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Abstract—In this paper, we consider an interference multiple-
input multiple-output (MIMO) relay system where multiple
source nodes communicate with their desired destination nodes
with the aid of distributed relay nodes. An iterative algorithm
is developed to minimize the total source and relay transmit
power such that a minimum signal-to-interference-plus-noise
ratio (SINR) threshold is maintained at each receiver. The
proposed algorithm exploits the network beamforming technique
at the relay nodes and the receive beamforming technique at
the destination nodes to mitigate the interferences from the
unintended sources in conjunction with transmit power control.
In particular, we apply the semidefinite relaxation technique to
transform the relay transmission power minimization problem
into a semidefinite programming (SDP) problem which can be
efficiently solved by interior point-based methods. Numerical
simulations are performed to demonstrate the effectiveness of
the proposed iterative algorithm.

I. INTRODUCTION

In a large wireless network with many nodes, multiple
source-destination links must share a common frequency band
concurrently to ensure a high spectral efficiency of the whole
network [1]. In such network, cochannel interference (CCI)
is one of the main impairments that degrades the system
performance. Developing schemes that mitigate the CCI is
therefore important.

By exploiting the spatial diversity, multi-antenna technique
provides an efficient approach to CCI mitigation [2]. When
each source node has a single antenna and the destination
nodes are equipped with multiple antennas, a joint power
control and beamforming scheme is developed in [3] to meet
the signal-to-interference-plus-noise ratio (SINR) threshold
with the minimal transmission power. A joint transmit-receive
beamforming and power control algorithm is proposed in [4],
when the source nodes also have multiple antennas. Due to
the transmit diversity, the total transmit power required in [4]
is less than that in [3].

However, installing multiple antennas at mobile nodes may
not always be feasible due to the size and power constraints.
One possible approach to handle these practical restrictions
is to apply the network beamforming technique [5] where
multiple relay nodes work as virtual antennas to assist the
communication between source and destination nodes.

The network beamforming scheme stems from the idea of
cooperative diversity [6]-[8], where users share their commu-
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nication resources such as bandwidth and transmit power to
assist each other in data transmission. In [9], a decentralized
relay beamforming technique has been developed considering
a network of one transmitter, one receiver, and several relay
nodes each having a single antenna. In [10], a wireless ad
hoc network consisting of d source-destination pairs and R
relaying nodes each having a single antenna is considered,
where the network beamforming scheme is used to meet the
SINR threshold at all links with the minimal total transmission
power consumed by all relay nodes.

However, [10] assumes that each source node uses its max-
imum available power. Such assumption degrades the system
performance by not only in terms of transmit power, but also
increases the interference to other users. So the beamforming
and the power control problem should be considered jointly
as in [3].

In this paper, we consider a two-hop interference multiple-
input multiple-output (MIMO) relay system with L source-
destination pairs communicating with the aid of K relay nodes
so as to make communication possible over a long distance.
Each of the source and the relay nodes are equipped with
a single antenna whereas the destination nodes are equipped
with multiple antennas. The amplify-and-forward scheme is
used at each relay node due to its practical implementation
simplicity. These relay nodes assist in CCI mitigation by
performing distributed network beamforming.

We aim at developing a joint power control and beamform-
ing algorithm such that the total transmission power consumed
by all source nodes and relay nodes are minimized while
maintaining the SINR at each receiver above a minimum
threshold value. Compared with [10], we not only use the
network beamforming technique at the relay nodes, but also
apply the receive beamforming technique at the destination
nodes to mitigate the CCI. Moreover, transmit power control
is used in our algorithm to minimize the total transmit power,
which is not considered in [10].

An iterative algorithm is proposed to jointly optimize the
relay beamformer, the receive beamformers, and the source
power. In each iteration, we first optimize the receive beam-
formers with fixed relay beamformer and source power. Then
we update the source power such that the target SINR is
just met with given relay and receive beamformers. Finally,



Fig. 1.

Block diagram of an interference MIMO relay system.

we update the relay beamformer using fixed source power
and receive beamformers. Since the relay beamforming op-
timization problem is nonconvex, we use semidefinite relax-
ation technique to transform the problem into a semidefinite
programming (SDP) problem which can be efficiently solved
by interior point-based methods. Numerical simulations are
carried out to evaluate the performance of the proposed
algorithm.

The rest of this paper is organized as follows. In Section II,
the system model of an interference MIMO relay network is
introduced. The joint optimal power control and beamforming
algorithm is developed in Section IIl. Section IV shows
the simulation results which justify the significance of the
proposed algorithm under various scenarios. Conclusions are
drawn in Section V.

II. SYSTEM MODEL

We consider a two-hop interference MIMO relay system
with L source-destination pairs as illustrated in Fig. 1. The
communication links are supported by a network of K dis-
tributed relays so as to make communication possible over a
long distance. All source nodes and relay nodes are equipped
with a single antenna, whereas the [-th destination node is
equipped with N; antennas.

We assume that all relay nodes work in half-duplex mode,
thus the communication between source-destination pairs is
completed in two time slots. Moreover, the direct links be-
tween the source nodes and the destination nodes are not
considered since we assume that these direct links undergo
relatively larger path attenuations compared with the links via
relays.

In the first time slot, the [-th source node transmits signal
s;. The received signal at the k-th relay node is given by

L

Yrk = E hi,181+ Ny gy
=1

k=1, K (1

where hy,; is the channel coefficient between the [-th trans-
mitting node and the k-th relay node and n,.j is the additive
Gaussian noise at the k-th relay node. Using vector notations,
(1) can be expressed as

L
vy, = Zhlsl +n,
=1
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where y, £ [yr1,Yr2, ++ » Yr.x]t and 0, = [y 1,02,

Ny, K]T are the received signal and the additive Gaussian
noise vectors at all K relay nodes, respectively, h; £
[R14,ha1, -+ ,hi]T is the channel vector between the I-th
source and all relay nodes, and ( -)T stands for matrix or vector
transpose.

The k-th relay multiplies its received signal by a complex
coefficient f; and transmits the amplitude- and phase-adjusted
version of its received signal. Thus the K x 1 vector x, of the
signals transmitted by all the relay nodes is given by

2

where F £ diag(f) is the K x K diagonal relay amplifying
matrix with £ £ [fy, fo, - ,fK]T. Here diag(f) forms a
diagonal matrix with the vector f as the main diagonal and
zeros elsewhere, whereas diag(F) forms a vector with the
main diagonal elements of the matrix F. The received signal
at the [-th destination node is obtained as the weighted sum
of the received signals at each antenna element of that node,
and is given by

x, = Fy,

Yay = wi' (GiFy, +ng,)
L
=w{! (GlF > hisi + GiFn, + nd,l> 3)
k=1

where Gy is the N; x K channel matrix between the relays and
the [-th destination node, w; and ng; are the beamforming
weight vector and the additive Gaussian noise vector at the
[-th destination node, respectively, and ()H denotes matrix
or vector Hermitian transpose. We assume that all noises are
complex circularly symmetric with zero mean and variance
o2,

From (3), the power of the received signal at the [-th
destination node is given by

L
E{yd,ly;l} = ZpleHGthkthFHG{{Wl
k=1
+oiwl GIFFIGHw + o2wilw, (4)

L
H H H
= E PEW Y bgwr + w; Ciwy
k=1

(&)

where (-)* denotes complex conjugate. Here we assume that
E{|s11?} = pi, ¥y, = G Fhy, is the equivalent vector channel
response between the kth source node and the /-th destination
node, C; £ O’TQL(GIFFHG;LI + In,) is the covariance matrix
of the equivalent noise at the [-th receiver. Thus the SINR at
the [-th destination node is given by

H
I, = pllewll"/’ll Wi
= — = .
Sk PRl b wi + wil Crwy

Using (2), the transmit power consumed by all relay nodes
can be expressed as

(6)

P, = tr(E{x,x"}) = tr(FR,F”) = £ D, f*



where tr(-) denotes matrix trace, R, £ E{y,yZ} =
ZZL=1 pihyhfl + 021k, and D, is a diagonal matrix taking
the main diagonal elements from R,. Here I,, is an n X n
identity matrix. The total transmit power consumed by the
whole network can be expressed as

L

L
Pr="P + Zpl =D, f* + sz~
=1 =1

)

III. JOINT POWER CONTROL AND BEAMFORMING

In this section, we design the optimal transmit power vector
P 2 [p1,p2,--,pr]”, the relay beamforming vector f and
receive beamforming vectors w;,! = 1,--- L, such that
a target SINR threshold ~;,l = 1,---, L, is maintained at
the destination nodes with the minimal Pr. The optimization
problem can be written as

min Pr ®)
pva{wl}
s.t. FlZ’yl; l:]-va )

where {w;} 2 {w;,l=1,--- ,L}.

A. Receive Beamforming

The optimal w;, [ = 1,---,L, for fixed p and f can
be obtained such that it minimizes the sum of noise and
interference at the receiver under the condition of constant
gain for the user of interest, which can be written as

L
min > oW g piiwe + wi Crw, (10)
YokA
st wi, = 1. (11)

Using the Lagrangian multiplier method, the solution to the

problem (10)-(11) is given by

_ P ey
Vi ®; ey

where ®; £ Zi;ez Prtb P + Cp, and (-)~! denotes matrix
inversion.

Wi (12)

B. Optimal Transmit Power Allocation

To obtain optimal p with given beamforming vectors f and
wi,l=1,---, L, we reformulate the problem (8)-(9) as

L
min Zpl +c (13)
P
=1

pi[H]i
S e[ Hli s + 7

where ¢ £ fTDyf * H is an L x L covariance matrix such
that [H],,; = wi b, 901w, and i, = wi Cywy. In an optimal
power allocation, the transmit power of each user is set to the
minimum required level such that the target SINR is just met.
Thus the optimal power solution to the problem (13)-(14) is
given by

s.t.

Z’Yl; l:17)L (14)

p={,-H)tu (15)
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- 0, k=1 .
where [H];, = {%[H]k,l/[H]z,l, k£l and u is an

L x 1 vector whose I-th element is given by ;7 /[H];;,1 =
1,---,L.
C. Relay Beamforming
Equation (4) can be rewritten as
L

Efyayi} = pif’ diag(w/' Gi)hihy diag(G{ wi)f*

k=1

+o2fTdiag(wi G))diag(Gw))f*+ o2 wilw.
Thus the desired signal power of the [-th link can be expressed
as

P = pit " diag(w{' Gi)hyh{ diag(G{" w))f* = £ Rf*
where R; £ p;diag(wf G;)h;h/ diag(Gw;). The interfer-
ence power of the [-th link is given by

L
Ping =Y pif” diag(wi’ G;)hihf! diag(G w)f*
k£l
= 7 Quf"
where Q £ i, prdiag(wi! Gy)hihf diag(GfTw,). Fi-
nally, the total noise power at the [-th destination node is
P, = o2t T diag(wi G))diag(Gf w))f* + o2wiw;
= 7D + olwlw,
where D; £ o2diag(w/? G;)diag(Gw;). And the SINR T
in (6) can be expressed as
Py, B TR, f*
Ping+ Py £7(Qu+D)f* + o2wfiw’
With given p and w;,l = 1,--- | L, the problem (8)-(9) can

be formulated as an SDP problem by introducing X = f*f”
and is given by

I, =

n%én tr(D,X) (16)
s.t. tr(T;X) > ’leinHWl, l=1,---,L (17
X>0 (18)
rank(X) =1 (19)

where T; £ R; — v(Q; + D;), X > 0 means that X is a
positive semidefinite (PSD) matrix, and rank(-) denotes the
rank of a matrix. Note that, in the problem (16)-(19), the
cost function is linear in X, the trace constraints are linear
inequalities in X, and the PSD matrix constraint is convex.
However, the rank constraint on X is not convex. Interestingly,
the problem (16)-(19) can be solved by the semidefinite
relaxation technique [11] as explained in the following. First
we drop the rank constraint (19) to obtain the following relaxed
SDP problem which is convex in X.

n%én tr(D,X) (20)
st tr(TyX) > yoiwliw, 1=1,---,L (21)
X = 0. (22)



SDP problems like (20)-(22) can be conveniently solved by
using interior point methods at a complexity order that is at
most O((L + K?)3-%) [12]. We use CVX MATLAB toolbox
for disciplined convex programming [13] to obtain the optimal
X. Due to the relaxation, the matrix X obtained by solving
the SDP problem will not necessarily be rank one in general.
If it is, then its principal eigenvector will be the optimal
solution to the original problem. Otherwise, we have to use
alternative techniques such as randomization [11], [14], [15]
to obtain a (suboptimal) rank-one solution from X. Different
randomization techniques have been studied in the literature
[11], [12], [14], [15]. The one we choose can be summarized
as in Table I. Note that when rank(X) > 1, at least one of
the constraints in (9) will be violated after the randomization
operation. However, a feasible relay beamforming vector can
be obtained by simply scaling f so that all the constraints are
satisfied.

TABLE 1

RANDOMIZATION TECHNIQUE FOR SEMIDEFINITE RELAXATION
APPROACH

1) Let X = UXUH be the eigenvalue decomposition of X.

2) Choose a K X 1 random vector v whose elements are independent
random variables, uniformly distributed on the unit circle in the
complex plane, ie., [v]y = e/% k = 1,--- K, where 0 is
independent and uniformly distributed on [0, 27).

3) Choose f = UX!/2v which ensures that fHf = tr(X).

Now the original total transmit power optimization problem
(8)-(9) can be solved by an iterative algorithm as shown in
Table II. Here ¢ is a small positive number close to zero up
to which convergence is acceptable and the superscript (n)
denotes the number of iterations. It can be easily shown, as in
[3], that starting with random p(®) and (), the algorithm in
Table II converges to the optimal solution.

TABLE 11
PROCEDURE OF SOLVING THE PROBLEM (8)-(9) BY THE PROPOSED
ITERATIVE ALGORITHM

1) Initialize the algorithm with an arbitrary power vector p® and a
randomly generated relay beamforming vector f (0); Set n = 0.
2) Solve the subproblem (10)-(11) using given p<"), and £(™) to obtain
w1 =1,.-. L, as in (12).
3) Solve the subproblem (13)-(14) with fixed £(n) and wl(") to obtain
power vector p(”‘H) as in (15).
4) Solve the subproblem (20)-(22) using known Wln), l=1,---,L,and
p™*tD to obtain X.
a) Use the randomization technique in Table I to obtain f.
b) Find the most violated constraint in the original problem (8)-(9)
using such f.
¢) Scale f so that the most violated constraint is satisfied with
equality to obtain £(7+1),
5) If max |p("*T1) — p(")|< ¢, then end.
Otherwise, let n :=n + 1 and go to step 2.

IV. NUMERICAL EXAMPLES

In this section, we study the performance of the proposed
joint power control and beamforming algorithm for an inter-
ference MIMO relay channel through numerical simulations.
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Fig. 2. Total power versus target SINR. 0,2L =15, 03 =10, K = 20.

The source nodes and the relay nodes are equipped with
a single antenna while destination nodes are all equipped
with N; = Ny, | = 1,---, L, antennas. In each simulation,
the channel matrices have entries generated as i.i.d. complex
Gaussian random variables with zero mean and variances
0'}2l and og for h; and G;, | = 1,---, L, respectively. For
simplicity, we assume y; = v, [ = 1,---, L, and JZ =1in
all simulations. All simulation results are averaged over 200
independent channel realizations.

For the proposed algorithm, the procedure in Table II is
carried out in each simulation to obtain the optimal power
vector p, relay beamforming vector f, and receive beamform-
ing vectors w;,l = 1,--- L. To initialize the algorithm in
Table II, we randomly generate the relay beamforming vector
f with an arbitrary transmit power vector p.

In the first example, we compare the performance of the
proposed joint optimal algorithm with optimal power control
(WPC) with the relay-only optimal algorithm with no power
control (NPC) proposed in [10]. For the NPC scheme, we used
the optimal f and w;,l = 1,--- L, from the first iteration
and the initial p(®) of the joint optimal algorithm. That is,
in the NPC scheme it is assumed that the /th source uses
its maximum available transmit power pl(o),l = 1,---,L.
We compare the performance of these two algorithms for
two different network setups namely, Ny = 4,L = 4 and
Ny = 6, L = 3. For both configurations, we consider O'}QL =15,
03 = 10 and K = 20. We plot the total power consumed by all
source nodes and relay nodes versus the target SINR threshold
~ (dB). Fig. 2 shows the performance of both algorithms.
It can be seen from Fig. 2 that for both network setups
the proposed jointly optimal algorithm requires much less
total power compared with the relay only optimal algorithm
proposed in [10].

In the next example, we study the performance of the
proposed algorithm for different number of relays K with
Ng = 4,L = 3, O'}QL = 15, and 03 = 10. The total power
required for K = 10,20, and 30 versus «y (dB) are displayed
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Fig. 4. Total power versus target SINR for different channel conditions.

L =3, Ng =4 and K = 20.

in Fig. 3. As is expected, if we increase the number of relays
the proposed algorithm requires less power since more relays
provide more spatial diversity.

In the third example, we study the impact of channel quality
on the proposed algorithm. We assume that a higher variance
of channel coefficients indicates a better channel. The impact
of different o7 and 03 on the proposed algorithm is shown in
Fig. 4 for L = 3, Ng = 4, and K = 20. The results clearly
demonstrate that the proposed algorithm performs better as the
channel quality improves.

In the last example, we study the effect of channel interfer-
ences on the proposed algorithm. By increasing the number
of source-destination pairs L, the interfering signal received at
each destination node is also increased. The performance of
the algorithm for different L is illustrated in Fig. 5. From
this figure it is clear that if there are more active users
communicating simultaneously in the system, we need more
power to achieve the same target SINR threshold, ~.
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V. CONCLUSIONS

We considered a two-hop interference MIMO relay system
with distributed relay nodes and developed an iterative tech-
nique to minimize the total transmit power consumed by all
source and relay nodes such that a minimum SINR threshold is
maintained at each receiver. The proposed algorithm exploits
beamforming techniques at the relay nodes and the destination
nodes in conjunction with transmit power control. Simulation
results demonstrate that the jointly optimal power control and
beamforming algorithm outperforms the existing techniques.
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