)-th UT to all the relays is gox = [ggkyl,...,ggk’N]T e CNMr  for
ke {1,2,---, K}. The repeaters in the network do not cooperate with each other and amplify
only their received signals [HJ12]. Therefore, the equivalent channel from the i-th UT to the
j-th UT via the network of repeaters is modeled as an effective channel, which is denoted as
hij ({i,5} € {1,--,2K}). We assume that the reciprocity holds for the smart relay channel as
well as for the repeaters’ channels such that h; ; = hj;. This is valid in an ideal TDD system.

The signals passing through the repeaters and the smart relays are assumed to arrive at the
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Figure 5.1: Multi-pair two-way relaying with multiple repeaters and amplify-and-forward re-
lays where each relay has My antennas.

destination at the same time (symbol-synchronous). The transmission takes two time slots. In
the first time slot, all the UTs transmit to the relays and the repeaters. The signals received

at the n-th relay can be combined in a vector as

K
Tn = Z (f2k—1,n32k—1 + g2k,n82k) + MR € CMr (5.1)
k=1
where s,, (me€{1,2,3,...,2K}) is i.i.d. with zero mean and variance P, and ng, represents

ZMCSCG noise with covariance matrix E{annE nt = U%IMR, for all 1 <n < N. In the second
time slot, the repeaters simply amplify and forward the received signal while the n-th relay

amplifies its received signal and transmits
7 = Wyrn (5.2)

where W,, e CMrR*MR ig the relay amplification matrix. The relay transmit power constraint
has to be fulfilled such that

E{|7,)2} < P | for all 1 <n < N, (5.3)

R,max’
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if identical individual relay power constraints are considered, e.g., as in [ZRH12a]. Alterna-

tively,
N 2
Z E{HFTL” } < PR,maxa (5.4)

n=1
if a total sum relay power constraint is considered, e.g. as in [ZRH"12c|. Finally, the received

signal at the (2k — 1)-th user can be written as

T I T I
Yor-1 = (Por-1.2k + Faro1t Wg2k) 21 + (Ror-1,26-1 + Fop1 W for-1) S2k-1

desired signal self-interference

K K
T 1} T W T W
+ > (hok-1,20-1 + fop W fae-1)s20-1 + Y (hor-1,2¢ + For_y W g20) 520 + foj_t WRR + ok

l+k £k
=1 /=1 effective colored noise
from left inter-pair interference from right inter-pair interference
= T T T 3 NMgxNMg ; : : : :
where ng = [an S (5} N] and W e C"Vr R is a block diagonal matrix which is

defined as W = blkdiag{Wn}ﬁ[zl and n9_1 denotes the ZMCSCG noise with variance a%, for
all 1 < k< K. Assume that the CSI is known at the receiver. The self-interference term can

be subtracted and thus we get

-1 = Y1 = (hok—1,25-1 + Fop1 W for-1) Sok—1. (5.5)

5.3.2 Derivation of the SINR and the actual transmit power of the relays
without interference neutralization

The goal of this section is to arrive at quadratic formulas for the SINR expressions and the
transmit power constraints at the relay with or without IN. The derived quadratic forms are
highlighted by boxes.
~ T 1t NM32 - a

Let w = [Vec{Wl} o vee{Wn} ] e CYM&. Define Fyy_1 = unvecyxn{for-1}, Gok
unvecy «N {192k b> Foro1 = unvecysy xn{fo—1} and Gop = unvecys,xn{gar}. Define hoj_i oy
VEC{GQk & F2k—1}7 hgk_lygg_l = VeC{Fgg_l < FQk_l} and hgk_l’gg = VeC{G% o F2k—1}' Define
= . N . . . .
Hy; 1 = blkdiag {IMR ® f2k—17n}n:l' The received effective data in (5.5) can be rewritten as

N T ~
k-1 = (Por-1,2% + haoj,_1 24 ®) S2k

K K
T - T - “Ta =
+ D (hok-1,20-1 + gy 90 1W)s20-1 + ) (har-1,20 + Rgp_y 9pW)s2¢ + W~ Hop 1R + Ng1.
£k Lk
(=1 /=1
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The SINR of the (2k —1)-th UT is calculated as

(S)
Por

Y2k-1= —m Ny
) (N)
Py + Py

P

where the signal power P the interference power P2(]?_1, and the effective noise power P,

2k-1°

K
S ~ 19 I ~ 12
are defined as Pékfl = Pop|hog—1,2k + Pop—1,2k0, Pg(k)_l = > (Pap-1|hok-1,20-1 + hog-1,20-1W|* +
Lk

o1
~ N ~ —
Paglhak-190 + hog-1,209|*), and Pg(k_)l = og |[wT Hop1]? + 0.

T
Utilizing the Charnes-Cooper transform [CC62], we let m1/8; = @ and w; = [nir ,81] €

(CNMFZ{H, where (31 € C is arbitrary with |31] = 1. Then we can express the signal power p®

2%k-1
as
(s) T _2 Py T 2 Hp(e)
Py = Pog|hog-1,2k + hop op 1 @] = BiE |81 - hog—1,2 + hogok_1m| =wy Eyp” jwa,
here E®) = Pk, | ., RY d h;;=|hT Vi j. Tt is straightforward 1
where Eo, ") = Porhgy  ophop_q o and hyj = [hi’j hi’j] , Vi,7. It 1s straighttorward to apply

and the effective noise power PN The

similar derivations to the interference power pY 1

2%-1
generalized SINR expression of the (2k —1)-th UT is then given by

H (g)
wy B w,
Yoho1 = — bl — (5.6)

H 7(8)
wy Fyp wy

where

K
(g) _ T T T % T . 2 77+ 5T 2
Fy, = Z (P2€—1h2k—1,2£—1h2k—1,2€—1 + P2£h2k—1,2eh2k—1,2e) +blkdiag{og Hyj,_1 Hyj, 1,00}
Lk
=1

Define F,, = [fl,n fzK—l,n] e CM K G, = [92,n g?Km,] e CME yn P, =
blkdiag{ Poy_1 11, € CF*Kand P. = blkdiag{ Py }5=, € C**K. The total transmit power of

the relays in the network is computed by

=

N N _ _ 1
Y E{|7n]?} = Y IWn(Fo P2 + G P2 + oI [
n=1 n=1

N

N _ _ 1 - _
= |vecd Wy (Fy P2 + G, P2 + 05 Ing, )} = 61 C b = Ww{lcgg>w1 (5.7)
n=1
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where C(®) = blkdiag{(F;P,F + GLP.GY + 03Iny) ® Ingy )| € CNMRAVME and C®) =
blkdiag{éo(g),O}. The actual transmit power of the n-th relay can be expressed as

- 1 _
517 ") = @10 = | ol Oy (5.8)

where C~’,(Lg) is obtained by setting all the elements in é’ég) to zero except for the n-th M}%-by-
M3 matrix on the main diagonal and C’q(lg) = blkdiag{é,(zg), 0}.

The total transmit power constraint of the relays in the network can be expanded as

N
Z E{H'FnHZ} < PR,max <~ w{{Cég)Un <0 (5.9)

n=1

where Cég) = blkdiag{éég), —PR max}. The individual power constraint for each relay can be

obtained as

E{|7a]?} < PV v | wilC®w, <0, vn (5.10)

R,max’

where C?Sg) — blkdlag{é,(lg), _P(Ind) 1.

R,max

5.4 Interference neutralization

5.4.1 Feasibility of interference neutralization

In this section we show how the relay forwarding strategy can be chosen to neutralize all
interference and which conditions are necessary and sufficient to achieve this. To this end, the

following equalities must be satisfied at the same time. For all £,k € {1,---, K}, # k,

hak-1,201+ Fap s W far-1 =0 (5.11a)
hak-1.20 + o1 Wgae = 0 (5.11b)
hak20-1 + Gop W fae-1 =0 (5.11c)
hok.20 + 9oy W gas = 0. (5.11d)

Equation (5.11a) describes the interference from any odd-indexed (i.e., (2¢ — 1)-th) UT to
another odd-indexed (i.e., (2k —1)-th) UT. Similarly (5.11b), (5.11c), (5.11d) describe the
interference from any even-indexed UT to another odd-indexed UT, from any odd-indexed
UT to another even-indexed UT and from any even-indexed UT to another even-indexed UT,

respectively. The feasibility conditions in (5.11) can be quantified by four parameters: the
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number of relay nodes N, the number of antennas at each relay node Mg, the number of UT
pairs K, and the maximum available power at the relay. The conditions are summarized in

the following main result:

Theorem 5.4.1. Assume that we have a two-way relay channel with 2K UTs and N relay
nodes each with M antennas. The interference neutralization requirements, given in (5.11),

can be satisfied if and only if both of the following criteria are satisfied:

1. The total available number of antennas in the network should satisfy

2K(K -1) < %NMR(MR+ ). (5.12)

2. Given the interference neutralization solution as 11)(1), the available relay power should
satisfy
Prmax 2 @D CE O (5.13)

if a total transmit power constraint is considered. Or
P > a W CEwD v1<n< N (5.14)

if individual transmit power constraints are considered.
Proof. Please refer to Appendix C.4.1. O

If all the antennas in the network are grouped together to form a single relay or are dis-

tributed such that each relay has a single antenna, we have the following results.

Corollary 5.4.2. In the special case of a single relay node N = 1 with Mg antennas, condition
(5.12) implies that M > 2(K —1). At the other extreme, N > 1 relays and each with a single
antenna Mp =1, condition (5.12) simplifies to N > 2K (K —1).

Proof. When N =1 and Mg > 1, by applying the roots of quadratic equations, condition (5.12)

means that

1+VIGK? - 16K + 1
Mg > “/62 LY YD

-1+V16K2-16 K +1 <
2 S

The equality can be verified using proof by contradiction. That is, we prove that 1+
2(K -1) is false. After some algebraic manipulation, the previous condition simplifies to K <1,
which is contradictory with our assumption that K > 1. Therefore, Mg > 2(K —1). When
N >1 and Mg =1, the proof is straightforward. O
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From Corollary 5.4.2 follows that the gain of cooperation is going from 2(K -1) to 2K (K-1).

Furthermore, the IN solution @ can be expressed in a generic form as follows.

Lemma 5.4.3. Assume that interference neutralization is feasible, i.e., the two conditions in
Theorem 5.4.1 are fulfilled. The interference neutralization solution o, using the vectorized

representation of W, must satisfy the following form:
@V = c+ Bv (5.15)

where ¢ is a known vector, B is a known projection matriz, and v is an arbitrary vector.
More specifically, let KMI% be a commutation matriz as defined in [Lue96]. Define the SVD
of K=1Iny® (IMI% - KMﬁ) as K =UX[V;, Vi]" where V; € CNMex(NMi=r1) gpans the null
space of K and 7o is the rank of K, where we have ri = %NMR(MR —1). The interference

neutralization solution is computed as
&1 =V, ((AVL) b+ (Iyasz_, - (AVa) AV, )0) (5.16)

where v € C3VMROMRD) containg (%NMR(MR+1) —2K (K -1)) signal dimensions that can be
used for further system improvements. Define i € {1,-+-K} and j € {i +1,---K}. The column-

vector b e C2E(K-1) ¢ generated by

T
b=- [hzi—l,zi—l hoi195 hoioj1 hzm;] Vi, ]
and the corresponding A € C2E(K-1)xNMg ¢ generated via
T -
A= [h22—1,25—1 h25—1,23 h2€,23—1 hzz,zj] Vi, 5.

Proof. Please refer to Appendix C.4.2. O

Corollary 5.4.4. Assume that interference neutralization is feasible. When Mg = 1 and

N > 1, the interference neutralization solution simplifies to
wV = Ao+ (Iy- AT A).

Define the SVD (IMﬁ - KME{) =U3X3[Vss ‘/}173]H where V;, 3 € CMR*GMR(MR+D) contains
the last (%MR(MR +1)) columns. When N =1 and My > 1, the interference neutralization
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solution simplifies to
QIJ(I) = ‘/n,g ((A‘/;],3)+b + (I%MR(MRJJ) - (A‘/n’?,)JrA‘/n’g) U) .

Proof. Please refer to Appendix C.4.2. O

Finally, the following statements are direct consequences of Lemma 5.4.3.

Corollary 5.4.5. 1. If2K(K-1)< %NMR(MR+ 1), the required minimum total transmit

power of the relays in the network (if considered) is computed as
PR,max = CHéég)C - bI})IA;;bp

where Ay, = BHéO(g)B and by, = BHéég)c, while the required minimum individual trans-

mit power (if considered) is calculated by

(Ind)
R,max

= max (cHéﬁg)c - bEnAg,nbp,n)

where Ap p = BHé',(Lg)B and by, = BHéég)c. Otherwise, if 2K(K - 1) = %NMR(MR +
1), the required minimum total transmit power is PR max = cHéég)
P(Ind)

R,max

c while the required

minimum individual transmit power is given by = maxy, CHC7§Lg)c.

2. If both conditions in Theorem 5.4.1 are satisfied, then W) = ¢ is a closed-form IN

solution. Moreover, it is a minimum norm solution such that |@M| is minimized.

3. If condition (5.12) or condition (5.13) (or (5.14)) is violated, then
w0 = ¢,

when condition (5.12) is violated, or

(Ind)
~ (1) _ PR,maX ~(I) _ PR,max
W = ey | ——am— [or @t = ey | —— = |
cHC’Og c max, ciC,¥ ¢

when condition (5.13) (or (5.14)) is violated, is a least square solution which minimizes

the weighted sum of the interference power in the network, i.e.,

K
1 1
5D = n 3 ( p®» 1 Pa))
w'’ =argmin Tt .
D = Py 2k-1 Py, 2k
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Proof. Please refer to Appendix C.4.3. O

Remark

Remark 7. When there are no dumb repeaters in the network, i.e., h;; = 0, Vi,j, to neu-
tralize/cancel the interference in the network no additional constraints are imposed on the
available powers of the relays, i.e., (5.13) or (5.14) is not required. However, condition (5.12)
has to be satisfied with inequality, i.e., 2K (K - 1) < %NMR(MR +1). This holds true also for
the extreme cases. That is, from Corollary 5.4.2, when there is a single multi-antenna relay in
the network, we should have Mg > 2(K —1). When each relay has a single antenna, we should
have N > 2K (K —1). These results coincide with our findings in Chapters 3 and 4.

5.4.2 SINR and the actual transmit power of the relays after interference
neutralization

Taking the (2k—1)-th UT as an example, the interference term P2(k)1 is zero after applying IN.
We consider the generalized IN solution in Lemma 1. By using the Charness-Cooper transform,
we let 3/f2 = v and wq = [ng BQ]T € C™8*! where 33 € C and |32 = 1. Define €r5+1 as the
(rg + 1)-th column of the identity matrix I,,.1. Then the SINR expression of the (2k —1)-th

UT becomes

HE(H) 1’11]2

(n)
wy Fy” w

Vok-1 = (5.17)

where EG) | = Pyghyy 1 o hY, 1 o hij = [RB hij+ thC]T i, j, P\, = o2 HEL  Hop o+
a%eTBHeEBH, and Hoj_ = [I_{;l;C_IB FI;;C_lc].

Clearly, compared to w; in (5.6), we has fewer elements to be optimized, i.e., a lower
computational complexity. Conversely, ws possesses fewer signal dimensions to utilize, i.e., a
worse performance in general. In other words, IN provides a balance between the performance
and the computational complexity.

Define C_’(()n) = [B c]Hé’ég) [B c] and C_'q(f) = [B C]Héq(@g) [B c], Vn. The actual total
transmit power of the relays in the network and actual individual transmit powers at the relays

after applying IN are calculated by

N -~
> E{7]*) = " C§P b = w T wi CMws (5.18)
n=1
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and

E{||7,]?} = @M C®w = wlC My, vn | (5.19)

1
|B2|?

Moreover, the total power constraint and the individual power constraints are rewritten as

wgCén)wg <0 (5.20)

and

wilCMw, <0,Vn | (5.21)

respectively, where we have Cén) = C“én)—PR,maXerBHe?B 41 and C,(Ln) = C“,Sn)—PéhrfgxerBﬂeEB 41

In summary, IN does not change the structure of the SINR expressions and the structure
of the power constraints compared to Section 5.3.2. Therefore, the same kind of optimization
problems are formulated, as shown in Sections 5.5, 5.6, and 5.7. For notational simplicity, we
unify the derived expressions with or without IN. By using the superindex m instead of 2k —1
(or 2k), we define the SINR of the m-th UT with or without IN as

wlE,,w

Y (5.22)

- wiF,,w
where w € {w, w2}, E,, € {E%),E,(,f)}, and F,, € {F,%g),FT(nn)}. We have E,, >0 and F,, > 0,
Vm. The sum transmit power constraint (5.9), (5.20) or individual transmit power constraints
(5.10), (5.21) are generalized as

wlChw <0 (5.23)

and
wlC,w <0, (5.24)

correspondingly, where Cj € {C’ég), Cén)} and C), € {C,(Ig),CT(Ln)}.
In the following we design the beamforming vector w subject to various system design

criteria.

Remark 8. If the optimal wgp; is obtained, the optimal w,,; is computed via wWepy =
Mi,opt/Blopt OF Wopt = €+ Bnaopt/B2.opt- Afterwards, the cascaded relay amplification ma-

trix Wopt can be computed as

Wopt = unveCMRxNMR{'JJopt} (525)

Finally, the n-th relay’s amplification matrix W, ot is given by Mg columns of Wopt starting
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5 Multi-pair relaying networks with non-cooperative repeaters

from the ((n—1)Mpg + 1)-th column.

5.5 Relay power minimization

In this section, we introduce the relay power minimization problems subject to QoS constraints.

To this end, we first define the following two types of power metrics
1. the individual relay power metric Pr,(w) = wHC_’nw, Vi<n<N
2. the sum relay power metric Pr gum(w) = zﬁzl Prp(w) = wlCow

where C), € {C_’flg), C_'Y(Ln)} and Cj € {C_’ég) , C_'én)}. Moreover, we consider two utility functions.

The min-max relay power utility is to minimize the maximum relay power over all relays:
PR max(w) = max Prn(w). (5.26)

The sum relay power utility is to minimize the total required relay power PR gum(w) in the
network. Denote the general relay power optimization metric as Pg(w), which represents
PR max(w) or Prgum(w). Note that Pr(w) in the expressions above are convex functions
of w. In the following, the optimization problem can be formulated using the the general
relay power optimization metric. The proposed algorithm applies to all power constraints
with minor modifications. Recall the achievable SINR for user m with or without interference
neutralization from (5.22) as 7,,. Let 8 € {1,82}. The relay power minimization problem

subject to SINR constraints is given by

min  Pg(w)
St Ym2Mm, m=1,...2K, (5.27a)
wlCow =1 (5.27b)

where 7, is the target SINR value for user m. Constraint (5.27b) comes from the fact that
|| = 1 and C. = blkdiag{0,1}. Although the cost function of problem (5.27) is convex,
constraint (5.27a) is non-convex in general. Therefore, problem (5.27) is a non-convex QCQP
problem. It may not be solvable in polynomial time. But its approximate solution can be
obtained by using either the SDP approach [LMS*10] or the SOCP approach [BV04]. In our
work we adopt the SDP approach.
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5.6 SINR balancing

The SDP approach uses the SDR technique [LMS*10]. By introducing a new variable

H

X = ww" we can rewrite problem (5.27) as

in Pr(X
min - Pr(X)

st. Tr{(En-nnFn)X}>0, m=1,...,2K,
Tr{C.X}=1,X>0,rank{X} =1 (5.28)

where Pr(X) = max, Tr{C, X} if individual power constraints are considered and Pr(X) =
Tr{Cy X} if the sum power constraint is considered. Dropping the rank-1 constraint, problem

(5.28) can be approximated by the following convex SDP problem

in Pr(X
min rR(X)

st. Tr{(En-gnFn)X} 20, m=1,...,2K,
TH{C.X}=1,X >0, (5.29)

which can be solved efficiently using the standard interior-point algorithm [BV04]. If the opti-
mal solution of problem (5.29) is a rank-1 matrix, it is also the optimal solution to the original
problem (5.28). Otherwise, rank-1 extraction techniques in [LMS*10] should be applied. Since
we have more than three constraints, a rank-1 solution is not guaranteed for our problem (5.29)
according to [HP10, Theorem 3.2 & Corollary 3.4]. Hence, the randomization technique, which

is a rank-1 approximation technique [LMS*10], is used to get an approximate solution, finally.

5.6 SINR balancing

The SINR balancing problem is another QoS based system design criterion. It aims at max-
imizing the minimum SINR of the UTs in the network subject to transmit power constraints
at the relay. In the following we discuss the SINR balancing solution with or without IN.
Define f.(X) = Tr{C,X} where X can have arbitrary rank. Let f.(ww") = w'C,w
represent the rank-1 case. The optimization problem with a sum power constraint or individual

power constraints can be generalized as

maxmin vy,
w m
s.t. wHCCw =1

fo(ww™) <0, Ve e N, (5.30)
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where N = {0} if a total power constraint is considered and N = {1,---, N} if individual power
constraints are considered.
Problem (5.30) is non-convex. But its approximate solution can be obtained using the same

SDP approach as in Section 5.5. After replacing ww" by X, (5.30) can be rewritten as

Aopt = Max min M
PTIXT M Tr{F, X}
st. Tr{C.X}=1
fe(X) <0, VieN. (5.31)

If the optimal solution X,p to problem (5.31) is rank-1, it is also the optimal solution to
the original problem (5.30). Similarly as in Section 5.5, a rank-1 solution is not guaranteed
since there are more than three constraints in (5.31). Hence, the randomization technique
in [LMS*10] and Appendix B.3.5 is applied at the end to get an approximate solution. From
now on, concerning the convergence speed of our proposed iterative solutions, we introduce
two methods, namely, the bisection search method and the Dinkelbach-type algorithm. To

distinguish the convergence speed, we give the following definition.

Definition 5.6.1. [NW99] Consider the sequence A(P), which converges to Agpt as a limit.

The sequence AP is said to converge with an order q to Agpy if

. ’)\(PH) ~ Aopt] )

im ———— = 5.32
p—>+oo |)\(P) — )\opt|q ( )
The number ¢ is called the Q-order of convergence where “Q” stands for quotient.

e 0¢(0,1) and g =1, it is Q-linearly convergent.

e =0 and g =1, it is Q-superlinearly convergent.

e ) >0and ¢ > 1, it is said that the Q-order of convergence is ¢, e.g., Q-quadratic convergent

for q = 2.

In general, sequences with higher g converge faster [NW99].

5.6.1 The bisection search method

Problem (5.31) is equivalent to the following optimization problem

120



5.6 SINR balancing

st. Tr{C.X}=1
fe(X) <0, VEe N
Te{(tF,, - E;n) X} <0, V. (5.33)

For fixed t, (5.33) is a convex SDP problem. Moreover, ¢ represents the minimum SINR of
the UTs in the network and thus it has a finite interval, e.g., [0, tmax]. Hence, problem (5.33)
can be solved using bisection search method as discussed in [LMS*10]. That is, we solve the

following feasibility problem in each iteration.

find X
st. Tr{C.X}=1
[(X) <0, Ve N
Te{(tFy, - En)X} <0, Vm (5.34)

where t is updated using the bisection search method. A possible choice of t,,x for our problem
will be
tmax = m'n%X )\max{F»r;LlEm}- (535)

The intuition of (5.35) comes from the fact that our SINR expressions v, in (5.22) are gener-
alized Rayleigh quotients. It is well known that the Rayleigh quotient is bounded between the
maximum and minimum eigenvalues of the matrix F,,! E,,. The details of the bisection search
method are found in [LMS*10]. The bisection search method is linearly convergent since in

each iteration the search space is reduced by half such that we have ¢ =1 and § = 1/2.

5.6.2 Parametric programming via Dinkelbach-type algorithms

Parametric optimization can be also used to solve fractional programming problems like (5.31).
When the formulated parametric optimization problem is solved using the Dinkelbach ap-
proach, a better convergence speed might be obtained [CF91]. In the following, we develop

Dinkelbach-type algorithms for our problems and analyze their convergence behavior.

A parametric programming of (5.31) is formulated as

f\) = max min Tr{E, X} - \Tr{F, X}

st. Tr{C.X}=1
fu(X) <0, Ve eN (5.36)
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where parametric here implies that we consider the solution of this optimization problem for
various values of A\. This formulation is especially useful if f(A) is a convex function with
respect to X, because it is easier to solve a convex problem (5.36) than a non-convex problem
(5.31)%. Problem (5.36) is equivalent to (5.31) if f(\) = 0 [CF91]. Thus, this gives rise to
finding the root of the equation f(\) = 0. A Newton’s method for finding the roots of the

function uses the following iterative process

w1y _ o _ TP
APD) (P D) (5.37)

In general, finding the gradient 9y f(A(P)) = ag_(;\)‘ \ox(» is non-trivial. When problem (5.36)
contains only a single ratio, i.e., the minimization is not involved such that the index m can

be dropped, a subgradient of f(\) at A can be found to be ~Tr{FX®} [Din67]. Thus,

using this subgradient instead, we get the following update rule

AP _ () FOAP) _ Tr{EX®)}
T{FX®} Tr{FX®)}’

(5.38)

and this method is called Dinkelbach’s algorithm [Din67]. Compared to the bisection method,
Dinkelbach’s algorithm converges superlinearly given that the feasible region is compact and
\ is finite?.

Dinkelbach’s algorithm has been extended to the case with multiple ratios in [CF91]. If the

update of A?*1) is calculated as

()
A@D) — min %, (5.39)
m Tr{F,,X®)}

and in each iteration we solve the following problem
m)z(xxmin T{E,X} - \PTr{F, X}
m

st. Tr{C.X}=1
fu(X) <0, Vi eN, (5.40)

which is equivalent to

max i1
X t1

'The cost function in (5.31) is quasi-convex.
2X of our problem is bounded between min,, Amin{ Fi' Er} and maxo, Amax{Fin Em }
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st. Tr{C.X}=1
fx(X) <0, Ve e N,
T{E, X} - APTe{F, X} >, Vm,

it is called Dinkelbach Type-I (DT-1) algorithm in [CF91] and was used for solving the max-
min SINR problem in multi-pair TWR networks in [FWY13]. Unfortunately, it is revealed in
[CFS85] that in general the DT-1 algorithm converges only linearly since the subgradient is not
unique anymore. Thus, a modified version of the DT-1 algorithm with a better convergence is
proposed in [CFS86]. The proposed method is named as the DT-2 algorithm [CF91] and the

following problem is solved in each iteration instead

T{E, X} - \XP)Tr{F,, X}

e Tr{F, X(®-1}
st. Tr{C.X}=1
fu(X) <0, Ve eN. (5.41)

Hence, we propose a generalized Dinkelbach algorithm which is summarized in Algorithm 8

and we have the following lemma.

Lemma 5.6.1. The generalized Dinkelbach-type algorithm in Algorithm 8 has the following

properties:
1. it solves (5.31).

2. it has at least a linear convergence when (5.40) is used while a better convergence is

achieved when (5.41) is applied.

Proof. Please refer to Appendix C.6. O
A trivial initial point A(*) for the proposed algorithm is

H ..
A = min —winiEmwml

m winimeini

(5.42)

T
where wiy; = [OT 1] is a feasible solution to problem (5.31).
Clearly, both (5.40) and (5.41) can be formulated into standard SDP problems, which are
solved using the interior-point algorithm in [BV04]. Taking into account the guaranteed con-

vergence speed of the Dinkelbach-type algorithms, we conclude that Algorithm 8 provides a
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polynomial-time solution. Moreover, from numerical examples we observe that Algorithm 8

converges much faster than the bisection search method.

Algorithm 8 The generalized Dinkelbach algorithm

1: Initialize: set a feasible A(!), e.g., using (5.42), maximum iteration number Ny, and the
threshold value v.
2: Main step:
3: for p=1to Nyax do
4:  Obtain (X(p),tgp)) by solving
(5.40) if DT-1 is applied;
(5.41) if DT-2 is applied.
5. Calculate A(P*1) using (5.39)
6: if |t§p)| <v then
7 return X ()
8
9

end if
. end for

5.7 Weighted sum rate maximization

In this section, we discuss the weighted sum rate maximization problem. The weighted sum

rate maximization problem for our scenario with or without IN can be formulated as

1 2K
max 3 Z am logy (1+vm)

m=1
s. t. 'wHCC'w =1
fe(ww'™) <0, Ve e N (5.43)

where oy, € [0,1] is a given weighting factor for the mth UT’s rate and Y, &, = 1. When

_ 1
m = 9K

work ([ZRH12a], [ZRH*12c¢]) and also in Chapter 4, similar sum rate maximization problems

« Vm, problem (5.43) is a sum rate maximization problem. As discussed in our previous
can be solved using monotonic optimization. Monotonic optimization ([Tuy00], [PT03]) deals
with the maximization or minimization of an increasing function over an intersection of normal
and reverse normal sets. A generic algorithm for solving monotonic optimization problems is
the polyblock approximation approach [PT03]. In the following we solve problem (5.43) using
the polyblock approach, which is also applied in Chapter 4.
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Let us start by introducing new variables y,, € R, and reformulate (5.43) as

2K
max Z am 10g(Ym)
m=1

w,Ym,¥m
s. t. 'wHCC'w =1

fe(ww'™) <0, Ve e N

wlE,,w
Ym < MAX ————, Ym
w wlF,w
HE
. wE,w
>min ————, VYm 5.44

where E,, = E,, + F;, and the factor 1/2 is dropped for simplicity. Define the sets

_
E
G = yeRiK:ymSmaxw mw,'weIE‘,Vm ,
w wiF,w
and He
E
L= yeR%K:ymZminuzl,weF,Vm .
w wHEF,w

where F = {w|w!C.w = 1, f,(ww'™) <0,Vk e N'}. Let D =G nL and formulate the following

optimization problem
max P(y)
Y
s.t. yeD (5.45)
where we have ®(y) = ¥25, a,,1og(ym). Clearly, given a global optimal solution yep; of (5.45),
then an optimal wgpt should exist and it is a global optimizer of (5.44). In the following we solve

problem (5.45) using the polyblock algorithm. For this purpose, we introduce the following

lemma.
Lemma 5.7.1. Problem (5.45) is a monotonic optimization problem.

Proof. Please refer to Appendix C.7.1. O

According to [Tuy00], a monotonic optimization problem can be solved using the polyblock
outer approximation algorithm which is described in Appendix C.7.2. The main idea of the
polyblock approach is to iteratively create an outer approximation of G using a sequence of

polyblocks, where a polyblock P is a union of a finite number of hypercubes and it can be
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represented with its vertex set T(®) = {2;,---z}, assume that there are L vertices in the set.
To build up the next polyblock P(®*1) one fundamental step is to find the unique intersection
between the boundary of G, which is denoted as 0*G, and the line segment connecting the

origin and szgi, where zégz e T® and @(zégz) > ®(z), Yz ¢ T®). Mathematically, the following

(C ]]‘ ’ / Opt ’ ( )

which is equivalent to the following optimization problem

H s
E
1P = max min W Emt

wom zéﬁ%7meme
st. wlCaw=1
fe(ww™) <0, Ve e N. (5.47)

Problem (5.47) is similar to the SINR balancing problem in Section 5.6. Thus, we solve it
using the SDR technique, i.e., by replacing ww' by X we get

1) = maxmin Tr(i)E’mX}
X m TT{Zopt,mFmX}
st. Tr{C.X}=1
fu(X) <0, Ve eN. (5.48)

Problem (5.48) can be solved approximately (v-optimality) using the bisection search method
or the Dinkelbach-type algorithms. Similarly as in Section 5.6, a rank-1 solution is not guar-
anteed for (5.48). Thus, problem (5.46) cannot be solved exactly. For a polyblock algorithm, if
its sub-problem like (5.46) is not solved exactly, to guarantee the convergence of the polyblock
algorithm, further restrictions have to be given [PT03]. To find these restrictions explicitly
for our problem is usually non-trivial, e.g., [UB12], and might be intractable. Moreover,
concerning the computational complexity, we resort to a simplified implementation as given
in Algorithm 9. The (€,v)-optimal polyblock algorithm implies that the following problem
instead of (5.44) is solved.

2K
]
X ngl o 10g(Ym)

s. t. Tr{C.X}=1
Fo(X) <0, Vi e N
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Algorithm 9 (€,v)-optimal polyblock algorithm for weighted sum rate maximization given
fixed weighting factor a;,

1: Initialize: set initial vertex set Ty = {zg}, maximum iteration number Ny, and the
threshold values ¢, v.
: Main step:
: for p=1 to Npax do

Find z?) as described in Appendix C.7.2.

2
3
4 opt
5. Solve (5.48) to find X and v—optimal p(P).

6:  Construct a smaller polyblock P®*+1) as described in Appendix C.7.2.
7. if |@(y®*)) - d(y®P)| < € then

8 return X (?)

9: end if

10: end for

11: Obtain the optimal w from X ?) using the randomization technique in [LMS*10].

T{E, X}
Ym < MAX ———
x Tr{F,X}
. Tr{E,X}
> —_— ¥ 5.49
S ST SR (5.49)
Note that the two stopping criteria, i.e., the maximum iteration number N,,,« and the tolerance
factors (e, v), reduce the computational complexity of the polyblock algorithm in Algorithm 9.
But in general the obtained solutions are not globally optimal and thus only (e,v)-optimal
solutions are achieved for problem (5.49). Moreover, the randomization based rank-1 approx-
imation in the end of Algorithm 9 drives the final solution further away from the globally

optimal solution.

Remark 9. Although the polyblock algorithm has guaranteed convergence, it is in general
not a polynomial time algorithm. Its convergence speed depends on the initial vetex set Ty,
the threshold value (e, v)* as well as the problem size 2K [PT03]. In practice it is only suitable

as a benchmark algorithm.

5.8 Simulation results

The proposed algorithms in Sections 5.5, 5.6, and 5.7 are evaluated using Monte-Carlo simula-
tions. The simulated channels f,, n, gm,n, and h; j are uncorrelated flat Rayleigh fading and all

their elements have zero mean and unit variance. The transmit powers at each UT are identical

3Practically, it suffices to set v = ¢/4K [PT03].
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5 Multi-pair relaying networks with non-cooperative repeaters

and P, =1 W, Ym. When SINR balancing and sum rate maximization are considered, the
total power constraint of the relays is set to PR max = 1 W while individual power constraints
are set to PP({I’IQ?JX = PR,max/IN. Moreover, the noise power at each UT and at each relay are also
identical and O’% = U% = 02, “Opt-FP” and “Opt-IP” denote the proposed algorithms with a
total transmit power constraint and individual transmit power constraints. “Opt-xx-INL” and
“Opt-xx” denote the cases with and without IN, where “xx” represents “FP” or “IP”. All the
simulation results are obtained by averaging over 1000 channel realizations and K = 2 pairs of

users are considered.

The feasibility region of interference neutralization is visualized in Figure 5.2. When Mgy is
fixed, the minimum number of relays which is required for interference neutralization increases
exponentially as the number of pairs increases, although less relays are needed when My is
large. Meanwhile, if IV is fixed, the minimum number of antennas at the relay increases almost
linearly as K increases. Again, less antennas are required when N is large. Moreover, if the
total number of antennas in the network is fixed, Figure 5.2 suggests that a better choice to

neutralize the interference in the network is to have more antennas at each relay.

Figure 5.3 illustrates an asymptotic analysis of the IN condition (5.12). When K, Mg — oo
and the ratio o = MLR remains as a constant, we have N > 4—M§§ﬁ;)l)

quadratically with respect to the ratio c. As shown in Figure 5.3, as long as the ratio is small,

— 402, That is, N grows

even with a small MR the exact results will coincide with the asymptotic results.

Figures 5.4, 5.5, and 5.6 demonstrate the minimum required total transmit power for in-
terference neutralization, which is averaged over 1000 channel realizations. In general, the
required transmit power increases as the number of pairs increases. It decreases as the num-
ber of antennas at the relay increases. However, the decrease is not monotonic. This phe-
nomenon depends on the value of the function f(K, Mg, N) = %NMR(MR +1)-2K(K -1).
According to Lemma C.4.3 in Appendix C.4.3, f(K, Mg, N) represents the additional spa-
tial dimensions which can be used to scale down the required power. For example, we have
f(K =2,Mg =1,N =4) = 0. Thus, the required power only depends on the channel real-
izations. The required power is high and a strong fluctuation can happen if the noise power
changes, as shown in Figure 5.6. Moreover, the CDF curve converges slowly as shown in Fig-
ure 5.5. The same interpretation can be given to the cases (K =3, Mg =3, N =2) and (K =4,
Mg =3, N =4). Furthermore, if K is fixed, e.g., K =3, we have f(K =3,Mr =4,N=2) =38
and f(K =2,Mg =5,N =1) = 3. This explains why the required transmit power increases
from (K =3, Mg =4, N=2) to (K =2, Mg =5, N =1). Finally, Figure 5.6 implies that the
required transmit power varies slightly as the noised power changes.

Figure 5.7 shows the minimum required transmit power as a function of the required mini-
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mum SINR. Given a fixed value of M- N, in general, more relays require more transmit power
at the relay. One explanation is that fewer antennas at the relay yield a smaller feasibility
range and thus fewer degrees of freedom in the spatial domain, which can be used to reach
the SINR requirements. Due to a similar reason, when IN is applied, more power has to be
consumed to achieve the desired SINR. However, as the required SINR increases, the required
power with IN increases slower than for the case without IN. Moreover, it is worth mentioning
that numerical results show that the relaxed problem, i.e., problem (5.29), provides almost
always a rank-1 solution . We observe the same behavior for all the other simulations of SDR
based solutions.

Figure 5.8 demonstrates the required number of iterations for the bisection method and the
DT algorithms. Although in general all the proposed algorithms converge linearly, as discussed
in Section 5.6, simulation results show that the DT algorithms converge in fewer iterations
compared to the bisection search method. Compared to the DT-1 algorithm, the DT-2 al-
gorithm converges faster when the noise power is high. When the noise power is low, it can
happen that the DT-2 algorithm will take more iterations. However, we observe that if IN is
applied, all the proposed algorithms take fewer iterations. The difference between convergence
speeds of different algorithms reduces. In the following, all the simulation results are obtained
using the DT-2 algorithm. Figures 5.9 illustrates the SINR balancing performance under two
different system settings, i.e., N =2, My =4 and N =4, Mg = 2. Other than the proposed
algorithms, the following two algorithms have also been compared. The first one is denoted as
“Non-smart”, which refers to the scheme where smart relays are not deployed. The second one
is denoted as “TDMA”. This scheme refers to an orthogonal resource access where each pair
of the UTs utilize the relays and repeaters in the network in a time-division multiple access
(TDMA) fashion. Thus, for a fair comparison, peak power constraints are used in the simula-
tion and the simulation results obtained using the “TDMA” scheme are additionally divided
by K. Clearly, when there are no smart relays in the network, the presence of interferences
will significantly affect the system performance. On the other hand, the orthogonal resource
access scheme “TDMA?” has its benefits especially when the system is noise limited. Among
the two non-orthogonal resource access schemes, the IN scheme provides a balance between the
computational complexity and the performance. Moreover, when the total number of antennas
is limited in a network, to have a better system performance, it is more reasonable to have a
few relays but many antennas at each relay.

When the system sum rate is considered as depicted in Figure 5.10, the difference between

the algorithm with or without IN is quite small. Moreover, the proposed non-orthogonal

4For the case with IN, this refers to the matrix [B c]H Xopt [B c].
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5 Multi-pair relaying networks with non-cooperative repeaters

schemes outperform the orthogonal schemes significantly.

5.9 Summary

In this chapter we study the feasibility problem of neutralizing the interference for a AF TWR

network with multiple repeaters and smart relays. The necessary and sufficient conditions for

IN have been derived. Moreover, a general framework to design optimal relay amplification

matrices subject to different system design criteria, i.e., minimize the required transmit power

at the relays subject to minimum SINR constraints, maximize the minimum SINR of the UTs

subject to relay transmit power constraint(s), and maximize the weighted system sum rate

subject to relay transmit power constraint(s), has been developed for such a scenario with or

without IN, regardless whether the smart relays in the network have a total transmit power

limit or individual transmit power limits.

Simulation results have demonstrated that

e When the number of antennas at each relay is fixed, the minimum number of relays

which is required for IN increases exponentially as the number of pairs increases. When
the number of relays is fixed, the minimum required number of antennas at each relay
increases almost linearly as the number of pairs increases. These results suggest that a

better choice to perform IN in the network is to have more antennas at each relay.

In general, the required relay transmit power to perform IN increases as the number
of UT pairs increases. It decreases as the number of antennas at each relay increases
although the decrease is not monotonic due to the available spatial dimensions, which

can be used to reduce the required relay transmit power for neutralizing the interference.

To guarantee the required minimum SINR at each UT, the minimum required relay
transmit power increases if the number of relays in the network increases, given a fixed
value of Mg - N. This is because less spatial dimensions can be used to satisfy the mini-
mum SINR requirements. When IN is applied, more power are required since additional

power might be required to neutralize the interference.

In general, the proposed DT algorithms yield a better convergence behavior than the
traditional bisection search algorithm. Compared to the TDMA scheme, the proposed
non-orthogonal schemes are especially better when the noise is weak or when there are

many number of antennas at each relay. When IN is applied, the performance is worse
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Figure 5.2: An illustration of condition (5.12) in Theorem 5.4.1. Given the number of user
pairs K, the feasible region of interference neutralization consists of all pairs (Mg, N) which
are on or above the plotted curve.

than the optimal performance. However, the performance difference reduces as the num-
ber of antennas at each relay increases. A similar performance is observed when sum

rate maximization is the system design criterion.
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Figure 5.3: An illustration of the asymptotic analysis of (5.12) in Theorem 5.4.1. Let K, M —
oo and the ratio MLR be a constant.
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Figure 5.4: An illustration of the average minimum required total transmit power as a function
of Mgr. Given K and Mg, N is the minimum integer value which satisfies (5.12). In other
words, N is the corresponding value on the curves of Figure 5.2. 0;12 =15 dB.
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Figure 5.5: The cumulative distribution function (CDF) of the minimum required total trans-
mit power under different pairs of (Mg, N) for K = 2 and 0,2 = 15 dB. MR and N are
calculated in the same way as in Figure 5.4.

=
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Figure 5.6: An illustration of the average minimum required total transmit power as a function
of ;2. We have K =2. My and N are calculated in the same way as in Figure 5.4.
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Figure 5.7: A comparison of the minimum required transmit power with and without interfer-
ence neutralization.
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Figure 5.8: A demonstration of the convergence speed of the bisection search method
(“BiSec”), the DT-1 algorithm (“DT-1"), and the DT-2 algorithm (“DT-2") without IN. N =2
and Mg =4.
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Figure 5.10: Maximum achievable sum rate with and without interference neutralization.
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6 Relay broadcasting channel

Now we shift our focus from a multi-pair scenario to a multi-user downlink scenario, which is
a typical scene for modern cellular networks. More specifically, we consider relay broadcasting
channel with a MIMO AF relay where a MIMO BS and multiple single antenna UTs exchange
messages via the relay. The precoding matrix at the BS and the relay amplification matrix
should be designed. Moreover, multi-user scheduling should be also taken into account. This
results in a complicated cross-layer design problem which is in general difficult to solve. To
avoid the prohibitive complexity, we focus on the design of the precoder and decoder matrices
at the BS as well as the relay amplification matrix while assuming that the UT scheduling is
fixed. We develop suboptimal MIMO transmission techniques for both the BS and the relay
[ZRH11]. The proposed suboptimal schemes are based on conventional channel inversion (CI),
ProBaSeMO and zero-forcing dirty paper coding (ZFDPC), respectively. All the proposed

algorithms are also compared to the state of the art algorithm in [T'S09].

6.1 Problem description and state of the art

When relays are placed at the cell edge to boost the coverage, it is likely that each relay
has to support multiple users. This motivates the development of multi-user MIMO relaying
techniques, where the relay forwards data to and from multiple users. Compared to the multi-
pair multi-user scenarios discussed in Chapters 3, 4, and 5, the major difference is that the
BS sends multiple data steams to different UTs, i.e., brodcasting instead of unicasting. In
such a situation, a proper user scheduling is inevitable. It is clear that a joint design of user
scheduling techniques and MIMO transmission techniques cannot be avoided if one would like
to optimize the system performance. This may result in a non-tractable optimization problem.
Thus, most of the known work (including our work [ZRH11]) focuses on the design of novel
MIMO transmission techniques while assuming that the user scheduling algorithm is fixed.
Prior work on the OWR broadcasting channel includes [TCHCO06], [CTJCO08], [YH10], and
[AHV10] . In [TCHCO6] a relay precoder design based on the SVD and a low-complexity user
selection algorithm are proposed. In [CTJCO08] the authors propose upper and lower bounds
on the achievable sum rate assuming ZFDPC precoding at the BS. In [YH10] a ZFDPC strat-
egy is also applied such that the relay precoder design problem reduces to a power allocation

problem. Afterwards, the authors develop a so called generalized water-filling (GWF) algo-
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Figure 6.1: Multi-user two-way relaying with a MIMO amplify and forward relay.

v
1\
Py,

BS

rithm to solve the remaining problem. In [AHV10] the authors consider a relay broadcasting
channel with BS cooperation. Again, non-linear precoding techniques, i.e., iterative Tomlin-
son Harashima precoding (THP) based schemes, are used such that the problem turns into a
power allocation problem. Moreover, in this reference the authors use the multiuser fairness
instead of the system sum rate in [YH10] as the design criterion. However, all the proposed
techniques for one-way relaying scenario cannot be applied to the two-way relaying scenario
directly. References dealing with multi-user two-way relaying include beamforming with an
AF relay [T'S09], beamforming with a DF relay [EWO08a], relaying protocols with repeaters
[WMO7] as well as the performance analysis of a channel inversion (CI) based transmit pre-
coder design in [DKTL11]. In general, only [TS09] and [DKTL11] discuss the precoder design
problem for a MIMO AF relay broadcasting channel and they consider only the CI based tech-
niques. Therefore, this motivates us to develop other advanced linear or non-linear precoding

techniques.

6.2 Data model

The scenario under investigation is shown in Figure 6.1. Due to the poor quality of the direct
channel between the BS and the UTs, they can only communicate with each other with the
help of the relay. Assume that we have K single antenna UTs. The BS is equipped with My
antennas and the relay has My antennas. For notational simplicity, in the rest of our work
we assume that Mp = K. The channel is flat fading. The channel between the kth user and
the relay is denoted by hj, € CM®. The channel between the BS and the relay is full rank and
denoted by Hp € CMr*Ms,

The two-way AF relaying protocol consists of two transmission phases: in the first phase
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6 Relay broadcasting channel

all the users and the BS transmit their data simultaneously to the relay. Let the BS transmit
the data symbol vector dg = [dB 1, ...,dp, K]T e CK using the transmit beamforming matrix
F e CM3*E The data symbols in dg are independently distributed with zero mean and unit
variance. Let us further assume that dpj is the symbol transmitted from the BS to the kth
UT and the relay knows the order of the data streams from the BS. The total power at the

BS is denoted by Pg. The transmit power constraint can be written as
E{|Fpdp|?} = Te{FsFy'} = Po. (6.1)

Then, the received signal vector at the relay is given by

K
rT= th'dk+HBFBdB+’nRECMR, (6.2)
k=1

where dj, is the transmitted scalar from the kth user to the BS and ng € CM=® is the ZMCSCG
noise with E{ang} = U%{I Mgz~ Moreover, we assume that each user has identical transmit

power Py and the transmit power constraint is equivalent to E{|dx|*} < Py.

In the second phase, the relay amplifies the received signal and then forwards it to all the

UTs as well as the BS. The signal transmitted by the relay can be expressed as
F=7 -G-r. (6.3)

where G € CMr*Mr ig the relay amplification matrix and 7y € R* is chosen such that the

transmit power constraint at the relay is fulfilled, i.e.,
B{|7|*} = Tr{~§ - G{PyHyH{; + PsHg Fs F§ HY + 0§, I3, }G"'} = Py, (6.4)
where Hy = [hq,...,hg] e CMR*K is the concatenated channel matrix of all UTs.

For notational simplicity, we assume that the reciprocity assumption between the first and
second phase channels is valid. This assumption is fulfilled in a TDD system if identical
calibrated RF chains are applied. Then the received signal vector at the BS can be expressed

as

YB = WB(HgF+ TLB)
= "YOWBHgGHUdU +’yoWBHgGHBFBdB + ”yQWBHanR + WBnB € (CMR (6.5)

useful signal self-interference effective noise
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where dy = [dy,...,dg]" € CK is the concatenated data vector of all the UTs and ng ¢ CM5
is the ZMCSCG noise with E{npnl} = 03I s,. The receive beamforming matrix is denoted
by Wpg € CF*MB | Tt can be seen from (6.5) that the BS only experiences the self-interference
caused by its own transmitted signal. If the BS has perfect channel knowledge, the self-

interference can be subtracted.

On the other hand, the received scalar y; at the kth UT can be written as

Y = hy 7 +ng = Yohy GHg fp kdp i + yohy Ghidy,

useful signal self-interference

K K
+ S vwhy GHpfomdpm  + . YhiGhid;  +yh,Gng +n,  (6.6)
=1 j=1 —
%#f ;#k effective noise

interference from other streams to other UTs i, ierference from other UTs

where fg x is the kth column of Fi and ny, is ZMCSCG noise at each UT with identical variance
a%. As can be seen from (6.6), unlike the BS, each UT experiences self-interference, interference

caused by other UTs, and the interference caused by the signal which is transmitted from the
BS but intended for another UT.

The overall sum rate of the system could be written as
Rsum = RU + RB (67)

where R and Ry are the achievable data rate at the BS and the cumulated achievable data
rate at all UTs, respectively. The optimization problem to find the relay amplification ma-
trix structure which maximizes (6.7) subject to the transmit power constrains in (6.1) and
(6.4) is non-convex. To avoid a non-tractable optimization problem, we resort to suboptimal

algorithms instead.

In [TS09], a linear beamforming is proposed such that

G = m(HY) HY
Fs = v Hi'Hy
Wi = H{(HE)™ (6.8)

where 7, and vy, are the normalizing coefficients satisfying the transmit power constraint at

the relay and the BS, respectively.

However, it can be seen that the inverses of Hy and Hg do not always exist. Hence, this
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6 Relay broadcasting channel

method can not be always utilized since (6.8) requires that Myr = Mp = K. Our algorithms in
Sections 6.3.1, 6.3.2, and 6.3.3 are applicable for a broader range of antenna configurations.
We specify the corresponding dimensionality constraints below.

Moreover, inspired by the ProBaSeMO approach in Section 3.3, we decompose G into

G =Gr-Gs-Gg € CMrxMr (6.9)

6.3 Transmit strategies design for the BS and the relay

6.3.1 Channel inversion based design

In this section, we introduce a straightforward beamforming design based on CI. Using this
method, orthogonal channels are created between the BS and the UTs for interference free
communication. This algorithm can efficiently eliminate the self-interference as well as the
co-channel interference. However, the well-known disadvantage of it is the enhancement of the
noise power.

Let us define H = [HB HU] € CMrx(K+Ms) The CI receive beamforming is then given by

Gr-H'=-(H"H)'H" (6.10)

and the transmit beamforming is given by Gt = GE.

In this case, the matrix Gg is chosen to be a block matrix of the form Gg = Il ® Ik €
C*2K - where TIy = [{}] is the exchange matrix which ensures that the BS and the
UTs will not receive their own transmitted signals. Furthermore, for simplicity, we choose
Fg = Wg = \/ﬁ:‘;IMB. As can be seen from (6.10), this CI method requires that My > 2K.
Moreover, compared to the other algorithms proposed in the following sections, the complexity

for calculating the Moore-Penrose pseudoinverse is much lower.

6.3.2 ProBaSeMO inspired approach

For simplicity, we again choose Fg = Wg = \/AZ:BBI Mg in this section. Let us further fix the
order of the users such that the kth user communicates with the BS only via the kth antenna
at the BS. Then this system can be treated as multiple pairs of single antenna users which
communicate with each other with the help of the relay. Clearly, this kind of architecture
possesses the same mathematical model as in Chapter 3. Thus, all proposed schemes in
Chapter 3 can be applied. But the optimal algorithms in Chapter 3 are suboptimal for the

relay broadcasting channel.
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6.3 Transmit strategies design for the BS and the relay

Therefore, for simplicity, we recommend the ProBaSeMO scheme and more specifically, BD
combined with ANOMAX, since according to our work in Chapter 3 it provides the best trade-
off between performance and computational complexity. Here we extend the BD ANOMAX

method to the relay broadcasting channel.

1 x . N E %
First, define G =[G, - G| e CM KM, G = blkdiag { G e CFMuxK M,
and Gr = [0, ..., U] ecKMM where G, G, and G e CMRxMr BD

ANOMAX consists of two steps. In the first step, the system is converted into K parallel
independent sub-systems via the BD design of Gg and G. Then, in the second step, for each
single-pair two-way relaying sub-system, we use the ANOMAX algorithm [RH09] to calculate
(k)
Gy~ i
Let us define the combined channel matrix H®) for all UTs except for the kth UT as

AW =[O . gED gED g0, (6.11)

where H®) =g hy | and hp, is the kth column of Hi.
Let L) = rank{f{ (k)} and calculate the singular value decomposition (SVD)

% - [ffs(k) ﬁék)] SE (6.12)

where U}gk) contains the last (MR—E(k)) left singular vectors. Thus, UIE’“) forms an orthogonal
basis for the null space of H® Therefore, we choose Ggg) = erE’“)ID}E’“)H € CMr*Mr which is
a projection matrix that projects any matrix into the null space of H®)_ Due to the channel
reciprocity, we can simply set G(Tk) = ch )T.

Next, we define the matrix
k T T
K = [5(GPR) @ (G hpi) (1-B) (G o) @ (G h))) ],

which is needed to calculate the ANOMAX solution of Gék) [RHO09]. The parameter 3 € [0, 1]
is a weighting factor.

Then we compute the SVD of Kék) as Kék) = U[gk)E(ﬁk)Vﬁ(k)H. Let the first column of Uék),

i.e., the dominant left singular vector of K ék) be denoted by ug? According to the ANOMAX

concept, the matrix Gék) is then obtained via
k k)*
Gé ) UNVEC M x Mg {ur(&f } (6.13)

In this chapter we use equal weighting and therefore (8 is set to 0.5. This algorithm has the
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dimensionality constraint that Mg > (2K - 2).

6.3.3 ZFDPC based design

The multi-antenna BS has the ability of jointly encoding its transmitted data streams or
of jointly decoding of its received data streams. To further make use of this capability, we
introduce the ZFDPC based beamforming design.

Let us partition Gg = [G%, G%]T and assume that G = GIT{. Moreover, let Ly =
rank(Hy) and define the SVD of Hy as

Hy =[Uys Uya|SuW e Ces, (6.14)

where Uy ,, contains the last Ly = M- Ly left singular vectors. Thus, with the same reasoning

as in Section 6.3.2, we choose
Gg = Uy, Ujj,, € CMrxe,

Furthermore, let us define Gg = IIo ® Iy, € CZMrx2Mr and 0,k to be the K-by-K matrix
with all zero elements. Then the concatenated received signal at the BS and all UTs can be

written as

yB | _ 'yOWBHgGHBFB WBHEG%;GUHU ) dg + 71 e C(MB+E) (6.15)
HEGEGBHBFB Orxi

Yyu dy

Heg

In equation (6.15), the first Mp rows represent the received signal at the BS (yp). We
further assume that the BS has perfect channel knowledge, and thus, the self-interference term
which corresponds to the upper left block of Heg can be subtracted from yg. Then, the
system is further decomposed into two-sub systems where the upper right part is equivalent
to the uplink of a one-way relay broadcast channel and the lower left part is equivalent to the
downlink of a one-way relay multiple access channel. In the next step, we show how to design
Gy, Fg, and Wp using ZFDPC.

ZFDPC is a suboptimal beamforming solution which has been used in several multi-user
MIMO relaying references ([YH10], [TCHCO06], [EW08a]). Thus, we will also modify the

ZFDPC design for our scenario.

First, we apply the QR decomposition and the SVD to the channel matrices Hy and Gg Hp
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respectively,
H} = MyQu e CE*Mr (6.16)

where My € CE*MR js a lower triangular matrix and Qu € CMr*Mr ig g unitary matrix. The
SVD of GgHgp is denoted by GgHp = UBEBVBH e CMr*Ms_ Then the linear processing

matrix Gy can be expressed as:
Gy = UjQj; e CMoMr, (6.17)

Moreover, the precoding matrix Fg is chosen as Fy = \/Alj[:iVB and the decoding matrix Wp
is constructed as Wg = Fg e CMBxMs

Inserting Gy, Fg and Wpg into (6.15), the upper right matrix in Heg is converted into
an upper-triangular matrix while the lower left part of it is converted into a lower-triangular

matrix, as shown in the following.

T P, T T
[roWsHGHgF; M—iEBMU]'[dB] \ e CM+E)
dy

YB
|:yU] |: \/%MUEB Orxi

Heg

Assuming that the BS has also perfect knowledge of the interference signals, it can utilize a
successive interference cancellation (SIC) receiver to decode each data stream. For each UT,
the interference can be canceled by applying a DPC coding at the BS with perfect knowledge of
the interfering signals. Unfortunately, the ZFDPC design has also a dimensionality constraint,
which means My > 2K. Furthermore, since this is a non-linear algorithm, it has the highest

computational complexity among the three proposed algorithms.

6.3.4 Simulation results

In this section, the performance of the proposed algorithms is evaluated via Monte-Carlo
simulations. The simulated MIMO flat fading channels hy and Hp are spatially uncorrelated
Rayleigh fading channels. The SNRs at all nodes are defined as SNR = 1/03 = 1/0% = 1/0?.
All the simulation results are obtained by averaging over 1000 channel realizations. “CI”,
“ProBaSeMO(BA)”, “OWR ZFDPC”, and “Toh09” denote the algorithms in Sections 6.3.1,
6.3.2, 6.3.3 and [T'S09], respectively. Note that the curves labeled “Toh09” in our results are
obtained by using the pseudo-inverse of Hp and Hy in (6.8).

As can be seen from Figure 6.2, “ProBaSeMO(BA)” provides the best performance and is
8 dB better than “Toh09” in the high SNR regime. The “OWR ZFDPC” curve is as good as
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6 Relay broadcasting channel

“CI” and is close to “ProBaSeMO(BA)”. However, it should be noted that “OWR ZFDPC”
has the highest complexity. Moreover, all the curves have the same slope at high SNRs which
implies that they possess the same multiplexing gain.

Figure 6.3 show the system loading when My = 20 and the SNRs at all nodes are 25 dB. It
can be seen that due to the dimensionality constraint for “ProBaSeMO(BA)” and “CI”, there
is an inflexion point after which increasing the number of UTs will decrease the system sum
rate. For “OWR ZFDPC”, although there seems to be also an inflexion point when the system
is heavily loaded (at K =9), the sum rate does not drop as quickly as in the case of the other

two algorithms.

6.4 Summary

In this chapter we discuss our proposed precoding techniques (at both BS and relay) in [ZRH11]
for the multi-user two-way relay broadcasting channel with a MIMO AF relay. We propose
three suboptimal algorithms, namely, the CI approach, the ProBaSeMO (BA) approach and
the ZFDPC based design, for computing the transmit and receive beamforming matrices at
the BS as well as the linear amplification matrix at the relay. The CI approach relies on the
existence of the inverse of the compound channel. Although it can be easily implemented, it
amplifies the noise and thus the performance is limited. The ProBaSeMO approach is applied
while assuming that the precoder and decoder of the BS are fixed. Thus, its performance
might be far from the optimal performance. Although the ZEDPC approach also requires a
sufficient number of antennas at the relay, it suffers only a little when the number of user
pairs K increases compared to the two approaches before. But it has a high computational
complexity.

Simulation results have illustrated that

e When there are sufficient antennas at the relay, the proposed algorithms have almost the
same performance. Among the proposed algorithms “ProBaSeMO(BA)” provides the
best balance between complexity and performance. All the algorithms outperform the
algorithm in [T'S09].

e When the system is heavily loaded, i.e., the required number of antennas at the BS and
at the relay for performing the proposed algorithms are satisfied with a small margin,

“OWR ZFDPC” can still perform well due to its non-linear nature.
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7 Summary of the two-way relaying networks

7.1 Summary of contributions

This part of the thesis devotes to the signal processing algorithms design for TWR, networks

with AF relays. Our major contributions are summarized as:

e The projection based separation of multiple operators (ProBaSeMO) algorithm has been

proposed to accomplish the relay-assisted physical resource sharing in a TWR network
with a MIMO AF relay [RZHJ10], [ZRH12b]. The ProBaSeMO algorithm is flexible and
can be extended to the multi-antenna user case and can be adjusted for different utility
functions. We have also demonstrated that in a two operator case the non-orthogonal
sharing approach can provide a two-fold gain in terms of sum rate compared to the time
shared approach when the SNR is large enough and when there are many antennas at
the relay. For the aforementioned time shared approach the relay is assumed to have
half number of antennas. If in a time shared approach only 4 antennas are at the relay
and the number of antennas at the relay increases linearly as the number of operators in
the non-orthogonal sharing approach, i.e., four times the number of operators, then the

sharing gain increases linearly with the number of operators.

The sum rate maximization problem of a multi-operator TWR, network with a MIMO
AF relay has been solved using the gradient based solutions or the POTDC inspired
algorithm [ZVKH13]. Compared to the gradient based solution in [ZRH12b], the POTDC
algorithm provides a polynomial-time solution. Compared to the ProBaSeMO scheme,
the POTDC algorithm or the gradient based solution is especially suitable for a near-far

scenario.

Optimal relay amplification matrices, which minimize the transmit power at the relay
subject to SINR constraints at the UTs or maximize the minimum SINR constraints
subject to the transmit power constraint at the relay, have been derived for a TWR
network with a MIMO AF relay [ZBR"12]. The former problem is solved using the
iterative SOCP approach, which has a lower computational complexity compared to
the conventional SDP approach. The latter problem is solved using a bisection search

together with a SDP approach.
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e To exploit the non-circularity of the source signals by using WL processing at the relay,
widely linear relay amplification matrices have been developed for a TWR network with
a MIMO AF relay [ZH13]. Optimal widely linear relay amplification matrices have been
derived, which can minimize the transmit power at the relay or maximize the minimum
SINR at the UTs. A suboptimal solution has been derived based on the DCM method.
Moreover, a large scale analysis has been performed and analytic results on the achievable
widely linear gain have been obtained. If the available transmit power at the relay is
much larger than the available transmit power at the UTs, a two-fold widely linear gain

is achieved.

e Sum rate maximization problems have been addressed for cooperative multi-pair TWR
networks with multiple single antenna AF relays [ZRH"12¢|, [ZRH12a]. Global optimal
solutions have been obtained regardless whether a total transmit power in the network is
considered or individual transmit power constraints per relay are considered. The solu-
tions are obtained using the monotonic optimization framework. Suboptimal solutions,
which have close to optimal solution, have also been developed based on other design

criteria, e.g., maximizing the total SINR.

e We have studied interference neutralization problems for non-regenerative TWR net-
works [ZHJH14c|, [ZHJH14a|, [ZHJH14b]. The considered relaying network contains
multiple multi-antenna AF relays and dummy repeaters. Necessary and sufficient condi-
tions for interference neutralization have been derived. Moreover, a general framework
to optimize different system utility functions in such a network with and without inter-

ference neutralization has been developed.

e We have considered the beamforming design problem for a two-way relay broadcasting
channel with a MIMO AF relay [ZRH11]. To optimize the performance of this channel,
a joint design of the precoder and the decoder at the BS and the relay amplification
matrix at the relay has to be performed. Nevertheless, we resort to suboptimal solutions.
Linear transmit strategies have been designed using the channel inversion criterion or
the ProBaSeMO concept. A non-linear transmit strategy has also been proposed based
on the ZEFDPC method.

We would like to emphasize that for all the considered mutli-operator/multi-pair TWR
scenarios the proposed non-orthogonal resource access schemes, i.e., SDMA based solutions,
are better than the orthogonal resource access schemes, i.e., TDMA based schemes, especially

when there are many antennas at each relay, there are many relays in the network, or the noise
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7 Summary of the two-way relaying networks

is weak. More related contributions that are not explicitly discussed in this thesis but worth

mentioning are:

e Different types of relay sharing scenarios have been presented in [LZR"11], [ABZ12]. We

have developed novel physical layer solutions to accomplish different types of relaying
sharing. The developed algorithms provide a significant sharing gain compared to an

exclusive resource sharing approach.

In [GZV*12], [GVJ*13a], and [GVJ*13b] we study a three-node TWR channel, where
each node has multiple antennas and the relay uses the DF relaying strategy. Moreover,
the superposition coding scheme is applied. Our task is to maximize the achievable rate
region by optimizing the transmit strategies at the relay as well as at the UTs. By
analyzing active constraints at the optimality, we have proven that the optimal transmit
strategy problem can be decoupled into several power allocation problems, all of which
can be solved using the water-filling algorithm. Thus, analytical solutions have been
obtained at the end.

We have proposed a novel channel estimation scheme for estimating the channel between
the UT's and the relays in a TWR channel with multiple MIMO AF relays [ZNH14]. The
proposed scheme is based on the block component decomposition. It is more flexible
compared to the state of the art channel estimation schemes since it allows the relay to
apply a full relay amplification matrix instead of a diagonal relay amplification matrix.
This will become a major enabler for further optimizing the relay amplification matrix

in the training phase.

7.2 Future work

Two-way relaying is a promising technique for satisfying the high data rate needs in the future

dense networks since it is cost efficient, flexible and uses the spectrum in a more efficient way

(compared to the traditional one-way relaying). Nevertheless, to deploy the TWR protocol

in future wireless systems, there are still many practical and theoretical issues needed to be

solved especially on the PHY and MAC layer. In my opinion, future researches shall address

the following areas:

e The fundamental information theory limit of the TWR system is still unknown. Although

AF and DF relaying strategies have been intensively studied in the literature, the best
relaying strategy in a certain scenario is still unclear. Thus, it makes sense to study the

fundamental limits of the TWR systems.
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e There are still remaining problems regarding the relay transmit strategy design of a
multi-pair TWR scenario or a TWR based relay broadcast channel. For example, energy
efficient relay transmit strategies have not been studied for multi-pair TWR scenarios.
Similarly, distributed beamforming design for a system with multiple single or multiple-
antenna relays should be investigated. Optimal transmit strategies subject to peak power
constraint(s) should be studied because in a practical RF chain a peak power constraint
per antenna is more realistic compared to an average power constraint. When each user
has multiple antennas, optimal joint design of the relay amplification matrix and the
precoder and the decoder at the users need to be investigated. If strongly non-circular
signals are transmitted and each user has multiple antennas, a joint WL design of the
relay amplification matrix and the precoder and the decoder at the users should be
investigated. It is also important to study the analytic performance of the proposed

transmit strategies, e.g., the analytic sharing gain of the ProBaSeMO scheme.

e To achieve the best performance, perfect CSI is desired. However, in practice it is difficult
to obtain perfect CSI. Therefore, robust transmit strategies to combat the imperfect CSI,
which are already existing for MU-MIMO downlink systems, e.g., [ZRH13], should be
studied.

e The beamforming design requires certain CSI knowledge, e.g., instantaneous CSI, second
order statistics of the CSI. For TWR systems, it is natural to estimate the channels and
design the beamforming matrices at the relay. However, it has been shown in [RH10b]
that the traditional training based channel estimation method is inefficient for obtaining
the CSI at the relay. A more efficient pilot design together with channel estimation

algorithms or even blind channel estimation schemes shall be studied.

e Unlike conventional cellular networks, there is no widely used topology for relay planning
in existing networks. One of the reasons is that relay networks are interference limited
networks. Although relays help to improve the network quality, they might also create
interference to the macro-cell users. Such effects have not really been well studied. Novel
resource allocation (or cross layer design) algorithms, e.g., scheduling of the macro-cell
users and relay users, relay selection, are needed especially when the system is fully
loaded.

e In a system with two-way relays the uplink and downlink communications links are
coupled. This may leads to difficulties when introducing the TWR protocol into modern

cellular networks such as LTE or LTE-A that are based on multicarrier techniques.
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7 Summary of the two-way relaying networks

In LTE the air interfaces for the downlink, i.e., OFDMA, and the uplink, i.e., single
carrier frequency division multiple access (SC-FDMA), are different. To use the TWR
techniques more efficiently, a joint consideration of the air interface of the downlink
and the uplink might be required. Moreover, if the channels of different subcarriers
are correlated, a chunk based design of the relay transmit strategies for the considered
scenarios can be considered. That is, instead of a per subcarrier design, the transmit
strategy for a group of subcarriers can be designed based on their equivalent channel.

This is computationally more efficient compared to a per subcarrier design.

Link adaptation is well adopted in modern wireless communication systems as an efficient
closed-loop method for improving the system performance. How the relay should behave
in the link adaptation procedure in relay-assisted networks is an interesting issue to
address. For example, when the DF relay is applied, the relay decodes the received
signal and thus can provide a metric for the quality of the CSI of the instantaneous
channel. It can then inform the communication partners so that they can change their

modulation and coding schemes (MCSs) accordingly.

Compared to the OWR protocol, the TWR protocol might be more sensitive to synchro-
nization errors since in the first phase it requires the signals from the two users to arrive
at the relay at the same time. Thus, the impact of imperfect synchronization (either

timing errors or carrier frequency offsets (CFOs)) shall be investigated.
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Full-duplex wireless communication systems
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This part of the thesis is devoted to the development of transmit strategies to enable a
simultaneous transmission and reception of a full-duplex (FD) transceiver with limited dynamic
range. The major challenge of enabling a FD operation is that the loop-back self-interference
(SI) is much stronger (60 - 100 dB) than the received desired signal [CJLK10]. The ST has to be
suppressed. Otherwise, it will prevent correctly detecting and decoding of the desired signal.
Due to the limited dynamic range and imperfect RF chains at the transceiver, current SI
cancellation techniques cannot provide efficient SI suppression in realistic scenarios (although
in experiments the reported suppression is up to 80 dB [JCK*11]).

Therefore, in Chapter 8 we develop flexible digital SI cancellation techniques for FD point-to-
point (P2P) systems. More specifically, we propose to exploit the multiple antennas at both the
transmitter and the receiver, i.e., MIMO techniques. To this end, a novel SI (limited dynamic
range) aware transmit beamforming based FD MIMO system model is proposed. Optimal
transmit strategies, which maximize the sum rate for the MISO and the MIMO setup, are
derived. Analytic solutions are obtained using convex analysis. Since the proposed transmit
strategies require channel state information (CSI) at the transmitter, which is imperfect in
practice, robust transmit strategies to combat worst-case CSI errors are also proposed. In
Chapter 9 we deal with other drawbacks of the current SI cancellation techniques. That is,
imperfect RF chains can result in residual SI, which can affect the system performance as
well as the design of transmit strategies. Thus, we develop efficient transmit strategies, which
maximize the signal to leakage plus noise ratio (SLNR), and power adjustment techniques to
combat the residual interference. In contrast to the existing approach in [DMBS12] and [Cir14],
our proposed approaches do not require the CSI to be invariant over every two consecutive
time slots. It is worth emphasizing that the proposed design concepts in this part can be
extended to a OWR scenario with an AF FD relay [ZTH13a|, [TZH14].

A summary of our achievements and an overview of possible future work are finally provided

in Chapter 10. Proofs and derivations are moved to Appendix D to enhance the readability.



8 Self-interference aware transmit strategies for

full-duplex point-to-point MIMO systems

This chapter is devoted to the optimal linear transmit strategies for a full-duplex (FD) point-
to-point (P2P) MIMO system with limited dynamic range. We first motivate the necessity of
developing self-interference (limited dynamic range) aware transmit strategies for a FD P2P
MIMO system in Section 8.1. Afterwards, we describe the self-interference (SI) limited FD
system in Section 8.2. Optimal linear transmit strategies are then developed to maximize
the achievable sum rate of the FD MIMO system [ZTLH12] in Section 8.3. The proposed
transmit strategies require CSI at the transmitter, which is imperfect in practice. Therefore,
robust transmit strategies to combat the imperfect CSI [ZTH13b] are introduced in Section 8.4.

Finally, the proposed algorithms are evaluated via numerical simulations in Section 8.5.

8.1 Motivation and state of the art

Full-duplex (FD) wireless systems have the potential to double the system spectral efficiency
compared to half-duplex (HD) systems [JCK"11]. The main difficulty in implementing a FD
system is that the strong loop-back SI exceeds the limited dynamic range at the receiver, i.e.,
60 - 100 dB stronger as reported in [CJLK10]. This phenomenon is critical since it saturates
the receiver which will not only prevent the correct reception of the desired signal but may
also damage the device. Thus, to exploit the advantages of FD operations, the SI has to be
suppressed. The receiver knows its transmitted symbols. Ideally, if the CSI is available at the
receiver, the SI can be estimated and thus can be subtracted. This kind of SI cancellation
technique is also called time-domain cancellation [RWW11], which is supposed to be applied at
the digital baseband of the receiver. However, in practice, the components of RF chains (e.g.,
the power amplifier (PA) and analog-to-digital converter (ADC)) have limited dynamic range.
For example, as the receiver automatic gain control (AGC) keeps the total ADC input at a
constant level, higher SI power requires a larger dynamic range. Otherwise, the desired signal
power is reduced and thus its resolution is weak, which will results in a bad performance of
the transceiver. For more details regarding the linearity and dynamic range of the transceiver
chain we refer to [KSA*14] and the references therein. In other words, a perfect digital domain
SI subtraction is far from realistic. Therefore, different SI suppression approaches have been

proposed to realize FD transceivers and especially SISO FD systems. Most of the proposed
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Table 8.1: A summary of the existing SI cancellation techniques.

SI cancellation techniques References Institute ¢
Aqal Antenna attenuation [Khal0], [EDDS11] RiceU, UWaterloo, AaltoU
nalog
RF cancellation ° [CJLK10], [JCK*11], [SPS11] StanfordU, RiceU
digital time domain cancellation [RWW11], [HLM*12] AaltoU, UCRS
igita
frequency domain cancellation ¢ [RVW13], [ZTLH12] TUIL, AaltoU

“The research institutes include Stanford University (StanfordU), Aalto University (AaltoU), Rice University
(RiceU), University of California Riverside (UCRS), University of Waterloo (UWaterloo), etc..

This includes Balun effect, auxiliary transmit chains, etc.

“This includes receiver-side subtraction and spatial-temporal transmit beamforming

“This includes spatial suppression techniques, e.g., null space projection and SI aware transmit beamforming

approaches involve advanced concepts in both RF transceiver architecture and digital signal
processing at the receiver. The simplest approach is to use directional transmit and receive
antennas to decouple the transmit and receive signals [EDDS11], which is also known as
antenna attenuation. However, this approach is only suitable when the transmit antennas and
the receive antennas are sufficiently separated. In [CJLK10], a RF cancellation approach was
proposed, which requires two transmit antennas. By proper position adjustment, the signals of
both transmit antennas overlap destructively at the receive antenna, which leads to a certain
degree of SI cancellation. This approach can be regarded as a static beamforming approach and
has the drawback that it is only suitable for narrow band transmissions and requires accurate
manual tuning of antenna positions. In [JCK*11] and [SPS11], more advanced approaches
are proposed, which can cope with larger bandwidths. In [JCK"11] a balun is used at the
transmit antenna input to feed an inverted as well as amplitude and phase adjusted version
of the RF transmit signal to the output of the receive antenna to cancel the SI. In [SPS11],
an auxiliary transmit path is used to feed a cancellation signal to the receiver input for RF
cancellation, where the cancellation signal is a preprocessed version of the own transmitted
signal to match the actual signal. These SI cancellation methods can be categorized as RF
cancellation techniques. If both the transmitter and the receiver have multiple antennas, then
spatial domain suppression techniques can be deployed to null the SI, i.e., the precoding matrix
at the transmitter and the decoding matrix at the receiver are jointly designed such that the
ST is nullified [RWW11] and [RVW13]. Clearly, the spatial domain suppression techniques are
also performed in the digital domain. The existing SI cancellation techniques are summarized
in Table 8.1.
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Nevertheless, the cancellation ability of the RF cancellation schemes has not yet been verified
in real-world applications and thus their stability is unknown. The extension of the these
schemes for MIMO systems is unclear. Actually, it is possible that after the RF cancellation,
the receiver might be still saturated. On the other hand, the spatial domain suppression
techniques will in general consume the available spatial dimensions and thus the multiplexing
gain of the system is significantly effected. This issue is also pointed out in [RVW13]. Moreover,
in [RWW11] and [RVW13], the time-domain subtraction technique and the spatial domain
suppression techniques are treated as competitors. Yet, there is another possibility which is
ignored. That is, the time-domain subtraction technique can be combined with the spatial
domain suppression techniques to provide an enhanced digital domain SI cancellation and/or
to improve the resulted system performance. For this purpose, we propose the concept of the
SI aware transmit beamforming. That is, when the spatial domain suppression techniques
are deployed, we design the transmit beamformer such that the SI power is suppressed up
to a certain threshold, instead of zero-forcing (ZF) as in [RVW13]. The residual SI will be
canceled using the time domain cancellation technique. There are several benefits of this design
concept. Compared to pure spatial domain suppression techniques, the multiplexing gain of
the system can be preserved depending on the threshold. Compared to the pure time-domain
subtraction technique, the SI is suppressed before going through the transceiver with a limited
dynamic range. Therefore, more dynamic range will be reserved for the desired signal, and
the saturation of the receiver RF chain due to a strong loop-back SI can be avoided. Our
concept can be realized by setting an additional constraint on the received SI power. Based
on the proposed method, optimal transmit strategies can be developed such that the system
performance is improved and the SI is suppressed. However, to achieve the best performance,
perfect CSI is required, which is difficult to obtain in practice. Thus, robust design approaches
which take into account the imperfections of the CSI such as [WP09] are important for a
realistic system implementation. Therefore, we also develop robust transmit strategies by

applying a worst-case deterministic channel error model in case of imperfect CSI.

8.2 System model

Two transceivers with identical hardware configurations communicate with each other as de-
picted in Figure 8.1. Each transceiver has My transmit antennas and M, receive antennas. The
transmitter and the receiver at the same transceiver are indexed by {7,j} € {1,2} and i # j. We
assume perfect synchronization. The channel is frequency flat and quasi-static block fading.

The desired channel from the i-th transmitter to the i-th receiver is denoted as Hj; € CMr*M:

155



8 Self-interference aware transmit strategies for full-duplex point-to-point MIMO systems

=

Device 1

Py

X

[\}

—

X

[\
Device 2

=
=
_<

Figure 8.1: The sketch of a symmetric full-duplex point-to-point MIMO system.

while the SI channel from the i-th transmitter to the j-th receiver is Hj; € CMexMe — A]] the
channels have full rank, i.e., rank(Hj;) = rank(H ;) = min(M;, My).

Let the i-th transmitter transmits the data vector s; with the precoding matrix W; e CMvx7i
where r; is the number of transmitted data streams of the corresponding transmitter. Then

its transmitted signal vector x; can be written as

xr; = VViSi (81)

)

with the transmit power constraint E{|z;[?} < EiPi(TH where ¢; € R*. The elements of s; are
independently distributed with zero mean and unit variance. Moreover, we define a SI power
constraint as

TH
E{nj | Hijz;|} < P, (8.2)

where 7); € R* denotes the ratio between the path-loss of the SI channel and the path-loss of
the desired channel, i.e., the near-far ratio, and PZ.(TH) denotes the threshold of the received
ST power, which should be achieved by using the spatial domain (in other words, SDMA)
suppression techniques. Note that the effects of antenna attenuation (if applied) and RF
cancellation techniques (if applied) can be taken into account using the factor 7;, i.e., treated
as artificial path loss. A smaller 7; means that more SI suppression is provided by antenna
attenuation and the RF cancellation techniques. The factor ¢; represents the ratio between
the maximum allowable transmit power and the maximum allowable SI power of the i-th

transceiver. As will be discussed in Section 8.3, when 7); is fixed, ¢; decides whether the spatial
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dimensions are used to suppress the SI or not. The constraint (8.2) implies that if the ST power
is below this required threshold, the SI suppression is sufficient and the received signal power,
including the desired signal power and the residual SI power, is within the dynamic range of

the receiver. The received signal at the i-th receiver is written as

M,
vy, = Hx; +, /njHij:Bj +n; € CYr (83)
—
desired signal residual Sl

where n; denotes the zero-mean circularly symmetric complex Gaussian (ZMCSCG) noise and
E{n;n;} = JﬁI My, Vi. If channel knowledge is available at the receiver, the residual SI can be
subtracted using the time-domain subtraction technique since the transceiver knows its own
transmitted signal. If we further ignore the remaining SI after the subtraction, the received
signal is simplified as

§i = Hyx; +m; e CMr (8.4)

One biggest advantage of this design, as will be seen in Section 8.3, is that it decouples the
design of the precoders of the two transmitters, which cannot be achieved in general, e.g.,
[DMBS12]. One important assumption of this design is that the threshold has to be known in
advance. We will discuss this assumption at the end of Section 8.3.

Given the above system model and assuming perfect channel knowledge at the transmitter,
in the following we develop linear transmit strategies which maximize the system sum rate

and derive analytic solutions for the MIMO and the MISO setup, respectively.

8.3 Optimal linear transmit strategies for sum rate maximization

In this section we solve the sum rate maximization problem for the MISO and the MIMO

setup separately.

8.3.1 MISO setup

The sum rate maximization problem for the MISO setup is given by:

2
max Z log, (1 + 'withhii'wi)
Wi 0
s. t. wl-Hwi < eiPi(TH)

meHh?lhﬂwz < Pi(TH), 1€ {1, 2}, (8.5)
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where w; € CV, h;g eCV, h;-ri e CN are vector versions of W;, H;;, H ji» respectively. Since
in problem (8.5) the design of w; and wy can be decoupled, it is equivalent to solving the

following sub-problem, V1,

H; H

w;
s. t. 'wZH'wi < eZ-Pi(TH)
H

Problem (8.6) is non-convex QCQP problem. As we have discussed in Section 3.6, a common
approach to solve (8.6) is to apply the SDR technique to first obtain a convex problem [HP10],
as also introduced in Appendix B.3.5. That is, define X; = wi'wiH. By dropping the rank-1

constraint on X;, Vi, we get the following convex problem
max Tr{hgthz}

s. t. X; > O,TI‘{XZ'} < EiPi(TH)
Te{n;hlth;i X;} < P, (8.7)

A rank-1 optimal solution of (8.7) is the solution to the original problem. Fortunately, accord-
ing to Corollary 3.4 in [HP10], problem (8.7) has a guaranteed rank-1 solution and thus the
iterative rank-1 extraction technique in [HP10] can be used.

Nevertheless, the interior-point algorithm only provides numerical solutions which do not
give all the insights of the problem. If possible, an analytic solution is preferred. To this end,
we analyze the active' and inactive constraints of problem (8.6). The following proposition is

derived.
Proposition 8.3.1. At the optimality of problem (8.6), Vi,

i) The transmit power constraint is always active. This implies that either both the trans-
mit power constraint and the SI power constraint are active or only the transmit power

constraint is active.

i) If the SI power constraint is inactive, the optimal transmit strategy is the mazximum ratio

Ve P(THpH

transmission (MRT) scheme, i.e., Wopt; = T\” A two-fold FD gain in terms of

sum rate is achievable.

! Active constraints means that at the optimality the constraints are satisfied with equality [BV04].
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Proof. Please see Appendix D.1. O

When both of the constraints in (8.6) are active, an analytic solution can be derived and

the following corollary is obtained.

htlh;
Corollary 8.3.2. Define the orthogonal complement of h?i e CMe g5 Iy = In, - W €
Ji 7

CMeMe - When both of the constraints in (8.6) are active, the optimal beamformer is given by

rio | P
o 7t i . ]Oéopt,i+Hl .b . 8.8
N T R PN Ao (&)

L X H AN-1_H . M - L. 1 1x M, L Ji
where bopt,i = (Vopt,iln, = 2y ;2v,i) " 2y,%s1 € C7F, 2y = hyIlq € V0 2y = e\~ €
1

J
hiin’tH bopt,i
C, voptyi = | 2v,il* - s illzvi] and aopt,; = arg{ ———s—
» Yopt,i v, \/( 1 ) (TH) ) opt,? hithHi
K2

€im
nillhjil?

i

Proof. Please see Appendix D.2. O

8.3.2 MIMO setup

The sum rate maximization problem for the MIMO setup is formulated as:

)

2
max . log, (

1
Iy + 5 HiQ:H;;
Un

Qi 3
s. t. Q; =0, TI'{QZ'} < EiPi(TH)
Te{mH;Q:HNy < P, e (1,2}, (8.9)

where Q; = VVZWZH Since in problem (8.9) the design of @Q; and Q2 is not coupled so that we
can design them separately, i.e., Vi, we solve
st Qiz0, Tr{Q;}<eP™

Te{n H;;Q:H} y < P, (8.10)

1
min - log (‘IM + —H;Q;H}
Q o2

i

According to [BV04], problem (8.10) is a convex problem since both the cost function and the
constraints are convex. Thus, it can be solved using the interior-point algorithm in [BV04].

1
Define the EVD of Q; = UiEiUZ-H. The optimal precoding matrix is given by W; oy = U; 372
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8 Self-interference aware transmit strategies for full-duplex point-to-point MIMO systems

Similar as in the MISO setup, we investigate the possibility of obtaining an analytic solution
to problem (8.10). We start by first pointing out that at least one of the constraints in (8.10)
is active at the optimality. Otherwise, the optimal Q; opt can be scaled up to satisfy at least
one of the constraints with equality while increasing the objective function, which contradicts

the optimality. Based on this fact, we are able to prove the following proposition.
Proposition 8.3.3. At the optimality of problem (8.10), the following statements hold:

i) If the transmit power constraint is active while the SI power constraint is inactive, the
analytic solution is obtained by using the SVD of Hy; together with the water-filling
(WF) power allocation, i.e., the optimal solution for a HD P2P system. Two-fold gain

s achievable;

ii) If the transmit power constraint is inactive while the SI power constraint is active, the
analytic solution is given by the WF power allocation over the eigenmodes of the effective
channel H”H;rZ

Proof. Case i): after dropping the inactive SI power constraint, the remaining problem is the
same as the capacity achieving precoder design problem for a HD MIMO system [PNGO3].
Thereby, the solution is the well-known WEF solution [PNGO03].
Case ii): Let us define QAZ = HiniHE. If the pseudoinverse of H;’Z = (HﬁHﬂ)_lHﬁ
(M > N is required) exists, then we have Q; = H;QzH ]*lH Problem (8.10) is reformulated as
min - log (‘IM + %HiiH-*iQiHﬁHHE

Qi ! )

st Qi=0, Tr{n@;}=p™™ (8.11)

n

Problem (8.11) has the same formulation as the MIMO capacity achieving problem for a HD
system in [PNGO3] and thus it can be solved using the WF algorithm. This solution is called
inverse WF. O

When both constraints are active, an analytic solution is in general difficult to obtain. A
possible routine for obtaining an analytic solution for such a situation is to apply the Karush-
Kuhn-Tucker (KKT) conditions in [BV04] and Appendix B.2, which are first-order necessary
conditions for optimality. The intention behind this approach is that the solution obtained
from the KKT conditions (if it exists) is also globally optimal since our problem is a convex

problem. For the case M, = My = 2 an analytic solution is derived in the following proposition.
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8.3 Optimal linear transmit strategies for sum rate maximization

Proposition 8.3.4. Define the EVD of A;; = HIH;iJo? = Uy; - diag {\;;} U}l and Bj; =
T T
H]IgHﬂ = Uji dlag {)\ﬂ} U]H where }\” = I:)‘ii,la Ty )‘ii,Mt:I and Aji = [)\ji,lu ey )‘ji,Mt] are the

'R
. . . H aip a2

corresponding eigenvalue profiles of Ay; and By, respectively. Define U;; A;;Uj; = [ . ]
(1 22

where a1 € R, age € R, and a1 € C. When M, = M; =2 and both constraints are active at the

optimality of problem (8.10), Vi, the optimal Q; is computed as

Qpsp,i if Qpsp,; = 0;
H
Qopt.i = wiale?® | [lviale’ | 4 _ (8.12)
i U.: otherwise
J 7t ’
[vi2 [vi 2]
where Qpspi = (pilag, +vimiBy) ™ = AL, py= 2ty A2, o1, 1
PSD,i PilM, i Bji i PUT Nagim " NieziE? U0 BNk | EoNigd
(TH) (TH)
~ (TH) 2 -1 = _ (TH) -1 _ P; /ni—)\ji,QEin _
Zi= b+ Y Nins 7= By i+ Te{Byi Ay o] =\ A5 25 [viel =
Njiae PPy, _
\/ VP v , and a; = arg{aja}.
Proof. Please see Appendix D.3. O

Remark

Remark 10. When the proposed concept is applied to a SISO setup, the optimal solution is

readily available. The sum rate maximization problem for the SISO setup is given by

2
mlgax 2 log, (1 + Pilhii|2)

i i=1
s.t. P;< eZ-Pi(TH)

Pyilhjil* < Pi(TH), ie{l,2}. (8.13)

Since in this case only the transmit power P; € R, can be tuned, an analytic solution is obtained

p(r) P
ity " milhgil? )

as Popt,i = min(

Remark 11. Compared to a pure HD system, our design concept results in a HD system with
an additional constraint, i.e., the SI power constraint. This can be interpreted as that each
transceiver maximizes its own performance while suppressing the interference, which it causes
to the received signal from the other transmitter, up to a certain level. Clearly, this design
requires that Pi(TH) is known a priori. This is possible in practice. For example, a typical
received signal power in a LTE system is -83.9 dBm [RVW13]. The value of PZ.(TH) can be set
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8 Self-interference aware transmit strategies for full-duplex point-to-point MIMO systems

to a fraction of -83.9 dBm such that the SI power is sufficiently low. That is, the threshold
Pi(TH) is fixed. When Pi(TH) is fixed, it can happen that the received signal power is still
worse than the received SI power. For example, if there are not sufficient spatial dimensions,
which can be used to suppress the SI and thus the transmit power has to be reduced to satisfy
the SI power constraint. Since the transmit power is reduced, the received power is reduced
and might be smaller than the received SI power. If one of the desired channels is weak,
this phenomenon can also happen. In such a situation, instead of fixing PZ.(TH), we propose
to update PZ.(TH) iteratively. That is, the two transceivers coordinate with each other in the

)

design of their own transmit strategy. Since only the value of Pi(TH , i.e., a scalar, needs to be

exchanged, it will not bring a large burden to the system.

8.4 Worst-case design for transmit power minimization

8.4.1 Data model under imperfect CSI

! : i N\
E q ' Hyp+ Agp <\
[+ LIRS b ; Rxq L
) : 5 o )
! M; : i M, !
: o o o LH22 + A22 : e o o :
- ! ! o
Lg | ! g
N e | 1
A ! X A !

Figure 8.2: A symmetric FD point-to-point system with deterministic channel errors.

In practice, the CSI at the transmitter can be obtained by directly estimating the channel
at the transmitter when TDD is applied and the RF end is calibrated, or by feeding back the
estimated channel at the receiver side when FDD is applied. The imperfect channel estimation
and/or the limited feedback capability cause CSI errors at the transmitter. Therefore, a robust
design to combat CSI errors is essential for a practical system implementation. Although the

FD operation, i.e., at the same time and on the same frequency, makes it possible to estimate
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8.4 Worst-case design for transmit power minimization

the channel directly at the transmitter, it is unclear what kind of calibration has to be used such
that the reciprocity holds for a FD communication link and thus there might be calibration
errors. Therefore, we apply a general CSI error model as in [WP09]. That is, the imperfect
CSI is modeled as

Hi=H;+Ay, Hj=H;+A;Vije{l,2}, (8.14)

where H;; and ﬁij are the estimated channels. The corresponding CSI errors are modeled

deterministically using A;; and A;; and they are bounded by ellipsoids [WP09] such that
Tr{AuTuAL} <vii, Tr{AyT; ALY <7ij, Vi, je{1,2}, (8.15)

where {T};, Tj;} > 0 characterize the shape of the uncertainty region of the CSI errors and >
stands for positive definite [WP09]. It is further assumed that A;; and A;; are independent
from each other. Given the CSI error model in (8.14), we can subtract the estimated SI term

I;Iijilij. Then the received signal at the ith receiver can be rewritten as

Yi = (ﬁ“ + A“)w, + Aijwj +Mn; (816)

desired signal residual SI
Let us define the total SINR at the ith receiver as the ratio between the sum of the received
signal power and the sum of the received interference plus noise power at all antennas of the

ith receiver. Then it is calculated as

Tr{(Hy + Ay)Qi(Hy + Ay)H}

SINR; = 8.17
TI‘{AZ‘ijA%} + Mrog ( )

and the SI constraint is computed by
E{| Hyja; |} = Te{(Hi; + Ay)Q; (Hyj + A"y < P (8.18)

Our goal is to design worst-case optimal covariance matrices Q;, Vi, which minimize the total
required transmit power of the system subject to total SINR constraints and SI constraints.
1

Afterwards, the robust transmit beamforming F; is determined by F; = Qf.
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8 Self-interference aware transmit strategies for full-duplex point-to-point MIMO systems

8.4.2 Worst-case transmit strategies

Our worst-case total transmit power minimization problem can be formulated as the following

min-max problem:

min max » Tr{Q;}
Vi it
Te{(Hi + Ai)Qi(Hy; + Ay)HY
TI'{AZ]Q]AS} + ]\4r0'121
Te{(Hyj + Ay)Q;(Hij + Ay)y < P

Tr{AuTuiAL} <vi, Tr{AGT; ALY <7vij, Qi=0,Vi,je{1,2}, (8.19)

21

where 7; > 0 are the SINR requirements. Noticing that the objective function in (8.19) is
independent of A;; and A;j, Vi, j, we can reformulate the cost function and get the following
equivalent problem:

Qi,\frgl;l,Aij ZZ: Tr{Qi}

Tr{(H;i + M) Qi(Hii + Ay)™}
TI‘{A”Q]AS} + ]\4}0’121
Te{(Hij + Ayy)Q;(Hyj + Ayj)1y < P (8.20b)
Tr{AGT ALY <7, Tr{A;T ALY <7, Qi>0,Vi,je{1,2}.  (8.20c)

s.t. > (8.20a)

Problem (8.20) is still non-convex since its constraints are infinite, i.e., we need to solve (8.20)
for every feasible A;; and A;; which makes it intractable. Nevertheless, by applying the S-
procedure and the Schur complement as in [WP09], it is possible to convert problem (8.22)
into a SDP problem. For this purpose, we reformulate the constraint (8.20a) such that its
dependence on A;; and Aj; is separated. Let us introduce slack variables ¢; > 0 [BV04]. Then

(8.20a) can be split into the following two constraints.

Tr{(Hy + Ay)Qi(Hy + Ayp)™} >ty
TI‘{A”Q]A,IL}I} + MrO'?l <t; (821)

Replacing (8.20a) with its equivalent constraints in (8.21), we get

min Z r{Q;}

Qiti,VAG;,Ayj 3
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8.4 Worst-case design for transmit power minimization

Tr{AUQJA Iy Mol <ty (8.22b)
Tr{(Hl-j + AIJ)Q](H” + AU)H} < Pz(TH) (8 22(3)
Tr{AuTu A} < i (8.22d)
Tr{A;T,; A} <7 (8.22¢)
QiZO,ti>0,Vi7j€{1,2}. (8 22f)

Now let us review the definitions of the S-procedure and the Schur complement from [BV04].

Lemma 8.4.1. (S-procedure [BV04]) Let Ay = AE e C™™ b e C™, and ¢ € R where
ke{1,2}. Then
:cHAla: +2-Re {blfa:} +c1 <0

implies
a:HAgzc +2-Re {sza:} +c9<0

if and only if there exists a p >0 such that

A b Ay b
7] R I el P (8.23)
by by

provided there exists a point & with
" A1& +2-Re {bl'@} +c1 <0. (8.24)

Lemma 8.4.2. (Schur complement [BV0]) Let

A BY
I‘:[B D:| (8.25)

be a Hermitian matriz. Then T = 0 if and only if D — BTA™ B > 0 (assuming A > 0), or
A-BUD'B >0 (assuming D >0).

Define 6;; = vec{All} and §;; = Vec{A where vec{-} stacks the columns of a matrix into
a vector. Using the fact that Tr{ABCD} = vec{ AN} (D" @ B)vec{C} where ® stands for

the Kronecker product, the constraint (8.22a) can be further expanded as
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= Tr{A;Q:A} +2-Re {H;;Q; A} } + H;;Q, Hj}
= 55([}\/& ®Q;)d; +2-Re {V(%C{I:IiI;I}H(IMr ® Qz)(s”} + TY{I:IllQlﬁg} -tm; >0 (8.26)

Similarly, constraints (8.22b)-(8.22¢) can be also rewritten as the following quadratic forms,

respectively.
8 (Inr, ® Q)83 + Mrof ~1; < 0 (8.27a)
S (In, ® Q)85 + 2-Re {vec{ A (Iny, ® Q)85 } + Te{ Hy;Q; HIL - PI™ <0 (8.27D)
8ii (Ing, ® Tii)8ii — i < 0 (8.27c)
8,3 (Int, ® Tij)dij i < 0 (8.27d)

Since d;; and §;; are independent, we can deal with the constraints (8.22a), (8.22d) ((8.26) and
(8.27c¢), respectively) and (8.22b), (8.22c), (8.22e) ((8.27a), (8.27b), and (8.27d), respectively)
separately. Clearly, according to Lemma 8.4.1, (8.26) and (8.27¢) hold if and only if there
exists p; > 0 such that

Iy, ® (Q; + piTy;) (In, ® Qi) vec{ H}!

S M B >0 (8.28)
vec{H;; }"' (In, ® Qi) Tr{H;Qi:H;; } —tini — pivii

To further simplify the constraint (8.28), we apply Lemma 8.4.2. Then it is worth mentioning
that we need to distinguish the two cases p; > 0 and g; = 0 since @Q;' might not exist when
wi =0 [WP09]. For p; >0, using Lemma 8.4.2, (8.28) is equivalent to

Te{H;Q,H}}} -ty — puirvii — vec{ H}) Y (Ing, ® Qi) (Ing, ® (Qi + piTyi)) ™
. (I]\/[r ® Ql)vec{ﬁg} >0

which can be further simplified to
Tr{H;;Q: H}}} - Tr{H;;Qi(Q; + 11:Tys) " Qi H}} — timi — pivii > 0. (8.29)

To decouple the matrix inverse term from (8.29), we introduce an auxiliary variable Z; €
CMexMe - By using the fact that Tr{AB} = Tr{BA}, the constraint (8.29) can be written as

the following two constraints.

Tr{H} Hii(Qi — Z:)} — tims — pivas > 0 (8.30a)
Qi(Qi +pTy) ' Qi < Z; (8.30D)
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Using Lemma 8.4.2 again, (8.30b) can be equivalently transformed into

% Qi >0 (8.31)
Qi Qi+pTy

Furthermore, it can be proven that the case p; = 0 can be integrated into the new constraints
(8.30a) and (8.31) by following a similar proof as in [WP09]. Thereby, the infinite constraints
(8.22a) and (8.22d) with respect to A;; are successfully reformulated into two equivalent convex
constraints (8.30a) and (8.31).

However, there are three instead of two sets of infinite constraints with respect to A, i.e.,
(8.22b), (8.22¢), and (8.22¢), which does not fulfill the structure of the original S-procedure.
Therefore, it is not straightforward to apply the same derivation. To tackle this problem, we
notice that the feasible region for the three constraints is equivalent to the intersection of the
feasible region of any two constraints. For instance, we can choose the sets {(8.22b),(8.22¢)}
and {(8.22c),(8.22e)} as the two pairs. Then the intersection of the feasible region of these
two pairs of constraints will give us exactly the same feasible region for the case with three
constraints. The benefits of doing this is that for each pair we can apply the original S-
procedure. Thus, we can convert the infinite constraints into equivalent convex constraints
as we have done for (8.22a) and (8.22d). Finally, the constraints (8.22b) and (8.22¢) can be

transformed into the following equivalent convex constraints

Tr{IAIiI}I:IZ-j(—Qj - Y;)} — Ki%Yij + PZ(TH) >0 (8.32&)
Yi _ .
Q >0 (8.32b)
-Q; -Qj+riTy

where #; > 0 and Y; e CMoMt are auxiliary variables. The constraints (8.22c) and (8.22¢) can

be converted to

t; — Myo2 — A\iyij > 0 (8.33a)
X; -Q;
Qi >0 (8.33Db)
-Q; -Q;+ ATy

where )\; > 0 and X; € CM*Mt are auxiliary variables. Thereby, the three constraints (8.22b),
(8.22¢), and (8.22e) can now be substituted by the equivalent four convex constraints (8.32a),
(8.32b), (8.33a), and (8.33b).

Replacing (8.22a), (8.22b), (8.22¢), (8.22d), and (8.22¢) with (8.30a), (8.31), (8.32a), (8.32b),
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(8.33a), and (8.33b), problem (8.22) is reformulated as

Qiu)I(Iil,ilI}iaZiu ;Tr{QZ}
ishhiykiyAi
st Tr{H} Hi(Qi— Zi)} — timi — payii 2 0
Te{H}jHij(-Q; - i)} ~ kivij + P >0

t; — ]\4100'][21 — )\i%j >0

Z; Qi .0, Y; -Qj .0, X, -Qj .0
Qi Qi+pTy -Q; -Qj+riTy -Q; -Qj+\Ty
Qi=0,t:>0, pi>0,m;>0,\>0,¥i,j€{1,2). (8.34)

Problem (8.34) is a convex SDP problem. Thus, it can be solved efficiently using the standard
interior-point algorithm in [BV04].

8.5 Simulation results

In this section the proposed algorithms are evaluated using Monte-Carlo simulations. The
generated channels are uncorrelated Rayleigh flat fading. For simplicity, we have ¢; =€, n; = n,
and PZ.(TH) = P, Vi. The threshold power P is set to unity and the SNR is defined as SNR. = ¢/o2.
All the simulation results are averaged over 1000 channel realizations. To demonstrate whether
and under which conditions a FD system can achieve a two-fold gain compared to a HD system
in terms of the sum rate, we define the HD baseline system. The HD baseline system has the
same hardware configurations (e.g., the same number of transmit and receive antennas, the
same transmit power constraints, etc.) as the transceiver in the FD system. It works in a
TDD HD mode, i.e., at each time slot, the HD system only receives or transmits the data.
The applied transmit strategies are capacity achieving, i.e., MRT for the MISO setup and
the SVD-based WF solution for the MIMO setup. Other than these optimal solutions, the
performance of suboptimal transmit strategies for the FD system is also demonstrated in the
simulations. For the MIMO case, we show the performance of the classical WF solution and
the inverse WF (IWF) solution derived in Section 8.3.2. This is done by first calculating the
WF or IWF solution and then scaling the obtained solution such that both constraints in
(8.10) are satisfied. The same procedure is also applied to the selected suboptimal algorithms
for the MISO setup. For a FD MISO setup, we also demonstrate the performance of the MRT
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and the ZF strategy .

8.5.1 Achievable sum rate with perfect CSI

Let “FD-Opt” denotes the optimal FD solution using the interior-point algorithm. “HD”
denotes the optimal HD solution. “FD-WEF” denotes the WF solution. “FD-IWF” denotes
the IWF solution. “FD-MRT” denotes the MRT solution. “FD-ZF” denotes the ZF solution.

Figures 8.3, 8.4, and 8.5 demonstrate the achievable sum rate of a FD MIMO system. The
parameters € and 1 can be seen as the indicator of the direct (e.g., creating a negative copy
of the transmitted signal at the receiver, e.g., using the axillary transmit chain in [SPS11])
and the indirect (e.g., artificially introducing path-loss, e.g., techniques in [EDDS11]) RF SI
cancellation ability, respectively. The smaller the € or the 7 is, the higher is the RF cancellation
ability of the FD system. Clearly, the three subfigures imply that compared to a HD MIMO
system a two-fold gain in terms of the sum rate is only achievable in the high SNR regime and
when € or 7 is small enough. It is also observed that the suboptimal solution WF and IWF
is not far from the optimal solution. When the SI cancellation ability is weak, i.e., in the low
SNR regime and when € or 7 is big, the optimal solution corresponds to the IWF algorithm
and a two-fold gain is not obtainable. When the SI cancellation ability is strong, the optimal

solution corresponds to the WF' algorithm.

A similar observation can be obtained for the MISO setup in Figures 8.6, 8.7, and 8.8. That
is, the suboptimal algorithms MRT and ZF have close to optimum performance. When the
SI cancellation ability is strong, the MRT method corresponds to the optimal scheme. When
the SI cancellation ability is weak, the ZF solution is close to the optimal solution. However,
interestingly, it can be seen that as € increases the gain of using a FD system is constant. Even
though the gain of using a FD system decreases as 1 increases, the degradation is quite small
compared to the MIMO setup. This implies that for a MISO setup the transmit strategies act
not only as an aid of the RF cancellation techniques but also as a replacement of them. This
advantage is due to the fact that in the MISO case the transmitter can allocate as much power
as possible to the null space of the SI channel and this amount of power will also contribute
to the sum rate maximization. However, this ability is limited in the MIMO setup due to the

existence of the co-channel interference created by the multiple stream transmission.

2The transmitter transmits into the null space of the SI channel
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8.5.2 Minimum required transmit power with imperfect CSI

The noise level is normalized to be unity and we have T'; = T';; = I, V1,5. “Robust” stands
for the solution of (8.34). “Non-Robust” stands for the solution where problem (8.20) is first
solved by assuming A;; = A;j = 0, V4,5 and then the obtained solution is scaled such that the
constraints are satisfied. We further define vy = ~;;, Vi and va = 7;i/7ii, V4, j to represent the
channel error intensity for the desired channel and the SI channel, respectively [WP09].

Figure 8.9 demonstrates the comparison of the robust design and the non-robust design over
different SINR requirements. The channel error intensity of the SI channel is much smaller than
that of the desired channel, i.e., o = 1072 « 1. Tt can be seen that as the SINR requirements
increase the robust design outperforms the non-robust design. Moreover, the gain increases as
the the channel error intensity becomes higher.

Figure 8.10 compares the performance of the robust design and the non-robust design when
the channel error intensity varies. Clearly, as the channel error intensity of both the SI channel
and the desired channel increases, the robust design performs better compared to the non-
robust design. When the array size increases, a higher gain is obtained. This is an interesting
result since more antennas not only provide more degrees of freedom but also increase the SI.
Hence, it is surprising to observe that the robust design significantly benefits from the enlarged

array size.

8.6 Summary

In this chapter, we discuss our proposed SI aware transmit strategies for a FD P2P MIMO
system, which are developed in [ZTLH12] and [ZTH13b]. The proposed transmit strategies
are SDMA techniques, which are aware of the SI cancellation provided by other cancellation
techniques such as RF cancellation techniques and other digital cancellation techniques. By
tuning a SI threshold, the proposed transmit strategies can balance between the spatial SI
cancellation and the multiplexing gain of the resulting FD system. Given a SI threshold,
optimal transmit strategies, which maximize the sum rate of the system for a MIMO/MISO
setup, are derived using convex optimization. Moreover, analytic solutions are obtained by
using convex analysis. Since the proposed transmit strategies rely on the CSI at the transmitter
side, which is imperfect in practice, we consider the worst-case beamforming design which
minimizes the required transmit power subject to total SINR requirements and SI constraints.
More specifically, the CSI errors are modeled deterministically and are bounded by ellipsoids.
The resulting optimization problem is non-convex. We have reformulated it into a convex

problem using the S-procedure.
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Figure 8.3: Achievable sum rate as a function of SNR for a FD system with a MIMO setup,

e=n=1.

Simulation results have demonstrated that

e Compared to the HD baseline system a two-fold gain in terms of the sum rate is achievable

when the SI cancellation provided by the other cancellation techniques is sufficient. In a

MISO setup, the achievable gain is less affected by the SI cancellation provided by the

other cancellation techniques because there are a sufficient number of spatial dimensions,

which can be used to suppress the SI.

e The proposed robust beamforming design is superior compared to the non-robust design

especially when the channel error intensity is high and there are many antennas at the

transmitter and at the receiver.
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9 Transmit strategies for full-duplex systems with

imperfect RF chain

In this chapter, we study transmit strategies for a full-duplex point-to-point system with
imperfect RF chains [ZTH13c]. When the RF chain is imperfect, finding optimal transmit
strategies which maximize the system sum rate corresponds to a joint design of the precoders at
the two transmitters. To avoid prohibitive computational complexity, we resort to suboptimal
solutions. First, we propose the signal to leakage plus noise ratio (SLNR) based precoder
design for the MISO and the MIMO setup in Section 9.3. The SLNR based precoder design
avoids the joint design of the precoders at the two transmitters and also provides a closed-form
solution. Notice that properly adjusting the transmit power can also improve the performance
of a FD system. We develop power adjustment schemes which maximize the system sum rate
for SISO, MISO, and MIMO scenarios in Section 9.4. Analytic solutions for optimal power
adjustment are also obtained. Furthermore, we discuss how to adjust the power to take into

account the max-min fairness of the system.

9.1 Problem description and our contributions

As discussed in Chapter 8, where the SI cancellation techniques, including the antenna attenua-
tion, RF domain cancellation techniques, and digital domain cancellation techniques proposed
in [JCK*11], [DS10], [DMBS12], [SPS11], and [RWW11], are combined, ideally the SI can
be completely removed. However, due to practical RF imperfections, e.g., ADC quantization
noise and oscillator phase noise, some residual SI will exist [DMBS12]. It is critical especially
when only simple SI cancellation techniques are deployed in the system, i.e., only SI subtrac-
tion in the digital baseband of the receiver is used [KSA*14]. The residual SI will significantly
influence optimal transmit strategies of the two communicating devices. Depending on the
strength of the residual SI, optimal transmit strategies for a HD P2P system, e.g., total power
transmission for SISO, maximum ratio transmission (MRT) for MISO, and an SVD together
with water-filling (WF) for MIMO, can be far from optimal for the resulting HD system. If the
residual SI is not well handled, it can still prevent us from exploiting the benefits of FD wire-
less communications. This motivates the development of robust signal processing techniques
to combat the imperfections in the RF chain. Transmit strategies to combat imperfect RF

chains are studied in [DMBS12]. Moreover, to guarantee a HD performance in the worst case,
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9.1 Problem description and our contributions

i.e., the achievable sum rate is never worse than that of a HD baseline scenario, the design
in [DMBS12] is performed for two consecutive time slots (assuming that the CSI remains the
same). The formulated optimization problem is non-convex and a gradient projection (GP)
based method is proposed to solve it. The GP method is a type of gradient method and
thus does neither achieve a global optimality nor has a guaranteed polynomial time solution.
Moreover, switching from a FD mode to a HD mode prevents the simultaneous transmission
and reception of a FD system, which itself is an important property of a FD system, e.g., if a

reduced round-trip time is more desired.

Therefore, we develop efficient transmit strategies for a FD system with imperfect RF chains.
The developed transmit strategies can be designed in every time slot. The resulting sum rate
maximization problem is non-convex and NP-hard, similarly as in [DMBS12]. Hence, we resort
to suboptimal solutions. We first propose precoding techniques which take into account the
trade-offs between increasing the achievable rate and reducing the residual SI power. To this
end, we exploit the statistics of the residual SI and develop SLNR based precoders which have
closed-form solutions for both the MISO and the MIMO setup. On the other hand, properly
controlling the transmit power can also improve the performance of a FD system. Thereby,
given a fixed precoder we design optimal power scaling factors to achieve a better performance
for the system. That is, power scaling factors which maximize the achievable sum rate are
developed for SISO and MISO while power scaling factors which maximize the sum SINR are
found for MIMO. Considering the fairness in the system, we also develop power adjustment
schemes which maximize the minimum SINR in the system. The proposed power adjustment
algorithms can be further combined with the proposed precoding algorithms to enhance the
performance. It is worth emphasizing that the major difference between the contributions
in this chapter and the contributions in Chapter 8 can be summarized as: in Chapter 8 we
propose an advanced SI aware transmit precoding algorithm. We assume that after applying
the existing SI cancellation techniques and the proposed scheme the SI can be significantly
reduced or completely removed and thus the residual SI is ignorable. In this chapter we
apply only SI subtraction in the digital baseband of the receiver. In general the residual SI
is strong and might be non-linear. We model the nonlinearity and other distortions such as
ADC quantization noise using a simplified model, i.e., an additive Gaussian distortion model
[DMBS12]. Based on this simplified model, we develop efficient transmit precoders to combat
the imperfections from the RF chain. This model has also been used in [Cirl4] for the design

of optimal transmit strategies under multiple linear constraints.
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9 Transmit strategies for full-duplex systems with imperfect RF chain

9.2 System model

We consider a FD P2P MIMO system with two identical transceivers. Each transceiver has
M, receive antennas and M; transmit antennas. The channel is flat fading and has full rank.
Perfect synchronization is also assumed. The desired channel between the i-th (i € {1,2})
transmitter and the i-th receiver is denoted as Hj; € CM>*Mt wwhile the SI channel from the
j-th (j € {1,2} and j # i) transmitter to the i-th receiver is denoted as H,; ¢ CM*M:  Ag

derived in [DMBS12], the received signal at the i-th receiver is written as:

Y; = \//TZH”(:BZ + ef) + \/EHZ']‘(CBJ' + eE) +n,; +6§

u;
t t r
= 3 /piHZ'Z'CCi + 5 /T]iHZ‘j.’l}j + /piHiiei + 3 /mHijej +t+n; +e; (91)
desired signal  suppressible Sl insuppressible interference + Noise

where p; € R, and n; € R, determine the strength of the desired and SI channel, respectively.
The transmitted data vector x; has zero mean and covariance matrix E{x;x!'} = Q;, Vi. The
maximum allowable transmit power for each transmitter is Pyax. Let us define the received
covariance matrix E{uzu?} = ®;, where wu; is defined in equation (9.1). Then the vectors
el ~CN(0,r-Diag{Q;}) and €} ~ CN'(0,3-Diag{®;}) denote the transmit error signal and
the receive error signal of the RF chains, respectively. The scalars k € R, (k < 1) and 3 € R,
(8 < 1) denote the ratio between the transmit error power and the transmit power and the
ratio of the receive error power to the received power, respectively [DMBS12]. The vector
n; denotes the ZMCSCG noise and E{n;n!'} = 021, Vi. If channel knowledge is available
at the receiver, then the suppressible interference in (9.1) can be subtracted. Since the error
vectors ef and e} are not correlated with the signal vector x;, Vi [DMBS12], the interference

plus noise power at the ith receiver is computed as

IN T
P = E{|/piHiel|?} + E{|/iiHiel |} + E{|e}|?} + E{|ni]?}
= B{|\/piHiiel|*} + B{|\/i:HijeS|*} + BDiag{E{|/pi Hiiai[*} + E{| /i Hij; |}
+E{|/piHise} |} + B{ |/ Hije§|*} + B{ns|*} | + E{[ni[*} 9.2)

Using the fact that x < 1 and 8 « 1, equation (9.2) reduces to

IN . .
PN S E{|\/piHie}|*} + BDiag{E{|/pi Huws|*} } + E{ |/ Hise§|*} + BDiag (E{ |/ Hija;|*}}

distortion from the i-th transmitter S| from the j-th transmitter
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Figure 9.1: A MIMO point-to-point full-duplex system with insuppressibe interference
[DMBS12].

+ Diag{E{|ni[*}} + E{|n:|*} (9:3)

enhanced noise

A detailed flow chart of the considered FD system is illustrated in Figure 9.1.

Due to the existence of insuppressible residual SI in (9.1), the sum rate achievable transmit
strategies for HD systems, i.e., maximum power transmission for SISO, MRT for MISO, and
WEF for MIMO, are not necessarily optimal for our FD system. In fact the sum rate maximiza-
tion problem of our system is non-convex and NP-hard [DMBS12]. Although in [DMBS12] a
GP based algorithm is proposed to solve this problem, the algorithm is neither optimal nor
computationally efficient. Thus, in our work we develop low complexity suboptimal transmit

strategies to improve the performance of a FD system with insuppressible SI.

9.3 Signal to leakage plus noise ratio (SLNR) based precoder

design

Clearly, the desired transmit techniques for our scenario must consider the trade-off between
increasing the achievable rate and reducing the generated residual SI. Taking into account
that in practice the desired channel is much weaker than the SI channel, i.e., p; << n;, we can
conclude from equation (9.3) that the performance limitation of the system comes from the

SI and the enhanced noise. Moreover, the SI has coupled the design of the two covariance
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9 Transmit strategies for full-duplex systems with imperfect RF chain

matrices which makes the optimization problem difficult to solve. Note that we are interested
in developing efficient suboptimal precoding algorithms. To this end, we propose transmit
strategies which maximize the so called SLNR for both MISO and MIMO setups. In this
section we focus on precoding techniques and thus the SISO case will not be covered here, but

in Section 9.4.

9.3.1 MISO

In the MISO case we have M > M, = 1 and the vector channels {h;;, h;;} € CM¢. The proposed
transmit strategy which maximizes the SLNR is analogous to the concept of the SLNR based
precoding design for a multi-user MIMO downlink system in [HMVS01] and [STS07]. Let us
start by defining the leakage. The SI term in (9.3) is caused by the j-th transmitter and thus
can be also treated as the signal leaked from the j-th transmitter to the i-th receiver. Let us

define Q; = 'wi'le. Then the signal power leaked from the i-th transmitter is described by

PV =E{| kel |’} + BDiag(E{] yihlail*}} = wi'n;rDiag {hjih i + wffnh b w.

The effective signal from the i-th transmitter is given by

PP~ B{|/pihEai|?} = w! pihlhEw,

27 7

The SLNR maximization problem of the i-th transmitter is then formulated as

Pi(E)
X m 5
wio P+ (B+1)o;
s.t. le'wl < Pmaxa (94)

where the noise variance is the enhanced noise power in equation (9.3). Clearly, the constraint
H

in (9.4) is satisfied with equality at the optimality. Inserting w; w; = Ppax into the cost
function of (9.4), it can be rewritten as the following unconstrained optimization problem

max —_—, (9-5)
|wi[2=Pmax W} Bjw;

where A; = h”h;E and B; = linjDiag{h;Zthl} + anh;zh}; (ﬂ;ﬁllzaﬁ Iy.
Problem (9.5) has the structure of a generalized Rayleigh quotient. Thus, the optimal value

is the dominant eigenvalue of the matrix B; 1 A; and the optimal Wopt,i 1S a scaled version
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9.3 Signal to leakage plus noise ratio (SLNR) based precoder design

of the corresponding eigenvector, i.e., Wopt; = v/ Pmax - P(B;A;), where P(-) computes the
dominant eigenvector of a Hermitain matrix.

Obviously, the SLNR based design avoids the joint optimization of the two beamforming
vectors. Moreover, if the suppressible SI is supposed to be canceled at the transmitter instead
of the receiver, the SLNR based design can be combined with a ZF schemes. By ZF we mean
that the ¢-th transmitter uses the beamformer w; to transmit in the null space of the SI channel

h;rl More specifically, we have
w; = H;’L;pz’lf)z, (9.6)

where HiT. is the projection matrix which projects any vector onto the null space of h}; (which
correspongs to the left null space of hj;.). The orthogonal complement of the subspace spanned
by h}; is a candidate of Htji and is calculated by Hfbji =Iy- ﬁ;—?‘%

The ZF design ensures that the suppressible interference in (9.1) vanishes, i.e., hJTZa:Z = 0.
Afterwards, we can insert (9.6) into (9.4). This does not change the problem and therefore a
closed-form solution is still obtained. The drawback is that the ZF scheme sacrifices the degrees
of freedom in the spatial domain. Therefore, if the number of antennas at the transmitter is

not large enough, the performance degrades compared to the original SLNR based design.

9.3.2 MIMO

For the MIMO setup we consider the case where M, = M;. We again develop the transmit
strategy which maximizes the ratio between the efficient signal power and the leakage plus
noise. Unlike the MISO case, per-antenna signal leakage exists in the MIMO case. For sim-
plicity, we choose the total SLNR as the design criterion. That is, we maximize the ratio
between the sum of received signal power per-antenna and the sum of leakage plus noise power
per antenna. Thereby, the total power leaked from the i-th transmitter to the j-th receiver is

given by

P® — B{| /i Hsel|*} + BDiag{E{ | /7 Hjiz;|*}}
= Tr{xn; H;;Diag{Q;} H}} } + Tr{Bn;Diag{ H;;Q; H}; }}. (9.7)

The received signal power is computed as

P = E{|\/m Higa |} = Tr{pi HiuQuHi ™). ©8)
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9 Transmit strategies for full-duplex systems with imperfect RF chain

Our goal is to find optimal Q; such that the SLNR is maximized given the transmit power

constraint. Mathematically, the optimization problem is formulated as

Pz'(E)
max o
Qi Pi( +(B+1)M,o2
st. Tr{Q;} < Pnax (9.9)

To solve problem (9.9), further algebraic manipulation is required. Let us define the SVD
of Hj; as Hj; = U,T,VzH Without loss of generality, we decompose the transmit covariance
matrix Q; € CM*Me 5

Qi=ViZ; =]V (9.10)

CMtXMt CM@XM@

where X; € is a diagonal matrix and W; = V;X; ¢ is the precoding matrix

applied at the i-th transmitter.
Using (9.10), equation (9.7) can be further expanded as

L . .
Pi( )= TT{BWleag{HiniHE’}} + Tf{m?jHjiDlag{Qi}Hﬁ}
= o, Diag{pn,; V;' Hj; H;;V;}o; + o, rn;Diag{1" - (H;; © H};) - (V; 0 V;*) }o;
= of!(rn;Diag{1" - (Hji © H};) - (V; © Vi) } + Diag{ o, V" H; " H:Vi} Jo (9.11)
where o; = diag{X;}, and the facts that diag{X -Diag{Y} - X"} = (X © X*) -diag{Y'} ! and

17 . diag{ X} = Tr{ X} are used in the derivation.

Similarly, the received signal power Pi(E) is rewritten as

P =T H Vs SV HM) = TSIV H H V)
= o}'Diag{p;V;" H;;" H;;V; } ;. (9.12)

Applying (9.11) and (9.12), the original problem (9.9) is reformulated as

O'ZHI‘,'O'Z'
Y o000+ (B +1)Mo?
0,90 0y
s.t. O'zHO'Z'SPmaX (9.13)

where ©; = /injDiag{lT -(Hj; 0 Hj*i) (V; o V;*)} + anDiag{V;HHjiHHjiV;} and we have
;= Diag{iniHHiiHHiiVi}. Clearly, at the optimality of problem (9.13) the constraint has

Tt can be easily verified that: [diag{X -Diag{Y} - X"}]; = [(X © X*)-diag{Y }]i = & [[X]i;|* - [Y ;.-

j=1
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to be satisfied with equality. Inserting O'zHO'Z' = Puax into the objective function, we get the
following unconstrained optimization problem
O'ZHFia'i

max . (9.14)
o2 Pss (@ + G ]y

Problem (9.14) is a generalized Rayleigh quotient problem. Therefore, the solution is given by

Oopt,i = \/ max P(( MI )_1Fi)

Pmax

Finally, the optimal precoding matrix Wj is obtained as W; = V;diag{oopt,i }-

9.4 Power adjustment for performance improvement

As an alternative to the precoding techniques in Section 9.3, one can always reduce the imposed
SI at the receiver by correctly controlling the transmit power at the transmitter. In the
following, we find the optimum power allocations that either maximize the system sum rate
or maximize the minimum SINR at the two receivers, assuming that the transmit covariance

matrices have been determined, e.g., using the results of Section 9.3.2.

9.4.1 SISO and MISO setting

Since the SISO and the MISO setup yield the same mathematical problem, we solve the
MISO case in this part and the results can be directly applied to the SISO scenario. Given
a fixed transmit covariance matrix, i.e., Q; = P;Q; g, the sum rate maximization problem is

formulated as

2
max  Rgm = Y logo(1+SINR;), s.t. P;< Ppax, Vie{l,2}, (9.15)
P;ie{1,2} iz1
where SINR; is the SINR at the i-th receiver. Applying the fact that g « 1, the SINR; is

computed as

E{|\/_h’uml| } Rﬂai
E{|\/pihfel?} + B{|/mhes2} + E{|es2} + 02 " Bbi+ Py + 03

ii€; Z]]

SINR; =

(9.16)

where a;, b;, and ¢; are computed by a; = pih;EQl Py bi = ,‘<;,ozh”DlzaLg{QZ ﬁx}h +Lpih; Ql P
and ¢; = Knlhnglag{Q] ﬁx}h + 5772 'ij,ﬁx i
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9 Transmit strategies for full-duplex systems with imperfect RF chain

Clearly, problem (9.15) is non-convex. To solve it, we notice that at least one of the con-
straints is satisfied with equality at the optimality, i.e., Pi = Ppnax or P2 = Ppax. Otherwise,
we can always scale up P; and P» using the same scaling factor. This increases the optimal
value of (9.15) and thus contradicts the optimality assumption. Exploiting this fact, we can
relax problem (9.15) into two sub-problems: i) Py = Ppax, ii) P = Ppax. Then we solve each
sub-problem individually. Finally the optimal value is the largest optimal value of the sub-
problems and the corresponding solution is the optimal solution. Since case i) and case ii) are

symmetric, we take case i) as an example. The objective function of (9.15) is reformulated as:

Pia; Praxas
T loee (14 , 9.17
sum 0go ( Plbl + Pmaxcl + 0-121) 082 ( Pmabe + P102 + O'r%) ( )

Equation (9.17) can be further simplified if we consider that in practice the SI channel is
much stronger than the desired channel, i.e., p; < n; and therefore b; ~ 0, Vi. Nevertheless,
the resulting optimization problem is still non-convex. We calculate the first-order necessary
condition for optimality of the resulting problem by taking the derivative with respect to P;

and set it to zero. Then we get

8fisum _ 1 ( f2 -ﬂﬁ- 0'121+P102 . _C2f1 ):
0Py  logg\Piai+ fa fo o02+Pica+fi (Piea+ (f+1)02)?

where f1 = Ppaxas and fo = Ppaxcy + 0121. After some algebraic manipulation, the following

second-order polynomial function is obtained
P2k + Piky+k3=0 (9.18)

where ki = alc%, ko = 2a1020r21, and k3 = alaﬁ + alfloﬁ - f1faco.

In the following we show that regardless of the solution to equation (9.18) the optimal
solution to problem (9.17) is either P; =0 or P; = Ppax.

If the roots of equation (9.18) are complex, it is straightforward to conclude that the optimum
Py must be at the boundary of the feasible region [0, Ppax]. If the roots of equation (9.18)

—k‘z:l:\ / k’%—4k‘1 k’g
2k

solution. Moreover, the positive root is a minimum of the objective function (9.17). This

are real, they are given by P yo0t = . Clearly, the negative root cannot be a valid

conclusion is based on the following statements.
1. The cost function (9.17) is continuous. As P; — +00, Rgym — +00.

2. Function (9.18) has only two roots and one of them is negative. The feasible region of
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9.4 Power adjustment for performance improvement

our problem is Pj € [0, Ppax]-

Similar results can be derived for case ii). Thereby, the optimal solution of problem (9.15)
should be chosen from the following three choices, i.e., i) Py = 0, Py = Ppay; i) Pi = Ppax,
P, =0;iiil) P, = Py = Ppax-

9.4.2 MIMO setting

For the MIMO setup, we again follow the same target, i.e., adjusting the devices’ transmit
power so that a better system performance is obtained. To avoid dealing with the complicated
logarithmic formulation of the channel capacity, we look for a solution which maximizes the
sum of the total SINR of our system. Hence our initial problem is formulated as:

2
max > SINR;, s.t. Pi<Ppa, Vie{l,2}, (9.19)

Pae{12} o
where SINR; stands for the total SINR at the i-th receiver which is defined as ratio between
the sum of the received signal power per antenna and the sum of the interference plus noise
power per antenna. Similarly to the MISO case, we use the fact that 8 « 1. Further-
more, we define Q; = P;Q, g, and define three auxiliary constants a; = Tr{piH 1 Q; s, H M by =
Tr{rp;H;;Diag{Q; s, } H i +Bpi HiiQ; s, H 1, }, and ¢; = Tr{rn; H;;Diag{Q; s, } H };+Bn: H;Q; 5, H [}
Then the sum of the total SINR of our system is expressed as

Pra; Pras
P1b1 +P281+0r2l P2b2+P102+0'r21'

2
> SINR; » (9.20)
i=1

Once again, we can conclude that at least one of the transmit powers has to be equal to Ppax

at the optimality. Thereby, assuming that P; = Pyax, our original problem is reformulated into

2
max y SINR;, st P <Puax, Vie{l,2}. (9.21)
i=1

Py

Using the fact that p; << ; and thus b; ~ 0, the objective function now becomes

2
Prax P
STSINR, w 2 (9.22)
=1 P2C1 + Mran PmaXCQ + Mran
By computing the first-order necessary condition for optimality we get
oY%, SINR; _ —¢101 Prax .\ as _ 0. (9.23)
8P2 (PQCl + .7\4]r0'1%)2 PmaXCQ + ]WIFO'IQ1
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9 Transmit strategies for full-duplex systems with imperfect RF chain

As for the MISO case, we can conclude that the solution of (9.23) is given by P» = 0 or
Phax if the roots of (9.23) are complex-valued. If the roots of (9.23) are real-valued, they are

2 kg
-Myog+ s

obtained as P oot = , where k4 =

ao _ :
P Mio? and ks = Ppaxaici. Following the

same arguments as in the MISO case, the optimal solution is one of the following possible
solutions: 1) P1 = 0, P2 = Prnax§ 11) P1 = Pmaxa P2 = 0; 111) P1 = P2 = Pmax-

Cc1

9.4.3 Power adjustment for max-min fairness
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Figure 9.2: Average consumed power in a SISO FD system using power adjustment schemes in
9.4.1 and Ppax =1 W. Max PT: full power transmission. MI: medium interference environment
in Section 9.5. HI: high interference environment in Section 9.5.

Although the power adjustment schemes in Sections 9.4.1 and 9.4.2 maximize the achievable
sum rate of the system, these are greedy algorithms which do not take into account the fairness
between two transceivers. In fact, if the final solution in Sections 9.4.1 and 9.4.2 is given by the
choice i) or ii), one of the receivers will have zero throughput and thus its QoS is not guaranteed.
The simulation results in Figure 9.2 have also shown that this is likely to happen in the high
SNR regime where the interference is dominant. Thus, instead of the sum rate criterion, one
may consider the system design criterion which takes care of the QoS requirements. In the

following, we develop such a power adjustment strategy which maximizes the minimum SINR
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9.4 Power adjustment for performance improvement

at the receiver. Utilizing the SINR definition for MISO and SISO setups in Section 9.4.1 and
the total SINR for the MIMO setup in Section 9.4.2, we can develop a unified framework for
achieving the max-min fairness.

Taking the MISO case as an example, we aim at solving the following max-min problem.

max min SINR;, s.t. P;<Ppax, Vie{l,2} (9.24)
P;ie{1,2}
or equivalently
t, s.t. SINR;j>t, P,<Ppax, Vie{l,2}. 9.25
Ay e 1 o

To efficiently solve this problem, we need more insights. First, we find that SINR; = ¢, Vi at
the optimality. To see this, without loss of generality, we assume that SINR; > SINRs at the
optimality. Then by decreasing P} we can decrease SINR; while SINRy increases. This will
not violate the transmit power constraints. But it will increase the optimal value and thus
contradicts the optimality. Second, at least one of the transmit power constraints is satisfied
with equality at the optimality. Otherwise, we can still scale up P; and P» with the same scaling
factor a > 1. This will again increase the optimal value and thus contradicts the optimality.

Finally, the optimization problem (9.25) can be split into the following sub-problems
1. Py = Ppax, SINR; = SINR»
2. P5 = Phax, SINR; = SINR»
3. P = Py = Ppax, SINR; = SINRs

The optimal solution will be the power pair (P;, P») which is feasible and also provides the
largest minimum SINR. When solving the three sub-problems, we find that the optimization
problem can be further simplified. To illustrate this, we start by validating sub-problem 3.
Inserting P = P = Pyax into the SINR formulation (9.16), if SINR; = SINRg, then P = P» =
Prhax is the optimal solution. Otherwise, if SINR; > SINR», then the optimal solution is given
by the solution of sub-problem 2. This is because decreasing P; while fixing Py = Ppax will
increase SINR» and also increase the optimal value. But decreasing P» while fixing P} = Ppax
will decrease SINRy and thus decrease the optimal value. Similarly, if SINR; < SINRs, then

the optimal solution is given by the solution of sub-problem 1.

Remark 12. The proposed power adjustment schemes can be combined with precoding tech-

niques to further improve the system performance for MISO and MIMO setups. When SLNR
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9 Transmit strategies for full-duplex systems with imperfect RF chain

SISO

power adjustment

MISO P =0

SLNR > . HD MRT
Power adjustment | p, = (
MIMO P =0

SLNR > > HD WF

i

Power adjustment | p, = (

Figure 9.3: The proposed beamforming and power adjustment schemes selection procedure for
achieving a higher sum rate.

transmit strategies are applied and P; = 0 or P, = 0 is obtained as the power adjustment
solution to the sum rate maximization problem, the FD system reduces to a HD system. In
such a situation the conventional HD transmit strategies together with the previous power
adjustment solution will achieve a higher sum rate than the proposed SLNR techniques. The

proposed beamforming and power adjustment selection procedures are shown in Figure 9.3.

0.5 Simulation results

In this section the proposed algorithms are verified using Monte Carlo simulations. The gen-
erated channels are uncorrelated Rayleigh flat fading channels and all the simulation results
are averaged over 1000 channel realizations. The transmit power is set to unity and the SNR
is given by 1/02. Moreover, we have the following parameter settings: i) p; = 0 dB, py = 0
dB, 11 = 60 dB, n2 = 60 dB, 8 = -65 dB, x = -65 dB, which represent an environment with
less significant insuppressible SI (medium interference (MI) scenario). ii) p; = 0 dB, p2 =0
dB, 11 = 60 dB, n2 = 60 dB, 8 = -60 dB, x = -60 dB, which represent an environment with
intensive insuppressible SI (high interference (HI) scenario). We compare the performance
of the proposed schemes with conventional capacity achieving HD transmit strategies where
the residual interference is treated as noise. We also compare the system performance to the
capacity of a HD baseline scenario where each transceiver has identical system settings as in
our FD system but works in a TDD mode. “PG” denotes the power adjustment for sum rate
maximization while “PF” denotes the power adjustment for max-min fairness. “Best Sel” de-
notes the best combination of the proposed power adjustment schemes and the beamforming

techniques which achieves the highest sum rate.

Figure 9.4 shows how our power adjustment technique helps a SISO FD system to achieve
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9.5 Simulation results

a higher system sum rate. Clearly, the proposed power adjustment technique has achieved a
substantial gain over the traditional full power transmission scheme. Moreover, the proposed

scheme is robust to the residual interference.

Figure 9.5 demonstrates the comparison of different algorithms in a MISO setup when
M; = 4. In both the MI and the HI scenario the proposed SLNR methods outperforms the
classical transmit strategies such as ZF and MRT. When combining SLNR with the “PG”
power adjustment technique, a larger gain can be obtained. Moreover, if the “PG” scheme is
applied together with ZF and MRT schemes, a substantial gain is also obtained especially in
the high SNR regime. When the residual interference is relatively high, the ZF scheme obtains
the same performance as the SLNR method in the high SNR regime.

Figure 9.6 depicts the performance of the proposed techniques compared to the WF algo-
rithm for a 2-by-2 MIMO FD system in the presence of high and medium residual interference.
Similar results are observed as in the MISO case. The proposed SLNR method outperforms the
WF method. When combining with the greedy power adjustment scheme “PG”, the proposed
precoder selection scheme outperforms the HD baseline scenario, which makes a FD system
more valuable. Furthermore, when applying the greedy power adjustment scheme to the WF

method, a significant gain is obtained.

—B—FD-PG (MI)

-0 FD-PG (HI)
—©—HD

10 —_8_—FD—Max PT (MI) ’
< FD-Max PT (HI) 5

Sum rate [bits/s/Hz]

Figure 9.4: Comparison of different algorithms in a SISO setup. Max PT: full power transmis-
sion. MI: medium interference. HI: high interference.
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9 Transmit strategies for full-duplex systems with imperfect RF chain

9.6 Summary

In this chapter we have studied a FD P2P system with imperfect RF chain. This residual SI
dominates the system performance and prevents us from fully exploiting the advantage of a
FD system. To combat the residual SI we have developed SLNR based precoding algorithms
for MISO and MIMO setups. Moreover, noticing that power adjustment schemes can also be
used to alleviate the effects of the residual interference, we have developed power adjustment
schemes which maximize the system sum rate or maximize the minimum SINR in the sys-
tem. The developed power adjustment schemes can also be combined with the SLNR based
precoding algorithms to further improve the system performance.

Simulation results have demonstrated that

e The proposed transmit schemes have much better performance compared to the conven-

tional HD transmit strategies when applied to FD systems.

e When the proposed SLNR beamforming is used, it outperforms the HD baseline scenario
in the low to medium SNR regime. But it saturates in the high SNR regime due to the
insupressible SI. When combined with power adjustment schemes, which maximize the
system sum rate, it always outperforms the HD baseline scenario. This is because the
optimal power adjustment schemes switch a FD system to a HD system and thus the SI

is avoided.
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9.6 Summary
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9 Transmit strategies for full-duplex systems with imperfect RF chain
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Figure 9.6: Comparison of different algorithms in a MIMO setup where M, = My = 2.
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10 Summary of full-duplex wireless communication

systems

10.1 Summary of contributions

This part of the thesis discusses transmit strategies for a MIMO FD P2P system with limited

dynamic range. Our major contributions can be summarized as:

e The SI aware transmit strategies have been proposed [ZTLH12]. The SI aware transmit
strategies can be combined with other-types of SI cancellation techniques to improve the

reliability and the performance a FD system.

e Optimal SI aware transmit strategies, which maximizes the system sum rate of a MIMO
FD P2P system, have been derived [ZTLH12]. When both the transmitter and the re-
ceiver have multiple antennas, i.e., the MIMO setup, the optimization problem is convex
and thus a global optimal solution can be obtained. By analyzing whether the con-
straints are active at the optimality, a closed-form solution is obtained for the case of
2-by-2 MIMO. For MISO setup, the optimization problem is non-convex. However, the
global optimal solution can still be obtained by using the SDR technique. Moreover,

analytic solutions are derived.

e A robust transmit strategy has been developed to combat the imperfect CSI at the
transmitter [ZTH13b]. The channel estimation errors are modeled as deterministic errors,
which are bounded by ellipsoids. An optimization problem, which minimizes the total
required transmit power of the system subject to total SINR constraints and SI power
constraints, is formulated and solved. The same methodology can be used to develop

robust transmit strategies subject to other system criteria of a FD system.

e Efficient transmit strategies for a FD system with imperfect RF chain have been de-
veloped [ZTH13c]. The SLNR based beamformer design for MISO and MIMO setup
provides closed-form solutions, which can preserve a FD gain even when the residual SI
is strong. When combined with power adjustment schemes and hybrid operation modes
(switch between HD mode and FD mode), a FD gain (in terms of system sum rate) up

to two-fold is always achieved regardless the strength of the residual SI.
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10 Summary of full-duplex wireless communication systems

More related contributions that are not explicitly discussed in this thesis but worth men-

tioning are:

e The SI aware transmit strategies are extended to the OWR system with a MIMO AF

relay [ZTH13a] [TZH14]. Although analytic solutions cannot be obtained for such a
scenario, convex optimization based techniques and gradient projection based techniques

have been developed to exploit the advantages of a FD system.

10.2 Future work

The study of FD MIMO systems with limited dynamic range has opened up the following

research areas.

e The fundamental limits of SI aware transmit strategies are worth investigating. Opti-

mal SI aware transmit strategies for other system design criteria, e.g., max-min fairness,
power minimization can be developed. In the MIMO case we consider only the average
sum SI power constraint, which might be not practical since a per-antenna power con-
straint and instantaneous power constraints are more realistic. Moreover, receive-side
beamforming assisted SI cancellation techniques or joint SI aware transmit and receive
beamforming techniques are still not well studied. Furthermore, adaptive techniques

should be developed for time-variant channels.

Many SI cancellation techniques require channel knowledge of the SI channel. First, the
characteristics of the SI channel is still unclear. Although the channel is more likely to be
Rician fading channel or even line-of-sight (LOS) channel, it has to be investigated, e.g.,
via physical measurements and modeling. Second, the training phase, which is devoted
to channel estimation, will also suffer from the SI. Therefore, efficient and/or optimal
training protocols for FD systems should be studied. Moreover, it is interesting to know
how to calibrate the RF chains of a FD system such that the reciprocity holds for the
uplink and the downlink channel. Finally, robust transmit strategies subject to different

system utility functions should be investigated.

System level performance is always important for new physical layer techniques such as
FD wireless communications. For example, in a MU-MIMO system, if the BS operates in
a FD mode, it can serve the downlink users and the uplink users at the same time and on
the same frequency. Precoding algorithms which can maximize the system throughput

in such a scenario are worth investigating. Moreover, cross-layer designs, such as joint
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10.2 Future work

user scheduling and precoder design, should be studied for a further improvement user

experiences.
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11 Conclusions

In this thesis, we develop signal processing algorithms for two different class of wireless tech-
niques, namely, two-way relaying (TWR) techniques and full-duplex (FD) techniques. The
goal is to find the fundamental limits and to exploit the benefits of these two techniques
for different wireless communication scenarios. As we show, optimal and suboptimal linear

transmit strategies are developed subject to different system utility functions.

In the first part of the thesis we discuss multi-pair/multi-user TWR networks with AF relays.
First, we have introduced the projection based separation of multiple operators (ProBaSeMO)
scheme [ZRH12b] to accomplish the relay-assisted resource sharing in a multi-operator relaying
network with a MIMO AF relay. Compared to a TDMA manner of the relay and the spec-
trum sharing, which is an orthogonal resource sharing schemes, the ProBaSeMO scheme is a
non-orthogonal resource sharing scheme, where the interference-free transmission of different
operators is achieved via orthogonal spatial domains. It is shown that the non-orthogonal
resource sharing scheme is superior compared to the orthogonal one especially when there are
many antennas at the relay and/or the noise power is weak. We also study the sum rate max-
imization problem of the considered scenario. Gradient based solutions have been developed
regardless whether the user terminals (UTs) have single or multiple antennas. When each UT
has a single antenna, a polynomial time solution, which is inspired by the polynomial-time
DC (POTDC) algorithm, has been developed [ZVKH13|, which performs close to the gradient
based solution but yields a polynomial-time complexity. Since QoS criteria, such as mini-
mizing the transmit power at the relay under guaranteed QoSs or maximizing the minimum
achievable SINR of each UT, are also important performance metrics for a modern wireless
communication system. We have also developed optimal linear transmit strategies to achieve
these goals [ZBR*12]. The derived strategies are based on the semidefinite relaxation (SDR)
technique or the second-order cone programming (SOCP) technique. Furthermore, we have
also developed optimal and suboptimal widely linear (WL) relay transmit strategies for such
a multi-operator TWR network when non-circular signals are transmitted [ZH13]. Moreover,
analytic results on the achievable WL gain are obtained for the WL dual channel matching
(DCM) based scheme. After obtaining a comprehensive insight into the multi-operator TWR
network, we shift our focus to a multi-pair TWR network with multiple single antenna AF
relays. The relays in the network cooperate with each other to calculate their amplification

coefficients. Again, we consider the sum rate maximization problem. We have shown that the
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11 Conclusions

sum rate maximization problem can be formulated into a monotonic optimization problem,
regardless whether the network has a total transmit power constraint [ZRH"12c| or each relay
has its individual transmit power constraint [ZRH12a]. Thereby, a global optimal solution has
been obtained by using the polyblock algorithm. Since in general the polyblock algorithm does
not guarantee a polynomial-time complexity, we have derived low-complexity approximations
of the optimal algorithm in the low SNR regime and the high SNR regime, respectively. The
former solution is obtained by maximizing the total SINR while the latter one is obtained by
applying the interference neutralization (IN) technique. Afterwards, we have studied a more
general multi-pair TWR network, which consists of multiple cooperative smart multi-antenna
AF relays and non-cooperative dumb repeaters. The interference in the network can be man-
aged using the IN technique. Hence, we have derived necessary and sufficient conditions for
neutralizing the interference in the network [ZHJH14a]. Moreover, a general framework to
optimize different system utility functions in such a network with or without IN has been
developed [ZHJH14c|, [ZHJH14b]. Finally, a joint design of the precoder and the decoder at
the BS and the relay amplification matrix at the relay has been studied for a TWR assisted
relay broadcasting channel with a multi-antenna AF relay [ZRH11]. Three suboptimal solu-
tions, which are based on the channel inversion criterion, the ProBaSeMO concept, or the

zero-forcing dirty paper coding (ZFDPC) have been proposed.

In the second part of the thesis we investigate advanced transmit strategies for realizing
a FD operation in wireless communication systems and especially a full-duplex (FD) MIMO
point-to-point (P2P) system. The major challenge of realizing a FD operation is to suppress
the overwhelming self-interference (SI). Although different RF domain or digital domain SI
cancellation techniques are developed to solve this problem, they are far from perfect and
thus cannot meet the requirements of real world applications [DMBS12]. By exploiting the
MIMO techniques, we have proposed SI aware transmit strategies [ZTLH12]. They can be
used to combine with current SI cancellation techniques to provide sufficient and/or reliable
SI cancellation for real world applications. Moreover, they can be also adjusted such that
the spatial multiplexing gain in a MIMO system is preserved. Optimal SI aware transmit
strategies, which maximize the system sum rate in a FD MIMO system, have been developed
using convex optimization. Specifically for the MISO case and the 2-by-2 MIMO case, closed-
form solutions have been derived. The performance of the SI aware transmit strategies depends
on the available channel state information (CSI) at the transmitter. If the CSI is imperfect,
robust transmit strategies to combat the channel imperfections are desired. When the CSI
errors are modeled deterministically and bounded by ellipsoids, a robust transmit strategy

which can minimize the total required transmit power in the worst-case has been derived
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[ZRH13]. Even though the SI can be estimated and subtracted at the digital baseband of the
receiver side, the residual SI can still significantly affect the performance of the system due
to the imperfect RF chain [DMBS12]. Hence, this motivates us to develop transmit strategies
to suppress the residual SI so that the FD gain can still be exploited. For this purpose, we
have developed signal to leakage plus noise ratio (SLNR) based beamforming strategies, which
guarantee a FD gain especially when the residual SI is weak or in the low to medium SNR
regime. When combined with the proposed power adjustment schemes, which automatically
switch between the FD mode and the half-duplex (HD) mode, a FD gain is always achievable
[ZTH13c].

Overall, the thesis demonstrates that many practical problems in TWR networks or FD
wireless systems can efficiently be addressed using the developed signal processing algorithms.
We benefit from these algorithms in multiple ways, e.g., a lower complexity (many suboptimal
approaches presented in the context of TWR), enhanced flexibility (as for the ProBaSeMO
scheme and the IN solution), or the possibility to provide benchmarks on the performance of

the systems (as for the optimal solutions).
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12 Future work

The thesis has addressed a broad spectrum of topics and, thereby, opened up many exciting
directions for future research.

Regarding the first part on TWR with AF relays, many unanswered questions remain. One
open research area is the analytical performance of the proposed algorithms. For example,
computing the diversity order and multiplexing gain achieved by the ProBaSeMO scheme is a
good starting point. Moreover, large-scale performance analysis is also desirable not only for
the ProBaSeMO scheme but also for the IN solution and even optimal solutions.

An extension from single antenna UTs to multiple antenna UTs is also an important area.
This opens up a challenging problem in relaying scenarios, i.e., the joint design of the UTs’
transmit strategies and the relays’ transmit strategies. However, one can also start from a
simpler joint design problem, e.g., the joint optimization of the UTs’ transmit power and the
relays’ transmit strategies.

Moreover, taking into account real-world conditions such as frequency-selective fading, im-
perfect synchronization, or reciprocity imbalance are of significant practical interest. Such
considerations help to verify the robustness of the proposed algorithms and may lead to new
ideas how to improve them further with respect to real-world conditions.

The knowledge we learn from optimal studies of TWR can also be extended by adopting
other system utility functions, e.g., energy efficiency or by studying other relaying protocols
and relaying strategies. For instance, one can consider applying the proposed algorithms to
multi-way AF relaying or multi-pair DF relaying.

Finally, integrating the TWR protocol into a larger wireless communication system and
performing system-level simulations to assess its performance is an important step towards
the adaptation of our developed ideas into future mobile communication standards.

Concerning the second part on signal processing techniques for FD communications we
would recommend to go two directions. The first direction is the continuous fundamental
study. That is, we investigate how digital signal processing can help to suppress or cancel
the SI, e.g., studying the joint design of transmitter-side and receiver-side SI cancellation
techniques. Instead of using an ideal model, we take into account practical imperfections, e.g.,
time-invariant channels. Moreover, the SI cancellation technique for a multi-carrier system has
to be addressed. The ultimate goal is to realize SI-free broadband MIMO FD communications

for much wider applications. The second direction is to study the network aspects of FD
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communications. For example, it is interesting to know how FD BSs improve the resource

allocation and user scheduling in a MU-MIMO scenario.
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Appendix A

Glossary of Acronyms, Symbols and Notation

A.1 Acronyms

1G First Generation

2G Second Generation

3G Third Generation

4G Fourth Generation

5G Fifth Generation

AF Amplify and Forward

ANC Analog Network Coding
ANOMAX Algebraic Norm Maximizing

BC Broadcast Channel

BCD Block Component Decomposition
BD Block Diagonalization

BER Bit Error Rate

BPSK Binary Phase Shift Keying

BS Base Station

CDF Cumulative Density Function
CCDF Complementary Cumulative Distribution Function
Ci Channel Inversion

CP Cyclic Prefix

CrF Compress and Forward

CSlI Channel State Information

CuF Compute and Forward

DC Difference of Convex Functions
DCM Dual Channel Matching

DET Dominant Eigenmode Transmission
DF Decode and Forward

DPC Dirty Paper Coding

eNB Evolved Node B

EVD EigenValue Decomposition

FD Full-Duplex

FDD Frequency Division Duplexing
FDMA Frequency Division Multiple Access
GP Gradient Projection

HD Half-Duplex

IN Interference Neutralization

LOS Line Of Sight
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LP

LS

LTE

LTI
M2M
MAC
MCS
MIMO
MISO
MRC
MSE
MMSE
OFDM
OFDMA
OQAM
OWR
POTDC
P2P
ProBaSeMO
QAM
QCQP
QoS
RR-ANOMAX
RBD

RF

RN

RS
SDMA
SDP
SDR

SI
SIMO
SISO
SINR
SLNR
SNR
SOCP
SVD
TDD
TDMA
TWR
UE

uTt

WF

WL

ZF
ZFDPC
ZMCSCG

Linear Progarmming

Least Squares

Long Term Evolution

Linear Time Invariant

Machine-to-Machine

Multiple Access Channel

Modulation and Coding Scheme

Multiple Input Multiple Output

Multiple Input Single Output

Maximum Ratio Combining

Mean Squared Error

Minimum Mean Squared Error

Orthogonal Frequency Division Multiplexing
Orthogonal Frequency Division Multiple Access
Offset Quadrature Amplitude Modulation
One-Way Relaying

Polynomial time DC

Point to point

Projection Based Separation of Multiple Operators
Quadrature Amplitude Modulation
Quadratically Constrained Quadratic Programming
Quality of Service

Rank-Restored ANOMAX

Regularized Block Diagonalization

Radio Frequency

Relay Node

Relay Station

Space-Division Multiple Access

Semidefinite Programming

Semidefinite Relaxation

Self-Interference

Single Input Multiple Output

Single Input Single Output

Single to Interference Plus Noise Ratio
Single to Leakage Plus Noise Ratio

Signal to Noise Ratio

Second-Order Cone Programming

Singular Value Decomposition

Time Division Duplexing

Time-Division Multiple Access

Two-Way Relaying

User Equipment

User Terminal

Water Filling

Widely Linear

Zero Forcing

Zero Forcing Dirty Paper Coding

Zero Mean Circularly Symmetric Complex Gaussian
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A.2 Symbols and Notation

R

R,

C

S”

st

Sty
A

HE
HYy

Z

e, T, J
a, b, c
a, b, c
A B, C
Re{z}
Im {x}
arg {x}

log
log,
O
s
Iy
Iy,
Q>0
Q>0
(Al
[ai]i:m,...,
)"

()"

-l

-l

I

Set of real numbers

Set of non-negative real numbers

Set of complex numbers

Set of n-by-n Symmetric matrices

Set of n-by-n Symmetric positive semidefinite matrices
Set of n-by-n Symmetric positive definite matrices
Set of n-by-n Hermitian matrices

Set of n-by-n Hermitian positive semidefinite matrices
Set of n-by-n Hermitian positive definite matrices
Set of integer numbers

Euler’s number, 71, and imaginary unit: ¢ +1=0
Scalars

Column vectors

Matrices

Real part of complex variable x

Imaginary part of complex variable z

Argument (phase) of complex variable z

Complex conjugate of z

Natural logarithm

Logarithm to the base 2

Matrix of zeros of size M x N

Matrix of ones of size M x N

Identity matrix of size M x M

Exchange of size M x M with ones on its anti-diagonal and zeros elsewhere
Q is a positive-semidefinite matrix

Q is a positive-definite matrix

The (i,7)-element of the matrix A

An I x 1 column vector a with i-th element a;
Matrix transpose

Hermitian transpose

Euclidean (two-) norm

Frobenius norm
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A®B

Ao B

AoB

vec{-}

unvecyy s {-}

diag {-}

blkdiag{ A},

Diag{ B}

trace {-}
det {-}
rank {-}
Amax{"}
P{}
A+

Kronecker product between A € CM*N and B e CP*?Q defined as

apy - B a2 - B ai,N - B

a1-B a2 -B as N - B
A®B-= ] i

ay1-B ayz-B ayv,nN - B

Khatri-Rao (column-wise Kronecker) product between A € C**V and
B¢ (chN
Schur (element-wise) product between A € CM*¥ and B e CM*N and
Be CMXN
Vec-operator: stack elements of a matrix/tensor into a column vector,
begin with first (row) index, then proceed to second (column), third, etc.
Inverse vec-operator: reshape elements of a vector back into a
matrix/tensor of the indicated size
Transform a vector into a square diagonal matrix or extract main diagonal
of a square matrix and place elements into a vector
Transform matrices into a block diagonal matrix. The blkdiag operation
on a sequence of matrices Aq,---, Ay is defined as
A
. N . : A2
blkdiag{ A, },_; = blkdiag{ A1,--, An} = '
AN

CM*NV into a square diagonal matrix by

Transform a square matrix B €
replacing all the off-diagonal elements with zeros

Trace of a matrix (sum of diagonal elements = sum of eigenvalues)
Determinant of a matrix (product of eigenvalues)

Rank of a matrix

Dominant eigenvalue of a matrix

Dominant eigenvector of a square matrix

Moore-Penrose pseudo inverse [Mo0020, Pen55] of a matrix A € CMxN

which we can compute via

e AT=V,. Zs_l . USH, where A =Uy - X - VSH represents the
economy-size SVD of A.
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A.2 Symbols and Notation

o A" = (A" A)1. AM if rank {A} = N (full column rank)
o A=A (A AN if rank {A} = M (full row rank).

E{X} Expectation operator, i.e., mean of the random variable X Note that
Med{X} =E{X} only if X has a symmetric distribution.

N(p,0?) Gaussian distribution with mean p, variance o

CN (p,0?) Circularly symmetric complex Gaussian distribution
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Appendix B Convex optimization background

Appendix B

Convex optimization background

In this chapter, we introduce the convexity theory, which is an important mathematical tool
for signal processing in wireless communications. The convexity theory and convex optimiza-
tion methods are also important for understanding the developed algorithms in this thesis.
Specifically, the following two properties of convex sets and functions make them so attractive

for our work:
e A convex function has no local minima that are not global.

e Convex problems can be solved efficiently using a generic polynomial-time algorithm,

e.g., the interior-point algorithm [BV04].

The introduction is a summary of some important results from [BV04] (except Section B.3.5)

and is organized in a compact way. For more details one can refer to [BV04] and [BNOO03].

B.1 Convex sets and convex functions

B.1.1 Convex sets

Convex set: A set C is conver if the line segment between any two points in C lies in C, i.e.,

if for any X, X9 € C and any p € [0,1], we have
,uX1+(1—,u)X26C. (Bl)

Under the defining condition on p, the linear sum in (B.1) is called a convexr combination of
X1 and Xs. If X7 and X5 are points in a real finite-dimensional Euclidean vector space R™ or
R™ ™ then (B.1) represents the closed line segment jointing them. Line segments are thereby
convex sets [Dat05]. More specifically, such a set is affine.

Convex hull: The convexr hull of a set C, denoted conv(C), is the set of all convex combi-

nations of point in C:

conv(C) = {,ule + e +,uka‘X¢ €Cop; 20,i=1,... kg + -+ pg = 1}. (B.2)
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B.1 Convex sets and convex functions

As the name suggests, the convex hull conv(C) is always convex. It is the smallest convex set
that contains C.

Convex cone: A set C is called a cone, or nonnegative homogeneous, if for every X € C and
>0 we have uX € C. A set C is a convex cone if it is convex and a cone, which means that

for any X7, X9 €C and pq, po > 0, we have
1 X1 + o Xo €C. (B.3)
Ellipsoids: An important family of convex sets is the ellipsoids, which have the form
{z eR"|A(z -a)[|* = ((z-a))"P7'((z - a))} (B.4)

where P = PT >0, i.e., P is symmetric and positive definite. The vector a € R” is the center
of the ellipsoid.

Norm ball & Norm cone: Suppose || is any norm on R"™. Form the general properties of
norms it can be shown that a norm ball of radius r and center ¢, given by {x ¢ R"||x—c| < r}
is convex. The norm cone associated with the norm |- | is the set {(x,t) e R"||x| <t} c R™*,
It is a convex cone.

Positive semidefinite cone: Let 8™ denote the set of symmetric n x n matrices,
S"={X eR"™X =X"}, (B.5)

which is a vector space with dimension n(n+1)/2. Let ST and 87, denote the set of symmetric

positive semidefinite matrices
St={X eS"|X >0}, (B.6)

and the set of symmetric positive definite matrices
St ={X eS"|X >0}, (B.7)

respectively. The set S} is a convex cone [BV04].

B.1.2 Convex functions

A function f : R® - R is convex if its domain dom{f} is a convex set and if for all @,

y edom{f}, and p € [0, 1], we have

fpx+(1-p)y) < pf(x) + (1-p) f(y). (B.8)
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Appendix B Convex optimization background

A function f is strictly convex if the strict inequality holds in (B.8) whenever x # y and
we (0,1). We say f is concave if —f is convex, and strictly concave if —f is strictly convex.
For an affine function !, equation (B.8) is always satisfied with equality and thus all affine
functions are both convex and concave. Conversely, any function that is convex and concave

is affine.

B.1.2.1 First- and second-order conditions

Suppose f is differentiable (i.e., its gradient 8];(;) exists at each point in dom{f}, which is

open). Then f is convex if and only if dom{ f} is convex and

of(x)"

o (y-) (.9)

fly)> f(x)+

holds for all x, y € dom{f}.

2
We now assume f is twice differentiable, that is, its Hessian or second derivative o /(@)

ox?

exists at each point in dom{f}, which is open. Then f is convex if and only if dom{f} is

convex and its Hessian is positive semidefinite: for all © € dom{f},

0*f ()

Ox?

> 0. (B.10)

B.1.2.2 Composition of convex functions

Define functions i : R¥ - R and ¢; : R® - R, i = 1,..., k. In this section, we introduce the
composition rules which guarantee the convexity or the concavity of the composed function
f=hog:R" >R, defined by

f(@) =h(g(@)) = h(g1(2),- .., k(). (B.11)
Depending on the convexity and concavity of h and g;, Vi, we can derive the following rules:

e f is convex if h is convex and nondecreasing in each argument, and the g; are convex,
Vi,

e f is convex if h is convex and nonincreasing in each argument, and the g; are concave,
Vi,

'A function is affine if it is a sum of a linear function and a constant, e.g., f(x) = Ax + b, where A € R™*" and
beR™ [BV04].
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B.2 Convex optimization and duality theory

e f is concave if h is concave and nondecreasing in each argument, and the g; are concave,
V1,

e f is concave if h is concave and nonincreasing in each argument, and the g; are convex,
Vi,

B.2 Convex optimization and duality theory

A general optimization problem of finding an @ that minimizes fy(x) among all & that satisfy

the conditions fj(x) <0,i=1,...,m, and hj(x) =0, j=1,...,p is denoted as

min  fo(x)
subject to  fi(x) <0, i=1,...,m
hi(z)=0, j=1,...,p. (B.12)

where x € R" is called the optimization variable and the function fy is called the objective
function or cost function. The inequalities f;(x) < 0 are called inequality constraints, and the
equations hj(x) = 0 are called the equality constraints. If there are no constraints, we say
the optimization problem is unconstrained. Moreover, we refer to (B.12) as an optimization
problem in standard form.

A convex optimization problem is one of the form

min - fo(x)

subject to  fi(x) <0, i=1,...,m

a;rw:bj, j=1,...,p. (B.13)

where fo, ..., fm are convex functions. Compared to the general standard form problem (B.12),

the convex problem has three additional requirements:
e the objective function must be convex,
e the inequality constraint functions must be convex,
e the equality constraint functions h;(x) = a;-ra: —b; must be affine.

If the optimization problem is convex, it can be solved efficiently using the interior-point
algorithm in [BV04].
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B.2.1 The Lagrangian dual problem

The Lagrangian dual problem provides a view of the optimization problem from the other
angle and thus it plays an important role in optimization theory. In this section, we briefly
introduce the Lagrangian dual function and the corresponding dual problem.

Lagrangian: Let A\ = [)\1, N )\m]T and v = [ul, ey yp]T. The Lagrangian L associ-
ated with the problem (B.12) is given by

L(.’L‘, )\, I/) = fo(.’L‘) + i)\lfl(m) + iujhj(.’.l}) (B14)

where \; and v; are the Lagrangian multipliers that are associated with the inequality con-
straints f;(x) <0 and the equality constraints h;(x) = 0, respectively.
Lagrangian dual function: For a fixed pair (A, v), the Lagrangian dual function associ-

ated with the optimization problem (B.12) is defined as
m P
g(A,v) =min L(x,\,v) = min (fg(:B) + > Nifi(z)+ ) thj(a:)) (B.15)
xeD xeD i=1 j:1

where D is the domain of the optimization problem (B.12). The Lagrangian dual function
is the pointwise minimum of a family of affine functions of (\,v), it is always concave with
respect to A and v regardless of the convexity of the primal problem (B.12). For any dual
feasible variables A and v, the Lagrangian dual function g(\,v) gives a lower bound for the
optimal values of the optimization problem (B.12), i.e., g(\,v) < fo(x*) where x* represents
the optimal point for the primal problem (B.12) [BV04].

Lagrangian dual problem: The Lagrangian dual problem is the problem of finding the
tightest (i.e., the greatest) lower-bound for the optimal value of problem (B.12) using the

Lagrangian dual function (B.15). The Lagrangian dual problem can be expressed as

max g(A,v)
AV

subject to A; 20, i=1,---,m. (B.16)

Since the Lagrangian dual function (B.15) is always concave, the Lagrangian dual problem
(B.16) is always convex even if the primal problem (B.12) is not convex. Let A* and v* denote
the optimal points of the dual problem (B.16). Clearly, we always have g(A*,v*) < fo(x*).
This property is referred as the weak duality. The difference between the optimal values of
the dual problem (B.16) and the primal problem (B.12) is called the duality gap.
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The duality gap is in general nonzero. When the duality gap is zero, it is said that the
strong duality holds. Convex optimization problems are optimization problems for which the
strong duality holds under some mild conditions. More specifically, if the primal problem
(B.12) is convex and it satisfies certain constraint qualifications, strong duality holds. One of
the simplest constraint qualifications is the Slater’s condition. Slater’s condition holds if there
exists a feasible point @ € Int{D} for which all the inequalities f;(x) <0, i=1,---,m hold true,
where Int{-} denotes the interior of a set [BV04].

B.2.2 Necessary conditions for optimality

In this section, we discuss the Karush-Kuhn-Tucker (KKT) optimality conditions for problem
(B.12). In general, for any optimization problem with differentiable objective fp and con-
straint functions fi,--, fm,h1,-, hp, for which strong duality holds, any pair of primal and
dual optimal points, i.e., * and (A*,v*), must satisfy the KKT conditions [BV04]. The KKT

conditions are described with the following equations [BV04].

fi($*)§0, yi=1,m
hj(m*):(]a yJ=1,p
A 20, Li=1,m
A;fi($*):0a yi=1,m
dfo(x) &« Ofi(x) L, L 0hj(x)

The KKT conditions are also sufficient for the points to be primal and dual optimal if the

primal problem is convex [BV04].

B.3 Convex optimization problems

In the following, we introduce several convex optimization problems which have also appeared
in our derivations. Since in wireless communications and signal processing it is more common
to have complex-valued signals, we will use notations from the complex domain, i.e., in Sec-
tions B.3.3, B.3.4, B.3.5. For complex variables, the convex optimization theory introduced
in Sections B.1 and B.2 can be applied by representing the complex numbers using matrix

representation, i.e., a complex number z + jy, where {x,y} € R, can be represented by a 2-by-2
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Appendix B Convex optimization background

real valued matrix in the following form

l‘ —
[ y] . (B.18)
Yy x
It is worth mentioning that when complex-domain notations are used all the functions have to
be real-valued functions in the domain of the optimization problem. For optimization problems

introduced in Sections B.3.1 and B.3.2, it is not common to define them in the complex domain

and thus the real-domain notations will be preserved.

B.3.1 Linear programming (LP)

When the objective and constraint functions are all affine, the problem is called a linear

programming (LP). A general linear programming has the form

min c'x+d
xr

subject to Gz =<h
Ax =0, (B.19)

where © € R, G € R™" and A € RP*". Linear programmings are always convex optimization
problems [BV04].

B.3.2 Second-order cone programming (SOCP)

The second-order cone programming (SOCP) is of the form

min flz
€
subject to | Az +bila<ciz+d, i=1,...,m
Fx=g, (B.20)

where A; € R"*™ and F ¢ RP*". The inequality constraint is called a second-order cone
constraint since it is the same as requiring the affine function (A;x + b;, CZ-T:B +d;) to lie in the

second-order cone in R¥*1,
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B.3.3 Quadratic programming (QP)

The convex optimization problem (B.13) is called a quadratic programing (QP) if the objective
function is convex quadratic and the constraint functions are affine. A quadratic program can
be expressed in the form
min  (1/2)wPw + ¢w + wlq +r
w
subject to Gw < h
Aw =b, (B.21)

where w € C", P e H}, G € C"™", and A € CP*", where H stands for the set of Hermitian
positive semidefinite matrices. If the objective in (B.13) as well as the inequality constraint

functions are convex quadratic as

min  (1/2)w"Pw + ¢"'w + w'lq+r
w
subject to (1/2)wHPiw+qZHw+qui+nsO, i=1,....m

Aw =b, (B.22)

where P; € H", Vi, the problem is called a quadratically constrained quadratic program

(QCQP).

B.3.4 Semidefinite programming (SDP)

A standard form semidefinite programming (SDP) has linear equality constraints, and a (ma-

trix) nonnegativity constant on the variable X € H™:

min Tr{CX}

subject to Tr{A;X}=0;, j=1,...,p
X >0, (B.23)

where {C, Ay,...,Ap} € H" and where H" denotes the set of Hermitian matrices.
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B.3.5 Non-convex quadratic constrained quadratic programming (QCQP)
problems via Semidefinite relaxation (SDR)

In wireless communications and signal processing, QCQP problems of the following homoge-
neous form often appear [HP10], [LMS*10], [GSS™10].

min  w" Aqw
w

subject to wlAw<a;, i=1,...,m
wlBjw=p6;, j=1,...,p, (B.24)
where A; (i=0,...,m) and Bj, Vj are Hermitian matrices.

According to the definition of convex optimization in (B.13), (B.24) is a convex optimization
problem unless there are only inequality constraints and the A; are all positive semidefinite
matrices. As a result, such QCQP problems are in general non-convex and difficult to deal with.
This motivates researchers to develop generalized solutions [HP10], [LMS*10]. In the following,
we introduce one general approach, namely, the semidefinite relaxation (SDR) technique. The
principle of the SDR approach is to convexify the non-convex feasible region of the original
QCQP problems. More specifically, the SDR technique enlarges the feasible region and thus an
approximation technique is needed (in general), which can be used to obtain an approximate
solution that is feasible for the original problem. In other words, the final solution of the SDR
approach is not necessarily the optimal solution of the original problem [HP10].

By semidefinite relaxation, we mean that by introducing X = ww" and using the property
that Tr{T' X} = w"'T'w problem (B.24) can be rewritten as

H}én Tr{AoX}
subject to Tr{A;X}<a;, i=1,...,m
Te{B;X}=08;, j=1,...,p
X >0, rank{X}=1, (B.25)

where the only non-convex part is the rank-1 constraint while the other constraints are affine.

If we drop the rank-1 constraint, a relaxed problem can be obtained

min Tr{Ao X}

subject to Tr{A;X}<aq; i=1,...,m
Tr{B]X}:ﬁj’ j=1,...,p
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B.3 Convex optimization problems

X > 0. (B.26)

Clearly, the new problem (B.26) is a convex SDP problem. It is always feasible and the
optimal solution X * can have an arbitrary rank. In other words, the relaxed problem (B.26)
is equivalent to the original problem (B.24) if and only if (B.26) has guaranteed rank-1 solutions
[LMS*10]. There are some theoretical results on conditions under which rank-1 solutions are
guaranteed for problem (B.26). For example, according to [HP10, Theorem 3.2 & Corollary
3.4], if there are no more than three constraints in (B.26), i.e., m + p < 3, a rank-1 optimal
solution can be obtained. However, these conditions are not necessary conditions for the
existence of rank-1 optimal solutions in general. In the following, we show how to compute an
exact or approximate solution w* from the optimal solution X *.

If X* is rank-1, then w™ is obtained as

UJ* =/ Amax{X*} . P{X*} (B27)

where A\pax{X *} and P{X "} are the corresponding dominant eigenvalues and domaint eigen-
vectors of X*. If X* is not rank-1 and problem (B.26) does not satisfy [HP10, Theorem 3.2
& Corollary 3.4], a rank-1 approximation technique has to be applied to X*. In our work, the
randomization technique, more specifically, the Gaussian randomization technique is applied.
The randomization procedure is summarized in Algorithm 10. In practice 100 iterations, i.e.,

Nran = 100, is sufficient to obtain a good approximate solution.

Algorithm 10 Gaussian randomization procedure

1: Input: SDR solution X, and a number of randomizations N;ay.

2: Main step:

3. Calculate the eigen-decomposition of X as X = USUY,;

4: for n=1 to Ny, do

5. Generate W, = Uz, where z, ~CN(0,I).

6:  Construct w,, =y, which is feasible for the QCQP problem (B.24).
7. Insert W, into the cost function (B.24) to calculate the optimal value f,.
8 if fy < f)_; then

9: w* = W,.

10:  end if

11: end for
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Appendix C

Proofs and derivations for Part |

C.1 Derivation of RBD in the MAC Phase

In this section we derive the RBD solution is described in Section 3.3.2. Recall the cost function
n (3.14), it can be further expanded as

Gr - mmE{iHagww”?+iuag>nRH2}
=1 =1

Gr

L o~ o~
rginE{ D (Tr{Gl(:f)H(l)j(f)j(@)HH(Z)HGS)H N Gg)angGg)H})} (1)
R =1

Using E{J:(Z)CE(Z)H} = P]EZ)IQ(L,I)MU, we obtain

L ~ ~

Gr i
= min{i(Tr{G(g) ( IE )H(K)H(z) + o0& Iy )G(K)H})}
Gr |5 My R
~ in { i (TI{G(Z)U(Z) ( P )2(6)2(2) + 02Ty )f](é)HG(e)H})} ©2)
Gr | My R

According to [SHO8], the expression in (C.2) is minimized by decomposing Gg) =DOTO T1f
we choose T®) = T®" | then (C.2) reduces to

¢
min i Tr if}“)f}(@H +0o2Iy DW’ (C.3)
D | & My "
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where the matrices D® have to be positive definite in order to find a nontrivial solution to
(C.3) [SHO8]. Using the results from [SHO8], the final solution to (C.2) is given by

P(@) -1/2
Gy = ( LSOO 4 aazMR) g, (C4)

Note that an additional constraint E{||G(Pf)H(£):c(Z) |2} = 2P, can be imposed on Gg) so that
after applying G the level of the received signal power is normalized to the transmit power.
However, since the AF relay does not decode the signal and the scaling with regard to the

transmit power is handled via vy we will not apply the normalization here.

C.2 Calculation of the precoding and decoding matrices in the

presence of colored noise

The applied precoding and decoding matrices in Section 3.3.4 is derived here. Taking the first
UT of the ¢th operator as an example and recalling the signal model in (3.19), the received

signal of the first UT after subtracting the self-interference is:

g = =) + 2", (C:5)

H
Define the covariance matrix of the colored noise as R, = E{ﬁg) 'FLEZ) }. To whiten the
colored noise, we compute the EVD as R,, = UnEnU,If. Then the pre-whitening filter is
chosen as:

Rwhiten = 27_11/2UTIL_I (Cﬁ)

Pre-multiplying equation (C.5) by Ryhiten, the SVD of the effective channel H l(ef ) - Rohiten H 1(2)
can be obtained by:
H
HED UV ©
When DET is applied, the transmit beamforming vector WQ(Z) = wy)
0 )
1

and receive beamform-

ing vector Fl(g) = are selected as the first column of Vl(gﬁ and the conjugate transpose of

the first column of Ul(zﬁ), respectively.
When spatial multiplexing is applied, a new matrix ng) is obtained by adjusting singular

)

values in Eieg using the water-filling algorithm in [PNGO3]. The transmit covariance matrix
is given by:

eff wif eff)H
R o o=V s vED (C.8)
2 2
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/
with Wéz) = Vl(gH)E%f)l * The decoding matrix can be chosen as Fl(@ = Ul(fQH)HRWhiten.

C.3 Derivation of quadratic terms when each UT has a single

antenna

The goal of this appendix is to arrive at quadratic formulas for the signal power, the interference
power, and the noise power in Section 3.4.1. Using Tr{I"1T'3} = Tr{I'sI';} and vec{T'1 XT2} =
(TT ®T'1)vec{ X}, the numerator of equation (3.30), i.e., the signal power, is further expanded

as
O Gp© O 21 _ pOq [ROT RO (O ap® !
E{lhy" GRO (0} = P Tr{hk Gho, (b Gh{Y,) }
¢ 0T L (O)F 0T @7 \!
= P )Tr{(hgjk eh{” )g((h{), ®h{" )g) }

L T 07T 07T )T
=" (PO, @b (R, o k() g. (C.9)

®
ch

Noticing that the interference term in (3.30) and the transmitted symbols are independently

distributed with zero mean, the interference term can be calculated as

d

Finally, the forwarded noise term is calculated as

> " arOz"
k0+0

2

HYMOR 0Hr 0Hnr 0T

}QH(E PORLY o n (R e nl) ))g
k,0xe

E{|h,(f)TGnR|2} _ U%{hl(f)TGGth(f)*
= aﬁvec{h,g)TG}Hvec{hg)TG} = o5 ((Ins, ® h;(f)T) NIy, ® h,(f)T) g

14 oHH
= g" (ch (D @ (BOR(D)")) g

C.4 Proof for Section 5.4.1 (feasibility of interference
neutralization)
Since all the proofs for Section 5.4.1 are connected and are built on each other, we string them

up in a series of subsections. First, we provide the proof of Theorem 5.4.1 in Appendix C.4.1.

It consists of two parts. A pre-result (C.14) is shown in Appendix C.4.1 1), which is then
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C.4 Proof for Section 5.4.1 (feasibility of interference neutralization)

refined in Appendix C.4.1 2). Afterwards, the exact IN solution and its special cases are
derived in Appendix C.4.2. Finally, the minimum required transmit power for IN is calculated
in Appendix C.4.3.

C.4.1 Proof of Theorem 5.4.1

The IN condition is given by

hok-1.201+ o W a1 =0 YOk Lk
hok-1.20+ Fo W @g2e =0 INNEY: | ©.10)
hokoe-1 + Ga, W far1=0 VO k0 +k
hok 20 + Gop, W gar = 0 VO k0 +k

or equivalently

hok-1.201 + Ry 00 @ =0 YOk {#k
hok-1,2¢ + hgj_y 5 =0 INNEY:
hok,20-1 + higj, 51 = 0 VO k0 +k
hak,20 + By, 0y = 0 AN NEY:

Condition (C.10) can be rewritten as a linear system of equations (L. S. E.), which is expressed

as
A1 = by (C.11)

where A; e CHE(K-1)xN Mg represents the effective channel which is defined as
T
A= [th—l,%—l hap_120 hog2e-1 h2k,2£] VL,
and where b, € C*¥(K-1) ig generated by
T
b1 =- [h%—l,%—l hok-12¢ haog20-1 h%,ze] , VEk, L.

Thereby, the feasibility problem of IN evolves to find solutions to a L. S. E.. Furthermore, the

IN solution @ has to fulfill the transmit power constraint at the relay, i.e.,

Pi o > WG b (C.12)
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when the total transmit power of the relays in the network is considered, or

P(Ind)

R,max 2 AX @1C®w (C.13)

when each relay has its own power constraint.
According to the Kronecker-Capelli Theorem [Mey04], a L. S. E. such as (C.11) has a solution

if and only if (C.11) is consistent, where consistency is defined in the following lemma.

Lemma C.4.1. Consistency [Mey04]: Each of the following is equivalent to saying that
[A1 bl] 18 consistent.

1. in row reducing [A1 bl], a row of the following form never appears:
[0 0« 0| ai]ar=o.

2. rank {[A; by} =rank{A,}.
3. by is a combination of the basic columns in A;.

Item 3 can be interpreted using the four fundamental subspaces of A;. That is, the vector
bi has to be in the column space of A;. Define the rank of Ay as ra. Define the SVD of
A as Ay = [Uas Upn]ZaVE where Uy € CHRE-DXTA and Uy, € CHE-D)xAK(K=1)-ra)
are orthonormal bases of the column space of A; and the left null space of Aq, respectively.
Item 3 implies that equation (C.11) has a solution if and only if U AnU}fnbl = 0. Otherwise,
the left null space component of b; cannot be eliminated since Ajx is always a vector in the

column space of Aj.

C.4.1.1 A general result

In our case A; and b; are generated from complex Gaussian distributions. Thus, Ay should
have full rank in general, i.e., rank{A;} = min(4K (K - 1), ]\7]\/1'12{).1 If Aq is a tall matrix, i.e.,
4K (K -1) > NMZ, equation (C.11) has no solution almost surely. In other words, (C.11) has
a solution if and only if

NM3 > 4K (K -1). (C.14)

In such a case, the solution to (C.11) is calculated using the pseudo inverse, i.e., w = A7b; +
(I -A7A;))w, and A7 = Alf(AlAll{)_l. Notice that in practice A; can be degenerated /

'This is because the determinant of A; is a multivariate polynomial in its entries. Since the entries are
independent and from a continuous distribution, the probability to get a zero of the polynomial has measure
zero [Mui82].
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rank-deficient, e.g., in case of pure line of sight (LOS) channels. Nevertheless, this discussion

is out of the scope of this thesis.

C.4.1.2 A specific result when the channel is reciprocal

Condition (C.14) reveals the dimensionality constraint in a general case, under which IN is
feasible. For a special structure of the effective channel, i.e., the channel is reciprocal, the

condition for IN can be relaxed. This is shown in the following. If w is designed such that

IR AW foror = foh s W for V0K L%k
For AW a2 = £, W g VLR o
93 W Fae1 = 93y W Fou Ve k0% k
93, W g0 = 93, W gai Ve k0% k

there will be only 2K (K —1) equations in condition (C.10) while the other 2K (K -1) equations

are duplicates and thus can be removed. Afterwards, we get a new L. S. E.

Ab=b (C.16)

CzK(K—1)xNM§

where A € is generated by

T
A:[hzi—l,zj—l hoi127 Paioj hz%,zj] V1,7,

b e C2K(K-1) ig generated by

T
bz‘[h2i—1,2j—1 hoi_125  hoij-1 h2{,2j] Vi, 7,

and where i € {1,--K} and j € {i + 1,---K }. Moreover, condition (C.15) has to be satisfied for

2K (K -1) equations and via reformulation we get
AK® =0 (C.17)

where K = Iy® (IMﬁ —KMl%) and K> ¢ CM&*Mz is a commutation matrix, which is a unique
permutation matrix such that K2 vec{W} = vec{W'} [Lue96].

According to our previous discussion, equation (C.16) has a solution if and only if 2K (K -
1) < NMZ. However, the solution to (C.16) should be a feasible solution to (C.17) as well,

and vice visa. That means, our new IN problem can be formulated as the following convex
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feasibility problem

find w
st. Aw=> (C.184a)
AKw=0 (C.18Db)

and 2K(K -1) < N MI% might be just an necessary condition such that problem (C.18) is
feasible. Our task is to find necessary and sufficient conditions such that problem (C.18) is
feasible. To this end, we find that it is useful to split the constraint (C.18b) into the following

two cases, where the first one is given by

Kw=0 (C.19)
and the second one is

AK®wm =0 (C.20a)

Kw=c (C.20Db)

where ¢ € CNM& ghould have at least one non-zero element. The two cases can be interpreted
using the four fundamental subspaces in linear algebra. That is, case (C.19) implies that w has
to lie in the null space of K while case (C.19) requires 0 to be in the intersection of the row
space of K and the null space of AK. Since the null space and the row space of a matrix are
orthogonal, case (C.19) and case (C.20) cannot be feasible at the same time. In the following,
we discuss the solution to problem (C.18) under different cases.

Let us first consider case (C.19). Define the SVD K = Ui Xi[Via VHJ]H where Vj,; €
CNMpx(NMg-r1) spans the null space of K and r; is the rank of K. We have 7 = %NMR(MR—

1) based on the following two statements.
1. according to [Lue96, p. 116], the rank of (IMI% - KMFZ{) is equal to 1 Mg (Mg - 1).
2. rank{I' ® Q} = rank{T'} - rank{Q} [Lue96, p. 20].

Without loss of generality, @ which satisfies (C.19) can be expressed as

W = Vo i (C.21)

)

where b € CVMA"1, Inserting (C.21) into (C.18a), we get

AV, 11 = b. (C.22)
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C.4 Proof for Section 5.4.1 (feasibility of interference neutralization)

Both A and V; 1 have a full rank and thus the matrix product AV; ; has a full rank almost
surely, i.e., the rank is given by min(2K(K - 1), NMZ - r1). According to Lemma C.4.1,

equation (C.22) has a solution if and only if
1
2K(K -1) < NM3 -7l = §NMR(MR+ 1). (C.23)

This condition means that

2_
16K 16K+1

-1+ N

Mg > (0.24)

2

When case (C.20) is feasible, problem (C.18) be solved in a similar way. Nevertheless, the

obtained solution is not useful for our purpose due to the following fact.

Lemma C.4.2. If case (C.20) is feasible, the inequality 2K (K - 1) < %NMR(MR —1) has to
hold.

Proof. Please refer to Appendix C.5. O

Clearly, condition (C.35) is more stringent than (C.23). Therefore, assume that there is

sufficient power at the relay. We can conclude that IN is feasible if and only if condition
(C.23) is fulfilled.

C.4.2 Proof of Lemma 5.4.3 and Corollary 5.4.4

Define the SVD AV;; = Uy[Sso 0][Viz Via]', where Viy e CoVMr(Mrt)xr2 apq v, ¢
C 2 VMr(Mr+1)x(5 NMp(Mp+1)-r2) span the row space and the null space of AV, 1, respectively.
We have 39 € C*"2 and rp = 2K (K —1). The IN solution of w, which is also the solution to
(C.22), is given by

W = V1 255U, b + Vi, 1 Vi 24, (C.25)

NMR(MR+1)—

where wy, € C3 "2, Using the orthogonal complement of AV, 1, the IN solution can

also be obtained as

W= Va1 ((AVa1) b+ (Lfracran g (vn+1) = (AVa1) " AV, 1) v) (C.26)

where v € C2NMr(Mr+1) - Although solution (C.25) and solution (C.26) provide the same num-
ber of signal dimensions, i.e., %N Mg (Mg +1) —r9, optimizing v yields a higher computational

complexity since it has more elements than w,. However, the computational complexity of
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computing (C.26) is lower than computing (C.25). This is because the computational complex-

ity of computing a pseudo inverse lies in the calculation of an inverse of a Hermitian positive

definite matrix, which can be computed using the Cholesky decomposition. It is known that

the Cholesky decomposition has a lower computational complexity compared to the SVD.
When Mg =1, N>1,and N > 2K (K - 1), the IN solution is simplified to

W=A"b+(Iy-A"A)v. (C.27)

Define the SVD (IMFQ{ - KMﬁ) =U3X3[Vis ‘/;173]H where V; 3 € CMRx(GMR(Mr+1)) contains
the last (%MR(MR +1)) columns. When N =1, and My > 2K -2, the IN solution is given by

W = Vo3((AVi3) b+ (Tpraciomg (Mg +1) — (AViz) AV, 3)v). (C.28)

Without loss of generality, we can express the IN solutions (C.25), (C.26), (C.27) and (C.28)

in the form of w = ¢+ Bv, where ¢ and B are fixed and v is a free parameter.

C.4.3 Proof of Corollary 5.4.5

Using the general IN solution @ = ¢ + Bv and the power constraints in (C.12) and (C.13), we

compute the minimum required transmit power for IN and obtain the following lemma.
Lemma C.4.3.

Case 1 2K(K -1) < %NMR(MR +1)). When a total transmit power of the relays in the

network is considered, the minimum required transmit power PR max is
H A~ H
Promax = 1CPc- bl A%, (C.29)

where A, = BHé’ég)B and b, = BHé'ég)c. When each relay has its own power constraint, the

. . . Ind) .
minimum required transmit power Plg Eﬂa)x is calculated as

P = max(MC®e- bl Al b, ) (C.30)

R,max

where A, = BHé',(Lg)B and by, = BHC'T(«Lg)c.

Case 2 (2K(K-1) = %NMR(MR+ 1)). Under a total transmit power constraint, the minimum

required transmit power PR max iS

PR max = cHé’ég)c. (C.31)
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C.4 Proof for Section 5.4.1 (feasibility of interference neutralization)

Under individual transmit power constraints, the minimum required transmit power Pf(thrfa)x is
given by
Ind H A~
Pf({;a)x = maxc C®e (C.32)

Proof. When the total transmit power of the relays in the network is considered, the minimum
required transmit power PR max is obtained by finding v such that the following cost function
is minimized
J(v) = IIJHé'ég)II) =(c+ Bv)HC‘ég)(c + Bv)
= cHéég)c + 2Re{'vHBH(~3’ég)c} + 'UHBHC'O(g)Bv

= cHé'ég)c +2Re{v"b,} + v A v

where Re{-} denotes the real part of a complex number. Clearly, we have A, > 0. Hence,
J(v) is a convex function and it has a global minimum. To find the minimum value, we can

take the derivative with respect to v* and set it to zero, i.e.,

0I(v)

ov* pY

+b, =0. (C.33)

Define the EVD A, = [Ups UpnlZp[Ups Upn] where U, contains the eigenvectors,
which correspond to zero eigenvalues. Then v = —Ag by +Up nVp n, where vy, is a free variable,
minimizes the function J(v). The minimum value of J(v) can be computed to be cHé'ég)c—
bEA;;bp. Moreover, it is straightforward to get (C.30) when individual power constraints are
considered.

The above derivation is based on the fact that A, is not a matrix with all zeros. However,
this will happen under the condition that 2K (K - 1) = %NMR(MR +1). In such a case, the
matrix AV, 1 becomes a full-rank square matrix. It does not possess a null space and thus the
matrix B is a zero matrix. Hence, the cost function J(v) becomes a constant. Conclusions
(C.31) and (C.32) are obtained.

O

Moreover, the minimum norm IN solution of @ is given by w = ¢ since it minimizes |||

In the following we discuss cases where IN is not feasible, i.e., the dimensionality requirement
(C.23) or the minimum transmit power requirement (C.12) (or (C.13)) is violated. First,
if only the dimensionality requirement (C.23) is violated, equation (C.22) has no solution
almost surely since AV, 1 will have a full column rank. But we can still obtain the least

square solution 1 = V;, 1 (AV,1)%h, i.e., w = ¢, which minimizes the least squares | Aw - b|?.
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It is straightforward to see that the least squares problem is equivalent to the interference
minimization problem for our scenario. Thus, w = ¢ is also a solution to the total interference
minimization problem:

1

1
po L - pO) C.34
D = P2k—1 2k-1 2k ( )

Py,

min

When the minimum transmit power requirement (C.12) (or (C.13)) is violated, we can scale

w such that the total interference is minimized. It is not difficult to see that the solution is

~ PR,max
W=C\| —=7 >
cHCég)c

if a total transmit power constraint is considered, or

given by

(Ind)

~ R,max
W=y | ——— =
max, cHC;* ¢

if individual transmit power constraints are considered.

C.5 Proof to Lemma C.4.2

The proof to Lemma C.4.2 in Appendix C.4 is provided here. In general the matrix product
AK has a full-rank which is equal to min(rank(A),rank(K)) = min(2K (K - 1), %NMR(MR—
1)). To see this, we define a change of basis matrix T such that K = T[K’ 0]T !, where
[K’' 0] is the new basis and K’ ¢ CNMixgN [Mey04]. Then we have

rank(AK) = rank(AT[K’ 0]T") = rank(AT[K' 0])
=rank(ATK').

Clearly, the matrix product TK’ has a full rank. Thus, the matrix product AK has a full
rank almost surely. According to [Mey04], this also implies that

dim{NV{A} nS{K}} =0
when 2K (K - 1) > sNMg(Mg - 1). Or

dim{N{K"} ns{A}} =0
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C.6 Proof to Lemma 5.6.1

when 2K (K -1) < %NMR(MR — 1) since the rank of a matrix product is obtained by

rank(AK) = rank(A) - dim{N{K™} n S{A"}}
=rank(K) - dim{N{A} nS{K}}.

Moreover, case (C.20b) implies that the vector ¢ has to lie in the range of K. Inserting (C.20b)
into (C.20a) shows that the vector ¢ has to lie in the null space of A. In other words, the
intersection of the subspace S{K} and the subspace N'{A} should not be empty. If the rank
of the matrix AK is equal to %NMR(MR -1),ie,2K(K-1) > %NMR(MR —1), there does
not exist a vector ¢ which satisfies (C.20) since dim{N{A} nS{K}} = 0. If the rank of the
matrix AK is equal to 2K (K - 1), i.e., 2K (K - 1) < %NMR(MR —1), there exists a nontrivial

c for (C.20). Hence, it is necessarily to have
1
2K (K ~1) < SN Mp(Mp - 1) (C.35)

if case (C.20) is feasible.

C.6 Proof to Lemma 5.6.1

The optimality and the convergence behavior of the proposed DT algorithms in Section 5.6
are derived in this appendix. According to [LV12, Theorem 1.7.2], the set of all positive
semidefinite matrices is closed. Moreover, given the two constraints in problem (5.31), the
feasible region of problem (5.31) is closed under limits and thus it is compact. Then it is
straightforward to apply Proposition 4.1 from [CFS85] and Theorem 2.1 from [CFS86], which
state that problem (5.31) and its parametric representation (5.36) have the same set of optimal
solutions if f(\) = 0. Moreover, the generated sequences {A(P)} converges at least linearly to
Aopt, and each convergent subsequences of {X (p)} converges to an optimal solution of (5.31).
Thus, the generalized Dinkelbach algorithm solves (5.31).

Next, we analyze the convergence behavior of the generalized Dinkelbach algorithm. Define
gi(X) = Tr{F,,X®}. According to [CFS85], if there is a single ratio in (5.31), an unique
subgradient of f(\) is obtained and thus a superlinear convergence property of the Dinkelbach
algorithm can be proven. When there are multiple ratios, the subgradient is not unique

anymore. Instead, we have the following two relations.

Corollary C.6.1. [CFS85, Proposition 2.2] Assume that X ®) is an optimal solution of (5.36)
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at the (p)-th step. Then

FN) > fF(A®) _g(X(p))()\_)\(p)) if A > A®)

C.36
FO) = FOD) —GXP) (A= AP if A <20, (C.36)

If DT-1 is applied, we have g(X (")) = min,, Tr{F,,, X @} and g(X ») = max,, Tr{F,, X P}
If DT-2 is applied, we have Q(X(p)) = min,, (Tr{F, XP}/Tr{F, X D}) and g(X®) =
max,, (Tr{F, X P} /Tr{F, X®P1}). Using the inequalities in Corollary C.6.1, we derive the
convergence speed of the proposed Dinkelbach-type algorithms. To this end, we apply the

following fact, which can be proven in the same way as in [CFS85, Proposition 3.1],
AP > A@) 4 (AP g x ),
which is equivalent to
APD 22 AP = A+ FOP) (X D). (C37)
Furthermore, the first inequality in equation (C.36) implies that
FOD) 2 Fhapt) + 9 Xopt) Aapt = A®) = g Kopt) (hopt = AP). (C.38)
Combining equations (C.37) and (C.38), we have
AP gl € AP = (1= 9 (X)X ). (C:39)

Let 61 = g(Xopt) /(X (P)). Clearly, in general 0 < §; < 1 and thus the Dinkelbach algorithm
has a linear convergence according to Definition 5.6.1. But if there is a single ratio, oy — 1
when p — oo, which implies a superlinear convergence. When there are multiple ratios and
the DT-2 algorithm is applied, if the optimal solution is unique, i.e., X (») converges to Xopt
[CFS86], then

9(Xopt) = min(Tr{Fp, Xope }/Tr{ F,, X PD}) 51 (C.40)
and
(X @) = max(Tr{F,, X P}/ Tr{F,,, X »~V}) "3 1. (C.41)

Again, a superlinear convergence will be obtained. Unfortunately, problem (5.31) does not
have a unique solution because its denominator is not strictly convex [SS03]. Nevertheless,

by using the convex analysis, an even higher convergence order might be obtained for the
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7>
/;G//,

) A normal set G e R2 (b) A reverse normal set H e R2

Figure C.1: An illustration of a normal set G € R? and a reverse normal set H € R2.

DT-2 algorithm as in [BC87], which means a better than linear convergence speed in general.

However, this is out of the scope of this thesis.

C.7 Monotonic optimization and the polyblock algorithm

This appendix devotes to the introduction of the monotonic optimization problem and its

solution via polyblock algorithm, which are applied in Section 5.7.

C.7.1 Monotonic optimization

According to [Tuy00], a set G € R” is called normal if y € G also implies that the hypercube
[0,y] € G, as depicted in Figure C.1a. A set H € R7 is called reverse normal if y e Hand y' > y
also implies that y’ € H, as depicted in Figure C.1b. A function f:R” — R, is an increasing
function if y" > y implies f(y') > f(y), Vy'.
Maximizing an increasing function over the intersection of a normal set and an inverse
normal set, i.e.,
mjx fly), s.t. yeGnH, (C.42)

is a monotonic optimization problem [Tuy00].

For problem (5.45), Y, = W BnW iy and w e IF, represents the Rayleigh quotient. Hence, it

wlF,w’

is bounded between min,, Amin{F;' E;n} and min,, Apax{F.' E,,} 2. Thereby, the definitions

of G and L satisfy the definitions of the normal set and the inverse normal set, respectively. It

2ym > 1 because it is equal to 1 + v, Ym.
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is then straightforward to conclude that problem (5.45) is a monotonic optimization problem

since its cost function ®(y) is an increasing function.

C.7.2 Polyblock algorithm

The polyblock algorithm is a unified algorithm to solve the monotonic optimization problem
[JL10], [Tuy00], [UB12]. A polyblock P with vertex set T € R is simply a union of a finite
number of hypercubes [0, z], z € T. A polyblock is dominated by its proper vertices, where a
vertex z € T is proper if there is no z’ # z and 2’ > z, 2’ € T. Since G is a normal set there
exists a polyblock PM such that G ¢ PW, Moreover, we can construct a nested sequence of
polyblocks which approximate G from above, i.e., an iteratively refined outer approximation

of G is created starting from p =1
PL 5.5 PP oG,
If we replace G by P(®) in (C.42) and obtain

max f(y), s. t. yeP® M, (C.43)
Yy

(p) to

then the maximizer y (C.43) should be attained at one proper vertex of the polyblock

opt
P®), say zégz, due to the monotonicity of f [Tuy00]. It will be also the global optimizer if
zégz € G. In other words, the global maximum of (C.42), if it exists, is attained on 9*G,

i.e., the upper boundary of G [Tuy00]. However, in general, zg;i will lie outside of G since
the polyblock is just an outer approximation of G. In such a case, we need to create a new
polyblock P®*1) which satisfies

p+) 5 p) 5 G.

According to [Tuy00], this can be achieved using the following procedure. First, finding the

unique intersection point 2P between 8*G and the line segment connecting the origin and

zgg% via
3(0) _ M(p)zéﬁ
with
1P = max p, s t. qu(p) eGnH. (C.44)
1e(0,1] opt

Then the current objective value is given by f (2(7’)) and the current best objective value is

calculated as fégg = max(fégt_l), f(2P)) . Second, let T®) be the proper vertices of P(®) and
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T®) c T such that z(()f)i eT® c {ZeTW)|z > 2(P)}. We replace all the z ¢ T®) from T by
points
Zi=z—(z-2")e;, Vie {1,-n}. (C.45)

Afterwards, we remove all improper elements as well as all points not belonging to H. Then the
remaining vertex set is the proper vertex T@*D for our new polyblock P®+D) | This algorithm,
which is referred to as the polyblock outer approximation algorithm in [Tuy00], runs iteratively
until T®*) = & or an e-optimal solution is found. When the computational complexity is
concerned, an e-optimal solution is preferred. To this end, during the construction of T®*+1)
it is practical to discard vertices Z € T®*1) and f(2) < (1 + e)fo(gg.

An example of the polyblock approach is shown in Figure C.2. The original feasible region is
given by D = G nH € R? and an initial vertex set is T(!) = {zy}. As seen from Figure C.2a, the
(1)

rectangular /polyblock defined by [0, z] approximates D from the outside. The maximizer Zopt

from the current vertex set is zg. Since zg;% does not lie on the boundary of D, in the second

step (as depicted in Figure C.2b), the unique intersection 2 between the boundary of D and
(1)

opt = 20 has to be computed. In the third

the line segment which connects the origin and z
step (as depicted in Figure C.2c), two new vertices Z; and Z are computed using equation
(C.45). The region, which are decided by the vectors 2(1), 20, 21, and Zy, are marked red in
Figure C.2c. It is infeasible for the original problem and thus should be discarded. Finally,
the new vertex set T(?) = {Z1, 22} is decided as in Figure C.2d and thus a new polyblock is

constructed. This approach continues until the global optimal is found.
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Z0 o 20

AN

T
g///

>

>

(a) Deciding the maximizer zé;?c from the current (b) Finding the unique intersection point 21,
vertex set T = {20}, Clearly, z(g;)t = 2g.

20

. 0N

(c) Replacing zo with new vertices Z1 and Zo. (d) Constructing the new vertex set T = {z,, z,}.

Figure C.2: An illustration of the polyblock approach for a feasible region of D = G nH € R2.
The initial vertex set is T(Y) = {24}.
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Appendix D

Proofs and derivations for Part Il

D.1 Proof of Proposition 8.3.1

The statement i) of Proposition 8.3.1 is based on the following findings. First, at least one of
the constraints has to be active at the optimality. Otherwise, the optimal solution wgpt; can
be scaled up such that one of the constraints is satisfied with equality. The increasing of wqpt ;
will increase the objective value and thus contradicts the optimality. Second, at the optimality
of problem (8.6), Vi, it cannot happen that the SI power constraint is active and the transmit
power constraint is inactive. This can be verified using proof by contradiction.

Define the orthogonal complement of h;{ e CMt a5 H’LLHI- =TIy, - "r,%—?ﬁ; e CMe< M Without

i

loss of generality, we write the optimal wept; as
Wopt,i = - a; + Ty - b e CM (D.1)
Jt

where a; € C and b; € CM. Assume that at the optimality of problem (8.6) the transmit
power constraint is inactive and the SI power constraint is active. Inserting weps,; into the two

constraints and the objective function we get the following equations

H H TH
nawlhy A hjiwoep i = m; - Ryl ? - [aif? = PO, (D.2)

TH
wil wopts = |hi| 2laif® + |bi? < P

7 9
and

2
H H H 1 2 s
wopt,ihii iiWopt,i = |h“hﬂ - a; + h”Hh]HZ . bl| < ( huuﬂ s a;| + ) . (D4)

According to the triangular inequality, the maximum is obtained if the two complex numbers
have the same phase, i.e., arg {hiih?i . ai} = arg {hiil_I,llH. -bi}, where arg {-} obtains the angle
Ji
of a complex number.
Since |a;|? is fixed via the active transmit power constraint, it is straightforward to see that

scaling up |b;| will also increase the optimal value which contradicts the optimality. Therefore,
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we conclude that the transmit power constraint has to be active if the SI power constraint is

active.

The statement ii) of Proposition 8.3.1 comes directly from the fact that if the SI power

constraint is inactive, problem (8.6) degenerates to a classical HD MISO setup.

D.2 Proof of Corollary 8.3.2

Using the definition of wgpt ; from equation (D.1) and the fact that the SI constraint is satisfied

with equality at the optimality, we conclude that the only uncertainty regarding a; is its phase

p™
i= — I, D.5
“ \lﬁi'||hji||46 (B-5)

Moreover, we conclude the optimization over wgpt; can be achieved by first optimizing b; and

[e7%) i.e.,

then «;. Our conclusion is based on the following two statements:
1. The two active constraints do not depend on «;.

2. The objective function of (8.6) satisfies the inequality (D.4). According to the triangular
inequality, the maximum is obtained if arg {hiih?i . a,-} = arg {hiiH’tH bl} That is, if
Ji

an optimal bgpt ; is obtained, the optimal phase of a; is computed as

1
hiinh;_{i “bopt,i

(D.6)
pH
hmhji

Qlopt,i = arg

Therefore, problem (8.6) with two active constraints can be decomposed into two equivalent
problems, i.e., first finding optimal b; and then adjusting a;. Without loss of generality, we

set a;; = 0. Thereby, problem (8.6) simplifies to the following optimization problem

H_H * H_H
HlaX bZ Zv’izv’ibi + Zs’izvyibi + bl ZV’Z‘ZSJ'

(3

1
subject to  bilb; = e - ———— p(™ (D.7)
nilkgil* )

hihtl [ p(TH
where z,; = h;IIt, and zg; = ,:_,35 ;
’ hji ’ ” JZH
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D.3 Proof of Proposition 8.3.4

Problem (D.7) can be solved using the Lagrangian multiplier method. The Lagrangian of
problem (D.7) is expressed as

1
[;(bl, Ui) = bZ-Hz\I,{’izv,ibi + zs*,izv’ibi + bz-HZ\I:I’Z-ZSJ' — Ui (b?bl - (Ei - —2) PZ(TH)) (D8)
mil il
where v; represents the Lagrangian multiplier. Taking the first-order derivatives over b; and

v; and setting them to zero, we get

bi = (UiIMt - Z\I:I’Z»ZVJ)_IZEZ-ZSJ (D9a)

1 TH)
bip, = (e - —— | p(TH). D.9b
‘ (6 m'lhjz'HQ) ! (D-5b)

Inserting (D.9a) into (D.9b), we have

H

v,i

H -1_H
ViRV i ) 2y i%s,i

= |zsﬂ-|2Tr {(UZ‘IMt - z\},I’Z-,zV,i)_H(UZ-IMt - z\I,{,izm)_lz\},I’izV,i}

H * -H
bi bi = zv,izsyi(UiIMt -z ZVJ') (UiIMt 4

= |z P Tr { (i, - 2052v,0) 22 2v.}

_maPlava

2 1
Lzl lzval® (6. ) _) (TH)
= =€ AR
(vi = |zv.il*)? nilhgil*) "
Although there are two roots in the above equation, the optimal v; is given by
2 |zs.ill Zv.il

e ) 2T

because the cost function in (D.7) has to be maximized. The optimal by ; is then calculated

(D.10)

Vopt,i = ”zv,i

using (D.9a).

D.3 Proof of Proposition 8.3.4

In this appendix, we derive analytic solutions for a special case of the FD MIMO system, i.e.,
M, = My = 2 and both the transmit power constraint and the SI constraint are satisfied with
equality. Define A;; = HIH;;/o? and Bj; = HJPZIHﬂ Mathematically, for each {i,5} € {1,2}

and 7 # j, we solve the following optimization problem

ng)in ~log (|1 + AuQil)

1
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st Qix0, Tr{Q;}=eP ™
T (B Qs - Pi(TH)_ (D.11)

Problem (D.11) is convex with respect to Q;. The analytic solutions to problem (D.11) when
M, = My = 2 can be obtained using the Lagrangian multiplier method. The Lagrangian of
problem (D.11) is given by

L(Qi, pi,vi) = —log ([Inr + AiiQil) + pi(Tr{Q;} - Ez‘PZ-(TH)) + v (Tr{n; B Q;} - Pi(TH)), (D.12)

where p; and v; denote the Lagrangian multipliers. To obtain the optimal solution for the
original problem (D.11), an additional constraint on @Q; has to be taken into account, i.e., Q;
has to be Hermitian positive semidefinite. However, to make the Lagrangian method solvable,
we propose to first relax @; to be a Hermitian matrix, which is a larger set than the set of
Hermitian positive semidefinite matrices. When Q; = Q!!, the following rule from [Hjg11] can

be used, i.e.,

oL oL +( oL )T
0Q;  9Q; \oQ;
Moreover, utilizing the fact that d(log|T'|) = tr{T'"'dT'}, d{tr{T'}} = tr{dT'} [Hjo11], the first-

order derivative of the Lagrangian with respect to Q; is computed as

(D.13)

0L(Q;, pi,vi)
0Q;

0,-on =~ + AiiQi) " Ayi + pidag, +viniBji. (D.14)

Then by taking the first-order derivatives over Q;, p; and v;, respectively, and setting them

to zero, we get

Qi = (piln, +vimiBji) ™' - A7 (D.15a)
Tr{Qi} = e P (D.15b)
Tr{n; B;iQ:} = PZ-(TH) - (D.15c)

Define the EVD of A“ = Um . diag {)\”} Ug and Bji = Uji . diag {}\jZ}UH

i where \;; =

T T
[)‘ii,lv --',)\ii’Mt] and Aj; = [Aji71,---, Aji,Mt] are the corresponding eigenvalue profiles of A;;
and Bj;, respectively. Inserting (D.15a) into (D.15b), the following expressions are obtained

Tr{(piIns, +vimiByi) ™' - Ay}
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= Te{(pilas, +vimiBji) '} - Tr{Az'}
= Tl”{Uji(,OiIJ\/[t + UiN; diag {)\ﬂ})_lU]I;I} - TI"{U“ diag {)\ii}_l UZPZI}
My

= pi+ ViNjim) At ) = 6P (D.16)
=1 Tt ’ ¢

Similarly, inserting (D.15a) into (D.15c¢), we obtain the following equation

Afl (Njim(pi + vidjim) ) - Te{ B 4G} = B . (D.17)
m=

Equations (D.16) and (D.17) are polynomial equations with respect to p; and v;. They are
solvable but closed-form expressions for the roots of the polynomial equations are available for
specific polynomial order, e.g., the second order. Moreover, after obtaining p; and v;, equation
(D.15a) has to be calculated. If the obtained Q); is positive semidefinite, the optimal solution to
the original problem (D.11) is found. If the obtained Q; is not positive semidefinite, it implies
that at least one of the eigenvalues of Q; is zero. A reformulation of the Lagrangian has to
be done. Therefore, an analytic solution is in general difficult to obtain when both constraints
are active. Nevertheless, in the following we derive analytical solutions for M; = My = 2. When

M, =2, by combining (D.16) and (D.17), p; and v; are computed by

Njid L Aji
NjilZi = Zi Aji2Zi— %
1 1

v; = — + — —~ D.18
YZi-NiaZ Zi- Ak (D-18)

where z; = eiPZ.(TH) + anzl )\i_i’lm and z; = Pi(TH)/m + Tr{BjiAZ-_il}. If the obtained Q; is not
positive semidefinite, one of its eigenvalues is zero, i.e., Q; is a rank-1 matrix. Without loss
of generality, we define Q; = w;w!!. Problem (D.11) can be reformulated into the following
equivalent problem

s. t. wZHwZ = GZ'P(TH), meHBjiwi = P(TH) (Dlg)

7 i

The covariance matrix Bj; is full rank and thus Uj; is an orthonormal basis of the two-
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dimensional space. Thereby, without loss of generality, we define

|’UZ' 1| 0 6jai
’wZ‘:U‘Z"UiZU“ ’ . s D.20
J J [ 0 |Ui,2| edBi ( )

where |v; 1|, [vi 2| and o, B;, represent the corresponding amplitudes and phases of the elements
of the vector v; € C2. Inserting (D.20) into the two constraints of (D.19), we obtain

p(TH)

7

22 pM (D.21)

il +[vial? = &

Njialvial? + Njialvie

. . P.(TH)/n-—)\ 06, PUTH
Thereby, the amplitudes of the elements of v; are decided by |v; 1] = . s

Aji 1= A2

s eP.(TH)—P.(TH) ] ailr a2
and |v;o| = \/ LI it [T Define U-HAiinl- = where a1 € R, ags € R,
’ 31,17 A\ji,2 J G/IQ a9

and ajs € C. Inserting (D.20) into the objective function of (D.19), after some algebraic

manipulation, we get
11]3{14“1.0Z = an\vi71|2 + €j(ﬁrai) . |vi,1\|vi72|a12 + ej(arﬁi) . |vi71||vi,2|a’{2 + a22|vi72|2. (D.22)

Clearly, (D.22) is optimized if «; — 3; = arg{a12}. Hence, without loss of generality, we set
Bi =0 and thus a; = arg{aj2}.
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