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Abstract— Multiple antenna schemes can provide performance
enhancement but the small size and cost constraints of wireless
terminals preclude their use at these terminals. This paper in-
vestigates distributed fixed relays (infrastructure-based relaying)
which are engaged in cooperation in a two-hop wireless network
as a means of removing the burden of multiple antennas on
wireless terminals.

In contrast to mobile terminals, a small number of antennas
can be deployed on infrastructure-based fixed relays. Hence, the
paper investigates performance of the distributed cooperative
multi-antenna fixed relays. Threshold maximal ratio combining
and threshold selection combining of these multiple antenna sig-
nals are studied and analyzed. The following results are derived.
For a given performance requirement, the multiple antennas at
relays can significantly reduce the number of relays required in
a network area, ultimately, reducing system deployment cost. In
addition, threshold selection combining at the relays represents
an excellent compromise between performance and system cost.

Finally, the analysis performed in this paper uses the versatile
Nakagami fading channel model.

I. INTRODUCTION

The conventional cellular architecture appears incapable of
delivering the ubiquitous high data-rate coverage expected of
the future generation of wireless systems. This inadequacy
suggests for a fundamental change in the way systems are
designed and deployed as well as suggests for novel signal
processing techniques [1], [2].

Recent literature attests to an explosive interest in multihop-
augmented infrastructure-based networks, or simply, relay
networks [3], which might be an underlying technology for
deploying future generations of wireless systems. Most of
the early works in literature on relaying are for coverage
extension [4] or network capacity distribution [3]. These multi-
hop relaying approaches are used usually because of their
economic advantages over cell splitting methods which are
used in conventional cellular networks to increase system
capacity and spectral efficiency. This paper presents how these
deployed relays can be used for providing spatial diversity
gains for a wireless terminal which, otherwise, has limitations
in the number of antennas it can bear.
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The exploitation of diversity was once considered as the
“last frontier” in wireless communications. The recent experi-
ence with multiple input multiple output (MIMO) systems [5],
has shown that joint time and space processing could push
this frontier even further. Application of multi-antenna tech-
niques to mobile systems is often plagued with implementation
problems. The small size requirement for future wireless
terminals limits the spatial separation that is needed to provide
multi-antenna schemes with uncorrelated or at least weakly
correlated channels to perform optimally.

As an add-on to network relays, we show that the difficulties
of using multi-antenna on mobile terminals can be alleviated
through the cooperative use of these relays. Infrastructure-
based fixed relays may have the capability to carry multiple
antennas. Therefore, this paper also investigates the impact
of multi-antenna on the cooperative fixed relays in two-hop
networks. Threshold maximal ratio combining and threshold
selection combining of these multiple antenna signals are ex-
amined and analyzed. The following main results are derived.
For a given performance requirement, the multiple antennas
at relays can tremendously reduce the number of relays re-
quired in a network area, thereby, reducing system deployment
cost. Furthermore, threshold selection combining at the relays
represents an excellent compromise between performance and
system cost in comparison to single antenna relaying and
MRC-based relaying. Finally, cooperative diversity strategy
employed as an add-on to infrastructure-based relays can
harness the advantages of multiple antennas without the need
for multiple antennas at wireless terminals.

In Section II the multi-antenna relay network is discussed.
Section III presents the analysis of the end-to-end (E2E)
error performance. This is followed by numerical examples
in Section IV. Finally, conclusions are drawn in Section V.

II. MULTI-ANTENNA RELAY NETWORKS

The conventional fixed protocol decode-and-forward re-
lay network is shown in Fig. 1(a). The system model that
is employed to form the two-hop network consists of Np
multiple adaptive (threshold decode-and-forward (TDF)) fixed
relays carrying L micro-diversity antennas (Fig. 1(b)). The
system architecture considered in this work is such that all
link channels are independent but statistically identical. This
scenario is referred to as a symmetric network as opposed
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Fig. 1. Network relay deployment (a) DF fixed protocol (conventional
relaying), (b) TDF protocol with multi-antenna cooperative relays.

to the asymmetric one where relays could experience non-
identical channels.

The protocol employed in this paper operates in the fol-
lowing mode. In the first hop, the source broadcasts a signal
that is received by both destination and relays. The destination
stores this signal for future processing. The received L signals
at each relay are processed using either selection combining
(SC) or maximal ratio combining (MRC) diversity techniques,
depending on the processing complexity tolerable at the relays.
Whether SC or MRC is used, the relay receiver checks its
output SNR against a preset threshold. Each relay decodes and
forwards only when the SNR is greater than this threshold. In
this sense, the number of forwarding relays in the second hop
is not a fixed number. For this reason, in addition to the fact
that the power for fixed relays is available off the “wall plug”
supply (posing no serious practical implications) explains why
total power has not been constrained.

In the second hop, the relay either does or does not forward
a new pre-processed signal to destination. If the relay forwards,
the destination combines its delayed (buffered) signal with
the new versions from the relays, assuming an MRC-type
processor. In this phase, it is assumed that one antenna is
utilized by each relay. A single transmitting antenna is adopted
to keep a fair cost comparison with a conventional single
antenna relay networks where one RF detection chain and
one transmit antenna are required; the same requirement for
the SC-based detection at the relays. For this reason, SC-
based detection appears as a promising candidate, in terms of
performance-cost trade-off, for the network discussed in this
paper. The relays, however, could employ its multi-antenna in
‘intelligent’ transmit beamforming. Should this be the case the
system performance could be improved.

IIT. ANALYSIS OF THE MULTI-ANTENNA RELAY
NETWORKS

We define a general link in the network as a node t
communicating with node j. A node could refer to a source,
relay or destination. The received signal at node j can then be
written as ry; = r;—.; = hy;T¢ + nj, where x; is the signal
emanating from node ¢ and n; is the noise at receiving node

j. For a relay in the multi-antenna relay network, the input-
output relation of the first hop, i.e., source (node S) to relays,
can be expressed as

r; =hgjzs+n;, j=12,---,Ng, 40

where N is the total number of relays, r; is the L x1 received
vector at the jth relay, hg; = [hgj), el hg;, e hg?]T
denotes the random channel vector with independent com-
ponents which are also independent of the components in
the L x 1 additive white Gaussian noise (AWGN) vector n;.
In a coherent scheme, perfect phase and carrier recovery is
possible. Therefore, each entry hg) represents the magnitude
of the fade sample at an antenna [ of a receiving node j. In the
second hop, the relay j forwards the regenerated signal (Z;)
to the destination (node D) provided that the received SNR is
greater than the threshold ~;;,. This signal is received as

T]D:h’jD‘%] +njD7 J:]-v?NR? (2)

where h;p is the fade sample in the link between relay node
j and destination while r;p and n;p are the received signals
and receiver noise during the reception, respectively. The relay
transmissions are assumed to be decoupled at the destination
through either suitable pre-coding, or time and frequency
allocations (discussed in [6]). Therefore, interference is not
considered in (2).

The analysis assumes that the fading sample hg) follows
the Nakagami-m distribution which is a versatile statistical
model that can be used to model a wide range of fading
environments in mobile radio channels [7]. For instance, the
Ricean model representing a line-of-sight (LOS) is related to
the Nakagami distribution through the Ricean parameter K

. . 2
to Nakagami parameter m transformation K = m_g}%,
moreover, m = 1 gives Rayleigh distribution. The SNR per
symbol denoted as ~ at an antenna of node k, is distributed
according to the gamma distribution described by'

mm—1
MY o (_m> ’
7
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where v = (A\))2E,/Ny and 5 = E[(h\)2E,/Ny] =
QrEs/Ny is the average SNR per symbol, E is the energy
per symbol and , = E [(hg?)Q] The AWGN is characterized
by one-sided power spectral density Ny (W/Hz), and T'[] is
the gamma function.

A. End-to-end Error Performance

The overall end-to-end (E2E) error rate Pe(T;? of the multi-
antenna multiple relay schemes can be approximated, using
an approach similar to that presented in [8] as

’

P%) ~ P.P,P,+P.(1-P,)P...,
+ (1 - ‘Pdsc)Pe,dir' (4)

IThe indexes k and [ are dropped because for a given node the statistics
for all the antennas at k is the same.



The first and second terms in (4) represent the components
due to cooperation while the third represents that due to no-
cooperation case. The first term is needed to account for
possible error propagation. P,, is the error probability at the
relay given that the received SNR, +, is greater than 7y, FPe .o
is the destination error rate when cooperation is in effect (i e,
more than one branch is combined at the destination). P,
is the probability that at least one relay performs decoding
and forwarding,2 and P, is the destination probability of
error when no relay forwards. The impact of the number of
relays is captured by averaging over the possible cooperative
scenarios P ., and Pdﬂ, and therefore, the error probability
due to error propagation F,, is bounded with the worst case
bound: P,, < 1/2 [8].

P._is obtained as follows. Denoting P, as the decode-and-
forward probability (DFP) at a relay, then P(relay r does not
forward) = 1 — P(relay r does forward) = 1 — P, . Then,

Pda can be expressed, after going through some steps, as
NR N
Pdec = Z ( TR ) <_1)7>+1(PDFP>T7 (5)
r=1

where Pl = P, for all r.

In symmetric network scenarios®, the channels are con-
sidered to be balanced (same average SNR). Assuming that
all the relays have the same error performance, P, can
be evaluated for equal-amplitude modulation as follows: The
probability of error for 7-branch MRC-receiver in Nakagami-
m channel is derived as ‘”:}L[Tﬂm/]z]B [T'm, 1/2]. The prob-
ability that ¢ relays forward which give rise to (i + 1) diversity
branches at the destination is given as NEC; (1 — Py) V271 P
where NrC; = m Therefore, P, ., can be expressed,
by weighted average over the possible cooperative scenarios,

as

P,

€,coop

Ngr
i’ﬂ' z; NRCz (1 - PDFP)NR ZPI;I-P (6)

Tl(i + 1)m + 1/2]
T[(i + )m)

where 1 = m/(m + N\y), and B,[-,-] and I'[] are the
incomplete beta and gamma functions [9], respectively. The
parameter A = gsin®(w/M), where M is the modulation
constellation size. The g and ¢ are defined according to the
modulation and signal detection methods. For example, for
BPSK g=1,¢=1/2,and M =2 [10].

It is obvious by examining (4) and (6) that how well the
relay performs has a tremendous impact on the benefit of the
cooperation. For instance, if P,, is low and P s high, one

dec

obtains the most desirable benefit from the cooperation:

By [(i+1)m,1/2],

(ToF)
Pe JE2E ~ Pe ,coop * (7)

2This implies there is diversity combining at destination.

3This assumption de-emphasizes the distance-dependent received power
variation; this factor can be incorporated by generalizing our results to unequal
branches analysis in the diversity combining.

The result given in (7) provides a number of insights into the
cooperative scheme. First, (7) means that the relays always
have good and reliable signals to transmit. Therefore, by
combining these signals at the destination, the full benefit of
diversity can be derived due to the distributed nature of the
transmitting entities. This implies that the spatial constraint
that usually hampers collocated multiple antenna schemes is,
thus, removed. Furthermore, since the relays perfectly decode
the source information, the source appears (to the destination)
as if it were at the position of the relay, leading to path-loss
reduction. This last point will be visible only in the asymmetric
channel scenario which incorporates the distance-dependent
received power loss.

B. Relay Performance (DFP and Error rate)

Let us now examine the decode-and-forward (DF) prob-
ability of the multi-antenna relay with threshold strategy.
We begin with SC where the relay first selects the branch
with the largest SNR, i.e., v = max[vy,---,7], and then
compares it with the set decoding threshold ~;,. The joint
probability density function (PDF) of selecting n largest from
L independently and identically distributed random variables
is given in a general form in [11] as po, ...y, (V1, -+, ) =
nICE[F ()5~ T, p(). In our case, the required PDF
reduces to p(vy,m) = L[F(y,m)]*~'p, (v, m). Further, em-
ploying the functional series representation [9], the decoding
probability of the selection-based DF relay can be expressed
as [6]
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and a,, = Tl =T The parameters v, and €, are the relay
decoding thresholci and channel power of the source-relay link,
respectively. In the same manner, the decoding probability of
MRC-based DF relay can be expressed as
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The error rate of a multi-antenna relay that performs thresh-

old decoding can be expressed as [6]
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i T[Lm+ 1/2]

plem) 4 B, [Lm,1/2
¢ 7 D[Lm, myn /7] nl /2

aT(Lm] - T{Lm, 2]

F[Lm m%h/ﬁ]
p+1/2
+ Zp' 2p—|—1 ( )
F[Lm +p+1/2) — T[Lim + p+1/2, 2]

(p+1/2) ’
P(Lm, myn /7] (2)
(10)
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Fig. 2. Probability of decode and forward at a relay (L = 2).

where T'[-, ] is the incomplete gamma function.

Similarly, the expression for evaluating the performance of
SC-based detection at the relay has also been derived in [6],
a sketch is shown in the Appendix.

IV. NUMERICAL RESULTS

Fig. 2 shows the improvement in the probability of decoding
at the relay when two antennas are deployed for SC- and
MRC-based detections. The figure also shows the performance
curves for the single antenna at the relay for comparison
purposes. Different Nakagami parameters m = 1,2,4,6 are
shown. A significant increase in the number of times the
relay decodes and forwards is observed for the dual-antenna
cases. This indicates the increase in the number of times the
destination relies on diversity combining. This, however, has
to be complemented with improved error performance at the
relay.

Strong agreement between the simulated and analytical
results for the end-to-end performance of multiple (parallel)
relays with a single antenna for different values of the Nak-
agami parameter, m is presented in Fig. 3. The solid curves
represent the analytical results while the symbols denote the
simulated performance. The relay decoding threshold is set at
Yen ~ /27 and in all the numerical examples.

Fig. 4 depicts the performance of the multi-antenna relay in
symmetrical networks for different numbers of antennas (L)
at the relay station. BPSK modulation is used in all the links.
The relays utilize MRC to combine the branch signals. The
results for the Nakagami parameter m = 1, 2, 6 and L = 1,
2, 4 is indicated. In these curves, it has been assumed that
the fading distributions between the tripartite (source to relay,
source to destination and relay to source) are the same. The
performance of conventional relaying (Fig. 1 (a)) is shown as
well.

To evaluate the system performance for non-identical fading
distributions scenarios is straightforward. For instance, a fixed
relay can be positioned in such a way that it experiences
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Fig. 3. End-to-end BER performance of single antenna TDF cooperative

relay networks in Nakagami fading, Np = 1, 2, 4.

NLOS from the source and LOS to the destination. Since
the source would likely have NLOS to destination, the relay-
destination channel can be modelled with a suitable m using
the Nakagami-m to Ricean K-factor transformation while
the source-relay and source-destination channels are both
modelled with the Rayleigh distribution (m = 1).

Furthermore, Fig. 4 shows that the multi-antenna relay
systems yield tremendous gains over the conventional form
of relaying. Let us compare the SNR requirements at BER =
10~2. The following gains are obtained over the conventional
relaying, 10.5 dB (L = 1), 13 dB (L = 2), and 14.5 dB
(L = 4) for m = 1 channel condition. In addition, at BER
= 1073, the dual antenna case exhibits about 4 dB superiority
over the single antenna case. When four antennas are deployed,
this gain is about 5 dB. For m = 2, however, the gain of dual
antennas over the single antenna, is about 1.5 dB while that of
four antennas is 2.5 dB. From these cases, it can be deduced
that more diversity gain is obtained for multi-antenna system
in Rayleigh (m = 1) than in less scattering channels (m > 1).
With dual antennas, it seems that the necessary diversity is
already acquired, and that only marginal gains are observed
for increasing the number of antenna elements. In this sense,
a dual antenna at the relay might be strongly recommended,
as the overall diversity order is improved with this number of
antenna deployment.

The trends observed in Fig. 4 are generally observed for the
multi-antenna relay networks (N = 4 is shown in Fig. 5).

We will now compare the SC-based detection for different
system configurations (Table I). We consider the SNR required
for an error rate 10~ for different parameters, L. and m. We
start off with {Np = 4,L = 1}, {Ng = 4,L = 2}, and
{Nr = 2,L = 4}. In the case of {Ngp = 4,L = 1} and
{Ngr = 4,L = 2} four RF detection chains are required but
{Ng = 4, L = 2} requires extra four inexpensive antennas and
switching mechanisms. It is observed that in Rayleigh fading
environments, a gain as high 3.8 dB is obtained with {Np =
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Fig. 4. End-to-end BER performance of MRC-based multi-antenna TDF
cooperative relay networks in Nakagami fading for Np = 1.
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Fig. 5. End-to-end BER performance of MRC-based multi-antenna TDF
cooperative relay networks in Nakagami fading for Np = 4.

4,L = 2} over {Ng = 4,L = 1} configuration and this gain
drops to 1.6 dB for m = 2. When the {Np = 2,L = 4}
system configuration is employed in place of {Nrp = 4,L =
2}, we observe that degradation of 1.6 and 0.2 dB, for m =1
and m = 2, respectively, are incurred. However, two detection
chains are required for {Ng = 2, L = 4} as compared to four
that are required for {Np = 4, L = 2}. This is an indication
that deployment of multiple antennas at relays could help to
reduce the number of relays required in service area.
Furthermore, Table I reveals that deploying two relays each
with two antennas {Nr = 2,L = 2} and the relay selects
one antenna at a time yields almost the same performance as
deploying four relays each with one antenna {Np = 4,L =
1}. We reiterate that two detection resources are required in the
{Ng = 2,L = 2} case as compared to four in {Nr =4,L =
1}. Besides, the resources required for deploying extra relays

TABLE I
SC-BASED RELAY DETECTION: SYSTEM SNR COMPARISON AT BER =

10—
Nrp =2 Nr =4
# of antennas L m=1 m =2 m=1 m =2
1 180dB | 11.5dB | 13.0dB | 9.2 dB
2 13.2 dB 9.2 dB 9.2 dB 7.6 dB
4 10.8 dB 7.8 dB 7.6 dB 6.1 dB

is much higher than that for installing microdiversity antenna
elements on relays. Therefore, deploying microdiversity at
relays result in considerable savings in the number of relays
to be deployed in a given area.

V. CONCLUSIONS

Since space constraints prohibit the use of a large number of
antennas at mobile terminals, the future wireless communica-
tion systems can exploit the promises associated with multi-
antenna techniques by employing multiple relays which are
engaged in cooperation, to mimic a large array of antennas.
We have demonstrated that, with modest signal processing,
multiple relays can be used to enhance the performance of
wireless communication networks.

In infrastructure-based fixed relaying, multiple antennas
can be deployed. Threshold maximal ratio combining and
threshold selection combining techniques to diversity process
relay signals are studied and analyzed. From the end-to-
end performance it is derived that for a given performance
requirement, the multiple antennas at relays can significantly
reduce the number of relays required in a network area,
which is associated with system deployment cost. Further-
more, threshold selection combining at the relays represents
an excellent performance-cost tradeoff.

APPENDIX

A. SC-based Multi-antenna Relay and Threshold Decode-and-
Forward Strategy

We consider SC-based diversity at a relay (to illustrate our
derivations) since the basic steps are the same for MRC-based.
For brevity, the error probability of the SC-based threshold
relay is represented as P = (Il(”) - 12(“)) /V,.. Using the
PDF [12], I} is given as
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After some steps, I fsc) can be expressed as
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With the help of [9] we can express the hypergeometric
function as o Fy[k +m, k +m +1/2;k +m + 1; %ﬁﬁl)] =
—(ktm) r m(1+1)

5 2 1[k+m,1/2,k+m+1,m],
thereafter employing [9, pp. 960, (8.391)] to arrive at a

simplified final expression
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Finally, we pursue the derivation of I{*”
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which should be utilized in the low SNR regime. The analysis
for SC-based TDF is concluded with the evaluation of v, as,
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Equation (13) represents an approximation which is only tight
at high SNR. Therefore, we need to find expression for the low
SNR regime. This expression is obtained by going through the
following steps:
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