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Abstract—In this paper, we consider a two-way amplify-and-
forward relaying scheme, which consists of multiple transceivers
and r relay nodes. Assuming that both the transceivers and the
relays are equipped with single antennas, we deploy a signal-to-
interference and noise-ratio (SINR) balancing technique, where
the smallest of the transceivers SINRs is maximized under a
total transmit power constraint. We solve this problem through
an iterative procedure that uses semidefinite and geometric
programming along with bisection search methods. We evaluate
the performance of the proposed scheme in terms of the mean
SINR for various relays and power at the relays.

I. INTRODUCTION

Reliability of wireless communications can be severely
affected by signal fading, meaning that the signal attenuation
can vary significantly over the course of a given transmission.
Transmitting independent copies of the signal from different
locations generates spatial diversity and can effectively combat
fading. Cooperative communication generates this diversity
due to spatial separation of the relaying terminals, overcoming
the practical restrictions of deploying multiple antennas at
the mobile terminals [1]. Moreover, relays enhance the link
reliability between the source and destination, when there is a
loss of the direct communication link between them.

Most of the results regarding distributed beamforming as-
sume a one-way relaying scheme. The two-way relay was
first introduced by Shannon [2], who derived bounds on
the capacity region. Processing at relays can be regenerative
e.g. decode-and-forward [3], compress-and-forward [4] or non
regenerative e.g. amplify-and-forward, [5], [6] and [7]. Non
regenerative relays are less complex and usually cause a
smaller processing delay than regenerative ones. In addition,
relays can be full-duplex or half-duplex. Full-duplex relays
can transmit and receive at the same time and frequency but is
hardly implementable. On the other hand, half-duplex relays,
is realizable because they use orthogonal time or frequency.
In this paper, we focus on nonregenerative, half-duplex two-
way relays, because they have many advantages from an
implementation viewpoint.

In general, relay transmission is an important technique to

increase the capacity of the network and reduce the required
transmit power. Recently, there has been increasingly gain-
ing attention to the design of relays for multi-user wireless
networks [8]. The wireless relay network, however, has a
problem i.e. multiple access interference occurs since there are
multiple transmission links in a network. With that motivation,
a strategy should be applied that minimizes interference and
at the same time improves the power efficiency of the relay
system. Also, in order to maintain fairness among users, the
resources should be allocated such that each user’s SINR is
balanced and maximised. The associated optimization problem
is commonly referred to as “SINR Balancing” and aims
to obtain optimal weighted vectors and transmission powers
while maximising the worst-case user SINR.

Wireless nonregenerative relays under half-duplex con-
straints have been well studied in the literature. SINR balanc-
ing technique has been introduced in [9], where the principle
of “downlink-uplink duality” has been applied to transform the
original downlink problem into an equivalent uplink problem
that is more easily to be solved. Another approach to solve
this problem is to apply conic convex optimization e.g. [10].
Two-way AF relays have been also studied in [11] and [12].
However, the SNR balancing problem for two-way relay net-
work has only been studied in [13], where one pair of terminals
is considered. The solution is based on the assumption that the
phase of the beamforming vector has to match the aggregated
phase of the channel coefficients from the relay to the two
transceivers.

In this paper, we consider the two-way, multi-user AF relay
and aim to maximise the worst-case user SINR subject to the
total transmit power budget. An iterative algorithm is being
proposed that successively solves two different subproblems.
The first one determines the relay coefficients under a sum
power constraints at the relays to maximise the worst-case user
SINR. The second one balances the SINR values of all users
for a given set of relay coefficients by optimising transmission
power at the sources. These two subproblems can be solved
by applying a semi-definite relaxation approach together with
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Fig. 1. A relay network of d pairs of nodes and r relay nodes, all single-
antenna units.

a simple bisection search and geometric programming.
Notation: Lowercase letters are used for scalars. Vectors and
matrices are denoted by boldface lowercase and uppercase
letters respectively. We denote complex conjugate, transpose,
and Hermitian transpose by (-)*, (:)7 and (-). We use E{-}
to denote statistical expectation, Tr{-} and Rank(-) represent
the trace and rank of a matrix respectively. diag(m) denotes
a diagonal matrix with the elements of the vector m as its
diagonal entries. M > 0 means that M is a positive semidefi-
nite matrix and ® stands for Schur-Hadamard (element-wise)
multiplication.

II. SYSTEM MODEL

Our model, as shown in Fig. 1, consists of r relays and d
source-destination pairs. All nodes of the network are single-
antenna units and can either transmit or receive information.
That is, we consider a two-step, two-way, amplify-and-forward
relaying scheme. In order to simplify our description, we will
refer to the sources-destinations on the left side of the figure
as Transceivers 1 and the sources-destinations on the right
side of the figure as Transceivers 2. Let f;,, represent the flat
fading channel coefficients from the pth source of Transceivers
1 to the ith relay and g;, represent the flat fading channel
coefficients from the ith relay to the qth source of Transceivers
2 respectively. The » x 1 complex vector x of the received
signals at the relays can be written as:

d d
X:prsp—l—qusq—i—u (D
p=1 qg=1
where the following definitions are used: x £ [ 29 - x,.]7,
v £ [Vl V2 VT’]T’ f;D £ [flp f2p frp}T’ 8q £
(914 924 grq)T, sp, s, are the information symbols

transmitted by the pth and gth sources of Transceivers 1 and
2 respectively and v is the r x 1 complex vector of the noise
at the relays. The ith relay multiplies its received signal by a
complex weight coefficient w;. As a result, the vector of the
signals transmitted by the relays is given by:

t = Wx )
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where W £diag([w}, w3, -+ ,w]). The received signals at

the kth destination of Transceivers 1 and 2 are given by
d d
yik = £ 6+ = fkTW(Z fpsp"'z 8¢Sq T V) + 1k
p=1 q=1

d d
Yor = gLt +ng = ngW(Z f,5p + Z 8qSq T V) + Nog
p=1 g=1

3)
nik, Mok 1S the receiver noises at the kth transceiver for
Transceivers 1 and 2 respectively. Since aldiag(b) =
bTdiag(a), we can rewrite (3) as:

d
yie = WIFigrso + WIFe Y sy + wFifisic
q=1,9#k
d
+wiF, Z £,5, + wlFL v +ny 4)
p=1,p#k
d
yor = wHGifisi +w Gy Z £,5, + W' Grgpsa
p=1,p#k
d
+wiGr Y ggsg + WGy 4 nyi (5)
q=1,q#k

where F;, £diag(fy), G 2diag(gy). The third term in (4)
depends on the signal s; transmitted by transceiver k during
the first time slot. As Ffs; is known at transceiver k, the
third term in (4) can be subtracted from yi; and the residual
signal can be processed at the kth transceiver to extract the
symbol s;. Similarly, the second term in (5) can be subtracted
from yoj to extract the symbol si. That is, the residual signals
Uik = v — WHF s, and gor, £ yor — W Gpgysy, are
expressed as:

d
Ui = W/ Fgpso, + wlFy Z 8454
q=1,q#1
d
+WHFk Z fpsp—‘rWHFkl/—Fnlk (6)
p=1,p#1
d
Vo = W' Gpfpsiy +w'Gy Z sy +
p=1,p#1
d
+wH Gy, Z g5 + WH Gy +ng. (7)
q=1,q#1

and can be used at the corresponding transceivers to extract
the desired information symbols. )

In general, throughout the paper we use the following assump-
tions:

Al : The relay noises are assumed to be spatially white.

A2 : The transmission power of the pth and gth source is E{|sp|?} =
Py forp=1,---,d.

A3: The information symbols transmitted by the different sources are
uncorrelated,i.e., E{spsy} = Pppq.

A4 : The relay noise v, the destination noises nji; and nsg and the
information symbols {sp}gzl, {sq}g:1 are statistically independent.

A5 : The instantaneous channel state information (CSI) in terms of the



channel vectors fp, and g, is available at the processing nodes.

IIT. SINR BALANCING

Our goal is to obtain the optimal powers Pig, Poj of the
Transceivers 1 and 2, as well as the relay weight vector w
through maximising the worst-case user SINR under a total
power constraint. Mathematically, the optimization problem is
formulated as:

pltglpa;XEO,w mkln(SINle, SIN Ryy)
d d
s.t. Zplk+zp2kgpdmaxa Pr < Primag
k=1 k=1

(3

max min(STN Ry)

p=0,w
9

d
s.t. Zpkgpdmaxa PRSPRmax
k=1

where SINRiy, SIN Rsy, is the receive SINRs at the kth
transceiver for Transceivers 1 and 2, Pr, Pryqe 18 the actual
and the given maximum transmit power at the relays and
Pimaz 18 the given maximum total allowable transmit power
at the users, pi £ [Pll Plg . 'Pld]a P2 = [Pgl P22 c 'Pgd],
and p; = 0, p2 =~ 0 means that all entries of the vectors pq,
P2 are non-negative.
Using (2) the total transmit power at the relays can be
expressed as:

Pr = E{t"t} = w'Dw (10)
where D £ E{X”X}, X £diag(x).
Using (1) the matrix D can be written as:
d d
D =) PF,F," +) PGG" +0°T (1)
p=1 q=1

In order to derive the expressions for SIN Ry, SIN Ray,
we calculate Psk, Pik, P,’f, that represent the desired signal
component power, the interference power and the noise power
at the kth destination of the Transceivers 1 and 2 respectively.
The kth desired signal power at the Transceivers 1 can be
obtained as:

P = E{w"Frgugl Fi w}E{|s2[*}

= Py BE{w" (£, © g) (£ © g/ )w} (12)
= ngwHE{hkth}w = PQ;CWHRIZW
and at the Transceivers 2 as
P = P wlRiw (13)

where hy = (f, © gx) = [fingir forg2k - frigre)” and
RF £ E{h;hff}. The vector h; contains the total path
coefficients between the kth source and its corresponding
destination via different relays.

Denoting D, = {1,2,...,d} — {k} and using (6), the
interference power at the kth destination of Transceiver 1 is
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given by:

Pilk _ E{WHFk< Z quqgf —+ Z prpf;{> FkHW}

geDy peDy

- E{WH< > P 0g) & 0gf)

qeDy,
£ Pt o )88 @f£>>w}
peDy

= WH( Z Pquk + Z PpD1k;)W = WHleW
geDy,

14)
peDy

where h{ £ f, ©® g;, Qux = Z hZ(hZ)H and Dy, £

qeDy,
S (L of)E of).

peDy
The interference power at the kth destination of Transceiver 2

is given by:

Pt = wi( Z P,Qor + Z P,Doj)w = wil Ty w

peDy, qeDy

(15)
where h} £ f;, © g, Qo = Z hY(h?)" and Dy, =

peDy,
> (e 0gg)(el ©gl).

qeDy,
Using (6) and Assumption A4, we write the noise power at

the kth destination of Transceiver 1 as:
P¥ — B{wIF v Fiw) + o2 16)
= WHR;?W + 02

and Transceiver 2 as:

P¥* =wlRiw + 0?2 (17)
where R} £ 07 F,F}! and R} 2 072G, G/

Before using the above derivations to rewrite the optimiza-
tion problem, we note that (9) is equivalent to two subprob-
lems. The first one, calculates the relay weights {w;}/_; and
maximizes the worst case user SINR. Hence, it is formulated

as:
max mkin(SINRmy SIN Ray)

k=1, .d

(13)
s.t. PR S PRma:Ea

where Priq. 1S the maximum allowable total transmit power

of the relays.

Using (11), (12), (13), (14), (15), (16), (17) and defining W £

wwl | we rewrite the optimization problem in (18) as

k k
max min( TI‘(PQthW) TI'(PlthW)

Wk Tr((Tw + RI})W) + UTQL’ Tr((Tar + R];)W) + 02
s.t. Tr(DW) < Prpas for k=1,2,--- . d
Rank(W) =1, W >0

(19)
The rank constraint in (19) is not convex. Using a semidefinite

relaxation [14], we aim to solve the following optimization



problem:

max t
Wt

s.t. Tr(W (P Rf — t(T1x + R}))) > ot
Tr(W (PR — t(Ta + RY))) > ont,
Tr(DW) < Pguma, for k=1,2,---.d

(20)

Due to the relaxation, the matrix W* obtained by solving
the optimization problem in (20) will not be of rank one all
the time. If W* happens to be rank one, then its principal
eigenvector yields the optimal solution to the original problem.
Otherwise, we have to use alternative techniques such as
randomization techniques (e.g. [15]-[17]), to obtain a subop-
timal rank-one solution from W*. The outage probability of
obtaining higher than rank-one solution at varying users is
summarized at the Table I. The simulation parameters for this
Table are mentioned at the Simulations subsection.

For any fixed value of ¢ the set of feasible W in (20) is

TABLE I
TABLE OF OUTAGE PROBABILITY (OP) AT VARYING USERS

Users: 4 6 8 10
OP :0.005 0.11 0.23 0.4

convex. It follows that the optimization problem in (20) is
quasi convex [18]. To solve (20), the following observation
has to been used. Let ¢,,,,, be the maximum value of ¢ that is
obtained by solving the optimization problem (20). If for any
given t, the convex feasibility problem

find W

s.t. Te(W(Py Ry, — t(T1i + R}))) > ot
Tr(W(PyRS — t(Tor + RE))) > 02t
Tr(DW) < Prpmar for k=1,2,---,d W =0
(2D

is feasible, then t,,,, > t. Conversely, if (21) is not feasible,
then ¢,,,, < t. Based on this observation, one can check
whether the optimal value ¢,,,, of the quasi-convex problem
(20) is smaller or greater than any given value ¢ using a
bisection technique and solving a convex feasibility problem
at each step. We start with a preselected interval [I,u], that
contains the optimal value ¢,,,,. We then solve the convex
feasibility problem at the midpoint ¢t = (I4u)/2, to determine
whether the optimal value is larger or smaller than ¢. If (21)
is feasible for this value of ¢, then we set [ = t, otherwise, we
choose u = t and solve the convex feasibility problem in (21)
again. This procedure is repeated until the difference between
w and [ is smaller than some preselected threshold §.

We should note that the optimization in (20) maximises the
worst case user SINR. If the number of relays is substantially
higher than the number of users, all users SINR will tend
to be equal to the worst case user SINR {,,,,. However,
in general, this optimization at the relay will not be able
to ensure SINR balancing. This is because, unlike transmit
beamforming techniques [9], the relay transceiver has the
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inability to control the power usage for each user separately
at the relays. Therefore, in order to balance the SINR of all
users, we need to control the transmission power at the source
level using the following Geometric programming approach.

We consider the optimization of SINR with regards to the
power at the transmitters Py, Por, when the relay coefficient
vector w is fixed. In this case, the following optimization
problem has to be solved:

max min(SINRy, SIN Ryy)

p120,p220 k

d d
s.t. Zplk‘FZPQkSPdmaa:
k=1 k=1

where Pg,q, 1S the maximum allowable total transmit power
at the transmitters.

Using (12), (13), (14), (15), (16), (17) and assuming that
the relay weights {w; }7_, are fixed, the optimization problem
in (22) becomes:

(22)

in Py, GF, )
max min
Pz kN PEF 4+ Y P+ Ny,
qeDy, peDy
in PGy )
max min
P20 kN PEN 4+ ) P 4+ Ny,
peDy qeDy,

d d
s.t. Z.Plk + Z P2k S Pdma:b (23)
k=1 k=1

where GF £ Tr(RFW), E}f £ Tr(Qu,W), E¥ £
Tr(ngW), F}llk £ TI‘(leW), F%Lk £ Tr(ngW), le £
Tr(R’J%W) and Ny, = Tr(R’;W).

The above problem can be rewritten as:

max_t
P1,P2,t

d d
s.t. Zplk+zp2k < Pdmaz-
k=1 k=1

E}f Y PP T+ FF Y PP T+ Ny Pyl < G

qeDy, peDy
EY Y PP+ FF Y PP+ Ny Pt < G
peDy, qeDy,

(24
The problem (24) is convex and belongs to the class of
geometric programming [19] . As a result, it can be efficiently
solved using numerical methods such as cvx [18].
The iterative SINR-balancing algorithm is summarized in
Table II.

IV. SIMULATIONS

We consider two numerical examples, where a network of
2 source-destination pairs is assumed. The noise power at
the relays and at the receivers is assumed to be equal to
0.1. The initial signal power at each source is equal to
1 and the maximum allowable sum power at the receivers



TABLE II
ALGORITHMIC SOLUTION OF THE SINR BALANCING PROBLEM

1:Initialize P = [1,...,1)7, PV =1, ..
2:Repeat

3:Solve (21) with fixed P14, P24 to obtain an updated W.
4:Solve (24) with fixed W, to obtain an updated P4, Pog.
5:Until the SINR converges.

N

55
5
as
45
n
c 4
3
€35
3
2% 4 6 8 10
PW)

Fig. 2. The mean SINR versus the maximum allowable relay transmit power
Prmaz at the relays for a network with 5 relays.

is set to Pgyner = 4. In Fig. 2 the maximum allowable
transmit power at the relays versus the mean SINR is plotted
for a network with 5 relays. From this figure, we see that
the performance of the users is improved as the maximum
allowable transmit power at the relays is increased. In Fig. 3
the mean SINR versus different number of relays is plotted,
while the maximum allowable transmit power at the relays is
fixed to P4z = 5. Again, it can be seen that the performance
at the receivers is substantially improved when the number of
the relays is increased. Finally, for producing the results of
Table I a network of 5 relays with P,,,q, = 5 is assumed.

V. CONCLUSION

In this paper, we studied the problem of SINR balancing
in a multiuser two-way relay network which consists of
r relay nodes and d transceiver pairs. We considered two
subproblems to achieve balanced SINRs over all transceivers.
At the first subproblem, we designed the relay coefficients
through maximizing the worst case user SINR subject to a
constraint that guarantees a minimum transmission power at
the relays. We observed that this approach does not guarantee
equal SINR over all transceivers, unless the number of the
relays is substantially bigger than the number of users. With
a geometric programming approach, we have herein shown
that by controlling the power of each user, we are able to
provide a balanced SINR over all transceivers. Simulation
results validate the efficiency of the algorithm.
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