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Abstract

To meet the very high data rate requirements for wireless Internet and multimedia services, co-
operative systems with multiple antennas have been proposed for future generation wireless systems.
In this thesis, we focus on multiple antennas at the source, relay and destination.

We study both downlink and uplink cooperative systems with single antenna relays. For downlink
systems, the optimal precoder to minimize the sum transmit power subject to quality of service (QoS)
constraints with fixed relay weights is derived. We also study the optimization of relay weights with a
fixed precoder. An iterative algorithm is developed to jointly optimize the precoder and relay weights.
The performance of the downlink system with imperfect CSI as well as multiple receive antennas is
also studied.

For the uplink system, we similarly derive the optimum receiver as in the downlink with fixed
relay weights. The optimization of relay weights for a fixed receiver is then studied. An iterative
algorithm is developed to jointly optimize the receiver and relay weights in the uplink. Systems with
imperfect channel estimation are also considered.

The study of cooperative MIMO systems is then extended to a multi-cell scenario. In particular,
two scenarios are studied. In the first, the cells coordinate their beamformers to find the most suitable
cell to serve a specific user. In the second, each base station selectively transmits to a fixed group of

users, and the cells coordinate to suppress mutual interference.



Finally, our investigation culminates with a study of an uplink cooperative system equipped with
multi-antenna relays under a capacity maximization criterion. The specific scheme that users access
the base station through a single multi-antenna relay are studied. Iterative capacity maximization
algorithm are proposed and shown to converge to local maxima. Numerical results are presented to

highlight that the algorithms are able to come close to these bounds after only a few iterations.
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Chapter 1

Introduction

Communication over a wireless channel is highly challenging due to the complex propagation medium.
The major impairments of a wireless channel are fading and cochannel interference. Due to ground
irregularities and typical wave propagation phenomena such as diffraction, scattering, and reflection,
when a signal is radiated into the wireless environment, it arrives at the receiver along a number
of distinct paths, and is referred to as a multi-path signal. Each of these paths has a distinct and
time-varying amplitude, phase and angle of arrival. These multi-paths may add up constructively or
destructively at the receiver. Hence, the received signal parameters may vary over frequency, time,
and space. These variations are collectively referred to as fading and deteriorate link quality. More-
over, in cellular systems, to maximize the spectral efficiency and accommodate more users while
maintaining minimum quality of service, frequencies have to be reused in different cells that are suf-
ficiently separated. Therefore, a desired user’s signal may be corrupted by the interference generated
by other users operating at the same frequency.

Multiple users that access the same time-frequency-space resources may achieve signal separation
in the spatial domain. In multi-user beamforming, each user’s stream is precoded with beamforming
weights at the transmitter using some form of user channel state information in order to optimize each
user’s signal-to-interference and noise ratio (SINR) and, in the process, reduce co-user interference
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[2]. Space-division multiple access (SDMA) emerged as a popular technique for next-generation
communication systems and has appeared in standards such as IEEE 802.16x and 3GPP LTE.

Array gain [3] is achieved in MIMO systems through the enhancement of average signal-to-noise
ratio (SNR) owing to transmission and reception by multiple antennas. Availability of channel state
information (CSI) at the transmitter/receiver is necessary to realize transmit/receive array gains.

Diversity [4] is a powerful technique to mitigate fading and increase robustness to interference.
Diversity techniques rely on transmitting a data-bearing signal over multiple (ideally) independently
fading paths over time/frequency/space. Spatial (i.e., antenna) diversity is particularly attractive
when compared to time/frequency diversity since it does not incur an expenditure in transmission
time/bandwidth. Space-time coding to exploit spatial diversity gain in point-to-point MIMO chan-
nels has been studied extensively [5] [6].

Considering the rapidly increasing demand for high data rate and reliable wireless communica-
tions, bandwidth efficient transmission schemes are of great importance. In recent years, user coop-
eration has attracted increased research interest and has been widely studied. By relaying messages
for each other, mobile terminals can provide the final destination receiver with multiple replicas of
a signal arriving via different paths. These techniques, known as cooperative diversity [7] [8], are
shown to significantly improve network performance through mitigating the detrimental effects of
signal fading. Various schemes have been proposed to achieve spatial diversity through user cooper-
ation [7] [9]. The most popular schemes are amplify-and-forward (AF), decode-and-forward (DF),
and coded cooperation [10]. A distributed beamforming system with a single transmitter and receiver
and multiple relay nodes are studied in [11], and second order statistics of the channel are employed
to design the optimal beamforming weights at the relays.

In the communication industry, spectrum efficiency is a critical performance metric due to its high

cost for operators and its availability. The use of MIMO concepts has the potential to significantly



increase spectrum efficiency in close range portions of the communication system. In frequency
division duplex long term evolution (FDD LTE), four-by-four antenna MIMO products has been
deployed in commercial network (Canadian operators like Bell, Telus etc). Base stations are being
equipped with more antennas as hardware cost becomes less of a concern for operators compared
with spectrum. An obvious trend in the communication industry is to increase spectrum efficiency by
deploying more antennas at the base station as well as at user terminals. However, spectrum efficiency
decreases with the increase of distance between user terminals and the base station. To mitigate this
effect, high transmission power is needed at user terminals. However, high transmission power is
not achievable at user terminals due to radiation limits and battery life. In this thesis we propose
the application of multiple antenna relays to reduce propagation distances to the user terminals and
enable MIMO communication between user terminals and relays and between relays and the base

station.

1.1 Motivation and Thesis Overview

The role of the relays discussed above is to establish wireless connections between sources with their
respective destinations. If the sources, destinations, and relays are distributed in space, relaying offers
multiplexing that allows for multiple source-destination pairs to efficiently share communication
resources. A straightforward approach to establish such connections is to have sources transmit
their data over orthogonal channels. The relays are then required to receive signals transmitted over
each of these channels, and then amplify and forward on the same channel. Each destination then
tunes in to its corresponding channel to retrieve data. There are, however, two disadvantages in
these orthogonal schemes. The first disadvantage is inefficient use of communication resources: at

any time instant, each orthogonal channel is needed to establish the connection between source and



destination. Therefore, if any channel from that source to the relays or those from the relays to
the corresponding destination go into deep fade, that specific connection cannot be established. As
a result, the corresponding resources including (bandwidth, time slot, code, and power) are being
wasted as no other connection in the network can access these resources. The second disadvantage
of orthogonal schemes is that the relays would require significant complexity, as for example, in
case of orthogonal frequency division multiple access (OFDMA) or code division multiple access
(CDMA) schemes. To avoid these disadvantages, in this thesis, we rely on the fact that the different
sources and destinations are located at physically different locations and we instead propose a space
division multiplexing scheme.

The cooperative scheme in this thesis consists of two phases. In the first phase, sources transmit
their data to the relays simultaneously over orthogonal channels. In the second phase, each relay
transmits an amplified and phase-adjusted version of its received signal. With perfect or imperfect
channel state information, in Chapter 3-5 we calculate the complex gains of the relays such that the
total power dissipated by the relays is minimized, and at the same time, SINRs at all destinations
are kept above predefined thresholds. In Chapter 6, we instead maximize capacity under power
constraints.

Herein a fully synchronous system is considered: for all sources, relays and destinations, time
and frequency synchronization is assumed.

In the existing literature, cooperative systems based on a single-antenna source, relay and des-
tination are well studied, but multiple antenna relay system research is less complete. In this the-
sis, a multiple antenna single-source single-destination system is first studied, with single-antenna
relays providing phase-shifting of the signal received at the relays. Previous work [11] [12] stud-

ied distributed beamforming systems with multiple source-destination pairs where relays were each



equipped with a single antenna. In this thesis, practical considerations of current cellular wire-
less communication systems also motivates the proposed uplink distributed beamforming system
and downlink distributed system. The uplink system investigated considers single or multi-antenna
sources which are mobile users, single or multiple antenna relays, and a multiple-antenna destination
which is the base station. The downlink systems investigated consider a multiple-antenna source
which is the base station, single-antenna relays and multiple destinations/users where both single-
antenna and multiple-antenna mobile users are considered. We remark that it is becoming common
for the handsets to be equipped with two antennas. To make our investigation more realistic, the
effect of imperfect channel state information (CSI) for both uplink and downlink systems is studied.
In this thesis, we study the wireless link between relays and base station because in many actual
deployments, either high cost or the requirements of civic regulations preclude wireline transmis-
sion between relays and base station. Considering deployment changes and future re-deployment
strategies, operators would normally prefer wireless links rather than fixed lines.

Recently, multi-cell cooperative systems attract increased research interest. In this thesis, multi-
cell cooperative system coordination is studied in two practical scenarios: 1) There are mobile users
and there is a need to choose the best cell, and 2) Due to interference from other cells, each cell with
multiple mobile users becomes an interference-limited system and base stations coordinate transmis-

sion to suppress interference to users in other cells.

1.2 Thesis Organization

The organization of this thesis is as follows:
In Chapter 2, basic concepts of MIMO data processing and convex optimization are first reviewed,

followed by a brief description of cooperative system capacity upper bound and the imperfect channel



model which are used later in this thesis.

In Chapter 3, a downlink cooperative system with multiple single-antenna relays is proposed. We
first derive the optimal precoder for fixed relay weights. An iterative algorithm to jointly optimize
the precoder and relay weights is proposed and shown to converge to a sub-optimal point. The study
is further extended to the case of imperfect CSI case as well as to multi-antenna destinations.

In Chapter 4, an uplink cooperative system with single-antenna relays is proposed. The optimum
decoder at the receiver for fixed relay weights is first derived. Then with a fixed decoder, the relay
weights are optimized. An iterative algorithm for joint optimization of the relay weights and the
decoder is proposed and proven to converge. Extension to imperfect CSI is studied. Numerical
results demonstrate the performance of the iterative algorithm.

In Chapter 5, two schemes for multi-cell coordination are studied. In the first scheme, multiple
cells transmit the same signal to a user and in the second scheme, each user receives a signal from
only one cell. Numerical results are presented for the first scheme.

In Chapter 6, an uplink cooperative system with multiple antennas at the relay is proposed. A
specific scenario is studied: users access the base station through a single multi-antenna relay. Nu-
merical results are presented to demonstrate the performance of the proposed iterative algorithms.
Capacity maximization criterion is used for the system optimization. Optimal user beamformers are
derived with fixed relay beamformer and then the optimal relay beamformer is derived with fixed
user beamformers. Iterative algorithms are developed to jointly optimize user beamformers and re-
lay beamformer/beamformers. The performance results are compared with upper bounds on system
capacity.

Chapter 7 concludes this thesis and suggests future work.



1.3 Thesis Contributions

The primary contributions of this thesis are briefly summarized as follows:

e In Chapter 3, we proposed a downlink multi-antenna cooperative system. In this system, a
multiple-antenna base station transmits to multiple destinations through multiple relays, and
the objective is to jointly determine the BS and relay beamformer parameters to minimize
the BS transmitter and relay power with quality of service (QoS) constraints. An iterative
algorithm is developed to jointly optimize the precoder at the BS and relay weights and is
proven to converge. When the CSI is not perfect, a new design method is proposed that takes
statistical information about CSI uncertainly into account and is evaluated by comparing the
performance to that of a design that assumes perfect CSI. The scheme is further extended to
the case of multiple receive antennas at destinations with linear minimum mean square error

(LMMSE) receivers.

e In Chapter 4, we proposed an uplink multi-antenna cooperative system. In this system, multiple
single-antenna sources access the multi-antenna BS through a group of single-antenna relays,
and the objective is to jointly determine the decoder at the BS and minimize the relay power
with QoS constraints. An iterative algorithm is developed to jointly optimize the decoder at the
BS and the relay weights and is proven to converge. When the CSI is not perfect, the design
method takes into account the statistical information about CSI uncertainty and is evaluated by

comparing the performance to that of a design that assumes perfect CSI.

e In Chapter 5, we propose a multi-cell cooperative system. In this system, multi-cells each
with a multi-antenna BS coordinate the data transmission to a group of users through a group
of single-antenna relays. Two schemes are proposed for the following scenarios: 1) multiple

cells that send the same signal to a specific user, with weighted sum power minimization as



objective and QoS constraints, the best cell to serve a given user is found, and 2) each specific
user is only served by one of the cells to support as many users as possible with weighted sum
power minimization as the objective under QoS constraints. Numerical results show that the

best serving cell can be found to serve a given user.

A capacity maximization scheme for uplink cooperative systems is proposed in Chapter 6. In
this scheme, multiple users access a BS through a multi-antenna relay. An iterative algorithm to
jointly optimize the user beamformers and relay beamformer is derived and proven to converge,
which is typically achieved in few iterations. Numerical results show that the performance of
the iterative algorithm is very close to the user-relay MIMO-MAC channel upper bound and

the relay-BS MIMO upper bound.



Chapter 2

Background

2.1 MIMO Data Processing

Consider a MIMO link with N, transmit and N, receive antennas, denoted as (N;,N,). The baseband

model of the received signal vector y is expressed as [13]
y=Hs+n 2.1

where H is the N, X N; channel matrix, and s is the N; x 1 transmitted signal vector. The N, x 1 noise
vector n is assumed to be circularly symmetric complex Gaussian with zero-mean and covariance
matrix R. We note here that the noise vector n is independent of input s and channel H.

In this section it is assumed that the receiver has perfect knowledge of channel matrix H and spa-
tial noise covariance matrix R. This assumption only holds when perfect channel state information
(CSI) is considered. In Chapters 3, 4 and 5, cooperative systems with both perfect CSI and imperfect
CSI are considered. If the transmitted signal s is chosen from a signal constellation with equal prob-
ability, the optimum receiver is a maximum-likelihood (ML) receiver that selects the most probable

transmitted signal vector s given the received signal vector y. More specifically, the optimum ML
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receiver selects a transmitted signal vector that maximizes the conditional PDF

Pr(y|x) :mexp{—@—Hs)*Rl(y—Hs)}. 2.2)

Assuming the signal transmitted on each antenna is drawn from an M-ary signal constellation, there
are MM possible choices of the transmitted signal vector. The optimum receiver computes the con-
ditional PDF for each possible transmitted signal vector, and selects the one that yields the largest
conditional PDF. Hence, the complexity of the optimum ML receiver grows exponentially with the
number of transmitting antennas, ;.

Due to the high complexity of the optimum receiver, various suboptimal receivers which yield
a reasonable tradeoff between performance and complexity have been investigated. Examples of
nonlinear suboptimal detectors are the sphere detector [14] and detectors which combine linear pro-
cessing with local ML search [15]. The linear suboptimal detectors usually used in practice are
zero-forcing (ZF) and minimum mean-squared error (MMSE) detectors [13, 16, 17]. Data detection
for MIMO systems is similar to multiuser detection for synchronous users [15], where in MIMO
systems we consider one user having multiple transmitting antennas and in multi-user detection we
consider multiple users each having one transmitting antenna. The ZF and MMSE MIMO detectors
are akin to the decorrelating and MMSE multiuser detectors, respectively.

In the following, we briefly derive MMSE detectors which include the detection algorithms in
[13,16, 17] as special cases of spatially white noise. We assume that N; < N,. Note that these two

detectors are valid even for non-Gaussian noise.

2.1.1 MMSE detector

We seek linear estimate § = Ay such that the mean square error (MSE)

JA) = tr{E [(s — Ay) (s — Ay)"] } 2.3)

11



is minimized. Without loss of generality, we assume that the transmitted signal vector is zero-mean
and with covariance matrix E{ss'} = Iy,. It is also assumed that the transmitted signal vector is
uncorrelated of the noise vector, i.e., E {snT} = 0. Substituting (2.1) into (2.3), the MSE becomes
J(A) = tr{th —AH-H'A"+A (HHT +R>AT}. (2.4)
By setting dJ(A)/JdA = 0, we obtain
—1
A = H'(HH'+R) 2.5)
1) ! 1
- (IM YH'R H) HR (2.6)
where the second equality is due to the matrix identity in [18, p528, D.11]. Hence, the soft MMSE
estimate is
-1,
SMMSE = <1Nl +HTR*1H> H'R 'Hs +i 2.7)
where
1) ! 1
i=(Iy+H'R'H) HR 'n. 2.8)

Again, the detected signal vector is obtained by quantizing the soft estimate §ynvsg to the nearest
point in the signal constellation.
Substituting (2.5) into the matrix of the trace operation in (2.4), we obtain the covariance matrix

of the estimation error
~1
E{(s_gMMSE)(s_iMMSE)T} = INt—IfT (HHT—FR) H
L) ! 1
— Iy (IN, YH'R™ H) H'R'H
il

- (IN, +HR H> 2.9)
where the second equality is due to the alternative expression of H' (HH' 4+ R)~! in (2.6), and the
last equality comes from the fact that I, = (Iy, + H'R™'H) ! (Iy, + H'R'H). It is easy to see that

soft MMSE estimate §ypvsg 1S a biased estimate of s from (2.7).
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For spatially white noise with R = Iy , the estimate in (2.7) is reduced to §ymsg = (I N, +H ‘H ) ! H Ty

[19].

2.2 MIMO Channel Capacity

Consider a Gaussian MIMO channel whose input-output relationship is given by (2.1). In coherent
communications, assuming the channel H is perfectly known at the receiver. Given H, the capacity

is expressed as [20]

1
C(H) =maxI(s;y)= max log,det(L,, + —HQH), 2.10
(H) na (s;y) oo i, 1082 (Lug 2HQ ) (2.10)

where p(s) denotes the input distribution, /(+;-) denotes the mutual information between channel
input and channel output, Pr is the total transmit power, and Q £ E(ss?) is the transmit signal
covariance matrix. Q > 0 means that Q is positive semidefinite. Here the transmitted signal vector is
assumed to be zero-mean.

If the channel is unknown to the transmitter, uniform power allocation is used at the transmitter,

1e., Q= %InT, and

P
Cuni(H) = log, det(I, + —HH) @.11)
T

n
where 0',% 1s the noise variance at the receiver. On the other hand, if the channel state information is
perfectly known at the transmitter (CSIT), the matrix channel can be decoupled into a set of parallel
scalar Gaussian channels by means of singular value decomposition (SVD) [21]. Specifically, let

# = rank(H) and let H be represented by its SVD:

(2.12)
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where Ij,/v\,V are ng X 7,F X F and ny X 7 matrices, respectively, Uand V are unitary matrices. A=
diag(il, . ,i;) denotes a diagonal matrix composed of the non-zero eigenvalues of HH” arranged

in decreasing order. Then we have

\/Z‘y,‘—l-ni, i=1,...,7

Vi (2.13)

7, i=7r+1,...,ng,

v ~H o H o - H . . L
where y =U y,§ =V s and n = U n are the transformed receive signal vector, transmit signal

vector and noise vector. The transmit power is optimally allocated among the effective 7 scalar

channels using the well-known water-filling procedure [22]. As a result,

PP = (i — 02/ Mi)y, i=1,...,F, (2.14)
where
Q =V -diag(?",..., PP\ (2.15)

and the capacity is given by

Cur(H) = Y log, (1 + ( (2.16)
i=1

It is important to note that, due to CSIT, C,,¢(H) is larger than C,,;(H), especially in the low to
medium SNR region. For full-rank channels, C,,,;(H) approaches C,,s(H) when Pr goes to infinity.
The ergodic capacity of a coherent MIMO fading channel is the capacity C(H) averaged over

different channel realizations:

1
C=E max log, det(I,, + — HQH). 2.17
H Q,tr(Q)XgPT j24) ( nR an Q ) ( )

In [20], it has been shown that if H is random, with its entries forming an independent and
identically distributed (i.1.d.) Gaussian collection with zero-mean, independent real and imaginary
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parts, each with unit variance, then the capacity as expressed in this formula scales linearly with the

number of antennas via min(ny,ng).

2.3 Convex Optimization

Many communication problems can either be cast as or be converted into convex optimization prob-
lems, which greatly facilitate their analytical and numerical solutions. Convex optimization refers to

the minimization of a convex objective function subject to convex constraints.

2.3.1 Basic Optimization Concepts

Convex Sets: A set S C R” is said to be affine if for any two points x,y € S, the line segment joining

and also lies in S. Mathematically, it is defined by the following property:
Ox+(1—0)yesS, VOin[0,1]andx,y € S. (2.18)

In general, a convex set must be a solid body, containing no holes, and always curves outward. Other
examples of convex sets include ellipsoids, hypercubes, polyhedral sets, and so on. The most impor-
tant property about a convex set is the fact that the intersection of any number (possibly uncountable)
of convex sets remains convex. The union of two convex sets, however, is typically nonconvex.

Convex Cones: A convex cone K is a special type of convex set which is closed under positive
scaling: for each x € K and each o > 0,0x € K . Define n as the dimension, the most common
convex cones are the following:

1) Nonnegative orthant: R’

2) Second-order cone:
K =80C(n) ={(t,x)| t > ||x||} (2.19)
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3) Positive semidefinite matrix cone:
K =481 = {X| X symmetric and X > 0}. (2.20)

where S’} denotes the set of n by n positive semidefinite real symmetric matrices. For any convex

cone K, its dual cone is defined as
K* = {x| (x,y) >0,Vy e K} (2.21)

where (-,-) denotes the inner product operation. In other words, the dual cone K = K*, which is
always convex [23]. It can be shown that the nonnegative orthant cone, the second-order cone and
the symmetric positive semidefinite matrix cone are all self-dual (an object has the property that it is
equal to its own dual, then is said to be self-dual).

Convex Functions: A function f(x) : R" — R is said to be convex if for any two points x,y € R"
f(0x+(1-0)y) <6f(x)+(1-0)f(y), 6¢< [0,1]. (2.22)

Convex Optimization Problems: Consider a generic optimization problem (in the minimization

form)

min  fy(x) (2.23)

subjectto fi(x) <0, i=1,2,....m

xXeS

where fj is called the objective function, {f;}/2; and {A;}"_, are called inequality and equality
constraint functions, respectively, and S is called a constraint set. In practice, S can be implicitly
defined by user-supplied software. The optimization variable x € R”" is said to be feasible if x € S
and it satisfies all the inequality and equality constraints in (2.23). A feasible solution x* is said to
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be globally optimal if there exists some € > 0 such that fy(x*) < fo(x) for all feasible x satisfying
be—x*[| <e.

The optimization problem (2.23) is said to be convex if 1) the functions f;(i = 0,1,2,...,m) are
convex; 2) h;(x) are affine functions; and 3) the set S is convex. Violating any one of these three
conditions results in a nonconvex problem. For any convex optimization problem, the set of global
optimal solutions is always convex. Moreover, every locally optimal solution is also a globally
optimal solution. For one thing, there exist highly efficient interior-point optimization algorithms
whose worst-case complexity (i.e., the total number of arithmetic operations required to find an &-
optimal solution, where € is any chosen positive value) grows gracefully as a polynomial function of
the problem data length and log(1/¢€) [23]. Well-designed software for solving convex optimization
problems typically returns either an optimal solution, or a certificate (in the form of a dual vector)
that establishes the infeasibility of the problem. That is due to the existence of an extensive duality
theory for convex optimization problems, a consequence of which is the existence of a computable

mathematical certificate for infeasible convex optimization problems.

2.4 Imperfect Channel State Model

2.4.1 Channel State Estimation and Error Model

In this section we present a general model for imperfect CSI model which will be used in later
chapters. Channel estimation is not perfect but is estimated from orthogonal training sequences.
This model is applicable to four types of channels, namely 1) MIMO channels, 2) channels from
multiple-antenna source to single antenna relays, 3) channels from multiple single-antenna relays
to multiple single-antenna destinations, 4) channels from a multiple single-antenna relays to multi-

antenna destination. First we consider a slow-varying flat-fading MIMO model i.e., (2.1), and then
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extend it to other types of channels. Considering antenna correlation on both the transmitter side and

receiver side, H can be written as

H=R}/’H, R}/, (2.24)

Here H,, is a spatially white matrix whose entries are i.i.d. Gaussian with zero mean and unit variance
denoted as N(0,1). The matrices Ry and Ry represent normalized transmit and receive correlation,
respectively. Both Ry and Ry are assumed to be full-rank. Since Ry and Ry are full-rank and
assumed to be known, channel estimation is performed on H,, using the well-established orthogonal
training method described in [24] [25] [26] [27] [28] . At the receive antennas, the received signal

matrix Y;, with dimension N, x T;,, received in ny time slots,

Y, = HS,, +N,, = RY’H,R)/*S,, + N,, (2.25)

where S;, is the transmitted 7;, x T, training signal matrix and N;, is the collection of noise vectors.

1/2

Let P, = Tr(S;,S) denote the total source training power. To obtain orthogonality, S, = R, /™S,

where S is a unitary matrix scaled by 4/ P,/ Tr(R, 1. Pre-multiplying both sides of (2.25) by ngl/ 2

and then post-multiplying the resultant formula by S; !, we obtain
i, =R,'"*Y,S;" (2.26)
—H, +R;'°N,,S;"
=H, +R; "N
In the above expression, we define Ny = NirSy !, whose entries are i.i.d.. N(0,02) with 62, =

tr(R}ld,%) /P;,. To obtain better estimation performance, minimum MSE (MMSE) channel estima-

tion of H,, is performed based on (2.26) [25] [26] [27] [28], which yields

A —-1/2 11—
A, =H,+Ry*[L,, + 6% Ry'|"V2E, (2.27)
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where the entries of E,, are i.i.d. N(0,62), and are independent from those of H,,. A derivation of

(2.27) 1s in Appendix A. Let

R = [Ly, +0LR;']. (2.28)

The CSI model is described by
H=H+E (2.29)
where H is the true channel matrix, H = Rlle/ ZI:IWRIT/ 2 is the estimated channel matrix (i.e., the

channel mean), and E = RIIQ/ ZEWRIT/ 2 is the channel estimation error matrix.

In summary, the imperfect CSI model is given by (2.26) (2.27) (2.29). In subsequent sections,
we assume that H, Rz, R7, 62, and 67 are known to both ends of the link, which is refered to as the
channel mean as well as both transmit and receive correlation information.

We note that the imperfect channel model can be easily applied to different types of channels as

follows:

e The channel from a multi-antenna source to multiple single-antenna relays can use the above

model by setting Rg = I.

e The channel from multiple single-antenna relays to a multi-antenna destination can use the

above model by setting Ry = Ir.

e The channel from multiple single-antenna relays to multiple single-antenna destinations (or
the channel from multiple single-antenna sources to multiple single-antenna relays) can use

the above mode by setting Ry =17, and Rg =1I}.
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first hop

second hop

source terminal destination terminal

independent data
streams

K relay terminals

Figure 2.1. MIMO relay system [1] with K relays each equipped with N antennas.

2.5 MIMO Relay Channel Capacity bound

Channel capacity for cooperative systems has been studied in the literature. In [29], a cooperative
system with one relay between source and destination and direct link between source and destination
is studied, with corresponding upper and lower bounds derived. In [1], both an asymptotic upper-
bound and lower-bound was derived for multiple relay MIMO systems for perfect CSI at relays and
receiver and no CSI at the source as follows:

A cooperative system consists of a source with M antennas, a destination with M antennas and K
relays each with N > 1 antennas, two time slots are employed with the first time slot to transmit data
from the source to the relays and the second time slot forward data from the relays to the destination
as described in Figure 2.1.

The link between the source and the relays is described as:

E
rk:,/ﬁ"Hkernk, k=12,...K (2.30)

where r; denotes the N x 1 received vector signal, E; is the average energy of the transmitted
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signal received at the kth relay terminal over one symbol period through the source-relay link.
Hy = [hy; hgo ... hy ] is the N x M random channel matrix corresponding to link from the source
to the kth relay, consisting of i.i.d. €.47(0,1) entries, s = [s1 s3... sy]? with E{ss”} =1I,; and n; as
spatio-temporally white circularly symmetric complex Gaussian noise vector sequence, independent
across k, with covariance matrix E{nnl’} = 021),. The link from the relays to the destination is

described by

K Pk
y=Y \/=Guri+z (2.31)
k=1 N

where P is the average signal energy over one symbol period contributed by the kth relay terminal,
Gy = (81 82--- &l is the corresponding M x N channel matrix with i.i.d. €.4#(0,1) entries
andz= [z z» ... zu] denotes an M x 1 spatio-temporally white circularly symmetric complex Gaus-
sian noise vector sequence satisfying E (zz/) = 621y;.

It is proven in [1] that the capacity of the coherent MIMO relay network under two-hop relaying

satisfies

M N & M
C < Cupper = 7 log (1 + Ma? kg Ek) wp.l o per = 3zog(K) +0(1) (2.32)
and for a fixed number of source-destination antenna pairs M and fixed N, in the K — oo limit such
that | 1| = |x2| = ... = |xm| = K/M. Here w.p.1 denotes with probability 1. y; is denoted as the
set of relays assigned to the ith transmit-receive antenna pair, || denotes the cardinality of set ¥,

assuming perfect knowledge of Ey, P, Hy, GkkK:1 at each of the receive antennas, the relay network

capacity scales at least as
o M
Clower = Elog(K) +0(1). (2.33)

However, [1] does not provide a design to achieve the capacity.
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Chapter 3

Cooperative MIMO System Downlink

3.1 Introduction

In this chapter, we study the multi-user downlink cooperative system. Providing cellular coverage for
high-rate multimedia leads to increased transmission power, which in turn increases inter-cell inter-
ference. Alternatively, cell-splitting leads to frequent handovers. A recent approach which increase
coverage and capacity while limits transmission power is cooperative communication involving re-
laying. Relay system based on orthogonal frequency division multiplexing access (OFMDA) has
been in LTE Advanced [30] [31] [32]. To limit in-band interference, it is important to limit the
transmission power at both base stations and relays, which is the topic to be addressed in this chapter.

In [33], the design of linear precoders broadcasting to given MIMO receivers using signal-
to-noise plus interference (SINR) constraints is considered. Linear minimum mean-squared error
(LMMSE) precoding/decoding design has been studied for the uplink in [27], and for the downlink
in [34] [35]. Transceiver design that takes imperfect channel state information into account has also
been studied [27] [36] [37]. To date, the design problems concerning relay assignment have been

examined mainly for single-user scenarios with focus on the outage probability analysis of the best

22



relay for transmission or for reception and bottleneck link [38] [39]. Multi-user multi-relay wire-
less networks with single-carrier frequency division multiple access (SC-FDMA) at the terminals is
studied in [40]. Joint relay selection and power allocation for cooperative system has been studied
in [41].

Transmission techniques for broadcast channels have been extended to cooperative networks.
Relays cooperatively transmit to a receiver [42], where amplitudes and phases of transmitted sig-
nals are coherently combined. In [43], rate maximization for a parallel relay network with noise
correlation is studied. A distributed beamforming system with a single transmitter and receiver and
multiple relay nodes is studied in [11], and second order statistics of the channel are employed to
design the optimal distributed relay beamformer (DRBF). Single-antenna source-destination pairs
that communicate peer-to-peer through a relay network are considered in [44], and the DRBF prob-
lem is formulated in terms of semi-definite programming (SDP) and solved through semi-definite
relaxation. Unfortunately, the requirement for accurate channel state information (CSI) and the dis-
tributed nature of wireless sensor/relay networks complicate transmit beamforming. A distributed
beamforming scheme with two relays is proposed in [45] that has the advantages of limited feedback
and improved diversity. The problem of quantized CSI feedback in multiple-input multiple output
(MIMO) AF relay systems has been addressed in [46] using beamforming code books designed based
on Grassmanian manifolds, perfect CSI is also assumed at the receiver.

As overall precoder-DBRF optimization to achieve minimum-power objectives is complex if not
intractable, it is proposed in this chapter that optimization of the linear precoder for a given DRBF
be iterated with DRBF optimization for a given linear precoder. A proposed iterative algorithm suc-
cessively minimizes the transmission power at the base station and sum power at the relays. The
approach is then generalized to take imperfect CSI into account. As studied in [47], for cooperative

multi-relay systems, synchronization is a real challenge for narrow-band single carrier systems as the
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transmitters and receivers are distributed in space due to propagation delay and multi-path. How-
ever, in the LTE system which is based on OFDMA with cyclic prefix (CP), any multi-path arrival of
signals can be coherently combined at the receiver. The propagation delay (0. 1us for typical dense ur-
ban scenarios with inter-site distance of 500m) is negligible compared with CP. What is more, there
is primary synchronization channel and secondary synchronization channel to guarantee that the
synchronization error is less than 3us which is less than the CP length (4.76us) for regular commer-
cial system setting. For network elements distributed in space, synchronization is achieved through
GPS with high accuracy symbol-wise. The frequency synchronization accuracy for LTE is less than
0.05PPM, considering the 2.6GHz carrier frequency, the allowable frequency offset mismatch is less
than 0.13kHz, which is significantly less than the 15kHz subcarrier frequency. This means that the
impact from the possible carrier frequency offset deviation on performance is negligible for LTE
system. Hence, the synchronization is not a concern for OFDMA based wide-band systems. In this
and following chapters, perfect synchronization across the system is assumed [48] [49] [50]. We also
assume full CSI except in sections that focus on imperfect CSI.

The remainder of the chapter is organized as follows: In Section 3.2, we present the system
model. Linear precoder optimization is presented in Section 3.4.4, followed by DRBF optimization
in Section 3.4.4. Precoding and distributed beamforming with imperfect CSI is presented in Section
3.5, downlink system with multiple antennas at receives is presented in Section 3.6 and numerical

results are discussed in Section 3.7.

3.2 System Model

Consider a broadcast channel as shown in Fig. 3.1. As explained above, data is transmitted from the

source to multiple users through the relays successively over two time slots. There is an Ng-antenna
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Base Station

Figure 3.1. Downlink distributed beamforming system.

source, a relay network of nﬁl single-antenna relays, and M; distributed single-antenna destinations,
where M;; < Ny;. The njél relays form the infrastructure of the cooperative relay system. It is assumed
that the Ny channels from the source to the relays are estimated at the relays and fed back to the
source. Similarly, the n%l channels from the relays to the destinations are estimated at the destinations
and fed back to the relays, which then forward the estimates back to the source. The relaying operates
in a half-duplex mode: in the first time slot, the source uses transmit beamforming, or precoding to
broadcast to the relays. In the second time slot, the relays cooperatively form a distributed relay
beamformer (DRBF) to amplify and forward the M ; relay signals to the destinations. It is assumed
that since range extension is an intended application, there are no direct links between the source
and the destinations. The Ny x 1 vector hy; , represents the link from the source to the rth relay,

1 <r < n%, which receives symbols
My

T
Xdl,r = hdu Z tariSaii + Vai,r 3.1
i=1
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where t;; ; denotes Ny x 1 transmit beamforming vector corresponding to signal sy, ; intended for the
ith destination and the n%’ x 1 vector Vg = [Var 1, -, le,n;ly]T represents i.i.d. Gaussian noise terms
at the relays with noise powers of 6317\,,.

To model distributed beamforming, the ith relay multiplies its received signal by complex coef-
ficient wgy; ;. The vector uy; representing the signal vector transmitted from the relays to the destina-

tions is
H
uy = Wy xg (3.2)

. . . T
where diagonal DBRF matrix Wy, = dlag(wdu,wdl’z, . ,wdl’n;z?z) and x;; = [xdul Xdi2 .- Xdl,nldel] .

Using (3.1), the received signal at the ith destination is

T
Ydi,i = 841,01 T Nl

Ma
T H T H T H
= g0 WiBataisa i+ 25 WiHa Y tajsaj+85 Wi Va +nai (3.3)
——— =L ~ g
Desired Signal ~ ~ 4 noise
inter ference

where the n}’é’ X Ny matrix Hy; = [hy; ;... h Al n%/]T represents the combined channel from the source

to the relays, 1 x nj’el row vector ggl.i represents the channel from the relays to the ith destination, and

naii,i =1,..., Mg represents the i.i.d. Gaussian noise terms at the destinations with noise powers of
2

Ol n:

3.3 Transmit Precoder Optimization

First, the optimal minimum source power transmit precoder is determined under the constraints
that for 1 < k < My, the kth destination node’s quality of service (QoS), expressed in terms of
its signal-to-interference plus noise ratio, SINR; ¢, which is kept above pre-defined threshold ¥ «

for a given DRBF. This leads to the following optimization problem that has already been presented
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in the generic form of (2.23) in Section 2.3 with fixed relay weights:

min Pdl,T
ta,1,tar2;- 5t My,

S.t. SINRdl’k > Yai ks for k=1,2,..., My 3.4)

where Py 7 is the transmission power at the source,

k
Pdl,s

SINR 4 = ——
B i Py

(3.5)

and s.t. stands for subject to. In (3.5), Pgl, s7P§l’i and Pﬂll(l?n denote desired signal power, interference

power, and noise power at the kth destination, respectively. Average transmission power Fy; r is given

by
My " My
Par = E{(Y tarisar)” () tarjsarj)} (3.6)
i=1 j=1
My, My,

=Y th it =) Tr{ty it}
i=1 i=1

where Tr(-) stands for trace(-). The signal, interference and noise powers in (3.5) are

Py = E{(ga s WiHata ksar )™ (80 WhHHata xsae) }

=t HEWaighy gl WHHata cE (5 45ai), (3.7
My My,
Py =E{(@l WiHa Y tajsa )" (gaWiHa Y, tasa)}
=14k I=1 1%k
My
= Y o BEWugh el Wity ;, and (3.8)
J=Li#k

k T wH H(,T wH
P = E{(€u1 s Warvar +naix)” (8 xWarVar +naix) }
T whH ~2 2
= Tr{Wagy «&41 kWaiCa1 v} + Cain> (3.9)
where Gﬁlﬂ and 6517‘, represent noise powers at the destinations and relays, respectively. It is as-

sumed, without loss of generality, that all destinations and all relays each have the same noise powers.
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Combining (3.6)-(3.9), (3.4) can be expressed as

My -
min Z Tr{tdl’itd”}
tar1star 25 tarmy, 12

H H T H
to  HaWaigy 184 WaHarta

My H yH ¥ oT H ) k
L5 okt HaWaigg, 18a1 WarHaitar j + Py ,

S.t.

ZYlec for k= 1,2,...,Mdl.
Problem (3.10) can be transformed as follows [51] [44] [11] [52] [53]: defining matrices
Tari = tata” s i=1,2,....,My

and dropping the rank-one constraints of the Ty, ;, (3.10) becomes

My
min Tr le.k
Tai,1:Tar 2, Taimy, ,;1 ( ' )
My .
st. Tr(Uap(Tare—Yark Y, Tarj)) = YariPip
J=1,j#k

le,k =0 for k = 1,2,...,Md1

(3.10)

(3.11)

(3.12)

where Uy, = Hglwdlgjﬂ kggl kW{j[Hd[. The solution to problem (3.12) establishes a lower bound to

(3.10), which is only achieved in the case when (3.12) has a solution with the Ty ;,i =1,...,My; all

rank one. Problem (3.12) can be solved via semi-definite programming. Interestingly, it was proven

in [51] with a similar problem formulation that there always exists at least one solution to (3.12) with

rank(le’k) = l,k: 17---7Mdl:

Remark 1: The precoding problem of (3.10) can be reformulated in the form of Eq. (18.17)

in [51], it is proven in [51] that If the relaxed problem of (3.10) is feasible, (3.12) always has at least

one minimum power solution where all Ty, ; are rank-one.
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3.4 Distributed Relay Beamforming (DRBF) Optimization

In this section, for a fixed source precoder, which can be obtained from the previous section, we
first consider the general problem of minimum power DRBF optimization for multiple destinations.
Individual power constraints at the relays are also considered. We then remark on the special case of

a single destination.

3.4.1 Sum Relay Power Minimization for Multiple Destinations

As in Section 3.3, full CSI at the source is assumed, and (3.3) is rewritten as

My
H 4 T H 3 T
Yark = W diag{gg Y Hata gsar i +wydiag{gh Ha Y tajsa;
h — g j=1.j#k

Desired Signal ~ -

Inter ference

H 3 T

+wydiag{gy ,}V +naix (3.13)

~
Colored noise

where DRBF column vector wy; = diag{W;}. We aim to solve:

min Pdl,R (314)
Wai )

S.t. SINRdl,k > Yai k for k=1,....My

where Py g is the average sum transmission power at the relays given as

Pur= E{ufuy}
= Tr{ngE{Xdlxgl}Wdl}

= ngDledly (3.15)

where

Dy = diag([Rarx]1.1; Rarxl2.2:-- -, [Rat gt ), (3.16)
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with correlation terms

Mg
Ry x £ Hy( Z tdz,ktg;,k)Hfl + Gjl,vln;gl- (3.17)
k=1

The SINR constraints for the kth user can be expressed as

H
wdlEdeWdl
HE + 02
WaiXdikWai +Oyp

> Yai k (3.18)

where

Eqi i = diag(g, ;) Hartar ikt JHY diag(g, 1),

My
Fap i = diag(gl 1) (Hdl( Y tatl)HE + 051,v1> diag(gy «)- (3.19)
J=1,j#k

Using (3.15) and (3.18) we can rewrite (3.14) as

min WDy wg (3.20)

Wai

H 2
st. Wap (Bare — YaruFark) War > YarkOgp, for k=1,2,...,My;.

We remark that with the above definitions, problem (3.14) has been reformulated into the equiva-
lent problem of Eq. (17) in [44]. As these problems are equivalent, the discussion regarding Eq. (18)
of [44] applies and semi-definite relaxation can be employed by solving a relaxed version of (3.20).
It is noted here that in general cases, rank-1 solution does not always exists. However, in particular
case when My < 3, it is proven in [54] that the relaxed problem has optimal rank-1 solution. That is,

by defining Z; £ wdlwgl, and dropping constraint rank(Zz;) = 1, (3.20) becomes

min Tr(ZdlDdl) (321)
Zy

sit. Tr(Zy(Eax — YariFar)) > Ydl,kGfl,n
and Zg >0
for k= 1,2,. .. 7Mdl-
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3.4.2 Individual Power Constraints at Relays

In this subsection, we consider additional power constraints that arises in practice. More specifically,
each relay is restricted in its transmission power. This constraints are needed as some of the relays
may end up with significantly high transmit powers which is impractical due to the power limitations

of their transmit amplifiers. In this case, we add constraints to (3.20) and solve the following problem:

min  w/Dgwgy (3.22)
Wdl
B (Egrx — YuiF > 5 for k=1,2,...,.M,
s.t. Wdz( dik — Vdi k dl,k) Wal 2 Yl kOq1n 10T K= 1,2,..., Mg
2 . dl
Darliilwaril” < Pu;i i=1,...,n%
where [D];; denotes the ith diagonal term of matrix D4, wg; ; denotes the ith relay weight, and Py; ;

denotes the individual power constraint on the ith relay.

Using the semi-definite relaxation technique, (3.22) can be written as

min Tr(ZdlDdl) (323)
Zy
st Tr(Zy(Bax— YaiFak)) > de,kcﬁl,n for k=1,2,.... My
and Zdl = 0

Zaiii <Pyi/Dalii i=1,... ndl

3.4.3 The Case of a Single Destination

In the case M,;; = 1, the signal model in (3.3) reduces to

var = Waydiag{gg Y Hartaisa +wqdiag{gg, }Var + na (3.24)

Desired Signal Colored noise

where tg; is the linear precoder vector at the source and g, is the channel vector from the relays to
the user. We remark that the problem considered in [11] is a special case of (3.24) since in [11] there
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is one source antenna (N = 1) and the use of statistical channel information does not change the

overall problem formulation.

3.4.3.1 Sum Relay Power Minimization

Using the derivations in the last subsection, the problem of sum power minimization at the relays

with SINR constraints for a fixed linear precoder becomes:

min wiDgwy, (3.25)
Wi
wh diag(g!, ) Hytath Y diag (g, ) Was ”
oy, Whdiag(gl,)diag(g},) " wa + 0, —
As there is one destination, here R, in (3.16) becomes
Rix = Hggtatg gy + 04 L. (3.26)

By transforming the optimization vector variable to W;; = D% 2wdl, (3.25) can be written as

min W[ (3.27)
Wai
~ H—1/2 ~1/2.,
st WD (Cyt—YEa)Dy Py > yo?
where Cy; = diag(ggl)HdltdltZHZdiag(ng) and E;; = Gjl’vdiag(ggl)diag(gzl).

We note that problem (3.27) is equivalent to that in [11], Eq. (12). The optimum solution to

(3.27) appears as [11], Eq. (19), and the corresponding transmit power is given by [11], Eq. (20).

3.4.4 Joint Determination of Linear Precoder and Relay Weights

To achieve the objective of low-power linear precoding and relay beamforming, the following itera-
tive algorithm is proposed:
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1. Initialize the DRBF vector as wy; = ¢y vec(vy;), where constant ¢y is chosen to be large
relative to 0'517,1, and vy ; = el% where 6; is a random variable uniformly distributed over 0,27].

2. Solve (3.12) using semi-definite programming to optimize the precoder with the current relay
weights fixed. Use the rank-one matrices to obtain the precoder vectors (as discussed in Remark 1,
the problem 3.12 has at least one rank-one matrix solution, so the rank-one solution can be used to
obtain the precoder vectors through eigen decomposition).

3. If a solution to Step 2 exists, then continue on to Step 4. Otherwise, loosen the SINR constraints
of (3.12) and go back to Step 2.

4. Solve (3.21) using semi-definite programming. If there is a rank-one solution, e.g., when
My < 3, then the relay weights can be obtained as the eigenvector corresponding to the largest
eigenvalue of the rank-one matrix. Otherwise apply the randomization method in [55] to obtain the
DRBF vector (See Appendix B or details).

5. If the relay sum power is sufficiently close to a fixed point, or else if a predetermined number
of iterations is exceeded, then stop. Otherwise go back to Step 3.

We remark that since the transmission power of the source and relays are both lower-bounded,
and that in each of Steps 3 and 4 the power is non-increasing, the algorithm hence converge (Lemma
3.1 below). This is apparent by observing that the optimizations in Steps 3 and 4 each have the same
SINR constraints.

Lemma 3.1: Provided a feasible solution exists, the iterative algorithm stated above converges.

Proof: See Appendix C.
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3.5 Problem formulation for Imperfect Channel State Informa-
tion

In previous sections, we study the design of precoder and relay weights with perfect CSI. In practice,
however, perfect CSI is unattainable due to channel estimation errors. Consequently, it is necessary
to design a system robust to imperfect CSI. In this section, we will study how to incorporate the
statistics of channel estimation error into the design of the precoder and relay weights of the downlink
cooperative MIMO system. The imperfect CSI model for the link from the base station (BS) to the

relays is
H; = I:Idl +EHdl (3.28)

with Hy; as the estimated channel gain from source to the relays and Eg , s the channel estimation
error which are i.i.d. Gaussian with variance GI%H . and the imperfect CSI model for the link from
dl

the relays to the jth destination is

8a1j = a1 j T ey, (3.29)

with g, ; as the estimated channel gain from relays to the jth destination and eglej as the channel

estimation error which are 1.i.d. Gaussian with variance Gezgdz'

3.5.1 Precoder with Imperfect Channel State Information

With the imperfectly estimated CSI model above, the precoder design for perfect CSI can be gener-
alized to the imperfect CSI case. Combining (3.28) and (3.29), the received signal (3.3) at the jth

destination can be rewritten as

My
5T Hj ol H1y
varj = &g jWeaHartar jsar j+ &y WaHar Y, tarisari+ Ear,j (3.30)
h ™ g i=1,i#] ~
desired signal ~ - ~  noise
Inter ference
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where the noise term

My My

AT H T H My
Earj = & ;WiEny, Y taisari+ ey, War(Ha + En,) Y taisan

i=1 i=1

AT T H
+(8ar,;j +eg,, ) WarVarr+narj,

Using (3.30) and (3.31), the signal power Py s, interference power Py, ; and noise power Py, ,, in

SINR constraints (3.4) and (3.5) become

P dls = =t} delelgdL jgdz deszltdz J» (3.31)
3 2 H it T wHR
Ak A
Pyi= Y taHyWagy 8 ;WiHata,, and (3.32)
i=1,i#j
pj _ pJ pJ pJ pJ
Fain = Farny + Farny Tty T Bty (3.33)
where
My o2
HJ o dlce
Pdl,nl - Z 1 2 (Wdlgdl ,gdl jwdl)tdl itaris
i=1 + cydl,ce
Mg
dln thl szlelReg Wi Hy ity
HJ dl,ce H\.H
P =Y —“Tr(oy, WayWi)th ita,
dl,nj 2 e dl)tdlivdl,i
i=1 1+ 00 ce sl
pj 2 H (ax AT 2 2
Pdl,n4 = Gdl,vTr(Wdl (gdl,jgdl,j + Oc, , I,%l) Wy + Ciil.ns
(3.34)
; o H \_ 2 . . . . .
and with Regdl =E(eg dl,jegdltj) = O, In%l. Following similar procedures as in Section 3.3 using the
above expressions, the precoder optimization of (3.4) can be reformulated as
Mg
min t tdl
tdl,lutdl,2a~~~7tdl,Md[jZ dl.jrdby
H (dl v H ydl j
th Q4 it > Yy Yt QUi+ Yar Py d = 1, (3.35)

i=Li%]
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where

dl H ax AT H 2 aH H1
Q= H,Waigy 84 jWaHar — Vdl,jOeq , H;WaW,Hy—

2 2

o o

dl,ce Ax AT H dl,ce 2 H
YaiiT g2 Tr(Waigy 841, War)l — YaiiT g2 Oy Tr(Wa W)l
+ Gdl,ce + Gdl,ce
and where for i # j,
ol
dl _ yqH ax AT wWHL ce Ak AT ywH
Qi =HuWargy 84 iWaHa + Too2 Tr(Waigy 1841 War)+
dl,ce
H ol
2 B Hy ce 2
Gegdl Hleleled[ + —1 ) Geg Tr(Wledl)
Gdl ce ¢

(3.36)

(3.37)

We remark that if the conditions of Remark 1 are satisfied for the imperfect CSI case, and fol-

lowing a similar approach to Section 3.3, the optimum precoder can be obtained. The proof follows

similarly to that of Remark 1.

3.5.2 Distributed Beamforming with Imperfect Channel State Information

We now consider the minimum power DRBF optimization with the imperfect CSI model for a given

precoder. Using results from Section 3.2, the received signal (3.13) at the jth destination can be

written as
H T F} H T y 4
var,j = Wdiag(&4 ) Hartar jsarj+wadiag(@gy JHar Y, tarisari+ Garj
N g i=1,i#] ~=
desired signal ~ _  noise
Interference

where the noise term

— wHdiao(sT My Hiao(6] T
Garj = Wgdiag(8g; ;) Eny, X2 tarisari+ Wadiag(8y ; +eg j)le o

. P M,
+Wffldlag(egd1_’j) (Hdl + EHdl) Zi:dll tdl,isdl,i +ngp -

(3.38)

(3.39)

Similar to the previous section, the DRBF optimization can also be generalized to the case of imper-

fect CSI. With (3.38) and (3.39), following a similar approach as in Section 3.4.1, the optimization
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of the relay weights (3.14) can be formulated as:

min  wiDwy (3.40)
w
H (T <) 2
st Wy (Uarj— Yar,jVar,j) War > Yar, j03;

for ]: 1,2,...,Md1,

where for imperfect CSI R, in (3.16) becomes

My 2 My

A ) " Cai,
Rt = Har (Y, tarsti )i + 7 5 —Tr( Y, tarsti o)l + 0L G40
i t e k=
A AT AR HAH diag (8"
Ua j = diag(&y ;) Hartar jtar /" Hadiag(&y ;), and .
My
R ) R R ~ H . Ak
Va,j = diag(8; ) Ha ( )3 tdl,itghi) H, diag(g&,; ;) G4
i=1,i#j
) M
o ' A . dl ~H . ~
+ 1—7;6W§11d13g(g£l,j)ﬂd1 ( Z tdl.,ﬂ?l,i) H diag(&y; ;) War
+ Gdl,ce =L

+ 01,y Wi (diag (&) ;) diag (&3, ;) + Oa, L) War

Mg 62 My
2 H ;- A H ~ H dl,ce ) H 1 I
+ 0, Wardiag(Ha (Y tar.itar ) Hr) ) War + Tro2 T whdiag(} tathh war.
i=1 dl,ce i=1

We note here that joint iteration of the precoder and DRBF similarly applies to the imperfect CSI

case with similar convergence properties.

3.6 Multiple receive antennas at the terminals

3.6.1 Multiple Data Streams for Each User

In this section, we consider the case where each user has multiple antennas that also support multiple

data streams. Assume that the ith user terminal has /; antennas and supports /; data streams. Here
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we make the assumption that the assumption that Z | l; < Ng. For the ith user, the corresponding

precoder vectors and transmitted signals are [tz 1 ...tg ;] and Sg;; = [Sari1 - --Sariy) > respectively,

li Mg g
H H
Yari = GariWiHa Yt jsarij+Ga,WyHa Y, Y takjsaik,
= k=T ki j=1
H .
+Ga Wy Var+ngi, i=1,...,My (3.44)

where G ; denotes the channel from the relays to the ith receiver. The linear minimum mean square
error (LMMSE) receiver for the ith user with given precoder and relay weights is derived according

to Section 2.1.1 as follows:

-1

i Lol
Ei = (Ga,WHiHy Z tar )" Gdl.,iWs[lHdl(Z Z d l,]tdllk YH Wled17i+lPi (3.45)
=1 j=1i=1

where W; is the covariance of the interference and the colored noise as

Mg I &

_ H H H H
Yi=GuWiHa | Y, Y Y tusthi. | HigWaG,;
k=T kim=1n=1

+0,1Ga Wi Wa Gl (3.46)
and the estimate of the signal vector is
Sari = Ei¥ay,i- (3.47)
The decoding vector of the jth data stream for ith user is the jth row of &;
Eij=[(E)")- (3.48)
So the estimate of the jth data stream of ith user can be written as

. T H T H
Sarij = i jGariW g Hatar i jsaii j++Ei jGariWarVar +nar,

signal colored noise
r - My r - Mg &
+&; iGariWaHa Z tarijsarij+Z;i jGariWaHar Z Z tar k nSai k (3.49)
J=1j#i k=1k#in=1
inter ference

38



Next we can follow the procedures in the precoder optimization, we reformulate the precoder

optimization as follows:

My I

Z Z Tr{tdlvldtdl i ]}

i=1j=
ti HWGH”*”TGWHt
dll] dlNq] = dli VY gt ditdl i j

M —_—
£ T Y WGl = BT Gy W Ht i + @
> Yari; for i=1,2,... Mg, ,j=1,... (3.50)

s.t

where
@, j = Te{WarGlj 2 ;Z] jGari Wiy} Oy + Oy - (3.51)

. e = - H
Define Y; j = tari,jty; ; ;-

After dropping the constraints rank(Y; ;) = 1,i=1,2,..., Mg, j=1,...,1; (3.50) becomes

Mg 1
min Z Z Tr(Y; ;)
Yij i35
li Mg Iy o
st Tr(U; j(Yij — Yarij Z Yim— Yarij Z Z Youn)) > Yari P,
m=1,m#j m=1,m#in=1
Y;j=0 fori=12,... My, j=1,...,I; (3.52)

where U; ; = Hngleg“Ez jEiT,del,iwngdl- The optimization of (3.52) follows a similar proce-
dure as that of the precoder optimization in Section 3.3.

The estimated signal (3.49) can be rewritten as

. Hayo (=T
Sari,j = wWar diag(E; ;Gari)Hartan i jSarij (3.53)
sigvnal
. . My . . My
+wydiag(E] ,Ga)Har Y, tarijsarij+wa diag(E ,Gai)Ha Y, Y tarkaSk
. J=1j# k=1k#in=1
interfgrence
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Hoayo (=T
+wy " diag(E; /Gyr,i)Var +nai,

o
colored noise

The relay beamforming weight optimization can be written as

min Wleﬁdlwdl (354)
Wai

" e . 5
st wy'l (Bij—nki ) wa > Yl i.jO41n

for i=1,2,...,Mdl, j=1,...,li

. . My i
where Dg; = diag([Rarx]1.,1, [Rarxl2.2, -5 [Rarxl gt ) Rax =H (L2 Y tai jtlh, HG + 07,

and
- . -T H H j: T *
E; j = diag(&; ;Gar,))Hartar i, jty; ; Hgdiag(E; jGar,i)

Mg i
F J= dlag( G, i) (Hdz Z Z tarj, ktdz gk T Z tdllmtdl i, m)Hdl + cFdl VI>
j=1j#ik=1 m=1,m#j

diag(E] /Gay,)- (3.55)
Denoting A = w;wz; and follow the same procedures in Section 3.4, the relay weights optimization

(3.54) can be written as

min  Tr(AD) (3.56)

st Tr(AE;; —yFij) > Ydl,i,jcgl,n
and A>0

for i=1,2,...,Mdl ,j=1,...,li.

The overall iterative algorithm for the cooperative system with multiple receive antennas is as
follows:

1. Initialize the relay beamforming vector as wy; = cg4; * vec(v)4;, where constant ¢ is chosen to
be large relative to Ggl,n’ and vg; ; = e/% where 6; is a random variable, uniformly distributed over
[0,27], E j =[1...1].
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2. Check the feasibility of the constraints of (3.52). If not feasible, then modify the SINR
constraints and go back to Step 1.

3. Solve (3.52) using semidefinite programming to optimize the precoder with the current relay
weights and LMMSE receivers given. Use the rank-one matrices to obtain the precoder vectors.

4. Solve (3.56) using semidefinite programming with given precoder and LMMSE receivers, if
there is a rank-one solution, then the relay weights can be obtained through eigenvector of the rank
one matrix, otherwise apply the randomization method in [55] to obtain the relay weight vector.

5. Obtain the LMMSE receivers as in (3.48) with given precoder and relay weights.

6. If the relay sum power is sufficiently close to a given point, or else if a predetermined number

of iterations is exceeded, then stop. Otherwise go back to Step 3.

3.7 Simulation Results

We study the performance of the proposed cooperation methods under three scenarios: 1) perfect CSI
available 2) imperfect CSI with different levels of channel estimation quality which are determined by
path loss, and 3) perfect CSI and multi-base-station cooperation. For scenarios 1) and 2), we assume
N, source antennas, n%l single-antenna relays and My; single-antenna destinations. According to
Section 3.2, Ny; and nldel time slots are required for channel estimation from the source BS to relays
and relays to destinations, respectively. As explained earlier, CSI is assumed to be available to the
BS. The channel coefficient matrix Hy; and vector g, are assumed to be mutually independent
where Hy; represents the set of nflel distributed channels from the source to the relays and n%l x 1

vector g, represents the ndl channels from the relays to the kth destination. Channel vectors Sl k

are also assumed to be mutually independent.
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Figure 3.2 plots the minimum source sum transmit power to noise ratio versus SINR thresh-
old y with M;; = 4 destinations, n%’ relays, and Ny; source antennas. The cases of Ny = n%’ =4,
Ny = nﬁl =6and Ny = n%l = 8 are shown. As can be seen, as the numbers of source antennas
and relays increase, minimum sum transmit power required at the relays decreases. This is to be
expected, since more source antennas and relays result in greater beamforming gain. Figure 3.3 plots
the corresponding relay sum power to noise ratios, where it is similarly observed that as more source
antennas and relays are added, relay sum power also decreases. A threshold effect, however, is also
noted: when SINR constraints exceed about 6 or 8 dB for the case of N;; = nj’?l = M, ; = 4, transmis-
sion power increases sharply. This is due to tightening of SINR constraints, which is exacerbated as
the number of source antennas and relays used are reduced to the minimum required. With further
reduction of the numbers of antennas and relays, the optimization problem becomes infeasible.

Figure 3.4 shows the effect of the number of relays on performance, where 4 source antennas and
4 destinations (Mg = Ny = 4) are compared using njﬁl = 6,8, and 12 relays. It can be observed that
even though more relays are used, network total power consumption decreases. Similarly, though not
shown for the sake of brevity, the corresponding total transmission power required at the source also
decreases as the number of relays increases.

To consider the effect of individual relay power constraints, a scenario of 4 sources, 6 relays and
6 receive antenna destination system is simulated. The maximum allowable power for each relay is
chosen to be 6 dB above the average power consumed by each relay in the unconstrained problem.
As can be seen from Figure 3.5, such per-relay power constraints do not affect the performance of
our technique significantly for a wide range of up to 15 dB.

Figure 3.6 compares algorithm performance as a function of the number of iterations in joint
precoder-DRBF optimization of Section 3.4 for the case of My = N;; = 4 and njﬁl = 6. Note that

that after about 5 iterations, a fixed point is approached, and that the first two iterations result in the
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Figure 3.2. Comparison of minimum total source transmit power versus SINR threshold 7y as a func-

tion of network size for cooperative system with Ny source antennas, n%l relays and My; destinations.
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Figure 3.3. Comparison of minimum total relay transmit power versus SINR threshold 7y as a function

of network size for cooperative system with Ny source antennas, njél relays and M,; destinations.
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numbers of relays for cooperative system with N;; source antennas, nflel relays and My ; destinations.

45

18



35 T T T T T T T T

—}— unconstrained
—4— individual power constrained

30

Minimum sum relay power (dbW)

0 Il Il Il Il

0 2 4 6 8 10 12 14 16 18
SINR in dB

Figure 3.5. Comparison of minimum total relay transmit power with and without power constraints

for cooperative system with 4 source antennas, 6 relays and 4 destinations.
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Figure 3.6. Comparison of minimum total relay transmit power versus SINR threshold y for different
numbers of iterations as a function of network size for cooperative system with 4 source antennas, 6

relays and 4 destinations.

largest gain.
Figure 3.7 and 3.8 show the performance of the modified problem formulation of Section 3.5 that
takes knowledge of imperfect CSI into account. In the scenario considered, the cooperative system

has 6 source antennas, 12 relays and 4 destinations. The matrix

1 pr p} ... p¥
pr 1 pr ... pN!

Ryr = (3.57)
pY P o opp 1
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Figure 3.7. Comparison of source transmit sum power versus SINR threshold: effect of imperfect

CSI and effect of taking channel estimation error into account.

models correlation for a typical uniform linear array (ULA). In (3.57), we choose the correlation
coefficient pr between source antennas to be 0.5. Since the relays are part of the infrastructure of the
system, the source to relay distances are fixed and equal. In this case, for channel estimation, we set
o2 = Tr(R;l}T) /B = 0.01. The training power to noise ratio P,/ 62 is set to 29.7dB.

For channel estimation from relays to destinations, three cases are considered: P,/ Gdzl,n is chosen
to be 20 dB (high training SNR), 15 dB (medium training SNR) and 10 dB (low training SNR),
corresponding to users at the nominal distance of 250m. The CSI error variances, quantified by
the diagonal elements of the nj%l X nf’el matrices Rggdl for destinations j = 1,...My,;, are determined

according to path loss from uniformly distributed users ranging from 250 to 750 meters according to
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the lognormal model [56]

d
PL = PLy+ 10{log, = (3.58)
0

where path loss exponent { = 2.5, and reference distance dp = 500m. In (3.58), it is assumed that
the effects of small scale fading are averaged out. (The reference power PLy is not relevant here due
to the normalization.) The additional path loss effects results in CSI estimation error variances in the
ranges [20, 31.9], [15, 26.9] and [10, 21.9] dB, corresponding to the cases of high, medium and low
training power to noise ratios, respectively. Finally, zero mean independent Gaussian noise is added
to the channel estimates with the above CSI error variances.

Figure 3.7 compares source transmission power (normalized to Gjm) (1) for perfect CSI, (ii)
the formulation in Section 3.5 that takes imperfectly estimated CSI into account for three different
channel training SNRs, as well as (iii) a system with imperfectly estimated CSI, for the case of high
training power, and processed using the formulation from Section 3.3 and Section 3.4 that ignores
CSI uncertainly. As shown, for the system formulation based on imperfect CSI, as channel estimation
training SNR degrades from high to low, power consumption at the source increases. When channel
estimation is perfect, it is noted that in (3.36) and (3.37), Q?’l | is positive definite. As CSI estimation
quality degrades, eigenvalues of Qj{lj decrease while eigenvalues of Q,-dj- increase, tightening the
constraints. As CSI estimation quality degrades further, the constraints tend to become infeasible.
As discussed previously, it is clear that the SINR threshold 7y,; has a similar effect on the feasibility
of the constraints. In the situation where channel estimation error is not taken into account, valid
constraints may not be guaranteed. This causes the SINR threshold to degrade to a lower level.

Similar to Figure 3.7, Figure 3.8 compares the sum relay power and shows that as channel estima-
tion quality degrades from high to low, power consumption at the relays increases correspondingly,
as expected. As indicated in (3.42) and (3.43), the feasibility of the constraints is determined by the

eigenvalues of the matrix ﬁdl’k — ydl’kvdhk. When channel estimation is perfect, the feasibility of
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the constraints is mainly affected by the SINR threshold ;. As the CSI estimation quality degrades,
the eigenvalues of IAJdl,k — ydhkvdl,k decrease until IAJdl,k — ydhkvdl,k is no longer positive definite. On
the other hand, when channel estimation error is not taken account, the precoder matrix and DRBF
optimized for the SINR threshold used for the perfect CSI case will no longer result in K valid con-
straints. To overcome such a situation, the SINR threshold would have to be degraded to a lower
level. As shown by these two figures, ignoring the effects of imperfect CSI can result in a loss of
performance of approximately 5dB over the range of target SINR QoS values from 0 to 14 dB. When
channel estimation quality degrades a lot (for example when the training power is worse than the low
training SNR case), the problem easily becomes infeasible.

Figure 3.9 and Figure 3.10 compare source transmission power (normalized to Gc%l,n) and sum
relay power respectively for a system consisting of 2 users and 6 relays (i) for single antenna at each
user i1)) MRC with two receive antennas at each user. The figures show that the MRC with two receive
antennas has lower power consumption at the source and relays due to the receiver diversity.

Figure 3.11 and Figure 3.12 compares source transmission power and sum relay power respec-
tively for a system consisting of 6 relays for (i) 4 users each with single antenna ii) 2 users each with
two receive antennas using LMMSE to receive two data streams at each user. The figures show that
the LMMSE has lower power consumption at the source and relays due to interference cancellation

of one of the data streams at each user.

3.8 Summary

In this chapter we study the scenario of a downlink broadcast system through a network of relays. For
given relay weights, the optimum precoder was derived. For given linear precoder at the base station,

the relay weights are optimized using semidefinite programming relaxation. We also proposed an
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Figure 3.8. Comparison of relay transmit sum power versus SINR threshold: effect of imperfect CSI
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Figure 3.9. Comparison of minimum total source transmit power versus SINR threshold for 2 re-

ceivers each with single receive antenna and 2 receivers each with 2 receive antenna MRC.
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Figure 3.10. Comparison of minimum sum relay power versus SINR threshold for 2 receivers each

with single receive antenna and 2 receivers each with 2 receive antenna MRC.
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receive antennas to receive two data streams.
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iterative algorithm to optimize the decoder at the base station (destination) and the relay weights. The

proposed scheme is further extended to the cases of imperfect CSI and multiple receive antennas.
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Chapter 4

Cooperative MIMO System Uplink

4.1 Introduction

In Chapter 3, we studied the single-cell multi-user downlink cooperative system with single-antenna
relays and a multi-antenna transmitting base station. In this chapter, we study the complimentary
problem of uplink cooperative communications where multiple users transmit to a common destina-
tion through multiple relays.

Considering the rapidly increasing demand for high data rate and reliable wireless communi-
cations, bandwidth efficient transmission schemes are of great importance. In recent years, user
cooperation has attracted increased research interest and has been widely studied. By relaying mes-
sages for each other, mobile terminals can provide the final receiver with multiple replicas of the
message signal arriving via different paths. These techniques, known as cooperative diversity [7] [8],
are shown to significantly improve network performance through mitigating the detrimental effects
of signal fading. Various schemes have been proposed to achieve spatial diversity through user co-
operation [7], [9]. The most popular schemes are amplify-and forward (AF), decode and- forward
(DF), and coded cooperation [10]. Recently, the amplify-and-forward approach has been extended to

develop space-time coding strategies for relay networks, which opens a new research avenue called
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distributed space-time coding [57] [58]. A distributed beamforming system with a single transmitter
and receiver and multiple relay nodes are studied in [11], and second order statistics of the channel are
employed to design the optimal beamforming weights at the relays. Single antenna source destina-
tion pairs communicating through a relay network is studied in [12], where relay weight optimization
is formulated in terms of semidefinite programming (SDP) and solved through the semidefinite re-
laxation technique. A distributed beamforming scheme with two relays nodes is proposed in [45]
which has the advantage of limited feedback and improved diversity.

The duality between uplink and downlink multi-hop AF-MIMO relay channels with any number
of hops and any number of antennas at each node for single node relaying in each hop was estab-
lished in [59] for single relay. A study of linear precoding designs for a cellular multi-user system
where a multi-antenna base station (BS) conducts bi-directional communications with multiple mo-
bile stations (MSs) via a multi-antenna relay station (RS) with amplify-and-forward relay strategy is
developed in [60]. The work in [60] shows that the BS precoding design with the RS precoder fixed
can be converted to a standard second order cone programming (SOCP) and the optimal solution is
obtained efficiently with the objective of total MSE. Nonlinear precoding design for MIMO amplify-
and-forward (AF) two-way relay systems is studied in [61], where nonlinear minimal mean square
error (MMSE) decision feedback equalizers (DFEs) are used in two destinations, and linear transmit
precoding is applied at the source and relay nodes.

In the literature, the multiple access channel has been studied in depth. The joint optimization of
transmitter and receiver for a multiuser MIMO multi-access channel with sum MSE as the objective
was studied in [27]. A distributed beamforming strategy has been developed for the case where the re-
laying nodes cooperate to form a beam towards the receiver under individual relay power constraints
in [62]. In this scheme, the amplitude and the phase of the transmitted signals are properly adjusted

such that they constructively add at the receiver. A parallel relay network with noise correlation with
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rate maximization is studied in [43].

In this chapter, we study the cooperative system with multiple single-antenna sources, multiple
single-antenna relays and a multi-antenna destination. More specifically, we study 1) optimization
of a linear decoder for given relay weights, 2) optimization of relay weights for given decoder and 3)
an iterative algorithm to minimize the sum power at the relays with SINR constraints on the received
signals. Full channel state information (CSI) from relays to the base station and full CSI from sources
to relays are assumed at the base station is assumed at the base station. Perfect synchronization across
the system is assumed [48] [49] [50].

The remainder of the chapter is organized as follows: In Section 4.2, we present the system
model. Linear decoder optimization assuming known relay weights is developed in Section 4.3,
followed by relay weights optimization in Section 4.4. Numerical results are provided in Section 4.5,

and a summary is provided in Section 4.6.

4.2 System Model

We consider a multi-access channel through a relay network to the base station as shown in Figure
4.1. We assume a multi-relay network with n’;{ single-antenna relays, with M,; sources that are
distributed in space each with single antenna. In order to communicate to the destination, each
source transmits its data to the relay network. The relay network then delivers the data to the base

station. The channel from the source to the jth relay is represented as

Mul
Xul,j = ) bjiSuti~+ Vi j, (4.1)

i=1
where x,,; ; is the received signal at the jth relay, b;; is the channel from the ith source to the jth
relay, and v, ; is the noise at the jth relay. Each source uses power Pj, P; < Py 4y, 1.€., E|Su1,j\2 =P,

for j=1,2,... ,n’f{, Ps max 1s the maximum power available at the source. Using vector notation, we
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Figure 4.1. Cooperative uplink system diagram.

can rewrite (4.1) as

Mul
Xyl = Z bisul,i + Vul, 4.2)
i=1

where

T
Xy = [XMZJ xul72 xul,n%/] 3

Vu = [Vul,l Vui2 .-V ]T, and

[
ul ,ng

b= [b1ibri ... b ]’

Rl

The ith relay multiplies its received signal by a complex weighting coefficient w7, ;. The vector of

the signals u,; transmitted from the relays is

H
U, = Wulxul7 4.3)
where W,; = diag{wy; 1, Wy 2, ..., Wyt }. The received signal at the N,;-antenna base station desti-
nation is expressed as
Yu= Ju, +ny, (4.4)
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where J is a N, X n;‘el matrix representing gains from the relays to the base station. Denote the linear
decoder as F,;, the noise items at the destination are i.i.d. Gaussian with noise power of 631 , and

noise power Guzl , at the relays. The estimated signal vector is denoted as §,; is

Mul
Su=Fuy,=Fu (JWZ ( bisu i+ Vuz> +nu1> . 4.5)
1

=

The estimated signal for the kth user is

My
o T H T H T H T
Sut o = Eup kI Wiabiesu e + £ JWi Y s j+ £y JWigv + £y g, (4.6)
Vv j=1,j#k > e d
Desired signal — i* v Colored noise
Inter ference

where F,; = [fum . -ful,Muz]T'

4.3 Linear Decoder Optimization Assuming Known Relay Weights

First we derive the SINR expression for the ith user,
k

P
ul,s

ul,i ul,n

Here szl, S,P,fu and Plfl,n denotes the desired signal power, the interference power and the noise power

at the kth user respectively. The desired signal power is

Py = £ JWIbDT W 378 B[54} (4.8)

ul,s —

— PkuLkJWflbkbf w,, J £ -

We assume independence among the different channels from the sources to the relays and the
channels from the relays to the base station.

The interference power at the kth user is

Mul
k T H
Py =E { (ful,k-]wuz Y bjsul,j>

J=1.j#k
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Mul H
(fzfl,kagl Z bjsuhj)

j=1,j#k
Mul
= £ JWy ( Y, Pbby ) Wud 'ty (4.9)
j=1j#k
The colored noise power is

Here, for fixed relay weights, the SINR for the kth user is

£ A f
SINR, = W—”‘W‘ .11

[kBul kot i
where A, = PJW b bW, J¥ and
By =JWH (zj L PP PIWIT 0y JWEW, I + o7 L SINR, 4 is maximized when

£, ; is the corresponding principal eigenvector as:

ul k — (W{Bul k ul7k}7 (412)

and the maximum for £, , is the maximum generalized eignevalue by Amax(Aus k, Bui k)-

4.4 Relay Weight Optimization

4.4.1 Minimization of Sum Power at Relays

Next we consider the problem of relay weights optimization with a given decoder. We rewrite (4.6)

as

§ul,k ldlag{ lkJ}bksul k (4.13)
Deszred Signal
M,
+wydiag{f lkJ} Z b jsu, 1+Wu1dlag{ lkJ}Vul +1 lknul
1,j#k
~ =iz ~ Colored Noise
Interference
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where w,; = diag(W,).

Here we consider the problem of minimizing the sum transmission power of the relay network
for a given linear decoder at the base station while the users’ quality of service (QoS) are kept above
pre-defined thresholds. We use SINR as a measure of QoS. The problem is written in the form of Eq.

(2.23) in Section 2.3:

min Py g 4.14)

Wul

s.t. SINRy > Yuk, for k=12,.... My,
where P, g is the sum transmit power at the relays given as
P g = E{uju,} (4.15)
= Tr{ W, E {Xux; W}

H
= WulDul Wyl

and where D,; £ diag <[Rul,x] 1,1 [Ruxl22, -+, [Ruix] . n%z>. Yk is the SINR constraint for the kth

user. The matrix R, ,, whose diagonal elements form matrix D, is expressed as

Mul
R,.=) Pbpl+o5 L (4.16)
j=1

The SINR constraints for the kth user can be expressed as

wzdiag{ffl’kJ} (Pcbybf) diag{fZLkJ}kul

2 Vul k 4.17)
WEEw Wt + Oy K0 i !
where
Mul
By = diag{f,flij} < Z ijjbﬁl + Guzl,vl> diag{f,fak«]}H-
j=L.j#k
Using (4.15) and (4.17) we can rewrite (4.14) as
min WD, w, (4.18)
Wul
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S.t. WHUul kWul = > Yulk ln ul kf’)<

for k=1,2,...,.My

where

Mul

Uk = diag{f], . J} (Pkbkbf —Yux Y, Pb jbﬁl - Yul,kGMZI,vI>
j=Lik

diag{t], xJ .

There are constraints in Problem (4.18) that are not convex. Therefore convex optimization can-
not be applied and (4.18) may not have a solution with affordable computational complexity. We em-
ploy a semidefinite relaxation approach to solve a relaxed version of (4.18). Denoting Z,; = w,;w',

ul?

(4.18) can be rewritten as

minTr(Z,;D,;) (4.19)

ul

sit. Tr(ZyUyk) > Y kO, m £ kf*zk for k=1,...,My

Z, >0, rank(Z,)=1.

Using semidefinite relaxation to remove the non-convex constraints rank-one constraint, Eq (4.19)

becomes

minTr(Z,D,;) (4.20)

Zul

s.t. Tr(ZulUul,k) > Yul kO, ln ul kf*l Kk for k=1,...,M,,

Z, 0.

This optimization problem can be efficiently solved using optimization software, e.g., Sedumi
[63] by introducing slack variables B, x,k = 1,...,M,,; to transform (4.20) into standard SDP form
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in Sedumi as follows:

min Vec(Dul)Tvec(Zul) 4.21)

ul o, ul
M]ECHR Xnjp

s.I. VeC(Uul k)VeC( ) ﬁul k— }/ul7k ln ul kf*
Buk>0 for k=1,....My

Zul io

It is noted here that in general cases, rank-1 solution does not always exists. However, in partic-
ular case when My; < 3, it is proven in [54] that the relaxed problem has optimal rank-1 solution.
When M,; > 4 randomization techniques [55] can be applied to obtain a suboptimal rank-one so-
lution. In this later situation, the optimal matrix obtained from (4.21) is used to generate some
suboptimal weight vectors x,; (See Appendix B or details), from which the best solution will be

selected [64] [65] [55] .

4.4.2 Feasibility

For a given set of SINR constraints, the feasibility of (4.14) can be tested. It is summarized as
follows:

Lemma 4.1: If the number of receive antennas at the base station is larger or equal to the number
of relays, the upper bound of the achievable SINR of the kth user is

Amax(Pbybf X2 P bl + 62 VD

j= lﬁék

Proof: See Appendix D.

4.4.3 Individual Power Constraints at Relays

In this subsection, we consider an additional power constraint that arises in practice. More specif-
ically, each relay is restricted in its transmission power. This constraint is needed as some of the
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relays may end up with significantly high transmit powers which is impractical due to the power lim-
itations of their transmit amplifiers. In this case, we add constraints to (4.18) and solve the following

problem:

min W7D, w, (4.22)

Wul

Mul
s.t. whdiag{f], , J} (Pkbkbf —Yax Y, Pl - Vul,kozfl,vl>
j=1j#k
diag{f,fl,kJ Fiw > Yul,kazfl,anl,kf:;l,k

for k=1,2,....M,

[Dul]i.,i’Wul,i‘z <P for i=1,2,... ,n}'{gl,

where [D,];; is the element at ith row and ith column of matrix [D,;]. Using the semi-definite

relaxation technique, (4.22) can be written as

min  Tr(Z,D,) (4.23)
ul
st. Tr(ZyUyy) > yuhko-le,nfzfl,kf;il.,k

Zuii <P/Dyli; for i=12,... nf

and Z, > 0.
The numerical result in simulation result section shows that per-relay power constraints do not
affect the performance of our technique significantly for a wide range of up to 15 dB when the

maximum allowable power for each relay is chosen to be 6 dB above the average power consumed

by each relay.
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4.4.4 Joint Determination of Linear Decoder and Relay Weights

Joint optimization with iterative algorithm has been studied in literature to improve complex system
performance. In [27], joint optimization of transmitter and receiver with an iterative algorithm is
proposed. In [33], an iterative algorithm to optimize the transmitter with given receiver is proposed.
In [37], an iterative algorithm to jointly optimize the transmitter and receiver with imperfect channel
state information is studied.

In this section, we study the problem of alternatively optimizating the linear decoder and relay
weights as the following algorithm:

1. Initialize the relay weights with c,; * vec(I), where ¢, is a large value (e.g. 10°)

2. Calculate the SINR upper bound for each user according to the results in Lemma 4.1. If the
SINR upper bound for each user is larger than the given required SINR criterion, then go to Step 3.
Else declare the infeasibility of the problem.

3. Apply the results in Section 4.3 to find the optimal decoder vector for each user.

4. With the decoder obtained from Step 2, apply (4.20) to minimize the relay sum power or apply
(4.23) to minimize the relay sum power with individual relay power constraints.

5. Alternate between Step 3 and Step 4 until it reaches a stopping criterion (e.g. the difference
of sum power at the relays for the current iteration and the previous iteration is below a certain
threshold.).

As the sum power of the relays are lower-bounded and for each alternating Step 3 and 4, the
power will reduce monotonically, so it is easy to show the algorithm will converge to a given point,
but not necessarily to the globally optimum point.

Lemma 4.2: The iterative algorithm with linear decoder on converges.

Proof: See Appendix E.
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4.5 Simulation Results

In our simulations, data is transmitted from users through relays to the base station over two time
slots in half-duplex mode. In the first time slot, the users transmit signals to the relay network, in
the second time slot, the relays forward signals to the base station. We assume that the second-order
statistics of the channel coefficients (rather than their instantaneous values) from the M,; sources to
the n}‘el relays are available to the base station and the channel coefficients from the relays to the base
station are known at the base station where the beamforming weights for relays are to be determined.
This base station then broadcasts the beamforming weights to the relays. The channel coefficients
Jand b,k =1,...,M,; are assumed to be independent where J represents the channel from relays
to the destination and by represents the channel from the kth user to the relays. Here we simulate
different scenarios with different numbers of sources, relays and receive antennas and same SINR
threshold for all users Yy = y; = ... = Y. Figure 4.2 shows the minimum sum transmit power at the
relays versus the SINR threshold y with 6 relays and 6 receive antennas for 2 to 4 sources. It can be
seen from Figure 4.2 that as the number of sources increases, the required minimum sum transmit
power at the relays increases. This is as expected since more users are generating mutual interference.
Figure 4.3 plots the minimum sum transmit power at the relays versus threshold y with 10 relays and
10 receive antennas. Comparing Figure 4.2 and Figure 4.3 we can see that as the number of relays and
receive antennas increases, the required minimum sum transmit power at the relays decreases. This
is achieved by the increased diversity at relays and receive antenna arrays. We remark that existing
distributed beamforming systems require a larger number of relays (for example 20 relays reported
in [11] and [12]) to support a small number of users. As the computational complexity of semidefinite
programming is O(n®) where n is the size of the W,; matrix, a larger number of relays results in a

high cost to compute W,;. In the system proposed in this chapter, with 6-10 relays, the system can
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support up to 8 users, reducing computational cost and increasing the number of supported users.

To consider the effect of individual relay power constraints, a scenario of 4 sources, 6 relays and
6 receive antenna destination system is simulated. The maximum allowable power for each relay is
chosen to be 6 dB above the average power consumed by each relay in the unconstrained problem.
As can be seen from Figure 4.4, such per-relay power constraints do not affect the performance of
our technique significantly for a wide range of up to 15 dB.

To consider the effect of imperfect CSI, we consider a cooperative system with 3 sources, 6 relays

and 6 receiver antennas. The matrix

I pr Pz - PR
pr 1 pgr ... p¥7!

Rp = (4.24)
PR PR - PR 1

models correlation for a typical uniform linear array (ULA). In (4.24), we choose the correlation
coefficient pr between source antennas to be 0.5. Since the relays are part of the infrastructure of the
system, the distances from the relays to destination are fixed and equal. The training power to noise
ratio P, /o is set to 20dB.

For channel estimation from sources to relays, F;./ 0',421’” is chosen to be 20 dB (high training
SNR), corresponding to users at the nominal distance (for example 500m). The CSI error variances,

quantified by the diagonal elements of the nﬁ‘el X n,”el matrices R/

ul.e, for sources j =1,...M,;, are

determined according to path loss from uniformly distributed users ranging from 250 to 750 meters

according to the log-distance model [56]
d
PL = PLy+ 10ylog;, o (4.25)
0

where path loss exponent ¥y = 2.5 and the path loss unit is dB, and reference distance dp = 500m.
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In (4.25), it is assumed that the effects of small scale fading are averaged out. Finally, zero mean
independent Gaussian noise is added to the channel estimates with the above CSI error variances.
Figure 4.5 compares the sum relay power for perfect CSI and imperfect CSI with 20dB channel
training SNR and the case without considering the imperfect CSI model. It is noted that when channel
estimation is perfect, the performance loss is 4dB loss without considering imperfect CSI while using

imperfect CSI model the performance loss is around 1dB.
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Figure 4.2. Minimum total relay transmit power versus SINR threshold 7,; for 6 relays and 6 receive

antennas.
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Figure 4.3. Minimum total relay transmit power versus SINR threshold 7,; for 10 relays and 10

receive antennas.
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Figure 4.5. Comparison of Minimum total relay transmit power versus SINR threshold ¥,; for 3

sources, 6 relays and 6 receive antennas for perfect, imperfect CSI and channel estimation ignored.
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4.6 Summary

In this chapter we study the scenario of an uplink multi-access system through a network of relays.
For given relay weights, the optimum linear decoder was derived. For given linear decoder at the
base station, the relay weights are optimized using semidefinite programming relaxation. We also
proposed an iterative algorithm to optimize the decoder at the base station (destination) and the relay

weights. We also study the scheme with imperfect CSI scenario.
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Chapter 5

Coordinated Multi-cell Transmission

5.1 Introduction

In Chapters 3 and 4, we studied multiple user downlink and uplink cooperative systems for a single
cell that utilizes single-antenna relays and multiple antenna base station. In this chapter, we extend
some of these results to a multicell downlink scenario.

Downlink beamforming in cellular systems has been an active area of research for many years.
Recently, there has been a rapidly growing interest in the area of multicell processing, in which base
stations cooperate to provide networkwide, macroscopic beamforming [66] [67].

The conceptual approach to multicell processing is to assume a central coordinating unit, to which
the base stations are connected. The central controller’s role is to process information from all the
base stations and to determine the precoders at each base station to transmit the appropriate signals.

Previous work on multiple cell processing were for the uplink [68] [69]. Both these papers con-
sidered a simple linear array model for a cellular network. Wyner [69] also proposed and analyzed
a hexagonal array model. Multicell processing is sometimes called “macrodiversity” [70]. In up-
link macrodiversity, base stations cooperate to jointly decode a signal from a mobile in the network,

taking advantage of the broadcast nature of wireless communications. In downlink macrodiversity,
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base stations cooperate to jointly transmit a signal to a mobile, in which the multiple base stations
are widely spaced across a geographic area. Theoretically, macrodiversity can eliminate the impact
of other cell interference on cellular capacity [71], [68]. The potential capacity gain is, therefore,
enormous, as demonstrated in [72], [71], and [73]. A low-complexity physical layer design to intro-
duce cooperation in the downlink of an infrastructure-based multicell MIMO-OFDM is developed
in [74], performance insights and analytical upper bounds on the symbol error probability for linear
receivers are provided. A novel and practical type of coordination for OFDMA downlink networks
relying on multiple antennas at the transmitter and the receiver is proposed in [75]. The transmis-
sion ranks, i.e., the number of transmitted streams, and the user scheduling in all cells are jointly
optimized in order to maximize a network utility function accounting for fairness among users [75].
Relaying and multi-cell MIMO transmission are investigated in [76] as approaches for improving
resource reuse and more flexible organization of cellular networks. Achievable throughput is ana-
lyzed under practical constraints using three different normalization approaches: cost-normalization,
energy-normalization, and joint cost-energy-normalization [76].

Multicell cooperative systems attract interest as LTE is widely deployed and LTE-Advanced de-
mands new techniques for further improvement on throughput as well as coverage. Multi-cell co-
ordinated shared relay with joint processing (JP) scheme in interference limited network is studied
in [77], JP of cooperating BSs and shared relay station (RS) in the relay transmission phase (second
phase) using SVD precoding to increase resource usage efficiency was proposed. A comprehensive
centralized RRM algorithm for downlink OFDMA cellular fixed relay networks in a way to ensure
user fairness with minimal impact on network throughput was proposed in [78], the proposed cen-
tralized scheme has improvement in terms of the substantial savings in complexity and feedback
overhead compared with traditional centralized schemes. A shared relaying architecture for inter-

cell interference mitigation in wireless cellular networks is examined in [79] with focus on resource
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allocation and the scheduling of users among the adjacent sectors. A network utility maximization
problem was formulated for a realistic shared relaying network, where zero-forcing beamforming is
used at the relay to separate users spatially and shown to improve the overall network utility through
system level simulation. A heuristic algorithm named integrated radio resource allocation (IRRA)
with a mode-aware BS resource-scheduling scheme to find suboptimal solutions was proposed in [80]
and shown to have improvement in cell throughput.

The role of the receive antennas in a multi-cell environment is discussed and recently proposed
multicell cooperative algorithms and receive antenna techniques for different interference statistics
are reviewed in [81]. When the signals from multiple cells are amplified by a group of relays, the
interference from other cells becomes mixed and less amenable with the addition of relay noises.
In this chapter, the framework and methodology in Chapter 3 are extended to multicell cooperative
system.

In Chapter 5, we first present the system model for the multicell cooperative system in Sec-
tion 5.2.1. Then we studied two multicell cooperative system scenarios, the first is that multicells
transmit the same signal to a specific user in Section 5.2.2 and the second is that only one of the cells
transmits a signal to a specific user in Section 5.2.3. Numerical results are presented in Section 5.3.
Full channel state information (CSI) from relays to the destinations and full CSI from base stations to
relays are assumed at the central controller are assumed. Perfect synchronization across the system

is assumed [48] [49] [50].
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Figure 5.1. BS Scenario: Cell A, C transmit to MS1, MS2, MS3. Multiple cells with shared relays.

5.2 Downlink Multicell Coordination System

5.2.1 System Model

Consider a broadcast channel as shown in Fig. 5.1. As explained above, data is transmitted from mul-
tiple multi-antenna sources to multiple users through relays successively over two time slots. There
are K., cells, each cell with a N.,-antenna base station, a relay network of ny’ single-antenna relays,
and M., distributed single-antenna destinations, where M., < N.,. The ng’ relays form the infras-
tructure of the cooperative relay system. It is assumed that the channels from source to relays are
estimated at the relays and fed back to the source. Similarly, the channels from relays to destinations
are estimated at the destinations and fed back to the relays, which then forward the estimates back
to the source. It is assumed that since range extension is an intended application, there are no direct
links between the sources and destinations. Here two different scenarios are considered: 1) each cell

transmits the same signal to each subscriber, and one of the base station is selected to transmit to a
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specific user. We denote this as the base station selection scenario (BS) and 2) only one cell trans-
mits to a specified subscriber. In this scenario, other cell signals are considered as interference. We
denote this as the interference suppression (IS) scenario. With 1), only N, users can be served while
with 2), overall K., X N,, users can be served. The two steps can also be regarded as two successive
steps for a multicell cooperative system, where 1) is for serving cell selection and 2) is for transmit
beamforming optimization. First we consider the BS scenario in which each cell can transmit to each

subscriber.

5.2.2 BS scenario: multicell signal broadcast to a user

In this subsection, we study the BS scenario where multiple cells transmit the same signal to a specific
user. Let the N, x 1 vector hco,i’r(i =1,...,K.), represent the link from the ith source to the rth

relay, 1 <r < ng’, which receives a symbol

KL'U T MC()
Xeco,r = Z hc()’j7r Fcr),j,isc'(),i + VC(),r (51)
j:] =1

i
where I'¢, ;; denotes a N, x 1 transmit beamforming vector corresponding to signal s, ; intended
for the ith destination from the jth cell, 1 <i< M.y, 1 < j < K.

To model distributed beamforming, the ith relay multiplies its received signal by complex coef-
ficient we, ;. The vector u,, representing all signals transmitted from the relays to the destinations

18

Ueo = ngoxco (52)
where diagonal DBRF matrix
W = diag{wcml yWeo,25 - - 7Wco,nfe"}
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T
Xco = [xco71 Xco2 - xco,nf{’] . (5.3)

Using (5.1), the received signal at the ith destination is

T
Yeo,i = 8co,ilco + Nco,i

Mo
= gco i Z Hco JT€oyj, iSco,i +gc0 i Z Hco J Z Fj 1Sco,l +gc() 1chvco +nco l (54)
j=1 1=1,1%#i N~
/N “— noise
Desired Signal inter ference

where ng’ x N, matrix Hep j = [heo 1. heo, J'anfe”]T represents the combined channel from the source
to relays, 1 x ng’ row vector g’ co,i Tepresents the channel from the relays to the ith destination, n’ x 1
vector Ve, = [va,’l, ey Vco,nf{’]T represents noise at the relays, and n,, ; represents AWGN at the ith

destination.

5.2.2.1 Transmit Precoder Optimization for BS scenario

The case where multiple base stations coordinate their transmission to serve a coverage area with
relaying is shown in Fig. 5.1, where each base station sends the same signal to a specific user through
relays. This scheme is applicable to the scenario where the user is located near a cell edge and is able

to receive signals from multiple cells. In this case, Eq. (3.10) generalizes to

KC() MC() H
min 2 ) 0T (T Ti))
Dt T ieo s Ukeo 1o Dkeo Meo =1 =

Zanol Otm lFH HICL{) chogco 1gco 1W Hw mF
MCO KCO
anl,n#i Zmzl Om, "F Hé—IO mwcogco lgCO lWH HC0 mrm M + Tr{wcogcg lgcg lWCOG(,() v} + 0, co )

S.t.

> Yeoi for i=1,... .M.
(5.5)
The weight factors o ; are to take into account factors such as path loss from the base station to

the relays, cell load, scheduling priority and other physical factors in the multicell scenario as the
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minimum power is not the only factor for the determination of the transmit beamforming scheme.

Let

_ H
Teoji = &jil'co,jil'co,jis

for j=1,....K,, and i=1,...,M,, (5.6)
and applying semi-definite relaxation by dropping constraints
rank(Tc, ;) = 1, (5.7)

the optimization problem (3.12) generalizes to

KCO MCO
min Z Z Tr (Tca,i,j)
Tw,l,l 7~'~7Tco.l,M7~~~7Tc0,K,l a"'?TCO,K,M i=1 jZl
KCU ML'() H T 2 2
*
s.I. Z Tr Uco,m,i(Tco,m,i - ’}/C(),l' Z Tcr),m,n) 2 ’}/co,i (Tr(wcogcmigco’iwco)Gc07v + GC()’")
m=1 n=1,n#i
for i=1,...,M,
Tc07m,i =0
for m=1,....K,, and i=1,....M,,
(5.8)
where
H T * H
UCO,j,k = Hco,jWCOgco,kgco,kwcoHCOJ‘ (5.9)

5.2.2.2 Relay Weights Optimization for BS Scenario

Semi-definite programming can be applied to solve (5.8). When the precoders at the multiple coop-
erating base stations are fixed, DRBF optimization over a multi-cell area can be achieved in a similar

manner to that presented in Section 3.4.
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Once the beamforming vectors are determined, the relay weights can be optimized. The iterative
algorithm from Section 3.3 can be applied here to minimize the sum power at both base stations and

relays.

5.2.3 IS scenario: one of multiple cells transmits to a specific user

This section considers the scenario that each subscriber only receives a signal from one of the K.,
cells as shown in Fig. 5.1. In this scenario, there are K., cells, and each cell is equipped with N,
antennas, where there are M., ;,i = 1,...,K., users in each cell and M.,; < N,, and ng’ single
antenna relays are shared by the K, cells.

Let the N, x 1 vector he,; (i =1,...,K,), represent the link from the ith source to the rth relay,

1 <r <ng, which receives a symbol at rth relay is

Kcu ML‘{).K
T
Xeo,r = hco7j,r Z Q'Co,j.,isco,j,i‘f’Vco,r (510)
=1 i=1

J

where €, ;; denotes N, x 1 transmit beamforming vector corresponding to signal s, ;; intended
for the ith destination from the jth cell.

To model distributed beamforming, the rth relay multiplies its received signal by complex coef-
ficient we, . The vector u., representing all signals transmitted from the relays to the destinations

18

Ueo = Wg;xco (5.11)
where diagonal DBRF matrix W, = diag(Weo,1,Weo.2; - -+ s Weo )

and X = [Xco,1 Xco2 - - - xco,n%’]T‘ Using (5.10), the received signal y.,_ ;; at the ith user of jth cell is

_ T
Yeo,j,i = gca,jjuc{) + Nco,j,i
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T H T H
= gCO,j,iwcoHCOJQCOJJSCOJJ + gco,j,iWcovco +Neo,ji (5.12)

Desired Signal noise
Mco,j K. Mco,n
T H T H
+ gco7j7iWcho,j Z -Qj,ksco,j,k + gco’Lin Z Hca,n Q'n,lsco,n,l
k=1k#i n=1,n#j =1
inter ference

where ng’ x N, matrix Hep j = [heo 1. .. heo, j,nfg]T represents the combined channel from the source
to relays, 1 X ng’ row vector gzo’ ;i represents the channel from the relays to the ith destination in jth
cell, and ng’ x 1 vector v = [V¢o 1. - -, vmnﬁo]T represents noise at the relays and n, ; ; represents the
receiver noise at the ith user of jth cell.

In the IS scenario as illustrated in Fig. 5.1, each user receives a signal from one of the cells
through its relays, and base stations can coordinate their transmission to reduce interference to other

cells by reducing their transmission power. In this scenario, each cell has a group of users and tries

to reduce interference to other cells and it is an interference-limited system.

5.2.3.1 Transmit Precoder Optimization for IS Scenario

In this case, Eq. (3.10) generalizes to weighted sum power minimization

Ko Mco,j
1 H
min Z Z a;iTr (Qcmj,igca, j,i)
Ql‘rl"“’Ql‘Mcu,l7"'7QKC0717'“7QK00’MCO.KCO ]:1 i=1
..OH H T * H . .
o Yi%0, i o0, WeoBio jiBeo,jiWeoHeo, Eeoji Yeo.j.i
’ H 4T * 2 2 = ico,];t
Y + Tr{wcogco7j7igco7j’iwcoGC(),V} + 650711
for i=1,....Me ,j=1,...,Keo, (5.13)
where
Mco,j
_ H yyH T * H
= Z ajvk‘Qj,kHco,jWCOgco,j,igco,jjwcoHco,ij,k (5.14)
k=1,k#i
Ko Mco,n
H yyH T * H
+ Z Z a’lvlQn,lHco,nwcogco,jjgcmj,iWcoHCO,n'Qn,l-
n=1,n#j I=1
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5.2.3.2 Solution using Semidefinite Relaxation

In (5.13), let

Teoji= Qe jiQE 1 for j=1,...,K;o and i=1,..., M. (5.15)

€0, ],17

The weight factors o ; takes into account factors that include path loss from the base station to
the relays, cell load, scheduling priority and other physical factors in the multicell scenario as the
minimum power is not the only factor in the design of the transmit beamforming scheme. Apply

semi-definite relaxation by similarly dropping constraints
rank(Tc, ;i) = 1, (5.16)

the optimization problem (3.12) generalizes to

Keo
min Z co,j,i)
017" 7TF0,K,1 7~'~7TK(:() M, i—1

TCG.1,17“ >TcolM co.Keo j

Ci

g HM

st. Tr <H5) JWcogco j, lgC(’vJ IWH Hco,j(Tco,j,i — Yeo,j,i Z Tco7] k >
k=1 k#i

Kco w n
—Tr Z Z Hw N Cogco,J lgco,] ch()HCO nTco !
n=1,n#j I=

> Yeo,ji (Tr(wcogcod zgco,/ iWe ) co,y T O, co n

TCO,j.,i7Tco7j,k7Tco7n7l =0

(5.17)

Semi-definite programming can be applied to solve (5.17). When the precoders at the multi-
ple cooperating base stations are fixed, DRBF optimization over a multi-cell area can be achieved
similarly to Section 3.4.

Similar to Chapter 3, the iterative algorithm can be applied to jointly optimize the precoders at

the cells and the relays.
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5.2.3.3 Solution of Transmit Precoder Optimization for IS Scenario Using Duality

In this subsection, transmit Precoder Optimization for IS Scenario is derived based on the duality
relation of the uplink and downlink distributed beamforming. It is noted that the SINR constraints
can be reformulated as a second-order coneprogramming problem as shown in [33]. The Lagrangian

dual of (5.13) is

H W VVH .
H 2 Q‘ca s lHCO N COgco s zgco,J i wHCO J'Q‘COJJ
L(Qcmj iy co;z Z OCJQCOJ cho Ji Z co7j,z

co,j,i co,j,i Yeo,ji
H H 2
- Z Q cho nWCOgco s zgco s lW HCO n-Qconl Tr(Wcogco s lgC()j lW Gca v) Cyco,n)'
(n.l)# i
(5.18)
By rearranging (5.18), we get:
L(Qca,j,h ;LCO,J i ZALO Jst Tr(Wcogco J zgco o iWeoO, czo v) + Gco n) +
Jii
Z'Qco Jii2co, i COJJ"
(5.19)
where
®CO ok T alI+ Zz‘n lHu) ]WCOgc() 7, lgc(),] ,WZ)Hco,j
n,l
1
—(1+ %o—i,-m’"” Y, Weogl, g i WHH, ;. (5.20)
The dual objective is
g(kco,j,i) = énin.L(QCO,j,ia )Lco,j,i) (5.21)
co,j,i

In (5.19), it can be seen that if O, ;; is not a positive definite matrix, then there exists Q, ;; such
that L(Qco, j,i» Aco,j,i) = —oo. Thus, the lagrangian dual of (5.18), which is the maximum of g(Ac,,;.i),

is

2
maleco Ji Tr(wcogco J.i80.j,iWeoOioy) + s, n)

C”l]
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st L+ Y AeonHE, Weol, i i80 i iWiHeo j

n,l

1
t Aco,j,i(l +— )HH Wcogco NE lgco,] sz Hco,i

. €o,J
C0>l7./

for j=1,....Kep;i=1,....M;

(5.22)

which can be reformulated as:

2
manA’w Jst Tr(Wcogco s zgco s zw co, v) + Gco n)

co lj
H H H
Aco T lQ H wcogw o lgw o IW Hco j-Q-co,ji

co,j, i co
s.t. max oS o/
H HH

Qco,j,i Z(m,n)yé(j,i) A’w?m,"gco JJyico mWCogco s lgCO s lW HCO m-Qco oIl + a]Q‘co s IQCUJJ
> Yeo,i,j- (523)

It has been shown [82] that the receive beamforming vector that maximize the SINR of the system is

the principal eigenvector of (A¢y, Bco)s

A

Qco7j,i - p(B;glAco)a (524)

where A, = H chogcoj 8o, WHIH,, ;,

Beo = Y(mn)£(j,i) Am, HI chogco .%o, WHH,, ,+ a1 Here Q., ;; and fzw,j,i are scaled ver-
sions of each other. Thus, one would be able to find €, ;; by first finding Qm j,i» then updating it
through the scalar multiplications Q, j; = \/m{zw, ji- The §;; can be found through a matrix
inversion using the fact that the SINR constraints in (5.13) are satisfied with equality.

Substituting (5.24) into SINR constraints of (5.13), the SINR constraints become

1
QH HH WCOgco j lgCO j lWH HCO jQCO j7i560.,j7l' -

co,j,i**co,
Yeo,j,i ok "

H
Z 'Q‘co,] n c() o Cogco,] lgw,] lWC(JHCOJQ‘CUJ n6 n
n#i
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H H T * H
- Z 'Q‘co,m,cho,mWCUgco,j,igco,j,iwcoHCO’mQCmmJ 57'171
m#j,l
_ H T * 2 2
- Tr(Wcogco,j.,igco,jjwc‘l)Gco,v) + Gco,n'

(5.25)

— — (8T T —
Define 5]' = [Sj,ly---75j,Mj]T, o= [61 ,...,6K]T, n= [T]{,...,T[IT(]T,
and 77]‘ = [Tr(ngZo,_j,lg:mj,IWCOGczo,v) + Gczo,m ce 7Tr(Wg)gZa,j,Mjgf’o,j,MjWCOcczo,v) + Gczo,n]T' Based
on this notation and (5.25), we can obtain &, ; ; by

§=F,'n

where F,, is the K.,M., X N.,K., matrix with the (j,n)-th entry of each M., x M., sub-matrix FZ}

defined as:

1 H H T * H . R i e

Yeo,j i co,j,iHco,jWCOgco,j,igco,j,iwcoHCUJQCO,N if m=j, n=1
Fiu =4 —0f  HT Wl &  WHH, Q. ifmsjni
co,in co,j,n"rco,j Cogco,j,igco,j,i cotico, j=24aco, j,n =)

H H T H : .
Q H chr)gcgvj’igﬁo’j7 ‘WCOHC(),m-Qco,m,n if m?'é J-

co,m,nrco,m i

We remark that for the multicell precoders optimization for the IS scenario, there are two methods
to obtain the precoders, including the semidefinite relaxation method discussed in Section 5.2.3.1, as
well as the duality method discussed in Section 5.2.3.3. While both methods can uniquely determine

the optimal precoders, the duality method has lower computational complexity.

5.2.3.4 Relay weight optimization and iterative algorithm for IS scenario

When the precoders at the multiple cooperating base stations are fixed, DRBF optimization over a
multi-cell area can be achieved in a similar manner to that presented in Section 3.4. The iterative
algorithm from Section 3.3 can be applied here to minimize the sum power at both base stations and

relays.
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5.3 Numerical Results

To investigate multiple base station coordinated transmission, we assume that base stations are fiber-
backbone-connected and a central controller collects information from the base stations and makes
decisions as in industrial practice. We consider the scenario of three single-antenna mobile users
(destinations) located in the coverage area of the relays as indicated in Fig. 5.1. This is typical of
dense urban scenario where cells have overlapping coverage and where there is no indoor wireless as
in the case of shopping malls which generally have poor indoor user cellular experiences. The relays
deployed near the buildings could be used to enhance the indoor coverage. The proposed scheme in
Section 5.2.2 is adopted. In this scenario, MS1, MS2 and MS3 are located in the coverage area of the
relays but out of direct reach of Cell A and Cell B due to distance, shadowing effects and penetration
loss due to indoor location. A group of 6 relays are located at the overlapping service areas of Cells
A and B. Path loss from cell A and cell B are compensated by power control, so the channels from
Cell A and Cell B to relays are Rayleigh flat-fading channels, following 4" .47(0, 1). For simplicity,

here we also assume that the path loss from different base stations to the relays are the same, and

thatisa; 1 =a;2 = ... = ajpng,1=1,...,K. We also assume that the weight factors for the same base
station to be the same, and thatis ¢ | = @;» = ... = @ p,i = 1,...,K and the path loss from different
base station to relays are fully compensated by the weight factors as \ai,r\za,-h,- =1,j=1,...,M. In

the scenario of Fig. 5.1, M = 3,K =2, and ng = 6. From Fig. 5.2, we can see that for a specific
realization of the channels, the allocated power from Cell B to MS2 is about 30dB lower than power
from the allocated power from Cell A to MS2 for different levels of SINR threshold. When the
transmission power allocated by Cell B is 30dB lower than that of Cell A, Cell B should stop the
data transmission to MS2. In this case, the beamforming algorithm in Section 5.2.2 allocated most

of its power resources to a single cell, i.e., the best cell to serve a specific user can be found. The
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Figure 5.2. The comparison of the power allocation by Cell A to MS2 and Cell B to MS2

proposed algorithm may be combined with base station power control to assign an appropriate cell
to transmit to a specific user, taking path loss, cell load, scheduling priority and other factors into
account through the weight factor. We remark that in the process, the choice of the serving cell takes
additional critical factors into account such as inter-cell interference, base station-relay alignment,

and eigen-channels from relays to destination.

5.4 Summary

Wireless transmission from multiple multiple-antenna base station to multiple single-antenna desti-

nations through a network of single-antenna relays is considered. Optimal precoding and distributed
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relay beamforming solutions, in the sense of minimizing source and relay power, are formulated and
computed. Two different scenarios are considered for coordinated beamforming, one is suitable for
scenarios such as relays serving users located in overlapped areas (typical of dense urban scenarios)
to select serving cell and another one is for users persists in specific cells to suppress inter-cell in-
terference. Simulations show obvious gain for using coordinated beamforming compared with not

using coordinated beamforming.
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Chapter 6

Multi-antenna Relay Cooperative System Uplink

6.1 Uplink Cooperative System with Single Multi-antenna Relay

In previous chapters, we studied point-to-point cooperative systems, single cell downlink and uplink
cooperative systems with single antenna relays as well as a multi-cell cooperative system with single
antenna relays. In this chapter, we will extend the uplink scenario to cooperative multiple antenna
relays that act as system access points, which is a scenario that is receiving increasing attention in
emerging 3GPP LTE-Advanced [31]. In this scenario, the relay is targeted for the coverage of a
hotspot and provides a high speed uplink for a group of users with high data rate terminals (equipped
with multiple antennas). In this chapter, rather than power minimization used as an optimization
criterion in previous Chapters 3-5, here the approach involves capacity optimization.

In the literature, multi-antenna relay systems have attracted strong interest. A cooperative system
with a multiple antenna source, multiple multi-antenna relays and a single-antenna receiver is studied
in [83]. However, the cooperative system is not efficient as multiple multi-antenna relays incur high
system overhead for channel estimation and scheduling, and are very inefficient in scheduling just one
user. For example, consider the case of source with M antennas, K relays each with N antennas and a

single antenna destination, the overhead is a factor of O(MNK) greater that of a cooperative system
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with a single antenna at source, relay and destination. A cooperative scheme is proposed in [84]
with a network of multi-antenna relays to serve a single user with AF or hybrid relaying. Similar
to [83], this scheme proposed has high overhead and complexity but limited gain. For example,
in the case of source with M antennas, K relays each with N antennas and a destination with L
antennas, the overhead is about K times higher than a system with a M-antenna source, a N-antenna
relay and a L-antenna destination. A cooperative scheme with a multi-antenna relay to serve a multi-
antenna user is proposed in [46], where it is shown that the source and the relay should map their
signals to the dominant right singular vectors of the source-relay and relay-destination channels. A
cooperative scheme with a direct link from source to destination and an indirect link through a multi-
antenna relay is proposed in [85], where a waterfilling algorithm in the spatial domain is proposed
showing a gain in throughput. A cooperative system with a multi-antenna source, a multi-antenna
relay and a multi-antenna destination is studied in [86], where an optimal solution was found when no
direct link exists. For a multiple-antenna relay channel, the full-duplex cut-set capacity upper bound
and decode-and-forward rate are formulated as convex optimization problems in [87]. For half-
duplex relaying, bandwidth allocation and transmit signals are optimized jointly. The capacity and
beamforming optimality of multi-antenna relaying systems was investigated in [88], where statistical
channel information is assumed at the relay and source. The optimal transmission strategies at both
the source and relay were developed and necessary and sufficient conditions for which beamforming
achieves capacity were derived in [88]. A comprehensive analytical framework of dual-hop fixed
decode-and-forward cooperative networks with multi-antenna relays and distributed spatial diversity
is developed over generalized Nakagami-m fading channels [89]. The optimal linear beamforming
matrix in closed form based on convex optimization techniques, aiming to minimize the weighted
mean squared error (MSE) was developed in [90]. A multiuser multi-antenna downlink cooperative

system was studied in [91], upper and lower bounds for sum rate was proposed.
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An obvious trend in the communication industry is to increase spectrum efficiency deploying
more antennas at the base station as well as at user terminals. However, spectrum efficiency decreases
with the increase of distance between user terminals and the base station. To mitigate this effect, high
transmission power is needed at user terminals. However, high transmission power is not achievable
at user terminal due to radiation and battery life. In this chapter we propose the application of
multiple antenna relays to draw the user terminals nearer to enable MIMO communication between
user terminals and relays and between relays and the base station.

In this chapter, uplink cooperative system with multiple antennas at the relay is proposed. A spe-
cific schemes are studied: users access the base station through a single multi-antenna relay. In this
chapter, full channel state information (CSI) from relays to the base station and full CSI from sources
to relays are assumed at the base station is assumed at the base station. Perfect synchronization across
the system is assumed [48] [49] [50].

The remainder of the chapter is organized as follows: in Section 6.2, system model for single
multi-antenna relay system is presented, in Section 6.3 uplink system optimization with a multi-
antenna relay is then developed. Numerical results are provided in Section 6.4, followed by a sum-

mary in Section 6.5.

6.2 System Model

We assume a single multi-antenna relay with nZl’m" antennas, with M,; users each equipped with

N,1.ue antennas and a base station with N, ,, antennas. In order to communicate to the destination,
each source transmits its data to the multi-antenna relay. The relay then delivers its data to the base
station. The transmission from the users to the relay is represented, in matrix form, as
My
Xyl mu = 1BiSiSul,i +GSu (6.1)
i=

93



where X, , 1s the received signal at the relay, B; is the channel from the ith source to the relay, S;
is the beamforming matrix for the ith user, and ¢,; is the noise vector at the relay with i.i.d. noise
components. Each of the noise components has variance ng. The relay multiplies its received signal

by a complex weighting matrix W, ,,,,. The vector of signals w,; ,,, transmitted from the relays is

H
Wyl mu = Wulmuxul,mu- (62)

The received signal at the N,;-antenna base station destination is expressed as

Yul,mu = Jul,muuul,mu + Yy (6.3)

where J 1y 18 an Ny pq X n;’el’m” matrix representing the channel from the relay to the base station
and 9, is the noise vector observed at the base station receiver. The variance of the i.i.d. noise terms
2

at the base station receiver is 5.

Using (6.1)-(6.3), the received signal at base station can be expressed as

Mul
yul,mu = Jul,muwz,mu Z Bisisul.,i + Jul,muwgl?mugul + ﬁul' (64)
i=1

Using the well-known results reviewed in Chapter 2, channel capacity of this uplink cooperative

system can be expressed as

1 Mul
Cutm = Elogdet ) Hul,mu’iFiHﬁmM’i + ngHngg'I + 051,
i=1
1
—5logdet (28 B + 631,,,,,) 6.5)

where

H
Hul,mu,i = Jul,muwul,muBh
H
Hg - Jul,muW

ul ,mu

;=SS
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The second term in (6.5) comes from amplified relay noise and receiver noise.

In the following subsections, we address the problem in three stages: 1) fix the relay beamforming
matrix and maximize the channel capacity with the user beamforming matrices as variables, 2) fix
the user beamforming matrices and maximize the channel capacity with relay beamforming matrix
as variables, followed by 3) joint optimization of user transmit beamforming matrices and relay

beamforming matrices.

6.3 Uplink Cooperative System with a Multi-antenna Relay

6.3.1 User beamformer optimization with fixed relay beamformer

Here we assume that the relay beamforming matrix is given and optimize the user beamforming
matrices accordingly. Because W, ,,, is given, the second terms %logdet (o.ngnggi + Gzﬂﬂm,m) in
(6.5) is given, and we only need to maximize the first term in the channel capacity expression of this
uplink cooperative system. The maximization of the capacity in (6.5) can be reformulated as

M, ul

: H H 2
L min - —logdet(} Hut e TiHy i+ HHE + 051, ,)
Lo My i=1

s.t. Te(Ty) < Py
Fl>__0 izl,'-~:Mul

My
and ZTI'(F,’) < Psum,ul- (6.6)
i=1

Problem (6.6) becomes a colored-noise vector multiple access channel capacity maximization prob-
lem. After noise-whitening, this problem can be optimally solved by the multiple access iterative
waterfilling algorithm proposed by Yu [92] [93] as follows:

Step 1: initialize S\" = 0,i =1,..., M,,.

Step 2: repeat for kth iteration, k > 1
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k 1 ~ - H
FE. ) _ arglfnaxElog|Hul7mu7ijHul7mu7j +1]
i

for j=1,...,My (6.7)

where

My (k l) 71/2
H”da’nuaj = ( Z Hul7mu7iri Hill,mu,i + Hnggi + G%,Inme) Hul,mu,j
i=1,i#j

(6.8)
where Fl(k*l) is the beamforming matrix for ith user at the (k — 1)th iteration. Repeat Step 2 until the

desired accuracy is reached. In Step 2, waterfilling algorithm [92] [94] can be applied to obtain F(].k).

6.3.2 Relay Beamforming Matrix Optimization With Fixed User Transmit
Beamforming Matrices

In this part, we assume given a user transmit beamforming matrix and optimize the relay beamform-

ing matrix. The problem can be formulated as follows:

1 B\ HpH | ~2 2
max logdet (Jul,nmwuhmu Y (BB + 020, ) Watsmutn + O3,
ul ,mu i=1

1
—Elogdet (ngJuLmqulmuwul,muJul,mu + Gl%Inulﬁa)
st Tt (Wt (BB + 020, ) Wi ) < Pope— (69)

ul ;mu

By applying singular value decomposition (SVD) to channel J,; ., 1.€.,
Jul,mu = Uul,muDul,muVZII,mw (6.10)
as well as to Z?i“{ (B,-S,S,H B + ngl uz,mu),
g
My
Z BISlS{{BlI—I + GgZI ulmu — Oul (Zul + GgZI Lll,rnu) Oﬁll, (61 1)
i=1 "k "k
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and finally to the user beamforming matrix sum,
Wul,mu = Vul,muZWul,mu OI;,;IZ (6.12)
By combining (6.5)(6.10)(6.11)(6.12), the uplink channel capacity can be calculated as follows:

1
Cul,mu = Zlogdet ( ul ;mu Ml muZWul mu (Zul + ngln;tel=m“> z“W /muDul muUul mu + Gglnul,ba)

1
2
o Elogdet <G ul ;mu Ml muZWu; muzwul muDMl muUul mu + Gﬂlnul,bu>

1 2 H H 2
_1Ogdet Dul mu Wul Jmu (Zul + Gg Inluel.mu> ZVvul.,mu])ulvm"{ + Gﬁln”]vb“>

H 2
< ul muzwul muzwul muDul,mu + Gﬁlnul,ba>
_ Logdet (D +o;1 Y% DI 463
g ul ymu Xul ”’ mi ) =W ul mu Oyl pa
Y& D 4ol
Dy, Wy, ul e O Myl ba |

(6.13)

ul ,;mu

Assuming that there are enough users such that ny ™ < M,;N,; .., we consider the following two

cases: 1) n}’el " < Nt pa 2) nZl’m” > Ny be- In the first case, the effective uplink cooperative channel
isa n;’el "™ input, Ny 4, output MIMO channel with rank of mm(n;él " Nt ba) = n;’el ™ " The rank is
limited by the number of relay antennas. In the second case, the effective uplink cooperative channel
is a n;‘el input, N, p, output MIMO channel with rank of min(n;l’m”,Nm’ba) = Nyl pg- The rank is

limited by the number of base station antennas. Next we will study the channel capacity of the uplink

cooperative channel with given user beamforming matrices corresponding to these two cases.

6.3.2.1 More Base Station Antennas than Relay Antennas n}’el’m” > Nutba
In this case, we denote iwul,mu as the upper triangular portion of Xw,, ,  as follows:

(Zwul,mu)ivj’ l?] S Nul,ba
(W, )iy = (6.14)

0, else.
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With (6.14), (6.13) can be rewritten as

ul ,mu ul ,mu

1 _
Cul-,mu = Elogdet (Inul,ha + (GgDuhmuZ%V Dul ,mu + G‘glnul‘ba) IDMLmMEulZ%V Dfl,mu)

1 -1 —152
= S1ogdet ( (DutmZuDll )~ + (2Dt Dl 1,1+ O3 lna) 'S0

1
+ 5logdet (Dut i Zua D) ) - (6.15)

In this case, the rank of W, ,,, 1s limited to N,y 4, Which means that power will be only allocated
to the eigenmodes up to rank N 5, due to the limitation from the number of base station antennas.

In (6.13), D, oz D? s the eigen-matrix of the eigenvalue decomposition of the source-

ul;mu
relay uplink channels. Dy, is the eigen-matrix of singular vectors of the channel from relay to
base station. Since X,; are singular values of both user beamforming matrices and the channel from
users to the relay, ¥,; can be regarded as the eigenvalues of the aggregate channel from the users to
the relay. The aim of the optimization of the user beamforming matrices is to make X,; aligned with

positive definite diagonal matrix DulymuDH

ul.my According to the waterfilling principle to maximize the

~1
capacity of the cooperative uplink channel, and <Dul’muzulDZ7m> is the effective noise level of
the cooperative uplink channel. The problem of maximizing the uplink cooperative channel capacity

with given user beamforming matrices can be rewritten to include a power constraint as follows:

1 -1
max —logdet ((Dul.,muZulDZ,mu)

W mu

H 2 2 —15:2
+ (Dul.,mthul.,muZW,d,mu + G’lSInul,ba) Z'Vvul,mu>

st Te (S, (Tu+olum)) <Ay (6.16)

By denoting the diagonal elements

&2 .
Zj.= (Zwul,mu)j7j7‘] = 1, .. -Nul,ba

W= <zul+c§1nm,m)”, J=1, Nuba 6.17)

R

the maximization in (6.16) can be written more explicitly as

ul .ba

—1 <j
5 max Z 10g< ul ,mu MlDul mu)JJ + ) H >

o 2
zl"‘“"ZNul,ba Gg (Dul,muDul,mu)Ja]ZJ + 619
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Nul‘,ba
s.t. Tr zjuj | < Pw. (6.18)
1=1

In (6.18), define the objective function

ul ba

-1 Zj
f(Zh -9ZNy ba = Z 10g ( ul,mu ulDul mu) .+ / 2) . (619)

, 2 H N o
I Gg (DulvmuDul,mu)J’jZJ + Oy

By differentiation, it can straightforwardly be shown that

(92f(Z1, s 7ZNul,ba)
aZjaZk

32f(zl, e 7ZNul,ba>
azzj

=0, Vj£k

<0, for j=1,...,Nupa: (6.20)

which means that the Hessian matrix of function f(z1,...,2w,,,,) is negative definite and f(z1,. . .,2n,;,,)
is concave in variables zj, j = 1,...,Ny pq. As f(Z17""ZNul,ha) is concave in zj, j = 1...,Ny p, and
the constraintis linearin z;, j = 1,..., N, pq, (6.18) is a convex optimization problem and the optimal
solution can be obtained. For the details of the derivations in (6.20), please refer to Appendix F.

Since (6.18) is concave in (zp,... 7ZNul,bu) with the constrained domain z; > 0, = 1,...,Ny pa,
Tr (lev‘;]l"“ Zju j> < Pw, by solving KKT conditions of (6.18) [23], the numerical solution can be

obtained. By applying (6.17) and (6.12), the optimal W, ,,,,, can be obtained.

ul ,mu

6.3.2.2 More Relay Antennas than Base Station Antennas n, ™" < N, 5,

In this case we denote ﬁuhmu as the upper triangular portion of Dy ,,,, as follows:

- (Dul,mu)i,j7 i ] < n?el o
(Dul mu) i,j = (6.21)

0, else.

With (6.21), (6.13) can be rewritten as

1 1

Cutu = logdet (Du,,mu(zul n cgln;g,m)Z%VuLmuD{jW) — 5logdet (cgnu,,muz%,vwngymu + o}f,lu,,ba)
1 3 2 2 204 1 2R 2 nH 2

~ 5 logdet (Du,’mu (Su+ 07 IHZ,,,W)ZWWDM,W) — 5logdet (cg I S oﬁluhba)
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ul ,mu

1 ~ ~ 1A ~
= Elogdet (Inul,ba + (DMLWZ%VMIWDMW + Gl%lnul,ba) 1Dul,mu2ulz%v Dul’mu>
1 ~ ~r O\l ~ ~ ] _
= Elogdet ((Dul ,muzulDul,mu> + (64_;2 Dy ,muDul,muZ%Vulvmu + Gglnul,bc) 12%1,17,,,u)

1 ~ H
+ 5 logdet (Du,,muzulnuhm» . (6.22)

Similarly to Section 6.3.2.1, it can be shown that the capacity is a concave function which can be

optimized in a similar manner.

6.3.3 Joint Optimization of User Transmit Beamformer and Relay Beamformer

In Section 6.3.1, we studied the optimization problem of the user beamforming matrices with fixed
relay beamformer formulated as (6.6) and in Section 6.3.2, we studied the optimization problem of
the relay beamformer with fixed user beamforming matrices formulated as (6.9). Here we study the
multi-antenna relay uplink cooperative system capacity maximization problem in terms of the joint

optimization problem of user transmit beamformer and relay beamformer formulated as

argmaxf (I', W)
r’w

Tr(Lj) <P, j=1,....My

Mul
Tr 1—‘j < Psum,ul
Jj=1

Tr (W (BB + 621,,,, ) W) < Pe.

=0, i=1,....M, (6.23)
where

f(F7W) :f(F17F27"'7FMu]7W>

M,

1 ul

H HpH H 2 H H 2

= Elogdet JMUWWul,muBl'Fi Bi WMlJWJul,mu + Gg Jul,muwul,muwul7mu']ul7mu + Gﬂln;’;ﬁ’”"
i=1
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1
2 H H 2
- Elogdet (O-Q Jul,muwul,muwul,mu‘]ul,mu + Gﬁlnzl,mu> 5

= (T1,T,...,Tu,)-

With the power constraints at the users and relay, the user transmit beamforming matrices and
relay beamforming matrix can be jointly optimized using the following Algorithm;:
Step 1. Initialize the relay beamforming matrix as Wi = Tw_y

ul ,mu
ul ,;mu n ng

Step 2. Repeat: at ith iteration, with Wf{ll)mu, optimize user transmit beamforming matrices to

obtain Fy), j=1,...,M, as in Section 6.3.1. Then with Fy), j=1,...,M,, optimize relay beam-

(i+1)

forming matrix to obtain W ulmu

as in Section 6.3.2 until convergence.
Lemma 6.1: The iterative Algorithm, converges to a fixed point.
Proof:

Problem (6.24) can be reformulated as Eq. (2) in [92] with

2 H H 2
7 = <Gg Jul,muwul7muwul,mu«]ul7mu + Gﬁln,’?""”) and

H; = Ju Wy, Bi and

ul ,;mu

S;=T;. (6.24)

Since Eq. (2) is concave in S}, the capacity function f (I', W) in (6.24) is concave in T".
In Algorithm;, assume that at the jth iteration, the relay beamforming matrix is wl), Applying

Step 2 of Algorithm,, there is
i) = argmax f (F, W(j)> (6.25)
r
and because f (I', W) is concave in T,
VT, f (rU'),W(f')) > f (F,W(f)> . (6.26)
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Compute

WD) — arg max f (rU),W) . (6.27)
w

As shown in Section 6.3.2, with given I', the optimum W can be obtained with the relay power

constraint. Hence, there is

= f (r(j),w(ﬂrl)) > f (r(i))w(ﬁ) . (6.28)
From (6.26), there is

VT, f(l“(fﬂ),w(f“)) Zf(r,w(jﬂ)>

— f (r(j+1),w(j+1)> > f (r‘(i)’w(ﬁrl)) ' (6.29)
Combining (6.28) and (6.29), there is
f (1"(]+1)7w(j+1)> > f (r‘(i),w(ﬂrl)) > f (F(j),W(j)> 7 (6.30)

hence f (F(j),W(j)> is a nondecreasing function for iteration j.

As the system is power constrained at the relay and users, C,; - w is upper-bounded as indicated
in [95], hence the iterative algorithm converges.

End of proof.

Lemma 6.2: The capacity of the uplink cooperative channel is upper-bounded by the minimum of
the capacity of the multiple access channel from the users to the multi-antenna relay and the capacity
of the MIMO channel from the multi-antenna relay to the base station.

Proof: It is an obvious cut-set upper bound so that it can be established from arguments similar
to Corollary 1 in [96].

The joint optimization process can be intuitively interpreted as an iterative process of matched
filtering plus waterfilling at the users and at the relay to align the users-to-relay and relay-to-base
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station(BS) channels. When the relay beamforming matrix is fixed, optimization of the beamforming
matrix considers the relay-amplified signal from other users, amplified relay noise, as well as receiver
thermal noise as the effective noise as seen in (6.8). The design for optimizing user beamforming
matrices is based on precoder matched filtering and waterfilling to the effective channel I:Iul,mu’ jin
(6.8). When user beamforming matrices are fixed, relay beamforming matrix optimization can be
interpreted in three stages: 1) V,; , is the matched filter to the relay-to-BS channel seen in (6.10)
and (6.12), 2) Oﬁ is the matched filter to the effective combined users-to-relay channel seen in (6.11)
and (6.13), and 3) waterfilling to the effective cascaded channel by the relay to BS channel J,; ;,,,, in
(6.10) and the effective user-relay channel K, ¢ . 1n (6.12) considering the sum of amplified relay
noise and BS receiver thermal noise as the effective noise. Since each step of the iterative algorithm
achieves the optimum with either fixed user beamforming matrices or fixed relay beamforming ma-
trix, the process can be seen as the alignment of the effective user-relay effective channel and the
relay-BS channel until a good match is achieved. It is noted that successive interference cancelation
is required to reach the capacity specified in the iterative algorithm in Section 6.3.3.

The iterative algorithm converges fast: on average, after 3 iterations, the difference in capacity
between two adjacent iterations is less than 0.01b/Hz/s as shown in Figure 6.8.

In general, the joint optimization problem is not convex although it has the property that fixing a
subset of the variables yields a sub-problem that is convex. However, we remark that in this specific
problem (6.23), with different starting points (random initialization of user beamforming matrices
and relay beamforming matrix satisfying power constraints), the convergence point appears to be the
same in all cases tried and, in any case, the capacity achieved is very close to the cut-set upper bounds

as determined in Lemma 6.2.
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6.4 Numerical Results

In this section, the numerical results for the uplink cooperative system with users accessing the
base station through a multi-antenna relay are presented. The numerical results are obtained using
programs developed in [92] to obtain the user beamforming matrices and others in [23] to obtain the

relay beamforming matrix.

6.4.1 Numerical Results for Multi-Antenna Multi-User Access through a Multi-
antenna Relay

In this subsection, we present the numerical results of the uplink cooperative system with multi-
antenna users that access the multi-antenna base station through a multi-antenna relay. We assume
that a relay with n;‘el’m" antennas is located not very near the base station with Ny, directional
antennas, and the users, each equipped with N, ,, antennas are located around the relay and are
served by the relay. Data is transmitted from users through relays to the base station over two time
slots. We assume that full channel state information (CSI) of the user-relay and relay-BS channels
are available to the base station. The channel from relay to BS is estimated at the BS and and the
channels from users to relay are estimated at the relay and fed back to the BS. The iterative algorithm
in Section 6.3.3 is used to obtain the numerical results. The user-relay and relay-BS channels are
pseudo-randomly generated with 1.i.d. unit variance complex Gaussian terms. In each figure, 500
monte carlo trials for each different combination of simulation variables are used and 0.002b/Hz/s is
used as the convergence stopping criterion for the capacity computation (as described in Algoritm,
in Section 6.3.3). On average, the algorithm was found to converge in fewer than 5 iteration. From
all simulations performed, convergence was achieved, as expected from Lemma 6.1.

In Figures 6.1 to 6.7, we study the impact on the cooperative system capacity of the following
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factors: 1) the number of users denoted as Ny, 2) the number of user antennas denoted as N, .,
3) the number of relay antennas denoted as nluelm”, 4) the sum power constraint at users denoted as
Pyym.ui» and 5) the value of the power constraint at the relay denoted as Pg.

Numerical results in Figures 6.1 to 6.5 show that:

1) The system capacity increases with an increase in the sum transmission power of the users
and the number of users, but as the number of users increases beyond 6, the capacity gain starts to
saturate, as shown in Figure 6.1 (Simulation profile: Ny p, = 6,n7el’m” = 6,Nyye = 2,Pr = 30dB,
Pomui ~ (0,25) dB,Nyger € {2,4,6,8,10}),

2) The system capacity increases with an increase in the number of user antennas, and two user
antennas obtains most of the capacity gain as shown in Figure 6.2 (Simulation profile: Ny, =
6,nZl’m” = 6,Nyser = 3,Pr = 30dB, Py 1 ~ (0,25) dB, Ny ue € {1,2,3,4}),

3) The system capacity increases with an increase in the number of relay antennas as shown in
Figure 6.3 (Simulation profile: Ny pq = 6, Nuser = 3, Pg = 30dB, Nyj e = 2Py ~ (0,25) dB,n'd"™ €
{2,3,4,5,6}),

4) The system capacity increases with an increase in transmission power constraint of the relay
as shown in Figure 6.4 (Simulation profile: Ny, = 6,n;‘el’m” = 4,Nuser = 3, Nutue = 2.Paumul ~
(0,25) dB,Pg € {0,5,10,15,20} dB),

5) The system capacity increases with an increase in the number of BS antennas as shown in Fig-
ure 6.5 (Simulation profile: nZI’mu = 6, Nuser = 3, Nut.ue = 2,Paumur ~ (0,25) dB,Pg = 30dB, Ny pq €
{2,3,4,5,6}),

We note that the cooperative uplink system is a cascade of a multi-access channel from the users
to the relay and a MIMO channel from the relay to the base station. The overall uplink cooperative
system capacity is upper-bounded by the cutset bound which is the minimum of the the relay-BS

MIMO channel capacity (RBS-MIMO) and the user-relay multi-access channel capacity (UR-MU).
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Figure 6.1. Cooperative system capacity with 6 base station antennas, 6 relay antennas, 30dB relay

power, 2 user antennas and different numbers of users.
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Figure 6.2. Cooperative system capacity with 6 base station antennas, 6 relay antennas, 30dB relay
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Figure 6.3. Cooperative system capacity with 6 base station antennas, 30dB relay power, 3 user each

with 2 antennas and different numbers of relay antennas.
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Figure 6.4. Cooperative system capacity with 6 base station antennas, 4 relay antennas, 3 user each

with 2 antennas and different transmission power constraint at the relay.
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Figure 6.5. Cooperative system capacity with 6 relay antennas, 30dB relay power constraint, 3 user

each with 2 antennas and different numbers of BS antennas.
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We study the relationship between the uplink cooperative system capacity and UR-MU upper-
bound In Figure 6.6 (Simulation profile: Ny 4, = 3,nﬁl’m” = 5,Nyiue = 2,Pr = 30dB, Py ~
(0,30) dB,Nyser € {3,5,7,9,11}). Here the UR-MU upper bound is computed as the capacity of
Nuser € {3,5,7,9,11} accessing a source with 5 antennas and sum user transmission power ranging
from 0 to 25dB. The relationship between the uplink cooperative system capacity and RBS-MIMO
upper bound is shown in Figure 6.7 (Simulation profile: n}él’mu =3, Nut.ue = 2, Psym i = 20dB, Nyser =
3, Pr ~ (0,30) dB, Ny pq € {2,4,6,8}). The RBS upper-bound is computed as the capacity of a
MIMO channel with 5 transmit antennas and 3 receive antennas with 25dB sum user transmission
power.

The numerical results in Figure 6.6 and Figure 6.7 show that:

1) The system capacity also increases with an increase in the number of users and approaches the
RBS-MIMO upperbound of the relay to base station channel capacity asymptotically (Figure 6.6),

2) The system capacity in Figure 6.7 shows that as the number of base station antennas increases,
the system capacity increases and and approaches the UR-MU upperbound asymptotically.

Figure 6.8 compares algorithm performance as a function of the number of iterations in the itera-
tive Algorithm in Section 6.3.3 for the simulation profile N, 5, = 6, n,”f’mu =6, Ny .ue =2,Pr =30dB,
Poyumur ~ (0,25) dB, Nyser = 4. Note that that after about 3 iterations, a fixed point is approached, and
that the first two iterations results in the largest gain.

When the MIMO channel is fixed (base station antenna number, relay antenna number and relay
transmission power are fixed), the overall cooperative uplink system capacity is upper-bounded by
RBS-MIMO. Before UR-MU is approaching RBS-MIMO, the uplink cooperative system capacity
increases with the number of users, the number of user antennas and the sum transmission power of
the users. It is noted that the gain is most significant when 1) the number of users increases from one

to two, 2) the number of user antennas increases from one to two and 3) the user transmission power
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increases from 0dB to 10dB. When UR-MU becomes larger than RBS-MIMO, further increase of
these variables obtains less gain. When these variables become large, the capacity curves become
saturated with almost no gain. It is also noted that when these variables become large, the overall
uplink cooperative system capacity approaches RBS-MIMO or the cut-set upper-bound.

Similarly, when the multi-access channel is fixed (number of users, number of user antennas, user
transmission power), the overall uplink cooperative system capacity is upper bounded by the UR-
MU. When RBS-MIMO is smaller than UR-MU, the uplink cooperative system capacity increases
with the relay transmission power and the number of base station antennas. When the number of base
station antennas and the relay transmission power is small, the gain is significant. When RBS-MIMO
becomes comparable or larger than UR-MU, the gain from the increase in base station antennas and
relay transmission power diminishes. When RBS-MIMO becomes large, the capacity curve becomes
saturated and approaches the UR-MU or the cut-set upper-bound.

From the perspective of the amplified relay noise, it can be regarded as an external interference
for the system. When the received user signal energy is smaller than the relay noise energy, the
relay noise becomes the bottleneck of the system capacity . When the received signal energy is
comparable or larger than that of the relay noise, the system capacity is dependent on the relay
transmission power. In other words, the system capacity is dependent on the SNR of the relay to
the base station channel. When the relay transmission power is much larger than the receiver noise
variance, the receiver noise is negligible compared with the relay noise. When the relay transmission
power is small, the receiver noise becomes the dominant factor (compared with relay noise) to limit

the overall system capacity.
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6.5 Summary

In this chapter we study the scenario of a multi-access cooperative system. We proposed two schemes
in the chapter. In the proposed scheme, multiple users access the BS through a multi-antenna relay.
When relay beamformer is fixed, the optimal user beamformers are derived and when user beam-
formers are fixed, optimal relay beamformer is derived. An iterative algorithm to jointly optimize the
user beamformers and relay beamformer is derived and proven to converge to a fixed point in about
three iterations. Numerical results show that the performance of the iterative algorithm is very close

to the user-relay MIMO-MAC channel upper bound and relay-BS MIMO upper bound.
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Chapter 7

Conclusions and Future Work

In this chapter, we summarize the major contributions in this thesis and suggest several topics for

future research.

7.1 Conclusions

In Chapter 3, a multi-antenna downlink distributed beamforming system is proposed. In this
system, a multiple-antenna base station transmits to multiple destinations through multiple relays.
The objective of system optimization is to minimize the sum power at the BS and the relays with
quality of service (QoS) constraints. An iterative algorithm to jointly optimize the precoder and relay
weights is developed and proven to converge locally. Imperfect CSI is taken into account into the
design by using the statistical CSI information. The scheme is further extended to the case where
the destinations have multi-antenna receivers. Numerical results show that ignoring the effects of
imperfect CSI can result in a loss of performance of approximately 5dB over the range of target
SINR QoS values from 0 to 14 dB. When channel estimation quality degrades substantially, the
problem easily becomes infeasible.

In Chapter 4, an uplink distributed beamforming system is proposed. In this system, multiple
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single-antenna sources access the multi-antenna BS through a group of single-antenna relays. The
objective of system optimization is to minimize the relay power with QoS constraints. An iterative
algorithm to jointly optimize the relay weights and the decoder at the base station is developed and
proven to converge locally. When the CSI is not perfect, the design method takes into account the
statistical information about CSI uncertainly and is evaluated by comparing the performance to that
of a design that assumes perfect CSI. Numerical results show that the impact of individual power
constraints is limited. Individual power constraints for a wide range of up to 15dB do not affect the
performance of the scheme. Computationally, the proposed system is also less costly since it can
support more users with fewer relays.

In Chapter 5, a novel multi-cell downlink cooperative system is proposed. In this system, multi-
antenna BS coordinate data transmission to a group of users through single-antenna relays. Schemes
are proposed for two different scenarios. In the first scenario, multiple cells that send the same signal
to a specific user, with weighted sum power minimization as the objective with QoS constraints. In
this case, the beamforming algorithm allocated most of its power resources to a single cell, i.e., the
best cell to serve a specific user can be found. Numerical results also show that the power allocated
to the best serving cell is 35dB higher than the other cells, which means only one cell should be
transmitting to a given user.

In Chapter 6, a capacity maximization scheme for uplink cooperative system is proposed. In this
scheme, multiple users access a BS through a multi-antenna relay. Optimal user beamformers are
derived with a fixed relay beamformer and the optimal relay beamformer is derived with fixed user
beamformers. An iterative algorithm is developed to jointly optimize the user beamformers and the
relay beamformer and proven to converge to a fixed point. A number of insights have been provided
for the design of the user beamformers and relay beamformer according to the numerical results.

Numerical results show that iterative algorithm usually converges in 3 iterations to a difference of
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less than 0.01b/Hz/s in capacity. It is observed from the numerical results that the performance of
the iterative algorithm is very close to that of the user-relay MIMO-MAC upper bound and relay-
BS MIMO upper bound. This shows that the cut-set upper-bounds are pretty tight and efficient in
evaluate the performance of the algorithm. An interesting result is that we have observed that the
performance of Algorithm; with multiple starting points is almost the same as that of the iterative
algorithm with a single starting point. This is surprising since the problem is in general non-concave.

In this thesis, we proposed cooperative systems under different criteria: power and capacity. The
advantage of the cooperative system design based on a power metric is targeted for reducing inter-cell
interference, but is less flexible in user scheduling and evaluation of system throughput. In compar-
ison, the system design based on capacity metric has the advantages of flexibility to dynamically
adjust user throughput according to channel conditions, QoS requirements and fairness requirements
and is of practical significance for operators. We note that currently in industry, capacity based de-
sign metrics are widely used. The capacity based design method in this thesis is more attractive from

a practical standpoint.

7.2 Future Work

Here are some suggestions for future work.

e In Chapters 3 and 4, uplink and downlink distributed beamforming systems are studied. The
beamforming at the multi-antenna relays can be designed to maximize the SINR at the end

user or minimize the power to reduce interference to other cells.

e In Chapters 3 and 4, the uplink and downlink are studied separately. As seen in the literature,
there is a duality relation between the uplink and downlink for multi-user systems. It would be
interesting to study the duality relationship between the multiple antenna uplink and downlink
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systems. If a duality relationship can be derived, a downlink distributed beamforming strategy

may also be developed using the solution of the uplink distributed system.

In Chapters 3 and 4, imperfect CSI for uplink and downlink distributed beamforming are stud-
ied based on average performance. Worst case performance due to imperfect CSI may be of

interest for further study.

In Chapters 3 and 4, distributed beamforming is studied in the framework of signal processing
using SINR as criterion. Uplink and downlink distributed beamforming can also be studied
using capacity as criterion as in Chapter 6. The relationship between capacity and SINR for

the cooperative system can be of interest.

In Chapter 5, multi-cell cooperative distributed beamforming system is studied using SINR as
the criterion. As the cells are using the same frequency, it becomes an interference-limited
system. It would be interesting to study the maximum weighted sum rate of the system and

further study the performance under imperfect channel state information.

In Chapter 6, perfect CSI was assumed. It would be worth investigating the imperfect CSI

scenario.
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Appendix A

Derivation of (2.26) (2.27):

Perform vectorization operation on (2.26) to obtain
vec(H,,) = vec(H,,) + (I, ® REI/Z)vec(No). (A.1)

Then the MMSE estimate of vec(H,,) is given by

vec(Hy) = [Lirnr + L, @Rg' - 05 vec(H,) (A.2)

= {Lny ® Ly @Ry 05~ vec(H,).

Then (2.27) is obtained by converting vec(H,,) back to its matrix version. The resulting estimation

error covariance matrix is:

¥ =E ([vec(H,,) — vec(H,)][vec(H,) — vec(ﬁw)]H) (A.3)
= Luyng — Dnpng + Gcze(InTnR ® RI;1>]_1
=L @ [Lng — (T + GcZeRI;1 )_]]

= cfcze ;Inr ® [REI (Lng + GczeREl )_1]

Yo

The estimation error vector can be represented by ‘P(l)/ 2vec(EW) is given by Ry ! (I, + 02 R, ') ~1/2E,,,

and (2.27) follows.
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Appendix B

Randomization method details:

Randomization method:

1. Assuming Z,; ., to be the solution obtained by solving (4.20), calculate the eigen-decomposition
H —1/2 1/2 )
of Zyj opr = LA, and choose x,;; =D ' “1,/X 1 "€, ;, where the elements of e; are inde-
pendent random variables, chosen randomly with uniformly distributed on the unit circle in the
complex plane: i.e., [e, ]; = e/futi where 6,4, are independent and uniformly distributed on

[0,27). It is shown below that xﬁ D, X = Tt(Zy op¢). i.€., the individual relay power and sum

power is given irrespectively of the particular realization of e, ;.

1Dy = el's'/21HD~1/2pD~1/2], 5! 2
= el'Ye
= e_j91‘12171€j9“ +...+ eije]’”luil Zn%[’nﬁlejel’"%
= 21’1 +... +Z"?e]7n1ual

=Tr(X)

=Tr (Ja21) . (B.1)

122



2. A collection of x,; is then generated and each realization is scaled to satisfy the constraints.

Only realizations that satisfy all the constraints are considered as candidates.

3. Among all candidates of y,; in Step 2, the one with minimum X,ZDul Xu 18 chosen. This is a

suboptimum solution.
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Appendix C

Proof of the convergence of downlink iterative

algorithm

Proof: It is clear that both the sum powers at the relays and the transmitter are larger than zero

and lower bounded. It thus suffices to show that if the sum powers at the relays and transmitter are

non-increasing, the iterative algorithm must converge. The DRBF vector at iteration k, denoted as

WZZ’ is obtained from (3.20) with fixed linear precoder vectors for the (k — 1)th iteration, denoted as

k—1

tz_l t];zz_,zl NN Al My So the following constraints are satisfied:

1,1

where

(wh)" (ESZ} — Y, JFSZD (Wan)* > yar, jfffl?n (C.1)

for j: 1,2,...,Mdl

k=1 _ g T k=1 k—I\HygH 1
Ej ;= diag(gy ) Haty, ; (ty, )" Hydiag(gg, ()
My

F’;,;} = diag(g}, ) (Hdl( ) t’;,;} (tZZ})H)HSII + o§,7v1> diag(g); 4)- (C.2)
Jj=1.j#k

Eq. (C.1) can be rewritten as

k—1\HpgH wk T wk Hy . ¢k—1
(tar ;)" By Waga, 80 (Wa) " Haty, ;

M, k—1\H1yH wk T k \H k—1 J
Zizdll,i;aé j<tdl, j) Hdlwdlgzugdl,i(wdl) Hdltdb j +P, dl.n
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> Yai,j for j= 1,2,...,Mdl. (C.3)

With fixed DRBF, w¥ 47> Optimum precoders tk dl., 17t a2 t’;h My, satisfy

(t} dl j)HH Wdlgdl &1 z(wdl) Hdltdl J
M k
Zi:df,i7éj(tdl;) HW,g, lgdll(wdl) Hdltd1]+Pd

> '}/dl,j for j= 1,2, c.. 7Mdl and (C4)
Mg
H 4k
Zl(tdzj) ta, < Z tdlj tdlj, (C.5)
j= Jj=1

i.e., the sum transmission power at the precoder is non-increasing.
Similarly, consider fixed precoders t a8 Y, under DRBF optimization. The resulting

k+1 .
Wy, satisfies

k+1 k k+1 2
(W, ) (Edl, i~ YaiFa, j> (W)™ > Yar,jOq1 (C.6)
for j=1,2,...,My, and
k+1\H k+1 k \H k
(Wd?_ )" Dy Wy + < (Wg) " Dawy. (C.7
Thus, the sum transmission power at the relays decreases or remains the same. From the above,
we observe that since both the sum power at the transmitter and relays are non-increasing functions

lower-bounded by a positive value, the iterative algorithm converges.

End of proof.
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Appendix D

Derivation of the asymptotic upper bound of the

achievable SINR at the kth user:

Proof: Assuming det(W) > 0, (4.11) can be simplified as
bg (P kJWquZ lkWulJ )

SINR; x = - - N (D.1)
bi (JW (S5 P g Wad® + 03 JWETWoad )bk
Denote q,; ; = WJH b}, (D.1) can be rewritten as
P, £, £
SINR,, = ey, JXut itk Qul k (D.2)

qfhk (Z] Pk ,fulj +0p v) Qi
So the upper bound of the SINR for the kth source is A,y <Pkf* lk,Zj | HékP f*, Kt o v)

Here we denote

Ou,1 = R, kf,fz ko (D.3)
ul
j= l,ﬁék

Ou 3 = PIWIES, it ]WJH

Mul
ul4 JW ( Z Pf*l] ul]) ulJH+631,vJWZWMlJH'
J=1,j7#k

As in Chapter 4 we denote the number of relays as nj‘el and the number of receive antennas at the
base station as N,;. If Ny = n}‘el , assuming W, J¥ is full rank, then W,;J" is a square matrix, and
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there is a unique by which satisfies q,,; ; = W, J2 b;. So in this case the upper bound SINR of user k
is Anax(Ou,1, 0w 2).

IfN, > n}‘{ , assuming W,;J7 is full rank, then W,;J¥ is a flat matrix, there are an infinite number
of vectors by which satisfy q,,;; = W, J1 b;. Thus each generalized eigenvector of (O,;.1,0u2),
there exists a vector by to achieve the same generalized eigenvalue, so the generalized eigenvalues of
(Ou11,0y12) form a subset of the generalized eigenvalues of (O, 3,0, 4). However, because the rank
of both O, 3 and O, 4 are the same as the number of relays, the number of generalized eigenvalues
should also be the same as the number of relays. This implies that the generalized eigenvalues of
(Ou 3,041 4) are exactly the same as the generalized eigenvalues of (O, 1,0, ), and therefore the
SINR upper bound in this case is Auax(Our 1, 0ur2)-

note: > stands for far greater than.

End of proof.

127



Appendix E

Proof of the convergence of uplink iterative algorithm

It is known that, the sum power at the relays is larger than zero and lower bounded, so if we can
prove that for each iteration, the sum powers at the relays decrease, then the iterative algorithm must
converge.

At the kth iteration, the relay weights, denoted as w’;l, are obtained through (4.20) with fixed
linear decoder vectors and for the (k — 1)th iteration are denoted as ;- ul 1 ,ffj 120 fk 1 . With fixed

relay weights w’;l, we can obtain the optimum decoders as £t 'l 1>fﬁl,2> . ,fl;h m,, through (4.12). Then

we have
Yur,j = SINR g (£, . W) > SINRyp (65 W) = ¥y}
j=1,....My,
where

()" (P (W) Ty (W) I (£ ;)

SINR,; ;(£*, ., wk)) =
B (le,j)TLﬁz(fﬁz,j)*
Mul
LY, =J(WE) ( Y pPb bH+Gule (Wllil)JH—i-GL%l,nI
j=L,j#k
WK, = diag{wk 1. (E.1)
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On the other hand, according to (E.2), SINR,; ; (fk

X )
ul, j> Wul) can also be written as

(wy,)" diag((£,; ;)" J) (Pbiby) diag((£, ;)7 3)" wy

SINR,; (£}, ., w)) =
L (W) HMAwWE + o uln(fkul,j)T(flzjl,j)*
]:17 7Mul (EZ)
where
k T o H T H
M =diag((ff, )'T) | Y, PbbT +oy 1| diag((F, )71 (E.3)
J=1,j#k
Denote

k . ’}/Il,t(l,l /ylxll(LMul
,, = min 71,...,7/(71 . (E4)
ul,1 ul M,

Combining (E.1) and (E.4), we have

L (wh ) diag (8, )7 3) (Pebibf?) diag((£5, )T ) W, =

k
@ Vkld

ul

% (Wﬁz)HMk uln(fklj)T(ﬂ;lJ)* =
ul ul
yklj HMk l;l+?é;jlclfl,n(iftl,j)T(fkul,j)* (E.5)

k+1 1
ul - k
\V ﬁul

which means in each iteration the power consumption reduces or is the same since ﬁfl > 1. As the

Wﬁl satisfies all the SINR constraints and has lower power,

so the relay weight vector w

power consumption is lower bounded by a positive value, the iterative algorithm must converge.

End of proof.
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Appendix F

Derivation of Second Derivatives

As in (6.18),

Nul ba
1 & -1 Zj
fGyenan,) == Y log | (DumZuDd ) + . (ED
1b 2 “ ( ul mu=uly, ,mu)JJ Gg(Dul,muDZ,mu)j7ij+6129
Define
-1
aj= (Dul,muzulD{t{Lmu)j’j
bj = 0F (Dut DY ) j - (F.2)
The first derivative of f(z1,...,2n,,,) in z; is
a(a/‘"‘m)
af(zlw")ZNul’;m) . 9z
. . <j
92 aj+t bzj+03
2
O
= c : (F3)

(ijj+ ng) ((ajbj + 1)Zj —|—aj6g2>
The second derivatives are
azf(Z] A ’ZNul.ba)
020k
2f(z,... 7ZNu1,ha) b; <(ajbj +1)z; —l—angz) +(ab;+1)(bjz; + ng)

= . (F.4)
azzj 212 2 2
(ijj—FGg) <(ajbj—|—l)zj—i—aj6g)

=0, V j£k
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2
a f(zl ""’ZNul,ba)

Because a; > 0,0, > 0,j=1...,Ny p, and ng >0, — 7 <0, Vj=1,...,Nypq. Hence

the Hessian matrix of f(zi,...,zn,,,) is negative definite.
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