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In the name of God ,most Gracious, most Merciful

“Read! In the name of your Lord Who has created (all that exists) — created man
from a clot. Read! And your Lord is the Most Generous — He Who has taught (the
use of ) the pen. He has taught man that which he did not know.”

The Holy Qur’an, Chapter 96, Verses 1-5



Abstract

Distributed antenna systems (DASs) have been shown to improve the coverage and
increase the capacity in cellular networks by reducing the access distance to user
terminals (UTs) and by attaining macrodiversity gains. However, the conventional
DASs do not inherently mitigate inter-cell interference. In this thesis, coordinated
multi-point transmission schemes are developed for interference mitigation in the
downlink of a cellular DAS.

The thesis is comprised of two parts. In the first part, two precoding schemes are
developed, which enable coordinated transmission from multiple distributed antenna
ports in a cellular DAS with a total power constraint. The goal is to serve multiple
UTs in a particular resource block in each cell, while mitigating intra-cell and inter-
cell interference. Simulation is used to show the performance gains attained by the
proposed DAS schemes as compared to their co-located antenna system counterparts,
and by centralized multi-cell processing as compared to single-cell processing.

In the second part, the joint selection of the ports and the corresponding beam
steering coefficients that maximize the minimum signal-to-interference-plus-noise ra-
tio of the UTs in a coordinated multi-cell DAS, in which the transmit power of each
port is fixed, is considered. This problem is NP-hard. To circumvent this difficulty, a
two-stage polynomial-complexity technique that relies on semidefinite relaxation and
Gaussian randomization is developed. The performance of the proposed technique is
shown to be comparable to that of exhaustive search. Additionally, it is demonstrated

that proper port selection yields significant power savings in the cellular network.
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Chapter 1

Introduction

1.1 Cellular Networks

Cellular networks gained commercial momentum during the 1990s as a convenient
means of voice communication. The primary usage of these networks has since shifted
toward data communication, and it is expected that data-intensive applications, such
as mobile Internet and multimedia services, will consume most of the resources in
future cellular networks.

In a cellular network, a geographical area is tessellated into smaller regions called
cells. A base station (BS) is located in each cell and it provides wireless services
to mobile user terminals (UTs) in its coverage region. All BSs in the network are
connected to each other with a wired backbone network. When a UT moves from one
cell to another, the serving BS hands off its responsibilities to the BS in the new cell.

As is characteristic of a terrestrial wireless channel, UT's that are located far from
the BS are likely to receive highly attenuated signals. This phenomenon is called
path loss. In addition to path loss, UTs that are located close to the periphery of
the cell may suffer from inter-cell interference (ICI), i.e., the interference caused by
transmissions from the BSs in other cells. Both path loss and ICI reduce the signal-
to-interference-plus-noise ratio (SINR), and in turn, the achievable data rates, of the
UTs, especially those at the cell edge. Hence, there is a need to develop efficient

and cost-effective techniques to combat these phenomena in order for future cellular



networks to satisfy the anticipated consumer demands.

1.2 Distributed Antenna Systems

An effective approach to counteract distance-based signal attenuation is to bring
the cellular network closer to the UTs. A distributed antenna system (DAS) [1] is a
promising candidate architecture to attain this goal. In a DAS, multiple antenna ports
are dispersed throughout a cell, and the BS in the cell is connected to these ports with
high-speed communication links, such as optical fiber. Using such a configuration,
the DAS helps enable more ubiquitous high data-rate coverage throughout the cell.
Although a DAS reduces the performance-degrading effects of path loss, partic-
ularly for cell-edge UTs, this architecture does not inherently mitigate ICI. In other
words, despite the fact that the desired signal strength at a cell-edge UT increases due
to the reduced access distance to the serving BS, the ICI is also stronger as a result
of the reduced distance to some of the ports in other cells. Hence, there remains a
need to implement appropriate processing techniques that mitigate ICI. One such set
of techniques, known as coordinated multi-point (CoMP) transmission and reception,

is described in the next section.

1.3 Coordinated Multi-Point Transmission and Reception

The conventional approach for mitigating ICI is a sparse reuse of frequency-time
resource blocks (RBs), i.e., by avoiding the assignment of a particular RB to cells that
have relatively small geographic separation. Despite the efficacy of this approach, the
available spectrum is used inefficiently. Since the spectrum is a limited and expensive
resource, the cellular industry has recently begun to implement more aggressive reuse
patterns, and seek alternative and more cost-effective ICI mitigation methods for

future cellular networks. A promising set of techniques that achieves this objective is



CoMP, which is also known as multi-cell multiple-input multiple-output (MIMO) or
network MIMO.

Under the CoMP framework, a high-speed backbone network that connects the
BSs to each other is used to establish coordination between these BSs. By means
of this coordination, various ICI mitigation techniques can be implemented, thus
increasing the SINR of cell-edge UTs. Although the concept of BS coordination has
existed in the research community for a relatively long period of time (see, e.g., [2]
3, 4]), CoMP has recently been proposed as a candidate technology for enhancing
data rates in future cellular networks [B] [6l [7]. In particular, CoMP is envisioned to
be an integral part of the 3rd Generation Partnership Project (3GPP) Long Term
Evolution (LTE) Advanced specifications (Release 11 and beyond) [8], 9].

Although coordination among BSs is the most common type of CoMP, it can be
observed that transmission from multiple distributed antenna ports in a DAS to a
particular UT is also an intra-cell level of CoMP. Hence, the DAS architecture and
CoMP schemes (both at the intra-cell and inter-cell levels) complement each other
to collectively achieve improved performance in cellular networks. In fact, the use
of CoMP schemes in conjunction with cellular DASs is in consideration for LTE-

Advanced; see [8, Section 20.1].

1.4 Thesis Contributions and Organization

In this thesis, both intra-cell and inter-cell downlink CoMP schemes are incorporated
into a cellular DAS architecture. In doing so, not only are the performance-degrading
effects of path loss reduced, but ICI is also mitigated. Hence, significantly improved
performance is attained in the cellular network.

An approach that is common to all the chapters in the thesis is port selection,
wherein a subset of the available distributed antenna ports in a cell or a cluster of cells

are chosen for transmission to each UT. Port selection is motivated by the trade-off



between the benefit to a particular UT that is achieved by using a large number of
ports to transmit to this UT, and the performance loss that is suffered by other UTs
as a result of the increased levels of interference. It is shown in the thesis that an
individual (per-port or per-antenna) power constraint is desirable to fully realize the
performance gains of port selection. In particular, it is demonstrated that, when each
port transmits at a fixed power level, significant improvement in the performance can
be attained using proper port selection.

Throughout the thesis, a variety of metrics are used to assess the performance of
the schemes and algorithms that are developed for the cellular DAS. These include
the aggregate cell spectral efficiency per RB, the average aggregate spectral efficiency
per cell per RB, and the maximum minimum SINR (i.e., the maximum achievable
guarantee on the minimum SINR of the UTs). The first two metrics represent overall
performance of a particular cell or the network, while the third one can be related to
the performance of cell-edge UTs.

The thesis is organized as follows:

e In Chapter [2] a brief literature review is given for DAS and CoMP, in addition
to suitable information-theoretic models for cellular systems employing various
levels of CoMP. The existing results for these models are used to assess the

challenges involved in the design of downlink CoMP schemes for a cellular DAS.

e In Chapter 3] two closely-related precoding schemes are developed for a cellular
DAS with a priori port selection and coordinated transmission from multiple
distributed antenna ports. These schemes are extensions of existing ones for
a co-located antenna system (CAS), i.e., a conventional cellular system. The
performance gains of the DAS schemes over the corresponding CAS schemes are
demonstrated using simulation. The results in this chapter provide important

insights, which are used to develop the algorithms described in the next chapter.



e Chapter [4] contains the main contribution of thesis. In this chapter, a two-stage
approach is proposed for determining an approximate set of binary port states
and the corresponding beam steering coefficients that collectively maximize the
minimum SINR in a cellular DAS with inter-cell coordination and fixed transmit
power levels at each port. In each stage of this approach, the semidefinite
relaxation (SDR) technique with Gaussian randomization is used to efficiently
generate a close-to-optimal solution to an optimization problem that is non-
deterministic polynomial-time hard (NP-hard). Hence, the proposed approach
is capable of providing an approximate solution to the original NP-hard problem

in polynomial time, and simulation is used to demonstrate its efficacy.

e The thesis is concluded in Chapter [5| with a summary of the main contributions
and a discussion of potential ideas for future work in the area of downlink CoMP

transmission in a cellular DAS.

1.5 Publications

Chapter

e Talha Ahmad, Saad Al-Ahmadi, Halim Yanikomeroglu, and Gary Boudreau,
“Downlink linear transmission schemes in a single-cell distributed antenna sys-

tem with port selection,” in Proceedings of IEEE Vehicular Technology Confer-
ence (VI'C2011-Spring), May 2011.

Chapter

e Talha Ahmad, Ramy Gohary, Halim Yanikomeroglu, Saad Al-Ahmadi, and
Gary Boudreau, “Coordinated port selection and beam steering optimization
in a multi-cell distributed antenna system using semidefinite relaxation,” under

review in IEEE Transactions on Wireless Communications.



e Talha Ahmad, Ramy Gohary, Halim Yanikomeroglu, Saad Al-Ahmadi, and
Gary Boudreau, “Coordinated max-min fair port selection in a multi-cell dis-
tributed antenna system using semidefinite relaxation,” submitted to IEEE
Global Communications Conference (Globecom 2011) Workshop on Distributed

Antenna Systems for Broadband Mobile Communications, December 2011.



Chapter 2

Background

2.1 Related Works on Distributed Antenna Systems

Distributed antenna systems were originally introduced in [I] to fill coverage gaps
in indoor wireless networks, and early research on DASs was in the context of such
networks (see, e.g., [10]).

Early works on the integration of DASs in cellular networks appeared in [11]-[14],
and these were primarily focussed on code division multiple access (CDMA) based
systems. In addition to incorporating this architecture into cellular networks, it was
shown in these works that dispersing the antennas of the BS over the geographic area
of the cell results in increased capacity as well as reduced transmit power levels.

In [15], the uplink outage signal-to-noise ratio (SNR) performance of a generalized
MIMO DAS with multi-antenna ports and multi-antenna UTs was evaluated for var-
ious diversity combining schemes using a composite fading channel model. This work
was followed by [16], wherein the uplink and downlink outage capacity achieved by
such a generalized MIMO DAS was investigated. Furthermore, in [17], it was demon-
strated that a DAS achieves significantly higher capacity as compared to a traditional
MIMO system, i.e., a CAS.

Although the performance improvements offered by a DAS as compared to a
CAS are clear, the literature regarding transmission and power allocations schemes

in a DAS was relatively limited in the past. Recently, however, novel DAS signal



processing and resource allocation schemes, particularly those involving coordination
between multiple ports and/or cells, have begun to appear; see, e.g., [18, [19] (both of
these works will be discussed in further detail in Section .

A comprehensive overview of the DAS architecture and related coordinated trans-
mission and power allocation schemes, as well as other resource allocation schemes,

can be found in [20)], 21].

2.2 Related Works on CoMP

The term coordinated multi-point transmission and reception serves as an umbrella
for techniques and schemes that utilize coordination between multiple transmitters
and/or receivers to mitigate interference. In the context of cellular networks, CoMP
generally refers to coordination between BSs for both uplink and downlink. The focus
in this thesis is on the latter scenario, and hence, an overview of literature related to
the downlink case will be provided in this section.

The set of techniques that fall under the CoMP umbrella spans both the physical
and medium access control (MAC) layers. For instance, physical layer CoMP tech-
niques include coordinated multi-cell beamforming and precoding (see, e.g., [22] 23]),
while MAC layer techniques include coordinated UT scheduling and power allocation
(see, e.g., [24]). The focus herein is on the earlier set of techniques.

An assumption that is commonly made when designing CoMP schemes is that all
the BSs have perfect channel state information (CSI) for all the UTs in the coordina-
tion region. Furthermore, it is generally assumed that the coordination between the
BSs is perfect, i.e., the backbone links have negligible delay, are relatively error-free,
and have infinite capacity. Although such assumptions simplify the design, they are
not necessarily applicable in practice, especially when the number of coordinating
BSs is large. To alleviate such impractical assumptions while maintaining design

tractability, clustered coordination schemes have been proposed [25, 26]. In such



schemes, a large cellular network is divided into smaller clusters of cells. The BSs of
the cells in a particular cluster coordinate their transmissions, but there is limited or
no inter-cluster coordination. Additionally, in some works, such as [27] and [28§], the
heavy overhead on the backbone is reduced by designing schemes that rely only on
locally available CSI.

Although CoMP techniques impose a heavier load on the backbone and also have
relatively strict delay and error threshold requirements, their potential advantages
in terms of the achievable data rates have been demonstrated both numerically [29]
and analytically [30]. They have also been shown to outperform conventional non-
coordinating cellular networks, even in the presence of moderate amounts of channel
estimation error [31]. Furthermore, in [32], a performance trade-off has been investi-
gated between BS coordination and denser BS deployment in future cellular networks.

A detailed overview of existing CoMP schemes, their performance, and the chal-

lenges involved in their implementation, can be found in [33] and [34].

2.3 Information-Theoretic Background

In this section, the underlying information-theoretic models will be presented for
cellular systems with different levels of coordination.

Consider a single-cell system in which a multi-antenna BS transmits to one or
more UT{Y] If the number of UTs in the cell is exactly one, then such a system
can be modelled as a point-to-point MIMO channel, for which, the capacity can be
achieved using the singular value decomposition (SVD) based water-filling scheme
proposed in [35]. However, if there are multiple UTs in the cell, then such a system
can be modelled as a Gaussian MIMO broadcast channel (BC), for which, the dirty
paper coding (DPC) scheme [36] is known to achieve the capacity [37]. However,

DPC is difficult to implement in practice, and hence, there exist various linear and

!The antennas of the BS may be either co-located or distributed.
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non-linear sub-optimal schemes that are more practical (see, e.g., [38-[44]). Such
schemes will be the focus of the discussion in Chapter [3]

Now, let us consider a more general multi-cell system in which the BS in each
cell operates independently as described above. Such a system can be treated as
a MIMO interference channel (IC). Although information-theoretic results exist for
some special cases (see, e.g., [45]), the capacity region of a general MIMO IC has
not yet been characterized. It is, therefore, difficult to gauge the performance of
transmission schemes designed for such systems. A simplifying strategy is to establish
full multi-cell coordination, which results in a larger MIMO BC. This is the approach

taken to model the system in Chapter [4]



Chapter 3

Coordinated Multi-Point Downlink Transmission
Schemes

In this chapter, the focus is on the design and performance evaluation of downlink
transmission schemes in a cellular DAS, wherein a subset of the available multi-
antenna ports of a cell transmit in a coordinated manner to serve one or more multi-

antenna UTs in a particular RB.

3.1 Related Literature

As mentioned in Section [2.3] a single-cell CAS with multi-antenna UTs can be mod-
eled as a Gaussian MIMO BC, for which the optimal transmission scheme is DPC.
However, DPC is difficult to implement in practice due to its computational complex-
ity, and several sub-optimal transmission schemes have been proposed for mitigating
inter-user interference. In [38], the zero-forcing dirty paper coding (ZF-DPC) scheme
is proposed, which uses LQ decomposition on the aggregate channel matrix, which
consists of the channel matrices of all single-antenna UTs, to eliminate a part of the
inter-user interference. The remaining interference is mitigated by means of successive
dirty paper encoding. In [38], ZF-DPC is shown to be asymptotically optimal with
increasing SNR. In [40]-[43], this scheme is extended to incorporate multi-antenna
UTs. A linear scheme that mitigates inter-user interference is zero-forcing beam-

forming (ZFBF), which spatially orthogonalizes all single-antenna UTs by using the

11
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pseudo-inverse of the aggregate channel matrix as the precoding matrix. An exten-
sion of this scheme for multi-antenna UTs is block diagonalization (BD) [39], in which
the precoding matrix of each UT is designed such that its transmitted signal is in the
null space of the channel matrices of the other UTs.

With the incorporation of port selection, the CAS-based versions of the schemes
described above cannot be directly applied to a DAS, and processing modifications
are necessary. In this chapter, the ZF-DPC and BD schemes are extended to fit the
cellular DAS architecture.

In [I§], the performance of various multi-user transmission schemes, including BD,
is explored in the context of a single-cell DAS with multi-antenna ports. However,
the schemes presented in [I8] do not incorporate port selection. Furthermore, single-
antenna UTs are mainly assumed and spatial multiplexing of multiple data streams
for each UT is not included. Both these features are included in the schemes described
herein. In [19], port selection is explored for a multi-user cellular DAS. However, the
UTs are orthogonalized through orthogonal frequency division multiplexing (OFDM).

In contrast, orthogonalization is achieved using spatial precoding in this chapter.

3.2 Background: Basic Linear Algebra

In this section, a brief overview will be provided for matrix analysis topics that are
relevant to the formulation in this chapter. Before proceeding, however, it is necessary
to state that throughout this chapter and the rest of the thesis, scalars are denoted
by lower-case regular-face letters, vectors are denoted by lower-case bold-face letters,

and matrices are denoted by upper-case bold-face letters.
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3.2.1 Eigenvectors and Eigenvalues

Let A be a square matrix. A non-zero vector v is called a right eigenvector of A if

there exists a scalar, A\, such that

Av =\, (3.1)

and it is called a left eigenvector of A if there exists a scalar, A, such that

v A =\ (3.2)

In (3.1) and (3.2), A is called an eigenvalue of A corresponding to v and v, respec-

tively [40, Section 6.1].

3.2.2 Null Space of a Matrix

Let B € C"™*" be a rectangular matrix. The null space, which is also referred to as

the kernel, of the matrix B is the set of vectors y such that

By =0. (3.3)

The dimension of the null space of a matrix is called the nullity of this matrix [46,

Section 4.5].

3.2.3 Rank of a Matrix

The rank of a matrix is defined as the minimum number of linearly independent
columns or rows of this matrix [46, Section 4.5]. This value is related to the nullity
of the matrix as follows. Consider the matrix B defined above, and let r denote the

rank of B. Then, the nullity of B is equal to n — 7.
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3.2.4 Singular Value Decomposition

Consider the rectangular matrix B defined in Section [3.2.2] Any such matrix can be
factorized as follows:

B=UXV" (3.4)

where U € C™ ™ and V' € C™" are unitary matriced| and X € R™*" is a diagonal

matrix of the form

01

where p = min(m,n), and oy, ..., 0, are called the singular values of B [46] Section
7.1]. These singular values are generally arranged in decreasing order, and are related

to the eigenvalues as follows:

3.3 Single-Cell Processing

In this section, the DAS BD and DAS ZF-DPC schemes will be developed under the

assumption that the BS in each cell operates independently from those in other cells.

3.3.1 System Model

Consider a cellular DAS consisting of M cells which use the same set of frequency-
time RBs each. The BS in each cell is connected to L distributed N;-antenna ports
with high-speed communication links (e.g., optical fiber). Additionally, the BS in

each cell has reliable knowledge of the gains between the ports and each UT in this

1A matrix U is said to be unitary if UPU = UU" = I, where I is an identity matrix [46],
Section 5.3.1].
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cell. A multi-user system that uses a narrow-band multiple access scheme, such as an
orthogonal frequency division multiple access (OFDMA) based one, is considered. In
this system, there are K UTs per RB in each cell, and these UTs are equipped with
N, antennas each.

Let S, represent the set of indices of all ports in the m-th cell, where |S,,| = L
and | - | denotes the cardinality of the set argument. Let A, represent the set of
active ports in the m-th cell (A,, C S,,). Also, let Cy,, denote the set of ports in the
m-th cell that transmit to the k-th UT in this cell in a coordinated manner, and let
ZTym denote the set of ports in the m-th cell that cause interference to this UT. Hence,
Chom U Zim = A, for all k,m, and Ur, Com = Ur—, Zim = Ay for all m.

Before proceeding with a description of the signal and channel models, it is empha-
sized that all formulation that follows is applicable to a single RB. However, explicit
reference to a particular RB index is omitted for notational brevity.

In Fig. [3.1] a single cell of the cellular DAS with L = 7 and K = 3 is shown, and

the signal model that follows in this section is illustrated.

Signal Model

The received signal, y,,, € CN*, of the k-th UT in the m-th cell can be expressed as

M

Yim = HpmkmTm + Z H, iz, +npm, k=1,.... K, m=1,...,M, (3.6)
n=1n#m

where, H j,, € CN-*I4»INe i 4 matrix consisting of the complex-valued channel gains

between all active ports in the n-th cell and the k-th UT in the m-th cell, n,, € C

is a zero-mean complex Gaussian noise vector with covariance matrix E{ng,nf } =

oIy, where Iy, denotes an N, x N, identity matrix, and a,, € C=IVt is the signal
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m-th cell

() L
Distributed . 0 User
é Antenna Port @ Base Station Terminal
Ykm Hmkm Xm Nim
Ny < > TN
Ny < = Himkm | | Hamkm| * =+ | H7zmkm + - + - N;
1 Nt Nt N[ 1 1

Figure 3.1: A single DAS cell with K = 3 UTs per RB and L = 7 ports, and an
illustration of the general signal model. In this example, without loss of generality,
An, =8, =11,2,...,7}.
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transmitted from the active ports in the m-th cell. This signal is of the form

K
Ty = Z F W, (3.7)
k=1

where uy,, € CY denotes the data vector of the k-th UT in the m-th cell, and
i € CHAmINeXN: g it precoding matrix. For convenience, this precoding matrix
will be designed in two separate stages: beamforming and power allocation. To
1

facilitate this two-stage approach, it is chosen to be of the form F',, = Fy,A? |

where FY,, € CAnINexNr is the transmit beamforming matrix and Ay, € CV-*Nr ig

a diagonal power allocation matrix. Using this notation, (3.6) can be re-written as

K

1 1
Jj=1, j#k
M K N
> Huwm Y FjuA2uj, +np,, (3.8)
n=1,n#m j=1

where the second and third terms on the right-hand side of (3.8)) represent the intra-

cell and inter-cell interference experienced by the k-th UT in the m-th cell, respec-

tively. In Sections [3.3.2 and [3.3.3] the focus will on be the design of the precoding

matrix to mitigate intra-cell interference. The ICI will be treated as additional noise.

The ports in each cell in the cellular DAS considered herein are subject to a total
power constraint, P; that is, F{z,,z} < P for all m, where E{-} denotes the
expectation operation. Assuming that the data vectors, wuyg,,, are zero-mean with

identity covariance matrix for all £, m, this constraint can be expressed as

Tr(Spm) < P, m=1,..., M, (3.9)

T

where S}, = F},, F/ is the transmit covariance matrix of the k-th UT in the m-th

cell, and Tr(-) is the trace operator.
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It is important to note that a per-port or per-antenna power constraint would
be more practical for a cellular DAS since the ports are geographically dispersed
throughout the cell, and each antenna is equipped with a separate power amplifier.
Furthermore, it will be shown later that the performance gains promised by port
selection are not fully realized in a system that is subject to a total power con-
straint. However, the total power constraint is considered herein due to the following
two reasons. Firstly, it enables a fair comparison between the performance of the
DAS transmission schemes presented herein and that of corresponding schemes in a
CAS, which is generally subject to a total power constraint. Secondly, the design
of transmission schemes is significantly more challenging if the system is subject to
an individual power constraint. Although there exist numerical algorithms that use
convex optimization techniques to attain this goal (see, e.g., [47]-[49]), no closed-
form analytically derivable optimal precoding scheme satisfying an individual power
constraint has yet been developed.

If a per-port power constraint was to be imposed upon the system, the inequality

in (3.9) would be revised to

K
Y T (Sjkm) <Py, Vi€ A, (3.10)
k=1

where P; is the power constraint of the j-th port of the m-th cell, S}, = F'y Fil
is the transmit covariance matrix for the signal transmitted by the j-th port in the

m-th cell to the k-th UT in this cell, such that F},, = [F ... F% 1" @7).

Channel Model

The matrix H ,,, in the DAS signal model above represents a quasi-static frequency-

flat wireless channel with Rayleigh fading, log-normal shadowing, and path loss com-
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ponents. This matrix can be expressed as

H o = [Hukm Hongm -« Hiagpokem) . k=1,...,K, mn=1,...,M, (3.11)

where

In , djnkm is the distance between the j-th port in the n-th cell and the k-th UT
in the m-th cell, and p(-) is a path loss function, which depends on the propagation
environment. Shadowing is represented by s;nim, Which is log-normal distributed
with 0 dB mean and standard deviation o, in dB. Multipath fading is represented
by the matrix H,,,, € CN"*N_ Each element of this matrix is complex Gaussian

distributed with zero mean and unit variance.

The corresponding channel matrix for the CAS can be written as

H,;., = \/p(dBSn,km)SBSn,km H,,.. (3.13)

where spg, rm denotes log-normal shadowing between |A,,|N; co-located antennas at
the BS of the n-th cell and the k-th UT in the m-th cell, and it has the same statistics
as Sjnem above. The distance between this BS and this UT is denoted by dgs, xm,

and H', & CN-*4nINt i the multipath fading coefficient matrix.

nkm

3.3.2 DAS Block Diagonalization

Considering the first term on the right-hand side of , the rows of F'y,, corre-
sponding to those columns of H,,;, that represent the transmit antennas of the
ports in Zy,,, can be set to zero, since those particular ports do not transmit desired
signals to the k-th UT in the m-th cell. The remaining non-zero rows of FY,, can

then constitute the submatrix ﬁ’km € ClGmINexN- = Thig reduction is performed to
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simplify the beamforming matrix design.

Eliminating intra-cell interference requires the following condition (which is com-
monly referred to as the zero-forcing condition in the literature) to be satisfied:
H,,Fy, =0, Vj # k. Using the dimensional reduction described above, this

condition can be expressed as
H,jnFim =0, Vj #E, (3.14)

where H mem € CNr¥ICemINt §g 5 channel matrix containing only those columns of
H ,,;.,, that correspond to the transmit antennas of the ports in C,,. To satisfy this
zero-forcing constraint, a matrix known as the interference matriz can be defined for
each UT. This matrix is a collection of the complex-valued channel gains between the
antennas of the ports that are selected for transmission to the a particular UT in the
m-th cell and the antennas of the other X' — 1 UTs in this cell. In particular, the

interference matrix of the k-th UT in the m-th cell is defined as

- _ _ _ _ H
Hy 2 [BS" B, B, BGT k=1 K (35)

mlm mKm

where H f,f;“:;) € CNxlGmINt i a submatrix containing only those columns of H,,jpn,
that correspond to the transmit antennas of the ports in Cg,,. The goal is to design
the beamforming matrix of the k-th UT such that it is orthogonal to the interference
matrix corresponding to this UT.

Let Ly, 2 rank(Hy,,), where rank(-) denotes the rank of the matrix argument.
Assuming that H,,, is full-rank for all k,m, Ly, = min{ N, (K — 1), [Crm|N: } . To
satisfy the zero-forcing constraint in , the columns of the beamforming matrix,

ka, must span the null space of H wm- Lo obtain candidate vectors for the columns

2This follows from the reasonable assumption that the UTs are located sufficiently far apart such
that their fading coefficients are independent [50].
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of Fyn, the following SVD is performed.
- - - - - H
Hiyy = i S (Vi Vi| (3.16)

where ‘7,37)1 contains in its columns the first Ly, right singular vectors of Hp,,, and
f/,(ji contains the remaining |Ckm|Nt—I~/km right singular vectors. The columns of f/,(ji
form an orthogonal basis for the null space of H,.,,, and hence, a linear combination
of these columns can be used to design F’km. It can be noted that such a design is
only possible if there is a sufficient number of columns in f/gz Hence, to satisfy
the zero-forcing constraint, it is necessary that ‘7,(37)1 is non-empty for all k&, m. This

constraint can equivalently be expressed as

N.(K —1) < min
k=1

Ly

K(]Ckm|Nt), m=1,..., M. (3.17)
This is the dimensionality constraint of a cellular DAS with port selection and single-
cell processing, which limits the number of UTs that can be simultaneously served in
a particular RB such that the zero-forcing condition in (|3.14)) is satisﬁedﬂ

Now, assuming that ‘7,(3,)1 has a sufficient number of columns, a subset of these
vectors can be chosen such that the effective channel gain is maximized. This can be
achieved by performing the following SVD [39].

where 3, € Clwm>*Lim is a diagonal matrix comprised of the non-zero singular values

of H mkmf/,i?}l as its diagonal elements, Ly, = rank(I:I mkmf/,(;)l), and V,(;)l contains

3The DAS dimensionality constraint does not, however, impose a strict limit on the overall
number of active UTs since a different set of UTs can be selected for service in another RB using
an appropriate scheduling algorithm.
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0)

the first N, right singular vectors of H mkmf/; . Then, F Em Can be expressed as

m

B =V (3.19)
It is noted that this transmit beamforming submatrix is designed to only mitigate
inter-user interference in the m-th cell. Although completely orthogonalizing all the
data streams at the BS would reduce the processing complexity at the UTs, this ap-
proach has been shown in [39] to be sub-optimal in terms of the maximum achievable
aggregate spectral efficiency. Therefore, each UT is assigned the task of separating
its corresponding data streams. This can be done by using the decoding matrix U ka,
where Uy, is obtained from (3.18)).

After designing the beamforming matrix, the next step is to allocate the total
transmit power P; to the multiple data streams, such that the aggregate cell spectral
efficiency is maximized. This can be achieved using the water-filling technique [51].

Let 3, be a diagonal matrix that contains in its main diagonal the singular values

corresponding to each UT in the m-th cell, i.e.,
277’1269{;(:12]{377’17 m:17...,M7

where @ denotes the direct sum operation [52, Section O.Q.Q]ﬁ The optimal power

allocation matrix, A,,, which is of the form
A =Op  Agm, m=1,...,M,

can then be obtained by performing water-filling on the diagonal elements of 3,,.
Using the beamforming, power allocation, and decoding matrices described above,

the aggregate cell spectral efficiency of the m-th cell in a particular RB can be ex-

4The direct sum of matrices is notationally equivalent to forming a block diagonal matrix with
the argument matrices constituting its block diagonal entries.
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pressed as
- 1
K ‘@ n (UfmﬂmkkamA,gm)Z)
Rm,BD = ZlogQ |®| ) (320)
k=1
where | - | denotes the determinant of the matrix argument, and

M K
O=cLy+ Y S (UfnHunF L)
n=1n#m j=1
It is again emphasized that the total power constraint limits the performance
improvements promised by port selection in a multi-cell DAS. Additionally, by its
very nature, the water-filling algorithm may effectively perform port selection by
limiting or eliminating the transmit power of certain ports. However, the total power
constraint is considered here for tractability reasons. If the system was subject to
an individual (per-port or per-antenna) power constraint, the power allocation stage

(involving water-filling) described above would be appropriately replaced.

3.3.3 DAS Zero-Forcing Dirty Paper Coding

In this section, the ZF-DPC scheme, and in particular, the one described in [41] for
multi-antenna UTs, is extended to the DAS with port selection.

Let m denote a permutation operator for UT ordering. In the ZF-DPC scheme,
successive dirty paper encoding is used to generate the data vector of the 7(k)-th
UT, wn(x), such that the interference caused by transmissions intended for the UTs
indexed between 7(1) and 7(k—1) is eliminated. The remaining intra-cell interference
is mitigated using a BD-based zero-forcing technique. In this case, the zero-forcing

condition can be written as

~ A

Hmﬁ(j)mFﬂ(k)m =0, vk > j. (3.21)

Similar to the DAS BD scheme in Section [3.3.2] an interference matrix corre-
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sponding to the 7(k)-th UT can be defined as

_ _ _ H
H.om 7y H(Cw(k)m)HH(Cﬁ(mm)H . H(Cw(k)m)H] k=2 K (3.22)

mr(1)m mr(2)m mm(k—1)m

From this point onward, the design of the transmit beamforming and power allocation
matrices is analogous to that described for the DAS BD scheme. In particular, the
technique involving two SVD operations (see Section is used to obtain the
precoding and decoding matrices, F'r ), and ﬁf(k)m, respectively, for each UT.

It can be noted that there is no interference matrix for the (1)-th UT because the
data vectors of the other K —1 UTs are designed to mitigate interference to this UT.
In this case, an SVD analogous to the one in is applied directly to H mar(1)ms
and the resulting singular value matrix, 2W(1)m, is used for power allocation.

Now, using the precoding and decoding matrices described above, the maximum
aggregate cell spectral efficiency per RB of the m-th cell achieved by the DAS ZF-DPC

scheme can be expressed as

— ~ H 1 2
=+ (Uﬂ(k)mHmW(k)mFﬂ'(k)mAw(k)m)
= 7

K
R, zr-pPc = max E log,
™
k=1

(3.23)

where

M K
r— i 2
== O'ZINT + Z Z(Uw(k)mHT”f(k)mFﬂ(j)nA;(j)”)2’

n=1n#m j=1
and the maximization over 7 is due to the fact that the UT ordering affects the
achievable spectral efficiency. In particular, in the BD-based zero-forcing technique,
the precoding matrices of the UTs are designed to lie in the null space of other UTS’
channels, whereas successive dirty paper encoding does not incur any such limitation
on the precoder design. Therefore, the 7(K)-th UT is the most restricted in terms of
the number of available spatial degrees of freedom, while the 7(1)-th UT is the least

restricted. It is for this reason that ZF-DPC outperforms BD, as will be shown in
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Section [3.5] Although some heuristic UT ordering strategies have been proposed in

the literature (see, e.g., [34]), an arbitrary ordering is considered herein for simplicity.

3.3.4 An Exemplary Configuration

In this section, the application of the DAS BD and DAS ZF-DPC schemes described
in Sections and [3.3.3], respectively, will be illustrated by means of an example.

Consider the setup shown in Fig. 3.2) in which M = 1, K = 3, and & =
{1,2,...,7}. To evenly cover the geographic area of the cell, six of the ports are
distributed uniformly in the cell at a distance of %’re from the BS, where r. is the
circumradius of the hexagonal cell, and the seventh port is co-located with the BS at
the center of the cell. The location of each UT is fixed as shown in Fig. [3.2 Each
UT receives desired signals from the two ports that have the shortest distance to it,
e, Ci1 = {1,2}, Cy1 = {3,4}, and C3; = {1,6}. In this case, ports 5 and 7 are
inactive, and hence, A; = {1,2,3,4,6}. The channel matrix for each of the UTs can

be expressed as
Hy, = [Hllkl Hy Hier Hyig H61k1]a k=1,2,3, (3.24)

where H j,i,, is as described in (3.12). The channel submatrices H ., for the UTs
can be written as

Hy = [Hy Hon, (3.25)
Hyy = [H 3191 Hy1], (3.26)

ﬂ131 = [H1131 H6131] . (327)
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Figure 3.2: An exemplary single-cell DAS configuration with K = 3 UTs per RB and
L =T ports.

In the case of BD, the interference matrices are defined as

S _ ;

i, - Ifijllj _ Hi5 Hig | (3.28)
H;) Hi3 Hos
o] _ i}

- H H H

Hy— | 2;1) _ 3111 4111 | (3.20)
H ;' H3ji3 Hys
S _ i}

o — I_{Efj _ Hi;,, Hegn ‘ (3.30)
H;} Hy91 Hgio

The corresponding BD beamforming submatrices Fi1 then assume the form

~ H
Fy = [Fiy Foulo (3.31)
~ H

Fy = [Fyy Finl (3.32)
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S H
Fy = [Fiy Fol o, (3.33)
and the full BD beamforming matrices can be expressed as
H
Fu = [Fiyy Fap Oyn] (3.34)
H
F = [OgNthr Fi}, F}, OgthJ ; (3.35)
H
Fy = [Fiy O3y,.n, Feul (3.36)

where 0,4, represents a a x b all-zero matrix.

For the ZF-DPC scheme, the interference matrices for the UTs can be written as

] 7 (C7T )
Hyopn = H, (V" = [Hainqp Hueyls (3.37)
7 (Cr3)1)
r HTI' Hllﬂ'(l)l H617r(1)1
Hop=| o | = , (3.38)
HW{SJ Hi:01 Heixen

where H j,(k)m 15 the channel matrix between the j-th port in the m-th cell and
the m(k)-th UT in this cell. The beamforming submatrices and full beamforming
matrices for this scheme can be obtained analogously to the ones in (3.31)—(3.33) and

(3.34)-(3.30), respectively.

3.4 Centralized Multi-Cell Processing

In this section, transmission schemes analogous to those in Section [3.3| will be devel-
oped under the assumption that the transmissions from the ports in all cells are fully
coordinated by a central controller. Such a system can be viewed as a larger cell,

which is hereby referred to as a super-cell.
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3.4.1 System Model

The system model in this section is analogous to that in Section [3.3.1] and hence,
some repetitive details will be omitted. In the super-cell, which consists of a cluster
of M cells, the central controller is connected to LM distributed N;-antenna ports.
In addition, there are KM N,-antenna UTs in the super-cell, each of which can be
served using any of the LM portg]

Let S represent the set of indices of all ports in the super-cell, where |S| = LM.
Let A represent the set of active ports in the super-cell (A C S). Also, let C;, denote
the set of ports that transmit to the k-th UT in a coordinated manner, and let Z,

denote the set of ports that cause interference to this UT, k =1,..., KM.

Signal Model

The received signal, y, € CV*, of the k-th UT can be expressed as
y.=Hix+n,, k=1,..., KM, (3.39)

where, H;, € CN"*MIN¢ i5 the complex-valued channel matrix between all active ports
in the super-cell and the k-th UT, n, € C™ is a zero-mean complex Gaussian noise
vector with covariance matrix E{nynf} = ¢%Iy, , and x € CH™ is the signal

transmitted from the active ports. This transmitted signal is of the form

KM
T =Y Fiu, (3.40)
k=1

where u, € CV* denotes the data vector of the k-th UT, and F), € CMINoxNr g jtg

precoding matrix. Analogous to Section |3.3.1] this precoding matrix is chosen to be

5To enable a fair comparison between the single-cell processing schemes and the corresponding
centralized multi-cell processing schemes, K UTs are randomly located in each of the M cells that
comprise the super-cell.
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of the form F = FkA%, where F), € CMINexNr g the transmit beamforming matrix
and Aj € CN"*Nr is a diagonal power allocation matrix.

The ports in the super-cell are subject to a total power constraint, P,M; that is,
E{xz} < PM. Assuming that the data vectors, uy, are zero-mean with identity

covariance matrix for all k, this constraint can be expressed as
KM
> Tr(Sy) < PM, (3.41)

k=1

where Sy, = F F}" is the transmit covariance matrix of the k-th UT.

Channel Model

The channel matrix H, in the signal model above can be expressed as
H,=[H Hy ... Hyu|, k=1,....,KM, (3.42)

where

Hgk = p(d€k>sékH/ek~ (343)

In (3.43), dg is the distance between the ¢-th port and the k-th UT, sy represents
log-normal shadowing with 0 dB mean and standard deviation o, in dB, and Hy, €

CN>*Nt represents Rayleigh fading.

3.4.2 DAS Block Diagonalization

In this section, the goal is to design the precoding matrices of the UTs such that inter-
user interference is mitigated. It is noted that in the case of single-cell processing in
Section [3.3.2], the number of UTs per cell in a particular RB is chosen such that the
DAS dimensionality constraint in is satisfied. However, for a system in which

the values of N; and N,, as well as the number of coordinating ports per UT are
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preserved, this constraint is generally not satisfied in the multi-cell processing case.
In other words, there are not enough spatial degrees of freedom to transmit to the
k-th UT such that this transmission is in the null space of the channels to all the
other KM —1 UTs. Hence, the interference caused to only a subset of these UTs may
be mitigated while satisfying the dimensionality constraint. A candidate approach is
to select those K — 1 UTs that have the largest channel gains from the ports that
transmit to the k-th UT.

Let ¢, denote a permutation operator for UT ordering, whereby the KM — 1
UTs (excluding the k-th UT) are arranged in decreasing order of the magnitude
of the channel gains from the ports that transmit to the k-th UT. In other words,
or(1) = maxj—1 . xum, j;ék||I_f§Ck)H2, and (KM — 1) = minj—y g, j;ék||I_{§Ck)H2,
where H S-ck) € CN-xICINt g a submatrix containing only those columns of H ; that

correspond to the antennas of the ports in Cg, and || - ||2 denotes the Frobenius norm.

Using this notation, the interference matrix of the k-th UT is defined as

H, =

77 (Cr)H 7 (Cr)H H .
[HM) LEHST T k=1, KM (3.44)

From this point onward, the design of the beamforming and power allocation matrices
is similar to that in Section [3.3.2] and hence, it is omitted here for conciseness.

Let Uy, denote the set of UTs whose beamforming matrices are designed to mit-
igated interference to the k-UT, for all k. Then the average aggregate spectral effi-
ciency per cell per RB can be expressed as

~H 1 ~H 2
‘UQINT e (O H F;A?) + (O} HkaA§)2‘ .
. (3.45

1 KM
Rpp = — ZIOgQ 1
M ~ H =\ 2
k=1 ‘UQINT + Zjeb_{k\{k:} (Uk: HijAJ?) )

where {-} denotes the complement of the set argument, and {-}\ {-} is the set differ-

ence operator.
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3.4.3 DAS Zero-Forcing Dirty Paper Coding

The DAS ZF-DPC scheme in the case of centralized multi-cell processing is analogous
to that developed in Section [3.3.3] with modifications that are similar to those used
in Section In particular, the KM UTs are arranged in a particular order,
which is denoted by the permutation operator . The data vector of the mw(k)-th UT,
Un(k), is generated using successive dirty paper encoding, such that this UT does not
experience interference from the UTs with a lower index. The remaining interference
is partially mitigated using the approach described in Section [3.4.2]

Let ¢r ) denote another UT ordering permutation operator, whereby the KM —
k—1 UTs that have a lower m-index are arranged in decreasing order of the magnitude
of the channel gains from the ports that transmit to the w(k)-th UT. Using this

notation, the interference matrix of the 7(k)-th UT is defined as

= = (Crii))H = (Cr)H 11
H, 2 [H@k(%) L E k=2, KM (3.46)

The remaining steps of the precoding matrix design are similar to those in Sec-
tion Now, the average aggregate spectral efficiency per cell per RB can be

expressed as

~ H 1 2
KM E+ (U oy Hr FriAZ )
1 m(k) 4L w(k) £ w(k) X (k)
Rzy.ppc = M mfx;b& |E| ) (347)
where
E=oly, + Z (UTr(k)Hﬂ'(k)Fﬂ'(j)Aﬂ(j)) ’

Jj>k, ]Eaﬂ'(k)\{ﬂ—(k)}

and Uy is analogous to Uy, in Section
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3.5 Performance Evaluation

The performance of the cellular DAS transmission schemes developed in this chapter
is assessed using Monte Carlo simulation, and is compared with that of the corre-
sponding schemes in a cellular CAS. To enable a fair comparison, the same total
power constraint is applied to each cell in both architectures. As well, the number of
active antennas that transmit to each UT in the DAS, is preserved in the case of the
CAS by selecting those |Cy,,|V; antennas out of the total |.A,,|N; available ones in the
CAS that have the largest channel gains (including both large-scale and small-scale
fading) to the k-th UT in the m-th cell.

The cellular system used for the Monte Carlo simulation consists of M hexagonal
cells, each with circumradius r.. The BS in each cell is connected to seven ports; i.e.,
L =7 [53,54]. To evenly cover the geographic area of the cell, six of these ports are
located uniformly at a distance of %rc from the BS at the center of the cell, while the
seventh port is co-located with the BS (see, e.g., Fig. E] There are K = 3 UTs
per RB in each cell, and each UT is equipped with N, = 2 antennas. The results
reported in this section are averaged over 10000 independent channel realizations. In
each realization, the UTs are dropped randomly in each cell.

To simulate practical communication scenarios, the selected values for the the
distance and the log-normal shadowing and path loss parameters are those corre-
sponding to the suburban macro-cell (SMa) IMT-Advanced scenario [57, Sections
8.4.2, A-1.3.1]. For this scenario, the distance between the BSs is 1299 m, and the
corresponding shadowing standard deviation, o, is 8 dB. Using an RB bandwidth
of 180 kHz [58], and a thermal noise level and UT noise figure of -174 dBm/Hz and
7 dB, respectively [57], the noise power, o2, is chosen to be —114 dBm. The channel

model is chosen to be the non-line-of-sight (NLoS) one in [57]. In this model, setting

6The described configuration is chosen for simplicity; the location of the ports is a separate
optimization problem (see, e.g. [55], [56]), which is not considered herein.
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Table 3.1: System and simulation parameters used for the cellular DAS architecture

Parameter Value
UTs per cell per RB, K 3
Antennas at each UT, N, 2
Ports per cell, L 7
Noise power, o —114 dBm
Inter-BS distance 1299 m
Elevation of each port 15 m
Elevation of each UT 1.5m
Carrier frequency 2 GHz
Path loss and shadowing NLoS [57]
Log-normal shadowing standard deviation, o 8 dB
Independent channel realizations 10000

the carrier frequency to 2 GHz, the elevation of each antenna port to 15 m, and the

elevation of each UT to 1.5 m yields the following path loss function:

,O(d) — 101.866+4.03210g10(d)‘

The system and simulation parameters described above are summarized in Ta-

ble 3.1} All numerical results shown in this section are generated using MATLAB.

3.5.1 Single-Cell System (Interference-Free Environment)

In this section, the performance evaluation is carried out for a system comprised of a
single cell (i.e., M = 1) which operates in an isolated (interference-free) environment.
The chosen performance metric is the aggregate cell spectral efficiency per RB in
bits/sec/Hz. The results presented herein serve as an upper bound on the achiev-
able aggregate cell spectral efficiency in a more realistic multi-cell system, which is

considered in Section [3.5.2]
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Port Selection versus Transmit Antenna Selection

Port selection can be viewed as a special case of transmit antenna selection, wherein
a subset of all transmit antennas are selected to transmit to a particular UT based
on a specified metric such as the channel gain or the received SINR. However, with
port selection, the antennas at each port are selected as a group. The performance of
both approaches is compared in Examples and below with antenna selection
referring to the selection of |C,,|N; antennas with the largest channel gains (includ-
ing both large-scale and small-scale fading) to the k-th UT out of the total |A,,|N;
antennas. Unlike antenna selection, however, the criterion used for port selection in
the simulations reported herein is large-scale fading (path loss and shadowing) only.

In Figs. and [3.4] it is shown that although port selection is less flexible, its
performance is comparable to that of antenna selection for both DAS ZF-DPC and
DAS BD. Hence, antenna selection in the DAS is not considered beyond this initial

comparison in this section.

Example 3.1. In Fig. [3.3(a), the ergodic aggregate cell spectral efficiency per RB
achieved by DAS BD and DAS ZF-DPC is compared with those achieved by the CAS
counterparts of these schemeﬂ. In Fig.[3.3(b), the outage probability of these schemes
is shown versus the aggregate cell spectral efficiency per RB when P, = 20 dBm. In
this scenario, |Cgy,| = 3 for all k and N; = 2. The DAS dimensionality constraint is
satisfied here because N, (K — 1) =4 < mingeq,. k3 [Crm|N: = 6. However, no more
UTs could be simultaneously served by this system while satisfying the zero-forcing
condition unless either additional antennas were deployed at each port or a greater
number of ports coordinated their transmissions to each UT.

It can be seen from the figure that both DAS schemes achieve higher aggregate cell

spectral efficiencies than their CAS counterparts. For example, when P, = 20 dBm in

"Each of these spectral efficiencies is obtained by evaluating the corresponding expressions (see,
e.g., (3.20) and (3.23)) for each independent channel realization, and then averaging the results over
all of the realizations.
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Figure 3.3: A comparison between the ergodic and outage aggregate cell spectral
efficiencies per RB achieved by DAS BD and DAS ZF-DPC and those achieved by
their CAS counterparts in a single-cell system that operates in an interference-free
environment. Ny = 2 and |Cg| = 3, Vk.
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Fig. (a), each DAS scheme achieves over 80% higher ergodic aggregate cell spectral
efficiency per RB than the corresponding CAS scheme. Moreover, DAS ZF-DPC
outperforms DAS BD by approximately 28%. This gain is due to the availability of
additional spatial degrees of freedom in the case of DAS ZF-DPC since the interference
is partially mitigated through successive DPC encoding. Hence, the zero-forcing

condition must only be satisfied for the remaining interference. |

Example 3.2. In Fig. a comparison similar to the one in Fig. is considered,
except that now N; = 3. It can be seen from this figure that, in comparison to
the case of Ny = 2 considered in Example |3.1] a single additional antenna at each
port results in improved performance for both DAS schemes. Furthermore, the gap
between both DAS schemes is reduced. For example, when P, = 20 dBm, DAS ZF-
DPC only achieves approximately 9% higher ergodic aggregate spectral efficiency than
DAS BD, which is considerably less than the corresponding result in Example 3.1} W

Example 3.3. In Fig. a comparison similar to the one in Fig. is considered,
except that now |Cy,,| = 7, Vk. The observation made from comparing the two figures
is similar to that in Example[3.2] It can be seen that by using all L = 7 ports to serve
each UT leads to improved performance for both DAS schemes, and that the gap
between DAS ZF-DPC and DAS BD is reduced. This improvement can be attributed
to the additional spatial degrees of freedom that are made available by increasing

Crm| from 3 to 7 for all k. [ |
|Crom|

Effect of the Number of Antennas per Port

Example 3.4. Following the lead from Examples and [3.2] in this example, the
effect the number of antennas per port is further investigated. In Fig. [3.6] the ag-
gregate cell spectral efficiencies per RB achieved by both the DAS and CAS schemes
are compared for different values of Ny when P, = 20 dBm and |Cy,,| = 3 for all k.

It can be noted from the figure that the points at N; = 2 and N, = 3 are the same
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Figure 3.4: A comparison between the ergodic and outage aggregate cell spectral
efficiencies per RB achieved by DAS BD and DAS ZF-DPC and those achieved by

their CAS counterparts in a single-cell system that operates in an interference-free

environment. N; = 3 and |Cy| = 3, Vk.
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Figure 3.5: A comparison between the ergodic and outage aggregate cell spectral
efficiencies per RB achieved by DAS BD and DAS ZF-DPC and those achieved by
their CAS counterparts in a single-cell system that operates in an interference-free
environment. N, = 2 and |Cy,,| = 7, VE.
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Figure 3.6: A comparison between the aggregate cell spectral efficiencies per RB
achieved by DAS BD and DAS ZF-DPC and those achieved by their CAS counterparts
for different values of IV, in a single-cell system that operates in an interference-free
environment. |Cry,| = 3, Vk.

as those in Figs. 3.3(a) and [3.4(a) for P, = 20 dBm, respectively. Furthermore, it
can be observed that as N, increases, the spectral efficiency achieved by each of the
schemes also increases. This improvement can be attributed to the availability of
additional spatial degrees of freedom since the DAS dimensionality constraint is more
than barely satisfied beyond N; = 2. However, it can be seen from the figure that the

improvement diminishes as the number of antennas per port becomes large. [

Effect of the Number of Coordinating Ports per UT

Example 3.5. Following the lead from Example [3.3 in this example, the effect of
varying the value of |Cy,,| is investigated, and the corresponding simulation results
are presented in Fig. 3.7, For this simulation, N, is fixed as 3, and the lowest chosen
value of |Cp,| is 2 so that the zero-forcing constraint is satisfied.

The observation in Fig. is analogous to the one in Example In particular,

the aggregate cell spectral efficiency per RB achieved by both DAS schemes is rela-



40

Total Transmit Power = 20 dBm

]
o

w A A A A~ »
©® O N b o o

]
]

T

7 —~&A— DAS ZF-DPC

— ¥V — DAS BD

| | | | | T T

25 3 35 4 45 5 5.5 6 6.5 7
Number of Coordinating Ports per UT

w
P

Aggregate Cell Spectral Efficiency per RB [bit/sec/Hz]

w
N
N

Figure 3.7: A comparison between the aggregate cell spectral efficiencies per RB
achieved by DAS BD and DAS ZF-DPC for different values of |Cy,,| in a single-cell
system that operates in an interference-free environment. N, = 3.

tively low when |Ci,| = 2, and it increases monotonically with |C,,|. However, this
improvement diminishes as |Cy,,| approaches L. This monotonically increasing be-
haviour is due to a larger number of spatial degrees of freedom that become available

as |Cgm| increases for all k. |

Effect of UT distance from the Cell Center

Example 3.6. In this example, the performance of the proposed DAS schemes is
compared with that of their CAS counterparts for different UT locations in the cell
area. In particular, each of the K UTs is dropped randomly on a circle with radius
r that is centered at the BS. The value of r is progressively increased on the interval
[10,7r.) m ﬂ In doing so, it is demonstrated that, in contrast to the CAS, the DAS
architecture enables more ubiquitous high-throughput coverage throughout the cell.

In Fig. [3.8] the aggregate cell spectral efficiency per RB achieved by DAS ZF-

8The value of r is lower-bounded by 10 m since the chosen path loss model is not applicable when
the receivers are located too close to the transmitter.
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free environment. Ny = 2 and |Cg,| = 3, Vk.

DPC is compared with that achieved by DAS BD, and that achieved by the CAS
counterparts of these two schemes for different values of r on the interval specified
above when P, = 20 dBm and |C,,| = 3 for all k. It can be seen from the figure
that, as expected, the spectral efficiency achieved by the CAS schemes is high near
the cell center, and decreases exponentially as r increases. In contrast, it can be
observed that the spectral efficiency achieved by the DAS schemes increases as the
distance approaches %rc. This is because six of the seven ports are located on a circle
of this radius, which allows the UTs to benefit from the higher probability of being

geographically close to a subset of these ports. [ |

3.5.2 Multi-Cell System with Single-Cell Processing

In Section [3.5.1 the performance of the proposed DAS transmission schemes was

assessed for a single cell that operates in an interference-free environment. In this
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Figure 3.9: A seven-cell DAS with single-cell processing, K = 3 UTs per RB, and
L = T ports per cell.

section, a multi-cell system consisting of seven hexagonal cells (i.e., M = 7) is con-
sidered (see Fig. . In this system, the BSs operate independently and hence, the
UTs experience inter-cell interference. All other system and simulation parameters
remain the same as in Section [3.5.1} The results presented in the following examples
pertain to the cell that is located at the center of this seven-cell system. In other

words, a single tier of interfering cells is considered for the performance evaluation.

Example 3.7. In Fig. |3.10, a comparison analogous to the one in Fig. is consid-
ered, where V; = 2 and |Cg,,| = 3 for all k, m and inter-cell interference is present. It

can be seen from this figure that when P, is relatively low, the aggregate cell spectral
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efficiency achieved by both DAS schemes and by the corresponding CAS schemes in-
creases with P,. This is due to the fact that the system is noise-limited in this region,
which is similar to the observation from Fig. 3.3, However, at higher values of P,
the achieved spectral efficiencies demonstrate a saturation behaviour, which suggests

that the system is interference-limited. |

Example 3.8. In Fig.|3.11} a comparison similar to the one in Fig. [3.10]is considered,
except that now N; = 3. It can be observed from Fig. that with the addition of
a single antenna at each port, the aggregate spectral efficiency achieved by DAS BD
approaches that of DAS ZF-DPC.

This example is also analogous to Example |3.2] with the difference being the
presence of ICI. It can be seen that the spectral efficiencies achieved by each of the
DAS and CAS schemes in Example serve as an upper bound on those achieved in
this example. Furthermore, the interference-limited behaviour of the system can be

observed in Fig. [3.11] at higher values of F;. [

Example 3.9. In Fig. |3.12, a comparison similar to the one in Fig. |3.10] is consid-
ered, except that now |Cy,,| = 7, Yk, m. The observation here is similar to that in
Example that is, the performance of DAS BD approaches that of DAS ZF-DPC
with the additional spatial degrees of freedom. Also, comparing the results shown
in Fig. [3.12] with those in Fig. [3.5] the interference-limited behaviour can be seen at

higher values of P; in the multi-cell environment with ICI. |

Effect of the Number of Coordinating Ports per UT

Example 3.10. In this example, the impact of the number of coordinating ports per
UT on the aggregate spectral efficiency per RB achieved by DAS ZF-DPC and DAS
BD is investigated for the cell marked by a solid boundary in the multi-cell system

depicted in Fig. 3.9, The results are presented in Fig. |3.13]
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Figure 3.10: A comparison between the ergodic and outage aggregate cell spectral ef-
ficiencies per RB achieved by DAS BD and DAS ZF-DPC and those achieved by their
CAS counterparts for a cell that operates in an inter-cell interference environment.

N; =2 and [Cm| = 3, VE.
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Figure 3.11: A comparison between the ergodic and outage aggregate cell spectral ef-
ficiencies per RB achieved by DAS BD and DAS ZF-DPC and those achieved by their
CAS counterparts for a cell that operates in an inter-cell interference environment.
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Figure 3.12: A comparison between the ergodic and outage aggregate cell spectral ef-
ficiencies per RB achieved by DAS BD and DAS ZF-DPC and those achieved by their
CAS counterparts for a cell that operates in an inter-cell interference environment.

Ny =2 and [Cpm| = 7, VE.
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Figure 3.13: A comparison between the aggregate cell spectral efficiencies per RB
achieved by DAS BD and DAS ZF-DPC for different values of |C,,| for a cell that
operates in an inter-cell interference environment. N; = 3.

The performance degrading effects of ICI can be seen by the comparing the results
in this figure with those in Fig. [3.7 It can also be observed that the aggregate cell
spectral efficiency increases monotonically with |Cy,,| for all k£, m. Although it may be
expected that the performance would degrade as the number of active ports increases
due to higher levels of interference to UTs in other cells, this is shown to not be the
case. The reason for this observation is that due to the total transmit power in the
cell being fixed, activating a larger number of ports only results in a redistribution the
available power. Hence, the potential benefits of port selection are not fully realized
in such a system with a total power constraint. In contrast, it will be shown in
Chapter 4| that when the transmit power of each port is fixed, proper port selection

can lead to significant performance improvement. [ |
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3.5.3 Multi-Cell System with Centralized Processing

In this section, the performance of the schemes developed in Section is assessed.
Similar to Section [3.5.2] a seven-cell system is considered; however, the BSs now
coordinate their transmissions in a centralized manner, and any of the LM = 49
ports in the cluster may be selected for transmission to a particular UT (see Fig. .
Additionally, the cluster of seven cells is subject to a total power constraint of 7P,
as described in Section [3.4] To enable a comparison with the single-cell processing
results in Section [3.5.2] the performance metric is chosen to be the average spectral
efficiency per cell per RB. In other words, instead of considering the spectral efficiency
of the cell at the center of the cluster as was previously the case, the aggregate spectral

efficiency of the entire cluster is determined, and then scaled by a factor of 1/M.

Example 3.11. In Fig. 3.15] the average aggregate spectral efficiency per cell per
RB achieved by DAS ZF-DPC and DAS BD with centralized multi-cell processing is
compared with those achieved by these schemes with single-cell processing. In this
system, Ny = 2 and |Cx| = 3 for all k. It can be seen from this figure that DAS
BD with multi-cell processing outperforms the corresponding scheme with single-cell

processing for all values of transmit power. This gain can be attributed to

e the more flexible total power constraint for the cluster as a whole rather than

one for each cell, and

e the increased flexibility in port selection (since the ports that can be selected

to transmit to a particular UT need not be associated with the same cell).

However, in the case of DAS ZF-DPC, it is interesting that while centralized multi-
cell processing outperforms single-cell processing at higher power levels, the opposite
is true when the power is relatively low. This observation suggests that using the
available spatial degrees of freedom for diversity is preferable instead of using them

for interference mitigation through BD-based zero forcing at low power values.
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@ Distributed Base g User
Antenna Port Station Terminal

Figure 3.14: A seven-cell DAS with centralized multi-cell processing, K = 3 UTs per
RB, and L = 7 ports per cell.

It can also be noted by comparing the single-cell processing results for DAS ZF-
DPC and DAS BD in Fig. 3.15] with the corresponding ones in Fig. that the
average aggregate spectral efficiency per cell per RB achieved by these schemes is
higher than the aggregate spectral efficiency per RB of the cell that is located at the
center of the cluster. This difference is due to the fact that the spectral efficiencies
of all the cells are considered in Fig. [3.15] Since six of the outer cells are not fully
surrounded by other interfering cells, the overall spectral efficiency can be expected

to be higher than that of the center cell. [

Example 3.12. In this example, a comparison similar to that in Example |3.11] is
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considered, except that N; = 3. The average aggregate spectral efficiencies per cell
per RB achieved by DAS ZF-DPC and DAS BD with both single-cell and multi-cell
processing for this system are shown in Fig. [3.16, The observations in this figure
are similar to those in Fig. [3.15 with DAS BD with centralized multi-cell processing
outperforming the corresponding scheme with single-cell processing. The DAS ZF-
DPC scheme with multi-cell processing can also be seen to outperform DAS ZF-DPC
with single-cell processing when the transmit power levels are relatively high, and

vice versa when they are relatively low. [



52

a1
o

—&A— DAS ZF-DPC (Centr. Multi-Cell Proc.)
—A— DAS ZF-DPC (Single-Cell Proc.)

— ¥ — DAS BD (Centr. Multi-Cell Proc.) 2
— ¥V — DAS BD (Single—Cell Proc.) :8:' -= —_-_§;

N
o
T

w
o
T
v\
v\
vV
|

N
o
T
A\

[Eny
o
T
\
)
I

Avg. Aggregate Spec. Eff. per Cell per RB [bit/sec/Hz]

0 | | |
-10 -5 0 5 10 15 20 25 30
Average Transmit Power per Cell [dBm]
G
)
2 Average Transmit Power per Cell = 20 dBm
8 1 T T T
<
\%
m
T o8| .
(5]
o
)
© o6} ]
()
o
= !
s 04f ! i
- ’y
& ’
s ¢ ! DAS ZF-DPC (Centr. Multi-Cell Proc.)
8 021 DAS ZF-DPC (Single-Cell Proc.) B
s — — — DAS BD (Centr. Multi-Cell Proc.)
< _ — — — DAS BD (Single—Cell Proc.)
. 0 = I I I
g 1 20 30 40 50 60 70
= Spectral Efficiency [bit/sec/Hz]

(b)
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Chapter 4

Coordinated Max-Min Fair Multi-Cell Port
Selection and Beam Steering Optimization using
Semidefinite Relaxation

Recall that in each of the two coordinated downlink transmission schemes developed
in Chapter [3] the subset of antennas ports that transmit to each UT is pre-selected.
Although jointly selecting ports and designing the precoding coefficients would yield
improved performance, this is a challenging optimization problem. In this chapter,
this problem is addressed for a cellular DAS in which the UTs and ports have a single
antenna each, at most a single UT is permitted to occupy a particular RB in each

cell, and each port transmits using a fixed power.

4.1 Related Literature

Despite the envisioned benefits of using multiple antenna ports (see Section, poor
selection and weighting of ports can yield low SINRs, resulting in undesirable per-
formance. This fact has been demonstrated in [53] for cellular distributed antenna
systems with no coordination among the BSs. In [54], a system with no BS coordi-
nation, similar to the one in [53], is considered. For this system the weights of the
antenna ports are chosen to match the phases of the channel coefficients and either a
single-port or an all-port transmission strategy is selected.

In contrast with both [53] and [54], in this work, a cluster of cells is considered

93



54

in which the BSs organize their transmissions in a coordinated manner. Since coor-
dination among multiple cells is a generalization of coordination within a single cell,
the CoMP system considered herein subsumes those considered in [53] and [54], and
offers a greater number of degrees of design freedom. Also, unlike [54], in which the
transmission strategies are selected and fixed prior to choosing the antenna weights,
the focus herein is on the joint optimization of the ports to be used for transmission
and their corresponding weights, which are henceforth referred to as beam steering
coefficients. The joint optimization of these parameters allows further exploitation of
the coordination among the BSs to enable the UTs to achieve higher SINRs. However,
this joint optimization problem can be shown to be NP-hard [59, [60], which implies
that finding the global optimal solution is computationally prohibitive for many prac-
tical systems. To circumvent this difficulty, a novel polynomial-complexity two-stage
technique is proposed. This technique will later be shown to yield close-to-optimal
solutions efficiently.

Before indulging into the specific problem statement and the details of the pro-
posed two-stage technique, certain topics in optimization theory that are relevant to

the formulation developed in this chapter are briefly described in the next section.

4.2 Background: Mathematical Optimization

In mathematics, an optimization problem is one in which an objective is maximized

over a set of variables, such that a given set of constraints is satisfied; that is

max fo(z), (4.1a)

subject to  fi(x) <b;, i=1,...,m. (4.1b)

In the above problem, x is the optimization variable, fo(x) is the objective function,

and the inequalities in (4.1Db]) constitute the constraint set [61, Section 1.1].
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4.2.1 Convex Optimization Problem

A certain class of optimization problems are called convex optimization problems. In
such problems, the objective function and the functions in the constraint set are all

convex. By definition, a function f;(x) is convex if the inequality

filax + By) < afi(x)+ Bfi(y)

is satisfied for all o, 5 € R [61), Section 1.1].
Convex optimization problems can be solved efficiently using numerical techniques
such as interior-point methods, and bear an extremely useful property: if an optimal

solution exists, then it is guaranteed to be globally optimal.

4.2.2 Semidefinite Programming

A specific type of a convex optimization problem, known as a semidefinite pro-

gram (SDP), is for the form

max Tr(CX), (4.2a)
subject to  Tr(D;X) > b;, i=1,...,m, (4.2b)
X =0, (4.2¢)

29

where “I>;” denotes either “<” “=" or “>” in the i-th constraint [61, Section
4.6.2], [62]. In other words, the objective function is linear and the optimization

variable, i.e., the matrix X, is positive semidefinite (PSD).

4.2.3 Relaxation of an Optimization Problem

It is often the case that a particular optimization problem is difficult to solve. One

candidate approach for circumventing this difficulty is to consider a relaxed version
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of this problem instead. For certain types of problems, the relaxed version is often
easier to solve.

Let S denote the constraint set of the original optimization problem, and let U
denote the constraint set of the corresponding relaxed problem. Using the relaxation
technique, some of the constraints constituting S are either appropriately replaced
with looser ones, or omitted altogether. Therefore, S C U, and the optimal value of
the relaxed problem is an upper-bound on that of the original problem [63].

It is important to note that the optimal solution to the relaxed problem is not
necessarily optimal, or even feasible, for the original problem. Therefore, an additional
step is generally required to generate a candidate approximate solution to the original

problem using the optimal solution to the relaxed problem.

4.3 System Model

Consider the multi-cell DAS configuration described in Section [3.3.1] In this chapter,
the transmissions of the BSs in the M cells are coordinated by a central controller,
which is assumed to have reliable knowledge of the gains between the LM ports in the
M-cell cluster and each UT in the M cells. For tractability of the optimization prob-
lem tackled herein, the ports and UTs are assumed to be equipped with one antenna
each, i.e., N; = N, = 1. Additionally, a multi-user system is considered in which
no more than one UT within the cell is assigned the same RB; e.g., OFDMA-based
systems. This is a special case of the more general scenario considered in Chapter [3]
where multiple UTs can be served simultaneously in each cell in a particular RB.
Although the general case of multiple UTs per cell per RB yields a richer problem, it
is also more challenging, and is not considered herein.

Each port uses a fixed power to transmit to a particular UT within the cell, which
inherently causes interference to UTs that use the same RB in other cells. Restricting

the antenna ports to use fixed powers facilitates their hardware design and enables
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the use of low-cost power amplifiers with relatively small dynamic ranges.

Consider a specific RB. Let ay,, € {0,1} be the binary coefficient representing the
on-off state of the ¢-th port in the m-th cell on this RB, and let wy,, and P, denote
the corresponding complex beam steering coefficient and the power transmitted by
this port, respectively, for ¢ = 1,..., L, m = 1,..., M. The term beam steering
coefficient is deliberately chosen to distinguish it from general terms such as precoding
coefficient and antenna weight. This choice is motivated by the fact that, due to the
fixed transmit power at each port, the corresponding coefficient has unit magnitude,
i.e., it lies on the unit circle. Hence, each coefficient only steers the phase of the
signals transmitted from the corresponding port.

The received signal of the UT in the m-th cell is given by

L M L
Ym = Z QUpm \/%hgmmwgmxm—l— Z Z ozgn\/P_gnhgnmwmxn—i-nm, m=1,..., M,
=1 n=1n#m (=1
(4.3)
where hg,, is the complex-valued channel gain between the ¢-th port of the n-th
cell and the UT in the m-th cell, and z,, is the normalized data symbol of the UT
satisfying E{z,2,} = 0mn, where d,,, is equal to 1 when m = n and zero otherwise.
The additive white noise of the UT in the m-th cell is denoted by n,, ~ CAN (0, 0?),
where CN (-, ) denotes a complex Gaussian distribution.
Let a be the vector containing the LM port states, {ag, }, and let w be the vector

containing the LM beam steering coefficients, {wgy,}. The SINR of the UT in the

m-th cell can be expressed as

L 2
SINR,,(cx, w) = (s @m v/ Pomhomm wem) m=1,...

2
02 + Zi/lzl,n;ém (Zle QynV/ P@nhfnmwén) 7
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4.4 Problem Statement and Proposed Solution

One of the key motivations of using a DAS rather than a CAS is to improve the
quality of service provided to all UTs, including the cell-edge ones. Such a goal
can be attained by selecting the ports and the beam steering coefficients that jointly
maximize the minimum SINR. These ports and coefficients can be obtained by solving

the following optimization problem:

max _IIllinM SINR,, (v, w), (4.5a)

subject to « € {0, 1}XM (4.5b)

[[wly| =1, ¢=1,...,LM, (4.5¢)

where | - | denotes the absolute value of the scalar argument. This problem is non-

convex and hence, difficult to solve jointly for a and w. In fact, for any given a,
finding the optimal beam steering coefficients, w, satisfying is NP-hard [60].
In a complementary fashion, for any given w, finding the optimal ports state vectors,
«, satisfying is also NP-hard [59]. Despite their inherent difficulty, each of
these problems can be cast as an optimization problem that is amenable to tech-
niques that efficiently yield close-to-optimal solutions. To exploit this observation,
an approximate two-stage solution for (4.5 will be proposed. The first stage is de-
scribed in Section [4.5 the second stage is described in Section [4.6] and the details of

the two-stage approach are given in Section [4.7]

4.5 Coordinated Multi-Cell Port Selection

In this section, the goal is to select the set of ports that maximizes the minimum
SINR observed by all UTs when the beam steering coefficients are given.

Let wq be the vector of the beam steering coefficients. In [54] it was shown that,
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when the interference power is fixed, the wg that maximizes the SINR is the one in
which the entries are chosen to match the phases of the channel between the ports

and their intended UTs; that is, the ¢g-th entry of wy, [wy),, is given by
[woly & e79hemm, (4.6)

where ¢ = (m — 1)M + £.

From (4.4) it can be seen that the interference depends on the choice of wy,
and hence, the aforementioned assumption of fixed interference does not necessarily
hold. In other words, the choice of wy in is not necessarily optimal. Despite
its potential sub-optimality, choosing the beam steering coefficients in this manner
facilitates the selection of the port states. This is because each entry of w corresponds
to one port and depends only on the phase of the channel gain between this port and
the intended UT. Hence, if this port is chosen to be inactive (i.e., its corresponding
entry of a is zero), the beam steering coefficients of the active ports will not be
affected.

To make the SINR expression in (4.4)) more amenable to the optimization tech-
nique employed hereinafter, this expression will be rewritten using vector notation.
In particular, using w = wy in , the SINR of the UT in the m-th cell can be

expressed as
a’'C,«a

SRR w0) = 3D

m=1,..., M, (4.7)
where C,, € REMXIM and D,, € REMXLM gre block-diagonal matrices defined as
C,=0"'00B,,®", 0 and D,=o"'B,; ®00 . B,

RLXL

where the /j-th entry of matrix B,,,, € is given by

[Bn,m]Zj = |hgnmhjnm|\/Pgn]Djm E,] = 1, .. .,L, n,m = 1, .. .,M.
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A detailed description of the steps involved in obtaining the expression in is given
in Appendix . Defining the length-L vector b,, ,,, = [‘hlnm‘\/P_ln . ’thm‘\/p_Ln] ,
it can be verified that B,,,, = bn’mbim. Therefore, B,,,, is PSD and rank-1 for all
n and m. Subsequently, C,, and D,, are PSD with ranks 1 and M — 1, respectively,
for all m.

Using this notation, the optimization problem corresponding to for selecting

the SINR maximizing set of ports with the given wq can be cast as

c
max min M, (4.8a)

subject to « € {0, 1}, (4.8Db)

This is a binary constrained optimization problem, which, using a standard polyno-
mial transformation, can be shown to be NP-hard [59]. To find a close-to-optimal so-
lution for this problem, the semidefinite relaxation (SDR) technique will be used [62].
To use this technique, the vector 3 = 2o — 1 will be introduced, where 1 € R*M

denotes the all-one vector. Using this definition, 3 € {—1,1}X* and
1
a=3(B+1). (4.9)

Substituting (4.9)) into (4.8)), the port selection problem can be formulated as

. g'c.B+28"C,1+1"C,1
max min = o - : (4.10a)
5 m=b..M 402+ B'D, B+ 287D, 1+ 17D, 1

subject to @ € {—1,1}*M. (4.10b)

To use the SDR technique, the non-homogeneous quadratic forms in the numerator

and denominator in (4.10a)) can be cast in the homogeneous forms

87 1En[g" 1], and [gT 1]F.[3" 1],
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respectively, where

C,. Cg,l + | Dm D, 1
, and F,, 2 : (4.11)

i’c,, 17c,1 1"D,, 1"D,,1+ 402

E 2

Using this form and letting ® = 83", the problem in (4.10) can be written in the

following form.

P
Tr | F,, B
g1
max  min = =, (4.12a)
®.3 m=1,....M P B
Tr | F,,
g1
subject to ® — 887 =0, (4.12Db)
diag(®) = 1, (4.12¢)

where diag(-) is the vector containing the diagonal entries of the matrix argument.
In this formulation, the binary constraint in has been replaced with the
equivalent linear constraint in (4.12¢). This equivalence can be seen by noting that
when is satisfied, the diagonal entries of ® will be equal to the squared entries
of 3. In this case, the constraint in is equivalent to 52 =1,V ¢, m, which is
satisfied if and only if B € {—1,1}M.

4.5.1 Positive Semidefinite Relaxation

The constraint in (4.12bf) imposes a non-convex rank-1 constraint on ®, which results
in the NP-hardness of the optimization problem in (4.12). To obtain a close-to-
optimal solution of this problem, (4.12) is relaxed by replacing the equality constraint

in (4.12b]) with a generalized matrix inequality. Doing so, the relaxed optimization
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problem corresponding to (4.12) can be expressed as:

X z
Tr | F,,
! 1
max  min = = (4.13a)
X,z m=1,....M
X z
Tr | F,,
zl 1
subject to X —xa’ = 0, (4.13b)
diag(X) =1, (4.13c¢)

where X € REMXEM and £ € RYM are the optimization variables corresponding
to ® and 3 in the original problem, respectively. Neither the objective in (4.13a)
nor the constraint in is convex. To cast problem in a more convenient
form, an auxiliary variable, ¢, is introduced that lower-bounds the objective functionlﬂ.
Furthermore, it can be noted that the matrix X —xz” is the Schur complement [46]

of the matrix

U= , (4.14)

and is PSD if and only if ¥ is PSD. Using this observation, the constraint in (4.13b)

will be cast as a convex linear matrix inequality constraint in (4.15¢) below. Now,

'The introduction of such an auxiliary variable is a relatively common practice when dealing with
max-min or min-max optimization problems (see, e.g., [59]).
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the problem in (4.13)) can be rewritten as

max t, (4.15a)
t,X,x

Tr(E,, P

subject to t < W, m=1,..., M, (4.15b)
X =z

T = ~ 0, (4.15¢)
' 1

diag(X) = 1. (4.15d)

The problem in (4.15)) is still non-convex in (¢, x, X) because the inequality con-
straint in (4.15b|) involves products of the form tx and ¢tX. Fortunately, however,
it can be seen that these constraints are quasi-linear in (¢,x, X). This is because

both the super-level and the sub-level sets corresponding to a fixed ¢ are convex [61],

Section 3.4]. The constraint in (4.15b)) can be expressed in the form

Tr((tF,, — E,)®) <0, m=1,...,M. (4.16)

To find the optimal value of ¢, it is noted that the left hand side of (4.16]) is
monotonically increasing in ¢ for any given & and X satisfying (4.13bf). To show this,
it suffices to show that Tr (Fm\I’) is strictly positive. This is shown in the following

lemma.

Lemma 4.1. For the matriz F,,, defined in (4.11)) and the matrix W defined in (4.14)),

Tr(Fm\Il) >0, m=1,..., M.

Proof. See Appendix [A]l O

Using this lemma, the optimal ¢, which is denoted by t*, can be obtained by
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solving a series of convex feasibility problems. Each of these problems is of the form

find X, x, (4.17a)
subject to  Tr ((toFyy — Epn)®) <0, m=1,..., M, (4.17b)
X z
o= >~ 0, (4.17¢)
zl 1
diag(X) = 1. (4.17d)

For each instance of this problem, the value of ¢y is fixed. To determine an interval
within which it lies, it is noted that at the optimal solution, ¢y represents the minimum

SINR observed by the UTs. This SINR is upper-bounded by

, (4.18)

which corresponds to a situation in which there is no interference and all ports are
active. Hence, the optimal ¢y must lie in the interval [0, tyax]-

Using an argument analogous to the one in [61], Section 4.2.5], it can be seen that
if is feasible for a particular value of ¢y, then t, < t*. Conversely, if is
infeasible for this value of ¢y, then ¢35 > t*. Hence, the optimal value of ¢, must lie on

the boundary of the feasible set of (4.15)) and can be found using a bisection search.

4.5.2 Randomization for Coordinated Port Selection

Let X™ and «* denote the optimal solution of corresponding to t = t* obtained
by the bisection search. To obtain a candidate solution of the optimization problem
in , the Gaussian randomization technique will be used. This technique is known
to yield a close-to-optimal solution for NP-hard optimization problems with a similar

underlying structure (see e.g., [64]).
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To apply this technique to the current problem, a set of J; length-LM random
vectors V = {'v(j)}jlzl is generated from the Gaussian distribution N (z*, X*—z*z*7).
For sufficiently large .J;, the vectors in )V provide an approximate solution to the

following stochastic optimization problem:

max t, (4.19a)
X*=E{vvT}
z*=E{v}

subject to E{[UT 1U(tF,, — Ey)[wT 1]T} <0, m=1,...,M, (4.19b)

E{[v)’} =1, r=1,...,LM. (4.19¢)

Since X* —a*x*T = 0, it can be seen that this optimization problem is equivalent to
the one in . Hence, it can be seen that the set of vectors in V solve the problem
in on average [62].

The goal now is to use the vectors in V to extract candidate solutions to the
problem in ([#.10)). To do so, each realization of v\¥) € V is quantized and the corre-
sponding objective in is evaluated. In particular, for each v\9) € V, a candidate
binary solution B(j) is obtained as follows:

5()

B =sgn(vV¥) — ), j=1,...,J1, (4.20)

where sgn(-) is the element-wise signum function. Using (4.9)), the corresponding
candidate solutions of (4.8)) are obtained and the one yielding the largest objective is
chosen; i.e.,

o =arg max min SINR,, (&Y, wy). (4.21)

j=1,...,d m=1,..M
The SDR-based randomization technique proposed herein for close-to-optimal port

selection is summarized in the algorithm in Table [4.1]

In Section [.9] it will be shown that when the beam steering coefficients are fixed,
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Table 4.1: Algorithm 1 — Generating a close-to-optimal set of port states

Initialize a = 0, b = tyax, € > 0.
e While (b—a) > e

— Set tg = (a + b)/2 and solve (4.17).
— If (4.17) is feasible, set a = to; else, set b = to.

For j=1,...,Jy,

— Generate vV) ~ N (z*, X* — x*z*T).

— Use to obtain B(j), and to obtain &Y.
e Determine o* using .

the above SDR technique with Gaussian randomization provides a close-to-optimal

solution of the port selection problem with a relatively small .J;.

4.6 Coordinated Beam Steering Optimization

In the previous section, the problem of selecting the antenna ports that maximize the
minimum SINR when the beam steering coefficients are fixed was considered. In this
section, the complementary problem is considered in which the port state vectors are
fixed and the beam steering coefficients are to be optimized.

Let ayy be a given port state vector. Analogous to the approach used in Section [4.5]
vector notation will be introduced to express the SINR in a convenient form that
facilitates the optimization of the beam steering coefficients.

Define the M? matrices {Q,, ,,, }»',,—; such that the ¢j-th entry of the nm-th matrix

is given by

[Qmm]ﬁj = a(nhfnmh;nmajn \V4 anPjna E?] = ]-7 CII) La n,m= 1a s 7Ma

where (-)* denotes the complex conjugate. Furthermore, define block-diagonal matri-
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ces S,, € CEMXLM and T, € CEMXLM g
Sm = @?;7110 D Qm,m 69?im—i-l 0’ and Tm = @Zlem,z D 0 @ij\im+l Qm,i'

Using an argument analogous to the one used in Section 4.5| it can be shown that
the matrices {Q,, ,,,}5,—; are PSD and rank-1, and that the matrices {S,,})_, and
{T,.}M_, are PSD with ranks 1 and M — 1, respectively.

Using this notation, the SINR of the UT in the m-th cell can be expressed as

wiS,,w

SINR,, (g, w) = 7 wIT w

m=1,...,M. (4.22)

With the port state vector being fixed as ay, the general optimization problem

in (4.5) reduces to

) wS,,w
max - min oo Wl T w' (4.23a)
subject to wa]q’ =1, ¢g=1,...,LM, (4.23b)

where the constraint in (4.23bf) ensures that the entries of w lie on the unit circle, i.e.,
the power of each port is constant. This problem is non-convex, and in fact, a variant
of it, in which the antennas have to satisfy a total power constraint but no unit circle
constraints, has been shown to be NP-hard [60]. A close-to-optimal solution to the
problem considered in [60] was obtained using the SDR-based Gaussian randomization
technique. This technique was also used for the max-min fair problems considered
in [65] and [66], wherein, in contrast to the above optimization problem, the antennas
are also subject to a total power constraint. Following the lead of |60, [65], 66], the SDR~
based Gaussian randomization technique will be utilized to find a close-to-optimal
solution for the beam steering optimization problem in with the unit circle

constraint in (4.23b)).
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Similar to the approach used in Section |4.5|, in applying the SDR technique, the

H and subsequently

optimization problem in (4.23)) is relaxed by letting ¥ = ww
dropping the rank-1 constraint on Y. Let W € CEM*LM he the counterpart of X
in the relaxed problem. Introducing an auxiliary variable s that serves as a lower-

bound on the objective function in (4.23al), the relaxed optimization problem can be

expressed as

max s, (4.24a)
subject to 50 + Tr((sTpy — Sp)W) <0, m=1,..., M, (4.24b)
diag(W) =1, (4.24c)

W = 0. (4.24d)

Because of the product of the optimization variables in , this constraint is not
convex. However, similar to the relaxation of the port selection problem in Section [4.5]
it can be shown that this problem is quasi-linear, and that its optimal solution lies on
the boundary of the feasible set. This point can be found by using a bisection search
over s. Let sy denote the value of s at any iteration of the bisection search. We seek

the maximum value of sy for which the following feasibility problem has a solution.

find W, (4.25a)
subject to 500> + Tr((80Tp — Sm)W) <0, m=1,..., M, (4.25b)
diag(W) =1, (4.25¢)

W > 0. (4.25d)

It is straightforward to see that this problem is convex, and hence, can be solved
efficiently for any given so. However, to facilitate the bisection search, it is desirable

to upper-bound sg.
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Let spax denote the upper-bound on the value of sg. A candidate sy, can be
obtained by upper-bounding the SINR expression in (4.22)). In particular, since, by

construction, T, > 0, we have

H
SINR,, (e, w) < w
o
lwlf3
<l , (4.26)
LM
< 28l (4.27)

where (4.26)) follows from the submultiplicative property of the 2-norm [67], and (4.27))

follows from the fact that ||w]|2 < LM. Hence, a candidate value of s,y is

LM|Sm |2

m=1,....M 0‘2

Let W™ denote the solution of the relaxed problem corresponding to the optimal
so obtained from the bisection search. The Gaussian randomization technique is then

used to generate an approximate solution of the original problem in (4.23]). To apply

Jo
=1

the Gaussian distribution CN (0, W*). Similar to the discussion in Section 4.5.2} for

this technique, a set of J, length-LM random vectors, Z = {z0) is drawn from

sufficiently large J, these vectors provide an approximate solution to the following

stochastic optimization problem:

max S, (4.28a)
W*=E{zzH}

subject to  E{so” + 2" (sT), — Sp)z} <0, m=1,..., M, (4.28b)

E{|lzl4|} =1, ¢=1,....LM. (4.28c¢)

In other words, the set of vectors in Z solve the problem in (4.24)) on average [62].

Now, to obtain candidate beam steering coefficients, {[@"],}EM, that lie on the
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Table 4.2: Algorithm 2 — Generating close-to-optimal beam steering coefficients

e Initialize a =0, b = spax, € >0
e While (b—a) > e
— Set sp = (a +b)/2 and solve (4.25)).
— If (4.25)) is feasible, set a = sg; else, set b = sp.
e For j=1,.... )
— Generate z\9) ~ CN(0, W™).
— Use ([#.29) to obtain w).
e Determine w* using (4.30).

unit circle, the entries of each realization of 29) € Z are normalized; i.e.,

w9, = == q=1,...,LM. (4.29)

The close-to-optimal solution generated by the Gaussian randomization is the one

that yields the largest minimum SINR; i.e.,

* — ] ~ ()
w argjzrxl{g?fJg m:rrlunM SINR,, (g, w"). (4.30)

Using an approach analogous to the one in [66], it can be shown that, for a given
ay, the above technique yields a close-to-optimal solution to the problem in (4.23)).
The beam steering optimization technique proposed in this section is summarized

in the algorithm in Table |4.2]
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4.7 A Two-Stage Approach to obtain an Approximate Solu-

tion to the Joint Optimization Problem

In this section the techniques developed in Sections and are used to develop a
two-stage approach for generating an efficiently-computable approximate solution to
the joint optimization problem in (4.5)).

In the first stage, the beam steering coefficients are chosen as in , the matri-
ces {E,, F,,}M_, are constructed, and a set of J; port state vectors are generated
using and . Out of those J; vectors, the J < J; candidates that yield
the largest minimum SINR are selected. Notice that the close-to-optimal solution
of generated by corresponds to setting J =1 and does not necessarily
yield a close-to-optimal solution of the problem in , as will be shown in Sec-
tion (4.9

In the second stage, each of the J candidate vectors obtained in the first stage is
used to construct the matrices {S,,, T\, }*_, and the corresponding close-to-optimal
beam steering coefficients are generated using . Finally, the approximate solu-
tion of problem is chosen to be the pair of port state vector and beam steering
coefficient vector that jointly yield the largest objective in (4.5a)).

It will be shown in Section that this two-stage approach, with relatively small
Jy and J, yields a significantly better performance than that achieved by port selection
with the initial beam steering coefficients, and that achieved by the close-to-optimal
port state vector chosen in the first stage with the corresponding close-to-optimal

beam steering coefficients obtained in the second stage.

4.8 Complexity Analysis

In this section, bounds will be provided on the computational complexity of the pro-

posed techniques. More specifically, it will be shown that each of the techniques that
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yield close-to-optimal solutions in Sections and has a polynomial complexity.
Hence, the two-stage approach proposed in Section [4.7] for obtaining an approximate

solution to the joint optimization problem in (4.5 also has polynomial complexity.

4.8.1 Computational Complexity of the First Stage

In the first stage of the approach proposed in Section [4.7, the beam steering co-
efficients are fixed. In this case, the optimal port state vector could be found by
exhaustive search over all possible vectors. The computational complexity of this
approach is O(2M), and hence, it is inefficient for large L and M.

In contrast, the SDR-based Gaussian randomization technique proposed in Sec-
tion 4.5/ involves solving a sequence of convex optimization problems, each with a PSD
constraint (refer to (4.17)). For general-use solvers, e.g., CVX [68], the complexity of
solving problems of this form would be O((LM)%%log(1/€y)), where €y > 0 is the
solution accuracy [69]. However, the problem in has a particular structure that
can exploited to develop more efficient solving techniques. For instance, the primal-
dual path-following interior-point method developed in [70] has been particularized
in [62] to solve a PSD-constrained convex optimization problem similar to the one
in with complexity O((LM)**log(1/ep)).

Let ¢, > 0 be the solution accuracy of the bisection search used in Section [4.5]
Since this search is over the interval [0, ¢,,.x] and its convergence rate is exponential,
the number of bisection search iterations is given by log(tmax/€1), where tyay is defined
in (4.18). For the Gaussian randomization procedure described in Section , the
computational complexity of generating and evaluating the objective corresponding
to the J; random samples is O((LM)%J;) [63]. Now, combining these observations,

it can be seen that the complexity of the proposed port selection technique is

O((LM)*®log(1/€o) log(tmax/€1) + (LM )*J1). (4.31)
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4.8.2 Computational Complexity of the Second Stage

In the second stage, close-to-optimal beam steering coefficients for a given port state
vector could be obtained by discretizing each coefficient using N, bins. Then, the
coefficients that yield the largest minimum SINR could be determined by using an
exhaustive search over all possible bin combinations. The complexity of such as ap-
proach would be O(NbLM ), which, similar to the exhaustive search in the port selec-
tion problem, is computationally inefficient. However, in Section [4.6] close-to-optimal
beam steering coefficients are generated using a variation of the SDR-based Gaussian
randomization technique. Using a discussion analogous to the one in Section [£.8.1] it

can be shown that the complexity of this technique is

O((LM)**log(1/€0) 10g(Smax/€1) + (LM)?J5). (4.32)

4.8.3 Computational Complexity of the Two-Stage Approach

Using exhaustive search to solve the joint optimization problem in (4.5) with dis-
cretized beam steering coefficients involves a complexity of O((2N,)*). This com-
plexity is computationally prohibitive, even for a relatively small system. For exam-
ple, for a two-cell cluster with seven ports in each cell, and N, = 100, the exhaustive
search involves about 200'* ~ 1.64 x 103? combinations.

Using the two-stage approach presented in Section and the complexity discus-

sions in Sections [4.8.1] and [4.8.2] it can be readily seen that the complexity of this

technique is bounded by
0((LM)4-5 log(1/€0) (. 108(Smax/€1) + 108 (tmax/€1)) + (LM)2(Jo] + Jl)). (4.33)

The results presented in this section are summarized in Table
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Table 4.3: Complexity of the proposed techniques and the corresponding exhaustive
search

Technique Complexity

Exhaustive | O (QLM)

Port selection (first stage)
Proposed O((LM)*5 log(2 =) log( t“ﬁ‘f" )+ (LM)2J1)

Beam steering optimization Exhaustive | O(NLM)

Q

Proposed

o

Port selection and beam steering Exhaustive
optimization (two-stage approach)

Q

(¢
(

(second stage) ((LM)+5 log )log( s,zlax) + (LM)2.J)
((2N,)EM)
(

Proposed LM)*® log(- )(j log( S'E‘la" )+ log(t‘z%)) + (LM)?(J2J + 1))

Table 4.4: System parameters used to simulate the cellular DAS architecture

Parameter Value
UTs per cell per RB, K 1
Antennas at each UT, N, 1
Ports per cell, L 7
Antennas at each port, NV, 1
Noise power, o2 —114 dBm

4.9 Performance Evaluation

In this section, Monte Carlo simulation is used to assess the performance of the port
selection and the beam steering optimization techniques presented in Sections
and [4.0], respectively, and the performance of the two-stage approach presented in
Section [4.7] The numerical results reported herein are generated using MATLAB and
the software package CVX [68]. The system and simulation parameters are summarized
in Tables [£.4] and 5]

The cellular system used for the simulation is similar to that described in Sec-
tion [3.3.1] In particular, it consists of M hexagonal cells, each with circumradius r..
The BS in each cell is connected to seven ports (i.e., L = 7), six of which are located
uniformly at a distance of %rc from the center of the cell, while the seventh one is
co-located with the BS. Such a system is illustrated in Fig. 4.1, where M = 7. All

ports transmit at a fixed power P, i.e., Py, = P, ¥/,n [53]. In each iteration, the UTs
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Table 4.5: IMT-Advanced scenario parameters used to simulate the cellular DAS

Parameter Value
Suburban Macro-Cell | Urban Macro-Cell

Inter-BS distance 1299 m 500 m
Elevation of each port 15 m 15 m
Elevation of each UT 1.5 m 1.5m
Carrier frequency 2 GHz 2 GHz

Path loss and shadowing NLoS [57] NLoS [57]
Log-normal shadowing std. dev., o, 8 dB 6 dB

are dropped randomly in each cell.

Similar to Section [3.3.1] a standard communication channel model is considered
with quasi-static frequency-flat Rayleigh fading, log-normal shadowing and path loss
components. Each complex channel gain can be expressed as hyy,,, = \/mhznm,
where where p(-) is a path loss function, which depends on the propagation environ-
ment, and dy,,, is the distance between the /-th port of the n-th cell and the UT in
the m-th cell. Shadowing is represented by S, which is log-normal distributed with

0 dB mean and standard deviation o, in dB, and multipath fading is represented by

!/

tmm» Which is complex Gaussian distributed with zero mean and unit variance.

The simulation parameters and system layout employed herein are similar to those
used in Chapter [3, with a few exceptions; e.g., the UTs and ports have one antenna
each. In addition to the SMa scenario considered in Chapter [3] the urban macro-
cell (UMa) IMT-Advanced scenario is also considered in this Chapter [57, Sections
8.4.2, A-1.3.1]. The parameters corresponding to the two scenarios are as follows
(the ones for the SMa scenario are repeated here for completeness). For the SMa
scenario, the distance between the BSs is 1299 m, and for the UMa scenario, this
distance is 500 m. The corresponding shadowing standard deviation, o, is 8 dB
and 6 dB, respectively. For both scenarios, the noise power, o2, is chosen to be

—114 dBm [57, 58] and the channel model is the same as that described in Section
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Figure 4.1: A seven-cell DAS cluster with seven ports per cell.

with the following path loss function:

p(dfnm) — 101.866+4.032 logqo(denm,) '

Example 4.1. In this example, the SMa scenario is considered. The largest minimum
SINR achieved by the proposed port selection technique (summarized in Table is
compared with that of the exhaustive search described in Section 4.8 In addition, it
is also compared with the largest minimum SINR achieved by other baseline transmis-
sion strategies, namely transmission from a single port and from all ports in each cell,

which were investigated in [54]. To facilitate exhaustive search, the case of a two-cell
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Figure 4.2: A comparison between the largest minimum SINR achieved by port se-
lection with exhaustive search and with the technique proposed in the first stage,
and that achieved by the one-port (without coordination) and all-port strategies for
a two-cell cluster in the SMa scenario.

cluster (i.e., M = 2) is considered, which requires searching over 24 ~ 1.64 x 10*
port state vectors. The resulting SINRs are averaged over 500 independent channel
realizations. For each realization, the number of the Gaussian samples, Ji, is chosen
to be 100. The port that is chosen in each cell in the case of single-port transmission
is the one with the largest channel gain to the UT in that cell.

The largest minimum SINR that is achieved by each of the techniques described
above is shown in Fig. [£.2] and the corresponding spectral efficiency is shown in
Fig. 4.3l From the figures, it can be seen that the performance of the proposed port
selection technique approaches that of the optimal solution and is better than the

two baseline strategies for the entire range of P. [

Example 4.2. In this example, the SMa scenario is also considered, but in a clus-
ter of M = 7 cells. In Fig. the largest minimum SINR achieved by the port

selection technique is compared with those achieved by the single-port and all-port
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Figure 4.3: A comparison between the largest minimum spectral efficiency achieved
by port selection with exhaustive search and with the technique proposed in the
first stage, and that achieved by the one-port (without coordination) and all-port
strategies for a two-cell cluster in the SMa scenario.

baseline transmission strategies, and also the largest minimum SINR achieved by the
CAS architecture. The reported results are averaged over 5000 independent chan-
nel realizations. For such a system, obtaining the optimal solution using exhaustive
search is computationally prohibitive since this search involves 2% ~ 5.63 x 10'* port
state vectors. However, the proposed port selection technique can provide close-to-
optimal solutions in polynomial time as discussed in Section [4.8] For this technique,
the number of Gaussian samples, Ji, is chosen to be 300. Furthermore, to enable a
fair comparison between the DAS and CAS architectures, the CAS considered herein
consists of L antennas at each BS, each of which transmits at the same power, P,
as each active port in the DAS. Additionally, all L antennas are used to serve the
intended UT, and co-phasing is performed at each antenna.

It can be seen from Fig. [4.4] that the proposed technique outperforms the two

baseline transmission strategies and the CAS in terms of the largest minimum ergodic
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and outage SINR. This gain in performance is particularly significant at higher values
of P, as seen from both the ergodic and outage results.

In Fig. [.5] a comparison similar to the one in Fig. [4.4]is considered, except that
the performance metric in this figure is the largest minimum spectral efficiency, i.e.,
the spectral efficiency of the UT with the minimum SINR. A behaviour similar to the
one in Fig. is observed in Fig. |4.5] with the proposed technique outperforming
the baseline transmission strategies and the CAS, especially at higher values of P.
For instance, when P = 20 dBm, the largest minimum spectral efficiency achieved by
the proposed technique at an outage probability of 0.1 is approximately 350%, 800%,
and 2800% greater than those achieved by the single-port transmission strategy, the
all-port transmission strategy, and the CAS architecture, respectively.

In Fig. [4.6] the distribution of the average number of ports that are activated per
cell by the proposed port selection technique is shown for different values of P. In
Fig. the mean values corresponding to each P is shown. It can be observed from
these figures that the number of active ports is relatively high at low values of P,
and decreases as P increases. This observation is consistent with the performance
results depicted in Figs. [1.4(a) and [4.5{a), wherein the all-port transmission strategy
outperforms the single-port one when P is low, and vice versa when P is high. The
results in Fig. [4.7] also indicate that the proposed port selection technique leads to
significant power savings by deactivating a considerable percentage of the available
ports when P is relatively high.

In Fig. the ergodic and outage average spectral efficiency per cell achieved
by the proposed port selection technique is compared with that achieved by the two
baseline transmission strategies and the CAS. It can be seen from the figure that
the performance of the proposed technique is comparable to that of the baseline
strategies, despite the fact that this technique is not necessarily optimal for this

metric. Furthermore, the performance gain over the CAS is maintained.
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Figure 4.4: A comparison between the largest minimum SINR achieved by the port
selection technique proposed in the first stage, and that achieved by the one-port
(without coordination) and all-port strategies for a seven-cell cluster in the SMa
scenario.
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Figure 4.5: A comparison between the largest minimum spectral efficiency achieved
by the port selection technique proposed in the first stage, and that achieved by the
one-port (without coordination) and all-port strategies for a seven-cell cluster in the
SMa scenario.
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activated per cell by the port

selection technique proposed in the first stage for a seven-cell cluster in the SMa

scenario.
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Figure 4.7: The average number of ports activated per cell by the port selection
technique proposed in the first stage for a seven-cell cluster in the SMa scenario.

An important observation from the results presented in this example is that, de-
spite the fact that the proposed port selection technique generally uses fewer than
L antenna ports in each cell, its performance is significantly better than that of the
CAS, which uses all L antennas for transmission. Hence, the DAS employing the
proposed technique leads to simultaneous power savings and performance gains over

the corresponding CAS. |

Example 4.3. In this example, a comparison similar to the one in Example

is considered, but for the UMa scenario. The results corresponding to those in

Figs. and are shown in Figs. 4.9 .10 [£.11] {.12] and [A.13]

respectively.

Comparing the results in Fig. [4.9] with the corresponding results in Fig. [£.4] it
can be seen that, at lower values of P, the achieved minimum SINRs are higher
for the UMa scenario than the SMa one, and vice versa at higher values of P. A

similar observation is made in comparing the achieved minimum spectral efficiencies
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Figure 4.8: A comparison between the average spectral efficiency per cell achieved by
the port selection technique proposed in the first stage, by the single-port (without
coordination) and all-port transmission strategies, and by the CAS for a seven-cell
cluster in the SMa scenario.
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in Figs. (UMa scenario) and[4.5] (SMa scenario). This behaviour can be attributed
to the fact that at low values of P, the system is noise-limited, whereas at high values
of P, it is interference-limited.

From both Figs. [4.9(a) and [£.10|(a), it can also be noticed that when P is low, the
performance of the proposed technique is close to that of the all-port transmission
strategy. This observation suggests that when the power per port is low, the SINR-
maximizing strategy is to use a greater number of ports for transmission in each cell.
This effect is further demonstrated in Figs. and [4.12] where it can be observed
that the number of active ports per cell approaches L as P decreases.

In Fig. [£.13] the ergodic and outage average spectral efficiency per cell achieved
by the proposed port selection technique is compared with that achieved by the two
baseline transmission strategies and the CAS. It can be seen in this figure that, similar
to Fig. [4.8] the proposed port selection technique achieves comparable performance
to that of the all-port transmission strategy when P is low, and that of the one-port
transmission strategy when P is high. Furthermore, despite being sub-optimal for
this metric, the proposed technique outperforms the CAS even though it uses fewer

ports, and hence, less power. [ |

Example 4.4. In this example, the performance of the two-stage approach proposed
in Section [4.7] is evaluated for a system with M = 2 in the SMa scenario, and com-
pared with a computationally-expensive close-to-optimal joint solution. Due to the
complexity of the latter approach, a single channel realization is simulated. The
channel gains for this realization are provided in Table [4.6]

The close-to-optimal solution is obtained through exhaustive search over all possi-
ble port state vectors, and by using the technique proposed in Section to generate
close-to-optimal beam steering coefficients for each vector. For the proposed two-
stage approach, 100 Gaussian samples are generated in the first and second stages;

i.e., Jl = J2 = 100.
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selection technique proposed in the first stage, and that achieved by the one-port
(without coordination) and all-port strategies for a seven-cell cluster in the UMa

scenario.
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Figures and [4.15)show the largest minimum SINRs and corresponding spectral
efficiencies, respectively, that are achieved by the two-stage approach in Section [4.7
with J = 10, 50, and 100, and by the exhaustive search described above. For com-
parison, in these figures, the largest minimum SINRs and corresponding spectral
efficiencies achieved by the techniques in Sections 4.5 and are also shown. From
the figures, it can be seen that the performance of the proposed two-stage technique
approaches that of the close-to-optimal joint solution as J increases. Both techniques
perform significantly better than the techniques presented in Sections and for
the given initial beam steering coefficients and the port state vector generated in the

first stage, respectively. [ |
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Table 4.6: Channel gains between the ports and the UTs in each cell (><10_4)

Port #

UT in the 1st cell
1st Cell 2nd Cell

UT in the 2nd cell
1st Cell 2nd Cell

N O Ot s W NN -

—0.0083 — 50.0042 —0.0025 — 50.0132
—0.2329 4+ 50.1166 0.0261 — 50.0021
0.0187 — 50.0141 0.0002 — 50.0015
—0.0013 + 50.0083  —0.0009 + 70.0022
0.0030 + 50.0010 0.0005 — 50.0000
0.0024 4 50.0154 —0.0001 — 50.0010
0.1053 4+ 70.1351  —0.0017 + 50.0039

—0.0005 — 70.0003 —0.0053 — 50.0284
—0.0043 + 50.0021 0.0580 — 50.0047
0.0063 — 50.0047 0.0008 — 70.0052
—0.0022 + 70.0140 —0.0058 + 50.0141
0.0020 + 50.0007 0.0128 — 50.0006
0.0006 + 70.0035 —0.0033 — 50.0415
0.0098 4 70.0126  —0.0152 4 70.0342




Chapter 5

Conclusions and Future Work

5.1 Summary

In this thesis, CoOMP transmission schemes are integrated into the DAS architecture.
In the first part of the thesis, two coordinated transmission schemes, namely DAS
ZF-DPC and DAS BD, are developed to serve multiple UTs in a particular RB in
each cell with no intra-cell interference. These schemes are also extended to the
multi-cell processing case, wherein a central processing entity is used to coordinate
the transmission between ports in a cluster of cells, which is subject to a total power
constraint. Simulation is used to demonstrate the performance gains of the DAS
as compared to the CAS, and also those attained by using centralized multi-cell
processing instead of single-cell processing.

In the second part of the thesis, a coordinated multi-cell DAS is considered,
wherein the transmit power of each port is fixed. For this system, the problem
of jointly selecting ports and optimizing their beam steering coefficients to maximize
the minimum SINR of the UTs is considered. This problem is NP-hard. A two-stage
approach is proposed to circumvent this difficulty. In each stage, a sub-problem of
the original joint optimization problem is considered. This problem is also NP-hard,
and the SDR-based Gaussian randomization technique is used to generate close-to-
optimal solutions in polynomial time. Furthermore, the two-stage approach provides

an approximate solution to the joint optimization problem in polynomial time. The
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efficacy of the proposed approach is demonstrated using simulation results. Further-
more, it is shown that proper port selection not only results in improved performance,

but also provides significant power saving opportunities in the cellular network.

5.2 Contributions

e The ZF-DPC and BD schemes are extended to the DAS architecture for intra-

cell and inter-cell interference mitigation.

e The joint selection of ports and their corresponding beam steering coefficients
that maximize the minimum SINR, which is an NP-hard optimization problem,

is tackled using the SDR-based Gaussian randomization technique.

e The proposed two-stage approach generates an approximate solution to the joint
optimization problem in polynomial time, and also provides significant power

savings (by deactivating selected ports) without compromising performance.

5.3 Future Work

The following is a list of potential topics for future research that are related to the
work presented in this thesis. These topics are organized based on relevance to the

two main chapters in the thesis.
e Chapter

— The design of transmission schemes such as DAS ZF-DPC and DAS BD

with a per-port or per-antenna power constraint.

— The development of a distributed multi-cell processing algorithm, which,
although is likely to be sub-optimal as compared to centralized multi-cell
processing, would alleviate the load on the backbone network and loosen

the CSI requirements for each BS.



95

— An investigation of the effect of the number of ports in each cell and their

layout on the performance of the cellular system.
e Chapter [

— The development of an algorithm using the SDR-based Gaussian random-
ization technique for the case in which the system is subject to a per-port

power constraint, instead of the transmit power being fixed for each port.

— The development of an algorithm that would allow the BSs to determine
the port states and beam steering coefficients in a distributed manner (to
alleviate the requirement of a central processing entity and the related

signalling overhead).

— The design of a port selection and beam steering optimization technique
that maximizes the aggregate spectral efficiency. The formulation of such
an optimization problem would be fundamentally different than the one
in Chapter [4 and may not be amenable to the SDR-based Gaussian ran-

domization technique employed herein.

— The joint optimization of the port states, beam steering coefficients, and
the UT scheduling for a given frequency-time RB. This is a more general
cross-layer design problem that subsumes the optimization problem consid-

ered in this thesis, and hence, can be expected to yield better performance.

— The development of a port selection and beam steering optimization tech-

nique for serving multiple UTs in each cell in the same RB.

A more general topic of practical importance is the investigation of the perfor-
mance of CoMP schemes and algorithms such as the ones designed in this thesis in the
presence of imperfect CSI. Such imperfections generally arise due to delay resulting
from measurement and feedback to the processing entity and/or errors introduced by

the feedback medium.
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Appendix A

Proofs and Derivations for Chapter

A.1 Derivation of the matrix notation in (4.7))

Consider the desired and interference signals received by the UT in the m-th cell.

These signals can be collectively written as

M L 2 M L L

* *
E E Qyn\/ Pﬁnhﬁnmwﬁn = E E g Qyn\/ anhfnmwfnwjnhfjnm \ PjnOéjn'
n=1 \/¢=1 n=1 j=1 (=1

(A.1)

The right hand side of the above equation can also be expressed as Zanl alA, .o,

where
A1p }hlnm}Zpln <. |h1nmthm} Vv PlnPLn
oy = and An,m = ’ :
(0577 |thmh1nm} V PLn-Pln <. ‘thm}ZPLn
(A.2)

Using this notation, the desired signal term in the numerator and the interference term

in the denominator of the SINR expression in (4.4]) can be expressed as o’ C,,a and
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a® D,,a, respectively, where

(83
as| |, Cp2al'00A,,01, 0, and D, £ &' B, 000, B
(85,7}
(A.3)
The expression in (4.7 is obtained by using this notation.
A.2 Proof for Lemma [4.1]
Using the definitions of F',, and ¥ in (4.11)) and (4.14)), respectively, we have
D, D,1 X =z
Tr(F,,¥) = Tr (A.4)
1"D,, 1"D,1+40%| |2 1
=40° + Tr (D, X + 22" D,, 1 +1"D,,1). (A.5)

Using (4.13b)), the matrix X can be expressed as X = X + xzz!, where X, = 0.
Substituting this equation in (A.5)),

Tr(F,®) =40° + Tr (D, Xo + ' Dpyz + 22" D, 1 + 17D, 1) (A.6)

=40 + Tr (D, Xo) + (z + 1)" D, (z + 1). (A7)

The statement of the lemma follows from noting that o2 > 0 and that X, and D,, are
PSD for all m. The latter argument follows from the fact that, since D,, is symmetric
and PSD, it can be expressed as D,, = RﬁRm using the Cholesky factorization [71]

Section 10.3], where R, is an upper-triangular matrix. Then

Tr (D,,X,) = Tr (RLR,, X)) = Tr (R, X,R") > 0. (A.8)
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