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Transmit and Receive Antenna Pairing in MIMO Relay Networks
Mukul Gagrani and A. K. Chaturvedi, Senior Member, IEEE

Abstract—In this paper we consider the problem of antenna
selection and pairing in a MIMO relay network when block
diagonalization is used at the source with ZF combining at the
destination. We start with relay selection where it is assumed
that all receive and transmit antennas of a selected relay are
used for transmission and argue that antenna selection is superior
to relay selection. We propose two algorithms for joint receive
and transmit antenna selection and pairing which we refer to as
‘optimal pairing’ and ‘greedy pairing’. Simulation results show
that optimal pairing scheme outperforms the existing antenna
selection scheme and that greedy pairing gives nearly the same
performance as optimal pairing.

Index Terms—MIMO, relay networks, antenna selection.

I. INTRODUCTION

OMMUNICATION systems using relays offer significant
gains in spectral efficiency and increase the link reliabil-
ity between the source and the destination [1]. MIMO relay
networks using Amplify and Forward (AF) protocol for low
processing complexity at the relays has been an area of interest
recently. Earlier works [2], [3] assume the participation of all
the relay nodes which is suboptimal when power across all the
relays cannot grow unbounded as the number of relays increase.
Relay selection in MIMO relay systems with single antenna
relays has been addressed in [4], [S] where low complexity
algorithms were proposed for selecting a subset of relays for
maximizing the sum rate. Given the obvious advantage of relays
with multiple receive and transmit antennas, it is important to
address the problem of relay selection in MIMO relay networks
with multiple antennas at the relays. It may be noted that the
problem of relay selection closely resembles the problem of
user selection in MU-MIMO systems. It was established in [6]
that Dirty paper coding (DPC) achieves the capacity region of
MU-MIMO systems. Due to the high complexity of DPC, linear
precoding schemes such as Block Diagonalization (BD) have
been proposed in the literature [7].

Antenna selection in AF MIMO networks with ZF pro-
cessing at the source and the destination has been considered
in [8] using a semi-orthogonal strategy. A greedy algorithm
for antenna selection based on the fundamental information
theoretic capacity was proposed in [9]. The algorithms in [8]
and [9] are iterative in nature and calculate the selection metric
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for all possible pairs of receive and transmit antenna at every
relay, at each step. In this paper, we exploit the independence of
the backward and forward channels to greedily pair receive and
transmit antennas at the relays. We propose two algorithms for
receive and transmit antenna pairing at relays for maximizing
the sum rate and refer to them as optimal pairing and greedy
pairing. We start by assuming only relay selection where all
receive and transmit antennas of a selected relay are used
for transmission and argue that it is a suboptimal strategy.
Then we come up with a novel metric for greedily pairing the
receive and transmit antenna at the relays. Simulation results
establish the superiority of antenna selection over the relay
selection. Further, greedy pairing is found to give nearly the
same performance as optimal pairing.

Notation: We represent a matrix with capital boldface letter
A, a vector with a small boldface letter a, | denotes the
conjugate transpose and I is the identity matrix.

II. SYSTEM MODEL

We consider a wireless MIMO relay network with NV transmit
and receive antennas at each of the K non-regenerative relays
and M antennas at both the source and the destination, where
M > N.Let H;, € CNV*M denote the channel between the k"
relay and source, G € CM*" denote the channel between
the k" relay and the destination where all the channel entries
are iid CA/(0,1). The direct link between the source and the
destination is assumed to be absent. In the presence of aggregate
transmit power constraint of P, at the relays, using all the relays
for transmission will not be sum rate optimal [5] and thus there
is a need to select a set of relays which maximize the sum rate.
Let T denote the set of L selected relays for forwarding the
source message to the destination. Throughout this section it is
assumed that each selected relay uses all its receive and transmit
antennas for transmission.

Let the signal transmitted by the source be s = > le Wisk
where W’s are the precoding matrices designed using BD.
The choice of BD is motivated by the system model in [5] with
the difference that instead of one, the relays have multiple an-
tennas. Using BD obviates the need of any kind of coordination
between the relays and also suppresses multi relay interference
which makes the system more tractable. The signal received at
the k" selected relay in the first time slot is

Y1) = Hry Wisk + nr,) (1)

where np ;) ~ CN(0,0°1y). Equal power distribution is
assumed at the source i.e. ]E{sksL}:pSI where pg =
P,/ ZTr{WkWTk} and P; is the total transmit power at
the source. Relays linearly process the received signal using

the weighting matrix F;, and transmit t, = Frpyp(;) to the
destination in the second time slot. Due to the aggregate power

constraint at the relays 7, E{Tr{tktz}} < P.. The signal
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received at the destination is processed using Zero Forcing (ZF)
combining matrices V, which satisfy VLGT(i) =0, Vi # k.
The post processing signal at the destination is given by

Zj = VLGT(k)FkHT(k)WkSk + VLGT(k)FknT(k) + V};ng

2)
where ny ~ CA(0,021,;). The selected system is now equiva-
lent to L parallel single relay MIMO channels with the effective
backward channel as Hy = Hy ;) Wy and the effective for-

ward channel G, = VL G (k). Therefore the sum rate optimal
F. would follow the same structure as the optimal weighting
matrix for a single relay MIMO channel [10]. As the optimal
weighting matrix for a single relay MIMO channel decomposes
the system into multiple SISO streams, each of the L MIMO
relay channels are further broken down into parallel SISO
streams. Since the total number of data streams under BD is
limited to M, one must select the best possible M paths to reach
from source to destination. However since all the antennas of
a selected relay are being used we are constrained to select a
set of N streams together instead of selecting the N streams
independently giving rise to sub optimality. This motivates us
to jointly choose receive and transmit antennas on the relays for
communicating the message from source to destination.

III. ANTENNA SELECTION

Let H, = [thk . -h"]'\,,k]T and Gy = [g1x - gN.k] Where
h; ;. denotes the channel between the it" receive antenna of k"
relay and the source and similarly g; ;, denotes the channel be-
tween the i*" transmit antenna of k*" relay and the destination.
We denote the set of selected antennas and their corresponding
relay by S = {{a1,b1,7(1)}...{ap,br,7(L)}} where a; &
b; are the indices of the selected receive antenna and transmit
antenna respectively and 7 () is the corresponding relay. Using
(2) the post processing signal reduces to

2 = V};gbk,n(k)fkhak,n(k)wkSk + VLgbk,w(k)fknk + Van

Here fi, = \/Prk/(PsDay r (k) Wi(|? + 02) is the power nor-
malizing coefficient and p,. j, is the relay power allocated for the
k" selected antenna pair. The SINR corresponding to the k‘"
data stream zy, is given by

PsPr kTkNk
PsTk + prii + 1

SINR; = 3)
Here 7, = |hak,7r(k)wk|2 is the backward gain coefficient,
N = |ng;,k77,(k) |2 is the forward gain coefficient, p, = p, /o>

and p, i = pr i/ o2. The sum rate of the selected set of antennas
S'is

1+ psmi) (1 + pr
R(S)zmaxObZlog( st (LF pritie)
Prk p 1+ psThk + prkMk

P,
st o< 5)
k

where the factor of 0.5 takes into account that the commu-
nication takes place over two time slots. The above problem
is convex in p,; and can be solved analytically using KKT
conditions [10]. However for simplicity we are going to assume
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equal power distribution at the relays in the rest of the paper.
Now as each of the K relays have N2 possible pair of antennas,
number of sets of antenna pairs of size less than M are of the
order "M | (KN%) 50 an exhaustive search for the best set of
antenna pairs will be computationally very expensive. Since
each relay is equipped with NV receive and transmit antennas,
selecting receive and transmit antennas can be looked upon as a
relay selection case when the relays have one antenna, with an
additional step of pairing the antennas at the relays. Low com-
plexity greedy algorithms for the single antenna relay selection
problem were proposed in [5] where an iterative approach was
used to compute the gain coefficients 7, and 7, efficiently. We
use a similar greedy strategy to select antenna pairs where the
principle idea is to add a pair of receive, transmit antenna to
the already selected set of antennas at every iteration and select
the pair which produces the maximum sum rate. Although
initially we assumed M > N, it may be noted that antenna
selection scheme can be used even when this condition does
not hold.

IV. ALGORITHM

Let the set of selected transmit and receive antennas at the
end of (n — 1)*" step of the algorithm be S = {{ay, by, w(1)}
...{an-1,bn—1,7(n — 1)}}. Define the composite channel di-
rection matrices of all the selected antenna pairs as Hg =
[h];hﬂ-(l) . hjlnfhﬂ'("—l)]T and GS = [gb1,7r(1) . gbn—l,ﬂ(’ﬂfl)]
where h = h/||h|| and § = g/||g|| are the unit norm backward
and forward channel direction vectors respectively. Using the
QR decomposition of Hg and G g we can write

Hs =CsQs
Gs =UgDg

where Qg = [qi ) ..qikl]T and Ug = [uy...u, 1] are the

orthonormal basis vectors of the selected backward channels
and forward channels. Further Cg and Dg denote the lower
and upper triangular matrices obtained after QR decomposition
of aggregate channel direction matrices. Define Ag = Cgl =

- 1 .
(a1 ..., 1] and Bg = Dg' = [B1...8! ] Using [5]

[ B, o) |
[t P ©
T :M )
' 1812

The above relation is made use of for the efficient computation
of the gain coefficients 7,, and 7,,. Let Q,(f) and Q,(:) denote
the set of transmit and receive antennas available for selection
at the k'" relay respectively. Now construct the candidate set

Si(”;) =SU{i,j, k} wherei € Q,(:) and j € Q,(ct). Let
Wik = fli,kQTs
vk =Ukg;n

where the elements of w are the components of the candidate
backward channel along the basis vectors of the subspace of
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selected backward streams and similarly elements of v are the
components of the candidate forward channel along the basis
vectors of the subspace of selected forward streams. Then

¢i,k = hi,k
Vi =8k —

—w;kQs

Usljj"k

where ¢, ;, and 1, ;. are the component of the candidate back-
ward and forward channel which does not lie in the subspace
spanned by S. Let C; ;. and D; ;. denote the lower and upper
triangular matrices obtained after QR decomposition of the
composite backward and forward channels of the candidate set.
Their corresponding inverse matrices are given by [5]

A 0
:C»_1:|: 3 :| 8
#=Cik = | _wihg/ldiel Vldd] ©
IR Y
B -0k = | e ®

The basis vectors of the backward and forward channel space
of S(k) are Q; = [ngi k]T and U;j = [Ugu,; ] where

qQik = ¢z k/H¢z Kl and v ) = P k/||'/’g k|- Then the effec-
tive backward and forward gain coefficients for the candidate

set S; ( J) can be evaluated using the columns of A; ;, and rows
of Bj 1 in (6) and (7) respectively.

Algorithm 1 Optimal pairing

1) Initialization:

e Find a; = argmax ||h; x|> and by =
1<j<N

arg max ||g; x||?, V relay k.
1<5<N

. _ psprlbay klPlgs, k1 _
Compute 1, = P W e oy where py =
P, P,
o2 and p, = =E
Denote m(l) = argmaxyr, and set S =
{ar),br),7(1)}, As=Bs=1, Qs=h, o w(1>’

) _o®)
Us gbm) (1) (1 (1) = QTr(l) {bw(l | QTr(l)_

Q) = {azm}, R(S) =05log(l+ 7)) and
n = 1
2) While (n < M): V relay k such that Q,(:) £ 0

e Compute Wi ks ¢z’,k7Ai,k7 YV i€ Qg) and
Vi, Bk, Vi€ Q,(:) to find R(Si(f;))
* {arn): brm), T(n)} = arg maxk b ] R(Si(?), and
denote the rate achieved by Sa o ) bﬂ L 8 Ricmp

o If Riemp < R(S) then stop, else R(S) = Rtemp,
{brn} Qﬂ( = Qﬂ(n) {azmy}n=n+ 1

Update QS) US? ASa BS

In the proposed algorithm initially the pair with the highest
capacity is selected and in the subsequent iterations the antenna
pair which generates maximum rate with the already selected
antennas is added to S. The algorithm finds the best candidate
pair of receive and transmit antenna at each relay by searching

2045

exhaustively through all O(N?) pairs and then selects the pair
which is optimal across all the relays. This algorithm is referred
to as optimal pairing algorithm. The algorithm stops when the
number of antenna pairs selected becomes M or when the sum
rate begins to decrease. The above algorithm can be executed at
the destination where an approach similar to the one suggested
in [5] can be used to obtain the CSI.

Low Complexity Pairing

th

Consider the candidate set S»(k.)

;7 in the n'" iteration. The
backward gain coefficients 7, of this set are not dependent on
the choice of the transmit antenna j and similarly the forward
gain coefficients 7,,, are independent of ¢. This leads to the
motivation for greedily selecting receive and transmit antenna
at each relay instead of exhaustively searching through all the

possible antenna pairs at every iteration.

Algorithm 2 Greedy pairing

1) Initialize as given in algortihm 1
2) While (n < M): ¥V relay k such that Qg) £ 0

* Find a, = argmax [[hyk[|*[|¢; ]|,
ieﬂgj‘)
2
el
jeal®
Compute A, i, By, 1 and set Ry, = R(Sl(li)’bk)
» m(n) = argmax Ry. If R (,) < R(S) then stop else
k

set R(S) = R,r(n), S=5U {a,, n), ,r(n)ﬂr(n)},
Q(f) QS:) {bﬂ(n} Q7r(n) - Qﬂ'(n {aﬂ'(”)}’

7(n)

n=n+1 and update Qgs,Ug, Ag,Bg.

Js

Using (6) and (9) the effective backward channel gain coeffi-
cients if the receive antenna i of k*" relay is selected in the n'"
iteration can be written as

T(m) _ Hhaﬂ(nw,ﬂ'(m)H
Y e 4 lwi ke /[l il

70 = ikl 1 112

m<n-—1

where «,,, denotes the m!™ column of Ag. Hence higher the
value of ||¢, .|| higher will be the backward gain coefficients.
Since ¢; j, is the component of the candidate backward channel

that does not lie in the space of Hg, ®; k|l is a measure of
how orthogonal the candidate backward channel is to the space
of selected backward channels. More orthogonality between
the channels would relax the null space constraint on the
precoding vectors and would result in higher gain coefficients.
Similarly higher the value of ||b; ;|| higher will be the value
of forward gain coefficients. Instead of searching through all
the N? pairs exhaustively we propose to select and pair the
candidate transmit and receive antenna for each relay based on

the value of TZ-(’Z) and 7757;3 respectively. This takes into account
the channel quality measured in terms of norm of the channel,

along with effective orthogonality measure ||, .|| and ||, .||
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of the candidate backward and forward channel. We refer to this
algorithm as greedy pairing.

The complexity of the optimal pairing algorithm turns out to
be O(KM3N + K M?N?) while the complexity of the greedy
pairing algorithm is O(K M3 N). Let us compare this with the
Mean Square Error (MSE) based antenna selection algorithms
in [11] and [12]. The discrete optimization algorithm in [11]
has O(K3M?) complexity while the greedy algorithm in [12]
computes MSE for all possible antenna pairs on every relay
at each iteration. Thus, compared to both these algorithms the
greedy pairing algorithm has a lower complexity.

V. SIMULATION RESULTS

In this section we compare the performance of relay and
antenna selection schemes. We fix the noise variance o2 = 1,
assume Ps; = P. = P and plot the average sum rate versus
number of relays in Fig. 1 where S-O (Semi orthogonal)
denotes the antenna selection scheme proposed in [8]. As ex-
pected, antenna selection scheme is clearly superior to the relay
selection method and greedy pairing gives almost the same
performance as optimal pairing. Also, our scheme outperforms
the S-O algorithm [8]. To compare the performance of greedy
pairing with optimal pairing, we plot the average sum rate
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versus number of antennas on a relay (V) in Fig. 2 for M =4
and P = 10 dB. It can be observed that greedy pairing performs
close to optimal pairing even for large values of IN. This is
because in greedy pairing we select the antenna pair on the basis
of gain coefficients of the candidate channels whose higher
value generally translates to higher value of the gain coefficients
of the remaining gain coefficients. Note that greedy pairing will
not be the same as optimal pairing because it pairs the antennas
only on the basis of n‘" gain coefficient and does not consider
the other n — 1 gain coefficients which also get affected de-
pending on the choice of the receive and transmit antenna.

VI. CONCLUSION

We began by considering relay selection and noted that
the optimal weighting matrices at the relays diagonalize the
multi-relay MIMO channel into parallel SISO channels, thus
motivating joint selection of receive and transmit antennas at
the relays. It turns out that antenna selection indeed gives better
performance than relay selection. We proposed an optimal pair-
ing algorithm for joint receive and transmit antenna selection.
Further we propose a low complexity pairing scheme where we
greedily pair the antennas based on a metric which captures
both the channel quality and the orthogonality with the already
selected set. Simulation results show that optimal pairing per-
forms better than the existing antenna selection scheme and
further greedy pairing gives nearly the same performance as
optimal pairing, even for large V.
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