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ABSTRACT

This paper considers weighted sum rate maximization ofioadt
multiple-input single-output interference channel (MFEEEL) un-
der outage constraints. The outage-constrained weighi@drate
maximization problem is a nonconvex optimization problemd &
difficult to solve. While it is possible to optimally deal \mitthis
problem in an exhaustive search manner by finding all thet®are
optimal rate tuples in the (discretized) outage-cons¢iachiev-
able rate region, this approach, however, suffers from hibpitive
computational complexity and is feasible only when the neindf
transmitter-receive pairs is small. In this paper, we psep@convex
optimization based approximation method for efficientiyndiiang
the outage-constrained weighted sum rate maximizatioblg@no
The proposed approximation method consists of solving aeseg
of convex optimization problems, and thus can be efficieintiyle-
mented by interior-point methods. Simulation results slioat the
proposed method can yield near-optimal solutions.

to channel fading, the receivers’ performance may suffanfout-
age. Assuming that the transmitters employ transmit beamiifig,
the achievable rate region of MISO-IFC under outage coimssra
on receivers’ performance has been investigateflin [6]. I&\this
outage-constrained achievable rate region is not knowtytcelly
so far, it has been shown that this region can be found nuailric
using an exhaustive search methad [6]. This method, unfatély,
has a complexity that increases exponentially Wit/ — 1), and
therefore is not feasible in practice.

In this paper, we investigate efficient approaches to agigev
Pareto-optimal beamforming solutions that maximize theea@ble
weighted sum rate. To this end, we study the design fornarakiat
maximizes the weighted sum rate subject to outage contstraird
individual power constraints. Due to the nonconvextity foé but-
age constraints, solving the weighted sum rate maximiagirob-
lem is a challenging task. To efficiently deal with this preail, we
propose a sequential convex approximation method. Theopeap
approximation method is conservative in the sense thathtered

Index Terms— Multiuser interference channel, weighted sum approximate beamforming solutions are guaranteed to ksblea

rate maximization, outage probability, convex optimiaati

1. INTRODUCTION

Recently, interference management for improving speeffiaiency

of wireless multiuser systems has been a research topicirdraw
significant attention[1]. This paper considers tkieuser multiple-
input single-output interference channel (MISO-IFC) whek
multi-antenna transmitters simultaneously communicate W re-
spective single-antenna receivers over a common frequieaicy.
This MISO-IFC arises, for example, in multicell wirelesswms
where each of the base stations is equipped with multiplensais
and each mobile station has only one antenna. Under the pisam
that the transmitters have the perfect channel state irg#om and
that the receivers employ single-user detection, it has lsbewn
that transmit beamforming is an optimal transmission sehém
attain the Pareto boundary of the achievable rate region I&Qv
IFC [2]. The structure of the Pareto-optimal beamformingesnes
has also been studied inl [3] 4].
MISO-IFC has been presented iri [5].

This paper assumes that the channel coefficients are béaledf
and that the transmitters know only the statistical distiin of the
channels. Specifically, each channel is assumed to be ailgul
symmetric complex Gaussian distributed, with a covariamegrix
known to the transmitters. Under limited delay constraartd due
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A game-theoretic approach fo

and satisfy the outage constraints of the original probl8ince the
proposed method only involves solving convex optimizatioab-
lems, it can be efficiently implemented by interior-pointthaas in

a polynomial-time complexity 7]. The presented simulatiesults
show that the proposed approximation method can provide- nea
optimal performance and outperform the existing maximatior
and zero-forcing transmission strategies.

2. SIGNAL MODEL AND PROBLEM STATEMENT

We consider the<-user MISO interference channel where each of
the transmitters had/; antennas and all the receivers are equipped
with a single antenna. All the transmitters employ trandme&m-
forming to transmit information signals to their respeetieceivers.

Let s;(¢) denote the information signal sent from transmittesind
letw; € Ct be the associated beamforming vector. The received
signal at receiver is given by

K
ri(t) = hifwisi(t) + Z hitwisk(t) +ni(t), (1)
k=1, ki

wherehy; € CN* denotes the channel vector from transmitter

to receiveri, andn;(t) is the additive noise of receiver The
noisen;(t) is assumed to be complex Gaussian distributed with zero
mean and variance? > 0, i.e.,n;(t) ~ CN(0,07). Assuming
thats;(t) ~ CN(0,1) and that the receivers decode the informa-
tion message using single-user detection (which treatscitbss-
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link interference as noise), the achievable rate ofithéransmitter-
[l |”

receiver pair is given by
5 .
Dok DG wr]” + Uf)

In this paper, we assume that the channel coefficibntsare
block-faded, and that the transmitters can only acquiretéigstical
distribution of the channels. In particular, the elemerithg, are
assumed to be circularly symmetric complex Gaussian digtd
with covariance matrix equal tQ; = 0 (positive semidefinite),
i.e., hy; ~ CN(0,Qu:), forall k,i = 1,...,K. Let R; > 0 be
the target transmission rate of receiveDue to channel fading, the
receivers’ performance may suffer from outage; that ispitild have
anonzero probability such that({hx; }i—,, {wi }/—1) < Ri. The
e;-outage achievable rate region is defined as follows:

Ti({hki}i-(zlv {wk}iil) =108, (1 "

Definition 1 [6] Let P > 0 denote the power constraint of trans-
mitter ¢, and let ¢; € (0, 1] denote the maximum tolerable out-
age probability of receiver 4, for ¢ 1,..., K. The rate tuple
(R1,...,Rk) issaidto be achievable if

Pr{ri (b Hor {weHsy ) < Ri} < e i=1,.. K

for some (w1, ..., wx) € Wi x -+ x Wi where W; = {w €
CNt| |lw||* < P,;}. Thee;-outage achievable rate region is given by

: }‘

U {(Rl7 e,
w; EW;,
i=1,...,K

Given the outage specifications, ..., ek, it is desirable to
optimize the beamforming vectofaw, } 5, such that the system
can operate on the so-called Pareto boundary of the aclhexatle
region R [6], with system utilities such as the (weighted) sum of
R1, ..., Rk being maximized. To this end, we consider the follow-
ing weighted sum rate maximization problem

K
ZaiRi

i=1
s.t. Pr {n ({hm}f:u {wk}l}le) < Rz‘} < €&,

i=1,..., K, (2b)
|lwi|> <P, i=1,...,K, (2¢c)

Ri)| Pr{ri({hri}izr, {wr}io:) < Ri}
<ei=1,.. K

max (2a)
w; eCNt R; >0,
i=1,.. K

,,,,,

wherea; > 0 is the priority weight for theth transmitter-receiver
pair. Solving problem[{?2) is challenging because the outame
straints in[(2b) are difficult to handle. One possible apphda solv-
ing problem[(2) is to first obtain a set of Pareto-optimal taiges
(R1,..., Rx) by discretizingR using an exhaustive search method
reported in[[6], followed by picking the one that correspsal the
largest value oEiKzl a; R;. The complexity of this approach, how-
ever, increases exponentially with(K — 1). In the next section,
based on convex approximation techniques, we present ptsunad
approach for efficiently handling problefd (2).

1The exhaustive search method[in [6] samples the achievatdeagion
‘R by discretizing the cross-link interference into a finitemher of levels.
Let M be the number of discretization levels. This method thensiée list
a total number of\/ KX —1) rate tuples, and finds the one with maximum
fil a; R;. Forarough case dff = 10 and K = 3, this method requires
to search ovet 0° rate tuples, which is computationally prohibitive.

3. PROPOSED CONVEX APPROXIMATION METHOD

3.1. Closed-Form Expression of Outage Probability

While the probability constraints il (Pb) seem intractaliere ac-
tually exist closed-form expressions. To show this, it isedothat
each of the probability if{2b) can be expressed as

Pr{ — 2<2Ri—1}
Zk;ﬁi'hkiwkl +0o;

which is the left tail probability of the ratio of the exporih ran-
dom variable/h!! w;|? to the sum of independent exponential ran-
dom variableghfZw|? for k # i. According to [8, Appendix 1],
(3) has a closed-form expression as

’ 2

@)

—2fi —1)0?

HOy. ap
1 ¢ A Wi Qi N
Homgw e —vurguw @
Hence probleni{?2) can be equivalently represented by
K
max o R; (%)
w;eCNt Ry >0, 7
i=1,...,K -
2Bi—1)02 R, H
TG o (2% — 1wy Qriws
S.t.pse Wi Qiiwi 4 <1,
pie H ( wf Qiiw; -

k#i
||wLH2 <P,i=1,... K,
wherep; £ 1 — ¢;. It can be seen thdfl(5) is a nonconvex optimiza-

tion problem. Next, we show how to approximate probl€in (5aby
convex optimization problem.

3.2. Proposed Conservative Formulation

The approximation method to be presented is conservativehe
sense that the obtained approximate solution is guaratdesifea-
sible to problem[{P). To illustrate the proposed methodysedefine

ek & Tr(WiQps), e 2 2ft _q, (6a)
2fi 1 :

i é — pYi T Tii 6b

T TmW.Qu) C (6b)

W, = wleH, (60)

where z;,v:, zi € R are introduced slack variables fér i
1,..., K, andTr(-) denotes the trace of a matrix. Substitutinly (6)
into (8) yields the following problem

K
max a; R, (7a)
W, et ,R; >0, T
T, Vi % ER, -
kyi=1,...,K
s.t. pief’izzw: H (1 +e*wu+wki+yi) <1, (7b)
ki
Tr(WZQkZ) < el‘ki7 ke IC‘zjy (70)
Tr(W;Qi;) > e, (7d)
ofti < e¥i 41, (7€)
eV < (7
Tr(W;) < 7, (79)
W; >0, rank(W;)=1,:=1,...,K, (7h)
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whereK§ = {1,..., K}\{i}, and [Zh) is due td(6c). Notice that
we have replaced the equalities[inl(6a) dnd (6b) with inétigslas
in (Zd) to [71). It is not difficult to verify that all the inelities in
(7d) to [7) would hold with equalities at the optimum; otivse a
larger optimal weighted sum rate can always be obtainedreTore,
problem [[T) is equivalent to probleil (5).

One can see that the objective function and most of the co
straints of problem[{7) are convex, except the constraimt§Za)

and [7&), and the nonconvex rank-one constraintdh (7h)t Lelhe formulation [(IP) is obtained by conse

({w; Y, {R: }£ ) be a feasible point of problernl(2). Define

[1>

Thi 1n(w£IQkiwk)7 ke Ki,

Yi £ ln(QRi - 1)7

(8a)
(8b)

fori=1,..., K. Then{{Zu: }rzi, i} 1=, together withR;, z,;
ln(u‘;f{Q“u")Z), V_VZ £ ’u')ﬂDfI andz; £ eUi%ii for 4 = 1,..., K,
are feasible to probleni](7). We aim to conservatively apipnaxe
(7d) and [7k) with respective to the poitzs; }rzi, i by . Since
e®+i is conve, its first-order approximation at;, i.e.,e™ i (x; —
Zr; + 1), is a global underestimate ef*:. Hence it is sufficient to
achieve[(7k) by considering the following linear constrain

Tr(WeQri) < 62“(231“ — Tpi + 1), 9)

for k € Kf. To approximate[(7e), we consider the following lower

bound fore¥: + 1:

()

i1 (T

eYi 1

0i2(y:)

where;1 (7;) = ¥ /(e¥ + 1) and@i2(5;) = 1/(e¥i + 1). Equa-
tion (I0) is obtained from the inequality of arithmetic arebgetric
means. By[(ID), a sufficient condition fr{7e) can be obthiae

0i2(9:)
) <enil (1)

one. Surprisingly, it is found in our simulations that prerol [12)
always yields rank-one optiméW, } =, i.e., W; = w;, (w;)™ for

all 4, provided thatW,; # 0. This implies that, for the problem
instances we tested in simulations, an approximate beamfgrso-
lution to problem[(R) can be directly obtained by decompgshe
optimal {W,} X, of problem [12).
3. Sequential Conservative Approximations
rvatively appneaiing
problem [2) with respect to the feasible po{ftn; } = 1, {R:} ;)
[see [B)]. It is possible to further improve the approxiroatper-
formance by solving probleni{(]L2) iteratively with the op&im
({wi} 1, {R;},) at the current iteration used as the feasible
point ({w; }1<,, {R; }/<,) for the next iteration. The proposed se-
guential approximation algorithm is summarized in thedeing
Algorithm 1:

Algorithm 1 Proposed sequential conservative approximation algo-
rithm for solving problem[(R)
1: Input a feasible poinf{w;
a solution accuracy > 0.
Obtain {{sz}k¢“ﬂz}fil by (8) and obtain 0:1(Y:)
e¥i/(e¥ +1)andia(y;) = 1/(e% + 1) fori=1,..., K.
Solve problem[{112) to obtain the optimal beamforming masic
{W;1E and rated R} } X ;.
Obtain w; by decomposition ofW;
1,...,K.
Output the approximate beamforming soluti¢wy, . .., wij)
and achievable rate tuplgRrs,..., R) if |5 a;R; —
S iR/ K iR < §; otherwise updatep; = w;
andR; := R; for all 7, and go to Step 2.

K
i=1>

{R;})) of problem [2), and

2:

3

4 = w}(w}) fori =

5:

A feasible point to initialize Algorithm 1 can be easily ointad
by some heuristic transmission strategies. For exampkgcan ob-

(001 (7)) T (032(5:)) P2 T M DRi—0u1idve < 1 (11)  tain afeasible point{w; }i<,, {R;}{L,) of problem[2) through the
simple maximum-ratio transmission (MRT) strategy. In 8irsitegy,
fori = 1,..., K, which are convex constraints. By replacifigl(7c) the beamforming vectorw; }£, are simply set tav; = v/Pq;

and [7&) with[(®) and(d1), respectively, and by ignoringrtbecon-
vex rank-one constraints ib(J7h), we obtain the followingeerva-
tive formulation for problem({7):

K
max a;iR;, (12)
W, eHNt, R; >0, T
T, YirZi ER,
Byim1,.. K
2, @ty
stopie” S [ (14 e mtmtu) <1

ki
Tr(WiQui) < €% (2 — Tni + 1), k € K5,
Tr(WiQui) > e,
@i(gi)e(hl?)Ri*@ﬂ(@i)yi <1,
eV <z,

TI‘(Wl)SP“ WZEO, Z:L,K,

where©;(7:) £ (041 (7:))% T (052(5:))%2 ). Problem[(IR) is a
convex optimization problem; it can be efficiently solvedstgndard
convex solvers such &s7x [[7].

wheregq; € C™, ||q:|| = 1, is the principal eigenvector af;; for
i = 1,..., K. For theith transmitter-receiver pair, the associated
¢;-outage achievable rate of MRT is given by the maximBpthat
satisfies the following inequality [selgl (5)]

) <1

<1+

Analogously, one can also obtain a feasible poinfbf (2) leyzro-
forcing (ZF) transmission strategy, provided th¥ét is sufficiently
large. In the next section, we present some simulation tesal
demonstrate the efficacy of the proposed approximatiorrighgo.

(2Ri—1)02

pie w[1Qiiw; H

ki

(2" — 1wy Quiy,
wH Q;w;

4. SIMULATION RESULTS AND DISCUSSIONS

In the simulations, we consider the multiuser MISO-IFC as de
scribed in Section 2. For simplicity, all the receivers assuemed
to have the same noise power, i€, = --- = 0% £ ¢2, and all
the power constraints are set to one, iR.,= --- = Px = 1.
The channel covariance matrio®s.; were randomly generated. We
normalize the maximum eigenvalue @, i.e., Amax(Q.; ), to one

for all 4, and normalize\max(Qx;) to a valuen € (0,1] for all

The idea of removing the nonconvex rank-one constraints ok € K7, i = 1,..., K. The parameten, thereby, represents the
{W,}E, in (T2) is known as semidefinite relaxation (SDR) in con- relative cross-link interference level. If not mentiongmesifically,
vex optimization theory[]9]. SDR is in general an approxiimat the ranks ofQy; are all set taV;. We consider the sum rate maxi-
because the optimdW; } £, of problem [12) may not be of rank mization problem by setting; = --- = ax = 1 for problem [2),
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Fig. 2. Average achievable sum rate verdys? for K = N, = 4,

andrank(Qg;) = 4 for all k, i.

and set; = --- = ex = 0.1, i.e.,10% outage probability. For the
proposed approximation algorithm (Algorithm 1), we et 102
and usecvx [7] to handle the associated probleml](12). All the
simulation results were obtained by averaging &\ trials.

In the first example, we examine the approximation accurac
of the proposed method by comparing with the optimal sum rate
obtained by the exhaustive search methodin [6]. Figure Wvslioe
simulation results of average achievable rate versfzr K = 2
and N; = 4. The achievable rate of the simple TDMA scheme
is also shown in this figure. Firstly, one can see from thisrégu
that the sum rate achieved by the proposed method approtettes
of TDMA with increasedn; TDMA exhibits a constant sum rate
for all n because there is no cross-link interference for this scheme
Secondly, we observe that the proposed method can exaetiy tie
average optimal sum rate foyo? = 0 dB and1/0? = 10 dB. For
1/0? = 20 dB and forn > 0.5 (interference dominated scenarios),
it can be observed that there is a small gap between the taigved
by the proposed method and the optimal rate. Nevertheldsggap
is within 3% of the optimal sum rate on average.

In the second example, we compare the proposed method witl
the MRT scheme and TDMA foN; = K = 4. Figure 2 shows
the results of average sum rate ver$yjs2. Note that, for the case
of K = 4, the exhaustive search method [ih [6] is too complex to
implement, and thus no result for the optimal sum rate is show [3]
From Fig. 2, we can observe that the proposed method achieves
highest sum rate among the three methods, no matter whe.2
orn = 1. One can also see that, fgr= 0.2 and1/0? < 5 dB, [4]
MRT can yield a sum rate comparable to the proposed method and
outperforms TDMA; whereas TDMA performs better fipe= 1.

In order to compare with the ZF scheme, in the third example[5]
we extend the number of antennas taM\8 (= 8) and constrain the
ranks of all channel covariance matrices to 2. The simuilatsults
are shown in Fig. 3. As seen from this figure, the proposed adeth (6]
still performs best compared to the other three schemesh@ather
hand, one can see that ZF can achieve a higher average sutharate

TDMA, and also outperforms MRT faj = 1. 7]
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