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ABSTRACT function of the number of candidate relays. We implement this

Herein, we present a novel approach for high data rate trans-
mission in a wireless relay network. The system include
a source, a destination and multiple relays. All nodes are
equipped with multiple antennas. A half-duplex transmission
protocol and a decode-forward transmission mode are deployed
in the system. Our approach splits the data at the source into
multiple independent data streams, and send them to the des-
tination via some selected relays at the same time. The relays
are selected using an opportunistic approach based on spatially
decomposing the channels and accessing the best modes. Sim-
ulation results show the benefits of our technique, particularly
with correlated channels.

I INTRODUCTION

Wireless relay networks have attracted much attention recently,
since they can provide better coverage and/or higher network
throughput, and hence improve the overall system performance
[1]. When multiple relays are available, they can be further
exploited to obtain macroscopic diversity, multiplexing gain.
Therefore, they can be utilized to further combat fading and
improve coverage, link quality and system capacity.

Different relay protocols have been studied widely to im-
prove the spectrum efficiency and system performance. These
relay protocols are designed mainly for the amplify-forward
(AF) and the decode-forward (DF) relay systems. The relays
are often assumed to be half-duplex [2], since full-duplex re-
lays are often difficult and expensive to be implemented. This,
however, generates a pre-log factor % for the overall system
throughput and is therefore not very spectral efficient. More
spectral efficient protocols are proposed recently by using e.g.
two half-duplex relays at the same time [3, 4].

When antenna arrays are deployed in the wireless system,
they can be used to exploit the spatial multiplexing, diversity
and array gains. The conventional spatial-temporal transmis-
sion schemes have been extended to the MIMO cooperative
systems. In [5], protocols have been designed to use the space-
time codes in the cooperative wireless networks. The spatial
multiplexing techniques have also been proposed to be used in
distributed MIMO systems [6].

In this paper, we present a novel approach for high data
throughput relay transmissions with multiple relays equipped
with multiple antennas. The basic idea is to send multiple in-
dependent spatial data streams to different relays and then to
collect them at the destination. The relays are selected using an
opportunistic approach: an available spatial mode is allocated
to a given relay only if it involves a sum-rate improvement. Due
to this "relay diversity" effect, the overall throughput grows as a
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idea by spatially decomposing the channels and by accessing
the single modes with a technique previously proposed for mul-
tiuser MIMO downlink transmissions [7] and here extended to
multi-antenna relay transmissions.

This paper is organized as follows. In Section II, we briefly
describe the system model along with the transmission protocol
that are used in our study. We then break the relay system into
two phases, namely the downlink phase and the uplink phase,
and present our algorithm in Section III and Section IV respec-
tively. Section V describes the joint downlink and uplink al-
gorithm that connects the downlink phase and uplink phase to-
gether. In Section VI, simulation results are presented showing
the gain of our algorithm. Finally, we conclude in Section VII,

II SYSTEM MODEL

We consider a system with one source (.5), one destination (D)
and 7 relays (R). Each relay uses a decode-forward policy.
Moreover each node is equipped with multiple antennas; more
specifically Ny, N4 and N, antennas are deployed respectively
at the source, at the destination and at each of the r relays. We
assume an infinite buffer at the source side.

The transmission can be divided in two phases. During the
first phase (downlink phase) the source transmits to a set  C
{Ri,...,R., D} of nodes. During the second phase (uplink
phase) a second set @ C {{®\ D} U S} of nodes transmits
to the destination. In the following we give some examples
for a system with one source (5), two relays (R;, R2) and one
destination (D) each with Ny = N; = N, = N antennas.

e & = {D} and = {S}. The proposed scheme is equiv-
alent to a MIMO single user transmission between source
and destination. Up to N spatial streams are available for
transmission.

e & = {R1,Ry} and Q = {Ry, Ra}. During the downlink
phase, up to N spatial streams are divided between R
and Ry. During the uplink phase R; and Ro transmit up
to N independent streams to the destination.

e & = {Ry,D} and Q = {R;,S}. During the downlink
phase, up to N spatial streams are divided between I?;
and D. During the uplink phase R; and S transmit inde-
pendent streams to the destination.

The transmission protocol is summarized in Table 1.

We represent the channel response between each couple of
transmit/receive antennas as a complex coefficient, in order to
model the frequency response of a given carrier in an OFDM
system. We indicate by Hgpr,, ¢ = 1,...,7 the Nr X Ng
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’ Time slot 1 (downlink phase) \ Time slot 2 (uplink phase) ‘
y S— & \ Q—D \

Table 1: Transmission protocol.
channel matrix between the source and the <th relay and by
Hgr,p, ¢ =1,...,7r by Np x N the channel matrix be-
tween the <th relay and the destination.

The transmission protocol described in Table 1 can be equiv-
alently modelled by introducing two virtual relays. More
specifically the link between the source and the first virtual re-
lay (indicated with the index r + 1) models the direct link be-
tween source and destination during the downlink phase. The
link between the second virtual relay (indicated with the index
r—+2) and the destination models the direct link between source
and destination during the uplink phase.

Let Hgp the Np x Ng channel matrix between source and
destination; the channel matrices associated to the virtual relay
r 4+ 1 are defined a follows

Hsgr,.., =Hsp Hg,,,p=0 (1)

where 0 denotes the null matrix. The channel matrices associ-
ated to the virtual relay r + 2 are defined as

Hsr,,, =0 Hg,.,p =Hsp )

r+1

i
Keeping in mind the definitions introduced in (1) and (2), in
this document we will refer to a system with r + 2 relays with-
out differentiating (unless differently specified) between relays
and virtual relays. In the same way ® and (2 will refer to a
given set of nodes in the original setup with direct connection
between source and destination or to the associated set of nodes
in the equivalent setup using virtual relays. The equivalence
between original system with direct link between source and
relays and equivalent system, where the direct link is modeled
by means of two virtual relays, is showed in Figure 1.

\ virtual
relays

Figure 1: Equivalence between original system with direct link
between source and relays and equivalent system, where the
direct link is modeled by means of two virtual relays.

IIT DOWNLINK PHASE

The received signal at the jth relay during the downlink phase
can be written as

yr; = Hsgr;Xs + nsg;,, j€P €)]

X g is the Ng x 1 signal vector transmitted by the source, and
ngg; is the vector of i.i.d. complex additive white Gaussian
noise samples. The transmit signal is subject to the following
sum power constraint

E [tr [x.x]] < P. ©))

S

and can be written as

xs =Y G;dgr, (5)
JjeD

where G is the Ng x |£;| complex precoding matrix associated
to the jth active relay, dsg, is the |€;] x 1 data symbol vector
sent to the jth active relay, and &; is the set of eigenmodes (or
spatial dimensions) allocated to the jth active relay. In the re-
maining of this section we will recall the multiuser eigenmode
transmission scheme (MET), proposed in [7] for a multi-input
multi-output (MIMO) broadcast channel (BC).

The channel between source and the jth relay can be de-
composed using the singular value decomposition (SVD) as
Hsgr, = Usg,;¥sgr,; Vsr;, where the eigenvalues in Xgp,
are arranged so that the ones associated with the allocated set &;
appear in the leftmost columns. We denote these eigenvalues as
YSR;1,-- -5 2SR, ;|- The jth node’s receiver is a linear de-
tector given by the Hermitian transposition of the leftmost |;|
columns of USR,- which we denote as ugg, 1 - - - uj e Like-
wise, we denote the leftmost |£;| columns of the right eigen-
vector matrix Vgg, as Vg, 1...Vg R, & The signal after
the detector can be written as

H
rsr, = |Usr,1..-Usg,g|] VSR, (6)
= Tsgr,Gjdsr; + sk, Z Gid; +nj (7)
1€, i)
where ysgr;, is the received signal at the jth
node, n;» is the processed noise, and Tgpg, =
[ESRj,l‘/SRj,l-~-ESRJ-,|Ej|VSRj7\Sj|]H is a ‘(‘:J| X Ns

matrix. By defining the ) |E;| x Ns matrix I:ISRj

i€D,iFtj

N H

Hsp, = |TY rf, ri r ®)
SR; — SRy s+ SRj_1 “SRj1q10 "> SR|<I>‘ ’

our zero-forcing constraint requires that G lies in the null
space of Hgg,. Hence G; can be found by considering the
SVD of Hgp, :

~ ~ - - - H
Hsn, = Usn,Ssn, V6, VL] O

where \N/'éol)%j corresponds to the right eigenvectors associated
with the null modes. The jth relay’s precoder matrix is given
by G; = V¢ r,Cj» where C; is determined later. Note that

since ﬂSijg%j = Oforall j € ®, it follows that I'sg, G; =

Tskg, Vgo}%ici = 0 for ¢ # j and any choice of C;. Therefore
from (7), the received signal for the jth relay after combining
contains no interference:

Irsgr; = FSRjdoSRj + n;' (10)
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We perform an SVD

(1) 17(0)

FSRjVEst)zj =Usr, [Zsr, 0] [VSR Vg, ] , (1D

where X g, is the |£;] x |€;] diagonal matrix of eigenvalues,

and assign C; = V(Sll)%j. From (10), the resulting rate for the

jkth node is
Z log (1 +E§Cj)2w,(j)) ,
keé‘j

12)

where O'(j * is the kth diagonal element of fz r, (k € &),
W, is the &; x &; diagonal matrix of powers allocated to the

eigenmodes, and w(J ) is the kth diagonal element. Therefore
the total transmltted power for this user is tr [Gjo Gf } =
trW ;. Let T be a given selection of users ® and eigenmodes
Ei(j € @), the power allocation problem for maximizing the
sum rate given 7' can by found by using a waterfilling power
allocation. We refer to [7] for the details.

IV UPLINK PHASE

The received signal at the destination during the uplink phase
can be written as

yp = ZHRJ-DXRj +np (13)
JEQ

where xp, is the Ng x 1 vector transmitted by the ith relay
whereas np is the vector of i.i.d. complex additive white Gaus-
sian noise samples np ~ CA (0, I). We consider two types of
power constraints

1. Power constraint on the sum of the power transmitted by

the different relays
S E[[Ixs B3] <P (14)
jEQ
2. Separated power constraints at each relay
E[[llxgB3]] <P, je. (15)

The first approach is more suitable for network of battery-
powered nodes where a low energy consumption is required.
The second type of power constraint is more suitable where
the nodes are attached to a fixed power supply and the goal is
the maximization of the throughput. In the remaining of this
section we will extend the idea of the spatial decomposition
described for the downlink in the previous section to an uplink
transmission. The signal transmitted at the jth relay can be
written as

XR]. = Fdej (16)

where F; is the N x |Z;| precoding matrix used at the jth
active relay, whereas dp; is the |Z;| x 1 data symbol vec-
tor transmitted from the jth relay and |Z;| is the set of eigen-
modes allocated to the jth active node during the uplink phase.

Equivalently to the downlink case, we decompose each matrix
Hg,p, j € {byusinganSVD

Hg,p =Ugr,pZRr,0VH,p- (17)

Also in this case the eigenvalues in X, p are arranged so that
the ones associated to the set of allocated modes T; appear
in the leftmost columns. These eigenmodes are denoted as
YR;D1s s 2R, DT

Differently from the previous case, where the set of active
eigenmodes for a given link was selected at the receiver side
by using a linear detector, in this case each relay selects the set
of active modes a the transmit side by properly designing F;

F; = [Vr,01,---,VR,D,1,] C; (13)

where v, p; is the right eigenvector associated to the ith se-
lected eigenmode, and C; is a matrix that will be determined
later.

The signal received at the destination (16) can be rewritten as

yp = Y Hg pF;Cidr,p+np (19)
JEQ

= ZI‘R,-DdeRjD—f—nD (20)
JEQ

1)

where T, p = [Sr,0,1UR, D1, -» Xk, D,|7,|UR, D, 7| IS
Np x |Z;| matrix. By defining the Np X 3~ ¢, ; ., |Z;| matrix

Hzp = [Tap.---:Tr,,0:TryuiDs- - TRy oR2)
= [ﬁ%}DﬁgD} iRjDngD (23)

the combining matrix used at the destination to detect the signal
of the jth relays is designed as follows
~ H

L; =D, 0y, (24)

where D will be determined later. Note that U( ) H r,p =10
for all 5 6 Q, and it follows that the received 51gna1 after the

combining matrix assiciated with the jth relay can be written
as

~ H
rg,p = Ljyp = DjUggj)DFRjDdeRjD +np (25

where n’, is the processed noise after the combiner n’, =
Ljnp. As a result of the described processing, the
links between the |Q2| active relays and the destinations are
now spatially separated and single user like techniques can
be used to reach the capacity of each equivalent channel

H
US%) pT'r;p, Jj € Q. In particular, as for the downlink case
described in the previous section, the matrices D; and C; can

be determined by performing the SVD of U( - pl'r;p and us-
ing the waterfilling power allocation satisfylng elther the com-
mon power constraint (14) or the separated power constraint
(15). We observe that L; and F; are unitary, and therefore the
former does not affect the per-component variance of the addi-
tive noise at each antenna, whereas the latter does not affect the
transmit power at the transmit side.
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V  JOINT DOWNLINK/UPLINK OPTIMIZATION

LetE = & UE U ... UE 42 aset of selected eigenmodes
for the downlink phase, and 7 = 7; UZo U ... UZ, 49 a set
of selected eigenmodes for the uplink phase. Let Rsr, (€) the
maximum mutual information between the source and the jth
relay during the downlink phase under the assumption that the
set of eigenmodes £ has been selected by means of the scheme
described in Section III. Moreover, let R, p(Z) the maximum
mutual information between the jth relay and the destination
during the uplink phase under the assumption that the set 7
has been selected by means of the scheme described in Section
IV. We recall that under the convention made in Section II the
(r+2)th relay corresponds to the source, and Rsg, ., (€) = 0o
for every £, whereas the (r + 1)th relay corresponds to the
destination, and Rg, , p(Z) = oo for every 7. The maximum
mutual information between source and destination for a given
couple (£,7) is given by

1 r+2
Rsp (€,1) =5 > min(Rsg,(€), Rr,p(T))  (26)
=1

The maximum mutual information between source and desti-
nation with respect to all the possible couples (€,7) is given
by

R%p :?a}f%RSD (£,1). 27
Problem (27) involves a brute force search over all the possi-
ble relay/eigenmode allocations. In order to lower the compu-
tational complexity, we propose an iterative downlink/uplink
greedy optimization algorithm where the set of active eigen-
modes £ and 7 are updated in an iterative way. The proposed
algorithm is composed by two loops: the external loop updates
the value of £, whereas the internal loop, for each candidate
&, calculates the "best" (in a greedy sense) set Z. We define
as £ the value of £ found at the mth stage of the external
loop. We emphasize that this value does not correspond to the
optimum one that would have been obtained by a brute force

; T2 N

search over Z?:ll(m’NS) (%)
Nj=N;if1<j<r,N;=Ngifj=r+1and N; = N, if
j = r + 2. The candidate set £(") is defined as

gy =m0 |

ESijlgg(m—l)*

candidates, where

YSR; 0 (28)

where j = 1,...,7+2and ! = 1,...,min(Ng, N;). Let’s
define £©" = ¢, where ¢ is the empty set. The value found at
the end of the mth iteration of the external loop is given by

g(m)* — argmax RSD (8(m) (],l),I* (5(7") (],Z))) (29)
£6m (30)

where [* (5 (m) (4, l)) is the best (in a greedy sense) eigenmode
allocation for the uplink part given the downlink eigenmode
allocation £("™)(j,1). With the same motivations of the outer
loop, also in the inner loop we use a greedy selection algorithm
to find Z* (£ (m) (4, 1)). Leaving implicit the dependence on

£ (4,1), we define a possible candidate set Z(") during the
nth iteration of the inner loop as

M (u,v) = 7" U (30)

SRy DwEI(m—D"

YRuDv-

Let (9" = ¢. The uplink eigenmode allocation set found at
the end of nth iteration of the external loop is given by

zm” (E(m)(j,l)) = argmax Rgp (E(m)(j,l),I(") (u, v)) .
Z(™) (u,v)
(€29)
Leaving implicit the dependence of Z()" and Z("~1)" on
£ (4,1), if the following condition is found at the nth iter-
ation of the inner loop

RSD (5(777,)(]’1)72-(71)*) < RSD (g(m)(.]7l)7z(n71)*) )
(32)
the inner loop is stopped and the value Z* (£0™)(j5,1)) =
Z(»=1" is returned to the outer loop. In the same way, at
the mth iteration of the outer loop if the following condition
is found

Rsp (€07, 7* (£07)) < Rgp (€007, 7 (£ln17)),
(33)

the loop is interrupted and the couple (£(m—D" 7*(£(m=1"))

is returned as output of the algorithm.

VI SIMULATION RESULTS

In order to simulate the performance of the proposed scheme
we consider a scenario with » = 9 relays. Let d the dis-
tance between source and destination and let (0, 0) and (0, d)
be the spatial coordinates of respectively source and destina-
tion. The spatial coordinates of the nine relays are given by
(%’ 7%)’ (%7 0)’ (%7 %)’ (gﬂ 7%)’ (%,O)’ (%a %)’ (%dv *%)7
(32,0), (22, 4). The distance between source and destination
is a parameter fixed such that the SNR at the destination has a
given value. Each node is equipped with Ny = Ny = N, =4
antennas. For simulating the signal propagation between the
different nodes we used the WINNER channel generator [8],
and in particular the propagation scenario B1 (typical urban
microcell), modified such that all the nodes have the same
height of 3 meters. We considered both line-of-sight (LOS)
and not line-of-sight (NLOS) propagation, with 0.5\ and 10\
antenna element distance. The performance is given in terms of
throughput [bit/s/Hz] vs source destination SNR. We compare
four different techniques:

e the proposed data splitting algorithm (DSA) under the per-
relay power constraint (15);

o the proposed DSA algorithm performance under the com-
mon power constraint (14);

o the ‘best relay selection’ scheme, obtained by selecting
the best relay and transmitting at the closed loop capacity
[9] in each of the two links (source to relay and relay to
destination);
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o the direct link transmission scheme, obtained by using the
closed loop capacity formula of the link between source
and destination.

In Figure 2(a) a propagation scenario without line of sight is
considered, for 10\ antenna element spacing (dash/dotted line)
and 0.5\ antenna element spacing (continuous line). We note
that with correlated channels (0.5 case) the DSA gives a not
negligible gain with respect to best relay selection scheme and
direct link transmission scheme, in the entire SNR region.
Let’s for the moment consider the case of common power con-
straint (14). In this case the gain is due to two factors. The
first factor is that by splitting the streams between different re-
lays, the effective degrees of freedom (EDOF) [10] is not lim-
ited by the rank of a single link channel (effective degrees of
freedom gain). The second factor is that the proposed greedy
relay/eigenmode allocation scheme at each channel generation
selects the best set of spatial channels (multirelay diversity
gain). When we consider a per-relay power constraint (15),
to the already described two factors that occur also in the case
of common power constraint (14), we add also the effect of the
power gain in the uplink phase. When the channel is not corre-
lated this power gain still involves a performance improvement
at low SNR, whereas by directly transmitting all the streams to
the destination (direct link transmission) we are already able to
exploit all the effective degrees of freedom.

In Figure 2(b) the same scenario is considered for a LOS
case. We note that with correlated channels (0.5 case) the
DSA gives a not negligible gain with respect to best relay selec-
tion scheme and direct link transmission scheme, in all the SNR
region. In this case the effect of effective degrees of freedom
gain and multirelay diversity gain are even more pronounced
and involve a big advantage of the DSA over the two baselines,
for both 0.5\ antenna element spacing and 10\ antenna ele-
ment spacing.

VII CONCLUSIONS

In this paper, we have presented an algorithm for high data
rate transmission in a wireless relay network. Our proposed al-
gorithm splits the data at the source into multiple independent
data streams. These data streams are then forwarded to the des-
tination via some selected relays at the same time. The relays
are selected using an opportunistic approach based on spatially
decomposing the channels and accessing the best modes. Sim-
ulation results have shown the benefits of our algorithms.
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