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ABSTRACT

We address the beamforming problem for maximizing the
sum rate of a multi-operator two-way relay (TWR) network
subject to the constraint on the total relay transmit power.
This scenario is also known as relay sharing for multi-way
relaying or TWR for multiple operators. The relay is as-
sumed to be equipped with multiple antennas, and it uses the
amplify-and-forward relaying strategy. It is shown that the
corresponding optimization problem can be represented as a
difference of convex functions (DC) programming problem
which is NP-hard in general. Nevertheless, we develop an
efficient polynomial time algorithm to solve the problem ap-
proximately. The performance comparison of the proposed
polynomial time DC (POTDC) inspired algorithm to the ex-
isting state-of-the-art algorithms demonstrate that the pro-
posed algorithm outperforms the existing algorithms espe-
cially in the case of non-symmetric networks.

1. INTRODUCTION

Relaying, as a mean of reducing the deployment cost, en-
hancing the network capacity, and mitigating shadowing ef-
fects, has strong potentials for future wireless networks. Al-
though the traditional one-way relaying suffers from the half-
duplex constraint and cannot utilize the radio resources in
an efficient manner, two-way relaying (TWR) enhances the
spectral efficiency and, thus, provides an attractive alterna-
tive [1]. Two relaying strategies are well studied, namely,
amplify-and-forward (AF) and decode-and-forward (DF).
Compared to the DF strategy, the digital AF strategy’ is of
a higher practical interest since it yields a much smaller de-
lay and has a lower complexity [1]. Thus, it is also adopted
in this paper.

Research on beamforming and power allocation algo-
rithms for AF TWR ranges from the case of multiple single-
antenna AF relays [2] to the multi-antenna relaying case [3]-
[5]. Several linear preprocessing techniques have been pro-
posed for the single-pair as well as multi-pair AF TWR [3],
[4], [6]. The beamforming design for a multi-operator re-
lay sharing scenario has also been considered in [8], where
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By “digital” we mean that the signal processing is performed in the base
band.

a sub-optimal algebraic algorithm has been proposed to ac-
complish the resource sharing by exploiting the multiple an-
tennas at the relay.

In this paper, we address the beamforming design prob-
lem to maximize the sum rate of the multi-operator TWR
with a multiple-input multiple-output (MIMO) AF relay sub-
ject to the relay transmit power constraint [9]. We first show
that the corresponding optimization problem is the differ-
ence of convex functions (DC) programming problem which
is non-convex and NP-hard in general. Afterwards, we de-
rive an efficient polynomial time convex optimization-based
algorithm to solve the problem approximately. This algo-
rithm can be viewed as an extension of the POlynomial Time
DC (POTDC) method which we recently proposed in [10] to
maximize the sum rate in AF TWR with multiple antennas at
the relay and just a single pair of users. For the latter prob-
lem, the POTDC algorithm, one step of which is based on
semidefinite programming (SDP) relaxation, is exact, while
in the case of multiple operators (multiple pairs of users that
share the same relay), the randomization procedure has to
be used that makes it approximate. To further evaluate the
proposed algorithm, we compare its performance to the per-
formance of some state-of-the-art algorithms and show that
the proposed algorithm outperforms the existing algorithms
especially in the case of non-symmetric networks.

2. DATA MODEL

The scenario under investigation is the same as in [8]. Pairs
of users belonging to L different operators communicate with
each other. However, due to the poor quality of the direct
channels between these pairs of users, they can only com-
municate with the help of the relay. Each user has a single
antenna and the relay is equipped with Mg antennas. We as-
sume that the channel is flat fading. The channel between
the kth user of the /th operator and the relay is denoted by

h,(f) € CMr. Here, the index k € {1,2} is used to enumer-
ate users and the index ¢ € {1,...,L} is used to enumerate
operators.

The adopted AF-based transmission protocol consists of
two transmission phases. In the first phase, all the users

transmit their data simultaneously to the relay. Let x,(f) be
the transmitted symbol of the kth user of the (th operator,

which is independently distributed with zero mean and vari-

ance Pk(é). The received signal vector at the relay is then given



as
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where ng € CM® denotes the zero-mean circularly symmetric
complex Gaussian (ZMCSCG) noise vector and E{ngnl} =
GI%I My With Ijs denoting an M x M identity matrix.

In the second phase, the relay amplifies the received su-
perposition of signals and then forwards it to all the users
simultaneously. Then the signal transmitted by the relay can
be expressed as

7 =Gr 2)

where G € CYR*MR s the relay amplification matrix. Since
the total transmit power at the relay is limited, the transmit
power constraint at the relay must be fulfilled so that
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where Pr denotes the total power at the relay, E{-} stands for
the expectation operator, and the Euclidean norm of a vector
and the Frobenius norm of a matrix are denoted by || - || and
|| - ||, respectively.

For notational simplicity, we assume that the reciprocity
between the first- and second-phase channels holds. This as-

sumption is fulfilled in a time-division duplex (TDD) system

if the RF chains are calibrated.> The received signal y,(f)

the kth user of the /th operator can be written as

for

T
y}({z) _ h,(f> ; +n,(f)
OT (0 (¢ OT ~p (0) (¢
— W GH Y onn
desired signal self-interference
+ Ym0 6n" b g +nl) @)
é;é[ _/_/
k={1,2} effective noise
inter-operator interference
where n,((Z> denotes the ZMCSCG noise symbol with variance
(©?

o, and {-}" stands for transpose.
Assuming that perfect channel knowledge can be ac-
quired at each user, the self-interference term can be sub-

tracted 3. Denote n,ﬁﬁ) as the signal-to-interference-plus-
noise ratio (SINR) at the kth user of the ¢th operator, which

is defined as
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Applying the vec{-} operator that stacks the columns of a
matrix into a vector, the actual relay transmit power (3) and

Note that our method is not limited to the reciprocity assumption which
is considered only for notation simplicity.

3In practice the channel knowledge can be estimated, for example, using
the method discussed in [8].

the SINR (5) can be expressed as

E{||7|*} = g"Cg (©6)
and o
g ™
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k

respectively, where g = vec{G}, {-}! stands for the Hermi-
tian transpose, and as shown in [§]
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Note that the D,(p € CMr*MR are positive semidefinite matri-

ces and the {C, E,g)} € CMRMR are positive definite matri-
ces, Vk,{.

The overall sum rate of the system described above can
be expressed as

L 2
sum—EZZIogz +n), ©)

where the factor 1/2 is due to the two transmission phases
(half duplex).

Our goal is to find the relay amplification matrix G which
maximizes the system sum rate subject to the relay transmit
power constraint.

3. SOLUTION VIA POTDC

Mathematically, the constrained sum rate maximization
problem for our system can be formulated as

2 Hp(0)
gD, g
mgax §2210g2<1+"2>

(=1k=1 g"EVg+a"

subject to ghicg < R:. (10)
It can be easily seen that the inequality constraint in (10) has
to be satisfied with equality at optimality. Otherwise, the op-
timal g can be scaled up to satisfy the constraint with equal-
ity while increasing the objective function. Using this ob-
servation, the relay transmit power constraint in (10) can be
rewritten as equality constraint.

Using such an equality constraint, changing to the natural
logarithm, and also omitting the constant % in the objective
function, the constrained optimization problem (10) can be
turned into the following unconstrained optimization prob-
lem

l
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Moreover, after some straightforward algebra, the problem
(11) can be shown to be equivalent to the following optimiza-

tion problem
l
Hp¢
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(12)
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'} € CMR*MR are positive semidefinite ma-
trices defined as
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The problem (12) is a homogeneous quadratically con-
strained quadratic programming (QCQP) problem which is
NP-hard in general.

Introducing the new notation X = gg'! and taking the
logarithm of the objective function, the problem (12) can be
equivalently written as

i 22: (log( Tr{A X}) log(Tr{B,(f)X}))
(=1k=1

rank(X) =1
X>-0

subject to
(14)

where Tr{-} and rank{-} denote the trace and rank of a ma-
trix, respectively.

Moreover, using SDP relaxation, i.e., removing the non-
convex rank-1 constraint in (14), the relaxed problem can be
shown to be a DC programming problem, which is still non-
convex. Hereafter, for notational simplicity, we define an

index m to substitute the indices ,((& such thatm=2(¢—1) +
k,Vk, ¢ (i.e., m € {1,2,--- ,2L}). Then the relaxed problem
(14) with new simplified indices can be rewritten as

2L
max  log(Tr{A;X}) —log(Tr{B1X}) + }_ log(ct)
X;{amABm} 2
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subject to Tr{A, X} = oy, m=2,3,--- 2L

Tr{B,X} = B, m=2,3,---,2L

X ~0. (15)
Due to the Rayleigh-quotient structure of (12), the problem
does not change by setting g"'B;g = Tr{B;X} = 1. Fur-
thermore, the objective function in (15) turns into a convex
function by replacing the concave elements, i.e., the elements
with the minus sign by scalar variables. Then the reformu-
lated problem, which is equivalent to (15), is written as

2L
max log(Tr{A1X}) log(, t
Xv{amvﬁnnlm} g { } Z g m mgz "
subjectto  Tr{A, X} =0, m=2,3,--- 2L

Tr{BmX}:ﬁma m:2737“' 72L

log(Bm) <tm, m=2,3,---,2L
Tr{B;X}=1,X>0. (16)
As compared to the problem (15) with non-convex DC-
type objective function, the non-convexity in the equiva-
lent problem (16) is localized in the inequality constraints
log(Bn) < tw, m =2,3,--- 2L. To deal with these non-
convex constraints, we propose to use a linear approxima-
tion of the log function, e.g., the second order Taylor series
of the log function, which uses the same philosophy as the
original POTDC algorithm in [10]. The second order Taylor
polynomial approximation of log(f) at By is defined as

B—PBo
Bo

Using (17), the optimization problem (16) can be reformu-
lated as

log(B) ~

log(Bo) + a7

2L

log(Tr{A; X log( /7
s, eRTAR) Y )~ Y
subject to Tr{A, X} = &y, m=2,3,--- 2L

Tr{B,X} = By m = 2,3, ,2L
tog(Bon) + 2202 <1, m =23, 2L
Tr{BiX} =1, X = 0. (18)

It can be seen that for a given set of initial values
{Bo2,Bo3s -, Bom}, the problem (18) is an SDP problem
that can be solved efficiently using the interior-point algo-
rithms if it is feasible [11]. Since the best set of initial val-
ues is unknown, it is natural to use an iterative method and
update the initial values in each iteration. Here, the initial

values {ﬁéf;), [30(1;), . Bél;)l} at the pth step are the optimal
values of f3,, which are obtained by solving the problem (18)

at the (p — 1)th step. It is worth stressing that, if the problem
(18) is feasible at the pth step, then the optimal solution for

the problem (18) denoted as f*(p) should be larger or equal
to the optimal solution for the same problem at the previ-

ous (p — 1)th step, i.e., f*(pfl). Otherwise, if f*(p) < f*(pfl),
it is contradictory to the objective function. Summarizing,
the proposed iterative algorithm for solving the optimization
problem (16) can be described as in Table 1.

It should also be stressed that the initial set of
{B(gg) , ﬁé%), - ,ﬁo_gn} has to be feasible. Taking into account
the generalized Rayleigh quotient structure and recalling that
g"'B g = 1, B,, can be any value between the maximum and
minimum generalized eigenvalues of the matrix pair B,, and
By, ie, By € {Amin{B| 'Bu}, Amax{B; "By }}. For example,

ﬁé% can be chosen in a random way such that

ﬁ(()) B a"B,,a
0m ™" "B a

m=2,3,- 2L, (19)

where a € CM& ~ %JV(O,IM]%).

The algorithm in Table 1 provides only an approximate
solution to the relaxed problem (10) in terms of the matrix
variable X. This solution is the same as the solution of the
original problem (10) only if X is a rank-1 matrix. In other



Table 1: Algorithm I: Iterative algorithm for solving the op-
timization problem (16)

Initialization step: input: A, By, A,;, B,

set {/3(502), ﬁé%)7 e Bé%}’ f*(o) maximum iteration number
Niax and the threshold value €.
Main steps:

1: for p =1 1to Npax do
2:  Solve the problem (18) in order to find the opti-

mal value £+ and BF.
3: ﬁégz:ﬁrﬁ,p),m:&?’,,ZL
if | " — "7V < ¢ then

4:
5: break
6 end if

7: end for

Table 2: Algorithm II: Iterative algorithm for approximately
solving the problem (10)

Initialization step: input: A, By, A, By,
set {[5(5_02), [3(5%), e ﬁé%}, f +O Rqum 0, Maximum iteration
number Ny, Nier and the threshold value €.

Main steps:
1: Solve problem (16) finding X with arbitrary rank
2: Calculate the eigen-decomposition of X as X =
UzZU";
3: for j =1 to N, do
4  Generate §; = UE"?z; where z; € CV& ~
¢ N (0,1 M2 ).
5 _ &iVR
6 Insert g j into (9) to calculate Ryym ;.
7 if Rsum,j >~ Rsum,(j—l) then
8: 8opt — 8-
9
0

5:

end if

10: end for

words, g is optimal for (10) only if there exists X* = 28",
where X* is the solution obtained based on the algorithm
in Table 1. However, according to [12] (Theorem 3.2 and
Corollary 3.4), there is no guarantee that the matrix X found
using the algorithm in Table 1 has rank-1. Indeed, the lat-
ter would be guaranteed only if the number of constraints
in the SDP relaxed optimization problem would be less or
equal to 3. In our problem, the number of constraints is
clearly larger than 3 when (L > 2), i.e., when the number
of operators is larger than one. For such a situation, a good
rank-1 approximation can be obtained by using the random-
ization techniques [13]. Thus, using also randomization for
obtaining rank-1 approximate solution to the problem (10),
the overall algorithm for finding an approximate solution to
the sum-rate maximization problem in multi-operator TWR
networks with AF relay equipped with multiple antennas can
be summarized as in Table 2.

4. SIMULATIONS

In this section, the performance of the proposed algo-
rithms is evaluated via Monte-Carlo simulations. They

are also compared to other methods, namely, the projec-
tion based separation of multiple operators (ProBaSeMO)
scheme (specifically the two variations block diagonalization
(BD) together with algebraic norm-maximizing (ANOMAX)
scheme (BA) and regularized BD (RBD) together with rank-
restored ANOMAX scheme (RR)) in [8] and the MMSE

method in [7]. The simulated MIMO flat fading channels h,(f)
are spatially uncorrelated Rayleigh fading channels. They
are fixed during two time slots. The transmit power at each

user and at the relay are identical and Pk([) =P =1, Vk,/.
The noise variance at each user and at the relay are also iden-

tical, i.e., GI% = G,Eé)z = 02, Vk, £. For the ProBaSeMO algo-
rithms, the weighting factor 8 is set to 0.5 in all simulations
[8]. All the simulation results are obtained by averaging over
1000 channel realizations.

The ProBaSeMO scheme is selected for the comparison
because it outperforms the other sub-optimal designs in a
symmetric scenario as shown in [8], e.g., the MMSE method
in [7]. Moreover, it has much lower computational com-
plexity especially when compared to the iterative solution
inspired by the power method [8]. The complexity of the
ProBaSeMO schemes can be roughly estimated as follows.
For L pairs ProBaSeMO requires L singular value decompo-
sitions (SVDs) of complex matrices of size Mg x 2(L — 1)
and L SVDs of complex matrices of size MI% X 2. Assum-
ing that the SVD of a M x N real matrix has the complexity
of O(MN?) and taking into account that a M x N complex
matrix can be written equivalently as a 2M x 2N real ma-
trix, then the complexity of ProBaSeMO can be estimated as
O(L(32M3 + 32Mr (L — 1)?)). The complexity of the pro-
posed POTDC-type algorithm is a product of a number of re-
quired iterations to the complexity of solving the SDP prob-
lem (18), which is higher than the complexity of the SVD.
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Figure 1: Sum rate comparison of ProBaSeMO ({BA, RR})
and POTDC approaches for L = 2 in a symmetric scenario,
where each user in the network has equal distance to the re-
lay.

Figure 1 demonstrates the sum rate comparison of the
ProBaSeMO schemes and the proposed POTDC approach in
a symmetric scenario. That is, each user has equal distance
to the relay. The proposed POTDC only slightly outperforms
the ProBaSeMO schemes. When the noise variance is small



and the number of antennas at the relay is large, the perfor-
mance difference almost vanishes.
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Figure 2: Sum rate comparison of ProBaSeMO ({BA, RR}),
MMSE [7], and POTDC approaches for Mr =4 and L =2
in an asymmetric scenario.
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Figure 3: Sum rate comparison of ProBaSeMO ({BA, RR}),
MMSE [7], and POTDC approaches for Mr = 8 and L =2
in an asymmetric scenario.

However, the superiority of the proposed POTDC ap-
proach is revealed in a non-symmetric scenario, i.e., when
the users have different distances to the relay. To show this,

we define a path loss model P, = ZOlogIO(d,EZ)) where d,ié) is
the normalized distance between the relay and the kth user of
the /th operator. For simplicity, we further assume an inter-

operator symmetry, i.e., d 55) =d; and dy) =d, V¢. The near-
far (N/F) ratio is defined as d»/d;. As shown in Figures 2
and 3, compared to the POTDC approach, the ProBaSeMO
scheme and the MMSE method in [7] suffer more from the
asymmetry of the system especially when the near-far ra-
tio is far away from 1. When the number of antennas at
the relay increases, the performance difference between the
ProBaSeMO approach and the POTDC approach is even en-
larged.

S. CONCLUSION

This paper addresses the beamformer design to maximize the
sum rate of a multi-operator AF TWR network with multiple
antennas at the relay subject to the constraint on the total
relay transmit power has been addressed. The corresponding
optimization task has been represented as a DC programming
problem which is NP-hard in general. To solve such a prob-
lem approximately, the efficient polynomial time algorithm
POTDC has been extended to the multi-operator case. It has
been demonstrated in terms of simulations that the proposed
algorithm performs better than the existing state-of-the-art
algorithms especially in the case of non-symmetric networks.

REFERENCES

[1] B. Rankov and A. Wittneben, “Spectral efficient protocols for
half-duplex fading relay channels,” IEEE Journal on Selected
Areas in Communications, vol. 25, pp. 379-389, Feb. 2007.

[2] V. H. Nassab, S. Shahbazpanahi, and A. Grami, “Optimal
distributed beamforming for two-way relay networks,” IEEE
Trans. Signal Processing, vol. 58, pp. 1238-1250, Mar. 2010.

[3] F. Roemer and M. Haardt, “Algebraic Norm-Maximizing
(ANOMAX) transmit strategy for two-way relaying with
MIMO amplity and forward relays,” IEEE Signal Processing
Lett., vol. 16, pp. 909-912, Oct. 2009.

[4] T. Unger and A. Klein, “Duplex schemes in multiple antenna
two-hop relaying,” EURASIP J. Advanced Signal Processing,
2008.

[5] R. Zhang, Y. Liang, C. C. Chai, and S. Cui, “Optimal beam-
forming for two-way multi-antenna relay channel with ana-
logue network coding,” IEEE J. Selected Areas in Communi-
cations, vol. 27, pp. 699-712, June 2009.

[6] M. Tao and R. Wang, “Linear precoding for multi-pair two-
way MIMO relay systems with max-min fairness,” [EEE
Trans. Signal Processing, vol. 60, pp. 5361-5370, Oct. 2012.

[7] J. Joung and A. H. Sayed, “Multiuser two-way amplify-
and-forward relay processing and power control methods
for beamforming systems,” IEEE Trans. Signal Processing,
vol. 58, pp. 1833-1846, Mar. 2010.

[8] J. Zhang, F. Roemer, and M. Haardt, “Relay assisted phys-
ical resource sharing: projection based separation of multi-
ple operators (ProBaSeMO) for two-way relaying with MIMO
amplify and forward relays,” IEEE Trans. Signal Processing,
vol. 60, pp. 4834-4848, Sep. 2012.

[9] J. Zhang, F. Roemer, M. Haardt, A. Khabbazibasmenj, and
S. A. Vorobyov, “Sum rate maximization for multi-pair two-
way relaying with single-antenna amplify and forward relays,”
in Proc. IEEE Inter. Conf. Acoustics, Speech, and Signal Pro-
cessing, Kyoto, Japan, Mar. 2012.

[10] A. Khabbazibasmenj, F. Roemer, S. A. Vorobyov, and
M. Haardt, “Sum-rate maximization in two-way AF MIMO
relaying: polynomial time solutions to a class of DC pro-
gramming problems,” IEEE Trans. Signal Processing, vol. 60,
no. 10, pp. 5478-5493, Oct. 2012.

[11] S. Boyd and L. Vandenberghe, Convex Optimization, Cam-
bridge, U.K., 2004.

[12] Y. Huang and D. Palomar, “Rank-constrained separable
semidefinite programming with applications to optimal beam-
forming,” IEEE Trans. Signal Processing, vol. 58, pp. 664—
678, Feb. 2010.

[13] Z.-Q. Luo, W.-K. Ma, A. M.-C. So, Y. Ye, and S. Zhang,
“Semidefinite relaxation of quadratic optimization problems,”
1EEE Signal Processing Magazine, May 2010.



