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Transceiver Design for Uplink Coordinated

Multipoint Systems

Student: Hsiao-Ting Liang Advisor: Dr. Ta-Sung Lee

Institute of Communications Engineering

National Chiao Tung University

Abstract

To achieve advanced performance requirements for the next generation cellular
wireless systems, several classic  techniques: have been developed under such
interference limited environments. Coordinated multipoint (CoMP) transmission and
reception and multiple input multiple output (MIMO) systems are two key techniques to
overcome the effect caused by interference. In this thesis, two iterative centralized
uplink CoMP transceiver schemes are proposed where multiple antennas and multiple
transmit layers are assumed. The fist one incorporates the idea of a new emerging
technique, interference alignment (IA) which can align and then mitigate the
interference. The second proposed method is developed to enhance the effective channel
condition by minimizing the condition number and maximizing the singular values of
the effective channel matrix. According to the simulation results, the proposed methods
can provide superior convergence behavior. The results also show that they achieve
rather good sum-rate performance, provide robustness to the initial values in the iterative

procedures, and lead to much fairer results, within few iterations.
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Notations

K number of cells in the cooperation group

u number of UEs in each cell

M, number of transmit antennas

M, number of receive antennas

s transmitted signal vector of the ith UE in the kth cell
Vv, precoder matrix of the ith UE in the kth cell

Hi, channel between the kth BS and the ith UE in cell |
\% collective precoder matrix

u decoder matrix

H collective channel matrix

F receiver matrix

d; number of total transmit data streams

I identity matrix of size MxM

diag {-} block diagonal matrix staking operator

X' transpose operator

X" Hermitian operator

Xt inverse operation

E{} expectation operator

tr(:) trace operator

det(") determinant operator

[x" 16 ith element of row vector x"

X the ith column of matrix X

{X}ij matrix consists of the ith column to jth column of matrix X

[X]i.i ith diagonal element



Chapter 1

Introduction

The increasing demand for wireless equipments stimulates the evolution of
existing mobile wireless communication systems to achieve higher data rates and more
reliable link quality. Furthermore, due to the concern for scarcity of spectrum, unity
frequency reuse is adopted in the next generation wireless communication system
which would cause severe inter-cell “interference (ICl). To meet performance
requirements under such strict- environments, advanced techniques have been
developed such as coordinated multipoint (CoMP) transmission and reception and
multiple input multiple output (MIMO) systems. These two techniques are provided as
key solutions to alleviate the impact caused by ICI in the 4G mobile cellular standards,

e.g. 3GPP LTE-Advanced [1].

CoMP is a technique that utilizes the cooperation between points in some
cooperation group to coordinate the transmission/reception which is controlled by a
central unit (CU) for the purpose of ICI alleviation and quality enhancement. CoOMP has
been adopted in practical cellular systems as a tool to improve cell coverage and cell
edge throughput. In practice, CoMP can be classified by the capability of backhauling
into full cooperation CoMP and partial cooperation CoMP [2]-[3]. Exchange of full

information including full channel state information (CSI) and full data information is



allowed in full cooperation CoMP with less backhaul constraints. Centralized CoMP
which can provide joint transmission or reception is one of the examples [4]-[5]. On the
other hand, partial cooperation exchanges partial data and CSI. For this type of CoOMP,

distributed CoMP and coordinated scheduling are two typical approaches [2], [5].

MIMO exploits the spatial degrees of freedom provided by multiple antennas to
offer improved system capacity and/or diversity for better link quality. It has become a
promising technique in most existing communication standards. A great deal of
research works have been done on the applications of MIMO in cellular systems. Using
MIMO in a multi-user system inevitably increases the interference level for each user,

so there is a need to develop methods for mitigating the inter-user interference [6].

Due to the potential for system performance improvement, centralized CoMP is
considered as our research platform, where the CU jointly processes the received
signals from all the BSs with full information exchange. Based on this structure, there
is a common assumption that user-equipment (UE) is equipped with a single antenna
owing to cost, hardware, and size constraints. Thanks to the evolution of technology,
multiple antennas are now available at UE in practical cellular network. Hence,
centralized CoMP with multiple transmit and multiple receive antennas (MIMO) has
attracted a lot of attention, and there are abundant researches that focus on the problem
with a single transmit data stream (single transmit layer) [7]. However, the case with
multiple transmit layers in centralized CoMP has not been widely studied. Therefore, to
further improve communication efficiency, two transceiver schemes in centralized
CoMP with multiple antennas and multiple transmit layers are developed in this thesis,
and the study is focus on the uplink case due to no resource-consuming CSI feedback is

needed.



Each of our two proposed algorithms includes precoders, a joint decoder, and a
linear MMSE receiver, and is iterative in nature. In each iteration, two stage
calculations are involved: 1) to calculate the joint decoder based on given precoders
and 2) to compute the precoders based on a given decoder. The fist proposed
transceiver scheme, called “IA aided UL CoMP”, incorporates the idea of a new
emerging technique, interference alignment (IA). 1A has recently developed for the
X-channel and K-user interference channel as a capacity approaching technique [8]-[9].
The basic idea of IA is to align or compress interference into some limited subspace so
the interference can be separated from the desired signal with sufficient degrees of
freedom (DoF). The second proposed transceiver scheme, called “Channel condition
enhanced UL CoMP?”, is developed to enhance the effective channel condition by
minimizing the condition number and maximizing the singular values of the effective
channel matrix. UL-DL duality is also exploited in the second proposed method. All the
simulation results show that both of the proposed approaches achieve superior system

performance.

The thesis is organized as follows. The mathematical system model of centralized
UL CoMP, the definition of achievable sum-rate, and the introduction of IA in K-user
interference channel are illustrated in Chapter 2. In Chapter 3, the basic idea and the
derivation of the proposed IA aided UL CoMP are illustrated. The proposed Channel
condition enhanced UL CoMP is developed in Chapter 4. In the same chapter,
complexity analysis and numerical evaluations of the two proposed methods are also
provided. Finally, summary of our works and several potential future works are given

in Chapter 5.



Chapter 2

System Model

The exponential growth of mobile data traffic and the demands of better link
quality trigger the evolution of existing mobile wireless communication systems. To
achieve the higher requirement of spectrum efficiency in next generation wireless
systems, e.g., 3GPP LTE-Advanced, some typical communication schemes are adopted
such as unity frequency reuses and multiuser transmission scheme, and that leads to an
interference limited environment.- Coordinated multipoint (CoMP) transmission and
reception and multiple input multiple output (MIMO) systems are two key techniques
proposed to overcome the effect caused by interference. In this thesis, we consider
uplink CoMP (UL CoMP) assisted with multiple antennas as our system model, and
two associated transceiver schemes are proposed, among which one incorporates the
idea of interference alignment (IA), a recently emerged interference mitigation
criterion.

In section 2.1, the classification of CoMP systems will be presented, and then we
address the UL CoMP scheme adopted in this thesis. According to the considered UL
CoMP scheme, the mathematical system model of multicell multiuser MIMO system
and the transceiver design are introduced in section 2.2. Besides, we describe the

performance metrics in terms of achievable sum-rate employing linear MMSE receiver.



Interference alignment has recently emerged as a generalized multi-user MIMO
technique for the X-channel and K-user interference channel scenarios. Its superior
performance of interference mitigation has been proven, and it will be incorporated into
one of our transceiver design. The basic idea of IA in K-user interference channel is

presented in section 2.3.

2.1 Uplink Coordinated Multipoint (CoMP)
System Model

In modern cellular communication systems, user equipment (UE) in the cell-edge
region can sustain superior interference which will cause serious degradation of link
quality. To cope with the issues caused by interference and further improve the system
efficiency, coordinated multipoint (CoMP) transmission and reception are developed.
The main idea is to utilize the-cooperation between points (BSs or RRHSs) in some
cooperation group to operate ‘‘joint-—transmission/reception and interference
mitigation/avoidance, so better cell coverage and cell edge throughput could thus be
achieved. The benefits provided by CoMP have been evaluated, and CoMP is adopted
in some cellular networks, e.g., LTE-Advanced as a key technique. In practice, the
cooperation in CoMP is restricted due to restricted latency and limited backhauling, and
this leads to different CoMP schemes, with either full cooperation or partial cooperation
[2]-[3]. In this thesis, a centralized UL CoMP with full cooperation is considered.

CoMP with full cooperation exchanges information including full channel side
information (CSI) and full data information. Centralized CoMP with joint transmission
Ireception is a typical full cooperation approach which is controlled by a central unit
(CU) that could be any point in the cooperation set as depicted in Figure 2-1 [4]-[5]; it

is applicable to scenarios with less backhaul constraints such as that provided in



LTE-Advanced standard. In LTE-Advanced, scenario 1 is the homogeneous network
aiming for intrasite multipoint coordination where no backhaul connection is needed, as
illustrated in Figure 2-2. Scenario 2/3/4 is the homogeneous network with remote radio
heads (RRHs) where the connection between coordinated points is provided by optical
fiber which supports small latency and ample bandwidth, as illustrated in Figure 2-3
and Figure 2-4 [1], [5]. On the other hand, partial cooperation exchanges partial data
and CSI. Distributed CoMP and coordinated scheduling are two approaches of partial
cooperation [2], [5]. According to the potential for system performance improvement,

we focus on centralized UL CoMP in this thesis.

Figure 2-1: Centralized CoMP scheme controlled by a central unit (CU)

ﬂ eNB

|:| Coordination area

Figure 2-2: Scenario 1 (homogeneous network with intra-site CoMP)[1]



High Tx
& power RRH

— Optical fiber

Figure 2-3: Scenario 2 (homogeneous network with high Tx power RRHs)[1]

ﬁ eNB

ﬁ Low Tx power
RRH
(Omni-antenna)

—= Optical fiber
Figure 2-4: Scenario 3/4 (heterogeneous network with low power RRHs within the
macrocell coverage where the RRHs have different/the same cell IDs as the macro

cell)[1]

Centralized UL CoMP is a scheme that the transmitted signal from a particular
user is received by multiple points in the cooperation set, and then due to full
cooperation, the received signal from multiple points are joint processed at CU as
illustrated in Figure 2-5. For the purpose of reasonable implementation complexity,
linear processing is considered in this thesis. Due to the acceptable complexity and
comparatively better tolerance to noise, linear MMSE receiver is adopted. In our work,
multiple antennas are at both transmit and receive sides, and multiple transmit layers is
assumed. We consider the structure that the transmitted signal vector of each UE is

processed by its own linear precoder before transmission, and then with full BS

-7-



cooperation, the CU joint processes the received signal from all the BSs by linear

decoder and linear MMSE receiver, successively.

Joint Processed at CU

y..y
ﬁ\“wm VBS2 -
[ . 4 = Pl

\ _ - ~ - ’
: ==\ \~\g,
-

UE 1 —YE2>—

Figure 2-5: Centralized UL CoMP with full cooperation

2.2 Transceiver Structure and Associated
Achievable Sum-Rate in UL CoMP

In this section, the mathematical system model of centralized UL CoMP involving
multicell multiuser MIMO infrastructure 1s introduced; the basic structure of the
associated transceiver design in this thesis is also presented in detail. Sum-rate
performance is a major performance index in CoMP systems; the achievable sum-rate
of centralized UL CoMP system equipped with linear MMSE receiver will be
demonstrated.

Based on the structure of centralized UL CoMP, a typical minimum sum mean

square error (MMSE) transceiver depicted in Figure 2-6 has been proposed in [10]. The

precoders V! and the linear MMSE receiver F are calculated iteratively based on

MMSE criterion. However, it exhibits a poor convergence behavior as illustrated in
Figure 2-7, where the number of transmit layers, transmit antennas, and receive
antennas are 2, 4, and 2, respectively. For more efficient communication schemes, two

transceiver designs are proposed in this thesis. Based on the property of the MMSE



receiver, a well-conditioned effective channel (consists of V! and F) is formed when

the iterative process converges. According to this property, we introduce a joint decoder
U at CU that provides additional dimensions to facilitate the formation of a
well-conditioned effective channel as depicted in Figure 2-8, which is equivalent to

accelerating the rate of convergence.

Precoder

¢ 1 1 1
Central unit ) s

Y
/ 1] 2y -
Receiver
eceiver ] _f ‘. gl
|- T

. ;_ ‘ 2 . 5
\ - =ik
BS| ,

Calculate F, V/

based on MMSE "1y — A\
HE T~ e
i KA
- -

Figure 2-6: Illustration of'the-MMSE transceiver proposed in [10]
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Figure 2-7: Rate convergence behavior of MMSE transceiver [10] with K=3,u=1



The considered uplink CoMP system involves K BSs (K cells), each equipped with

M, antennas. There are u UEs within the coverage of a BS. Each UE has M; transmit

antennas. The transmitted signal vector of the ith UE in kth cell is s, e C**

(E{s‘ksLH}: I, ) where d, is called the number of layers and is processed by the

precoder matrix V| e C"% before transmission as illustrated in Figure 2-8. Here we
denote the channel matrix between the ith UE in Ith cell and the kth BS as

Hi, € C", the total transmit signal dimension of Ith cell as uxdj, the total transmit

K
signal dimension of the system as d, :Zu-dl , precoder matrix at Ith cell as V,=
1=1

diag{ V', -,V }e(C(M‘”)X(d'“), and the;transmitted signal vector of Ith cell as s =

[(sH)T (sH),...(s") e ) The received signal at the kth BS can be described as

- ERL
S
a8
~

BS1

| - IEOni— |

N

BSK

T
| @ EU;/ - Central BS 2

J
[4¢ qle 4 e

A

Figure 2-8: Illustration of UL CoMP sytem model

K
Y« :sz,l\/ISI +Ny, (2.1)
=
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where H, e CMMY s the channel matrix between the kth BS and all UEs in Ith cell,
and n_eC"™ is the noise vector with distribution CN(O, No|M,) . Denote the
precoded signal vector as x; = Vs, . The transmit power is assumed to be restricted to

P,ie. tr(V,V,")= P. With full cooperation between BSs (centralized COMP), the CU

collects the received signal from all K BSs as follows:

Yur cowe = HVS+N, (2.2)
where HeC™* ™) s the collective channel matrix, Yy, cor =[Y1Y3 . -~,yK]T
eC™ 9V = diag{ Vi ... Vk} eC™ U s=[s]s] ... s ] eC**, and

n=[n/nj,-,ny ]T e ™ With full BS cooperation, uplink CoMP is transformed

into an equivalent multiple access channel (MAC)-like system [4]. The CU processes

the received signal as follows:

Yo cowe =UHVs+U"n=Hs+n, (2.3)

SuL_comp = F'Hs+F"f, (2.4)

where U" e C™Mand F" e C™% are decoder matrix and linear MMSE receiver
matrix; § isthe estimate of s; fi is the effective noise. With precoding and decoding,
the equivalent channel matrix
H=U"HV (2.5)
is formed. In the rest of the paper, “Uplink CoMP” is specifically meant for the
centralized UL CoMP architecture.
In this thesis, we consider closed loop UL CoMP communication system which
provides better system performance while additional signaling and complexity is

needed. The CU stands for the operation of precoder and decoder design based on CSI

-11-



information; hence a well-behaved augmented equivalent channel depicted at (2.5) is
formed. Compared to DL case, UL CoMP closed loop communication system has
higher efficiency and is more applicable to time-varying mobile communication,
because no resource-consuming CSI feedback is needed in UL CoMP as illustrated in
Figure 2-9 and Figure 2-10. For simplicity, the case of a single UE in a cell is
considered (u = 1) in this thesis, which can be easily extended to the case of multiple
UEs. In this case, the received signals at the kth BS, the received signal from the entire

cooperative set, and the received signal after decoder U™ are given respectively by (2.1),

(2.2), and (2.3), but with V, =V} and s, =s;. For all cases, we focus on the scenario

that all UEs have equal number of transmit layers, i.e., dy = d, and a linear MMSE
receiver is adopted for F in (2.4). Perfect channel estimation, perfect power control,

and negligible timing advanced are assumed as well.

Precoder

% 1 3 1
Central unit Vi s

i CSI

Figure 2-9: lllustration of UL CoMP closed loop communication system
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Decoder Receiver

Central unit

Figure 2-10: lllustration of DL CoMP closed loop communication system

Sum-rate performance is a major performance index in CoMP systems, and it
highly depends on the system madel-considered. In our work, the proposed transceiver
schemes are equipped with a linear. MMSE receiver; hence the associated achievable
sum-rate is calculated according to'[L1}.-When particular precoders and joint decoder
are adopted, the maximum achievable sum-rate is calculated according to the
equivalent channel matrix in (2.3). That is, in this case, the optimal receiver F is
adopted. The achievable sum-rate employing particular precoders and decoder is

depicted as follow:

Ry =+ {Iogz(det(ld +Rﬁﬁ-lF|HH))} (bps/Hz), (2.6)
where Ry, =E{ff"}| stands for the correlation matrix of the effective noise fi. On
the other hand, in our case equipped with linear MMSE receiver (i.e.,

Fiwse = H" (AA" +R, )_l), the achievable sum-rate according to (2.4) is given by

-13-



d d

RMMSE=iZEH{Iog2(1+7§)}:2EH{Iog2(1+7/i)} (bps/Hz), (2.7)

a=1 b=1 i=1

1, (2.8)

where we assume each receiver output is decoded independently, and 7° is the
instantaneous SINR corresponding to the bth layer of ath user at the output of receiver.

In (2.7), 3, =7°,i=(a-1)-d+b is the instantaneous SINR of the ith output of

receiver corresponding to the ith element of §,and d, =d-K.

2.3 Interference Alignment in K-user

Interference Channel

Interference alignment (IA) has recently emerged as a generalized multi-user
MIMO technique for the X-channel.and K-user interference channel scenarios [8]-[9].
The basic idea of IA is to align or compress interference into some limited subspace so
the interference can be separated from the desired signal with sufficient degrees of
freedom (DoF). The DoF can be provided by multiple antennas, frequency, time, or
phase, though multiple-antenna is the most commonly adopted one. Both centralized
and distributed IA algorithms have been developed [9],[12]. Distributed 1A starts with
an arbitrary precoder which induced an optimal decoder at receiver side and then this
decoder triggers another algorithm to update the precoder at transmitter side. The
algorithm goes back and forth between BSs and user equipments (UEs) to attain
interference alignment. Thus distributed 1A is more suitable for time division duplex
systems and the case with constant channels. In centralized IA, the iterative process is

performed by the CU as usually available in CoMP. Thus centralized 1A is more

-14-



practical for mobile cellular communications. The application of 1A in cellular systems
has been studied in which multiple UEs are communicating with multiple BSs in
distributed CoMP [13]. However, the application of 1A to centralized CoMP has not
been widely studied. Hence in this thesis, we try to incorporate centralized IA in
centralized UL CoMP to achieve better performance.

In the K-user interference channel model, there are K BSs and K UEs, each BS
serving a single UE, i.e. u=1, as depicted in Figure 2-11. The transmitted signal s,

from UE in kth cell is intended for kth BS. Each BS processes its own received signal

as follows:
Y H
Vi kuser = Uy ZHk,IVISI +Un,, (2.9)
=
K
ék,|<-user 3 FkH Ul:' Z Hk,IVISI + FkHUI:'nk ' (2.10)
=)

where U eC%™ and F" eC%% represent the decoder matrix and receiver

matrix, respectively; V, =V/'and s, =s; are assumed.

For K-user interference channel, IA has proved to be a capacity achieving
approach which aligns the interference into some limited subspace so there would be
some residual DoF for the desired signal as illustrated in Figure 2-11. The design

criterion of 1A is given as follows [9]-[12] (taking kth BS for example):

U/H,,V, =0, VI =Kk, (2.11)

rank (U'H, ,V, ) = d,. (2.12)
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Figure 2-11: Illustration of 1A in K-user interference channel

Several approaches have been proposed to achieve these criteria, e.g. minimum leakage
(Min Leakage-l1A), maximum SINR (Max SINR-IA) and maximum sum-rate [14]. Min
Leakage-1A and Max SINR-IA are two popular iterative IA algorithms [9], [12] which
will be adopted in UL CoMP and their performance will be evaluated in our work.
These two iterative 1A algorithms have advantage of flexibility and can be implemented
with various transceiver setups [9], [12]. The iterative procedure based on UL-DL
duality is listed in Table 2-1.

Max SINR-IA considers the impact of interference and noise jointly to reach a

better compromise at low to moderate SNR by maximizing the SINR of the ith layer
corresponding to the kth user, SINR, (Vie{12,--,d,}, Vke{l2,--,K}). Each

column of decoders is calculated by the algorithm:

U H, VOVORHE U
mggSlNRL:m%x[ K k'k(m: (is - kT | (2.13)
Ui u uU""BYUY
BY =2 > H VIOV HY —H, VOV HE, + Nl (2.14)
I d

The optimal U{" for (2.13) is given by

-16-



(B) Hy, e

. (2.15)
(B0) H,

() _
U’ =

With Uy obtained from previous step, each column of precoders Vj is calculated based

on virtual DL system model by the algorithm:

—i
max SINRk = max
VISI) VIEI)

(psvswHr,kuswsww,kv;”J 016

Vk(i)HAE)VI((i)

A(ki) = ZZPEHﬁkad)UEd)H H,, _kaHI':kU(ki)U(ki)H H,, + Nl , (2.17)
I d
where p, is chosen to satisfy tr(p’U,U/')=P. The optimal V" for (2.16) is given

by

Table 2-1: Iterative procedure of Max SINR-IA and Min Leakage-I1A

Step 1. Start with arbitrary precoders Vi,  Vke{l, 2, ..., K}

Step 2. Compute decoders Ui using Max SINR-IA or Min Leakage-IA with V
obtained from previous step, Vk e{1, 2, ...,K}.

Step 3. Based on virtual DL system model, compute precoder Vi using Max
SINR-IA or Min Leakage-IA with Uy obtained from previous step,
vke{l,2, ..., K}.

Step 4. Go back to Step 2 unless the number of iterations reaches a predefined

limit.

(A0) " HEUP
(A0)" R

V& = g, , (2.18)

where 4, is chosen to satisfy tr(V,V,')=P. The iterative procedure of Max

SINR-IA is listed in Table 2-1.
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On the other hand, Min Leakage-IA focuses on (2.11) by minimizing the total
interference leakage corresponding to the kth user while assuming (2.12) is

automatically satisfied. Each decoder is calculated by the algorithm:

; H
nsjlkntr(UkaUk), (2.19)
Q. =D H V\VHY,, (2.20)
1=k
which yields
U =eig,[Q,], (2.21)

where eig,[A] represents the eigenvector corresponding to the dth smallest
eigenvalue of A . With Uy obtained from previous step, each precoders Vj is calculated

based on virtual DL system model by the algorithm:

mintr(V,'Q,V, ). (2.22)

Vk

Qk :ZP|2H||-,|I<U|U|HH|,|< ' (2.23)

1=k

where p, is chosen to satisfy tr(p’U,U')=P. (2.22) and (2.23) yield

Vk(d) = K 'eigd[Qk]- (2.24)
where , is chosen to satisfy tr(V,V')=P . The iterative procedure of Min

Leakage-lAis listed in Table 2-1.

2.4 Summary

To cope with the interference issues in modern mobile communication systems

and to further enhance the system performance, CoMP has been proposed as a key
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technique. In this chapter, the infrastructure and classification of CoMP are firstly
provided, and then the closed loop centralized UL CoMP system adopted in this thesis
and its associated mathematical system model are introduced. Moreover, the sum-rate
as the performance index is described as well. Finally, a promising technique,
interference alignment, aiming at interference mitigation in K-user interference channel
is illustrated. The basic idea of IA will be incorporated into one of our proposed

transceiver designs.
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Chapter 3

Interference Alignment (1A) Aided
Transceiver Design

The interference from other cells which severely degrade the system performance
is a crucial factor in modern wireless cellular communication systems and should be
carefully managed. To cope with.the-issues caused by interference such as inconsistent
service quality at cell-edge, poor cell coverage, and inferior throughput and to further
improve the system efficiency, a promising technique, coordinated multipoint (CoMP)
transmission and reception, is developed. In such scenario, the transceiver design based
on the full BS cooperation is a critical issue.

In this thesis, two centralized UL CoMP transceiver schemes with multiple transmit
antennas, receive antennas, and transmit layers are proposed; the one which incorporates
the idea of interference management is provided in this chapter. Interference alignment
IS a new emerging interference management technique which is developed based on
K-user interference channel structure, and its superior advantage for interference
mitigation has been widely evaluated and discussed in K-user interference channel.

The organization of this chapter is shown below. The motivation of the proposed
IA aided UL CoMP transceiver scheme is given in section 3.1. In section 3.2, we

introduce the incorporation of 1A in UL CoMP based on two popular iterative 1A
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algorithms, Min Leakage-IA and Max SINR-1A provided in [9], [12], and their
performances will be evaluated. After the investigation in section 3.2, we propose an IA
aided UL CoMP transceiver scheme based on the full cooperation at BSs in section 3.3.
Then the numerical evaluation and discussion are provided in section 3.4. Finally, we

summarize this chapter in section 3.5

3.1 Motivation

In an interference limited communication environment, there are two typical
interference management methods: 1) to decode the desired signal and interference
simultaneously and 2) to separate the desired signal from interference by allocating
orthogonal/independent physical resource (time, frequency, space, etc.). It is reasonable
to infer that incorporating the concept of second approach into the first one can have
great potential for dealing with the interference issues.

The inter cell interference which is often treated as noise in the case without BS
cooperation is now decodable along with the desired signal at CU owing to the full BS
cooperation provided by centralized UL CoMP as illustrated in (2.3). That is the first
interference management method mentioned above is provided by centralized UL
CoMP. On the other hand, interference alignment is belonging to the second
interference management method, and it tries to align the interference into some limited
subspace that is independent to the desired signal.

Considering the capability for interference mitigation provided by the two typical
interference management methods, we combine the two methods in our first transceiver
design which leads to equivalent channel matrix (2.5) reformulation in our work. Hence
we aim to capture the basic idea of 1A in our precoder and decoder design so that a

well-behaved equivalent channel matrix can be obtained.
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3.2 Incorporation of IA in UL CoMP

In K-user interference channel, 1A intends to align interference at each terminal
that inter-user/inter-cell interference can be separated from desired signal and then be
alleviated successfully. In this work, we attempt to incorporate 1A in our UL CoMP
transceiver design (precoder and decoder design as illustrated in section 2.2) where the
interference is aligned and then suppressed at the output of joint decoder U" based on
two popular iterative 1A algorithms, Min Leakage-1A and Max SINR-IA provided in [9],
[12]. Owing to the intention of interference alignment and mitigation, the residual
interference for each layer/user at the output of decoder will be minimized, and a near
diagonal /block diagonal effective channel matrix in (2.3) and (2.4) is formed.

According to the system model of centralized UL CoMP depicted in (2.3) and the
design principle of 1A in K-user interference channel demonstrated in (2.11) and (2.12),
the UL CoMP transceiver design which incorporates IA is based on the criteria shown

below (taking kth BS for example, Vk € {1,2,...,K}):

u HHV—ovz k 3.1
(k’*l)d#’l ll_7 = ’ ()

rank

=d, (3.2)

U kxd EIII vV
(k=1)d+1 k "k

where H, = [H/ H] ... H] | € MM The main difference between IA in

K-user interference channel and IA in centralized CoMP is that the latter incorporates
full cooperation between BSs for computing the decoders at the BSs. In order to
achieve these criteria, we embrace the basic idea of the following two iterative 1A

approaches developed in K-user interference channel: Min Leakage-lIA and Max
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SINR-1A [9], [12]. In the rest of this thesis, the UL CoMP transceiver schemes assisted
with Min Leakage-l1A and Max SINR-IA are called Min Leakage-UL CoMP and Max
SINR-UL CoMP, respectively. The two UL CoMP transceiver schemes both involve an
iterative procedure based on UL-DL duality, and each iteration consists of two stages: 1)
to calculate the joint decoder and 2) to compute the precoders according to the
corresponding virtual DL CoMP system.

In regard to Min Leakage-lA aided Uplink CoMP (Min Leakage-UL CoMP) we
obtain the modified optimization problem for joint decoder U from Min Leakage-1A

depicted in (2.19) (taking kth BS for example, Vk € {1,2,...,K}):

rpdin tr({U}Z—(d—l)dHH Qk {U}?I;d—l)dﬂ)’ (33)

{U}(k—l)d+1

where Q, => H,V,\V"H[", which yields

1k

D —eig [0, 1, Vi efL,2,...,d}. (3.49)
We can obtain precoders by the ‘virtual DL CoMP system. Minimizing the total
interference leakage at the UE in kth cell gives

min tr(V'QM, ). (3.5)

where Qk:ZpZHkH{U}"d (uy®  "H, , and p is chosen to satisfy

(1-1)d+1 (I-1)d+1
1k

tr(p*’UU") = K- P. This yields

VY = 4 -eig,[0,1, Vie{l,2,...,d}, (3.6)
where g, is chosen to satisfy tr(V,V,')=P. In this UL CoMP scheme, the Min

Leakage mechanism tries to build a block diagonal effective channel matrix,

H = U"HV . The iterative procedure of Min Leakage-UL CoMP is listed in Table 3-1.

On the other hand, Max SINR-1A aided Uplink CoMP (Max SINR-UL CoMP) try
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to maximize the SINR corresponding to different layers (data streams) at the output of
decoder. Taking into account system model provided by (2.3) and the basic idea of Max

SINR-IA, we reformulate (2.13) into the following objective function which aims at

maximizing the SINR of the ith layer corresponding to the kth user, SINR,

(Vie{1,2,---,d}, Vke{l,2,--,K}); each column of decoders is calculated by the

algorithm:
i U((k—l)d+i)H Hkvk(i)vk(i)H HIk—|U((k—1)d+i)
S SINR, = UE‘J‘?}Z&)( QUDEDH gDy e ’ 3.7)
B =Y > HVOVOH! —H VOVI"H! + NI, (3.8)
| t
which yields:

(B H, VO

U((k—l)d+i) <
it i
H(Bp) H, VO

, (3.9)

Vie{1,2,---,d},vke{1,2,---,K}, where U is the joint decoder matrix as described in

(2.3). For the precoder design, we consider the corresponding virtual DL system model

with which SINR; is maximized: Vi€ {1,2,...,d}, Vk € {1,2,...,K}

) 2\ 7()H g Hp 1(k=1)d+i) j(k-1)d+i)H 0)
— P VOHHHU U H,V/
max SINRk = max S , 3.10
v TN ( VORBOVD (3.19)
B(l) — ZHHU((I—l)d+t)u((|—l)d+t)H H
=220 ‘< (3.11)

_pZHIIjU((kfl)dJri)U((kfl)dH)H Hk+N0|

where p is chosen to satisfy tr(p*UU"™)=K-P. Hence (3.10) yields
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(é(ki) )*1 H'k-| L (k-Dd+)

—— — (3.12)
(B(kl)) HH YD

Vi

where g, is chosen to satisfy tr(V,V,')=P. In this UL CoMP scheme, the Max

SINR-1A algorithm plays an importance role to convert the original channel into a more
tractable effective channel, H=U"HV, which is nearly diagonal. The detail of this

iterative algorithm is summarized in Table 3-1.

Table 3-1: Iterative procedure of Min Leakage-UL CoMP and Max SINR-UL CoMP

Step 1.  Start with arbitrary precoders Vi, Vk e{l,2, ..., K}

Step 2. Compute the joint decoder U using Min Leakage-UL CoMP (3.4) or Max
SINR-UL CoMP (3.9) with Vi obtained from previous step, Vk e{1,
2,....K}.

Step 3. Based on virtual DL system model, compute precoder Vi using Min
Leakage-UL CoMP (3.6).0or Max SINR-UL CoMP (3.12) with U obtained
from previous step, Vk e{1, 2, ...,K}.

Step 4. Go back to Step 2 unless the number of iterations reaches a predefined

limit.

After the derivation of the two 1A aided Uplink CoMP schemes, the achievable
sum-rate performance comparison is provided by numerical simulation as shown in
Figure 3-1. In our simulation, linear MMSE receiver is adopted, and sum-rate
performance is calculated according to (2.7) as mentioned in section 2.2. The
simulation results in this section are obtained by averaging over 100 independent
channel realizations, and 20 iterations were performed for each iterative algorithm. The

entries of the associated channel matrix are assumed i.i.d. complex Gaussian with unit
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variance. Three BSs in one cooperative group and one UE in the coverage of each BS
(K =3, u=1) are considered. All BSs are equipped with M; = 4 antennas, and all UEs
are equipped with M; = 4 antennas. All UEs have equal number of transmit signals, i.e.,

d=2.

—&— Max SINR-ULCoMP

| | —©— Min Leakage-ULCoMP

Achievable sum-rate (bits/sec/Hz)

0 10 20 30 40 50
SNR (dB)

Figure 3-1: Sum-rate performance of Min Leakage-UL CoMP and Max SINR-UL

CoMP with K=3, M,=4, M,=4, d=2, and no. of iterations=20

The simulation result shows that Max SINR-UL CoMP significantly outperforms
Min Leakage-UL CoMP. The major reason is that Min Leakage-UL CoMP mechanism
tries to minimize the interference leakage but assumes (3.2) is automatically satisfied.
That is only the interference effect is considered, and there is no guarantee for the
detection quality of the desired signal. On the other hand, the Max SINR-UL CoMP
algorithm preserves a good compromise between interference and received power of
desired signal because it takes both into account. As a potential solution to manage the
interference issue and to further improve the system performance, the basic idea of

Max SINR-ULCoMP is embraced in our proposed IA aided UL CoMP transceiver
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scheme in section 3.3.

3.3 Proposed 1A Aided Transceiver in UL CoMP

According to the discussion and simulation result in section 3.2, it is found that
Max SINR-UL CoMP achieves better sum-rate performance compared to Min
Leakage-UL CoMP, because the first one aided by Max SINR-IA preserves a good
compromise between interference and received power of desired signal. In terms of
effective channel matrix H, a near diagonal effective channel matrix is accomplished
by Max SINR-ULCoMP, since the SINR maximization will somehow suppress the
off-diagonal terms of the effective channel matrix. However, since the SINR
maximization is executed layer by layer, the SINR performance achieved by each layer
might be highly diverse leading to-a poor-conditioned effective channel matrix. To
improve the condition of the effective channel matrix, it is desired to further balance
the layer SINR at the decoder output. Therefore we attempt to propose an 1A aided UL
CoMP transceiver that can achieve good trade-off between interference issue and
received power of desired signal by SINR maximization, and can balance the SINR of
each layer at the output of decoder.

The proposed IA aided UL CoMP transceiver is achieved by maximizing the
product of instantaneous SINRs for each layer (per-layer SINR), which in turn attempts
to increase each per-layer SINR and to reduce the difference between the per-layer
SINRs at the output of decoder. Namely, the proposed IA aided UL CoMP scheme aims

at maximizing the function shown below:

SINRY — U«“ﬂm”HHKVS“ﬁvHHEU«“ﬂm” 213
II k”_I]: U«WAmﬂvHBuou«W4mﬂo ! (' )
K'i’ K

KT

B =Y > HVOVOTHT —H VOVIRHE +Nl, (3.14)
It
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where SINR; is the SINR corresponding to the ith layer of the kth user at the output of

decoder as illustrated in Figure 3-2 (Vie{1,2,---,d}, vke{1,2,--,K}). The

proposed IA aided UL CoMP transceiver scheme involves an iterative procedure as
shown in Figure 3-3, and each iteration consists of two stages: 1) to calculate the joint
decoder and 2) to compute the precoders.

In the first stage, each column of the joint decoder is computed successively by the

algorithm shown below:

((k'-1)d+i")H (i 7(iH Hy j((k'-1)d+i")
u H, VOVOR U

UEE%ZEU lk:[SINRk' - UEE%ZS.) H Y (k-Dd+iOH B(kil’)U((k’—l)d+i’) , (3.19)
B =Y > HVOVOITHT —H VOVITHE + Nl (3.16)
| t

where Vie{l,2,---,d} and Vke{12-K}. The objective function mentioned

above is equal to the criterion,

U((k—l)d+i)H Hka(i)Vk(i)H H:(-l U((k—l)d+i)
max - - -
D (k=Dd+i)H p (i) 1(k-1)d+i) '
y(k-Dd+i) U Bk U

(3.17)

7 SINR;

|| Receiver | 'Decoder
Ma 7] ( ‘ B*u Precoder

f;u

=

|

|

I}%..
By 14

&
”

~

H

Figure 3-2: lllustration of centralized UL CoMP transceiver scheme, SINR;,and 7
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which yields the same results as obtained in Max SINR-UL CoMP:

(BO) v
B0 Hve

Y k-Dd+) _ , (3.18)

Vie{l,2,--~,d},‘v’ke{l,Z,---,K}.

Start with arbitrary precoders V. , and set the no. of iteration equal to 1, iter=1.

Calculate the joint decoder U:

for k=1toK
for i=1tod

max SINR ;.
pDd+) e
I

end

<k

Calculate the precoders V,

for k=1to K
for i=ltod

end

. y i
max HSINR,C,
k k’J’
end

end

| |
= -

N/

iter = iter +1

No

_— If iterreachesa
<y . : o
~__predefinedno.? _—

=
~ _
= _—

l Yes

Output U and V,,

Figure 3-3: Flow chart of the proposed 1A aided UL CoMP scheme
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In the second stage, each column of the precoders is computed successively by the

algorithm shown below:

(k'-1)d+i")H () () H g Hp 1(K-1)d+i%)
U H. V. V., "H. U

n\)g)x HSINRK = n\]/k(a.)x :!:[ U((k’—l)d+i')H B(ki") U((k’—l)d+i') ! (319)
B =Y > HVOVOH! —H VOVIORHE + Nl (3.20)
| t

where Vie{l,2,---,d} and Vke{1,2.-.-,K}. The objective function mentioned

above is equal to the one shown below:

U((k—l)d+i)H Hkvk(i)vk(i)H HL—! U((k—l)d+i)

max
v Vit o i
k H Y -Dd+nH B(k',)U((k 1)d+i")
ki
(K',i"#(k,i)
Vk(i)H H:: U((k—l)d+i)U((k—l)d+i)H Hkvk(i)
= g
z HIVI()VI() HI
'a1)d Fi lel, K tel,-d "_1)d+i'
H U((k 1)d #i9)H (le,t)i(k,,_iE’) U((k 1)d+i")
v (1)=(kii)
(ki (ki) OIVIOLITL:
” +H,V.°V,""H + Nl
Vk(i)H HkH U 08+ (k-Dd+)H Hkvk(i)
<:>n\1/§1,)x k'-1)d+i")H t)\ 7(OH g H (K- d+i’
Z Y k-Dd+) HIVI()VI() |_|I Y K-Dd+)
lel, K tel,--d
(1L)=(K',i")
(1,0, i)
Y -Dd+)H Hkvk(i)vk(i)H H|k-| Y (k-Dd+)
k', AL N
(€ ek +N0U((k Dd+OH | (K-D)d+i)
(IWVH yH [ 1((k=Dd+i) [((k=1)d+i)H (i)
< max Vi""HU U H,V, , (3.21)
V0] . N g it ;
k H (Vk(|)H HII(-|U((k Dd+) | (K-Dd+)H Hka(I)JF\Pk',i')
ki’
(K',i"%(k,i)
\Pk',i' _ Z Y (-Dd+inH Hlvl(t)vl(t)H HIH Y-+
lel, K tel,--d
(MK . (3.22)
(1,)#(k.i)

+ Nou((k'—l)dJri’)H U((k'—l)d+i’)

We assume VOPVO =P/d, so (3.21) turns to
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Vk(i)H HkH U((k—l)d+i)U((k—1)d+i)H Hka(i)

max , (3.23)
VI H R . - -
k H (Vk(I)H Ek’,i'Ak',i’Ellj,i'Vk(l) + \Pk’,i’vk(l)HVk(l) ’ d/P)
k'’
(k",i")=(k,1)

where E, A, El . is the eigenvalue decomposition of H YU DIylndnng |

E..Ec;=1,and Ak,yi,zdiag[ak,’i, o - O]Therefore (3.23) equals:

Vk(i)H H:: U((k—l)d+i)U((k—1)d+i)H Hkvk(i)

max
Vi (HH H o\ /() (iYH H /()
H (Vk Ek’,i’Ak’,i'Ek’,i'Vk +1Pk’,i'vk Ek’,i'IEk',i’Vk 'd/P)
k'i’
(K',i)=(k,i)
VOH HH Y CDd) kDd+H  \ /)
@m/%x K k k "k ’(324)
R (i)H H \ /()
H (Vk Ek’,i’(Ak’,i’—i_lPk’,i"d/PI)Ek’,i’Vk)
k',i’
(K in=(k,i)
()H Ly H | 1(k=)d+i)y 1((k=L)d+i)H 0
<:>maka H U U H, V,
VO

(HH ’ H (i)
H (Vk Ek',i'1\k',i'Ek’,i'Vk )
K'i’
(k"i"=(k,i)

\Pk’,i'd \Pk',i’d lI]k',i’d
P

' lI’k'i'd . "
where A=A+ P | =diag| e + Let Ay =

Ay, dig {ak,yi'P Jd+¥,.,

_ 1 ... 1l=di o1 -+ 1], (3.24) can be
74P } iag| A, |, (3.24)

K'i’

reformulated as:

(DH g Hy 1 (k-Dd+i)y 1(k-1)d+i)H (i)
ax VTHU U HV,

v (i)H " H /()
H (Vk Ek’,i'(Tk’,i’d/PAk',i’)Ek’,i'Vk )
ki’

(k",i")=(k,i)
(VH g Hp 1 (k=1)d+i) [ 1((k=1)d+i)H 0)
& max VORHMU U H, V! (3.25)

W (i)H H o y\/(@)
[T ¥.d /P(Vk' Ek,yi,A[(’,yi,Ek,vi,Vk')
k',i’

(k" i%(k,i)
Vk(i)H HE U (k-Dd+i) | (k-D)d+i)H Hkvk(i)
<:>n\1/?)x

(i)H " H (i)
[T wed/P| [T (V"Ep AL ER VD)
(S ki’
(k"\i")#(k,i) (K1) (k,1)

-31-



The result of (3.25) implies:

. Vk(i)H Hlk-i U (k-Dd+) | ((k-D)d+i)H Hkvk(i)
@)
\ (i)H " H (i)
H Vk (Ek’,i’Ak’,i'Ek’,i’)Vk
ki

(k' i")=(k,i)

Vk(i)H HkH U((k—l)d+i)U((k—l)d+i)H Hkvk(i)

(3.26)

<:>m§1)x
Vi (H () gOH (t) g(OH (1)
|| VO A EQEDS +2Ek,’i,Ek,vi, \A
K',i" t#l
(k',i")=(k,i)

If Amaximac IS Maximum among {Zw,k e {l- K} iTe{l-d}, (ki) = (K, i)} , (3.26)
can be shown as

Vk(i)H HL—I U((k—l)d+i)U((k—l)d+i)H Hkvk(i)

max (3.27)
W (HH @) HH () (HH (i)
Vk ﬂ’k'max,i'maxEk’max,i’maxEk’max,i'max +ZEk’max,i'maxEk'max,i’max Vk K
t#1l
(i)H O zOH () g(HOH (i)
H Vk (ﬂk’,i’Ek’,i'Ek’,i’ +ZEk’,i’Ek’,i’ jvk
ki’ t=l
K= (ChA D) .(3.28)
(HH (@) HH (t) (HH (1)
Vk (ﬂk’max,i'maxEk'max,i'maxEk'max,i’max + Z Ek'max,i’maxEk'max,i’maijk
t=£l
Based on the discussion above, we can approximate (3.27) as
V(i)H HH U((k—l)d+i)U((k—l)d+i)H H V(i)
max — OHB /O == (3.29)
vy VIOHBOV
() _ " H
Bk _Ek’max,i’maxAk’max,i’maxEk’max,i’max
(3.30)
_ & (OHH ) (HH '
- ﬂ'k’max,i'max Ek'max,i’maxEk’max,i’max + Z Ek'max,i’maxEk’max,i’max
t#l
which yields:
(é(ki) )*1 H'k-| L (k-Dd+)
(i) _
Ve = 1y ’ (3.31)

(B(ki) )‘1 HL_' Y e-Dd+)

Vie{1,2,---,d},vke{1,2,---,K}. g, is chosen to satisfy tr(V,V,')=P. The detail
of the iterative procedure for our proposed IA aided UL CoMP transceiver design is

-32-



summarized in Table 3-2.

Table 3-2: Iterative procedure for the proposed 1A aided UL CoMP transceiver design

Step 1.  Start with arbitrary precoders Vi, Vk e{l, 2, ..., K}

Step 2. Compute the joint decoder U column by column using (3.18) to achieve
better SINR performance with Vy obtained from previous step, Vk e{1,
2,....K}.

Step 3.  Compute precoder Vi column by column by equation (3.31) to achieve
better SINR performance with U obtained from previous step, Vk {1,
2, ..., K}.

Step 4. Go back to Step 2 unless the number of iterations reaches a predefined

limit.

3.4 Computer Simulations

The convergence behavior and sum-rate performance evaluations are presented for
comparison between the UL CoMP transceiver scheme assisted with Min Leakage-IA,
the UL CoMP transceiver scheme assisted with Max SINR-IA, and the proposed 1A
aided UL CoMP transceiver design which are called “Min Leakage-UL CoMP”, “Max
SINR-UL CoMP”, and “IA aided UL CoMP”, respectively. The achievable sum-rate is

calculated based on (2.7) mentioned in chapter 2 because a linear MMSE receiver is
adopted in our work. 7, involved in (2.7) is illustrated in Figure 3-2. Furthermore,

sum capacity of UL CoMP with full BS cooperation also exhibits as a performance
upper bound [15]. The simulation parameters chosen in this section are listed in Table

3-3.
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Table 3-3: Simulation parameters

Parameter Value
Channel i.i.d. Rayleigh fading channel
Number of BSs / UEs (K) 3
Number of transmit antennas (M) 4
Number of receive antennas (M,) 2,4
Number of transmitted signal layers (d) 2,3
Number of channel realizations 100 (sum-rate performance)
5000 (convergence behavior)
Number of iterations for each algorithm 20 (sum-rate performance)

The convergence behavior are provided. in Figure 3-4 and Figure 3-5 both of
which are evaluated at SNR = 10 dB and at SNR = 30 dB. Figure 3-4 is simulated in
the case with M=4, M,=2, K=3, d=2; Figure 3-5 is simulated in the case with M=4,
M=4, K=3, d=3. The simulation results show that Min Leakage-UL CoMP, Max
SINR-UL CoMP, and IA aided UL CoMP have superior convergence behavior in all
cases especially for Min Leakage-UL CoMP. However, large rate degradation occurs
when Min Leakage-UL CoMP is adopted which is consisted with the numerical
evaluation in section 3.2. This is because Min Leakage-UL CoMP mechanism makes
all its effort to minimize the interference leakage but assumes (3.2) is automatically
satisfied; hence there is no assurance that the received power of desired signal can

achieve an acceptable level as mentioned in section 3.2.
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In Figure 3-6 and Figure 3-7, sum-rate performance comparisons between Min
Leakage-UL CoMP, Max SINR-UL CoMP, and IA aided UL CoMP are displayed.
Figure 3-6 is simulated in the case with Mi=4, M,=2, K=3, d=2; Figure 3-7 is simulated
in the case with M=4, M,=4, K=3, d=3. In all cases, it is found that Min Leakage-UL
CoMP has substantial rate degradation compared to other two UL CoMP transceiver
schemes due to its poor ability to maintain the received power of desired signal as
mentioned above. The simulations also show that Max SINR-UL CoMP can achieve
acceptable sum-rate performance as expected, and the proposed IA aided UL CoMP can
reach even better sum-rate performance than Max SINR-UL CoMP. This is because that
the proposed IA aided UL CoMP has the effect of balancing the SINR of each layer at
the decoder output to improve the condition. of the effective channel matrix. The sum
capacity is provided here as a performance upper bound. We can find that the
achievable sum-rate of IA aided UL CoMP is sufficiently close to the sum capacity

especially for the case with Mi=4, M,=2, K=3, d=2.
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3.5 Summary

Interference alignment assisted UL CoMP is discussed and evaluated
comprehensively in this chapter. First, two popular interference alignment algorithms,
Min Leakage-1A and Max SINR-1A [9], [12], developed in K-user interference channel
are incorporated in the UL CoMP transceiver designs which are called Min
Leakage-UL CoMP and Max SINR-UL CoMP, respectively. Their sum-rate
performance are evaluated and it is demonstrated that Max SINR-UL CoMP has better
sum-rate performance since a good compromise between interference and received
power of desired signal can be preserved. Hence Max SINR-UL CoMP is regarded as a
highly potential interference mitigation scheme. According to the study in the first stage,
an IA aided UL CoMP transceiver scheme that incorporates the basic idea of Max
SINR-UL CoMP and further balances the SINR of each layer at the output of decoder is
proposed. The simulation results..show that the proposed IA-aided UL CoMP

transceiver can achieve superior sum-rate and convergence performance.
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Chapter 4

Channel Condition Enhanced
Transceiver Design

In the thesis, two centralized UL CoMP transceiver schemes are introduced and
both of which are established based on the joint processing nature provided by full BS
cooperation. One of the UL CoMP transceiver schemes aided by IA is presented in
Chapter 3. The other one aiming at enhancing the condition of the effective channel is
given in this chapter.

The proposed channel condition enhanced UL CoMP transceiver scheme involves
an iterative procedure which is similar to the iterative procedure included in IA aided
UL CoMP transceiver design mentioned in Chapter 3, and each iteration consists of two
stages: 1) to calculate the joint decoder and 2) to compute the precoders. But unlike 1A
aided UL CoMP transceiver, the precoders in the channel condition enhanced scheme is
obtained by exploiting the UL-DL duality where the centralized UL CoMP (MAC-like
structure) is dual to the virtual centralized DL CoMP (broadcast channel-like structure,
BC-like structure) by reversing the direction of communication.

The arrangement of this thesis is as follows. In section 4.1, the motivation of the
proposed channel condition enhanced UL CoMP transceiver scheme is provided. Then

the problem formulation and design procedure of the proposed channel condition
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enhanced scheme are described in section 4.2. Next, we analyze the complexity
behavior of the two proposed transceiver schemes in section 4.3, which is followed by
the numerical simulations including evaluations of convergence behavior, achievable
sum-rate performance, sensitivity to the initial value in the iterative procedure, and the
fairness between different users in section 4.4. Last of all, we summarize this chapter in

section 4.5.

4.1 Motivation

Due to full BS cooperation, a MAC-like structure and an effective channel matrix
as shown in (2.5) are formed in centralized UL CoMP. The state of the effective
channel matrix is a crucial factor in transceiver design and can significantly affect the
system performance; hence we attempt to properly design the precoders and the joint
decoder to induce a well-behaved effective channel matrix. In this thesis, two UL
CoMP transceiver schemes for creating a well-behaved effective channel are proposed.

In Chapter 3, an 1A-aided UL CoMP transceiver is proposed from the viewpoint of
interference alignment and interference mitigation. The algorithm tries to reduce the
residual interference and to increase the received power of the desired signal for each
layer at the output of decoder. Then a near diagonal effective channel matrix is
accomplished since the algorithm will somehow enlarge the ratio of diagonal terms to
off-diagonal terms. On the other hand, in this chapter, we endeavor to develop a UL
CoMP transceiver scheme which tries to enhance the effective channel condition.

It is well known that the effective channel matrix in a good condition must have
small condition number and large singular values. Therefore, we try to develop a
transceiver design criterion that can minimize the condition number and can maximize

the singular values simultaneously. The proposed channel condition enhanced
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transceiver is described in section 4.2.

4.2 Proposed Channel Condition Enhanced

Transceiver

The proposed channel condition enhanced transceiver provided in this section
attempts to properly design the precoders and the joint decoder such that a
well-conditioned effective channel can be achieved by minimizing the condition
number and maximizing the singular values of the effective channel matrix in the same
time. The basic structure of the iteration process is similar to the one adopted in 1A
aided UL CoMP transceiver in section 3.3, where in each iteration, two stages are
involved: 1) to calculate the joint decoder and 2) to compute the precoders. However, in
the second stage, the precoders:is obtained. according to the virtual centralized DL
CoMP (BC-like structure) by exploiting the UL-DL duality in the channel condition
enhanced transceiver scheme, which:is-different from the IA aided UL CoMP
transceiver.

In the first stage, the joint decoder is calculated. To minimize the condition
number and to maximize the singular values of the effective channel matrix, the

following two criteria should be achieved:

min, A" (H) ==, (4.1)

U(( k-1)d+i)

max O'i,Vie{l,Z,---,d}, (4.2)

yktyd+)
where /C(fl) denotes the condition number of effective channel matrix, H ;
o, and o stand for the maximum and minimum singular value of H,
respectively; the singular value decomposition of H is given by AYB", where
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> =diag{o, o, ... oy} isadiagonal matrix with singular values on the diagonal;

A and B are unitary matrices, respectively.
To achieve (4.1) and (4.2), the objective function of our proposed algorithm is

formulated as follows:

Um‘?}ﬁin H i (43)

which attempts to increase each of the singular value. In the meantime, the difference
between the singular values will somehow be reduced due to the operation of product
in (4.3). (4.3) can be equally expressed as

2
Umfgzsi) [Haij = Um%n H(Gi )2 ' (44)

With the following derivation,

=AY’ A" , (4.5)
o; 0

— A 0-22 AH
0 o;

AH (4.6)

where A = o’ depicts the eigenvalue of HH" . Hence (4.4) can be expressed as,

e, 114 (1)
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According to the property that the product of the eigenvalues is equal to the

determinant of HH" , we can reformulate (4.7) as,

et(HH"). (4.8)

max
y(k-Dd+)

H is a square matrix with size (dK)x(dK), and the fact leads to

det( ) det(H“)_ max det( ) det( ) : (4.9)

U((k 1)d+|) ((k-1)d+i)

which is equal to

et(A) . (4.10)

max
YD)

Dueto H=U"HV mentioned in (2.5), (4.10) can be equally expressed as

det(U"HV)[ (4.11)

max
UGk=D d+)

Based on Laplace expansion by minors-along row (k —1)d +i, we can obtain,

UDIDH /g, .‘ = U«kil)d”)ku,i‘z, (4.12)

U((k—l)d+i) U((k ~1)d+i)

H : ((k-D)d+)H U
where [akyi](q) is the cofactor of [U HV](q), vge{l, 2, d-K}, and
b, =HVa, ;. Then according to Cauchy-Schwarz inequality, we can obtain the
following inequality,

U((k—l)d+i)H bk _‘2 < (U((k—l)d+i)H U((k—l)d+i) )(b::-bk ) _ (4.13)

. R . . _ . _ 112
With the assumption, U DdHyld+ :HU“k Bd+)

=1, (4.13) isequal to

‘U((kil)dH)ku,i‘ (b'k-|| kl) kuIH ' (414)

Based on (4.12) and the inequality in (4.14), the joint decoder can be obtained:
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. b, . HVa, .
YkDd+) — ki ki 4.15
b.] " TAva,| 19

Vie{l,2,---,d},Vke{l,2,---,K}.

In the second stage, the precoders are computed based on the virtual DL CoMP
system by exploiting the UL-DL duality, where the effective channel matrix can be

expressed as

H=V"H"U. (4.16)

Following the same derivation in the joint decoder design, we can obtain the objective
function shown below:
2

max ‘det (}_I)‘2 = max ‘det (VHH" U)‘ (4.17)

Similar to (4.12), we can calculate the determinant based on Laplace expansion by
minors along row (k—-1)d +i,

) W\t e
max V" H'Ua, | = max|[V"b,
) Vél) )

2
Vél) ‘

where [é,ﬂi](q) is the cofactor of [Vk(‘)HH{'Ulq), vq, and b, =H;'Ug,

According to Cauchy—Schwarz inequality and with the following assumption,

VORVO = VO =1, (4.19)
we can obtain the precoders:
VO =4 Hi V4, (4.20)
R AL |

where 4, is chosen to satisfy tr(V, V') =P . The detail of the iteration procedure is

listed in Table 4-1.
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Table 4-1: Iterative procedure for the proposed channel condition enhanced transceiver

Step 1.  Start with arbitrary precoders Vi, Vk e{l, 2, ..., K}

Step 2. Compute the joint decoder U column by column using (4.15) to achieve
better effective channel condition with Vy obtained from previous step,
vke{l, 2, ...,K}.

Step 3.  Compute precoder Vi column by column by equation (4.20) based on the
virtual DL CoMP system to achieve better effective channel condition
with U obtained from previous step, Vk €{1, 2, ..., K}.

Step 4. Go back to Step 2 unless the number of iterations reaches a predefined

limit.

4.3 Complexity Analysis of Proposed UL CoMP

Transceivers

Computational complexity is a‘critical issue from the practical viewpoint, and it
highly depends on the system parameters and the algorithms adopted. In this section,
we give the complexity comparison between the proposed IA aided UL CoMP
transceiver mentioned in section 3.3, the proposed channel condition enhanced
transceiver mentioned in section 4.2, and the minimum sum mean square error (MSE)
transceiver developed in [10], which are called “lIA aided UL CoMP”, “Channel
condition enhanced UL CoMP”, and “MMSE UL CoMP”, respectively.

Minimum MSE method is a typical approach in transceiver design. Similar to our
proposed methods, the transceiver of MMSE UL CoMP is also calculated based on an
iterative process, and UL-DL duality is adopted in the precoders design as well.
However, the criterion attempts to minimize the sum MSE at the output of the receiver

which is different to our designs.
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The major computation cost in 1A aided UL CoMP involves matrix multiplication,
matrix inversion, eigenvalue decomposition, and sort of sequence. In Channel condition
enhanced UL CoMP, matrix multiplication, matrix inversion, and computation of
determinant are needed. However, for MMSE UL CoMP, only matrix multiplication
and matrix inversion are the most computation-consuming operation. The comparison
of complexity is summarized in Table 4-2, in which the complexity of each algorithm

is calculated for each iteration.

Table 4-2: Complexity comparison between different UL CoMP transceiver schemes

Different UL CoMP transceiver
Complexity per iteration
schemes

K°d°M M, d+ M, +K"'dM’

I.  1A-aided UL CoMP 9., 9
+KdM; M,d+ M,

Il. Channel condition enhanced
O K°d® + K*'d*M M,
UL CoMP

4 2
K*M, Md+ MM, + M’

I1l. MMSE UL CoMP [10]
+KM? KM+ M,

Comparison I~ 11> 1l

Table 4-2 demonstrates that the proposed IA-aided UL CoMP and Channel
condition enhanced UL CoMP achieve comparable computational complexity. The
result also shows that MMSE UL CoMP leads to a lower computational complexity
compared with the two proposed methods. However, the comparison is based on
computation cost per iteration. The simulations in the next section (section 4.4) will

show that both of the proposed methods achieve better convergence performance
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compared to MMSE UL CoMP, although more calculations are needed per iteration.
Table 4-2 also reveals that more transmit antennas (M), receiver antennas (M),
transmit layers (d), and number of elements in a cooperation group (K) will induce

larger complexity per iteration for all cases.

4.4 Computer Simulations

In this section, the numerical evaluations of the proposed iterative “IA aided UL
CoMP”, the proposed iterative “Channel condition enhanced UL CoMP”, and iterative
“MMSE UL CoMP” mentioned in [10] are provided. All of the following properties
will be numerically simulated: convergence behavior, achievable sum-rate performance,
sensitivity to the initial value in the iterative procedure, and the fairness between
different users. For all cases, the achievable sum-rate is calculated based on the
equation (2.7) mentioned in section 2.2. The simulation parameters chosen in this

section are listed in Table 4-3.

Table 4-3: Simulation parameters

Parameter Value
Channel I.i.d. Rayleigh fading channel
Number of BSs / UEs (K) 3
Number of transmit antennas (M) 4
Number of receive antennas (M) 2,4

Number of transmitted signal layers

(d)

Number of iterations for each

2,3

10 (except for convergence behavior)
algorithm
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The convergence behaviors are provided in Figure 4-1 and Figure 4-2, both of
which are evaluated at SNR = 20 dB and at SNR = 30 dB, and are obtained by
averaging over 1000 independent channel realizations. Figure 4-1 is simulated in the
case with M=4, M,=2, K=3, d=2; Figure 4-2 is simulated in the case with M=4, M,=4,
K=3, d=3. The simulation results demonstrate that the proposed Channel condition
enhanced UL CoMP can achieve better convergence performance than the proposed 1A
aided UL CoMP, and the two proposed methods significantly outperform MMSE UL
CoMP especially in the high SNR regime. This is because that the co-work of decoder
and precoders facilitates the formation of a well-conditioned effective channel matrix.
This can improve the condition of effective channel within a few iterations and yield a
more efficient iterative processing. 'Figure. 4-1 and Figure 4-2 also reveals that
although Channel condition ‘enhanced -UL - CoMP has superior convergence
performance, its sum-rate after-convergence is a little poorer than the other two
methods. This is because that Channel condition enhanced UL CoMP puts all its efforts
on effective channel condition enhancing but ignores the effective noise term A in
(2.3), where Ai=U"n is a function of the joint decoder. On the other hand, IA aided
UL CoMP and MMSE UL CoMP take both interference and noise terms into account

and hence can attain better sum-rate after convergence.
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In Figure 4-3 and Figure 4-4, sum-rate performance comparisons between IA
aided UL CoMP, Channel condition enhanced UL CoMP, and MMSE UL CoMP [10]
are displayed. Figure 4-3 is simulated in the case with M=4, M,=2, K=3, d=2; Figure
4-4 is simulated in the case with M=4, M,=4, K=3, d=3. In all cases, the simulation
results are obtained by averaging over 100 independent channel realizations, and 10
iterations are executed for each iterative algorithm. Sum capacity of UL CoMP with full
BS cooperation also exhibits as a performance upper bound [15]. According to the
simulation results, we can find that in general Channel condition enhanced UL CoMP
achieve better performance than 1A aided UL CoMP, and the achievable sum-rate of the
proposed two methods are much closer to the sum capacity compared with MMSE UL
CoMP especially for the case with.M=4,:M,=2, K=3, d=2, when 10 iterations are
adopted. This is because the two-proposed methods both achieve superior convergence
performance, that is they can attain pretty good sum-rate performance within few

iterations, like 10 iterations, as depicted in Figure 4-1 and Figure 4-2.
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In Figure 4-5, the comparison of sensitivity to the initial value in the iterative
procedure between IA aided UL CoMP, Channel condition enhanced UL CoMP, and
MMSE UL CoMP [10] is given. Each algorithm is simulated over 10 iterations under
the scenario with Mi=4, M,=2, K=3, d=2 and is simulated at SNR = 30 dB for a fixed
channel realization. The probability density of the sum-rate are calculated based on the

output from running different algorithms 100 times, and different initial value

(Vi,vke{l,2,--,K}) is adopted each time. In our work, the probability density

function is estimated by Parzen window method as the adoption in [14]. The simulation
result reveals that the probability density function (pdf) associated with the proposed
Channel condition enhanced UL CoMP and IA aided UL CoMP concentrate on the
right hand side as shown in Figure 4-5, which means that they are more robust to the
initial values, and can attain better sum rate performance. On the other hand, the pdf
associated with MMSE UL CoMP spreads across a lower-value region. Namely,

MMSE UL CoMP is sensitive to the:initial values and has worse sum rate performance.
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In Figure 4-6, fairness between different users of IA aided UL CoMP, Channel
condition enhanced UL CoMP, and MMSE UL CoMP [10] is provided. Each algorithm
Is simulated over 10 iterations under the scenario with M=4, M,=2, K=3, d=2 and is
simulated at SNR = 30 dB. In all cases, the simulation results are obtained by running
2000 independent channel realizations. The probability density function is also
estimated by Parzen window method. In our work, the fairness between different users

is defined as follows:

Fairness = e~ R (4.21)
1 &

Rmean =7 Z Ri (422)
KT

where R, is the achievable sum-rate of ith user. R . and R, are the maximum



and minimum values among {Ri,ie{l, 2K}} respectively. The simulation

demonstrates that the proposed Channel condition enhanced UL CoMP exhibits the best
fairness. The proposed IA aided UL CoMP is inferior to Channel condition enhanced
UL CoMP. Compared to the proposed two methods, MMSE UL CoMP has the worst

property of fairness.

= Channel condition enhanced UL CoMP
Proposed IA aided UL CoMP
------------- MMSE UL CoMP [10]
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(R )R

max min mean

Figure 4-6: Fairness between different users of 1A aided UL CoMP, Channel condition

enhanced UL CoMP, and MMSE UL CoMP with Mi=4, M,=2, K=3, and d=2

4.5 Summary

In this chapter, an UL CoMP transceiver scheme based on effective channel
condition enhancing is proposed. The proposed Channel condition enhanced UL CoMP
attempts to minimize the condition number and to maximize the singular values of the
effective channel matrix by maximizing the product of singular values of the effective

channel matrix. Next, the comparison of complexity between the proposed IA aided UL
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CoMP, the proposed Channel condition enhanced UL CoMP, and MMSE UL CoMP [10]
is given, followed by the numerical evaluations of the two proposed methods and
MMSE UL CoMP. The results show that the proposed IA aided UL CoMP and the
proposed Channel condition enhanced UL CoMP have superior convergence behavior
because the co-work of decoder and precoders facilitates the formation of a
well-conditioned effective channel matrix, while more computation is needed for each
iteration. The simulation results also show that the two proposed methods can achieve
rather good sum-rate performance, provide robustness to the initial values in the
iterative procedures, and lead to much fairer results, within few iterations, like 10

iterations.
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Chapter 5

Conclusions and Future Works

To fulfill the increasing demands and to conduct effective communication in the
next generation wireless systems, unity frequency reuses and multiuser transition
scheme are adopted, which leads to an interference limited environment. Under such
strict environments, coordinated multipoint.(CoMP) transmission and reception and
multiple input multiple output (MIMO) systems are developed and proposed as two key
techniques to achieve advanced performance requirements. In this thesis, we consider
uplink CoMP (UL CoMP) assisted with multiple antennas as our system model.
According to the potential for system performance improvement, we focus on the case
called centralized UL CoMP which can provide full information exchange between BSs
and support joint processing at CU. Based on this structure, two associated transceiver
schemes are proposed to achieve improved system performance.

Our fist proposed centralized UL CoMP transceiver is developed in Chapter 3
through introducing the idea of interference alignment (IA), a recently emerged
interference mitigation technique. The algorithm includes precoders at UEs and a joint
decoder at CU followed by the processing of a linear MMSE receiver, and is iterative in
nature. Two popular iterative 1A algorithms for K-user interference channels, Min
Leakage-l1A and Max SINR-1A[9], [12], are adopted as the candidates in our UL CoMP

transceiver design. The UL CoMP transceiver schemes which incorporate Min
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Leakage-1A and Max SINR-IA are called Min Leakage-UL CoMP and Max SINR-UL
CoMP, respectively. The preliminary evaluation demonstrate that Max SINR-UL CoMP
preserves a good compromise between interference and received power of desired
signal and can attain better sum-rate performance. Thus, we propose a transceiver
scheme, called “IA aided UL CoMP”, which can benefit from Max SINR-1A and reach
a good balance between the SINRs at the decoder output to maintain the desired system
performance.

In Chapter 4, our second proposed centralized UL CoMP transceiver, called
“Channel condition enhanced UL CoMP”, is introduced. As the transceiver design in 1A
aided UL CoMP, the second proposed method also includes an iterative algorithm in
which precdoers in UEs and a joint decoder at CU are involved. A linear MMSE
receiver is employed as well. The basic concept of Channel condition enhanced UL
CoMP is to convert the original channel into a more tractable effective channel by
enhancing the effective channel ‘condition. It is-well known that the effective channel
matrix in a good condition must have small condition number and large singular values.
Therefore, we develop an algorithm that attempts to minimize the condition number
and maximize the singular values of the effective channel matrix at the same time by
maximizing the product of singular values iteratively. In the second proposed method,
UL-DL duality is also exploited as a key property.

The analysis of complexity shows that more computations are needed per iteration
in our two proposed methods compared with MMSE UL CoMP [10]. However, the
numerical simulations demonstrate that the proposed IA aided UL CoMP and the
proposed Channel condition enhanced UL CoMP substantially outperform MMSE UL
CoMP in convergence performance, because the co-work of decoder and precoders
facilitates the formation of a well-conditioned effective channel matrix. In addition to

the findings above, the simulation results also confirm that compared with MMSE UL
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CoMP, the proposed two methods can achieve superior sum-rate performance, provide
robustness to the initial values in the iterative procedures, and lead to much fairer
results, within few iterations, like 10 iterations.

In the end of the thesis, some possible research directions related to our work are
provided as the potential future works. First, based on the results of the numerical
simulations, we can find that the proposed Channel condition enhanced UL CoMP
exhibits the best convergence behavior, while achieving the worse sum-rate
performance after convergence compared to the proposed IA aided UL CoMP. Hence,
an Adaptive UL CoMP scheme can be constructed by combining the two proposed
methods to attain a superior converge behavior and sum-rate performance at the same
time. The idea can be verified by the preliminary evaluations provided in Figure 5-1
and Figure 5-2 in which the proposed Channel condition enhanced UL CoMP is
executed when the number of “iterations .is less than 20 to accelerate the rate of
convergence, then the proposed A aided UL CoMP is adopted to achieve better
sum-rate performance. So we believe a further advantage can be achieved by
combining the proposed Channel condition enhanced UL CoMP and the proposed IA
aided UL CoMP. Besides, a robust UL CoMP transceiver design considering channel
estimation error is of interest in practical cellular systems because the impact of
channel estimation error is inevitable. Next, the issue of power allocation has not been
addressed in our work. If we want to further improve the sum-rate performance of the
system, a transceiver design incorporating a proper power allocation should be
considered. Another issue worth attention is weighted sum-rate maximization which
introduces priority between wusers. Last but not least, to conduct -efficient
communication in response to channel variation, UL CoMP transceiver design

incorporating a mechanism to choose a proper number of transmit layers is desired.
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