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Abstract - In this paper, we obtain the beamforming vector as well as the users’ transmit powers for an amplify-and-forward (AF)-based
two-way relaying network in the presence of interference. To this end, the total transmit power consumed in the whole network is
minimized subject to two constraints on the users’ received signal-to-interference-plus-noise ratios (SINRs). Our technique is distinct
from the published works in the sense that we jointly obtain the optimal relay beamforming weights and user transmit powers under
the influence of interference, whereas the reported algorithms in the literature have not addressed the effect of interference. Numerical
experiments confirm efficiency of the proposed approach.
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1. Introduction

Two-way relaying methods (bidirectional communications) have received a lot of attention in recent years due to
their capability of supporting communications in two directions with improved spectral efficiency [1, 2]. The advantages
of two-way relaying networks can be achieved through collaborative (distributed) relay beamforming techniques, where a
set of relaying nodes cooperate to build a beam towards the intended receiver [3]. In particular, collaborative beamforming
techniques have been developed under the amplify-and-forward (AF) protocol.

The bidirectional relaying network might be employed in the presence of interference, where the interference may come
from the other transmitter(s) using the same frequency band and the interference typically exists in heterogeneous network
(HetNet). Specifically, all the proposed beamforming approaches in the literature; see [3, 4, 5, 6, 7] and the references
therein, were limited to an idealistic assumption of the network, where there is no interference. Recognizing the fact that
the interference can not be avoided in typical wireless networks for higher spectrum efficiency, this paper concentrates on
the important and general scenario where some or all of the two users and relays are affected by interference, and we design
optimal beamforming schemes for bidirectional networks. To the best of our knowledge, this is the first paper that addresses
the problem of network beamforming for two-way relaying scenario under the influence of interference.

Obtaining the optimal user transmit powers and beamforming coefficients of the relays represents the main focus of
this work. In particular, we aim to jointly design the optimal power allocation and beamforming technique such that the total
transmit power consumed in the whole network is minimized, subject to two constraints on the quality of service (QoS) at the
two users in terms of the signal-to-interference-plus-noise ratio (SINR). Our technique is distinct from the published works
in the sense that we jointly obtain the optimal relay beamforming weights and user transmit powers under the influence of
interference, whereas the reported algorithms in the literature have not addressed the effect of interference.

Notation: Throughout this paper, bold upper case symbols denote matrices and bold lower case symbols denote vectors.

Subscripts (+)*, (-)7, and (-)# stand for complex conjugate, transpose, and Hermitian, respectively. Also, we use .4 (i, 62) to
denote complex Guassian distribution with mean y and variance 6. |z| and £z represent the amplitude and the phase of the

complex number z = |z|e4?, respectively. Furthermore, diag(x) represents a diagonal matrix with the elements of the vector
X as its diagonal entries. Also, ||x|| stands for the Euclidean norm of the vector x. Iy is an N x N identity matrix. We use x;
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and [A]; j to denote the i-th element of the vector x and the (i, j) element of the matrix A, respectively. For two Hermitian

matrices A and B, A = B means that A — B is positive semi-definite. Anax(A) is used to represent the largest eigenvalue of

matrix A. We define 6 (k) = { é’ lgz% .

2. System Model

Here, we consider a bidirectional relaying network which consists of two users and some relays, where each node is
equipped with a single antenna. Throughout the paper, U;, U, and R; stands for the first user, the second user, and the
[-th relay for [ = 1,...,L, respectively. It is also assumed that U;, U,, and relays are respectively affected by na, ng, and
nc interferers. Throughout the paper, we use {;; (j = 1,...,na), & (m=1,...,np), and Cg; (i = 1,...,nc) to denote the
interferers affecting Uy, U,, and relays, respectively. In addition, &, ; represents the fading coefficient of the channel between
Ui (k=1,2)andR; (I =1,...,L). Itis assumed that that channel reciprocity holds for all user-relay links. Also, g1 ;, g2.m, and
gr,.i stand for the channel coefficients from {; ; (j=1,...,n4) to Uy, from {, ,, (m =1, ...,np) to Uy, and from g ; (i = 1,...,nc)
toR; (I =1,...,L), respectively. In this work, similar to related literature, it is assumed that the perfect channel knowledge is
available. However, in [8], we have considered the scenario where channel coefficients are subject to estimation errors.

For such a system, the total transmission consists of two consecutive equal-duration time-slots. In the first time-slot,
both users transmit their own signals to the relays. The resulting signal at the relay is then given by [8]

ne
rg = VPihisi +vVPhosy+ Y\ [Pr, 8 iEri+ Or, (1)
i=1
where rg represents an L x 1 vector whose [-th entry stands for the signal received by R;. Also, the L x 1 vector h £
g, hoje, oo hbk]T denotes the channel coefficients between Uy and relays and the L x 1 vector g ; S (SR, .is SRy -+ 8RLI)T

represents the channel coefficients from (g; to relays. In addition, the L x 1 vector ¥g = [Og,,Og,,...,0,]" is the
additive white Gaussian noises at relays. Note that the elements of ¥ are independently and identically distributed
(i.id.) as A (0,6,2]). In (1), 57 and s, represent the transmitted signals by U; and U,, respectively. It is assumed that

E{|s1]*} = E{|s2|*} = 1. Also, &g denotes the interference signal generated by (g ; (i = 1,...,nc), where E{|Eg;|*} = 1. In
addition, we use Py and P to represent the transmit powers of U and Uy, respectively. Also, P, denotes the power of the

interference signal (r; (i =1,...,n¢).
During the second time-slot, the /-th relay first multiplies its received signal by a complex weight w;, and then transmits
the obtained signal to both users. The transmitted signals by all relays can be represented as an L x 1 vector

7= WHI’R, (2)

where W £ diag(w) and w = [wy, wa, ... ,wr]”. Finally, the signal y; received by Uy, k = 1,2, can be expressed as
ne
Yk =v/Ph{ WHhys, + Psaohf Whs st Y 1/ Peo ni W eg Eri+ 8l &+ D W Opt v, k=1,2, (3)
i=1

where the ny x 1 vector g, = [g1.1, 812, ---, &1.,]7 stands for the channel coefficients from {Clj};’il to U; and the
ng x 1 vector g, = [g2.1, 2.2, -+, &2.ny]7 denotes the channel coefficients from {&om}ir | to Us. Also, vy is the noise at Uy ~
A(0,62). Note that & = [, /P;, &1, ..., [P, iny)T, where & ; and P, , are the interference signal transmitted from
C1,; and its corresponding interference power, respectively. Similarly, &, = [, /Ps, &1, .-, [P, &), where &, and
P, represent the interference signal transmitted by {5, and its corresponding interference power, respectively. Moreover,
we assume that E{|P51‘j|2} =E{|P;, [} =1forall j=1,..,ngandm=1,...,n.

It can be seen from (3) that the received signal at Uy includes the corresponding self-signal earlier transmitted to the

relays. Since U, knows its own transmitted signal, sy, it can subtracts the resulting self-interference term \/th,{WH hys; from
the received signal. Accordingly, the remaining signal for Uy, k = 1,2, is

)7k:)75,k+)~’1,k+)7N,k> k= 1727 (4)
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where ys «, Y1 x, and yy  are respectively the intended signal component, interference component, and noise component
of y;. Considering the fact that W = diag(w) is a diagonal matrix, we have h] W = wfdiag(hy), k = 1,2. Therefore, ys 4,
Y1k» and yy x can be expressed as

Ysk = 1/ PsiyW Hihs S5, k= 1,2 %)
nc

ik = Y A/ Pee, W HigR Eri+ 81 Er k=12 (6)
i=1

ik = WIHOr +vi, k= 1,2, @)

where H; = diag(hy), k= 1,2.

3. Joint Power Allocation and Beamforming Design

Our problem is to minimize the total transmit power Pr of the whole network while the received SINRs at U; and
U,, which are respectively denoted as I'y and I, are kept above pre-defined certain thresholds y; and 7, respectively.
Mathematically, we aim to solve the following optimization problem:

Pllvl})lzl‘,lw Pr
S. t. >y
I >p. (8)
The total transmit power Pr can be written as:
Pr=Pr+P +P. )

The relay transmit power Pz £ E { |z]2} is given by

nc
Pr = WH <P1D1 +PD; + ZP‘gR,iDgRj + G%IL> W, (10)
i=1

where Dy = HHy, k = 1,2, and D¢, £ diag(gg;)”diag(gg ), i = 1,...,nc. The received SINR at U, k = 1,2, can be
written as

PS(k) WHffHW
I'k=

’ (11)
nc _
v <'Zl Pee B+ of HLHY! ) wgPg g + 0y

where £ 2 Hehg), k= 1,2, and fyy 2 Hygg k= 1,2 and i = 1,...,nc. Tn addition, Py, 2 diag ([Pgu, Peyen, Pél‘%])

and Péz £ diag ([P‘§2,l y Pgn, ceey sz‘"BD .
Using (9), (10), and (11), the optimization problem in (8) can be rewritten as

ne
: H 2
Pln,}’l;,lw Pi+P+w (P] D{+PD, —l—i:ZI PéR,[DéR.i +GnIL> w
Pwitfw
s. L. T E— >N
WH< Y P’g'R_ifl,ifﬁi+G%HlH[11)w+g11-1P<;‘1g1+G\;21
i=1

PywH it w

¥ Py it 7 gl 2P (12)
s < '21 PéR”'fz”'fg"JrG% HH; )W+gz P, g,+072
i=
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In this optimization problem, the design parameters include w as well as P; and P». This makes finding the global
minimum of (12) very challenging. In order to find the global solution to (12), we will develop a method which consists
of a two-dimensional search over a sufficiently fine grid that covers all possible values of P; and P, and an second-order
cone-programming (SOCP) problem over w. To that end, we first obtain the feasibility set of (12) in the following.

We rewrite the constraints of the optimization problem (12) as follows

nc o
W (Pyoft? = (Y Pe, B+ orHAHY ) )w > (8 Pegy+ 02) k=12, (13)
i=1

It is seen that the optimization problem (12) is infeasible if for a given value of Psg), k =1 or 2, the matrix

(P(;(k)ffH — % (Z?;l PgR_,.fk,ifﬁi + G%HkaH )) is negative definite for k = 1 or 2. In other words, the optimization problem

(12) is feasible if and only if for any given pair of P; and P, the matrixes <P5(k)ffH — % (er'lil P éR_,,-fk,ifZi + GTZ,HkaH )) are
non-negative definite for both k = 1 and 2. Defining
nc o
R 2 (Y P Bl +o2HH | k=122, (14)
i—1

1

which can be shown to be a positive definite matrix, for k = 1 and 2, we have

1 =1 =1 1
Psoft — pRy = R? <P5(k)Rk2 f'R? — ykIL) R7, (15)

-1 -1
where <P5(k)Rk2 i i R, —%lI. ), k= 1,2, can be shown to be a non-negative definite matrix. We conclude that the

optimization problem (12) is feasible if and only if for any given pair of P; and P,

=1 =1
Amax <P5<k)Rk2 fi'R;? — ykIL> >0, k=1,2. (16)

-1 -1 -1 -1
Since R} i i R’ is a rank-one matrix, the largest eigen-value of the matrix <P5(k)Rk2 i R’ — ykIL) is
Pg(k)fH Rk_lf — Y. Therefore, (16) can be equivalently rewritten as

> Y _ Y
TR e 2\
(¥ P B+ o2HHE ) f

i=1 '

Psg) ck=1,2. (17)

It is worth mentioning that the two constraints in (17) are necessary and sufficient conditions for (12) to be feasible.
We now convert the joint power allocation and relay beamforming problem in (12) into two nested problems: 1) over
Py and P, and ii) over w. To this end, without loss of optimality, we rewrite the objective function of (12) as follows

nc
. . H 2
min (Pi-+P,) +minw” (D, +P2D2+l; P, Dg, + 071, )W, (18)

PP

We also add the two conditions of (17) as the additional constraints, without loss of optimality. Then we have the
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following problem

nc
g}ll}{; Pi+P + mvin wh <P] D +PD,+ ; PgR«iDéR,i —i—G%IL) w (19a)
HffH
.t vV > (19b)
wh <27£1 PéR.ifl-,ifllq.i + c71%H1H11r1() W+ gllqpél g+ 6\221 :
HffH
E— s v > % (19¢)
wh (2721 PfR_ifZJfZi + G%HZHQI) w -+ géIsz g + CFVZ2 1
P > — - (19d)
7 (51, Py oy, + o HLHE )
P> L (19)

iy _ _ _1 .
7 (X1, P B8+ o HHT)

Specifically, for any fixed pair of P; and P, satisfying (19d) and (19e), the inner minimization can be rewritten as

ne
n‘lvin wi <P1D1 +PD;, + Zpék,ingﬁi + G%IL> w (20a)
i=1
" b FoF
st Wiz (W Z{P{:R_’if17,-f?i+6%H1H{I w+giPs g + 07 (20b)
=
H 2 “ oo EF
W] > \7 wh Z{PéR_ifzJ-fZi—kG%HzHg wteliPeg, +02 |. (20¢)
=

It is easy to see from (20a)—(20c¢), if the optimal vector w,,, is replaced with e’ ewgpt, for any value of phase rotation
6, the optimization problem (20a)—(20c) will not change. This means that the new vector e/ Ow, pr 18 also a solution to (20a)—

(20c). Hence, without loss of optimality, we can rotate the phase of w such that w/f is a real and positive number. Doing so,
we equivalently arrive at the following optimization problem

nc
: H 2
min W <P1D1—|—P2D2+§P§RJD5RJ+G,71L>w (21a)
N “ b FF
st Re(wf) > 2 (v Y P BB+ o2H HY | wgliPe g, + o2 (21b)
2 =1
% b E T
Re (wt) > || o (W | Y e foull; + GFHHY | wt g/ Pegy + 03 (21¢)
1 i=1 '
Sm (w'f) = 0. (21d)

One can easily show that for each feasible pair of (P}, P;), the optimization problem (21a)—(21d) is an SOCP problem
[9] which can be efficiently solved using interior point methods [10]. To find the solution to (19a)-(19e), adopting a similar
approach to the one employed in [7], we first discretize the feasibility set of (19a)—(19¢) into a fine grid of (P}, P;) space.
Then, for each vertex of the obtained grid, the SOCP problem (21a)—(21d) is solved and the corresponding total transmit
power Pr is calculated. The optimal solution to (19a)—(19e) corresponds to the pair of (P;, P;) that results in the smallest Pr
value.
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4. Simulation Results

The goal of this section is to demonstrate the performance of the proposed beamformer and analyze its properties
through a set of Monte Carlo simulations. Throughout all simulations, we have considered a bidirectional network consisting
of L = 10 relay nodes. The results that we show are obtained by averaging the corresponding quantity over 1000 independent
simulation runs. In each simulation run, all the channel vectors h; and h, as well as the interferers CSI vectors gl, 8,, and
gr; (i=1,...,nc), are generated as complex zero-mean Gaussian random vectors with unit variances. Also, the noise power
at the relays and at the two users is assumed to be one. For convenience, it is assumed that the users have the same minimum
required SINR, i.e. Y2 71 = .

First, we study the effect of the interference on the two-way relaying network Here, we denote the power of interferers

affecting U, U,, and the relays by the sequences e, £ [Péu , ...,P&M} pg, = [Péz . sz’n ] and P, = Pék e PéRan] ,

respectively. In Figs. 1 and 2, we consider equal-power interference case under two scenarios: (1) when interferers only
affect Uy, i.e. nyp =2, ng = 0, and nc = 0; (2) when interferers affect both U; and U,, i.e. ny =1, ng =1, and nc = 0. To
investigate the effect of the interference power, we keep all other parameters fixed and only change the power of interferers
(P, , and Fy , in the first scenario; and P, | and P, | in the second scenario) from 2 to 5. Specifically, the comparison for the

minimum total transmit power Pr against ¥ is shown in Fig. 1. It is seen that the total transmit power Pr becomes worse
with increasing the interferer powers. Fig. 2 illustrates the P'PLRPZ ratio versus SINR. One can see that increasing the interferer
powers from 2 to 5 leads to higher Pz consumption.

35

w
o

Average PT (dBw)
N
(6]

N
o

15

y (dB)

Fig. 1: The average minimum total transmit power Pr against Y = y; = % of a bidirectional network under following scenarios: (A)
when interferers only affect Uy; and (B) when interferers affect U; and U,.
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Fig. 2: al ;R P2 ratio versus Y= 1 = 7 for a bidirectional network under following scenarios: (A) when interferers only affect Uy; and (B)
when interferers affect U; and Us,.

Next, we compare the performance of our proposed method with that of the proposed scheme in [4]; see Fig. 3. In the
related simulations, we set ny = 0, ng =0, P, = [10,10]. As can be seen from Fig. 3, in the presence of interference, our

scheme significantly outperforms the proposed method in [4], which proves the efficiency of our proposed method.

55

50| —#%— [4] with Interference
Proposed with Interference

Average PT (dBW)

y (dB)

Fig. 3: Performance comparison of the proposed algorithm with that of proposed in [4].
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5. Conclusion

In this paper, we considered an AF-based bidirectional relaying network in which two users intend to exchange in-
formation with the help of relays. Assuming that both users and all relays are equipped with a single antenna, we studied
the problem of optimal beamforming and power allocation in the presence of interference. In contrast to previously reported
works, which are limited to the idealistic assumption of interference-free environment, we developed an optimal beamforming
and power allocation scheme for bidirectional relay networks in the presence of interference. Specifically, we calculated the
relay beamforming vector as well as user transmit powers via minimizing the total transmit power consumed in the whole
network subject to two constraints on the users received SINRs.
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