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ABSTRACT In this paper, the transceiver beamforming problem is studied for multipair two-way distributed
relay networks, particularly with multi-antenna user nodes and in the presence of channel state errors. With
multi-antenna setting on the user nodes, some of the usual signal processing tasks are shifted from the relay
nodes to the user nodes with the proposed transceiver beamforming designs. The transmit beamforming
vectors, distributed relay coefficients, and the receive beamforming vectors are obtained by iteratively
solving three sub-problems, each having a closed-form solution. The tasks of maximizing desired signal
power, and reducing inter-pair interference and noise are thus allocated to different iteration steps. By this
arrangement, the transmit and receive beamformers of each user are responsible for improving its own
performance and the distributed relay nodes with simple amplify-and-forward protocol aim at creating a
comfortable communication environment for all user pairs. With respect to the channel uncertainty, two
relay strategies are proposed considering two different requirements from the communication network: sum
relay output power and individual relay output power. Our simulation demonstrates that the performance
improvement can be very significant through cooperation of the three components, especially when the

number of relay nodes is large.

INDEX TERMS Transceiver beamforming, relay networks, robust, multi-pair, two-way.

I. INTRODUCTION

Distributed relay network has its distinct advantages in
exploiting spatial diversity, reducing the deployment cost
and mitigating the effect of fading in wireless communi-
cations [1]-[7]. In a typical relay network, data transmis-
sion between a source and a destination is assisted by relay
nodes with various protocols, among which amplify-and-
forward (AF) is one of the most popular due to its sim-
plicity [8]-[13]. On the other hand, various strategies have
also been proposed with different network constructions and
different tasks assigned to relay nodes.

One particular research area is the multipair relay
network, where multiple peer-to-peer user pairs commu-
nicate with each other simultaneously, which significantly
increases the overall throughput and efficiency of the relay
network [14]-[18]. For such relay networks, the inter-
pair interference (IPI) caused by simultaneous signal
transmissions is a crucial issue. Tao and Wang [16],
Suraweera et al. [17], and Joung and Sayed [19] used different
zero-forcing (ZF) based methods to eliminate the IPI among
users, while block diagonalization (BD) was employed
on a central relay node with multiple antennas to reduce

interferences experienced by each user pair in [20] and [21].
In [22], beamforming vectors for the multi-antenna user pairs
were jointly determined to null out the IPI and maximize the
effective channel gain between user pairs. In [14], an ad hoc
network with multi-pair communications was studied with
the one-way strategy. Leow [15] and Tao and Wang [16],
investigated the multipair two-way relay networks, where
the bi-directional transmissions are supported by a multi-
antenna central relay node, while in [17], a central relay node
equipped with a very large array of antennas was considered,
which can substantially reduce the interference with simple
signal processing techniques.

For multipair relay networks with distributed single-
antenna relays [23]-[28], the desired signals at the des-
tinations suffer from a higher level of interference, due
to the assumption that the distributed relays do not share
their received signals and thus cannot cooperate as effec-
tively as the former network to suppress the interfer-
ence accumulated in the source-relay transmission stage.
Fazeli-Dehkordy et al. [23] demonstrated that such a net-
work with destination quality-of-service constraints will lead
to a non-convex beamforming problem, that can be turned
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into a semi-definite programming (SDP) optimization, and
solved using interior point methods. Chen et al. [24] pro-
posed to approximate the same relay beamforming problem
by a convex second-order cone programming (SOCP) prob-
lem with drastic improvement in computational complexity.
On the basis of it, a distributed optimization method with a
faster convergence speed was developed in [28], based on
the accelerated distributed augmented lagrangians (ADAL)
algorithm [29]. Another method was proposed in [26], where
ZF is used to cancel the inter-user interference with the
assumption that the global channel state information (CSI) is
known at every relay node. In [18], a different beamforming
method was proposed when the number of relay nodes is
large, where signal-to-interference-plus-noise ratio (SINR) is
maximized instead of having a predefined lower bound.

On the other hand, since CSI errors can potentially lead
to significant performance degradation, and such errors can
hardly be avoided in distributed relay networks, due to inac-
curate channel estimation, mobility of relays, and quantiza-
tion errors, much work has been done for robust designs
in distributed relay networks [30]-[38]. In [36], the robust
distributed relay beamforming problem was investigated
for single-pair one-way relay networks, and a robust relay
scheme for multi-user single-destination one-way relay net-
works was proposed in [33] with the decode-and-forward
protocol. In [37], a worst-case based distributed beamforming
scheme was developed for a single communication pair with
norm-bounded CSI errors. The filter and forward relay beam-
forming scheme was studied with spherical CSI uncertainties
in [38], while in [34] ellipsoidal CSI uncertainties were con-
sidered for a multi-pair one-way communication network.

In all the aforementioned designs, user nodes are assumed
to have a single antenna. However, in next generation
wireless communication systems like LTE/LTE-A/5G [39],
multi-antenna user equipments (UEs) are accepted as a
basic system setup. With the development of multi-antenna
devices and coordinated multi-point joint-transmission
techniques [40]-[42], where multiple UEs collaborate and
jointly steer the transmit signal, investigating the problem
of how the communication of multi-antenna devices and/or
virtual multi-antenna devices can benefit in a distributed relay
network becomes more and more important.

In this paper, to take advantage of the multi-antenna imple-
mentations of the user nodes, we propose to utilize transceiver
beamforming on the user nodes, and thus the quality-of-
service (evaluated by SINR in this paper) of each user node
will be jointly determined by three beamforming vectors:
transmit beamforming vector, relay beamforming vector and
receive beamforming vector, and the overall beamforming
problem becomes more difficult than the single-antenna-
user case. On the other hand, unlike in the single-antenna-
user network case, where the relay nodes are responsible
for almost all the signal processing tasks, in our considered
network, since each user node is equipped with transceiver
beamformers, the main part of the signal processing tasks
can be shifted to the user side, and the relay can be relieved
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of their usual dominant role in suppressing interferences and
noises.

With transceiver beamforming applied on the user nodes,
obtaining global solutions of the three beamforming vectors
that optimizes SINR of each user becomes very challenging.
Thus, we decompose the problem into three sub-problems
based on different roles of the three beamforming vectors
in their contribution to the received SINR, each of which
has a closed-form solution and determines one of the three
beamforming vectors, and through an iterative process, an
overall sub-optimal but satisfactory solution can be obtained.
The idea of such an iterative transceiver beamforming design
for multi-pair two-way distributed relay networks was pre-
liminarily considered in [43]; however, in [43] the distributed
relay nodes, based on a uniform AF protocol, has a rather
limited contribution to the overall performance of the system.
In this paper we propose two different relay strategies, with
consideration of sum relay power constraint and individual
relay power constraint, respectively, that can significantly
improve the SINR performance of the system. Moreover,
based on the structure, we also investigate the robustness
of our proposed methods in the presence of CSI errors and
propose worst-case based beamforming strategies for trans-
mit beamformers and relay nodes, and as demonstrated by
simulation results, the two proposed methods are extremely
robust against CSI errors.

The rest of the paper is organized as follows. The sys-
tem model under consideration is presented in Section II.
Then, in Section III, the iSINR method proposed in our
earlier work in [43] is briefly reviewed. Following that, two
worst-case based robust iterative beamforming algorithms for
SINR optimization are proposed in Section IV. Simulation
results are provided in Section V, with concluding remarks
in Section VI.

Notations: [-]7, [[]¥ and [-]* stand for transpose, Hermi-
tian transpose and conjugate, respectively. ||-|| denotes the
Frobenius norm of a matrix and |-| the absolute value of a
scalar. [E[-] represents the expectation operator and Var[-] the
variance operator. Iy is the N x N identity matrix.

Il. SYSTEM MODEL AND PROBLEM DESCRIPTION
We consider a time-slotted dual-hop multipair two-way dis-
tributed relay network in which communications between
K multi-antenna pairs (X,, Xp) take place in two transmission
phases aided by M single-antenna relay nodes, as shown in
Fig. 1. Users in each group are equipped with N antennas,
and the distance between the two user groups are assumed
to be long enough compared to their transmission power so
that there is no direct link between any user pairs. We also
assume a rich-scattering environment and all the channels are
independent Rayleigh fading, reciprocal and quasi-stationary,
so that the channel gains remain unchanged during the two
transmission phases.

In the first phase, all users transmit their information
streams to the relay nodes simultaneously with trans-
mit beamforming, whose weights are denoted by a; and
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FIGURE 1. The considered time-slotted dual-hop multipair two-way
distributed relay network.

b; (e ChNxl = 1,...,K) for each user from group X,
and Xp, respectively. The beamforming vectors satisfy the
total transmit power constraint ||a;||*> < Ps and ||b;||*> < Ps,
with Pg being the upper bound. Then, the distributed relay
nodes forward the information streams back to the users using
low-complexity AF protocols. Following that, the received
signal undergos receive beamforming, denoted by ¢; and d;
(e CNXl j=1,...,K),at X,,i and X, ; sides, respectively.
Since the receive beamforming vectors can take arbitrary
absolute values without affecting SINR of each user, herein
we assume all receive beamforming vectors are unit vectors
(lleil]?> = 1, ||d;||*> = 1) for convenience.

We denote the channel from X, ; and X, ; to the relay nodes
by F;, G; € CM*N respectively. And the received signal at
the relay nodes can be represented by r € C¥ 1,

K K
r=7) Faui+ ) Gibix.i+ng, M
i=1 i=1
where x, ; and xp ; denote the data symbol and ng € CcMxl
is the complex Gaussian noise vector of relay nodes with
the distribution CA/(0, o’T). Then, the scaled signal using
AF protocol at relay nodes can be written as

rr = Wr, 2
where W € CM*M ig diagonal, and we use an M x 1 vector
w = [wiwa...wy ] to denote its diagonal entries.

Then, in the second phase, we use y, ; and yp ; to represent
the signal received by X,,; and X}, ;, respectively, with

Yai = 'FTWGbixp, ; + c FT WFia;x, ; +ci FI Wng

Self Interference
K

+efngi+ ' WF] > (Faaj+ Gbxy),  (3)
J#i

Desired signal

IP1
yoi = A G WF;aix, ; +d GI WG b, ; +-d;GT Wng

Self Interference

K

+dmy; +dGIW Y (Fjapa, + Gjbjxy ), (4)
J#i

Desired signal

IPI

where ng,;,np; € CN*1 are the additive white complex
Gaussian noise vector at the user node, with the distribution
CN(0, ouzl). Since the user knows its own transmitted signal,
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the self interference (SI) in (3) and (4) can be removed
through some standard adaptive filtering techniques [44]. For
simplicity, they are ignored in the following derivation.

lIl. ITERATIVE ALGORITHM FOR SINR OPTIMIZATION
In this section we briefly introduce the iSINR method pro-
posed in our earlier work in [43] and use it for comparison
with the robust beamforming method with relay strategies
proposed in the next section. The iSINR method aims at
optimizing SINR of each user node with a total relay output
power constraint. In this method, relay nodes are relieved of
their usual beamforming tasks, and only uniformly amplify-
and-forward the received signal, and transmit and receive
beamforming vectors of one user pair collaboratively ensure
the SINR performance of the two user nodes. Through itera-
tion steps, the cooperation of the transmit and receive beam-
formers is gradually improved, and good performance can be
achieved after certain number (not large) of iterations.

As an example, consider user X,,;. From (3), the SINR at
this user can be expressed as follows,

H T S
FIQ. ) Fre;
SINR,; = N @l 7 , (5
#+¢ﬂ%ﬁ%+$ﬂ%ﬁf
N————
IPI

where,
(S) H ~HxH
Qa,i = Ps- WG;b;b;"G;" W,
N
QLY = o7 - WWH,

K
Q) =Ps- > WFaalF + Gl GIHWH. (6)
J#

Since relay nodes uniformly amplify the received signal,
W is a diagonal matrix with entries being w = [Ag Ag - - - Ag]
in the iISINR method.

If maximizing SINR, ; is the only objective, the beamform-
ing vectors aj and b; (j = 1---K,j # i) could be carefully
chosen to completely eliminate the IPI part, and the remaining
part can be maximized by ¢; and b;. However, the optimal
choice of a; and b; for user X, ; will unlikely result in a
sufficiently good SINR for other users, as the beamforming
vectors of one user not only affects its own SINR, but also
others. In fact, it is very difficult, if not impossible, to obtain
an analytical solution for maximizing SINR at all user nodes
for this scenario. Therefore, as an alternative, the iSINR
method is designed to achieve a desirable sub-optimal SINR.

At the first iteration step, the beamforming vectors ¢; and
d; are initialized as unity vectors [8y Sy --- Sy] € CPV,
where 8y = 1/+/N. And the initialization for the relay scalar
is A\g = 1/+/M. Then, a; and b; can be updated based on max-
imizing the power of the desired signal received at X,,; and
Xp,i, respectively, under a transmit power constraint. Here we
continue using X,,; as an example, and the derivations are
similar for Xj,;. From (3) and the value of W, we can obtain
the desired signal power for X,,; and formulate the problem
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as follows,
max Azl FT G b2,
s.t. [|bj]|* < Ps. 7

This problem has a closed-form solution, and through sim-
ilar derivation we can obtain the solution for a; as,

a=hai-FGidi, bj=hpi-GFfe,,  (8)

where A, ; and A ; are the power-control scalars,

Ay = Ps Ay = Ps 9)
“TVIEIGRE YTV G F G)

From (3) and (7), we can observe that a larger A leads to
a larger desired signal power and SINR. Resulting from the
total relay power constraint, in the second iteration step, an
optimal choice for Ar can be expressed as

P,
AR = R . (10)

K
tr(of - Iy + Y (Faa F' + Gbb{ GIT)

=

where r(-) denotes the trace of the matrix in the bracket.

Next, in the third iteration step, the following SINR opti-
mization problem for user node X, ; can be solved locally to
obtain the receive beamforming vector c;,

max SINR,,; = ¢ ©, ;c;,
st |lel)? =1, (1D
where

O.i = (Ea.) 'FQUIF},
Eai = ol + FT QN + FTQUF;. (12)

a,iv i

The optimizing problem can be transformed to an eigen-
vector problem with a closed-form solution that leads to the
updated value for ¢;, and similarly for d; as well, as given
below

¢i = p{Oqi}, di =p{0Op;}, (13)

where p{-} denotes the normalized principle eigenvector.

As summarized in Iteration Steps below, this process is
repeated until a preset maximum iteration number is reached
(defined by n,) or convergence is achieved (defined by a
preset small positive real number §).

Iteration Steps: Method From [43]

1) Initialization: ¢;,d; = [Sy8y---8y] € CN,
where 8y = 1/+/N, Ag = 1//M, and set t=1.

2) Update a; and b; based on (8).

3) Update Ag based on (10).

4) Update ¢; and d; based on (12) and (13).

5 If |th) — xgt_l) |2 < 4 (considered to be converged)
ort > n; (X < c for user X, ; and x < d for user
Xp.i), iteration stops; otherwise set t = ¢ + 1 and go
to step 2).
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Note that in practice, the initialization step may not be
necessary, since the update process can continue as long as
the transmission keeps going, and when the channel states
change slowly, the iteration number required to achieve
convergence or good SINR performance can be further
reduced.

IV. WORST-CASE BASED ROBUST ITERATIVE
BEAMFORMING ALGORITHM FOR

SINR OPTIMIZATION

Based on the iSINR method, in this section we propose two
worst-case based robust iterative beamforming algorithms
for SINR optimization, with two different relay strategies,
where the relay nodes are involved helping all the multi-
pair transmissions in the system, and later simulation results
will demonstrate that the contribution of the relay nodes can
be very significant when the relay number is large. In the
proposed schemes, the objective is still to optimize the SINR
at each user node under total or individual relay power con-
straint. Furthermore, we investigate the two systems at the
worst case when CSI errors exist.

Throughout this paper, we assume that the CSI is either
estimated at the user or fed back to it by the relay via low rate
feedback channels. Due to various reasons, such as resolution
of the feedback CSI and mobility of the users and relays, the
obtained CSI is likely to be imperfect, modeled as

Fi=Fi+ AF, Gi=Gi+AG; (14)
where ﬁi and éi are the estimated channel matrices at the user
nodes, and AF; and AG; represent the CSI error matrices.
Using the uncertainty model exploited in [31], [32], and [35],
we further assume that the norm of the errors are bounded by

i I
some known constants e,(,l)n and ,B,(,,?n, i.e,

Al < € A& < B

me{l,...,M}, ne{l,...,N}, (15)

where Af,,(f;)n and Ags,?, n are the (m, n)-th element of the
channel matrices AF; and AG;, respectively. )

According to [45], the proper values of e,(,’,?,, and ﬂ,ﬁ',?n
can be obtained using preliminary knowledge of the chan-
nel type. Note that even though there is an alternative way
to model the uncertainty in ﬁi and éi, which is using a
combined uncertainty model where the Euclidean norm of
each row of fi and éi is bounded by some constant val-
ues, it will be seen that if we use this assumption in our
optimization problem, the error terms will need to be decou-
pled and the knowledge of each e,(,?,, and ﬂ,(,l,?,, will still be
needed.

Then, without loss of generality, again consider user X,;
as an example. From the expression of y, ;, the receive SINR
of X,,; can be derived as expressed in (5) and (6).

With the CSI errors, to maximize the minimum SINR at
the user X, ; side, we have the following problem based on
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the worst-case scenario.

max min  SINR, ;,
ay,bg,ci,Ag AFy,AGy
(k=1,...K)
2
s.t.|leil|” =
2 2
llall” < Ps, |Ibell” < Ps,
Preiay < Pr, O Preiay < Pr»

[AF 1l < €. [[AGilunl < BY,.
mef{l,...,. M}, nef{l,...,N}) (16)

where P,y and P, represent the sum relay output
power and the sum relay power constraint, respectively.
Prelay = [Preiay,1 Prelay2 - Prelay,M]T and p, =
[Pr1 Pro--- Pr,M]T are the individual relay output power
and the individual relay power constraint, respectively.
And the two relay power constraints will be discussed in
Section III-B and Section III-C, respectively.

As we can see from (16), the transmit beamforming vec-
tors a; and b; have very different roles with the receive
beamforming vectors ¢; and d;, in maximizing the SINR.
For example, by carefully choosing their coefficients, ¢; and
d; can effectively reduce the IPI and propagation noise of
the i-th user, but the same task is hard for a; and b;, since
they contribute to the IPI of all the other users except for
its own. However, carefully designed a; and b; can directly
lead to an optimal desired signal power (numerator of the
SINR expression) of user X, ;. Therefore, we decide not to
jointly solve problem (16) and other 2K — 1 similar prob-
lems (for other users), where the global solution is extremely
difficult, if not impossible, to obtain. As an alternative we
propose to divide the problem into three sub-problems, each
of which is carefully designed based on the role of the
transceiver beamforming vectors and the relay coefficients in
the SINR expression, and the three sub-problems are solved
in three iteration steps. Note that, although the solution to the
three sub-problems will very unlikely be the actual global
solution of problem (16), it can provide a rather satisfac-
tory performance. Such a strategy will also help us find a
solution that can mitigate the quality-of-service reduction
caused by channel errors as well as meeting the power
constraint.

A. ITERATION STEP I: MAXIMIZING THE OVERALL GAIN

In the first step of our iterative design, ¢;, d; and W are fixed
to either initial values or previously updated values and we
try to optimize a; and b; to maximize the overall gain of the
desired signal, which is also the power of the desired signal,
under a transmit power constraint in the case of imperfectly
known CSI. We will also demonstrate that in our designed
scheme, the choice of a; and b; in the first iteration step leads
to an optimal desired signal power not only when the CSI is
precisely measured, but also in the worst-case situation.
Now we formulate the transmit beamforming problem with
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CSI errors as follows

max min |clHF,-TWG,~bi|2,
b; AF;,AG;

2
s.t. |[bi||” < Ps,

I[AF 1| < €

(me{l,...,M}, nef{l,...,N})

max min |dHGTWF a,| ,
a AG;

|[AGi]mn| = IB(i)

m,n’

is

s.t. |lajl]> < Ps.

I[AF 1l < €, [AGilynl < B,
mefl,...., M}, ne{l,....,N}) (17)
Denote f; = W'Ficf and g; = W!G;b}, where f;,
g; € CM*1 We have
1T FTWGbi|* = §T Gibil?,
1A GTWF;a;)* = |g] Fiai|. (18)

From the CSI uncertainty expression (14), we can rewrite the
two vectors as

f; = §; + Af; = WIFier + WIAF ¢,
f =8+ Ag; = W Gid + WAGd:.  (19)
Using ff,? and gﬁ,? to represent the m-th element of §; and g;,

respectively, we have

W _ Z £ FD o E ALD i,

(l) = Z znggr?nwm + d:n (l) nWm> (20)

where gf,?,l, A,ﬁ{)n, Afn 0 and Ag(l) are the (m, n)-th element
of the channel matrices G,, Fl, AG; and AF;, respectively.
And c;, and d;, represents the n-th element of ¢; and d;,
respectively.

Without loss of generality, consider user X, ; as an exam-
ple. From (20) and the channel error constraint, the abso-
lute value of the m — th element of Af; can be expressed

by

N
AFDL =13 el Al < wa Wl £ 57
n=1
@1)

The upper bound of | Af¥)| is reached when IAf D1=ed,
forn=1,..., N, and all the values of c Afm wWim have the
same phases{ From the expression we can also notice that the
phase of Af,(,l,) can be arbitrary.

Now denote the matrix product of cH FTWG- in (17) by
hg)G = h(’) + Ahg)@ e C™N where h() is related to the
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estimated value of the channel matrix, and
ALY = 5T AG; + Al Gi + AT AG,, (22)
is the error. Then, the absolute value of the n-th element of

AR is given by

M
|Ah§~£)Gn| = Z (f(l)Ag(l) + Af(l)g(l) + Af(l) (l) Dl

< Z(W o+ E0 1R8]+ £ B 2 01

(23)
The equality holds when all the {5 Ag'y,. A§D3Y, and
Af(l)Agm » have the same phase. Moreover, Ah( ,, can have

arbitrary phase. As a result, the error vector Ahgp)G has an
upper norm bound as

1
| Ah || (th}?cﬁz
2
<<Z<p<’> PLEIUN (24)
Now, we can rewrite the worst-case based sub-
problem (17) for user X, ; using h;f)G
max min |(h§é)G + Ah%;)b,|
b, Ah(
s.t. ||bi||> < Ps,
ARl < ofl. 25
[|AhgGl| < ¢pg (25)

Using triangle inequality and Cauchy-Schwarz inequality,
we have

(B + AR )b, 2 > (JASLb;| — |AR{L b))
> (IhSLb;| — [|ARSL ]| - [b;]])?
> (IhSLbi] — olslbil?,  (26)

where we have made a reasonable assumption of |hg)Gb,~| >
(pl(p’)c| [b;||. It can be derived that the particular Ahg)c for the

equality to hold is
(@) ©) 0
Ahjy = <pF’GHb“e/ 6

Therefore, the worst-case optimization sub-problem (25)
for user X, ; can be rewritten as

2 angle(h)by).  (27)

max (IR, bi| — @i [1b]])?,

s.t. ||b]|* < Ps. (28)

It can be proved that the optimal solution of b; will always
satisfy the upper bound determined by Pg. We prove it by
contradiction. Assume the optimal b; ,,; does not satisfy the
upper bound, i.e., ||bl-,0pt||2 = P/S = Ps/p, p > 1. Then,
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there must exist a b} = «/Eb,-,op, which satisfies ||b/] |2 = Ps,
leading to

(REbI1 — oSl = oAb opr| —
> (|h;i)Gbi,opt| -

O\ 1 b ope 1)
<ﬂ1(;2;| |bi,0pt | |)27
(29)

which contradicts the assumption that b; ,,, is the optimal
solution. Therefore, the problem (28) becomes

max (hizbil — gigy/Ps)’.
s.t. [|bi||? = Ps. (30)

Notice that the above problem has a closed-form solution,
which is the same as the solution of (17) when 6( D=
,3,(,?” = 0. That is to say, the solution of our first 1terat10n step
applies to both the optimal case and the worst case of the first
sub-problem. Similarly, the first sub-problem for user X}, ; can
be solved using the same procedure. And the solutions lead

to the updated values of a; and b; as
1 F” G*d
P2
S BH (o
IF,' G,' di|

Hpx*

g & 31)

IGH ¥l
B. ITERATION STEP II-1: RELAY STRATEGY 1 (SUM-RELAY
POWER CONSTRAINT)
In the second iteration step of our design, the relay weights are
decided based on fixed values (either initialized or updated)
of a;, b;, ¢; and d;. And we propose two different relay
strategies based on two different relay power assumptions.
In this subsection, we consider our first relay strategy when a
total relay power budget is applied to the network, where the
designed beamforming coefficients enable the relay nodes to
jointly construct a stream transmission environment that can
help the users to obtain a better QoS.

Firstly, considering perfect CSI, the following formulation
is adopted to find the relay weights that optimizes the sum
desired signal power received by all the user nodes.

K
max Z (IHFTWGb;|* + |d GT WFa; %),
i=1
s.t. Projay < Py. (32)
Denote g; = G;d?, §; = Fc}, where f/, g;. e CMx1 and
w=[wiwa...wyl?. Together with (19), we can rewrite the
objective function in (32) as

K

(WGP + 1w Figi) = wiQew,  (33)

i=1
where G; and F; € CM*M gre diagonal matrices in which the
entries of their main diagonal correspond to G;b; and F;a;,
respectively, and

K
Qr =) (GGl + Figigl FII). (34)

i=1
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Now the sum relay power Py is given by

K K

Preiay = w0+ GiGH + ) FiF!w = wQpw,
i=1 i=1

(35)

where Qp is a diagonal matrix. The problem (32) can now be
rewritten as

max wHQRw,
AR
s.t. wHQpw < P,. (36)

It can be transformed to an eigenvector problem with a
closed-form solution, which leads to the following updated
value for w when CSI errors are not presented

w = 2p{Q;' Qr}. 37)

where A is a power control scalar decided by P,.

In the presence of CSI errors, we propose to maintain
the power constraint of the relay system for all possible
CSI errors. On the other hand, since the worst case of max-
imizing |w!! Qiﬁ|2 and |wHF ig§|2 for each individual user
node is already considered in our first iteration step, setting
the objective function here with worst-case scenario again
will not be necessary, and it will lead to performance degra-
dation. Accordingly, we keep the objective function of (32)
with the channel matrices replaced by their estimated values,
and transform (32) to the following problem

K
HpA o2 T~ A2
max Y (IW/Gif;1* + |wH Figi ),
w
i=1
s.t. max  Prejgy < Py,
AF;AG;

[AF Lyl < €2, [[AG | < B,
(mefl,....M},ne{l,...,N}) (38)

According to (35), the maximum value of P,y for all
[AF;],, and [AGi],yy, is obtained when all the diagonal ele-
ments of the matrix Qp take their maximum values. Denote
Op.m> Gi,m and F; ,, as the m-th entry of the main diagonal of
Qp, G; and F, respectively, and we have

Qp,m = Qp,m + AQp,m
K

= O-rz + E (|gAi,m + Agi,m|2 + |-/—:.i,m + A]:.i,m|2)a
i=1
(39)

where
|AGim| = |2Ag<'> bin| < Zﬂ(‘) |binl = &5 . (40)
n=1

The upper bound i 1s reached when |Ag(l) | = ,B,(,?n forn =
1,...,N, and all Ag nbin have the same phase Similarly,
we can derive the upper bound, denoted as E . for |[AF; ml.
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Then, (39) becomes

Opm < 07 +Z(|g,m| +2GimleS) + &30 + | Fiml?
i=1

+2AFmlER +E3) =0, @D

Now construct an M x M diagonal matrix Q) with the
m-th diagonal entries being Q;,’m. The maximum value
of Prelay, denoted as P’relay, can be expressed by

Pl = W Qpw. (42)

relay

(38) can be rewritten as

max Z(IWHQ f,l + |WH-7'-91| )s
i=1

s.f. max WHQPW <P,
AF;AG;

[AF Ll < €D, [[AGml < BY,.

m,n’

mefl,....M},ne{l,...,N}) (43)

Let QR denote the estimated value of Qg, and the closed-
form solution to (43) becomes

w=1'p{Qp ' Qr} = A'W, (44)

where we use w to represent the normalized principle eigen-
vector of Q}_IQR and the power control scalar A’ can be
obtained by

P,

)\./ = —_—
wiQpw

(45)

C. ITERATION STEP II-2: RELAY STRATEGY 2
(INDIVIDUAL-RELAY POWER CONSTRAINT)
In this subsection, we propose our second relay strategy in
the second iteration step for the case that each relay node
has its own power budget. In this design, we avoid using the
same objective as relay strategy 1, which is optimizes the
sum desired signal power received by all the user nodes, for
the reason that this will transform the problem into a series
of second-order cone programming (SOCP) feasibility prob-
lems and thus the computational complexity will be greatly
increased. Instead, our relay strategy 2 mainly utilizes the fun-
damental result from [46] that when a large number of relay
nodes are involved in the network, the channels between the
users and relays could be pairwisely nearly orthogonal, and
relay coefficient of each user can be designed accordingly.
Also, the contribution of the relay nodes in our second scheme
is expected to become more clear when the number of relay
nodes is large.

Here we also consider the case when perfect CSI is
obtained at first. Let f;,,, 8 m € C'™N represents the
m-th row of F; and G, respectively. We propose the
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following phase rotating rule for the m-th relay node
m=1,...,M).

K
Wm = }Lm(z f;k,m
i=1

cblgl +gf, dial’f )

K
= hn DV Tt ), (46)
=1

where i =F7 i, i m =i mai, Vi m =g}, di and vi m=gi mbi.
And A, is a power-control parameter which limits the output
power of each relay node, given by

K =x % Sk ok (2
N Prom/l ) isy U Vim T Vit ) (47)
" 2 K 2 2
oF + Zi:l |ui,m| + |Vi,m|

where P, ;, is the individual power budget at the m-th relay.

As will be observed from the updating process for ¢; in
Section III-D, the correlation of ¢; and f; ,,, is very weak in our
scenario, especially when M and K are large. As a result, we
can consider them as the two independent variables. There-
fore, it; ,, has a complex normal distribution of CN(0, Ff )
where F” is a constant value decided by the value of ¢;
and the variance of fi m. Similarly, v; , #i,n and v; , have
distributions of CN(0, T'},,), CN(0, T}!,) and CN(0, F:V,m)’
respectively.

In order to provide further insight for choosing the phase
rotating coefficient at the relay node, we rewrite (3) after
removing the self interference part, in terms of u; p, Vi m, Uim
and f),m

M M
)_’a,i = Z ﬁi,meVi,mxb,i + Z E‘i,mwmnR,m + ng, i
Desired signal Noise
M K
+ Z Z (ﬁi,mwmuj,mxa,j + ﬁi,mwmvj,mxb,j)
m=1 j£i
IPI
S) (Noise)
= Ga,,’xb,i + Ga,i NR.m + Nai
K
ey (P
+ Z(Gab,ijxad + Gba ij Xb J) (43)
J#

where (Gisl), G(Nmse) Ggﬁj) and Gg‘%) represents the gain
of each component ng.m represents the complex Gaussian
noise of the m-th relay node with the distribution CN(0, orz)
and n, ;=d;np ;. Due to the fact that in our scheme, d; is a
normalized vector (||d;]|2=1), ng; will have a distribution
given by CN(0, 62).

Lety "(S) L, ygfl) and y(N‘”“) denote the desired signal, IPI and

noise part in (48), respectlvely. We have

_(S) Z Ambti m(Z ul mVim T+
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Vi mUi, m)Vl mXb,i- (49)

Since i m, Vi,m, Uy m(i' #i) and i; py (m'#m) can be consid-
ered as zero mean mutually uncorrelated random variables,
with E[x2] = o2, where x ~ CN(0, 0%), we have

E[G“)]—E[Z R ZA eI,
m=1

(50)

Denote yim = wimWmvim for m = 1,..., M. Since
all y; ;, are independent random variables, we can apply the
Tchebyshev’s inequality theorem [47], and for any constant ¢
obtain

Pr(

Gq,i w‘>§] M (51)

M M 2
where Pr[-] represents the probability operator. Apparently
)_’E;Sz) /M will be more likely to approach E[)_)Ef; /M]

Xq,iE[Gq i1/ M = Xr mXa,i (Xr m denotes the average value
of A F;‘m i m) as M increases. As a result, the asymptotic
value of |y( )|2 is proportional to M2, when M is large.

Slmllarly, we can derive that E[G(N»Oise)] =0, E[G(ngj] =

0 and ]E[Ggf?] = 0, which yields that when M is large,

A(IPI) /M and jzg\zme) /M will have a high probability of taking
a value around 0.

In another word, the A,,it; mM, mvl mVianXp,i part in y( ) s
the only component in y,; that can grow steadily through
accumulation as M increases; meanwhile, the other parts will
grow much more slowly. The situation is similar for y;;
(received signal at Xp, ;).

Now, considering the presence of CSI errors, we propose
to use the same phase rotating rule for the m-th relay node
with a new power scalar A}, to restrict the output power of

each relay node in the worst case.
K
/ S sk Sk Ak
Win = )‘m(z Ui Vim T Vimtli m)» (52)

. 2 Al ~ A
where the new notations are: u;,=ff ¢, u;,=f na;,
2 A~k A A . . ]
v,',m—gi’mdi and V,',m—g,‘mb,.

Similarly, using user X, ; as an example, (49) can be rewrit-
ten as

/(S
/( ) Z )"m(ul m+ Aul m)

m=1
X(Zuzm zm

where we have Aﬁi,méAfj"mci and Av; ,=Ag; b;. If we
assume that E[Af; ,,] = E[Ag; ] = 0, we have E[Au; ] =
E[Av;;»] = 0, and as a result, E[G(S)] will stay the same
as in (50). It demonstrates that our phase rotating rule will
remain effective in the presence of CSI, and now we will
derive the choice of A}, in the worst case scenario.

ViomUi, m)(v, m+ AVim)xp i, (53)
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From the definition of Au; ,, and Av; ,, we have

Autjy = ZA o nGin = Zé(l) lain| = Lgf)m,

Avim = ZAf;’Lb,n < Zﬂ(’) binl = &0 . (54)

The power control scalar A/, that can restrict the maximum
output power of the m-th relay in the worst case can now be
derived from (47), and it is given as

K 24 - 2y A
Pr,m/| Zi:l u:kmvfm + VZm”ZmP
/12 , - .
02 + 3K i) + ED D2+ (Diml + &L )2
(55)

A

/7
m

D. ITERATION STEP IlI: MAXIMIZING USER SINR

Now we have updated the values of the two transmit beam-
forming vectors a; and b;, and the relay coefficients w. Next
are the two beamforming vectors ¢; for user X, ; and d; for
user Xp ;.

In our first two iteration steps, the power of the desired
signal at each user node and the relay output power has been
considered in the worst case with specific values of AF; and
AG;. As a result, the first two iteration steps would have
sufficiently compensated for the user SINR in extreme cases
(worst case for desired signal power) along with guaranteeing
that the power constraints are satisfied in the worst case. The
part that remains unconsidered in the SINR expression (5) and
(6) is mainly the IPI and propagation noise in the denominator
of the SINR expression. However, it can be observed that
the IPI part is jointly decided by the transmission channel
matrices of all the other user pairs apart from user X, ;, and
thus the worst-case formulation will be too conservative and
has much poorer performance. Due to these reasons, finding
the lower bound on the cost function of (16) would not be
as important as in the two earlier steps, and we formulate
the following problem for user X,; to decide its receive
beamformer vector (expressions for user X}, ; can be similarly
derived).

HETQirre,
max )
G o2+ cHFTQ(N)F*c, + cHFTQERch,
s.t. |leil]? = (56)
where,
AS) A H ~NHywH
Q¥ = Ps- WGbb GI'W,
QY = o2 WwW,
K
i . A R
Q) = Ps- > W(Faal k! + G GHHW? . (57)
J#i

In the objective function of the above formulation, the
channel matrices are replaced by their estimated values. The
solution ¢; to this sub-problem can very possibly provide a
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satisfactory user SINR even at the presence of CSI errors. The
optimization problem can be transformed to an eigenvector
problem with a closed-form solution. The results are

¢ =p{O4;}, di=p{O;}, (58)
where
- —1 S)+
©.i = (Eq.) 'F QUMY
Eai = o1y + FTQMFr + BT QR (59)

E. SUMMARY OF THE PROPOSED ITERATION ALGORITHM
In our proposed algorithms, the SINR of each user node
is collaboratively maximized by the transmit beamformer,
receive beamformer and relay nodes together. The iteration
process with the above three steps is repeated until reaching
the stopping criterion, which is defined by a preset max-
imum iteration number (n;) or some convergence require-
ment (defined by a preset small positive real number §”). In
fact, supported by simulation results, our proposed algorithm
does not necessarily require convergence to achieve good
SINR performance, and a proper 7, could be set with trade-off
between better performance and lower computational com-
plexity.

Iteration Steps: Sum-Relay Power Constraint

1) Initialization: ¢;, d; = [Sydy---Sn] € CPN,
where §y = 1/«/ﬁ, w = [SymSm ---Sm], where
8p = 1/+/M, and set t=1.

2) Update a; and b; based on (31).

3) Update w based on (44) and (45).

4) Update ¢; and d; based on (58) and (59).

5)If |x§t) —xgt_l) |2 < &' (considered to be converged)
ort > nj (x < c for user X, ; and x < d for user
Xp,i), iteration stops; otherwise, set t = ¢ 4 1 and go
to step 2).

Iteration Steps: Individual-Relay Power
Constraints

1) Initialization: ¢;,d; = [Sy8y ---8y] € CN,
where 6y = 1/«/ﬁ, w = [8ymSm ---Sm], where
Sy = 1/v/M, and set t=1.

2) Update a; and b; based on (31).

3) Update w based on (52) and (55).

4) Update ¢; and d; based on (58) and (59).

5)If |x§t) —xgt_l) |2 < &' (considered to be converged)
ort > nj (x < c for user X,; and x < d for user
Xp,i), iteration stops; otherwise, set t = ¢ 4 1 and go
to step 2).

In practice, for continuous transmission, the initialization
step is only needed at the very beginning. When the channel
states change slowly, the iteration number required for good
performance can be further reduced.

For one user to apply the iteration algorithm locally to
determine its transmit and receive beamforming vectors,
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Average Receiving SINR

0 5 10 15 20 25 30
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FIGURE 2. SINR performance of the proposed algorithms with different
relay number settings (e,(,',)’" = 3,(,’,’" =0, N=5, K=3, n; = 5).

knowledge of the received beamforming vectors of other
users is required. This can either be calculated on this user
node (assuming the initialization settings are known by each
user) or shared by users from the same user group through
limited backhaul resource before the next iteration loop
begins. The former choice has higher computational com-
plexity and the latter one requires intra-group communication
resource. There is another way to reduce the communica-
tion complexity and the required intra-group communication
resources in this scenario, which is employing a central node
(it can be one of the users) for each side to perform the
iteration processes and calculate the beamforming vectors for
each user node in the group, and then inform them of the
results.

V. SIMULATION RESULTS

In this section, simulation results are provided to evaluate the
performance of the proposed method. The channels are of
i.i.d. Rayleigh fading; the noise variance at any node is set at 1
(or2 = auz = 1) and we set the source power at 0 dB (Pg = 1,
compensating the unconsidered large-scale fading) and P, is
determined by SNRg = P,/ arz. Our proposed scheme
with relay strategy 1 and relay strategy 2 are referred to as
rSINR-1 and rSINR-2 in all the figures, respectively. As for
rSINR-2, we use P, ,, = P,/M as the individual power con-
straint. For a fair comparison, the sum-relay output powers of
all schemes are kept the same.

Fig. 2 shows the SINR performance versus SNRg of the
proposed methods with different numbers of relay nodes,
where the iSINR method in [43] and results based on a
non-iterative ZF method (denoted by “ZF") used in [43] are
provided for comparison. Specifically, in this ZF method, real
CSl s considered, a; and b; are generated as the eigenvectors
corresponding to the largest eigenvalues of Ff’ F; and Gf" G,
respectively, and together with ¢; and d;, the IPI parts are
eliminated completely without iterations. We can see from the
figure that both of our proposed methods have significantly
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" M=50,30,10
M=50,30,10
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Average Receiving SINR
o

rSINR-1 [ |
rSINR-2
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relay only-2

0 5 10 15 20 25 30
SNRR

FIGURE 3. SINR performance of the proposed algorithms with relay-only
methods as comparisons (s,(,',)’ n= p,(,’,)’ n = 0, N=5, K=3, n; =5).

e=p=0, K=2
- — £=p=0.05, K=2
—6— =$=0.10, K=2
—#—¢=p=0.20, K=2 | |
e=p=0, K=3
— — £=p=0.05, K=3 | |
—6— =p=0.10, K=3
—%— ¢=p=0.20, K=3

Average Receiving SINR

0 5 10 15 20 25 30
SNR,

FIGURE 4. SINR performance of the proposed algorithms (with the 1st
relay strategy) with different uncertainty bounds (M=30, N=5, n; = 5).

outperformed the non-iterative ZF method. We can also see
that the iSINR method cannot benefit much from the number
increase of the relay nodes when relay output power is large,
while both of our methods yield significant SINR improve-
ment as the relay number increases. It is also noteworthy that
to achieve a certain average SINR, the total relaying power
required is reduced when the number of relays increases and
thus the per-relay output power decreases even more.

Fig. 3 demonstrates the effect of our proposed transceiver
beamforming scheme, where two relay-only methods are
used as comparison where a;, b;, ¢; and d; are fixed to
their initial values. It shows that when only the two relay
strategies are used in our scheme, the average SINR increases
as more relay nodes are employed in the network, and our
first proposed relay method has a better performance than
the second one for all relay number settings. However, with-
out the iterative transceiver beamforming steps, the perfor-
mance is very limited when the relay number is small and
the SINR improvement introduced by the transceiver
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FIGURE 5. SINR performance of the proposed algorithms (with the 2nd
relay strategy) with different uncertainty bounds (M=30, N=5, n; = 5).

rSINR-1, M=10, SNR_=10)
— .~ 1SINR-1, M=10, SNR_=20 :
—o— SINR-1, M=50, SNR_=10
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R
rSINR-2, M=10, SNRR=10

R

R

Average Receiving SINR

__ rSINR-2, M=10, SNR_=20
—_& rSINR-2, M=50, SNR_=10|
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FIGURE 6. SINR performance versus iteration rounds (e,(,l;)’,, = ,(,',)’,, =0,

N=5, K=3).

beamforming process is significant for all relay number set-
tings, and the advantage becomes clearer when P, is larger.

Now we investigate the performance in terms of the CSI
uncertainty bounds. Figs. 4 and 5 present the results for
rSINR-1 and rSINR-2, respectively. The situations are sim-
ilar for both methods; by maintaining power constraints in
their worst-case scenarios, the conservative relay strategies
together with the mismatch of CSI, lead to certain degradation
in SINR performance. However, the performance reduction
is very limited (within 1.5dB for any P, settings, even when
€ = B = 0.20), which indicates that the robustness of both
of our proposed schemes is very high.

To demonstrate the cooperative performance of our pro-
posed schemes through iteration steps, Fig. 6 illustrates the
average SINR of the proposed methods after certain rounds
of iterations. When the iteration round is set at 1, the three
beamforming vectors can be considered as uncoordinated.
As can be seen, the proposed method does not have
the best performance immediately after the initialization
step. However, the average SINR will quickly approach its
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asymptotic value after only a few rounds of iterations, and
then the performance improvement becomes rather limited
with further iteration. This pattern applies to different relay
number settings and differen total relay power budgets. Since
for both methods, computational complexity is proportional
to the number of iteration rounds, trade-off should be made
between average receiving SINR of each user and the prede-
fined maximum number of iteration rounds, and the results of
Fig. 6 can be used to guide the decision.

VI. CONCLUSIONS

The transceiver beamforming problem has been studied
for multipair two-way distributed relay networks and in
particular in the presence of channel state information
errors. Iterative algorithms have been proposed where the
SINR performance of each user is collaboratively optimized
by the transceiver beamformers and relay nodes. For the
imperfect CSI case, the robust worst-case based formulation
was considered mainly in our first two iteration steps, and
two different worst-case based relay strategies are proposed
for the situation when total and individual relay output power
is restricted, respectively. As demonstrated by simulation
results, a satisfactory SINR performance has been achieved,
especially when the number of relay nodes is large.
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