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Abstract—In this paper, we propose beamforming techniques
based on virtual signal-to-interference-plus-noise ratio (VSINR)
maximization for weighted sum-rate (WSR) maximization in
multiple-input single-output (MISO) interference channels. In
the earlier work by Zakhour and Gesbert, it was shown that all
Pareto-optimal beamformers can be expressed as a solution to the
VSINR problem. However, how to choose the weight coefficients
in the VSINR expression is not addressed when solving the
WSR maximization problem. Thus, we provide a method of
computing the weight terms to achieve a certain desired WSR
maximizing point. Since the beamforming vectors in the proposed
scheme should be computed as a function of global channel state
information (CSI), we also propose a decentralized approach
which shows a performance close to the centralized scheme with
a significant reduction in the CSI exchange overhead.

I. INTRODUCTION

Since cellular systems and ad-hoc networks are inevitably
interference-limited, research on interference channels (IC)
has become an important and timely issue [1] [2]. However,
the capacity region of the IC is not completely characterized
even for the 2-user case [3]. The best achievable scheme
until now is based on the rate-splitting which considers the
possibility of multi-user detection (MUD) at each receiver.
Since optimizing the transmit strategy under the MUD is quite
complicated, it is reasonable to design the input signals under
the assumption of single-user detection (SUD) where each
receiver treats the interference signals as noise. If we restrict
each receiver as the SUD in the multiple-input single-output
(MISO) IC, it was shown in [4] that the transmit beamforming
combined with scalar Gaussian coding can achieve all Pareto
boundary points of the achievable rate region.

In this paper, we study the beamforming design in the
MISO IC. The authors in [5] showed that one can achieve all
Pareto-optimal points with a solution to the virtual signal-to-
interference-plus-noise ratio (VSINR) maximization problem
if we properly choose the weight coefficients in the VSINR
expression. The VSINR is different from the actual signal-to-
interference-plus-noise (SINR) in a sense that it is a function
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of a single beamforming vector. However, in [5], only nec-
essary conditions for achieving the Pareto-optimal points are
provided, i.e., how to choose the parameters to guarantee some
desired boundary points is not completely addressed.

To solve this issue, we provide a method of adapting the
weight coefficients to achieve a desired weighted sum-rate
(WSR) maximizing point. By deriving the gradient expres-
sions for the WSR and VSINR maximization problems, it
is shown that the weight terms for the equivalence between
two problems depend on the beamforming vectors. Thus, we
propose a two step algorithm. For fixed beamformers, the
weight coefficients are updated such that two problems have
the same gradient expression. Then, the beamforming vectors
are computed as a solution to the VSINR problem with the
updated weights. Since the weight terms and the beamforming
vectors depend on each other, these two steps should be
repeated until convergence. Also, we propose a decentralized
scheme based on the local channel state information (CSI).
From numerical results, it is confirmed that the proposed
VSINR-based schemes exhibit the near-optimal WSR perfor-
mance and the decentralized scheme provides performance
close to the centralized method with a significant reduction in
the CSI exchange overhead.

Throughout this paper, we will use the following notations.
The transpose, Hermitian transpose and Euclidean 2-norm are
represented by ()7, (-)¥ and || - ||, respectively. An identity
matrix is denoted by I. A set of all N-dimensional column
vectors is given by C/.

The organization of the paper is as follows: Section II
presents the system model for MISO IC. In Section III,
the previous works on the VSINR-based parameterization
for Pareto-optimal beamformers are reviewed. Section IV
presents the proposed VSINR-based beamforming scheme and
a distributed implementation of the proposed VSINR approach
is investigated in Section V. Through the simultion results
in Section VI, we confirm the effectiveness of our proposed
algorithms. Finally, this paper is terminated with conclusions
in Section VIIL.
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M antennas

Fig. 1. Transmit beamforming model in K-user MISO IC

II. SYSTEM MODEL

We consider K-user MISO IC where each transmitter ¢
equipped with M transmit antennas performs transmit beam-
forming to support receiver ¢ (i = 1,--- , K) as illustrated in
Figure 1. For simplicity, M > K is assumed as in [6]. Then,
the received signal at receiver k can be written as

Yk = hﬁkvksk + Z thJVij + ng,
ik

where hy ; € CM is the channel vector from transmitter
j to receiver k, ny ~ CN(0,Np) denotes the additive
white Gaussian noise at receiver k, s, ~ CN(0,1) is the
data symbol intended for receiver k£ and vy indicates the
beamforming vector at transmitter k. The beamformer vy is
subject to ||vg||? < 1 to satisfy the per-transmitter power
constraint. We will call the pair of transmitter £ and receiver
k as user k.

The individual rate of user k under the assumption of the
SUD is given as Ry ({v;}) = log (1 + SINRy({v;})) where
SINRj,({v;}) represents the individual SINR as

|hllc{kvk|2
7 .
No + >, by ;v 2
In this paper, our goal is to find the beamforming vectors max-
imizing the WSR defined as Ry~ ({v;}) = Zszl wr R ({vi})
where the weight term wy is determined depending on the

required quality of service for applications. Then, the problem
can be mathematically written as

SINRk ({V[ }) =

112 ;
ey Ry ({vi}) st [|vi]|" < 1 Vi. (1)

III. REVIEW OF VSINR-BASED PARAMETERIZATION

Solving (1) is quite complicated due to the non-convexity.
Since it is obvious that the optimal WSR occurs at the Pareto

boundary of the achievable rate region, we provide the detailed
definition of the rate region and the Pareto boundary as
follows:

Definition 1: The achievable rate region for a given channel
realization denoted by R ({h; ;,Vi,j}) is defined as

R({hi;viit) = U {Riwid), o Revh)}
[IVel|?<1,VEk

Definition 2: The Pareto boundary consists of Pareto-
optimal points where a rate tuple (ry,---,rgx) €
R ({h;;,Vi,j}) is called Pareto-optimal if there is no
other rate tuple (qi,---,qx) such that (¢q1, -+ ,qkx) >
(r1,-++ ,7K). Here, > indicates the element-wise inequality.

From the definitions, we can see that the Pareto boundary
is the outer boundary of the rate region R ({hi,j,W,j}).
Thus, it is enough to consider only Pareto-optimal points for
the WSR maximization. The following theorems give one of
parameterization methods for Pareto-optimal beamformers [5]
[6].

Theorem 1: As long as we have M > K and the set
{hyk, -+ ,hg 1} consists of K linearly independent vectors
forallk =1, .-, K, we can assume full power transmissions
at all transmitters, i.e., ||[vg||? = 1, Vk without any loss of
optimality.

Proof: See [6]. |

Since there is no need to apply power control due to
Theorem 1, our remaining task is the optimization of beam-
forming directions. Regarding the parameterization of the
beamforming directions, the following theorem is useful.

Theorem 2: Defining the VSINR for user £ as [5]

|th,1ch|2
H ’
No + 32541, gk hj vl

we can achieve all Pareto-optimal points by adopting the
following VSINR maximizing beamformers

VSINR,, =

vy = arg max VSINRy
1

Vil|?=
(NOI + 2k Oéjykhjvk’hfk)
1
H (N(]I + Dtk ajykhj,khfk) hk’kH

if we properly choose weight coefficients ;1 (j # k).
Proof: See [5]. |
However, a way of choosing the weight terms «; j is not
addressed for the general WSR maximization problem in [5].
In the following sections, we provide the beamforming designs
for the WSR maximization problem.

1
hy,

2

IV. PROPOSED VSINR APPROACH

In this section, we propose a beamforming scheme based
on the VSINR maximization which consists of the following
two steps: 1) For fixed beamformers, the weight terms «; j
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are updated such that the WSR and VSINR maximization
problems have the same gradient expression. 2) the beam-
forming vectors are computed as a solution to the VSINR
maximization problem with the updated weights. Since the
weight terms for the equivalence between two problems are
a function of the beamforming vectors, the above two steps
should be performed iteratively until convergence. For the
remainder of the section, we present the gradient expressions
for the WSR and VSINR maximization problems to identify
the condition of both two gradients having the zero value at
the same point.

After some manipulations [7], it can be shown that the
gradient expressions for two problems are given as

2w
Vv, [Rx({vi})] = 7 +D ———hy;h/lv,
wy Dy, H
—2)  ————hy /hv, 3)
Py 1. Ik + D
Vv, [log (VSINR;)] = Ehl,lh{flvl
«
_QZ kol hk’lhglvl 4)

H
21 No+ 2z v ?

where Iy, = No+3_ 4, |hy’;v;|? and Dy, = [h v |? are the
interference-plus-noise power and the desired signal power at
receiver k, respectively.

Comparing (3) and (4), we can see that two expressions
become zero at the same point if

wy, Dy (I + Dy) _
wlIk(Ik +Dk)

a1 Dy
7]
No + 22 ez hyyvil?

for k # [.

This equation can be converted to a linear equation with
respect to oy, ; (m # 1) as

U}lDl Ik(Ik + Dk)
I;+ D

Ny =

wg D
R il

By stacking the above equations over all k£ # [, we obtain a

compact matrix expression as

Nolg_1 = Aoy

where 151 is the all-one vector of length K —1 and A; and
o are defined as

’wlDl . Ik<1k+Dk)
A, = diag ( { ZF TR g2
! I; + D, & ({ wy, Dy, ?é
— Lol v I il I i g )P
_ T
a = oy o g a1 o gl

Thus, at step 1), the weight coefficients o ;’s are updated
according to a; = NOAl_llx,l forall [ = 1,--- , K. At
the subsequent step, we compute each beamforming vector
using (2) for the given weight terms. The whole algorithm of

k,l — Z |hflvl|2aj,l for k ;é l.

the proposed approach based on the VSINR is summarized as
follows:

1. Initialize v; for l =1, --- | K.

2. Compute Dy, I}, A; forl=1,--- K.

3. Update the weight coefficients using &; < Ny Afll K1
forl=1,--- K.

4. Compute the beamforming vectors v; maximizing VSINR;
according to (2) for [ =1,--- , K.

5. Go back to step 2 until convergence.

As will be shown in Section VI, the proposed VSINR
approach shows the near-optimal WSR performance with one
initial point and provides a significant performance gain over
the simple VSINR scheme which operates with o, = 1 for
all j # k [5]. Developing a beamforming method with local
CSI is also an important issue for practical implementation.
Thus, in the following section, we propose a distributed
scheme based on the VSINR maximization.

V. DISTRIBUTED IMPLEMENTATION OF THE PROPOSED
VSINR SCHEME

In this section, we propose a distributed beamforming tech-
nique which operates with only local CSI. From a viewpoint
of transmitter [, the local CSI means the channel vectors
connected to transmitter [, i.e., hy,; forall k =1,--- , K. In
order to enable the computation of v; using only {hy ;, Yk},
we decouple the WSR problem in (1) into K separate prob-
lems by applying high SINR and signal-to-noise ratio (SNR)
approximations. Especially for the two-user case (K = 2), a
high SINR approximation is enough to obtain fully decoupled
problems.

First, we apply the high SINR approximation as

K H 2

h;’ vy
E wy, log (1 + P |H 2)
k=1 No Zj;ék |hk,jvj|

i wy, log |hgkv}€|2
7 .
k=1 No + Zj;ﬁk |hk,j"j|2

Collecting the terms dependent only on v; results in

filvy)) = wllog(|hﬁlvl|2)

Ry ({vk}) =

Q

Zwk log | No + [hylvi|* + Z by v,
oy 2kl

It is observed that f; (vl) depends only on v; for the two
user case since »_; Ihf ;v;|* =0 when K = 2. In order
to obtain the decoupled problems for general configurations
of K > 3, we apply further approximation. Notice that
at high SNR, the zero-forcing (ZF) beamforming exhibits
the near optimal WSR performance, since the performance
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impairments mainly come from inter-user interference. Thus,
at high SNR, the terms >, , ‘hﬁjvj |2 should be very small
to achieve the optimal WSR performance. Motivated by this
observation, f;(v;) can be approximated to

filvi) = w; log (|hl{{lvl|2> - Zwk log (No + |th’lvl|2)
k£l
which depends only on v; and the local CSIs {hy;, Vk}.
As a result, transmitter [ can compute v; using only the
local CSI as a solution to

v; =arg max fi(v;).
[IVi]]2=1 V)

We solve the above problem by employing the VSINR ap-
proach. To this end, the gradient of f;(v;) can be obtained
as

2’LU1

Vv, [filvi)] = D

H
hl,lhl’lvl

W H
~ 9N Y ph v (5)
H Skl
kzﬂ No + [hy;vi[?
To make the connection between f;(v;) and VSINR;, we
observe that (4) and (5) become zero at the same point if
Nolg_1 = Ay

where Al is defined as

. No + [hf v ?
A, = wdiag {0 Bjvil”
Wy

= |l b v I v g 2]

Thus, in the distributed scheme, we update the weight coeffi-
cients using a; «— Ny A; 15 1. Compared to the centralized
scheme presented in the previous section, A; is replaced by
A, which depends only on v; and {hy g, Vk}.

Now, we compare the proposed distributed scheme with
the conventional distributed algorithms in [8] and [9]. In
these schemes, transmitter [ computes its beamformer as a
function of {hy;, P!, vk} where Pl =3, [hf,vi|? is the
interference power at receiver k. Since P/ is a function of
all beamformers, the receivers should report their interference
power to the transmitters until convergence. In contrast, in
our proposed scheme, as each transmitter [ can calculate its
beamformer using its own local CSIs {hy ;, Vk}, there is no
need for additional information exchange during iterations.
Thus, the overhead for the information exchange is lower in
our distributed scheme compared to the conventional schemes
in [8] and [9].

VI. SIMULATION RESULTS

In this section, we confirm the effectiveness of the proposed
scheme by observing the average WSR performance. In all
simulations, we assume spatially uncorrelated Rayleigh fading

—&— MRT

18f| ——7F

— 58— VSINR max (U‘M:]) [5]
—6— Exhaustive [6]

14} —+— proposed VSINR centralized
—<— proposed VSINR decentralized

Average WSR [bps/Hz]
=

0 i i i
-5 0 5 10 15
SNR [dB]

Fig. 2. Average WSR performance with [w; , w2] = [3,1] in 2-user MISO
IC with M =2

channels with unit variance. For comparison, the performance
of the following schemes are displayed.

o Maximal-ratio transmission (MRT): its own channel gain
is maximized neglecting the interference.

e ZF: beamformers are optimized while eliminating the
interference to other users.

o VSINR maximization: the VSINR is maximized with the
non-weighted coefficients, i.e., a; ; = 1 Vi, j [5].

o Exhaustive: exhaustive search is performed for the WSR
maximization using paremeterization in [6].

o Proposed schemes: the proposed centralized and dis-
tributed methods based on the VSINR maximization with
the ZF beamforming as an initial point.

In Figure 2, the average WSR performance with [wq , ws] =
[3,1] is plotted as a function of the system SNR N%) for
the 2-user MISO IC with M = 2. Although the proposed
schemes start with only one initial point, it is observed
that the proposed centralized scheme shows the near-optimal
performance and the proposed distributed method provides
performance almost identical to the centralized scheme.

Figure 3 presents the WSR performance for [wy,ws] =
[5,1]. We can see that as the ratio max(wy, ws)/ min(wy, ws)
increases, a performance gain over the VSINR maximization
scheme in [5] grows.

Figure 4 depicts the performance for the 3-user IC with
M =3 and [wy ,ws,ws] = [10,5,1]. In this case, it is hard
to implement the exhaustive schemes since we should perform
exhaustive search over K (K — 1) = 6 real variables and
K? = 9 complex variables for the parameterizations in [5] and
[6], respectively. It should be emphasized that the proposed
distributed scheme in Section V shows a performance gain of
about 3 dB compared to the VSINR maximization scheme in
[5] without any additional CSI exchange overhead.
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Fig. 4. Average WSR performance with [wq , w2 ,w3] = [10,5,1] in

3-user MISO IC with M =3

In Figure 5, the effect of the number of iterations on the
WSR performance is presented for the proposed distributed
scheme. Checking the effect of the number of iterations is
important in the distributed scheme, since each transmitter
cannot compute the rate increase at each iteration due to the
lack of global CSI. From the figure, we can see that the
proposed distributed algorithm converges within 10 iterations.

VII. CONCLUSION

We have proposed a beamforming scheme for the WSR
maximization based on the VSINR. Compared to the earlier
work in [5], our proposed scheme operates with adaptive
weight terms in the VSINR expression. Since the imple-
mentation with the local CSI is a very important issue,
the distributed implementation of the proposed VSINR ap-

110 T T
———+—— 1 iteration §
100F 5 3iterations N
9ol — O — 5 iterations

—*—— 10 iterations

80| ——v— 20 iterations b

Average WSR [bps/Hz]

20

SNR [dB]

Fig. 5. The effect of the number of iterations on the WSR performance with
[w1, w2 ,w3] =[10,5,1] in 3-user IC with M =3

proach is also proposed. From the simulation results, we have
confirmed that the proposed schemes provide near-optimal
WSR performance for simulated configurations. Also, the
distributed scheme exhibits the performance very close to the
centralized scheme with a significant reduction in the CSI
exchange overhead.
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