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Abstract—In this paper, we consider a MIMO wireless relay
network where communication between a source and a destina-
tion node is assisted by multiple relay nodes using the Amplify-
and-Forward (AF) strategy. We consider a system where the
source node multiplexes the information into parallel streams
and uses disjoint subsets of relays to assist the transmission of
each stream. Furthermore, we assume that the source and the
destination have the same number of antennas and that each
transmit antenna is virtually paired to a different destination
antenna. We consider source node channel side information (CSI)
availability of just the source-relay and source-destination links,
and propose a source beamforming method based on maximizing
the Sum of Signal-to-Leakage Ratios (SSLR) for all of the data
streams. This method maximizes the sum of signal strengths at
the set of relay nodes assigned to that stream while suppressing
the interference to other relay nodes. Maximizing the SSLR
reduces the propagation of interference terms in the AF strategy
and results in significant performance gains.

I. INTRODUCTION

Recently, cooperative diversity has captured significant at-
tention in the research community due to its provision of
spatial diversity gain for the wireless network in a distributed
fashion. Simply stated, in cooperative communications, the
source node cooperates with one or more partners to transmit
its information to the destination node. This scheme provides
a virtual transmit antenna array which results in a more
reliable transmission towards the destination node compared to
transmitting the stream alone, without any cooperation [2], [3].
To increase the channel capacity, several cooperation modes
involving relay nodes have been proposed in the literature [2],
[4]. Among them, amplify-and-forward (AF) and decode-and-
forward (DF) are two of the fundamental relaying modes. In
this paper, we only consider the AF relaying mode. In this
mode, the relay nodes simply amplify the received signal
according to a power constraint and forward the amplified
version of the signal to the destination node.

A significant body of work has appeared in the literature
on cooperative communications. Distributed space-time code
design and information-theoretic performance limits for single
antenna fading relay channels (with a finite number of nodes)
have recently been studied in [2], [4], [S], [6]. Capacity results
for relay MIMO channels with a finite number of relays can be
found in [5], [7], [8]. For the AF relaying mode, ergodic and
outage capacities of the fading relay channel was investigated
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in [6], [9] when each node was equipped with a single antenna.
A general framework on the capacity of MIMO relay channel
has been proposed in [7]. In [10], the impact of cooperation
of multiple relays using the AF strategy on the capacity of
rank-deficient MIMO channels has been studied with no CSI
available at the transmitter.

In this paper, we investigate a wireless network where
the source node multiplexes the information to a number of
parallel streams and assigns each stream to a disjoint subset
of available relays for cooperation. A multi-user beamforming
(MU-BF) method is proposed via which all available spatial
degrees of freedom is utilized. As such, each stream is multi-
plied by a corresponding BF vector so that the average Signal-
to-Interference-plus-Noise Ratios (SINR) for all relay nodes
are maximized. It has been shown in [11] that MU-MIMO
downlink system capacity can be improved by a BF algorithm
which is based on maximizing the Signal-to-Leakage Ratio
(SLR) for each data stream intended for different receivers. It
should be noted here that this objective function imposes no
restrictions on the number of transmit antennas and thus, is
very convenient for use in wireless networks.

Here, building on the work presented in [1] we propose
a MU-BF scheme for the network under investigation. We
select the transmit BF vectors so as to maximize, for each data
stream, the ratio of the sum of that steam’s power at intended
relays to the sum of that stream’s power at non-intended relays.
This way, we not only mitigate the interference observed by
each relay node but also aim to prevent the propagation of
the interference terms to the destination node. It is seen that
with the proposed MU-BF scheme, the AF mode potentially
benefits from transmit array gains. In this paper, we provide
capacity expressions as a function of the number of available
relay nodes and observe that increasing the number of cooper-
ating relays results in array gains. This is because, with more
relay nodes cooperating, each data stream is relayed over an
increased set of relays, and consequently an increase in the
average SINR is observed at the destination node.

II. PROTOCOL DESCRIPTION AND SYSTEM MODEL

A wireless network where a single source node, (S),
transmits data to a single destination node, (D), with the
cooperation of K relay nodes, Ry, k € {1,2,...,K}, is



assumed. All nodes are assumed to be equipped with multiple
antennas. The source and destination nodes are assumed to
have N and the relay nodes are assumed to have M antennas,
respectively. We assume that the available channel is divided
into two orthogonal sub-channels in the time domain. The
source node communicates with the relay nodes as well as
the destination node in the first time slot. In the second time
slot, only the relay nodes communicate with the destination
node.

We assume that the channels, S — D, § — R, and
Ri — D, for k € {1,2,..., K}, represented by the channel
matrices, Hp, H;, and Gy, respectively, are Rayleigh block
fading channels where the channels remain constant for the du-
ration of two consecutive time slots. The channels are assumed
to be independent each other and between two consecutive
time slots. The system performance is investigated in Section-
IV for two scenarios: (i). perfect forward and backward CSI
availability at the relay nodes and full CSI availability at the
destination, and (ii). additionally, perfect CSI availability of
S — D and § — Ry channels at the source node. The
proposed MU-BF requires CSI availability at the source node.

The system model considered in this paper is illustrated
in Fig.1. In the first time slot, the source node transmits the
symbol vector x € CV*! with the covariance matrix Q, =
E[xxH] satisfying Es = tr(Q,). In the second time slot, the
cooperating relays transmit the symbol vectors t; € cMx!
with covariance matrices Q,, = E[tit}] satisfying E,, =
r(Q,,).

A. Signal Models at Destination and Relay Nodes

We consider a wireless network where K relays, located
randomly and independently in a fixed area, are available for
the communication of a source node with a destination node.
Unlike [1], we assume that a direct link between the source
node and the destination node is available. As common with all
cooperative diversity woth in the literature, we assume perfect
synchronization between all nodes during transmissions and
receptions.

In the first time slot, the input-output relations for S — D
and S — Ry, links are given by, respectively,

Hpx+ng 1,
Hix + ny

i =
r, =

ey

where y; and r; denote the NV x 1 and M x 1 received
vector signals, Hp = [hg 1hg ... hy n]T denotes the N x N
matrix for the S — D link. Hy = [hy 1hg2...hg n] is the
M x N random channel matrix corresponding to the S — Ry,
link, consisting of i.i.d. CA/(0, 1) entries, x = [z 22 ... 2% ]T
is assume to be a zero mean N X 1 circularly symmetric
complex Gaussian transmit signal vector satisfying &[xx] =
(Es/N)In, and ng ;, ng are N x1 and M x 1 spatio-temporally
white circularly symmetric complex Gaussian noise vector
sequences with the covariance matrices £[ngnj,] = o2l

for i = {1,2}, and Eynf!] = o2 Ins for k € {1,2,...,K}.

TThroughout the paper, the superscripts 7, * and # stand for transposition,
element-wise conjugate and conjugate transposition, respectively
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Fig. 1. MIMO multiple relay scenario for the proposed AF mode transmission
where each relay set is assigned to only one data stream for assistance.

In the second time slot, all of the cooperating relays transmit
and the source remains idle. Each relay processes its received
vector signal ry to produce the M x 1 vector signal ti, which
is then transmitted to the destination. The IV x 1 vector signal,
received at the destination node given by,

K
Yo = Y Gty +ng2 ©)
k=1

where Gj. = [g;, 18,2 &, n]" is the corresponding N x M
channel matrix for the Ry, — D link with iid. CN(0,1)
entries.

B. The Proposed AF Mode for Relay Networks

In this paper, we investigate a wireless network where
the source node multiplexes the information to be sent into
parallel streams. Each stream is virtually paired with one
of the antennas at the destination node. Assisting relays are
partitioned disjointly so that each subset is concerned with
relaying only one of the streams to the destination node. As
seen in Fig. 1, we assume that a direct link between the
source and the destination nodes exists. The set of relays
assigned to the i*" data stream is denoted by X;, and the
cardinality of this set is denoted by |X;|. During the first time
slot, the source broadcasts data streams and the relays as well
as the destination node listen. In the second time slot, the
source becomes idle and the relays amplify-and-forward their
corresponding data streams. The destination node combines
the signals from the source as well as the relay nodes using
Maximum Ratio Combining (MRC) and performs independent
decoding at each of its antennas, i.e., the receiver antenna of
a virtual transmit-receiver antenna pair assumes that the non-
intended streams to this antenna are interference and performs
decoding accordingly. The relays are assumed to have both
forward and backward CSI available to them.



III. MU-BF WITH SSLR MAXIMIZATION

The main purpose in MU-BF is to minimize the interference
terms at each cooperating relay node. When the proposed sum
of signal-to-leakage ratio (SSLR) based MU-BF is employed,
the interference observed at each of the cooperating relays is
minimized, resulting in an overall gain in the system perfor-
mance. This is because, the reduced interference at the relays
corresponds to a reduced propagation of this interference by
the AF scheme. The performance metric used in this paper is
based on [11] where BF vectors are formulated to maximize
SLR for each data stream, which results in minimizing the
interference terms caused by this stream to non-intended relay
nodes.

Let us express the transmitted signal by,

N
X = ansn = [wiws---wy] s = Ws 3)
n=1

where s = [s1,82,...,5n]7 is the vector of parallel data

streams with s,, denoting the stream intended for the relay
set X,,. s, is assumed to satisfy &[|s,|?] = E,, = Es/N for
n € {1,2,...,N}. In (3), w,, represents unit norm N x 1
beamforming vector.

Let us use the S — D; notation to represent the link from
the source node to the destination node’s [th antenna. Then,
in the first time slot, the beamforming vector is set so that
the [th data stream is successfully received by both a set
of pre-defined relays and the [th antenna of the destination.
The metric in setting the beamforming vector entries is the
maximization of the ratio of the sum of the power at intended
relays and the interference power at all other cooperating
relays for each data stream. We define this metric as the
maximum SSLR criteria.

The total power of [th data stream at the assigned set of
relays, A}, and at the /th antenna of the destination is given
by

Z HHkVVl”2 + |h§)lWl|2 (4)
kRLEX,

and the sum of interference powers seen by all of the non-
intended relays can be expressed as,

N
S Hew?+ > hEwl )
ERrEX, i=1,i#£l

Then, the SSLR expression for I/th data stream is given by,

Z [Hew|* + |h:£lWl|2

SSLR[ - kRicX N . (6)
Z ([ Hewi || + Z |h£in|2
k,Ri¢EX i=1,i#l

The problem statement is then to design w; such that the
SSLR is maximized for every data stream:

= arg maXXI{SSLRl} (7

WZECN

max
w;

subject to the constraints, ||w;||> = 1,1 € {1,2,...,N}. We
can rewrite the expression in (6) as follows:
Hygly
sscr, - WH W ®)
W{{Hl HlWl
where H; and H; are given by
H = [Hyq) Hyo) - Hylx) hil? ©
and
g H H H
Ho = My ) By By g (10)

* 1H
hyq .. hg hg, ... hd,N]

and u; is a |X)| x 1 array that contains the indices of the relays
assigned to the /th data stream and v; is a (K — |A)]) x 1
array that contains the indices of the relays that are in the
compliment of the set Xj. It is easy to see that (8) has the
form of generalizes eigenvalue problem with the following
inequality:
Hgla
w S Amam (ﬁf[ﬁhﬁlHﬁl)
w; Hl lel

where A4z 1s the largest generalized eigenvalue of the matrix
H

Y

. e=H— ~H ~ . . . .
pair H; H; and H; H;. Equality occurs if w; is proportional
to a generalized eigenvector that corresponds to the largest
generalized eigenvalue.

IV. COHERENT AF MODE MULTI-RELAY NETWORK
CAPACITY

We now derive the capacity expression for the wireless
network under investigation, illustrated in Fig. 1. In the
transmitted signal definition given in (3), for the case where
there is no CSI available at the source, no beamforming is
possible. Therefore, the BF matrix will simply be W = 1.
On the other hand, when CSI is available at the source node,
one can calculate W using (7). So, the capacity expressions
for both cases are the same except for the BF matrix entries.

In first time slot, the received signal terms at the destination
and kth relay nodes, given in (1) can be rewritten as

N
yi. = Hp E W;S; +Ng 1,

i1

N N
r, = Hg E w;is; +ng = Hyw;s; + Hy, E W;s; + ny.

i=1 i=1

£l
12)
Assuming that the kth relay is assigned to the Ith transmit-
receive antenna pair, upon the reception of rg, the relay,
using the available backward channel CSI, performs matched

filtering to obtain,

U = WfIHkHl'k
N
= ||Hle||281 =+ (kal)HHkZWiSi + (kal)an
i

13)



for k € {1,2,...,K}. Using the constraint on the relay
transmit power, the received signal is scaled by,

Er,

fe = ~
[Hywi||* Eq +Z| Hew)) "Hyw: |2 E; + || (Hew:) 7|2 Urk
=

(14)
at each relay node, and assuming forward CSI availability at
the relay nodes, the scaled signal is assumed to be beamformed
to the destination node by each relay using a unit-norm BF
vector corresponding to the Ry — D; link. Then, the kth
relay’s transmitted signal can be written as,

gz,z

e = frup i (15)
Ik,

The signal received at the ith receiver antenna of the
destination node at the first and second time-slots, y; ; and

2.4, Tespectively, can be written as,

N
Y1, = h;lszl + th Z W;S; + n1,q
i
N J=1j#i (16)
Y20 = Z Z g}f,itk + na.
n=1 k,RrEX)
Using (13), (14) and (15), y2,; can be rewritten as,
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which can be expressed compactly as,
i = hi%si+ Z B si+ Nag (18)
7751

where 15" denotes the effective scalar channel gain for the
data stream transmitted from the ¢th source node antenna, hgf}t

fr (kam)HHkWJ) 55+ Noj;

is the effective channel seen by the interfering stream, s;, and
N ; denotes the effective noise term. This term is given by,

Ny = Z gy, || F1 (Hows) g,
kRkEX»;
+Z Z T Jre(Hew,)my | 4+ ng ;.
n=l \kRi€Xn 8k,n
(19)

We assume that all noise vectors have the same covariance
matrices, E[ngnf’] = o2l for k € {1,2,..., K}. Further-
more, we assume that the received signals at each antenna of
destination node during the first and the second time slots are
Maximum Ratio Combined (MRC) and therefore, the post-
combining SINR is simply the summation of the SINRs at
each time slot. The SINRs observed at the first and second
time slots, I'y ;, and I'y ;, respectively, for the ith antenna, can
be written as,

|thiWi|2Ez
', = ~ : 20)
Z |hd7in|2Ej + 0'721
j=1,5#i
|hfig|2Ei
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)

N
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where ay; and by ; , are given by
ari = fillg | Hewi?
22
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Finally, we can write the network capacity of the proposed
relay network as follows,

N
1
¢ = 9 ZS{HD,{Hk7Gk}kK:1}{ log, (1 + Fii+ 1—‘27i) }
=1

(23)
Here, we use the fact that perfect CSI is available at the
destination node which results in the noise plus interference
contributions in (18) being circularly symmetric complex
Gaussian. Having expressed the capacity in compact form
for the proposed scheme, it is easy to observe that for both
scenarios of source node CSI availability, the only difference is
in the BF vectors, w; for i = {1,2,..., N} or W matrix given
in (3). Iy for the case with no CSI availability at the source
node. Then, it is straightforward to observe that the capacity
expression of (23) boils down to the expression given in [1]
for this case.

A. Numerical Results

To observe the performance improvement due to the pro-
posed maximum SSLR based MU-BF at the source node, we



conduct numerical calculations where the network capacity is
calculated as a function of E,/02 for different number of
available relay nodes. We let N = 2, M = 1 and 02 = o2
and Ey/o2 = E,, /o2 = 10dB for k € {1,2,...,K}. For
simplicity we assign each data stream the same number of
randomly selected relays, which means K is a multiple of
N and |Xy] = |X] = ... = |Xn| = K/N. In Fig. 2 and
Fig. 3 we plot the capacity as a function of E,/o2 for K = 4
and K = 10 relays, respectively, including the capacity for
a network where there is no direct link between the source
and the destination nodes, for comparison. From the graphs
it can be seen that the proposed MU-BF scheme provides
gains over the non-BF (no CSI availability) transmission at
all times. However, at high F,/ ai values, the relative gains
become more pronounced. It can also be seen that increasing
the number of cooperating relays results in an increase in the
gains observed by the proposed MU-BF scheme.

V. CONCLUSIONS

In this paper, we show that with the use of a MU-BF
algorithm, a transmit array gain is also achievable with the
AF relaying strategy. The MU-BF scheme we consider here
aims to maximize the SSLR of each transmitted data stream.
Considering the structure of the AF mode, with this scheme,
the interference from a data stream to the set of the cooperating
relays that are not assigned for that stream is mitigated,
and consequently, the propagation of the interference terms
through the AF strategy is also mitigated. Thus, additional
array gains are possible in relay networks when limited CSI
is available at the source node. For this purpose, the CSI for
S — Ry, Vk and S — D links are necessary, but there is no
need for the CSI of the Ry — D links.

The coherent AF relaying mode that we consider in this
paper asymptotically (in K) turns the network into a point-
to-point MIMO link with a multiplexing gain of N/2 and
a distributed per-stream array gain of K. Additionally, this
relaying strategy also orthogonalizes the effective MIMO
channel between the source and the destination nodes and
hence the multi-stream interference is effectively mitigated
without any cooperation between the relay nodes.
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