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ABSTRACT

A computationally efficient distributed beamforming techni-
que for multi-user relay networks is developed. The channel
state information is assumed to be known at the relays or des-
tinations, and the total relay transmitted power is minimized
subject to the destination quality-of-service constraints. It is
shown that this problem can be approximately converted to a
convex second-order cone programming form. As a result, the
proposed network beamforming technique offers a substan-
tially reduced computational complexity than earlier state-of-
the-art techniques that are based on semidefinite relaxation.

Index Terms— Cooperative communications, distributed
beamforming, peer-to-peer beamforming, relay networks

1. INTRODUCTION

Recently, user-cooperative techniques have attracted much at-
tention in wireless communications [1]-[4]. In cooperative
communication networks, users assist each other in transmit-
ting their data through the network by means of signal relay-
ing.

Several relaying strategies have been proposed. The most
popular of them are amplify-and-forward (AF), decode-and-
forward (DF), and compress-and-forward (CF) relaying sche-
mes [2]-[4]. Due to its simplicity, the AF scheme is of espe-
cial interest.

There has been a significant amount of recent work on AF
relay beamforming [5]-[8]. Promising techniques have been
developed in [6] and [7] that maximize the receiver signal-
to-noise ratio (SNR) under the relay transmitted power con-
straints. However, the approaches of [6] and [7] are only ap-
plicable to the case of a single source-destination pair. In [8],
an AF distributed peer-to-peer beamforming technique has
been proposed that is applicable to multiple source-destination
pairs and multiple relays. This technique uses the semidefi-
nite relaxation (SDR) approach to approximate the original
non-convex relay beamforming problem by a convex semidef-
inite programming (SDP) problem. However, the complexity
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Fig. 1. Multi-user wireless relay network.

of solving SDP problems is rather high.

In this paper, we propose a computationally much simpler
approach to distributed peer-to-peer beamforming in multiuser
relay networks. In contrast to the approach of [8], we approx-
imate the original non-convex relay beamforming problem
by a convex second-order cone programming (SOCP) prob-
lem which can be solved much more efficiently than the SDP
problem of [8]. Our simulation results show that the price for
such drastic improvement in the computational complexity is
only a moderate increase in the transmit power as compared
to the SDP approach of [8].

2. SIGNAL MODEL

A half-duplex relay network with K source-destination pairs
and R relays is considered, as depicted in Fig. 1. Without any
loss of generality, the kth (k = 1,--- , K) source is assumed
to transmit messages to the kth destination. It is also assumed
that there are no direct links between the sources and the des-
tinations. All nodes operate in a common frequency band.
Each transmission from the source to the destination consists
of two stages. In the first stage, the sources transmit signals
to all the relays. In the second stage, the signals received at
the relays are scaled by complex values and transmitted to
the destinations. The following assumptions are used through
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this paper:

Al: The source transmitted symbols are statistically inde-
pendent.

A2: The relay noise is spatially white.

A3: The relay noise, the destination noise, and the informa-
tion symbols are mutually statistically independent.

The R x 1 vector of signals received by the relays can be

written as
K

r(n) =Y fnsmn) +n(n) (1)
m=1

where 7 is the time index, f,, is the R x 1 vector of chan-
nel coefficients between the mth transmitting source and the
relays, s,,(n) is the signal transmitted by the mth source,
and n(n) is the R x 1 vector of the relay noise. Let w =
[wy,- - ,wr]T be the relay weight vector, where w; is the
weight coefficient of the ¢th relay. Then, the R x 1 vector of
signals transmitted by the relays can be expressed as [8]

t(n) = Wr(n) (2)

where W = diag{w} and diag{-} is the operator that gen-
erates a diagonal matrix from a vector by placing its entries
on the main diagonal. Let g, denote the vector of channel
coefficients between the relays and the kth destination. Using
(1) and (2), the signal received by the kth destination can be
written as [8]

yk(n) = git(n) + vk(n)
K

=gt W frsm(n) + gt Win(n) + vr(n)

m=1

=gt W frsi(n) + gi W > fsm(n)
m#k

+gi WHn(n)+uk(n) £ yi(n)+yi(n)+yi (n)

where vy (n) denotes the kth destination noise and

yi(n) = git W f1sie(n) 3)

yk(n) = giW " fsm(n) )
m#k

yn(n) = giwn(n) + vi(n) (5)

are the desired signal, interference, and noise components at
the kth destination, respectively.

3. THE PROPOSED TECHNIQUE

Throughout the paper, it will be assumed that the channel state
information (CSI) (which is given by the vectors f,, and g,,;
m,k = 1,---, K) is available to compute the relay weights.
For example, this CSI may be available at destinations that
need to compute the relay weights and feed them back to the
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relay nodes. It may also be possible that this CSI is available
directly at the relays which then have to compute their own
weight coefficients.

Let us consider the following network beamforming prob-
lem. Let us minimize the total relay transmit power subject
to the destination quality-of-service (QoS) constraints. The
signal-to-interference-plus-noise ratio (SINR) will be used as
a measure of QoS. The latter problem can be written as

min P, s.t.
w

where P; is the total relay transmit power, SINRy, is the re-
ceived SINR at the kth destination, and ~j is the minimal
required SINR at the kth destination.

The power P, can be written as

Py = E{t"(n)t(n)}
E{rH(n)WWHr(n)}
= tr{WH'R.W} @)

where R, = E{r(n)rf(n)} is the covariance matrix of the
signals received at the relays, E{-} is the statistical expecta-
tion, and tr{-} denotes the trace. As the weight matrix W is
diagonal, (7) can be rewritten as

R
P =) |wi’[R,)ii = w" Dw 8)
i=1

where D is a diagonal matrix with [D]; ; = [R.];; and [-];
denotes the (7,1)th element of a matrix. Using (1) and as-
sumptions A1-A3, the covariance matrix R, can be expressed
as

K K H
R.=E (mesm(nH n(n)><2fm8m(n)+ n(n)>

m=1

K
=Y pufufitod ©)

m=1

where P,, = E{|s,,(n)|?} is the transmitted power of the
mth source, 072] is the variance of the relay noise, and I is the
identity matrix.

The received SINR at the kth destination is given by
E{gim)}
E{lyp(n)[?} + E{ly; (n)[*}

From (3), we obtain that the power of the signal component
at the kth destination can be written as

SINRy, = (10)

E{lyi(n)]*} = E{|si(n)*}gr W £ fi W,
prw diag{g, } £, f1 diag{g}}w
= pew™ (g, © £1)(9, © Fr)Tw (11



where ©® denotes the Schur-Hadamard matrix product and (-)*
denotes the complex conjugate. Using (4) and assumption
Al, the interference power at the kth destination can be ex-
pressed as

E{lyi ()"} = gt W | D E{lsu(n)*}f o f i | Wi
m#k

= 'delag{gk} mefmfg dlag{gz}w
m#£k

:’U)H me(ngfm)(ngfm)H w
m#k

= w’Qw (12)
where
Qk é Z pm(gk © .fm)(gk © .fm)H'
m#k

Finally, using (5) and assumptions A2 and A3, we can
write the power of the noise component y(n) at the kth des-
tination as

E{ly (n)1*} = gk WE{n(n)n" (n)}Wgj + o7

= optr{W"Wgigi} + o7
= a,%'wHDkw—&—og (13)
where the diagonal matrix Dy, is defined by

[Dilii = 19591 )i

and 02 = E{|vi(n)|*}.
With (8) and (11)-(13), the original network beamforming
problem (6) can be rewritten in the following form:

min w? Dw (14)
w

H H
Pew” (g, © f1)(9x © fr) w > k=1, , K.

wiQw + o2wH Dyw + 02 —

s.t.

The problem in (14) is generally non-convex, but can be ap-
proximately solved using the SDR approach [8]. However,
the resulting relaxed SDP problem introduces extra variables,
which augments the number of variables from R to R? and
substantially increases the computational complexity of solv-
ing (14). To simplify the problem, let us rewrite the kth QoS
constraint in (14) as

Voelw (g, © f1.)
\/wH (Q) + 02Dy) w + o2

Introducing new notations

> k- (15)

[1,w’]"
[0, (g © £)"T"

[ o2 o” 1/2

S
> 11>

hy,

>

%

0 Qk‘i‘ang

U, =
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we can rewrite (15) as

" b > /e /i IU 0| (16)
where || - || denotes the Euclidean norm of a vector. If there is

only one source-destination pair (X = 1), then the phase of
w can be always rotated (without affecting the value of P;) so
that (16) is equivalent to

w"hy > /1 /Py | U (17

where it is guaranteed by the right-hand side of inequality (17)
that @™ hy is real and non-negative. ~

Although in the K > 1 we cannot make all wl h;, 1 =
1,..., K real-valued, we can use a somewhat related idea to
obtain a simple approximation of the QoS constraints in the
case of multiple source-destination pairs (K > 1). In the
latter case, we have

|w hy,| > Re{w™ hy} (18)
and, therefore, for each k = 1,..., K, we can strengthen the
constraint (16) as

Re{w" hi} > /v /pr | U0 || (19)
where Re{-} denotes the real part.

Introducing

N 0 OT 1/2
vilo b

and using (16)-(18), the problem (14) can be expressed as
min ||[Vw]|
w

st. Re{fwThy} >/ /pel|lUsw|, k=1,---,K.(20)

The problem in (20) is convex and belongs to the class of
SOCP problems. It can be solved with the worst-case com-
plexity of O(R3K!®) using interior point methods [9]. Note
here that if the SDR approach of [8] is used to approximately
solve (14), then the worst-case complexity will be O(R*(R +
K)?®) [10]. Therefore, the gain in computations of our ap-
proach with respect of the SDR technique of [8] is at least
O(RK).

In some applications, it is useful to add individual relay
power constraints to the problem in (6). For the ith relay, the
individual power constraint can be written as |w; |*[D]; ; < p!
where p! is the maximal transmitted power of the ith relay.
Such individual relay power constraints can be straightfor-
wardly added to (20) which in the latter case still can be ex-
pressed in the SOCP form.

4. SIMULATION RESULTS

Throughout our simulations, we consider a network with R =
20 relays and assume Rayleigh flat-fading channels whose co-
efficients have unit variance. The relay and destination noise
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Fig. 2. Total relay transmitted power versus minimal required
SINR. K = 2.

powers are assumed to be equal to each other. The transmitted
power of each source is equal to 10 dB with respect to these
noise powers. The binary phase shift keying (BPSK) modu-
lation has been used. The proposed SOCP approach is com-
pared with the SDR-based technique of [8] (that uses the in-
stantaneous rather than the second-order statistics-based CSI
in this particular case).

As in the case of single source-destination pair (K = 1)
the transition between the problems (14) and (20) is exact, in
our simulations we only address the case K > 1. Fig. 2 and
3 display the total relay transmit power versus the minimal
required SINR at the destination for K = 2 and K = 3,
respectively. From these figures, we can see that the pro-
posed method has only a moderate reduction in performance
as compared to the method of [8]. Therefore, the proposed
technique represents a computationally attractive alternative
to the method of [8].
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