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Distributed Transmit-Antenna Selection Scheme for
Relaying Systems with Selection Combining
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Abstract— The use of multiple antennas at the node terminals
of relay networks potentially improves cooperative diversity
in terms of both reliability and spectral efficiency. A simple
practical approach to exploit such potentials at the transmitter
side is to appropriately select one out of the many transmit
antennas available. In this work, we propose and analyze a dual-
hop fixed-gain amplify-and-forward relaying system based on
a distributed transmit antenna selection scheme, along with a
selection-combining treatment of the direct and relaying signals
at the destination. We derive analytical lower and upper bounds
for the outage probability of the proposed scheme in single-
fold integral form. In addition, asymptotic expressions for these
bounds at high signal-to-noise ratio are obtained in closed form.
Our results reveal that the proposed scheme achieves full diversity
order. More importantly, the underlying distributed strategy of
transmit antenna selection is shown to perform closely to the
costly optimal centralized solution.

Keywords— Cooperative diversity, outage probability, selection
combining, transmit antenna selection.

I. INTRODUCTION

Several studies have suggested the combined use of
multiple-input-multiple-output (MIMO) techniques and coop-
erative communications in order to improve the reliability of
wireless systems, by fully exploiting multipath signal diversity
[1]1, [2], [3]. However, in practice, the implementation of such
multiantenna systems is constrained by restrictions in power,
complexity, and antenna size. Realistic schemes usually limit
the use of multiple antennas to specific relay network nodes,
or strongly restrict the total number of antennas [4].

As well known, the impairments of multipath fading on
communications can be alleviated by using both transmit as
well as receive diversity techniques. At the transmitter side,
these techniques include, for example, space-time coding and
transmit antenna selection (TAS); at the receiver side, they
include many diversit-combining schemes such as maximum-
ratio combining (MRC) and selection combining (SC) [2].
Many dual-hop networks with TAS at the source and MRC
at the destination have been recently proposed and analyzed
in the literature (see, for example, [4], [5], and the ref-
erences therein). In particular, the TAS/MRC combination
is widely used, because TAS reduces the complexity and
power requirements at the transmitter—although it is not an
optimal beamforming technique [6]—and because MRC is the
optimal linear combining technique [7]. On the other hand,

D. C. Gonzilez and J. C. S. Santos Filho are with the Department of
Communications, School of Electrical and Computer Engineering, University
of Campinas (UNICAMP), Campinas-SP, Brazil, E-mails: {dianigon, can-
dido} @decom.fee.unicamp.br.

D. B. da Costa is with the Department of Computer Engineering, Federal
University of Ceara (UFC), Sobral-CE, Brazil, E-mail: danielbcosta@ieee.org.

the MRC implementation requires many channel estimations
and complex hardware resources, since each antenna needs a
separate receiver chain [8]. In contrast, SC needs no channel
estimation and only requires a single receiver chain. Thus,
knowing that both combining techniques achieve the same
diversity order, SC represents an excellent trade-off between
complexity and performance.

Very few studies have considered the TAS/SC combination
in relay networks, including the following. In [2], the end-
to-end performance is analyzed for a regenerative (multi-hop,
decode-and-forward) MIMO relaying system. This system as-
sumes that the receivers have perfect channel state information
(CSD) in order to apply TAS at the transmission, and then the
best-antenna information is fed back to the transmitter using
partial CSI. Karaevli ef al. [9] determined the performance of
a cooperative system with a single relay and multiple antennas
at the source and destination. In this system, TAS is employed
to choose the transmit antenna with the largest end-to-end SNR
at the source and relay, by using feedbacks from destination.
Finally, in [3], a performance comparison between TAS/MRC
and TAS/SC schemes in MIMO relay networks is performed. It
was found that the SNR advantage of TAS/MRC over TAS/SC
in balanced hops does not depend on the number of relays.

In systems with TAS, a feedback usually exists that informs
the transmitter the best antenna to select. This feedback
contains CSI of various links of the system. That is, the
channel knowledge improves the overall system performance.
The required bits of feedback information varies depending on
the number of source and destination antennas [10].

In this work, we capitalize on the distributed antenna selec-
tion (DAS) scheme proposed in [5] for a relaying network un-
der a dual-hop, fixed-gain, amplify-and-forward (AF) scenario
with a multiple-antenna source and single-antenna relay and
destination. On the other hand, differently from [5], which uses
MRC, we propose and analyze the use of SC at the destination,
in order to reduce the system complexity. A remarkable feature
of the TAS scheme used here is the requirement of CSI with
low and constant delay/feedback overhead, regardless of the
number of transmit antennas [S]. We derive analytical lower
and upper bounds for the outage probability of the proposed
scheme in single-fold integral form. In addition, asymptotic
expressions for these bounds at high signal-to-noise ratio are
obtained in closed form. Our results reveal that the proposed
scheme achieves full diversity order. More importantly, the
underlying distributed strategy of transmit antenna selection
is shown to perform closely to the costly optimal centralized
solution.

Throughout this paper, fz (-) denotes the probability density
function (PDF) of a generic random variable Z, F [-] denotes
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expectation, and Pr (-) denotes probability.

II. SYSTEM MODEL AND ANTENNA SELECTION SCHEME
A. System Model

We consider a half-duplex dual-hop communication system
containing a source S with N; antennas, a single-antenna
fixed-gain AF relay R, and a single-antenna destination D.
Furthermore, we consider that the noise term in all of the
nodes is an additive white Gaussian noise (AWGN) with mean
power Ny, and that all of the links undergo independent flat
Rayleigh fading. The terminals are assumed to operate on a
time-division multiple access basis.

Before data transmission, TAS is employed at S, in order
to find the best transmit antenna that maximizes the end-
to-end SNR. After that, a conventional two-slots cooperative
transmission takes place. As mentioned before, this system
is similar to that presented in [5], but differs from that in
the sense that the direct- and relaying-link signals are now
combined at D by means of SC, instead of MRC. Accordingly,
the end-to-end SNR from the ¢th antenna at S to D can be
written as

YSR,iYRD ) ’ (1)

; — max is
Vi <75D.,z mp +C

where vsp,; £ ]I\D/_ithD,in Ysr; = JI\D[_i|hSR,i|2y YrD =
LE|hrpl?, and C =1+ sr, with Ysr = E[ysg,i]. In these
expressions, |hsp. |?, |hsr,|? and |hrp|? denote the channel
power coefficients of the links from the th antenna at S to D,
from the ith antenna at S to R, and from R to D, respectively;
and Ps and Pgr denote the transmit powers at S and R,
respectively. As commonly adopted in the literature [5], we
assume an homogeneous network, in which E[ysr,i] = Jsr
and E[ysp.i] = Jsp, for any i = 0, ..., Ny, that is, all links
from each antenna at S to D (or to R) undergo identically
distributed fading conditions. Finally, the fixed-gain relaying
factor G at R is adjusted according to [11]
Pr ]
Ps|hsg,|* + No|

G? —E[ (2)

B. Antenna Selection Scheme

The optimal selection criterion for TAS/SC chooses the i*th
transmit antenna that maximizes the end-to-end SNR, i.e.,

" = argmax[yi] . 3)

Although optimal, such a scheme entails a large amount of
delay and feedback overhead, due to the full system CSI
required for decision.

Alternatively, a much simpler suboptimal and distributed
solution is provided in [5]. In this DAS scheme, the local CSI
available at S is exploited to its furthest extent in order to
assist the decision, incurring a negligible delay and feedback
overhead. In that work, the DAS concept is motivated and
supported by an important inequality involving the end-to-
end SNR of the MRC reception and the SNRs of the various
links [5, Eq. (4)]. Here, since we use SC, the corresponding

“First Time-Slot Operation:

D broadcasts a reverse pilot signaling; S
and R estimate their respective local
CSI toward D

+ /Second Time-Slot Operation:
R makes local decision and sends
feedback signaling to S; S estimates its
local CSI toward R and makes antenna
selection based on the decision
feedback.

Fig. 1. Operation of the DAS scheme (reproduced from [5, Fig. 1]).

motivation and support is given by the following inequal-
ity [121, [13]

v < Max |Ysp,i, YSR,: Min [’YR%D, 1” 2 %. 4)
The DAS scheme is performed in two time slots [5], as
shown in Fig. 1. In the first time slot, D sends to R and
S a 1-bit reverse pilot signaling. Then, R and S use this
bit to estimate their respective local CSIs vrp and vsp ;.
In the second time slot, R compares its local CSI with C,
which may produce two outputs: ygp > C or ygp < C. In
the first case, R sends to S a 1-bit message “1” to indicate
that ygp > C and, in this case, ygp,; and ysg,;, which are
available at S (vysg,; can be readily estimated from the 1-bit
message), are sufficient to apply the selection rule max %
In the second case, R sends to S a 1-bit message “0” to
indicate that ygp < C'. In this case, from (4), the application
of max % would depend on the additional knowledge of vrp,
which is unavailable at S. Then, a suboptimal decision can
be attained from the available CSI as proposed by [4], by
performing the solely maximization of ysp ;. In summary,
the transmit-antenna selection rule of the proposed DAS/SC
scheme is given as follows:

. {Z = argmax [max [ysp.i,Vsr,i]] Yrp > C )

=< .
i = argmax [YsD.,i Yrp < C

The great advantage of DAS/SC over other TAS/SC
schemes is its greatly reduced delay/feedback overhead. In
conventional TAS schemes, O(log N;) bits of feedback infor-
mation are required, as shown in [10], [4], and [7]. In contrast,
in the DAS scheme, only a 2-bit pilot/feedback signaling is
required, at the cost of some additional hardware complexity
at the source.
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III. OUTAGE ANALYSIS

The outage probability is the probability that the maximum
mutual information between source and destination drops
below a predefined spectral efficiency Ry (bits/s/Hz). In our
system, it can be formulated as

DAS _
Pout -

Vsr;iYRD
Pr (7RD > C, max [%D)i, L} < » 2 92R0 _ 1)

Yrp +C
Py
+ Pr <~yRD < C, max [”ysp_&-, w} < z) .
Yrp +C
Py

(6)

Considering the extreme complexity of obtaining an exact

closed-form expression for the above outage probability, we

derive instead lower and upper bounds of it, based on the

inequality in (4). The analysis is performed separately for each

term P; and P». We begin by deriving a lower bound for P,
which can be expressed as

P, > Pr (”yRD > C, max ['ySD;,”ySR_’; min {%%, 1” < z)
(@)

= Pr (’YRD > O, max [max [vsp,i, VsR,i]] < Z) £ PILB
1

= Pr(vrp > C) Pr(ysp,; < 2)V Pr(ysr < 2)™
__C __z Ny _ =z Ny
— e IRD (l—e “’YSD) (l—e WSR) .

(N

where, in step (a), we apply the DAS rule given in (5) for
vrp > C. Focusing on the high-SNR behavior, an asymptotic
analysis of PFB is performed. As a result, at high SNR, (7)
can be expressed, after some algebraic manipulations, as

LB -=< 2 e
PP ~e 80 | ———— . 3
VYSDVSR

In a similar way, an upper bound for P; can be obtained
as [12]

o 212, 1] <)

Yspji VSR [”YRD ” )
9 , 3y ’1 <

2 T MR[TE N
= Pr(yrp > C,max [max [ysp,i, Ysr,]| < 22) £ pP®

2 Ny
~e :”SD <ﬂ) .
VYSDVYSR

We now focus on the analysis of the term P,. Using again
the inequality in (4) and the DAS rule in (5) for vygp < C, a

P, < Pr({~gp > C,max [VSD,%

(
< Pr (”yRD > C, max [
(

(€))

Note that the exact expression of PPB has been omitted. Similarly to P{“B,
this is given by (7), but with z replaced by 2z.

lower bound for P, is obtained as

P, > Pr ('YRD < C, max |:’}/SD71',’75‘R)Z‘min PR;D, 1” < z)

C
= Pr ('yRD < C, max ['YSD,@ %] < z) = P2LB
_pr (m < Cmax [max spl %] < ) |
J

(10)

Using the concepts of probability theory presented in [4],
PLB can be further obtained in a single-fold integral form as

LB
P2

c
x
= / fynp (z) Pr (max [m;fix [vsD.j] s 675}34 < z) dx
0 P

1 O c

_ Cuy
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0 7YRD J

1

C _ ¢y

= / — ¢ Frp Pr <max [vsp,;] < z> Pr(yysr,i < 2) dy
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0 YRD
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©

(1)

In the appendix, we have derived a simple high-SNR asymp-
totic expression for . Accordingly, after some algebraic
manipulations, P}B can be asymptotically expressed as

PA® <75—D)N (= = o — (1) - 0(2) )
- e (2 ) —vi2)

(Ysp)NYrD 12 YRD

12)

where ji5 £ % By following a similar procedure, an upper

bound for P, can be written as [13]

P, <Pr (”yRD < C, max ['ySD&-,"ySR_&- min [F”%D, 1” < 2,2)

_ pUB
= PyB,
(13)
which is seen to have an identical form to P}® in (10), with 2
replaced by 2z. Accordingly, an asymptotic expression for
PYB can be readily obtained from (12) as

(2z)Net? (111 2z —1/)(1)—1/)(2)) (14)

(Ysp)NtVRD 12 YRD

The derived exact and asymptotic bounds for P; and P»
can be now added as in (6) to yield corresponding bounds for
P,y¢. In particular, asymptotic lower and upper bounds at high
SNR are obtained respectively as

UB
PYUB ~

-= 22 Ny SNt
e (:YSD:YSR) + (Fs0) Yt rD H2
PDAS,LB ~ x (In YrD 1/)(1) - 1/)(2)) if Ny =1
out e
(Gsp)NtArD 2
< (In =25 —v(1) ~0() it > 2
(15)
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Outage Probability, P,
S

—&— Optimal TAS scheme, Simulation N; = 3
—@— DAS, Simulation N; =3
—6— Optimal TAS scheme, Simulation N; = 2
—8— DAS, Simulation N; = 2
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0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Normalized distance between S and R, dsgr

Fig. 2. Comparison of different TAS/SC schemes in terms of outage
probability (P = 10 dB).

¢ W ( (22)? )Nt (22)Nt+!
YsDYsR (7sD)NtyrD B2
2z . . _
PDASUB x (hl YrD ¥(1) ¢(2)) iftN, =1
out (QZ)NHFI
(Fsp)NtArDp2
2z .
x (hl == —v(1) - ¢(2)) N, > 2.
(16)

Finally, from (15) and (16), it can be seen that DAS/SC
exhibits a full diversity order of Ny + 1, the same achieved by
DAS/MRC [5]. This, allied to the simplicity of SC, renders
the proposed DAS/SC scheme highly attractive in practice.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we assess the outage performance of the pro-
posed DAS/SC scheme by investigating some representative
examples and scenarios. Monte Carlo simulation is performed
to provide the exact performance as well as to support our
analytical bounds. Without loss of generality, we assume that
the end-to-end spectral efficiency is 2y = 1 bit/s/Hz and that
the path loss exponent is 3 = 4. We also assume that the
channel mean power is proportional to d~?, with d being the
distance between the transceivers. The distance between S and
D is normalized to unity, as in [5].?

Fig. 2 presents the outage performance versus dsg for both
DAS/SC and optimal TAS/SC schemes using two and three
antennas at the source. From this figure, we observe that the
outage performance of DAS/SC improves when the relay is
closer to destination, approaching the performance of optimal
TAS. This behavior is due to the probability of vrp > C
being higher when dgp is close to unity, thus causing the
DAS selection rule being indeed optimal during most of the
time. A similar behavior is reported for DAS/MRC in [5]. In
particular, when N; = 2, the DAS/SC is observed to achieve
its best performance with dgr ~ 0.7; when N; = 3, the best
performance is observed with dgp ~ 0.8. In both cases, the

2 Again, as in [5], we assume a linear network topology, in which S and R
transmit with the same SNR P, and dgsp = dsr +dgrp, where dsp, dsgr,
and drp represent the distance of the links S — D, S — R, and R —
D, respectively. The corresponding average link SNRs can be formulated as

Ysp = Pdgp, Asr = Pdgh, and 7rp = Pdg5).

Outage Probability, P,
3

—&A— Optimal TAS scheme, Simulation
—a&— DAS, Simulation
—6— DAS, Asymptotic lower bound
Sl DAS, ASymptotic upper bound

T T T

12 14

4 6 10
Average SNR of the 5»5 link, ¥5p, dB

Fig. 3. Outage probability versus average SNR of the S — D link for
different TAS/SC schemes (dgr = 0.7, Nt = 2).

outage probability of DAS/SC is seen to be very close to that
of the optimal TAS/SC scheme.

Outage Probability, P,

—&A— Optimal TAS scheme, Simulation

107l —a&— DAS, Simulation

—6— DAS, Asymptotic lower bound

S DAS, ASymptotic upper bound
T T T

12 14

4 6 10
Average SNR of the 5»5 link, ¥5p, dB

Fig. 4. Outage probability versus average SNR of the S — D link for
different TAS/SC schemes (dgr = 0.75, Ny = 3).

We now address two representative scenarios in order to
assess the outage performance of DAS while varying the
average SNR. The distance values used were established
based on the results of several Monte Carlo simulations,
which confirmed the observation from Fig. 2 that, for relays
placed at 0.6 — 0.8, the outage performance of DAS/SC is
improved and close to the optimal TAS/SC scheme. In other
words, the relay has been positioned to comply with these
best-performance cases. Fig. 3 depicts the outage probability
of the first proposed scenario, configured with dggp = 0.7
and N; = 2, and Fig. 4 depicts a second scenario with
dsr = 0.8 and N; = 3. In both scenarios, we see that the
performance of the proposed DAS/SC is comparable to that
of the optimal TAS/SC scheme, while widely outperforming
this in terms of feedback overhead. Moreover, when compared
to the corresponding cases (dsr = 0.7, N; = 2; dgg = 0.8,
N; = 3) of the DAS/MRC scheme presented in [5, Figs. 3
and 4], the DAS/SC scheme proposed here represents an SNR
loss of approx. 1.3 and 1.4 dB, respectively.
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V. CONCLUSIONS

In this paper, we presented an analysis of the outage perfor-
mance for a dual-hop fixed-gain AF relaying system that com-
bines DAS and SC techniques for distributed transmit antenna
selection and diversity exploitation. We derived closed-form
expressions for lower and upper high-SNR asymptotic bounds
of the outage probability. Monte Carlo simulations have been
performed to support the derived analytical expressions. Our
results reveal that the proposed scheme achieves full diversity
order. More importantly, the underlying distributed strategy of
transmit antenna selection is shown to perform closely to the
costly optimal centralized solution.
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APPENDIX

Here we derive the high-SNR behavior of ¢. From its
definition, we have

1 C _ Cy C 1 _Cy _ =
Y= - e ARD dy e — e YRD VISR dy
0 YRD YRD Jo

1
= (1 — 67%) — _i 67%71/721? dy, a7
YRD Jo
P
where p can be expressed as
p o JFIRD e (o | C2
CYsr YSRYRD
Y
- ooe_ﬁiz) i (_y’VSR) d
. Il Y
1=0
© <2 Z'_YRD) 1 /YsrYRrD n (2 Z”_YRD>
CHsr 2 Cz CHsr
o [_Cz C
YSRYRD z
X —— Iny | ——— —Y(k+1) —yY(k+2
kz:%) k(K +1) YSRYRD i )~ )
(-5)
— VSR / y_lei% dy
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(18)

Steps (b) and (c) follow from [14, eq.(3.471.9)] and [14, eq.
(8.446)], respectively, where K(-) is the first-order modified
Bessel function of second kind. Hence, by keeping only to the
lowest-order terms in ysr and Yrp, p can be asymptotically
written as

ol 1 =z
p JBD L - 2 (Inz —Inyrp — (1) —¥(2))
¢ 279sr (19
YRD -.©
———e 7YRD
C

Finally, replacing (19) into (17), we obtain, after some alge-
braic manipulations, the high-SNR asymptote of ¢ as

i (Inz —Inygp — (1) —¥(2)).

0~

~ — 20
YSRH2 (20)



