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Performance Analysis of Multi-Hop Decode-and-Forward
Relaying with Selection Combining

Vo Nguyen Quoc Bao and Hyung Yun Kong

Abstract: In this paper, exact closed-form expressions for out-
age probability and bit error probability (BEP) are presented for
multi-hop decode-and-forward (DF) relaying schemes in conjunc-
tion with cooperative diversity, in which selection combining tech-
nique is employed at each node. We have shown that the proposed
protocel offers remarkable diversity advantage over direct trans-
mission as well as the conventional DF relaying schemes with the
same combining technique. We then investigate the system perfor-
mance when different diversity schemes are employed. It has been
observed that the system performance loss due to selection combin-
ing relative to maximal ratio combining is not significant. Simula-
tions are performed to confirm our theoretical analysis.

Index Terms: Bit error probability (BEP), cooperative commu-
nication, decode-and-forward (DF), A -ary phase-shift keying
(MPSK), multi-hop relaying, outage probability, rayleigh fading,
selection combining (SC).

L INTRODUCTION

Recently, relaying dual-hop transmission has gained more at-
tention under forms of cooperative communications and it is
treated as one of the candidates to overcome the channel impair-
ment like fading, shadowing and path loss [1], {2]. The main
idea is that relay terminals in a multi-user network effectively
form a virtual multiple-input multiple-output (MIMO) channel
to assist the source-destination communication since the deploy-
ment of multiple antennas on mobile handsets is infeasible due
to space limitation. This approach can obtain spatial diversity at
the expense of reduced spectral efficiency.

A series of recent work concerning evaluating performance of
the decode-and-forward (DF) relaying protocol with multi re-
lays have been published (see, e.g., [31-{141). Specifically, in
{3], [4], the performance of conventional DF relaying (CDFR)
networks equipped with selection combining (SC) at the desti-
nation terminal in terms of outage probability and bit error prob-
ability (BEP) were provided when the statistics of the channels
between the source, relays, and destination are assumed to be in-
dependent and identically distributed (i.i.d.) and independent but
not identically distributed (i.n.d.). In [5]-{7], the outage proba-
bility and BEP of CDFR with maximal ratio combining (MRC)
at the destination over dissimilar Rayleigh fading channels were
examined. In [8]-[12], a class of multi-hop cooperative scheme
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employing DF relaying, called multi-hop DF relaying (MDFR)
schemes, with MRC was proposed, and various performance
metrics were also provided.

However, to the best of the authors” knowledge, there is no
publication concerning the exact performance of MDFR with
selection combining in both independent identically distributed
and independent but not identically distributed Rayleigh fading
channels.

In this paper, we derive exact closed-form expressions for out-
age probability and BEP of MDFR networks equipped with se-
lection combining at each terminal. The concept of multi-hop
cooperative diversity is applied to allow relay terminals to ex-
ploit all information they overhear from their previous terminals
along the route to the destination to increase the chance of co-
operation. At each relay terminal, receiving several replicas of
the same signal from its predecessor terminals requires some
kind of combining techniques in order to obtain a single repre-
sentation of the desired symbol. To that effect, the receiver at
gach relay terminal can employ a variety of diversity combin-
ing techniques: SC, equal-gain combining (EGC), and MRC.
Among them, SC gives the most inferior performance, MRC
gives the best and the optimum performance, and EGC has a
performance quality in between the others. SC and MRC are
the two extremes of complexity quality tradeoff. Although op-
timum performance is highly desirable, practical systems often
sacrifice some performance in order to reduce their complexity,
i.e., instead of using MRC which requires exact knowledge of
the channel state information, a system may use selection com-
bining which is the simplest combining method. It only selects
the best signal out of all replicas for further processing and ne-
glects all the remaining ones. The benefit of using SC as op-
posed to MRC is reduced hardware complexity at each node in
the network. In addition, it also reduces the computational costs
and may even lead to a better performance than MRC, because
channels with very low signal-to-noise ratio (SNR) can not ac-
curately estimated and contribute much noise in reality.

The major contributions of this paper are as follows. We de-
rive the exact closed-form expressions of two most important
performance metrics, i.e., outage probability and BEP for M-
ary phase-shift keying (MPSK) of MDFR schemes. In addition,
the comparison between the performance of MDFR and that of
CDFR [3], [4] is performed and it confirms that the proposed
protocol outperforms CDFR in all range of operating SNRs.

The rest of this paper is organized as follows. In Section II, we
introduce the model under study and describe the proposed pro-
tocol. Section III shows the formulas allowing for evaluation of
outage probability and BEP of MDFR systems. In Section 1V,
we contrast the simulations and the results yielded by theory.
Finally, the paper is closed in Section V.
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Fig. 1. A MDFR system with 3 relays {K = 3).

II. SYSTEM MODEL

We consider a wireless relay network consisting of one
source, K relays, and one destination operating over slow, flat,
Rayleigh fading channels as illustrated in Fig. 1. Tt is assumed
that each node is equipped with a single antenna. The source
terminal (1) communicates with the destination (T'x 1) via K
relay nodes denoted as 7y,--- , Ty, -+ ,Tx. Due to Rayleigh
fading, the channel powers, denoted by ar, 7, = |hr, 1,
are independent and exponential random variables where hr, T,
is the fading coefficient from node T; to node T; with ¢ =
0., K,j=1,--- ,K+1andi < j. We define A1, 7, as the
expected value of ar, ;. The average transmit powers for the
source and the relays are denoted by Pr, withi = 0,--- | K,
respectively. We further define vr, 7, = Pr,ar, 7; as the in-
stantaneous SNR per bit for the link 7; — T} with 7, 1, =
E(yr,1;) = Pr, AT, 15

For medium access, a time-division channel allocation
scheme with K + 1 time slots is used in order to realize orthogo-
nal channelization, thus no inter-relay interference is considered
in the signal model. To simplify the analytical approach, we as-
sume perfect synchronization among nodes in the network.

Different from CDFR schemes [3], each relay node in MDFR
schemes receives the signals transmitted by all its preceding ter-
minals and then combines them by using selection combining.
According to the selective DF relaying protocol [1], the relay
node decides to cooperate or not with the source in its own time
slot, based on the quality of its received signals. Since SC tech-
nique is used, the relay will choose the maximum instantaneous
received SNR at the output of the selection combiner to demodu-
late and then check whether the received data are right or wrong.
If they are right, that relay will cooperate with the source in its
transmission time slot, otherwise, it will keep silent. It should be
noted that neither relay selection technique nor feedback signals
are used in CDFR or MDFR schemes, e.g., the relays as well as
the destination need to receive all the signals transmitted from
its decoding set as well as the source before choosing the best
signal among them for decoding.

For the purpose of analysis, we define a decoding set D(T})
fornode Ty, £ = 1,2,--- , K + 1, whose members are its pre-
ceding relays which are able to decode correctly. It is obvious
that D(T ) is a subset of C(T%) = {Th, - , Tx—1}-

We assume that the receivers at the destination and relays

have perfect channel state information but no transmitter chan-
nel state information is available at the source and relays.

III. PERFORMANCE ANALYSIS

To evaluate the outage probability and BEP of MDFR
schemes, we shall need the conditional probability density func-
tion (PDF) of the instantaneous SNR of the selection combiner
at each node conditioned on the decoding set of the destination,
D(Tk41).

Consider node T%, with selection combining, the signal pro-
viding largest SNR is always selected from the signals sent from
its decoding set D(T}%) as well as from the source (Tp). Let us
define {~;}**, as the instantaneous SNR per bit of each path re-
ceived by the node T}, from the set D*(T}%) with their expected
values {#;}7*,, respectively, where D*(T}) = D(1%) U {To}
and ny, is the cardinality of the set D*(T%). i.e., ng = |D*(T})|.

Under the assumption that all links are subject to independent
fading, the conditional cumulative distribution function (CDF)

of By = max Prar, 1, = max < can be determined
TieD*(Tx) i==1, 1

by [15]
FB&(’Y) :Prh/l <Ay Y <Yyt Vng <’Y] \

Nk
— H (1 _ e—’}’/:Yi)
=1

where 7, = E(v;). Hence, the conditional PDF of By, is given
by differentiating (1) with respect to «y [15].

H

0 iy 1 4 LN o
Ja.(v) = B;Fﬂk<7> = ;;};6 Vi };[1 (1 - € ‘YJ‘)
J#i
Nng n
:Z (_l)i_l Z wie_‘*’” 2)
=1

my, -, mi=1
Ty <o <My

i a1
where w; = Y, Ymi
It is noted that the conditional PDF of j}, is expressed under
a mathematically tractable form, which offers a convenient way

to derive system performance metrics such as outage probability
and BEP.

A. Outage Probability

We note that the system is in outage when the end-
to-end mutual information defined as Ixi11 = log,(1 +
MAXT, ¢ P (T 41) VT Tre 1)/ (K + 1) falls below the pre-
specified transmission rate R [bps/Hz] where D*(Tk 1) =
D(Tk41) U {Tp}. The term 1/(K + 1) is included to reflect
that the data transmission takes place in K 4 1 time slots.
Mathematically speaking, applying the theorem of total prob-
ability, the outage probability of the MDFR can be derived as
a weighted sum of the outage probability at the destination,
Pr[Ig+1 < R|D(Tk41)], corresponding to each set of decod-
ing relay D(T'k+1). Thus, the system outage probability can be
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written as
P, =Pr[lg41 < R]

=Y Pr[D(Tk+1)]PrlIx 41 < RID(Tk41)]
D(TK+1)EQC(TK+1)

©)

where 2€(Tk+1) denotes the power set of C(Tk 1) that is the
set of all subsets of C'(T'x +1) and Pr [D(Tk 1)) is the decoding
set probability.

The mutual information between the source and node 7}, can
be expressed as I, = 1/(K+1) log,(1+8x). Hence, from (2), it
is straightforward to obtain the conditional probability that relay
node T}, is involved in the cooperative transmission as

Pr[Ty € D(Tk41)|D* (k)]

= / Fo(Mdy = | (-1t

“Yth =1

= Pr[fk Z RID*(T]C)]

N

>

My, M=l
my<---<rmy,

e—wﬂeh

1C))

where 7y, = 2(K+DR _ 1

By using the relation of joint probability of mass function
(PMF) and sequence of conditional PMF [16], the decoding set
probability can be written as follows

Pr[D(Tk+1)] = [IPr (T, € D(Tk11)|D*(T)]

Tp€D(Tk41)

[[ (Pl ¢ D@urn)D"(3)
T €C(Tr A ND(Tr 1)

= HPr [Ty € D(Tk+1)|D™(T3)]
Tpo€D(Tk+1)

II @-Pr(T, € D(Tk+1)ID*(T)))
Te€C(Tr+1)\D(TK +1)

&)

The closed-form expression for the conditional outage proba-
bility for SC at the destination can be obtained as

Yeh
Pr {IK+1 < R'D(TK+1)] 2/0 fﬁK+1 (7>d’7

K41 ) NK+1
=Y DT Y (1—emmy |l (6)
i=1 my, - ,mi=1

My <<y

Substituting (5)~(6) into (3), we can obtain the exact closed-
form expression for the outage probability of the system.
B. Bit Error Probability

Similar to outage probability, the end-to-end BEP for A/-PSK
of MDFR schemes can be written as

> (Tk+1)] Bp [D(Tk41)]

D(Tx41)€2CTx+1)

j Pr[D 9

where Bp [D(T’k.+1)] denotes the BEP for SC at the destination
relative to the decoding set D(Tk 41).

In real scenarios, the decoding set is determined after receiv-
ing one frame from the source by employing cyclic-redundancy-
check (CRC). However, for mathematical tractability of BEP
calculation [4], [5], [14], we assumed that the decoding set can
be determined on symbol-by-symbol basic. Therefore, the aver-
age conditional probability that relay T}, belongs to the decoding
set of the destination is obtained as follows

PI‘[Tk [ D(TK+1)|D*(T]‘;)] =] - STk (8)
where Sy, denotes the average symbol error probability (SEP)
of M-PSK modulated symbols transmitted from the decoding
set D(T},).

For the case of coherently detected M-PSK, to evaluate St,,
the moment-generating function (MGF)-based approach is used
[17], namely

| [M-Dm/M
STk = "/ Mﬂk (
™ Jo

where gupsk = sin®(7/M) and Mg, (s) is defined as follows
[17]

gMPSK) 40 ©)

sin%6

Mp, (s) = / fo. (1)
1}

,Z (-1)*! Zk [(1-slog2(M)w;l)‘1] (10)

My,
ey <My

Having the MGF of the selection combiner output allows one
to immediately evaluate S, . Specifically, substituting (10) into
(9) and after some manipulations [17, (5.79)] gives us the final
desired result as (11) shown at the top of the next page. Next, by
replacing (11) on (8) and then again employing the relation of
joint probability of mass function and sequence of conditional
PME, we are able to show that the decoding set probability,
Pr[D(Tk +1], has the same form of that in (5).

The average conditional BEP at the destination corresponding
to each decoding set D(Tx.11) can be obtained by proceeding
analogous to [18].

M

B m m
[D(Tk+1)] = Togy M 216 Pr{f € On} (12)
where ©,,, = [07*,07}] = [(2m — 3)n/M, (2m — 1)x/M] for
m=1,---, M and e,, is the number of bit errors in the decision

region @m. Without loss of generality, it is assumed that the
phase angle of the transmitted signal ¢ = 0, the probability
Pr{# € ©,,} is

Pr{f € On,} = f f fo(016 s V) forcy: (Y)dydd

_Z ( 1) i—1 gl i;ﬁ{ifg(ekb 7):| dvde (13)

—Wwyy
my, - m=1 wie
m1<--<m;

NK+1 . NK+1
DI [COVia DD
=1 ml,w,mi:l
my < <My

1(07, 075w )
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Nk . ng 1 pM=-)m/M
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sin%0 + gmpskw; ~ Hogo M

gmpskw; ~Hoge M

& M-1\[, M )
m z;n 1 M Vit gmpskw;Hoga M \ (M — L)

_1
T = gmpskw; ~Hoga M T >H] }
+ | = + tan cot —
[2 <\/1 T gupskw;~HogaM M

(1D

where fy(6|¢,7) is defined by [18, (9b)]. Furthermore, using
the analysis in [18], I(77, 67*;w; ") can be derived as follows

m agm — o — 07
I( U-Vp Wi 1) :‘U%r L
m an_l(o/['})
1 wU (% + : fis
+ 5 _m l tan‘l( m) (14)
o (3 + =)
with
uip = 1/ logy(M)w ™ sin(67) (15a)
pr = y/logy(M)w; "~ sin(87") (15b)
Vom0 coslty) s
r = C
’ W) +1
log, (M)w; * cos(67") a5d)
(e’ =
" WP +1
m [
Uy = —e——— (15¢)
WP+ 1
m A
Y = ———— (151)
TREE

Finally, inserting (5) and (12) into (7), we can obtain the exact
closed-form expression for BEP of the MDFR system.

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we provide some simulation results of the
proposed protocol and verify these results with our derived
formulas. We consider a linear network consisting of multiple
nodes as shown in Fig. 2 where the relays are located across
the straight line connecting the source and the destination. This
scheme is investigated due to its applicable characteristics to
multihop ad-hoc networks with minimal impact to existing se-
rial relaying networks where the broadcast nature of wireless
channels is fully exploited [11]. Furthermore, beside coopera-
tive gain offered by cooperative transmission, the network topol-
ogy benefits from path loss reduction since the communication
is achieved by relaying the information from the source to the
destination via intermediate nodes in between.

The average channel power due to transmission between node
T’ and node T is modeled as A7, 1, = Hod;ﬁTj where dr, T,

T, (S) T, T (D)
7 O O
K1

Normalized distance (= 1)

(@)

Time slot 3

Time slot 4

Time slot 1
Time slot 2

Fig. 2. (a) A linear network with K relays, (b) CDFR network, and (c)
MDFR network.

is the distance trom node T} to node 1}, ) is the path loss expo-
nent and kg captures the effects due to antenna gain, shadowing,
etc [19]. However, for a fair of comparison to direct transmis-
sion, the overall distance of all hops is normalized to be one,
ie., Zf:o dr, 1.,, = 1, and the uniform power allocation is
employed in order to keep the total power constraint. Without
loss of generality, we assume xo = 1, n = 3 and the source,
relays, and destination are equidistant from each other, i.e.,
dp,r, = (G —4)/(K+ 1) withi =0, ,K,j=1,--- | K+1
and ¢ < j for all results except those in Figs. 8 and 9.

We first investigate the participation probabilities of each re-
lay for CDFR and MDFR schemes with 3 relays in Figs. 3 and 4,
defined as the average probability that relay involves in the co-
operative transmission. Mathematically, the participation proba-
bility of node k, Pr[Ty € D(Tk41)], denotes probability that its
total instantaneous received SNR is greater than the SNR thresh-
old, s (or Ty, correctly decodes the symbol transmitted by the
source), namely



620

1 ;
1 1 9
4
0.991 0.9 - o AFRPD
T, ~ CDFR-analysis &
/'*/ /A/ & 7. - CDFR-simulation 0.8¢0 AT s vyl
0.98} ; s t
N N 7,- MDFR-analysis
¥ ’ ; ; 07F ol BB
,‘l , % T,- MDFR-simulation .

Participation probability
o
@
~
T

JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL.. 12, NO. 6, DECEMBER 2010

T, - CDFR-analysis
& T,~ CDFR-simulation
Ty - MDFR-analysis
T = MDFR-simulation

o
)

Participation probability
<

© T~MDFR-SC

A = Ty~ CDFR-analysis
095 I’ v Ty~ CDFR-simulation 048 g ® Ty ~MDFR-MRC
/ 1| == Ty MDFR-analysis ~%g— T,~CDFR
AI ; ¥ T3- MDFR-simulation 0.3 J - A= T,-MDFR-SC
h 1 L
0% 10 15 20 25 30 A T,-MDFR-MRC
Average SNR per bit [dB] 02 B Ta—-CDFR
. . . 04F oo - & — T3~MDFR-SC
Fig. 3. Participation probabilities for each relay in MDFR and CDFR ' . p- T.-MDFR-MRC
network in sense of outage probability (R = 1 bps/Hz). I : : - :
0 5 10 15 20 25 30
Average SNR per bit {dB]
Fig. 5. Effect of combining technique on participation probability in sense
o095 of outage probability (R = 1 bps/Hz).
o990l ‘
> > " 0
; B T, - CDFR-analysis 10 —
2 e
Z 0.9985 A/ K © Ty~ CDFR-simulation| |
§ ’ ,4 T, - MDFR-analysis
g £.998 # K x  Ty- MDFR-simulation | | 10'2 L
H ’ /—" - - - I~ CDFR-analysis
£ oo N i & 7,- CDFR-simulation ]
& ! N 4 = = = T,~ MDFR-analysis 107
oot} | ' 1~1 v Ty~ MDFR-gimulation| |
" 71 /2 R 73~ CDFR-analysis Z
X £
0.9965 ! ” j’ < Ty~ CDFR-simulation § 10
P PR Ty~ MDFR-analysis <] . e )
é ; Y 4 ; » 7, MDFR-simulation % e ] D?rect transm!ss!on-afwa!ysx?s :
£.996 L L L D s 8O Direct transmission-simuiation .
0 5 10 15 20 25 30 £ 10 _ . g
Average SNR per bit [dB] 8 K =2 CDFR analysis . >
* K =2 CDFR simulation h AN
0| == = K=2MDFRanalysis S \
Fig. 4. Participation probabilities for each relay in MDFR and CDFR 10°F 0 k=2MDFR simulation Y
network in sense of SEP(BPSK). [ e K = 4 CDFR analysis .,
" ¥V K =4 CDFR simulation N
107 == K = 4 MDFR analysis ‘,\ 1
A k=4 MDFR simulation .
« For CDFR [20] o — ——
I £ babili o] 5 10 15 20 25 30 35 40
- In sense o1 outage provability, Average SNR per bit [dB]
Pr[Ty € D(Tk+1)] = Pr(Iy > R) = exp (—_7;" . (16) Fig. 6. Outage probability for MDFR and CDFR (R = 1bps/Hz).
VYTo, Tk

— In sense of SEP,

PI‘[Tk S D(TK+1}} =1- ST;C-

17

In this case, the relays receive only the signal transmitted from
the source. Therefore, S, can be obtained by using (11) with

ng = 1 and wé"l = YTy, T -
+ For MDFR
— In sense of outage probability,

where Pr[D(T})] can be obtained by using the same approach
as for (5). Furthermore, employing (2) again yields

Prify > RIDT) = [ fan()dvy
Yih

=3 (1
g

19)

Mg
§ e"wﬁ’ch .

My, =1
mip<L - <m;

— In sense of SEP,

Pl‘{Tk S D(TK+1)] = PI‘[Ik > R] (18)
PI‘[Tk < D(TK+1)}
= > Pr[D(Ty)] Pr(ly > R|D(T})] = Y Pr[D(T)]Pr[T: € D(Tx.1)|D(Tx)] (20)
D(Ty )29 T D(T;,)e2°Tx)
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Fig. 8. Outage probability of MDFR schemes over i.i.d. and i.n.d. chan-
nels (R = 0.5 bps/Hz).

where Pr [Ty, € D(Tk 41)|D(Tx)] = 1 — St

As can be observed from these figures, in the medium SNR
regime, although both schemes (MDFR and CDFR) cannot
make the relays perfectly involve in the cooperative transmis-
sion, MDFR schemes significantly increase the participation
probability of relays as compared to CDFR schemes except for
the closest relay (7). Furthermore, it is interesting to note that
the farther the relays from the source are, the bigger participa-
tion probability gap between the curves of MDFR and CDFR
is and the less reliable the signals received by those relays are
forwarded to the destination. On the other hand, we can see
that at high SNR, the gap between the curves caused by MDFR
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Fig. 9. BEP of MDFR schemes over i.i.d. and i.n.d. channels (QPSK).
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Fig. 10. Effect of modulation levels on the average BEP of MDFR

schemes (K = 2).

and CDFR gets negligible. In summary, from Fig. 5 and other
numerical experiments not included here for brevity, we notice
that, as expected, the advantage of the proposed schemes is also
hold for other combining techniques, namely EGC and MRC.
Figs. 6 and 7 show the outage probability and the aver-
age BEP of the MDFR scheme with different number of co-
operative nodes. In addition, the performance of CDFR and
MDFR schemes are also compared and illustrated. For com-
parison, the performance of direct transmission is also plotted
as a reference. As can be clearly seen, at high SNR regime,
MDFR schemes always outperform direct transmission as well
as CDFR schemes and the improvement of the outage and er-
ror probability will be proportional to the number of relays in
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Fig. 11. Effect of combining technique on the outage probability of MDFR
schemes (R = 1 bps/Hz).
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Fig. 12. Effect of combining technique on the average BEP of MDFR
schemes (8-PSK).

high SNR regime. However, with low SNR regime, using more
relays could make the system performance worsen. For exam-
ple, at 10 dB, we can see that the best performance is obtained
with 2 relays not with 4 relays. It means that under constraint
of fixed transmit power; the optimal number of relays in MDFR
significantly depends on the operating SNRs. Furthermore, as
illustrated in Figs. 6 and 7, the advantage of MDFR over CDFR
is linearly increasing according number of relays.

In Figs. 8 and 9, the performance of MDFR schemes in both
iid. and i.n.d. channels were examined. The results are based
on the assumption that Ar, 7, is set to be 1 and to be uniformly
distributed between 0 and 1 for the i.i.d. and i.n.d. case, respec-

tively. It can be seen that our analytical results and the simula-
tion results are in excellent agreement. At high SNR regime, the
curves obtained for i.n.d. cases have the same form with those
for i.i.d. cases and seem to be shifted from those for i.i.d. case
to the right, indicating that MDFR schemes can achieve same
diversity gain under both i.i.d. and i.n.d. channels. Furthermore,
under the same conditions, the gap between two curves of i.i.d.
and i.n.d. case tends to linearly increase according number of
relays. This is also consistent with the results reported in Figs. 6
and 7 where the similar observation can be achieved.

In Fig. 10, we study the average BEP performance for differ-
ent levels of M-PSK. We can see that as gray coding is used for
bit-symbol mapping, average BER of BPSK is same with that
of QPSK. In addition, as expected, analytical curves match very
well with the ones obtained from Monte Carlo simulations.

Figs. 11 and 12 show the effect of combining technique, i.e.,
SC and MRC, on the outage and BEP of MDFR cooperative
networks. It is observed from these figures that the system with
MRC outperforms that with SC, as expected; however, their out-
age probability and BEP curves have the same slope. Further-
more, the performance loss between SC and MRC systems tends
to increase to be proportional to the number of relays. For ex-
ample, in Fig. 12, the performance loss for the cases K = 1,2,3
are 1, 2, and 3 dB, respectively. We can conclude that the per-
formance loss due to using a less complex combiner is not sub-
stantial.

V. CONCLUSION

We have presented the exact closed-form expressions for the
outage and BEP of MDFR over Rayleigh fading channels. Its
validity was demonstrated by a variety of Monte-Carlo simu-
lations. The expression is general and offers a convenient way
to evaluate MDFR system which exploits SC technique with
any network topologies. In addition, the results were shown that
employing the MDFR significantly enhances the system perfor-
mance compared to that of CDFR.
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