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Abstract

The interference from other cells, which severely degrades the system
performance, is a<eritical factor ‘in modern: wireless cellular communication systems
and should be carefully ' managed. To tackle this problem, a new coordinated multipoint
(CoMP) transmission and reception technique-is proposed by the 3GPP in the LTE-A
system. In this thesis, we attempt to incorporate interference alignment (IA) into uplink
CoMP systems to improve the sum-rate performance. To boost convergence rate, we
further propose two efficient IA aided transceiver designs for the uplink CoMP systems.
One is the block QR decomposition (BQRD) aided IA that incorporates the concept of
successive interference (SIC). The other is the two-stage A that optimizes the structure
of the effective channel and employs power loading. From simulation results, the
proposed algorithms exhibit better convergence behavior and have comparable
performance to the max-SINR IA. Requiring only a small number of iterations to

converge, the proposed algorithms are suitable to practical applications.
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Chapter 1

Introduction

Due to high user density in mobile communications, interference has become one
of the obstacles in wireless communications..In addition, the demand for higher data
rate and more reliable link quality make -interference management a critical issue in
next generation mobile communication networks. To. provide more users with more
reliable service, the next generation mobile communication standard, Long Term
Evolution (LTE);is developed by the Third Generation Partnership Project (3GPP). To
pursue the requirements for LTE-Advanced (LTE-A) [3-4], advanced techniques were
developed, such as enhanced multiple-input multiple-output (MIMO) and coordinated
multipoint (CoMP), etc.

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) [5]. Due to the cooperation between points, it is expected that CoMP
can have a better ability of inter-cell interference (ICI) alleviation and link quality
enhancement. CoMP has been adopted in practical cellular systems as a tool to improve
cell coverage and cell edge throughput. In terms of the capability of backhaul, CoMP
can be classified into full cooperation CoMP and partial cooperation CoMP [6].
Exchanges of full information including full channel state information (CSI) and full

data information are allowed in full cooperation CoMP with less backhaul constraints.
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Centralized CoMP which can provide joint transmission or reception is one of the
examples of the full cooperation CoMP [3-4]. On the other hand, partial cooperation
exchanges partial data and CSI. For this type of CoMP, distributed CoMP and
coordinated scheduling are two typical approaches [3-4].

For the ability to exploit spatial degrees of freedom (DoFs), MIMO provides
transmission diversity, linear capacity growth, and throughput improvement in wireless
communications. A large number of research works have been done on the applications
of MIMO in cellular systems. Using MIMO in multi-user systems inevitably increases
the interference level for each user, so there.is.a need to develop methods for mitigating
inter-user interference [7]. Recently, a technique (i.e., interference alignment (IA)) is
suggested to break the DoFs limitation in K-user MIMO interference channels, so each
user can enjoy half the capacity of the interference free case [8-9]. The principle of 1A
is to suppress interference received at each receiver onto a lower dimensional subspace,
so desired signals.can be transmitted on interference free subspace to maximize the
sum-rate of networks. However, it has no closed-form IA solutions in multi-user MIMO
systems with more than three users so far. Therefore, iterative approaches based on
reciprocity have been employed to-alternately search the best IA solutions. In 2011, the
work by S.A. Jafar et al. [9] proposed two iterative algorithms (i.e., minimum leakage,
maximum SINR). The iterative procedure is expected to converge and generate a nearly
optimal solution.

In this thesis, we attempt to incorporate IA into CoMP systems to explore the
potential of improving overall system capacity in multi-user MIMO systems. Uplink
centralized CoMP receptions are considered because CSI, a critical factor in employing
IA, is available at the base station (BS) without the need of resource-consuming
feedback, and the user equipments (UEs) need no modifications to support IA in uplink

CoMP systems. After the investigation of the potential of the max-SINR IA to improve
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the system performance, it is found that numerous iterations are required to obtain the
nearly optimal solution, which renders IA difficult to implement. Furthermore, certain
research works are dedicated to implementation-level considerations and challenges in
applying IA techniques to existing cellular networks recently [10]-[12]. As a remedy,
two new IA aided transceiver designs are proposed. One is to use the block QR
decomposition (BQRD) to eliminate the interdependency of precoders among UEs
through the successive interference cancellation (SIC) technique. Due to interference
pre-subtraction, it is expected that the proposed BQRD aided IA has a faster
convergence rate. The other one, called the “‘two-stage IA”, is to directly optimize the
structure of the effective channel'and employ power loading. Different from previous
numerical methods (€.g:, the max-SINR IA algorithm proposed in Section 3.3.2), it is
expected that the two-stage IA converges more quickly because the two-stage IA aims
to get the characteristic of the effective channel in convergence.

The organization of this thesis is as follows. The classification of CoMP,
mathematical system model of centralized uplink CoMP, and introduction of IA in the
K-user interference channels are illustrated in Chapter 2. In Chapter 3, the definition of
DoFs and incorporation of‘two popular IA-algorithms (i.e., minimum leakage and
maximum SINR in [9]) are shown. To boost the convergence rate, two 1A algorithms,
which employ the idea of the SIC and channel diagonalization are proposed in Chapter
4. In the same chapter, complexity analysis of the two proposed IA algorithms and
max-SINR IA is provided to convince that the proposed algorithms are more suitable to
practical applications. Finally, summary of this thesis and several potential future works

are given in Chapter 5.



Chapter 2

System Model

The rapid growth of mobile data traffic and the demand for better link quality lead
to the evolution of mobile wireless communication systems. For achieving higher
spectrum efficiency,3GPP adoptedr many advanced. techniques such as enhanced
MIMO and CoMP in LTE-A: "By coordination between points (BSs or remote radio
heads (RRHs)), CoMP improves cell coverage and cell edge throughput in LTE-A [3-4].
In this thesis, uplink CoMP assisted with multiple antennas is considered as system
model.

Due to highertand higher user density, interference has become one of the
obstacles in wireless communications.-To-tackle this problem, CoMP, which reduces
the amount of interference in the coordination set by managing interference between
cells, is considered. Over the past few decades, interference management has been
discussed. Many researches are based on orthogonalization in time, frequency and code
domain. For more aggressively mitigating interference, IA is adopted. IA is an
advanced technique first proposed in the K-user systems. The basic idea of IA is to
suppress interference received by each receiver onto a lower dimension subspace by
coordination, so there are more DoFs to decode desired signal.

The organization of this chapter is as follows: Classification of CoMP

transmission and reception is first shown in Section 2.1. In Section 2.2, centralized
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uplink CoMP system model is presented. Section 2.3 provides the basic concept of TA.

Finally, Section 2.4 summaries this chapter.

2.1 Coordinated Multipoint (CoMP)

Transmission and Reception in LTE-A

CoMP transmission and reception is considered for LTE-A as a tool to improve
cell coverage, cell-edge throughput, and system efficiency. In CoMP operation,
multiple points coordinate with each other by transmitting signal to other points
through backhaul in some coordinated groups. By different kinds of coordination
schemes, coordinating points_do not incur severe interference or can even exploit
interference as meaningful signals.

Both uplink and downlink CoMP scenarios can be categorized into four agreed
development scenarios in 3GPP [5]:

Scenario 1:  As illustrated in Figure 2—1, scenario 1 is the homogeneous network
with intrasite CoMP which coordinates between sectors controlled by the same BS,

where no backhaul is needed.

3 3 ﬁ eNB
'g'%t% D Coordination Area

A

Figure 2—1: CoMP scenario 1 [5].

Scenario 2:  As illustrated in Figure 2-2, scenario 2 is the homogeneous network

with high transmit power RRHs, where coordination is between cells belonging to
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different radio sites.

g High Tx Power RRH
— Optical Fiber

Figure 2-2: CoMP scenario 2 [5].

Scenario 3/4: As illustrated in Figure 2—3, scenario 3/4 is the network with low
power RRHs within the.macrocell coverage, where the transmission points (TPs) or
reception points (RPs) ereated by the RRHs have different/same cell IDs as the macro

cell.

- N

ﬁ Low Tx Power RRH
(Omni-Antenna)

Optical Fiber

Figure 2-3: CoMP scenario 3/4 [5].

Centralized CoMP is a typical approach to do joint processing controlled by a CU
which can be one of the TPs/RPs for downlink/uplink transmissions [6]. The CSI
and/or the data information of various links are available in the CU via backhaul;
however, it makes tremendous requirement for high speed backhaul with limited

capacity. Contrary to the centralized processing, another approach which exchanges



partial CSI and/or partial data information [6], called distributed CoMP, reduces the
burden on backhaul by partial processing.
In general, downlink CoMP transmission schemes are classified as follows [3-4]:
1. Joint transmission: As depicted in Figure 2—4, each data stream is transmitted from
multiple TPs at the same time to do coherent or non-coherent combining. This helps
improving performance of cell-edge users by converting interference signals into

meaningful signals.

Figure 2-4: Joint transmission in downlink CoMP transmission.

2. Dynamic cell selection: As depicted in Figure 2-5, the signal for a given user is
transmitted from a TP within the coordinated group, where the selection of the

transmitted signal dynamically changes based on scheduling.

Figure 2-5: Dynamic cell selection in downlink CoMP transmission.

3. Coordinated scheduling/beamforming: As depicted in Figure 2-6, transmit
beamforming for each user based on CSI feedback is generated to reduce the

interference to other users scheduled within the coordinated group.
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Figure 2—6: Coordinated scheduling/beamforming in downlink CoMP transmission.

On the other hand, uplink CoMP reception schemes are classified as follows [3-4]:
1. Interference rejection combining: Asshown in Figure 2—-7, the receive weights are
generated under different criteria such as minimum mean square error (MMSE) or

zero forcing (ZF) at the CU.

Figure 2-7: Interference rejection combining in uplink CoMP reception.

2. Coordinated scheduling: As shown in Figure 2—8, only one user transmits at a time
based on coordinated scheduling among cells, and maximum ratio combining

(MRC) is typically used.

Figure 2-8: Coordinated scheduling in uplink CoMP reception.
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In spite of the better performance of CoMP, there are still some challenges of
practical CoMP implementations in existing/future wireless communications. Some
resources need to be reserved for the legacy users that are compliant with the earlier
specifications without supporting CoMP. Besides, the cooperation performance is
sensitive to the estimation and quantization errors in information exchange because of
constrained backhaul. Furthermore, the implementation cost grows with the
coordinated group size due to increased synchronization difficulties and signaling
overhead, higher processing complexity,-and demand for backhaul mechanisms, and so
on.

In this thesis, the CoMP scenario 3/4 is considered for the purpose of providing
reliable service inthigh user density areas. To have better performance, the centralized
cooperation with ‘interference rejection combining is also included due to better

interference mitigating ability and higher system efficiency.

2.2 Uplink CoMP System Model

In this section, the mathematical system model of centralized uplink CoMP
involving multi-cell multi-user MIMO infrastructure is introduced; the basic structure

of the associated transceiver design in this thesis is also presented in detail.

As shown in Figure 2-9, the uplink CoMP system involves M BSs (M cells) each
equipped with N antennas, and each BS connects up to P UEs each equipped with N;

antennas. The transmitted signal vector of the gth UE in the /th cell is described by

X1 )pag e O (E{X(z—l)P+ng_1)p+q} =1 d(mpﬂ,)’ which is processed by the precoding

Nixd;

matrix V(l_l) pig € C "¢ before transmission; d; is the number of transmitted layers



belonging to ith UE. The channel matrix between the mth BS and the gth UE in the /th

cellis denoted as H? , € C"*", whose elements are modeled as i.i.d. complex Gaussian
random variables with distribution CN(0,1) for serving links (m = /), and CN(0,¢) for

coordinating links (m = [) [13]. The received signal at the mth BS is expressed as

H

M=

y, = Vx, +z,, (2.1)

m,l

~
1l
—_

where the aggregated precoding matrix at the /th cell is denoted as

v, = diag(V, Vv

(1-1)ps P)e CNP4": the aggregated transmitted signal at the /th

[-1)P+12"" ">

cell is denoted as x,=[(X(,_l)p+l)T,(XU_I)M)T,---,(X(,_I)M)TTeC””’“‘. The channel matrix
between the mth. BS “and all UEs in. the /th «cell is denoted as

H,, = [H‘

m,l 2

H’ --,HZJ e € " and the noise vector at:the mth BS is denoted as

m,l >

z, € C"' with distribution CN(ONN,NOI N ) Therefore, the total dimension of the

transmission system is d, = ZZT d,. The transmit power of each UE is restricted to

2

¥

b UPW

Py, 1e. HV X

(1-1)P+q~(I-1)P+q

In centralized CoMP, the cooperation is available among BSs and RRHs. The

received signal from all the BSs and RRHs collected by the CU is denoted as

Yeor = HVX + 2, (2.2)
where x=[x/,x],....x " eC™ is the aggregated transmitted signal vector,
V=diag(V1 yeers Vo ) e CNPMxh is the aggregated precoding matrix,
H= [[Hu,. N h ]T ye .,[HM’I,. s Hy, ]TJT e CYM MMM s the aggregated channel
matrix, and z =[z/,z},...,z}, ] e C"""" is the aggregated noise vector. With full BS

cooperation and interference rejection combining, uplink CoMP is transformed into a
multiple access channel (MAC) like system [12]. For further utilizing available DoFs to
mitigate interference efficiently, the received signal processed through a decoder
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U e C"" before equalizing yields

Y = Uy =U'HVx+U"z=H ;x+Z (2.3)

With precoding and decoding, the equivalent channel matrix is denoted as:

H_ =U"HV. (2.4)

Finally, the CU processes the received signal as follows:

x=F"y, =F'H x+F"%Z, (2.5)

where %eC“™ is the estimated .signal sby interference rejection combining, and

F e C*" is MMSE equalizing matrix as follows;
F' =(H4H, + N1, ) HE. (2.6)

The achievable sum-rate of all layers in the UL CoMP systems [14] is considered as the

performance index and defined as

R .= i[logz (1+=SINR,, )], (2.7)

d=1
where SINRy is the signal to interference-plus-noise ratio (SINR) measured at the

output of equalizer corresponding to €ach layer, expressed as
H H
() iy 1) 5

(F)° (Z HY) (1Y) + NOIN,MJFW

I#d

SINR , =

(2.8)

In this thesis, we consider closed loop uplink CoMP communication system
which provides better system performance while additional signaling and complexity
are needed. That is, after evaluating precoder, decoder and equalizer set under
predefined criterion, each precoding matrix is transmitted to corresponding UE. In
addition, perfect channel estimation, perfect power control, and negligible timing

advanced are assumed as well.
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Figure 2-9: Illustration of centralized IA aided uplink CoMP system model.

2.3 Interference Alignment in K-User Systems

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 onto some limited subspace, so
the interference can be separated from the desired signal with sufficient DoFs. The
DoFs can be provided by multiple antennas, frequency, time, or phase; the one
provided by multiple-antenna is most commonly-adopted. IA starts with an arbitrary
precoder which induces 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 UEs to attain interference alignment. Thus IA is
more suitable for time division duplex systems and the case with constant channels.

As depicted in Figure 2—-10, in the K-user interference channel model, there are
totally K BSs and K UEs, each BS serves a single UE, i.e. P=1. The transmitted

signal x, from UE in the kth cell is intended for the kth BS. Each BS processes its

own received signal as follows:
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K
Y kouser = UkH ZHk,llel + UkHZk > (2.9)

I=1

K
ﬁk,K—user = FkHUkHZHk,lVIXl + FkHUkHZk ) (2.10)

I=1
where U, eC"*% | V, eC"% and F, eC*““ represent the decoding matrix,
precoding matrix and equalizing matrix, respectively.

For the K-user interference channel, IA has been proved to be a capacity
achieving approach which aligns the interference onto some limited subspace, so there
would be some residual DoFs for the desired signal. The design criterion of optimal 1A

is given as follows [8-9] (taking Ath BS for example):

Ul'Hy V= 0,V #k (2.11)
rank (U['H, .V, )=d,. (2.12)

The interferenceris aligned onto the null space of the deecoding matrix U, (for
k=12,...,K) whose columns are the basis of the interference-free desired signal
subspace at the kth BS. Therefore, the desired signal can be separated while the

interference is completely eliminated by TA technique. Equation (2.11) is a set of
bilinear equations of the interdependent unknown precoders and decoders. Furthermore,
solutions for equation (2.12) exist if the MIMO channel is sufficiently random and the

number of equations is larger or equal to the number of free variables of the equivalent
channel matrix, H , = UkH H,V, for k=12..,K. A challenging issue of

feasibility has been raised as to whether a system admits optimal IA or not [22].
Unfortunately, there appear to be no closed-form IA solutions in multi-user
MIMO systems with more than three users. Therefore, iterative approaches based on

duality between uplink and downlink transmissions have been employed to
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alternatively search the best IA solutions in multi-user systems. Several popular
iterative IA algorithms are developed in the K-user interfering MIMO channels such as
minimum leakage [9], maximum SINR [9], maximum sum-rate [17], and alternating

minimization [19].
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Figure 2-10: Illustration of IAin K-user interference channel.

2.4 Summary

In this chapter, the coneept of CoMP is  introduced, which includes the
classification of uplink and downlink CoMP [3-4] and the scenarios defined in [5].
Then, the centralized uplink CoMP system adopted in this thesis is presented, and its
system architecture and mathematical formulation are introduced. For dealing with
such an interference-limited wireless network, a technique recently proposed in the
K-user systems (i.e., interference alignment) is discussed. Due to the difficulty in
searching the optimal IA solutions, some popular iterative approaches for IA have been

developed by exploiting the duality between the uplink and downlink transmissions.
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Chapter 3

Interference Alignment (IA) Aided
Transceiver Design in Uplink CoMP
Systems

The interference from —other cells,~ which severely degrades the system
performance, is a critical factor in modern wireless cellular communication systems
and should be carefully managed. In such scenarios, the transeceiver design based on
centralized cooperation is a critical issue: To tackle this problem, a promising technique,
CoMP transmission and reception, 1s developed.

In this section, the potential of the uplink-CoMP systems and IA is first discussed.
Due to the desire for providing more DoFs in centralized uplink CoMP systems, the
suitability of incorporating IA into the considered centralized uplink CoMP systems is
first presented. Then, the optimal TA is adopted into the considered systems; since the
irregular feasibility of the optimal IA, two iterative IA algorithms (i.e., max-SINR and
min-leakage) are alternatively adopted. Finally, the performance of this two iterative
algorithms is evaluated.

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, the

detailed definition of DoFs is presented; then, the DoFs of some communication
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systems are also discussed. After the investigation in Section 3.2, the incorporation of
IA in UL CoMP systems based on two popular iterative IA algorithms is introduced in
Section 3.3; then, the performance of the two algorithms is evaluated. Finally, this

chapter is summarized in Section 3.4.

3.1 Motivation

To achieve higher system capacity in an interference limited communication
environment, many techniques are developed to cope with interference. Uplink CoMP
is one of the techniques that aim to manage the interference caused by the UEs in other
cells. However, the DoFs that ¢an be provided by the centralized uplink CoMP systems
are not fully obtained yet.

In the K-user MIMO interference channel, a recently proposed technique (i.e., [A)
is suggesting to break the DoFs limitation, so each user /can enjoy half the capacity of
the interference free case [7]. From numerous researches, the ability of 1A to break the
DoFs limitation 1s also discussed under different interference channel models.
Furthermore, certain research works are dedicated to implementation-level
considerations and challenges ‘in applying IA techniques to existing cellular networks
recently [10]-[12]. Due to the similar capability of uplink CoMP and IA, IA is adopted
to the considered centralized uplink CoMP systems for providing more DoFs in the

centralized uplink CoMP systems.

3.2 Degrees of Freedom
In this section, the definition of DoFs is first introduced. Then, the DoFs of
different interference channel models are presented to claim the potential of IA and the

centralized uplink CoMP systems. From the definition in [7], the number of DoFs
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represents the rate of growth of network capacity with the log of the signal to noise
ratio (SNR) theoretically. If C( p) is denoted as the sum capacity with SNR p, then

the number of DoFs 7 is defined as

tim ) 3.1)
o= log, (p)
which is also equivalent to
C(p)=nlog, (,o)+o(log2 (,0)), (3.2)

where the o(log2 (p)) term becomes negligible .in comparison with log, (p) at

high SNR. Therefore, the number of DoFs is also called the “pre-log factor”. From the

signal processing perspective, the-DoFs can-also represent interference free links per

channel-use. In the following paragraphs, the DoFs of point-to-point MIMO channel,

MAC channel, K-user interference channel, and K-user ‘interference channel with full

cooperation at the'receiver side; are derived.

1. Point-to-point MIMO channel: The point-to-point MIMO channel shown in
Figure 3-1 is considered, where the receiver and the transmitter are equipped with
M and N antennas, respectively. The maximum number of interference free links

of the point-to-point MIMO channel can be the rank of the channel

(i.e., min (M N )) In addition, the maximum number of the DoFs is achieved by

the subchannel decomposition [7].

Precoder Decoder
LY -
A% Y e Y_ U
N M

Figure 3—1: Illustration of point-to-point MIMO channel.

-17 -



MAC channel: Consider the MAC channel, comprised of K transmitters and one
receiver. As shown in Figure 3-2, the receiver and each transmitter are equipped
with M and N antennas, respectively. From the transmitter perspective, the number
of transmitted layers of each transmitter cannot be larger than the number of
transmit antennas. On the other hand, from the receiver perspective, the number of

received layers cannot be larger than the number of receive antennas. To satisfy

the above two constraints, the maximum number of the DoFs is min (M , NK )

Precoder Decoder
)| O 4 YT
X SirY v
7 |
&y 1LY Y Y |
A== Y _ U
Vi | v 2 va
N M 4

Figure 3-2: lllustration of MAC channel.

K-user interference 'channel: Consider the K-user interference channel,
comprised of K transmitters -and K receivers. As shown in Figure 3-3, each

receiver and transmitter are equipped with M and N antennas, respectively. The

number of interference free channels is only min (M ,N ) (the number of DoFs is

min (M ,N )) by orthogonalization in the time, frequency, or code domain to avoid

multi-user interference. However, if spatial DoFs are used to mitigate interference,

the number of DoFs could be %min (M ,N ) asymptotically by IA [8].
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Figure 3-3: Illustration of K-user interference channel.

K-user interference channel with full cooperation at the receiver side: The

K-user interference channel shown in Figure 3-3 is considered. Due to the full

cooperation at the receiver side, the channel model could be viewed as a

MAC-like channel model, which is shown.in Figure 3—4. From the result of the

MAC channel, the number-of DoFs is .min (MK ,INK )

| K-User Interference Channel I
Precoder, decoder Precoder,
 — |
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NG eI M "N
_Y ‘,"(\ r’\“s i _Y
vy | 952 RN pr A d I Ve | ¥
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. ,".‘\\ \\\ p
LY -4 T Yl i (o
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Full Receiver Cooperation

MAC-Like Channel

Decoder

e

S

U

Figure 3—4: Illustration of equivalence between K-user channel with full cooperation at

the receiver side and MAC-like channel.

From the above derivations, it can be seen that more DoFs could be provided by

the incorporation of IA. Besides, because of the ability to utilize inter-cell interference,

full cooperation at the receiver side (which is equivalent to the considered centralized

uplink CoMP system) provides more DoFs. In the next section, we attempt to provide

more DoFs based on the considered system to enhance the system performance.
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3.3 Incorporation of Interference Alignment in

Uplink CoMP Systems

For providing more DoFs to create more reliable links, IA is incorporated into the
considered centralized uplink CoMP systems. IA can be adopted in either uplink CoMP
systems or downlink CoMP systems to enhance the suppression of multi-user
interference. As shown in Figure 3-5 (single cell is depicted for concise presentation),
to employ IA in the uplink CoMP systems, the system should operate as depicted in

Table 3-1.

Table 3-1: An information exchange procedure of UL CoMP systems with IA techniques

Step 1: The BSs forward estimated CSI to the CU, and the CU evaluates
corresponding decoder and precoders.
Step 2: The BSs feed the precoder back to each UE.

Step 3: The UEs start to transmit signals.

©

Precoder and Decoder “re,,
Evaluation

Figure 3-5: Illustration of information exchange procedure of UL CoMP systems with

IA techniques.

Alternatively, as shown in Figure 3—6 (single cell is depicted for concise presentation),
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to employ IA in the downlink CoMP systems, the system should operate as depicted in

Table 3-2.

Table 3-2: An information exchange procedure of DL CoMP systems with IA techniques

Step 1: The UEs feed estimated CSI back to the BSs
Step 2: The BSs forward received CSI to the CU, and the CU evaluates
corresponding decoders and precoder.

Step 3: The BSs feed the decoder back to each UE.

Step 4: The BSs start to transmit signals:

Q

Precoder and Decoder
Evaluation

<
o e e i i j’&/"
L

&

Figure 3-6: Illustration.of information exchange procedure of DL CoMP systems with

IA techniques.

Compared to the downlink CoMP systems, CSI feedback is not required in the
uplink CoMP systems, and there is no modifications to the UEs. In this thesis, the
uplink CoMP system is considered.

We here introduce the IA techniques into the interference channel model of
cellular networks in the uplink CoMP scenario 3/4 involving intersite coordination
between different RPs such as BSs/RRHs (i.e., the system model shown in Section 2.2),

which is illustrated in Figure 3-7.
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Optical Fiber

eNodeB

Figure 3-7: Centralized CoMP systems in heterogeneous networks.

Taking the advantages of the backhaul resource and centralized joint processing at
the CU, more DoFs could be exploited for recovering the desired signals. Further, IA
techniques can be incorporated to further improve the overall system throughput.
According to the considered-system model, the optimal design criterion of IA in the

uplink CoMP systems can be described as follows [8-9]:

~ H
({U}Zk“”k ) HV, =0, ., VI=k (3.3)
Gy )
rank ({U}&k:f) H,V, |=d,,Vk, (3.4)
where H, =[H|,H,,,...;H; ]’ € """ and the location index of decoding vector

corresponding to the dth layer belonging to the Ath UE within U is denoted as
c?k’ 4 :Z,}: d,+d. The main difference between IA in the K-user interference

channel and IA in the centralized CoMP system is that the latter incorporates full
cooperation between BSs for computing the decoder at the CU. Because the optimal
design criterion would not be feasible, two iterative algorithms proposed in [9],

min-leakage and max-SINR, are adopted.
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3.3.1 Min-Leakage IA in Uplink CoMP Systems

In this section, the minimum leakage IA algorithm in the K-user interference
channel is modified and adopted into the considered system model. The minimum

leakage algorithm in [9] can be reformulated as:

(U,V,,...,V,,)=arg mlnV I, (3.5)

U.vi,

where /i is the leakage of the kth UE at the output of the decoder, described as
i\ i
::tr[({IJ}@J o, Uy ], (3.6)

=STH V() ] (3.7)

I=k

kdk

Then, the optimal decoding matrix corresponding to ith UE {U} minimizing /k

can be formulated as

{u)” <cig(Q..4,). (3.8)

where eig(X,i) denotes the function of selecting eigenvectors corresponding to the
Ist to ith smallest eigenvalues of X. To evaluate theprecoding matrix V, for the kth

UE, Ik is reformulated by channel reciprocity [10] as follows:
H
1, =te((V,) BV, ), (3.9)

where

B, => H/UU'H,. (3.10)

I=k

The optimal decoding matrix V, minimizing /i can be formulated as
V, = reig(Q,.d, ), (3.11)

where k is chosen to satisfy tr (VkaH ) = Fpy-
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The iterative procedure is summarized in Table 3-3. In this thesis, the algorithm

provided in this section is denoted as the “min-leakage [A”.

Table 3-3: A procedure for min-leakage IA in UL CoMP systems

Initialization: Set an initial value for decoding matrix U; we suggest adopting

partial FFT matrix as the initial point for faster convergence.
Step 1: Compute the precoders Vi, i=1,...,MP according to (3.11).
Step 2: Compute the decoder U according to (3.8).
Step 3: Go back to Step 1 till the constrainedateration. number is achieved.

Step 4: Evaluatethe equalizer-and the achievable sum-rate according to (2.6) and

Q2.7).

3.3.2 Max-SINR TA in Uplink CoMP Systems

The maximum SINR IA algorithm in the K-user interference channel is modified
and adopted into the considered-system model-in this section. The maximum SINR

algorithm in [9] can be reformulated as:

(U,V,,...,V,,)=arg_max ~,,, (3.12)

U V,,...Vyp

where «, , is the SINR of the dth layer belonging to the kth UE at the output of the
decoder, described as
~ H H ~
(U(d“)) HkVIEd)(VIEd)) HkHU(dk,d)

(UW)H B, U/

Vea = , (3.13)

H
B,,= > HV"(V") H +NL,,. (3.14)



(9.a)

Then, the optimal decoding vector U maximizing 7, , canbe formulated as

U(JM) — (Bk,d )71 HkV/Ed)/H<Bk,d )71 HkVIEd) 7

(3.15)

To evaluate the precoding vector V,E”” for the dth layer at the kth UE, ~,, is

reformulated by channel reciprocity [10] as follows:

H ~ ~ H
(Vi) mpute (Ut ) B v

Via = . , (3.16)
(Vi) B,V
where
B ,= > H/UU'H_+N]I,. (3.17)
i=Li=dy 4
The optimal decoding vector ,Ed) maximizing 7, , canbeformulated as
[ ’ UPW /H kd HH dkd) ](ﬁk’d >_1 Hi-lU(l;Ad) (318)

The iterative procedure is summarized in Table 3-1. In this thesis, the algorithm

provided in this section is denoted as the “max-SINR IA”.

Table 3-4: A procedure for max-SINR IA in UL CoMP systems

Initialization: Set an initial value for decoding matrix U; we suggest adopting

partial FFT matrix as the initial point for faster convergence.
Step 1: Compute the precoders Vi, i=1,....MP according to (3.18).
Step 2: Compute the decoder U according to (3.15).
Step 3: Go back to Step 1 till the constrained iteration number is achieved.

Step 4: Evaluate the equalizer and the achievable sum-rate according to (2.6) and

@2.7).
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3.4 Computer Simulations

The convergence behavior and sum-rate performance evaluations are presented for
the comparison between the uplink CoMP transceiver scheme assisted with and without
IA. In the following simulation results, “min-Leakage [A” and “max-SINR IA”
represents the algorithms shown in Section 3.3.1 and Section 3.3.2. The achievable
sum-rate is calculated based on (2.7) because a linear MMSE receiver is adopted in our
work. In this thesis, “CoMP without IA” represents the approach that the precoder of
each UE is formed by columns of identity matrix, and the received signal is directly
equalized without the aid of the decoder. “Sum-Rate Ratio” is defined as the maximum
eventual sum-rate with. 4 x 10" iterations divided by the sum-rate with corresponding
iterations to show the convergent behavior ( if the sum-rate ratio is closer to 1, the
algorithm performs better). The-channel matricesare set by & = 0.4 in all simulations

in this thesis [13]. The simulation parameters chosen in this section are listed in Table

3-5.
Table 3-5: Simulation parameters
Parameter Value
Channel 1.1.d. Rayleigh fading channel
Number of BSs (M) 3
Number of UEs Per Cell (P) 1
Number of transmit antennas (V) 4
Number of receive antennas (N;) 2
Number of transmitted signal layers (d:) 2
Number of channel realizations 100

Firstly, the convergence behavior is shown in Figure 3-8. As shown, the min-leakage

-26 -



IA algorithm has superior convergence rate in comparison with the max-SINR [A
algorithm; however, the min-leakage IA algorithm converges to bad performance. From
the observation, the max-SINR IA algorithm has nearly no sum-rate enhancement with
more than 4 x 10" iterations. Therefore, the convergence condition is defined to be with

a slight 3% sum-rate degradation compared with the sum-rate with 4 x 10" iterations.

Secondly, the average achievable sum-rates of different algorithms in convergence are
shown in Figure 3-9. The results are observed as follows. Because the min-leakage [A
algorithm only tries to suppress interference, desired signals might be suppressed
simultaneously. The min-leakage 1A algorithm performs worse than the max-SINR [A
algorithm and the CoMP without TA. With enough iterations (8000 iterations), the
max-SINR IA algorithm has superior performance in the comparison with the CoMP
without IA; howewver, with insufficient iterations, the max-SINR IA performs nearly the

same as the CoMP without [A.

From the above simulation results, incorporating 1A into uplink CoMP systems is
shown to achieve the promising performance in mitigating severe interference. However,
tremendous number of iterations are required for better performance. In the next section,

two algorithms will be proposed to boost the convergence rate.
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1.3 — T e
R
k) R
2 R
P RENIEEE
g 12 Tonm 11
£ s RUIE
2 R HHHH : :
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Figure 3-8: Convergence behavior of max-SINR IA and min-leakage IA in UL CoMP

systems with F,,, =30 and 40 dB.
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Figure 3-9: Sum-rate performance of CoMP without IA, max-SINR IA, and

min-leakage IA in uplink CoMP systems with 5 and 8000 iterations.

3.5 Summary

Interference alignment aided uplink CoMP s discussed and evaluated in this
chapter. First, two popular interference alignment algorithms (i:e., min-leakage 1A and
max-SINR TA) [8-9], developed in the K-user interference channel are incorporated in
the uplink CoMP transceiver design. Their sum-rate performance is evaluated, and it is
demonstrated that the max<SINR TA.algorithm-has better sum-rate performance because
of a good compromise between interference and received power of the desired signal.
Hence the max-SINR IA algorithm is regarded as a highly potential interference
mitigation scheme. According to the observation, numerous iterations are required to
guarantee that the max-SINR IA algorithm converges. In the next chapter, two IA
algorithms are proposed to boost the convergence rate of 1A for making 1A easier to be

implemented.
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Chapter 4

Proposed Efficient Interference
Alignment in Uplink CoMP Systems

In Chapter 3, the max-SINR IA algorithm is considered as a candidate for uplink
CoMP. However, it is found that numerous iterations. are required to achieve the
improved sum-rate performance. As a remedy, two new IA aided transceiver designs
are proposed. Oneuis to use the BORD to eliminate the interdependency of precoders
among UEs through the SIC technique. Due to interference pre-subtraction, it is
expected that the proposed BQRD . aided IA has a faster convergence rate. The other
one, called the “two-stage IA”, is to directly ‘optimize the structure of the effective
channel defined in (2.4) and employ power loading. Different from previous numerical
methods (e.g., the max-SINR IA algorithm proposed in Section 3.3.2), it is expected
that the two-stage IA algorithm converges more quickly because the two-stage [A
algorithm aims to get the characteristic of the effective channel in convergence. Due to
the MAC-like nature of uplink CoMP, the iterative procedures of evaluating IA
solutions are developed by exploiting the duality between multiple access and
broadcast channels. [20-21].

The organization of this chapter is shown below. The motivation of the proposed
IA aided UL CoMP transceiver schemes is given in Section 4.1. In Section 4.2, the
proposed BQRD aided IA algorithm and its associated computer simulations are

presented. To further minimize the performance gap at low SNR, a two-stage 1A
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algorithm is proposed to directly optimize the effective channel in Section 4.3. Then,
the computational complexity of the two proposed transceiver schemes is analyzed in
Section 4.4. Numerical simulation results including the convergence behavior and
sum-rate performance are given in Section 4.5 to compare the merits and drawbacks of
the two proposed transceiver schemes. Finally, this chapter is summarized in Section

4.6.

4.1 Motivation

To achieve a higher system capacity in ancinterference limited communication
environment, many technigues have been developed to cope with interference. Uplink
CoMP is one of the techniques-that aim to manage the interference caused by the UEs
in other cells. To obtain the-available DoFs that can be provided by the centralized
uplink CoMP systems, a recently proposed technique (i.e., the max-SINR IA algorithm)
is suggested to provide more DoFs in-Section 3.3.2.

However, numerous iterations are required to guarantee that the max-SINR IA
algorithm converges, which wmakes IA difficult to be implemented. From our
observations, one of the reasons is the interdependency between UEs in multi-cell joint
transmission scenarios. In Section 4.2, the proposed BQRD aided IA algorithm
attempts to eliminate this interdependency to boost the convergence rate. Next, from
the observation of [15], the SINR can be improved through proper power allocation if
the effective channel has the nearly diagonal structure leading to less interference.
Based on this idea, we further propose a two-stage IA algorithm to optimize the

effective channel by mitigating different kinds of interference separately.
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4.2 Proposed Block QR Decomposition Aided TA
Algorithm

In this section, an efficient IA aided transceiver design algorithm for uplink
CoMP systems is proposed to mitigate interference. The BQRD is used to resolve the
interdependency of precoders among user UEs through the SIC technique. To further
improve the efficiency, an additional constraint is employed by a projection operation.
In the following paragraphs, the detailed algorithm is depicted in Section 4.2.1. Then,
some computer simulation are shown to confirm the performance and convergence rate

in Section 4.2.2.

4.2.1 Proposed Algorithm

In this section, a new IA algorithm is proposed to pursue maximum sum-rate with
small number of algorithmic iterations: The optimization problem is formulated as

follows:

max
UV, Ve sum2
subject to [V "= B, I=1,...,MP, (4.1)

A2
HU@ —1, i=1...d.
F

We consider the possibility to reduce iterations if the interdependency between UEs can
be eliminated.

MN, xMPN,

Firstly, performing the BQRD [1] to the channel matrix H & C

produces
H = QR, (4.2)

where Q € C*""™" is an unitary matrix, and R is a N M xN,PM block upper
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triangular matrix partitioned into sub-matrices R ;€ C(N [P so that
RM. = O(N e for i >j. Second, by incorporating (4.2) with (2.8), the corresponding

approximated SINRx« value for each data layer can be evaluated as follows [16]:

~ RV o D) _ metrs
SINR,,, ~ (R,V"] ¢ (R, V)" | = metric, . (4.3)
where R, = {R}W’ and C _ is the interference-plus-noise covariance matrix of
(F-1)N,+1 k.d

t

dth layer belonging to the kth UE as
(m) (m)\"
c, =Y [RV )(Rlvl ) NI (4.4)
(Lm)=(k.d) '
Next, the optimization problem of maximizing the achievable sum-rate can be

approximated by.minimizing —the summation of the reciprocal of individual

In (1 + metrickﬁ d) , expressed as

MP..4,
max R A/ max z:[log2 (1 + metrlck,d)}
k=1 d=1 4.5)
MPdy, MP 4
ZZ[IogZ 1+metric, d) 722[1n<1+metrick dﬂ
= max e ! = mine <! ‘

Then, when the metricks is larger than (e—l) for data decoding, which is often
satisfied in many practical scenarios, the problem in (4.1) can be approximated as

MP 9 1

max R~ mine" “[a'ln(Hmemc‘””) , (4.6)
sum

-3

where o and (3 are constants obtained by MMSE criterion within specific region but the

values are invariant to the optimization problem. Next, the original optimization

solution of (4.1) can be approximated as
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MP 4, 1

arg max R~ arg min g .
'sum .

k=1 d=1 ln(l + metrlckd)

(4.7)

When the algorithm goes from k£ = MP to k=1, on the right-hand side of (4.7),

the first group (k= MP) is affected only by V, ,, and the second group

(k= MP —1) is affected only by V, ., and V

wp_i» €tc. The recursive dependency
is the direct consequence of the block-wise upper triangular structure R. This is
equivalent to the scenario where interference caused by the UE with lower index is
pre-cancelled.

For further improving the sum-rate performance, we attempt to modify the
decoding matrix U .obtained by pursuing. the sum-rate according to (3.15). From the
observation of [15], the sum-rate-could be“improved if the effective channel has the

nearly diagonal structure which leads to less interference: By the following derivation,

the effective channel with the aforementioned structure can be obtained in terms of R:

H —
H, = U'HV = U'QRV = (QHU) RV — TRV, (4.8)
where U and U = Q”U “are.the final decoding matrix and the pre-projected

decoding matrix, respectively. Here the column vectors of U are set to be in the
subspace S spanned by the left singular vectors of R corresponding to the 1st to drth

largest singular values of R. For reducing additional complexity, a matrix

M e CM" M s designed to evaluate U as:
U = MU. (4.9)
To satisfy such constraints, all column vectors of U are further projected into the

subspace S, and M can be expressed as:
M = TT”, (4.10)
where T € C""* is formed by the left singular vectors of R corresponding to the
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Ist to drth largest singular values of R. Finally, the eventual decoding matrix is

reconstructed as
U = QU. (4.11)

The iterative procedure is summarized in Table 4-1. In this thesis, the algorithm
provided in this section is denoted as the “BQRD aided 1A”.

By introducing the BQRD technique, the criterion in (4.1) can be reformulated to
a form similar to the SIC technique in signal detection. It is expected that the algorithm
converges more quickly and has better performance in severely interfering scenarios
due to interference pre-subtraction. We further force the decoding vectors to satisfy the
convergence condition with just one.more step to .project them into the selected
subspace. By appropriately constructing .S, the convergence rate could be significantly

improved with only slight performance degradation.

Table 4=1: A procedure for BORD aided IA in UL CoMP systems

Initialization: Set the decoding matrix U to be part of FFT matrix.
Step 1: Perform the' BQRD to obtain the unitary matrix Q and the block upper

triangular matrix R.

Step 2: Compute the precoders V. from i=MP to 1 according to (3.18) by viewing R

as the channel matrix.

Step 3: Compute the decoder U according to (4.9) by viewing R as the channel
matrix.

Step 4: Go back to step 2 till the constrained iteration time is achieved.

Step 5: Obtain the final decoder U according to (4.11).

Step 6: Evaluate the equalizer and the achievable sum-rate according to (2.6) and

2.7).
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4.2.2 Computer Simulations

This section shows simulations for the convergence behavior and achievable
sum-rate performance of the proposed algorithm and compares the results with
different CoMP algorithms. In the following simulations, “max-SINR IA” and “BQRD
aided IA” stand for the algorithms presented in Section 3.3.2 and Section 4.2.1,
respectively. From observations, both the max-SINR IA and BQRD aided IA have
nearly no improvements with iterations larger than 4 x 10’ Therefore, the
convergence condition is defined at the iterations of 3% degradation compared with the
performance at 4x10" iterations for all ‘simulation cases. The performance are
evaluated in 3 scenarios (i.e. the scenario adopted. in-Section 3.4, typical CoMP
scenario, and large CoMP size-scenario). The simulation parameters chosen for typical

CoMP scenario and large CoMP-size scenario are listed in Table 4-2 and Table 4-3,

respectively.
Table 4-2: Simulation parameters fortypical CoMP scenario
Parameter Value
Channel 1.1.d. Rayleigh fading channel
Number of BSs (M) 3
Number of UEs Per Cell (P) 1
Number of transmit antennas (Ny) 4
Number of receive antennas (N) 4
Number of transmitted signal layers (d:) 3
Number of channel realizations 100
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Table 4-3: Simulation parameters for large CoMP size scenario

Parameter Value
Channel 1.1.d. Rayleigh fading channel
Number of BSs (M) 3
Number of UEs Per Cell (P) 2
Number of transmit antennas (Ny) 4
Number of receive antennas (N;) 8
Number of transmitted signal layers (d:) 3
Number of channel realizations 100

Firstly, the convergence-behavior, shown by the sum-rate ratio, in the scenario
adopted in Section 3.4, typical -CoMP scenario, and large CoMP size scenario is
depicted in Figure 4-1, Figure 4-3, and Figure 4-5, respectively. As shown, the
proposed BQRDraided 1A has superior convergence rate compared with the max
SINR-IA in the three scenarios with different transmit power.

Secondly, the average achievable sum-rate of different algorithms in the scenario
adopted in Section 3.4, typical CoMP scenario, and large CoMP size scenario is shown
in Figure 4-2, Figure 4—4, and Figure 4-6, respectively. The results are observed as
follows. With a few iterations (5 iterations), the proposed BQRD aided IA has better
performance in medium to high transmit power regime. To have better performance, the
max-SINR IA needs much more iterations (8000 iterations) compared to the proposed
algorithm (5 iterations). In convergence, the proposed algorithm only suffers 7.6%
performance degradation because of the adopted approximation; even in interference
dominated scenarios, the proposed algorithm can achieve slight performance

enhancement due to interference pre-subtraction.
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From the simulation results, the proposed algorithm is shown to achieve
promising performance in mitigating severe interference in CoMP scenarios; within
small number of iterations to converge, the proposed BQRD aided IA is applicable to
practical applications. In the next section, we further propose an algorithm that takes
channel diagonalization and power loading into consideration for minimizing the

performance degradation at low SNR.
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Figure 4-1: Convergence behavior of max-SINR TA and BQRD aided IA in UL CoMP

systems with P« =120, 30 and40 dB.

UPW

O
(=]

=O~— Max-SINR IA (8000 iterations) | |
BQRD Aided IA (5 iterations) !
=8 Max-SINR [A (5 iterations)

e}
(=

~J
(=

D
(=

W
(=

Sum-Rate [bps/Hz]

I
(==}

10 15 20 25 30 35 40
Tx Power [dB]

Figure 4-2: Sum-rate performance of BQRD aided IA with 5 iterations and max-SINR

1A with 5 and 8000 iterations in UL CoMP.
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Figure 4-3: Convergence behavior of max-SINR TA and BQRD aided IA in UL CoMP

systems with P =20, 30 and 40 dB" in typical CoMP scenario.
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Figure 4—4: Sum-rate performance of BQRD aided IA with 5 iterations and max-SINR

IA with 5 and 8000 iterations in typical CoMP scenario.
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Figure 4-6: Sum-rate performance of BQRD aided IA with 5 iterations and max-SINR

IA with 5 and 8000 iterations in large CoMP size scenario.
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4.3 Proposed Two-Stage 1A Algorithm

In this section, a new IA algorithm is proposed with the objective to maximize
SINR within small number of algorithmic iterations by exploiting the structure of the
effective channel. As observed in [15], the SINR can be improved through proper power
allocation if the effective channel has the nearly diagonal structure leading to less
interference. Through preserving available DoFs while suppressing interference, a

two-stage approach is proposed to solve the max SINR problem as depicted in (3.12).

At the first stage, compared with the conventional approach, we softly utilize more
DoFs to tackle partial interference-through evaluating the weight of each vector. The

design criterion is to minimize inter-user interference subject to preserving available

N, MxN, M

DoFs. Specifically, to evaluate-the first stage'decoder U '€ C , the interference

and noise power at the output of first stage decoder corresponding to ith UE P is

defined as

By, = t(UH, H) U, |+ o(NU'U, ), (4.12)

int,i 1" intim inti

where H_ = is the associated interference channel for the ith UE, expressed as

=HV,..H V H V H V ] Then, the optimization problem for

inti 117" i—1 =17 T4l i1 T MP T MP

the first stage decoder U, . can be formulated as:

min P_ ,
inti

subject to v} =1 (13)
rank (U, | = N M.

To tackle this problem, the first stage decoder can be decomposed into the product of

basis and weighting matrices as U , = B ‘W, , where B, is a basis matrix and W

Li
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is a diagonal weighting matrix. Then, P . can be expressed as:

g 1 inti~ inti  inti” inti 0 N,_M

P = tr(le'BH (T % Zi T+ Vol )B”W”), (4.14)
where Him = ’I‘m‘izim’iQij is the singular value decomposition (SVD) of Him’i, When

B, , is set to match singular vectors of the interference channel H_ = as

B =T (4.15)

1, inti®

the P can be further expressed as

=t (WS, 20 W ENWIW, ). (4.16)

int,i 1@ inti™ inti

For minimizing P,

. and preserving available DoFs, W, . is set, based on water filling

1

principle allocating more power to the channel with less interference and noise power, as

wmt:s[(z 7 N1 )_1/2,1]. (4.17)

inti" inti 0"N.M
where S(X,p) = (\/; / HXHF)X is denoted "as a scaling function which scales the

Frobenius norm of X to p: Then we.adopt the'same approach to obtain the first stage

precoder V € C"™ by reciprocity property. The interference and noise power at the

output of first stage virtual decoder (as the first stage precoder in forward link) belonging

to the ith UE, denoted as pint,i’ is defined as

B, =tr(V/H, B!V, )+ te(NVV, ), (4.18)

inti 10" inti” inti 1 0 17 14

where ITIW‘Z. i1s the associated interference channel for the ith UE, expressed as

H =H'U . H'U H'U, ., . H'U

i UL HIU Then, the optimization problem

1L,MP }
for the first stage precoder V, corresponding to the ith UE can be formulated as

1,
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min P,
V. inti

subject ‘Eo ‘VLZ. i =
rank (VM> =N

1

Afterwards, the first stage precoder is expressed as V,, = B ,W,,, where B = and

WM. are as follows:

=]
Il

(4.20)

Li int,i?

v‘vl,i:s[(i A )1/2 P ] 4.21)

inti inti 07N, > 7 UPW

where H, =T, X Q. isthe SVDof H, .

inti inti inti

At the second stage, the design criterion is to decouple desired signals to eliminate
intra-user interference. The second stage decoder Uz, and precoder V2, corresponding to

the ith UE are defined as:
d
1 (4.22)

VZ,i - {Qz }dl ) (4.23)

where I:Ii = UfiHiVM is the effective channel after the first stage process, and

H = TlfllQlH is the SVD of fIi with singular values in a descending order from the top.

By the linearity of the two stages, the eventual decoder can be obtained as

U=5(UU,d,) (4.24)

1727

where U=|U U_...U | and U=blkdiag(U, .U, U, ] arc the

1 L1220 120°° Y 1LMP 2127229 Y2 MP
first-stage and the second-stage aggregated decoders, respectively. Equivalently, the

eventual precoder for the ith UE can be expressed as
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V=S(V,V,,, P ) (4.25)

i 1,i  2,i7" UPW
From the above derivation, the decoders and precoders of the first and second
stages are evaluated. Then, the eventual decoders and precoders can be obtained.

Detailed iterative procedure is summarized in Table 4-4.

The proposed two-stage A algorithm directly optimizes the structure of the
effective channel with additional power allocation scheme in each iteration rather than
the max-SINR IA algorithm mentioned in Section 3.3.2. Compared to the max-SINR IA
algorithm, the proposed two-stage 1A algorithm is expected to converge more quickly

and have better performance;

Table4-4: A procedure for.two-stage [A in UL CoMP systems

Initialization: Set an initial value for precoding matrices Vi, we suggest adopting

partial FFT matrix.as the initial point for faster convergence.
Step 1: Compute the first stage decoder Ui, according to (4.15) and (4.17).
Step 2: Compute the first stage precoder V1, according to (4.20) and (4.21).

Step 3: Compute the second decoder Uz; and stage precoder V2, according to

(4.22) and (4.23).

Step 4: Obtain the eventual decoder U and precoders Vi according to (4.24) and

(4.25).
Step S: Go back to step 1 till the constrained iteration number is achieved.

Step 6: Evaluate the equalizer and the achievable sum-rate according to (2.6) and

2.7).
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4.4 Complexity Analysis of Proposed

Interference Alignment Algorithms

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 discuss the computational complexity per iteration or per operation for the
mentioned three IA algorithms ( i.e., the max-SINR IA in Section 3.3.2, the BQRD in
Section 4.2, and the two-stage IA in Section 4.3). The computational complexity is
measured in terms of the number of floating point operations (flops). All additions,
subtractions, multiplications; and.divisions.are equally treated as flops.

According to [24], the computational complexity of the max-SINR A, BQRD
processing, and two=stage [A-pet-iteration or per operation is listed in Table 4-5. As
shown, the proposed BQRD processing has nearly the same computational complexity
as the max-SINR: IA; and the proposed two-stage IA has higher computational

complexity due to'the adopted singular value decomposition.

Table 4-5: Complexity.0f max-SINR IA, BQRD; and two-stage IA per operations

Operation Computational complexity

Max-SINR ; M*N, (2MN, + 3PN, + 4N, )+ N} (2MP + N, + 2) + 5MN,
IA "N, +d +1

N?M (3(MP -1)(2N, + P)+ 140N ) /6 + NN, (4M +2/P) +

BQRD MN’N,(MP —1)(MP —2)/P + 2MN’N, (MP + 1)
Two-stage M*N? + 3MN,_+ 22§j: (dy —d) +dy (N? +2MN N, - 3M*N?) +
(A | ANZ(MP—1)MN, +22M'N? (MP —1] + N} + 3N, +

MP(4M*N, (N, +d, ) +22N?)

”r
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4.5 Computer Simulations

This section shows simulations for the convergence behavior and achievable
sum-rate performance of the proposed algorithms and compares the results with
different CoMP algorithms. In the following simulation, “max-SINR I[A” , “BQRD
aided IA” , and “two-stage IA” stand for the algorithm presented in Section 3.3.2,
Section 4.2.1, and Section 4.3, respectively; “CoMP without TA” represents the
approach that the precoder of each UE is formed by columns of identity matrix, and the
received signal is directly equalized without the aid of the decoder. From observations,
the max SINR IA, BQRD aided IA, and two-stage IA have nearly no improvements
with iterations larger than 4 x10". Therefore, the convergence condition is defined at
the iterations of 3% degradation compared with the performance at 4 x 10" iterations
for all simulation.cases. The performance are evaluated in 3 scenarios (i.e. the scenario
adopted in Section 3.4, the typical CoMP scenario, and the large CoMP size scenario).
The simulation parameters chosen for'the typical CoMP scenario and large CoMP size
scenario are listed in'Table 4-2 and Table 4-3; respectively:

Firstly, the convergenee behavior, shown by the sum-rate ratio, in the scenario
adopted in Section 3.4, typical CoMP scenario, and large CoMP size scenario is
depicted in Figure 4-7, Figure 4-9, and Figure 4-11, respectively. As shown, the
proposed two-stage IA has superior convergence rate compared with the max SINR IA
in the three scenarios with different transmit power and converges even faster than the
BQRD aided IA.

Secondly, the average achievable sum-rate of different algorithms in the scenario
adopted in Section 3.4, typical CoMP scenario, and large CoMP size scenario is shown
in Figure 4-8, Figure 4-10, and Figure 4-12, respectively. The results are observed as

follows. With a few iterations (5 iterations), the proposed two-stage IA has better
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performance. To have better performance, the max-SINR IA needs much more
iterations (8000 iterations) compared to the proposed two-stage IA (5 iterations). In the
convergence regime, the proposed two-stage A has nearly the same performance as the
max-SINR [A; even in interference dominated scenarios, the proposed two-stage [A
can achieve slight performance enhancement due to additional power loading in each
iteration.

Considering the computational complexity in convergence, the complexity
reduction ratio, defined as the rate of the complexity of the proposed algorithm with the
complexity of the max-SINR IA, in convergence is listed in Table 4-6. As shown, both
of the proposed algorithms reduce at least 98% complexity in the considered scenarios.
The above data confirm that both of the proposed algorithms are suitable to be adopted
to existing cellular.networks; the reasons are as follows. First, despite an additional
BQRD preprocessing of the BORD aided [A and higher complexity of the two-stage 1A,
both of the proposed algorithms have superior convergence. rate. Thanks to VLSI
technologies, the impact of computational ‘complexity could be minimized. Second,
both of the proposed algorithms have better convergent rate, which means that more
CoMP sets can be offered ineach scheduling period.

From the simulation results, the proposed algorithms are shown to achieve
promising performance in mitigating severe interference in CoMP scenarios. Requiring
only a small number of iterations to converge, the proposed algorithms are suitable to

practical applications.
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Figure 4-7: Convergence behavior of two-stage IA, BQRD aided A, and max-SINR [A

in UL CoMP systems.with' P o = 20 and 40 dB.

=O—=Two-Stage'TA (5 iterations) :
F=Max-SINR IA (8000 iterations) L A
- BQRD Aided IA (5 iterations) 7
== Max-SINR 1A (5 tterations) | A
] T ] o

Sum-Rate [bps/Hz]

Tx Power [dB]

Figure 4-8: Sum-rate performance of two-stage IA, BQRD aided IA, and max-SINR [A

in UL CoMP systems.
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Figure 4-10: Sum-rate performance of two-stage IA, BQRD aided 1A, and max-SINR

IA in typical CoMP scenario.
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Figure 4-11: Convergence behavior of two-stage IA, BQRD aided IA, and max-SINR

IA in UL CoMP systems with. P = 20 and 40 dB in large CoMP size scenario.
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Figure 4-12: Sum-rate performance of two-stage IA, BQRD aided 1A, and max-SINR

IA in large CoMP size scenario.

Table 4-6: Complexity reduction ratio of proposed algorithms in convergence

Typical CoMP scenario Large CoMP size scenario

BQRD aided 1A 99.9237% 99.9284%

Two-stage IA 99.8079% 98.3352%
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4.6 Summary

In this chapter, considering the implementation issue of convergence rate, two
[A-aided transceiver design algorithms (i.e., the BQRD aided IA and two-stage 1A) are
proposed for UL CoMP systems in this chapter. Due to the interference pre-subtraction
by the aid of BQRD, the convergence rate of the BQRD aided IA algorithm is boosted
while having comparable performance to the max-SINR IA. On the other hand, the
joint optimization problem can be solved more quickly because the two-stage IA
algorithm directly optimizes the structure of the effective channel jointly with power
allocation. Moreover, the two-stage A algorithm provides nearly the same performance
as the max-SINR IA algorithm. Simulation results confirm-that the proposed algorithms
exhibit significant” improvements in the rate of convergence. In the sum-rate
performance, the proposed algorithms with 5 iterations achieve nearly the same
performance as the max-SINR IA algorithm with 8000 iterations; and have even better
performance in interference dominating regime. Furthermore, the results show that the
proposed algorithms are advantageous. in.practical circumstances where each BS
requires the coordination of multiple CoMP groups simultaneously. Therefore, this
thesis provides promising solutions for future wireless communication systems that

incorporate CoMP techniques such as LTE-A.
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Chapter 5

Conclusions and Future Works

To deal with severe interference due to high user density in 4G mobile networks,
several techniques have been developed to serve more users with better link quality.
Two key techniques, CoMP transmission and MIMO, are proposed to satisfy such
demands. In this thesis, we are dedicated to enhancing the sum-rate performance of
cellular networks. As well known, cell-edge users have worse link quality due to severe
interference from other cells, so the centralized uplink CoMP system is considered for
its ability to deal with inter-cell interference. To further enhance the sum-rate
performance, IA is adopted to provide more DoFs. Despite the improved performance,
numerous iterations are required for. the max-SINR TA to converge. To tackle this
problem, we propose two IA aided transceiver designs (i.e., the BQRD aided IA and
two-stage IA). Simulation results confirm that both of our proposed algorithms not only
have better convergence behavior but also achieve comparable performance to the
max-SINR IA.

In Chapter 2, we give a review of the CoMP transmission and reception and
descriptions of both downlink and uplink CoMP schemes in 3GPP LTE-A. Next, to
provide more DoFs, the centralized uplink CoMP is considered and its system model is
also expressed. Then, because of the similar ability of IA with CoMP, the concept of IA

is discussed.
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In Chapter 3, we first review the definition of DoFs from the perspective of
information theory and signal processing. Next, we discuss the DoFs of some
communication systems to show the potential of full cooperation at the receiver side
and IA. Then, we explain why we choose to incorporate IA in uplink rather than
downlink transmission. Finally, the modified minimum leakage-IA and maximum
SINR-IA in centralized uplink CoMP are investigated. However, as shown in the
simulation results, it is found that numerous iterations are required to achieve the
improved sum-rate performance, which is time-consuming.

Based on the concept of CoOMP with IA schemes in the previous chapter, two new
[A-aided transceiver designs are-proposed in Chapter 4. One is the BQRD aided IA,
which successfully breaks the interdependency between users. To further minimize the
performance gap at.low SNR; we propose the two-stage [A, which mitigates different
kinds of interference separately and employs power loading. The reason is that we
attempt to preserve available DoFs 'when defeating inter-user. interference. From the
simulation results, the proposed algorithms are shown to achieve improved
performance in mitigating severe interference in CoMP scenarios with few iterations.
Requiring only a small number of iterations to converge, the proposed algorithms are
suitable to practical applications.

There are still some works worthy of future investigation. The first one is that
some CSI imperfections can be addressed when designing the IA schemes, such as
quantization errors and delayed CSI due to the limited backhaul mechanisms. The
second one is that the configuration (i.e., the number of transmitted layers of each user)
is pre-defined when evaluating decoders and precoders. To our knowledge, there has
been no research addressing the question of whether the configurations is the best for
channels. To achieve potential sum-rate performance of each channel, how to determine

the best system configuration can be taken into consideration.
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