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Abstract—Successive relaying has recently emerged as an effec-
tive technique for cooperative networks and provides significant
improvements in bandwidth efficiency over traditional relaying
techniques; however, to achieve full-diversity, the available suc-
cessive relaying protocols generally assume noise-free source-
relay and interference-free inter-relay channels. In this paper,
a novel successive relaying protocol is proposed for IV-relay
wireless networks by removing these optimistic assumptions. The
proposed protocol benefits from distributed space-time block
codes (STBCs) with coordinate interleaving and relay selection.
It achieves a diversity order of two and high transmission rate
under realistic network conditions with single-symbol maximum
likelihood (ML) detection. A general INV-relay signaling protocol
is presented, and specific design examples are given for NV = 2,
3 and 4-relay cooperative networks. The average symbol error
probability (ASEP) is analytically derived and shown to match
with computer simulation results. It is also shown via computer
simulations that the proposed scheme achieves significantly better
error performance and is more robust to channel estimation
errors than its counterparts given in the literature under realistic
network conditions.

Index Terms—Cooperative communications, coordinate inter-
leaved orthogonal design (CIOD), successive relaying.

I. INTRODUCTION

OOPERATIVE communications, which is capable of

creating a virtual multi-antenna system for the mobile
terminals of a relaying network equipped with single antennas,
has appeared as a promising strategy in the past decade
[1]1, [2], [3]. Generally, distributed space-time block codes
(STBCs) can be used effectively for relaying networks to
benefit from the diversity gains provided by this virtual multi-
antenna system [2], [4]. One of the most challenging problems
in the design of distributed STBCs arises from the half-duplex
constraint that limits the wireless nodes’ ability to transmit
and receive simultaneously [S]. Therefore, in such a system,
two transmission phases (a broadcast phase and a cooperation
phase) are required to transfer the data from the source node
to the destination node. Consequently, transmission rates of
distributed STBCs cannot reach those of STBCs operating on
conventional multiple-input multiple-output (MIMO) systems.
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Two-path successive relaying has been recently proposed
as an effective cooperative transmission strategy since it
provides significant bandwidth efficiency improvement over
the classical relaying methods [6], [7]. In two-path successive
relaying, the loss in the transmission rate of traditional relay-
ing protocols is recovered by continuous data transmission
from the source node while the relay nodes transmit and
listen alternately. Consequently, only L + 1 time intervals
are required for the transmission of L information symbols,
i.e., essentially full rate is achieved for larger values of L.
A major drawback of the earlier protocols for successive
relaying is the loss of full-diversity, which is sacrificed for high
bandwidth efficiency. In order to achieve full-diversity while
preserving high transmission rates, distributed STBCs with
the decode-and-forward (DF) protocol have been considered
for two-path relaying networks. In [8], an effective distributed
STBC, which provides high-rate and full-diversity, has been
proposed for two-path relaying. In this scheme, L information
symbols are transfered from the source node to the destination
node in L + 2 transmission intervals via two relays which
listen (to the source node) or transmit (to the destination
node) alternately. However, this code does not yield single
symbol maximum likelihood (ML) detection, which makes its
implementation complicated and costly. Recently, a distributed
STBC based on the coordinate interleaved orthogonal design
(CIOD), has been proposed for two-path relaying [9]. CIODs
are special STBCs which provide single-symbol ML detection,
full-diversity and full-rate for 3 and 4 transmit antennas in
addition to 2 transmit antennas in contrast to the classical
STBCs [10]. In [9], the CIOD for two transmit antennas is
transmitted in a distributed fashion with successive relaying,
and, consequently, full-rate and full-diversity is achieved with
single-symbol ML detection. More recently, the concept of
[8] has been extended to the three-relay case, and a new
successive relaying protocol has been proposed for relaying
networks [11]. In this protocol, L 4 3 transmission intervals
are employed to relay the symbols to the destination, and a
diversity order of three is achieved with a proper design of the
corresponding distributed STBC at the expense of sacrificing
single-symbol ML detection.

The aforementioned schemes proposed in [8], [9] and [11]
provide effective solutions for successive-relaying networks;
however, their operations are based on the following two
assumptions:

Al- The relays can correctly decode the symbols received
from the source node, i.e., the channels between the
source node and the relay nodes are noise-free.

A2- The inter-relay channels are very strong so that
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the interference between relays can be successfully
eliminated, i.e., the channels between relays are
interference-free.

However, these two assumptions are over-optimistic and
cannot hold for practical wireless networks since the channels
between the source and relays are subject to fading and noise,
and the channels between relays cannot be interference-free
due to fading. In [8], a selective relaying protocol has been
implemented to relax Al where the instantaneous signal-to-
noise ratio (SNR) levels of the received signals at the relay
nodes are measured and compared with a threshold SNR value.
Then the relay nodes whose instantaneous SNR values are
higher than this threshold value take part in the cooperation.
Furthermore, it has been assumed that these cooperating relays
always make correct decisions. It has been shown that the
schemes of [8] and [11] can achieve full-diversity under
selection relaying and A2. An adaptive relaying scheme has
been also proposed in [8] to further relax A2; however,
relatively strong inter-relay channels are still assumed in this
scheme. Furthermore, the schemes of [8] and [11] also assume
that the source-relay channels are much stronger than the
channels between the relays and destination, i.e., the relay
nodes are much closer to the source node than to the destina-
tion node. The inter-relay interference (IRI) problem has been
also investigated in the literature for amplify-and-forward (AF)
two-path successive relaying networks [6] and some solutions
have been proposed in [12] and [13]. However, IRI is still one
of the major problems of DF successive relaying schemes.
Moreover, the theoretical error performance analysis of DF
successive relaying schemes is generally ignored due to the
complexity of the network and the signaling protocols, and
only approximate diversity order calculations and diversity-
multiplexing tradeoff analyses are given in [8] and [14].

In this paper, we propose a novel successive DF relaying
protocol for cooperative networks with N(N > 1) relays by
completely removing the assumptions mentioned above (Al
and A2). Unlike the previous work described in the literature,
the proposed protocol can achieve a diversity order of two in a
realistic network environment in which relays can erroneously
detect the received signals and interfere with each other, and
yet, it can transfer data from the source node to the destination
node via N relays in a reliable manner. The proposed protocol
benefits from distributed STBCs with coordinate interleaving
(CIODs) and allows single-symbol ML detection at all relay
nodes and the destination node. Furthermore, the proposed
scheme can transfer 2N — 2 information symbols over 2N — 1
time intervals; therefore its transmission rate approaches unity
for higher numbers of relays. In order to achieve full-diversity
at the destination of the proposed scheme, the relay nodes also
achieve diversity by exploiting relay selection and distributed
STBCs. Since the relay nodes achieve diversity, their decision
errors do not effect the diversity order at the destination
node; therefore, Al can be removed safely by the proposed
signaling protocol. On the other hand, the proposed signaling
protocol also allows the removal of A2, since the interfering
signals between relays have been reliably decoded (due to the
diversity) at the other listening relays at the previous time
slots; therefore, these interfering signals can be subtracted
from the presently received signals to obtain the desired
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signals. Specific design examples are given for networks with
N = 2, 3 and 4 relays. First, the average symbol error
probability (ASEP) of the proposed scheme is analytically
evaluated using M -ary quadrature amplitude modulation (M -
QAM) taking into account the erroneous decisions at relays
and their effect on the destination, i.e. the error propagation,
then an approximation of the ASEP is derived for a general
N-relay case. It is shown that our theoretical results match
very well with that of computer simulations. It is also shown
by computer simulations that the proposed scheme achieves
significantly better error performance and it is more robust to
the channel estimation errors than its counterparts given in the
literature under realistic network conditions.

The organization of the paper is as follows. In Section II,
we give the system model and introduce the general signaling
protocol of the proposed scheme. In Sections III and IV, design
examples for networks with 2, 3 and 4 relays are presented,
and their theoretical ASEP performance is evaluated. Section
V provides an approximation for the ASEP of the general
scheme with IV relays. The simulation results and the perfor-
mance comparisons are given in Section VI. Finally, Section
VII includes the main conclusions of the paper*.

II. SYSTEM MODEL AND THE PROPOSED PROTOCOL

In this section, we define our system model and present the
general successive relaying protocol for the considered N-
relay wireless network. In Fig. 1, a relay network consisting
of a source node S, N relay nodes (R;, Rs,..., Ry) and
a destination node D, is considered. Each node employs a
single antenna and operates in half-duplex mode. We assume
that there is not a direct link from S to D. hggr, and
hr,p,t = 1,..., N, represent the wireless channel fading
coefficient between S and R;, and R; and D, respectively,
while the fading channel coefficient between R; and R; is
represented by hpg,g,. All channels are assumed reciprocal
in which fading channel coefficients remain unchanged for
opposite directions of the same link. Previously, wireless
channels with different statistics between nodes are considered
in the literature; however, in this work, all wireless channels
are assumed to be identically distributed, namely the real and
imaginary parts of hsg,, hr,p and hr,r; follow the N (0, %)
distribution. Squared absolute values of the corresponding
fading channel coefficients are denoted by

2
hi = |hsg,|”, hij = |hr.r,|" s 9i = \hg,pl” ()

fori,5 =1,..., N. We assume that the hp,p’s are known at
D, while hgpg, is known at relay R; fort=1,..., N. We also
assume that the hp,g,’s are known at Rj;. The zero-mean
complex Gaussian noise samples at time slot ¢ are denoted

*Notation: For a complex variable s = s + js!, sf and s! denote the
real and imaginary parts of s, respectively, where j = v/—1, and (-)* denotes
complex conjugation.  ~ N (,uz, Jg) denotes the Gaussian distribution of
a real random variable (r.v.)  with mean p, and variance ag, while x ~
CN (0, a%) denotes the circularly symmetric complex Gaussian distribution
of = with variance o2. Q (-) denotes the tail probability of the standard
Gaussian distribution. The cumulative and probability density functions (c.d.f.
and p.d.f.) of the r.v.  are denoted by F (z) and fz (), respectively, while
its moment generating function (m.g.f.) is denoted by M, (s) = E {e5*},
where E {-} stands for expectation.
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Fig. 1. The relay network model.

by ng,(t) and np(t) at R; and D, respectively, and their
variances are assumed to be V.

The proposed scheme is based on CIOD transmission with
two transmit antennas (two relays, in our case) which can
be represented by either of the following 2 X 2 transmission
matrices [10]:

R .l

81"+ Jjsy 0

{ 0 sf +js{] @
R .l

Syt Js1 0

{ 0" st jsg] ©)

where the columns and the rows of (2) and (3) correspond to
time slots and transmit antennas, respectively. s; = s + js!
and sy = si + jsl are two complex information symbols
drawn from a rotated M-QAM constellation. Assume that a
square M-QAM constellation with signal points s = s + js!
where s%, s! € { +1,43,..., VM — 1} is rotated by
the amount of 6, the rotated signal constellation symbols
are denoted by sg = sel’ = s + js) whose real and
imaginary components sy and s} take M distinct values
from the set {s' cos# — s'sinf}, where § = 31.7° is the
optimal rotation angle for square M-QAM which maximizes
the coding gain [10]. Consequently, for a given sf (sé), s
(5§ can be determined uniquely. As an example, for 4-QAM,
the rotated symbols with distinct real and imaginary parts
are sp € {(—1.376 + j0.325), (—0.325 — j1.376), (0.325 +
§1.376), (1.376 — j0.325)}, and if s} = —1.376 is given for
this constellation, we know that sé = 0.325 and it is unique.
Constellation rotation is required for CIODs to achieve full-
diversity, while in our scheme it is also necessary to identify
symbols from their real or imaginary parts.

For every 2N — 1 time slots, a total of 2N — 2 rotated
information symbols (s1, Sa, ..., San_2) are transmitted from
S. Considering that hy > hgy > --- > hpy, those 2N — 2
symbols are transferred from S to D according to the sig-
naling protocol given in Table I, where 1, | and NA denote
transmitting mode, receiving mode and idle mode in which
there is neither transmission nor reception, respectively, and

R il
o =5 +78it1
1 T .

sf+jst_y

odd 7

even ¢

“

represents the coordinate interleaved (CI) symbols for ¢ =
1,2,...,2N — 2. Note that the constellation rotation enables
the symbols s; and s;41 (or s;—1) to be identified from ¢; for
odd 7 (or even 7).

As seen from Table I, for a given odd time slot ¢ =
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1,3,...,2N — 3, S transmits ¢; = si* + js{, to the relays,
while at even time slots t +1 = 2,4,...,2N — 2, Ry, which
has the strongest source-relay link, decodes s; and s;41 from
¢y first, since each symbol can be identified by its real or
imaginary part only thanks to the constellation rotation. Then,
cir1 = siq +js! is formed and forwarded to the other relays
and D by R;. Since ¢; and c;y; have been received by the
other relays at successive two time slots ¢ and ¢t + 1, the
distributed CIOD signaling is implemented for these relays
in the form of the CIOD transmission matrix given in (2).
Distributed CIOD signaling is also implemented at D in the
form of (3) since at odd time slot ¢ (¢ > 1), instead of receiving
anew CI symbol from S, one of the relays (R ;4 1)/2) forwards
ci_o = st 5 + jsl_| to D which is the reformed version of
the CI symbol ¢;—1 = st + js!_, transferred to D via
R, in the previous even time slot ¢ — 1. In other words,
at consecutive two time slots ¢ — 1 and ¢, D receives c¢;_1
and ¢;_o, which are formed by the symbol pair (s;—2, $t—1),
from Ry and R(;1)/2, respectively, while at consecutive two
time slots ¢ and t + 1, before taking part in relaying, each
relay receives ¢; and ¢, 1 from S and Rj, respectively. This
allows the implementation of distributed CIOD signaling (in
the forms of the transmission matrices given in (2) and (3) for
R, ..., Ry and D, respectively) at all nodes of the network
except R;. On the other hand, R; benefits from relay selection
since the channel between S and R; is the strongest in the
considered scenario. As seen from Table I, at odd time slots
t(t > 1), the transmitting relay node causes interference to
the other relays while listening to the new CI symbol from
S. However, this interference can be reliably eliminated since
the interfering CI symbol transmitted from this relay node has
been already decoded reliably at the other relays which benefit
from the diversity provided by CIOD detection. Therefore,
unlike the previous techniques described in the literature, our
scheme can achieve second order diversity while requiring
neither perfect detection at relays nor interference-free inter-
relay channels. The transmission rate of the proposed signaling
protocol is found to be R = (2N —2) /(2N — 1) complex
symbols per channel use (spcu), which approaches unity
with increasing IN; however, the complexity of the system
(signaling overhead, synchronization, etc.) linearly increases
in this case. Nevertheless, in real applications the number
of relays employed in a communication systems is limited
and the complexity of the systems due to the relays is not
substantial.

In order to benefit from relay selection, in the general case,
the relay having the strongest link to .S, forwards the reformed
version of CI symbol it received in the previous time slot, to
other relays and D at even time slots. At the third time slot,
the relay having the second strongest link to S supports the
strongest relay, while at the fifth time slot, the relay having
the third strongest link to S forwards its signal, and so on.

III. PROPOSED SUCCESSIVE RELAYING FOR TWO RELAYS

In this section, first, we apply the proposed successive
relaying scheme for a wireless network having two relays
(N =2), ie., for the case of two-path relaying, and then
we evaluate the ASEP of this scheme for a general M-QAM
scheme.
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TABLE I
PROPOSED SUCCESSIVE RELAYING PROTOCOL FOR IN RELAYS.
Time S R1 Rg R3 RN—I RN D
1 ct c1l cal | cal c1d cl NA
2 NA ) c2l | el cal col col
3 c3t c3,c1d cal | es,crd cs,c1d c3,c1d c1d
4 NA ca? NA | «al cad cal cad
5 cs T C5,C34 NA | c37 5,34 C5,C34 c3d
2N—5 | con5T | cans,can—7d | NA | NA CaN-5,Can—7 ) | Can—s,Can—7d | can—7l
2N—4 NA can—4T NA | NA CaN—4 caN—4 caN—4 4
2N—-3 | con37T | can3,can51 | NA | NA con—s5 T can-3,cans5d | cansl
2N =2 NA CoN—2 T NA NA NA CoN—2 i, CoN—2 \I,
IN—-1| NA NA NA | NA NA o3 a3l
s V® ®* sl B. Evaluation of ASEP
() ® (s) st +isi @ ©) ® We now evaluate the ASEP of the proposed scheme for
o +ﬁ Z i general M-QAM. Without loss of generality, we can analyze

t=1

®

&)

t=2 =3

Fig. 2. Three phase successive relaying with stronger .S — R1 channel—two
relays.

s{+ sy ®
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st *h

t=1

®)
® (s) st +sl

% Jss

®
®)
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® ©

(A
Sy U8

t=2

Fig. 3. Three phase successive relaying with stronger .S — R2 channel—two
relays.

A. Protocol

In the proposed protocol given in Figs. 2-3, within every
consecutive three time slots, two information symbols (s1, s2)
drawn from a rotated M-QAM constellation are transmitted
from S as follows: At the first time slot, S processes s; and
S2, and transmits the coordinate interleaved symbol 3{% + jsé
to Ry and Rs. If the S — R; channel is stronger than the
S — Ry channel, R; decodes sf’* and sg first, from which s;
and s, are obtained since each symbol can be identified from
its real or imaginary part only, which takes distinct values
after the constellation rotation. Then R; forms and transmits
the coordinate interleaved symbol si*+js! to Ry and D at the
second time slot. As seen from (2), distributed CIOD signaling
is achieved for R, after two time slots. At the third time slot,
after detecting sy and so, Ro transmits 51 +3 52 to D to create
a virtual multiple-input single-output (MISO) system using the
CIOD matrix given in (3) for D. As seen from Fig. 3, similar
procedures can be applied when the S—R» channel is stronger
than the S— R; channel. Note that a virtual MISO system is
created for both D and one of the relays, while the other relay
benefits from relay selection. Therefore, the overall diversity
order of the system becomes two since not only D, but also
R, and R, achieve a diversity order of two. On the other
hand, the transmission rate of the proposed scheme with two
relays is 2/3 spcu since only two information symbols are
transmitted in three time slots.

the error performance of the signaling protocol given in Fig.
2 where the S—R; channel is stronger than the S—R5 channel
since the ASEP is the same for both cases. At the destination,
the ASEP of the scheme given in Fig. 2 can be expressed as

_%ZSZ{PD(S—%@

for s # § where Pp (s — §) stands for the pairwise error
probability (PEP) at the destination associated with detection
of symbol § given that symbol s is transmitted.

The destination PEP Pp, (s — §) can be expressed as the
sum of four probabilities related to the error events at the
relays as Pp (s = §) = P1 + P» + P3 + Py with

Py=Pg, (s) P, (s | RY) Pp (s = 8 | Ry, R3),

®)

P,= ZPR s) Pg, (s = 5| R{) Pp (s — 3 | R{, R3),
5,5#s

Py3=Y " Pj, (s — 8) P, (s | R) P (s — § | R, R5),
§,5%#s

Py=>" " Pf (s—3) P, (s—5 | RS) Pp(s—4 | RS, RS)
§5,5#85,5%#s
where Pp (s) is the probability of correct detection of s at Ry,
P, (s | RY) is the correct detection probability of s at Ry con-
ditioned on correct detection at Ry, Pp (s — § | RS, RS) is the
PEP at the destination conditioned on the correct detection of s
at both relays, Pg, (s — 5| Rf) is the PEP at Ry conditioned
on the correct detection of s at Ry, Pp (s — § | RS, RS) is the
PEP at the destination conditioned on correct detection of s at
Ry and erroneous detection of s to 5 at Ry, P (s — §)isthe
PEP at Ry, Py, (s | R{) is the probability of correct detection
of s at Ry conditioned on the erroneous detection of s to
5 at Ry, Pp(s— §| R, RS) is the PEP at the destination
conditioned on correct detection of s at Ry and erroneous
detection of s to § at Ry, Pp, (s — 5 | R{) is the PEP at Ry
conditioned on the erroneous detection of s to § at R, and
Pp (s — § | RS, RS) is the PEP at the destination conditioned
on the erroneous detection of s at both relays. Our analysis
shows that the ASEP at D is dominated by the case where
5§ = § = 3§, i.e., for the case where successive identical
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erroneous detections occur in the relaying scheme. Therefore
we obtain the following approximations:

Py 2 P§ (s)Pg, (s — §|Rf)Pp(s— 8| R}, RS),
Py =Pp, (s — 38) Pg, (s |R{) Pp (s = § | R{, R3),
Py=P§ (s—8)Pf (s — §|Rf) Pp(s— 8| R, RS).

We also observe that the ASEP at D is mainly dominated by
P, P and Py, and the effect of P3 can be ignored. This can
be explained by the fact that Pf, (s | Rf) < Pg, (s — 5 | R{)
while Pp (s — § | Rf,RS) ~ Pp (s — §| R, RS). As it is
shown in the sequel, independent of the SNR, the probability
of symbol error increases dramatically at R when 21 makes a
decision error. Therefore, the probability Pf; (s | R{) can be
neglected when compared to P, (s — 8 | R{), and we can
assume P3 < P4. Thus the ASEP can be basically rewritten
as the sum of the three terms as

Pp (s — §) = P, (s) Pf, (s | BS) Pp (s — & | RS, R5)
+ Py, (s) Pg, (s = 5| R{) Pp (s — 5 | R, R3)
+Pg (s —38)Pg, (s —=5|R{)Pp(s—5|R{,R3). (6)
In order to obtain the ASEP, we have calculated (6) for
s = s1. The derivation of each term in (6) is quite lengthy.
The details of the derivations are provided in Appendices A, B

and C for the terms related to Ry (P§, (s),Pg, (s — §)), Ra
(Pg, (s | RS), P, (s — 8| RY),Pg (s— 5|Rf)) and D

(Pp (s =3[Ry, R), Pp (s =3[Ry, Ry) , Pp (s = 3| Ry, R5)),

respectively. In Appendix D, the diversity gain analysis for
(6) is performed.

IV. THE PROPOSED PROTOCOL FOR THREE AND FOUR
RELAYS

In this section, we investigate the implementation and the
performance analysis of the proposed protocol for a wireless
network with three and four relays.

A. Proposed Protocol for Three Relays

For a wireless network consisting of a source node (.5),
a destination node (D) and three relay nodes (Ri, Rz, R3),
during every five time slots, four information symbols
(81,82, $3,84) are transmitted from S. Assuming that h; >
ho > hs, these symbols are transferred from S to D according
to the signaling protocol given in Table II. As seen from
Table II, R, interferes with R, and Rj3 at the third time slot,
however, this interference can be eliminated in a reliable way
since both R; and Rz obtain s; and s after the first two time
slots with diversity (R; benefits from relay selection and Ro
can be considered as the receiver of a MISO system employing
CIOD for two transmit antennas). For this case, the average
destination SEP can be evaluated as

where ASEP(s;) = 7>, >, Pp(si—38),i = 1,3,
since symbol pairs (s1,s2) and (ss3,ss) experience chan-

nels with different statistics. Pp (s;1 — §1) can be calculated
by (6), while by neglecting the effect of the interference,

Pp

1435

TABLE 1I
PROPOSED SUCCESSIVE RELAYING PROTOCOL FOR THREE RELAYS
Time S R1 R2 R3 D
1 alt| al |all| al NA
NA co T co | ca c2
st |es,aad |at|es,al|al
NA | T | NA | ¢l |cal
NA NA NA C3 T C3 \I,

[SAI TSN OL) B )

TABLE III

PROPOSED SUCCESSIVE RELAYING PROTOCOL FOR FOUR RELAYS
Time | S Ry Ry Rs Ry D

1 al| al |[al] al cal | NA
NA 2t |l | el c2d | e2d
catle,al|at|aoal|lgallal
NA cat | NA ca cad |ead
st | ese3d | NA st | ese3d | e
NA Cg T NA NA Cg \L Cg \L
NA NA NA NA st | el

| O O =W N

Pp (s3 — §3) can be calculated similarly from

Pp (s3 — 83)=Pp, (s3) Pg, (s3 | R{) Pp (s3 — 83 | R{, Rg)
+ PR, (s3) Pg, (s3 = 83 | RY) Pp (s3 — 33 | R{, 1)
+P1631 (83 — §3) PEB (83 — §3 |RT) PD (83 — §3 |RT,R§)

®

In order to obtain the ASEP for the three-relay case, consid-
ering the order statistics, the derivations for the terms in (7)
are given in Appendix E.

B. Proposed Protocol for Four Relays

For a wireless network consisting of a source node (S), a
destination node (D) and four relay nodes (R, R, Rs3, R4),
during every five time slots, six information symbols
(s1,82,...,86) are transmitted from S according to the pro-
posed protocol. Assuming that hy > ho > hg > hy,
these symbols are transferred from S to D according to the
signaling protocol given in Table III. For this case, the average
destination SEP can be evaluated as
= 3 ®)
where ASEP(s;),i = 1,3,5 are defined in (7). Here,
by neglecting the effect of interference between relays,
Pp (s1 — $1) and Pp (s3 — §3) can be calculated from (6)
and (8), respectively, while Pp (s5 — $5) can be calculated
from

Pp (s5 — 85)=Pg, (s5) Pr, (ss | RY) Pp (s5 — 85 | R{, RY)
+ PR, (s5) Pg, (s5 = 85 | RY) Pp (s5s — 85 | Ry, RY)

+ P, (s5 — 85) Pg, (s5 — 85 | RY) Pp (s5 — 35 | R, RY).
(10)

Pp

Considering the new order statistics, corresponding new prob-
ability values can be obtained in closed form similar to the
three-relay case derivations given in Appendix E.
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V. APPROXIMATE ASEP OF THE PROPOSED SCHEME WITH
N RELAYS

In this section, by generalizing the concepts developed for
N = 2,3 and 4 so far, we provide an approximate ASEP
expression for the N-relay scheme.

For N relays, by neglecting the effects of the interference
between relay nodes, the average destination SEP can be
evaluated as

Yo" ASEP (s5i 1)
N_1 (11

where ASEP (s;) is as defined in (7). Considering the case
where hy > ho > > hy, we obtain ASEP(s1) <
ASEP (s3) < --+ < ASEP (san_3), since s; is transfered to
D via Ry and R(;13)/2 for 1 = 1,3,...,2N — 3. In other
words, the probability of error will be lower for the symbols
transfered to D via relays with stronger source-relay channels.
Therefore, for simplicity, we can approximate (11) by

- ASEP (51) + ASEP (S(QN_3))
- 2

which considers the ASEP of the strongest symbol (s1) and
the weakest symbol (s(sn_3)) only, and takes the average of
these two probabilities. The calculations for the terms of (12)
are provided in Appendix F.

Pp =

D (12)

VI. NUMERICAL RESULTS

In this section, we present our theoretical as well as Monte
Carlo simulation results for the proposed successive relaying
systems with two, three and four relays and make comparisons
with the reference systems given in the literature, under the
quasi-static uncorrelated Rayleigh fading channel assumption.
The bit error rate (BER) and the symbol error rate (SER)
performance of these systems was evaluated by Monte Carlo
simulations as a function of the average SNR per bit (E}/No).
Unless specified otherwise, we consider unconstrained chan-
nels where the wireless channels between S and the relay
nodes, the relay nodes and D, and inter-relays are indepen-
dent and identically distributed with circularly symmetrical
and zero-mean unit variance complex Gaussian distributions.
For comparison purposes, we also consider strong inter-relay
channels with variances 0% > 1.

A. Theoretical Results

In Fig. 4, the theoretical ASEP curves and the computer
simulation results are shown for the proposed successive
relaying scheme with two relays using 4-, 16- and 64-QAM
modulations. As seen from Fig. 4, the theoretical and the
computer simulation results become very close to each other
with increasing SNR, and therefore support our in-depth
analyses of Section IIL.B.

In Fig. 5(a), we provide the theoretical ASEP curve of the
proposed signaling protocol for three relays which is obtained
from (7) by averaging the ASEP of the symbols s; and s3
and compare this curve with the one obtained through Monte
Carlo simulations. As seen from this figure, unlike the two-
relay case, there is an approximately 0.6 dB gap in terms
of the SNR required for a target SER value between the
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Fig. 4. Theoretical performance curves for the new scheme with two relays.
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Fig. 5. Theoretical performance curves for the new scheme with (a) three and
(b) four relays.

theoretical and computer simulation curves in favor of the
former since our theoretical analyses do not consider the effect
of the interference between relays for this case. Nevertheless,
we conclude from Fig. 5(a) that the proposed scheme is quite
robust to the negative effects of the interference between the
relays since its error performance is worsened only by 0.6 dB
compared to the interference-free case.

We extend our analysis to the four-relay case in Fig. 5(b).
The theoretical ASEP of the proposed scheme with four
relays is obtained from (9) which takes the average of the
ASEP of the symbols s;, s3 and s5. In order to check its
accuracy, we also show the approximate ASEP curve of the
proposed scheme for N relays obtained from (12) by taking
N = 4 which approximates the SER by averaging the ASEP
of s; (the strongest symbol) and s5 (the weakest symbol)
only. We observe from Fig. 5(b) that the difference in SNR
between the theoretical curve and computer simulation result
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is larger (appr. 1.2 dB) than that of the three-relay case
since the proposed protocol for four relays suffers from more
interference due to the increased signaling traffic between S
and D; however, it may be still considered robust against
interference. On the other hand, we also observe from Fig.
5(b) that the approximation of the ASEP obtained from (12)
is quite reasonable and can be used as an effective tool to
predict the error performance of the proposed scheme in the
general N-relay case.

B. Comparisons with Reference Schemes

In Fig. 6, we consider a two-relay network and provide
the BER performance curves of the proposed scheme, the
scheme of [8] and the scheme of [9] with and without error-
free relays. It should be noted that the scheme of [9] with
error-free relays is equivalent to the classical CIOD trans-
mission and provides a performance benchmark for systems
operating on realistic channel conditions. We employ 4-QAM
modulation and ML detection for all systems. Note that, we
apply selection relaying for the scheme of [8], where the
threshold SNR is chosen as 12 dB. To achieve the same
transmission rate of 2/3 spcu for the schemes of [8] and
[9], four (L = 4) and two (L = 2) information symbols
have been transmitted from S in succession, respectively. We
consider realistic network conditions in which relays can make
erroneous detections for all schemes except the classical CIOD
transmission. We also assume that two relays interfere with
each other, where the variance of the inter-relay channels
(0%) is either 1 (strong inter-relay interference) or 8 (weak
inter-relay interference). As seen from Fig. 6, without perfect
decoding at the relays, the schemes of [8] and [9] cannot
achieve full diversity while the proposed scheme does and it
provides a significant improvement in BER performance. We
also observe from Fig. 6 that the reference CIOD (scheme of
[9] with error-free relays) and the proposed scheme achieve
the same diversity order of two; however, the difference in the
error performance can be explained by the additional errors
at the relay nodes which increase the overall ASEP at the
destination of the proposed scheme. It is important to note that
the BER performance of the scheme of [8] is improved when
the condition of the inter-relay channel gets better (0'12% = 8),
however, the devastating effects of the inter-relay interference
and the erroneous detections of the relays prevent it from
achieving full-diversity at D.

We consider two and three-relay networks in Fig. 7 and
provide the BER performance curves of the proposed scheme
for N = 3, the scheme of [8], the scheme of [9] and the
scheme of [11]. For the reference systems, the corresponding
L values are adjusted accordingly so that all schemes except
the scheme of [11], whose transmission rate is 8/11(0.73)
spcu, achieve 4/5 spcu. Similarly, we consider 4-QAM mod-
ulation, ML detection and realistic network conditions for
all schemes, and apply selection relaying for the schemes
of [8] and [11]. As seen from this figure, even with strong
inter-relay channels, the schemes of [9] and [11] cannot
achieve full-diversity under realistic network conditions, and
they are outperformed by the proposed scheme. We observe
from Fig. 7 that the proposed scheme with N = 3 exhibits
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Fig. 6. Performance of the proposed protocol, the scheme of [8] and the
scheme of [9] for a two-relay network and 2/3 spcu.
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Fig. 7. Performance of the proposed protocol, and the schemes of [8], [9] and
[11] for two and three-relay networks and 4/5 spcu.

closer BER performance compared to the classical CIOD
transmission (i.e., the scheme of [9] with error-free relays)
and can achieve much better BER performance with a lower
ML decoding complexity than the reference schemes when
the wireless channels between the relay nodes undergo fading
and consequently are subject to erroneous decisions.

C. Proposed Protocol Under Channel Estimation Errors

In this subsection, we investigate the performance of the
proposed protocol in the presence of imperfect channel state
information (CSI). When the corresponding wireless channel
coefficients are estimated by the widely-used least squares
(LS) channel estimators at the relay nodes and the destination,
the estimation error model has the form fzs R, = hsr, +€sR;,
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Fig. 8. Performance of the proposed protocol and scheme of [8] with imperfect
CSL

hr,p = hr,p + €r,D> hr,R; = hRr;Rr; + €Rr;R,; TOr 1,5 =
1,..., N, where €sg;, €r;p and €g, g, represent the channel
estimation errors which are independent from the correspond-
ing wireless coefficients and from each other, and distributed
according to CN (O o ) [15]. We assume that the variance
of the estimation error is adjusted according to the SNR
as 02 = 1/(N,Ey/Ny) where N, depends on the number
of pilot symbols used in training and the chosen estimation
method [16]. We consider the mismatched ML receivers in
which the relay and the destination use the estimated channel
fading coefficients in the perfect CSI (P-CSI) ML decision
metrics’ instead of the exact channel coefficients since these
coefficients are imperfectly estimated and unknown to them. In
Fig. 8, we compare the performance of the proposed protocol
with the best reference system (scheme of [8]) under channel
estimation errors. As seen from Fig. 8, the proposed protocol
is more robust to the channel estimation errors than the scheme
of [8] since for a BER value of 10~4, compared to the case
of P-CSI, the degradation amounts in BER performance are
equal to 1.3 dB and 1.8 dB for the proposed protocol with 2/3
and 4/5 spcu, respectively, while these values are equal to 2.2
dB and 2.6 dB for the scheme of [8] with 2/3 and 4/5 spcu,
respectively. We also observe from Fig. 8 that the proposed
scheme preserves its full diversity in the presence of channel
estimation errors.

VII. CONCLUSION

A novel as well as reliable successive relaying protocol,
which can achieve high-rate and a diversity order of two, has
been proposed for N-relay networks operating under realistic
channel conditions in which the relays make decision errors
and interfere with each other. The proposed protocol can be
applied to practical networks in which there is not a direct
transmission from the source node to the destination node,
and the in-between relay nodes support the transmission.

TCIOD detection based ML decision metrics for the proposed protocol can
be found in Appendices A, B (for the relays) and C (for the destination).
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The theoretical error performance of the proposed signal-
ing scheme has been derived after comprehensive calcula-
tions which consider the effects of error propagation. It has
been shown by computer simulations that i) our theoretical
analyses provide very accurate results, and ii) the proposed
scheme achieves significantly better error performance than
its counterparts given in the literature under realistic network
conditions. In our future work, we plan to focus on the
modification/development of the proposed protocol to increase
its transmission rate over unity primarily for 2- and 3-relay
networks as well as determining the receiver performance with
theoretical tools in the presence of the channel estimation
errors.

APPENDIX A
CALCULATION OF PROBABILITIES RELATED TO R,
(N=2)
PR, (s), Py, (s — 35)

Without loss of generality, we consider the case in which
the S — Ry channel is stronger than the S — Ry channel, i.e.,
hi > hy. Since the p.d.f. of the jth order statistic z; is given
as [17]

TL' i—1 _i

x —. T Fz ! l_Fm "
foy (1) = gy (@) 1P @ 1= P (@)

(13)

where x1,x2,...,%, are from a population with

p.df. fy(x) and c.d.f. F,(z), we obtain fp, (h1) =
2(L—eM)e M hy >0and fu, (ha) =2e72"2 hy > 0.

i) Pg, (s1) : The received signal at R; for ¢ = 1 is given
as

rr, (1) = hsg, (sT' + jsi) +ng, (1). (14)

Thanks to coordinate interleaving, this signal can be expressed
as follows for independent detection of sf¥ and si:

i (1)

i, (1)

For independent detection of sf’/, R, obtains

_ thl _h’éRl 3{{ i nﬁl (1) . (15)

I I
hSR1 hsm 52 ng, (1

=h§p,h, (1) + hsp, vk, (1) = hist +wr,  (16)

where wg, hip nit (1) + hpng (1) and hy
is defined in (1). Therefore, the detection problem
of sP becomes the detection of a modified M-
PAM signal subject to fadingt. When an M-QAM
constellation with signal points s = s + js! where
sft sl € { £1,£3,..., VM — 1} is rotated for CIOD,
st takes elements from sf € {s®cosf+ s'sind},
where # = Ztan~'(2) is the optimal rotation angle
for square M-QAM that maximizes the coding gain
[10]. As an example, for 4-QAM, we have sf‘ S
{—cosf —sinf, — cosf + sin b, cos @ — sin b, cos § + sin f}.
Let us denote the possible values of s¥ in ascending order as
ai, as,...,ap. Considering the transmission model given in
(16), we have M decision intervals separated by the threshold
values (normalized by h1) A1, Ao, ..., Apr—1. As an example
for 4-QAM, we have A\ = —cosf, Ay = 0,\3 = cosb.

For independent detection of sé, Ry obtains zg, =

N ] —héergl (1) +
hSerRl (1).
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Considering that wg, in (16) is distributed as N(0,v?),

where 1?2 = o2h; and 02 = Ny/2, the correct detection
probability for a;,¢ = 1,..., M conditioned on h; can be
given as

hiA1
/ Fy rs |02, ) dymy, i=1i=M
Ph ()| =377

o0

hi;

1

/ fyn, WR, |ai, h1) dyr,, o.w.
hiXi—1

(17)
where conditioned on a; and hy, yg, follows the N (hya;, 1?)
distribution for all 7. Simple manipulation gives

1—Q () i=1i=M

mo|1-Q(Mere)) - @ (Mle) o,

(18)
In order to obtain the unconditional correct detection proba-
bility for a;, we have to integrate Pp (a;) ’}Ll over the p.d.f.
of hy. Using the alternative form of the ()-function

1 [™/? x?
=— ———— | df
@) T /0 P ( 2sin? 9)

and considering the m.g.f. of hy given as Mj, (s) =2/(2 —
35+ s?) the unconditional correct detection probability for a;
is obtained as follows:

1—q (o)

Py, (ai)

19)

c o ) i=Li=M
PRl (a;)= - w)idw)’ 0.W.

No No
where , (20)
1 (/2 —z 1 2 1
T Jo sin” 0 2 1+ /142
21

ii) Py (s1 — 51): For the signaling scheme of (16), the
pairwise SEP of detecting 5 given that s is transmitted can
be easily obtained by considering all possible signal points in
the constellation, with the integration of the conditional p.d.f.
of the received signal over the decision intervals mentioned
above. The conditional PEP is given in general form as

PEI (ai — a]‘)

hl)\j
:/ fyr, YRy aish1) dyr,
hy haXj_1

o(A55) (1)

fori=1,...,M, j+#1,j# 1, M. On the other hand, for the
symbols at the rightmost and the leftmost of the constellation,
we have

hiA1
Pg, (a; — a1) . :/ fyr, YRy @i, h1) dyr,

— 00

:Q(W) iA1 (23)

and,
Pfh (ai — aM)

)
:/ fle (yR1 ‘aiahl)dyR1
ha hiAnm—1

I <h1 (Mar—1 — @)

; ) i # M.

(24)
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Using (19), My, (s) and (21), the unconditional PEP (UPEP)
is derived as follows:

i — A1 2 .
q <((11N§ ) ) , ] = 1
e )\7~_ —a; 2 Aj_az 2
PR1 (ai — aj) = ’q (o1 —a:)” ]1\]0 S — q (7( Ny ) ) , 0.W.
((AM—I_(MX)Q =M
q N, ) J = M.
(25)

fori=1,..., M, j #1.

Since coordinate interleaving technique with rotated M-
QAM constellations allows us to distinguish symbols from
only their real (or imaginary) parts, P, (s1) = P (sf') and
Pﬁl (81 — §1) = P]e%l (S{% — §{%), for sy 7& §1.

APPENDIX B
CALCULATION OF PROBABILITIES RELATED TO R»
(N =2)
Pg, (s | RY), P, (s = 8| RY), Pg, (s = § | RY)

i) Pf, (s1 — 81 | Rf): Considering that s; = s{f + js{ has
been erroneously detected at Ry as 51 = 5{{ +j 5{, the received
signals at Ry at the first two time slots is given as

|:TR2 (1):| _ |:S{% +JS£ 0 :| |:hSR2:| 4 |:nR2 (1)
"Ry (2) B 0 Sg"_]g{ thRQ R, (2) .
26)
As seen from (26), assuming correct detection at R;, Rs
can be considered as the receiver of a 2 x 1 MISO system
employing CIOD. Therefore, Ry applies CIOD detection
procedures to decode s; and s, by combining the received
signals as: Yr, = af} +jfg, and 0p, = B + jog, . where
ar, = hip,rr, (1) and Br, = hf g TR, (2). Then, the

ML decision rules for s; and s, are given as follows [10]:
§; = argming, {mpg, (s;)} for i = 1,2, where

mp, (s1) = h12 (V8 — h28f°)2 + ho (v, — h1,25{)2 ;
MR, (82) = hy ((51]%2 — h1,25§)2 + hl,g ((51{32 — h255)2 .

The CPEP of detecting §; when s; is transmitted can be
written as

PEQ (81 — §1 ‘Ri)

= P (51) < m (51))
ha,hi,2

(27
Considering vr, = hasft + jh125] + wfi, (1) + jwf, (2) .
where wg, (1) = hsg,nr, (1) and wg, (2) = h} g, "R, (2),
we obtain

PEQ (81 — §1 |R§)

2,h1,2

P (]’Ll,g [he A1 + w§2 (1)]2 + ha [h1,202 + U)}Izz (2)]2

< o (uf, ()" B (oo +wh, 2)F) @9

A A A~ ~ A~
where Ay £ sB -5 Ay 25 — 30 and Az = 51 — 1. After
manipulation, we arrive at

P§2(81—>§1|R§) :P(A<0)

ha,h1,2

where A = h3h12A7 + hohi, (A3—A3) +
2h2h1’2 [Alwf% (1)+(A2—A3) ’LU{%2 (2)], and A ~
N (pa,0%) with pa = hohyo (ho A + hy o (A — A2))

(29)
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and 02 = 402h2h2, (th% + Ry (Ag — A3)2). From
(29), the desired CPEP expression can be obtained as

_ th%+h1,2 (Angg)

P§2(81 —>§1 | RT)

21,2 20\/h2A%+h1,2 (AQ*A3)2
(30)
Let us define ®; = sf* — &f and &y = sf — 3. As

we mentioned earlier, the average SEP at the destination is
dominated by the case where S; = §;. Therefore, we have
A? = ®?, Ay =0 and A3 = @2 in (30), which gives

Pr, (s1 — 81 | RY)

0 hao®3 — hy 2 ®3
ha,h1 2 20‘\/]12(1)% +h1’2‘1)% )
(€19
We observe that (31) can take very large values when hy 2 ®3% >
hy®3, which supports our assumption on Pf (s |Rf) <
Pg, (s—3 | Rf). Thus, we can approximate the UPEP for
high SNR (¢ — 0) as

Pf, (51— 81 | RY) = P (ha®F < hy 2 ®3) (32)

since the Q-function gives either unity or zero depending on
the sign of the numerator for smaller values of o. Let us define
u = up — ug where u; 2 hg@% and uy £ hLQCI)%, then we
obtain

Pg, (s1 = 81 | Ry) =

P(u<0). (33)

Considering the p.d.f’s of uy and ug given as f,, (u1) =
(2/®3) e2%1/®1 and f,, (up) = (1/®3) e=2/®2 for uy > 0
and uy > 0, respectively, the p.d.f. of u, which is the
difference of two exponential r.v.’s, can be calculated for v < 0
by [17]

Ju(u) = Juy (u+u2) fu, (u2) dug
 2exp (u/®3) (34)
2 + 203
which yields
e [ 203

Eq. (35) proves that the probability of error becomes very high
at Ry if Ry forwards an erroneously detected signal.

ii) Pg, (s1 — 81 | Rf): Assuming correct detection at Ry,
the CPEP of detecting §1 when s; is transmitted can be
obtained by setting 51 = s! in (30) (A2 P2, A3 = O) as

_o ho®2 + 23
2N,

2,h1,2

Pg, (s1 — 81 | RY)

(36)
which is the CPEP of the classical CIOD. Let us define v =
uy + ug for up = hg@% and uy = hl,g@g. Using (19) and
defining M, (s) = E {e®*"}, the corresponding UPEP can be

evaluated as follows:
1 [™/? ~1
—/ M, (2> de. ((37)
T Jo 4Ny sin“ 0

Considering f,, (u1) and f,, (uz) given below of (33), the
p.d.f. of v, which is the sum of two exponential r.v.’s, can be

P}%z (81 —>§1 |Ri) =
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calculated by (v > 0)

/ Fus (12) fu (0

2 (exp (—2v/®3) — exp (—v/P3))

’ILQ) d’lLQ

= . (38)
b2 — 293
Then, the corresponding m.g.f. is evaluated as
2
M, (s) = (39)

(D25 —2) (P3s —1)°
Combining (37) and (39), and using Mathematica, we obtain

0% (1 —p1) +203 (—1 + p2)
2 (97 — 203)

where p; 2 1//1+8Ny/®? and py = 1/4/1+4N,/®3.
Note that (40) differs from the UPEP of the classical CIOD
operating on uncorrelated Rayleigh fading channels due to the
different p.d.f. of ho.

iii) P, (s1 | RY): The correct detection probability of s; at
Rs given that R; forwarded the correct s; component, can be
easily obtained by using (40) in the following union bound:

PEQ (51 — §1 |Ri) =

(40)

C C ]' € A C
Pg (s1|RS) <1- i Z P§ (s1— 31| Rf). (41
31,81#s1
APPENDIX C
CALCULATION OF PROBABILITIES RELATED WITH D
(N =2)
Pp(s—38|R{,RS),Pp(s— §|RS,RS),Pp(s— §| RS, RS)
i) Pp(s1 — 31 | RS, RS): Assuming that s; = sit + js!

has been erroneously detected as §; = 5F + j&! and 5, =
51t + 550 at Ry and Ry, respectively, the received signals at
the destination for ¢ = 2 and 3 can be expressed as

o =[5 e e o8]

According to the CIOD detection procedures, after process-
ing and interleaving these signals as ap = h} prp (3),
Bp = hj, pro (2) and, yp = af + jBh. 6p = B + jab,
respectively, the receiver calculates the ML decision metrics
as

51 = arg n;in {91 (*yg‘
1

9151)2}7
— 258"} @3)

— 9557 + g2 (vh

$2 = argmin {92 (68 — g155)" + g1 (o5
S2

Considering vp = g25% + jg13 + wh (3) + jwk, (2) where

wp (3) = hi,pnp (3) and wp (2) = hj pnp (2), similarly

to (27), the CPEP can be calculated as

Pp (s1 — 81 | Rf, R3)

91,92

P (g1 9280+ wf (3] + 2 [g180 + wh (2)]
< g1 [9285 + wf (3)])" + g2 [92 85+ wh (2)] 2) (44)

where A2 and As are defined in (28), and A, £ 5% — §{2,
A5 £ 58 — sB. After simple calculations, we obtaln

PD(81—>§1|R({‘,RS) :P(B<O)

91,92

(45)
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where B = gig3 (A] —A%) + g7g2 (A3 - AF) +
29192 [(A4 — A5) wg (3) + (AQ — Ag) ’UJID (2)] and

B ~ N (up,0%) with up = 9192(92 (Af-AZ) +
g1 (A%—A%)) and 0% = 4029fg§(92(A4—A5)2 +

g1 (A2_A3)2). Then, the corresponding UPEP can be
expressed as

Pp (s1 — 31 | RY, RS)

91,92
g2 (A7 =A%) + g1 (A3 - A))
20’\/92 (A4 — A5)2 + 91 (AQ — A3)2

As mentioned earlier, we assume that for the dominant case
sft = 38 51 = 31 which gives Ay = Ay =0, AZ = 2 and

A2 = ®2, for which (46) simplifies to

Q

(46)

g2®? + g1‘I)%

=Q 2N,

91,92

PD (81 — §1 ‘RT,RS)

:].—PD(Sl—)gl‘Ri,Rg) (47)

91,92

where Pp (s1 — 81 | R, RS) | _.g, 18 equal to the CPEP of
the classical CIOD, which wiﬁ be calculated in the sequel.
As seen from (47), the error probability approaches unity
with increasing SNR, which is expected since both relays
erroneously detected s; and forwarded this signal to D.

ii) Pp (s1 — 41 | R§, RS): Assuming that s; = si* + js!
has been correctly detected at Ry (§1 = s1) and erroneously
detected as §; = 87 + j3! at Ry (51 = 3;), by setting Az =
Ay =0,A3 = ®3 and A2 = ®? in (46), we obtain

—92P7 + 9193
:Q g2 1 - g1 2 : (48)
91,92 204/ 92®7 + 91 D5

which has a similar structure as that of (31), and the corre-
sponding UPEP can be calculated as

PD (81 —>§1 | Ri,R;)

. : P2
Pp (s1— 81| RS, R5)~ P (9195 < g2®7) = '

=———. (49
o2 yor ¥

iii) Pp (s1 — §1 | RS, RS): Assuming that both of the relays
have successfully detected si, i.e., S = s; and 57 = s, we
have Az = A5 = 0, A = ®? and A3 = &2, and (46)
simplifies to the CPEP of the classical CIOD as

9293 + g1 03

Pp (51 — 81 | Rf, R3) 5N

=Q

91,92

(50)

for which the UPEP can be calculated as follows:

1 [/ -1
f/ M, (2> do (51)
T Jo 4Ny sin” 0

where w = go®? + g;®2 with p.d.f. and m.g.f. given respec-
tively as

Pp (s1 = 51 | R, Ry) =

exp (—w/®}) — exp (—w/®3)
o2 — 2
1
(®fs —1) (P35 — 1)

fw (w) =

M, (s) =

,w> 0

(52)
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Substituting (52) in (51), the desired UPEP value can be

calculated as

0 (1—p1) + 23 (~1+ p2)
2(®f - ®3)

where p; £ 1/y/1+4No/®? and py = 1//1+ 4N,/ ®3.

Note that (53) is the UPEP of the classical CIOD operating

on uncorrelated Rayleigh fading channels.

PD (81 — §1 |R§,R§) = (53)

APPENDIX D
DIVERSITY GAIN ANALYSIS FOR N = 2

In this appendix, we derive the diversity gain of the pro-
posed protocol from (6) for N = 2, while using very similar
procedures, generalizations to other networks are possible.
Using the relationship between the ASEP and SNR (or noise
power N for a fixed signal power), the diversity gain of the
system can be calculated using [18]

log (Pp (s — §))
log (1/No)

Since Pp (s — §) given in (6) contains many conditional
terms, the application of (54) to Pp (s — §) for high SNR
(Ng — 0) is not straightforward. For high SNR, the cor-
rect detection probabilities Pk (s) and Pk (s | Rf) in (6)
approach unity and can be discarded. It is observed from
(47) that Pp (s1 — $1 | R§, RS) also approaches unity with
increasing SNR, and as seen from (35) and (49) respectively,
Pp, (s1 — 81 | R{) and Pp (s1— 3| Rf, R3) are constant
terms which do not depend on the SNR and cannot effect
the diversity order. Therefore, (6) can be simplified as

Gyg = (54)

— 11
Np—0

Pp(s—38) x
Pp (s — 5 |R{,R3) + Pp, (s = 8| RY) + Py, (s — 3)
(55)

for diversity order calculation. Please note that the three terms
in (55) are given in (53), (36) and (25), respectively. Applying
(54) to each term of (55) and using numerical methods, for
which details are omitted here due to space restrictions, it can
be shown that G4 = 2 is obtained for each of these terms.
This proves that our scheme achieves a diversity order of two
which is also validated by the slopes of the theoretical curves
given in Fig. 4.

APPENDIX E
CALCULATION OF ASEP FOR N = 3

For the three-relay case, considering the p.d.f’s of h;,i =
1,2,3 given as f5, (h1) = 3 (1 fe*hl)Qe’hl, Iny (h2) =
6(1767’12)672}12, and fp, (h3) = 3e=3"s for h; > 0,
obtained from (13), the corresponding probabilities in (7) can
be obtained with slight modifications of the results obtained
in Appendices A, B and C as follows. Please note that the
probabilities related to D are the same as those for the two-
relay network (Appendix C) since the corresponding channel
statistics (between the relay nodes and D) are identical for
both schemes regardless of the number of relays in the
network.

i) P; (s1) and P (s1 — 31): These two probabilities can
be calculated from (20) and (25), respectively; however, for
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this case, due to the different statistics of s, we use the new
q () function defined as

1(@) S / M, (sin 9> d0
1
< \/1+ \/1+ \/1+f;> °0
where 6
M, (s) = 6 —11s+ 652 — 3 57)
ii) Pp, (s1 — 81 | R{): This probability can be calculated

by following the same steps as those in Appendix B as
€ a € GQ%
PRz (51 — 81 |R1) = [mfu(u)du: @%4—5@%@%—&-6@%
(58)
where u is as defined in (33) and due to the different p.d.f. of
ha, instead of (34), we have used
£ () 6 exp (u/®3) 3
u\U) = y
O + 503D2 + 603
for the three-relay case.
iii) Py, (s1 — 81 | R{): This probability can be calculated
from (37) by using

u <0, (59)

—6
(025 — 3) (P25 — 2) (P25 — 1)
where v is as defined in (37). Due to space limitations, the re-
sult obtained by combining (37) and (60) is omitted here. Inter-

ested readers can obtain the desired closed form result by using
Mathematica software. |

M, (s) = (60)

As seen from Table II, the transmission of the symbols sg
and s4 is very similar to that of s; and so, where only the
secondary (supporting) relays are different. In other words, the
symbol pair (s1, s2) is transferred to D via R; and Rs, while
the symbol pair (ss, s4) is transferred to D via Ry and R3. On
the other hand, for simplicity, we do not consider the effects
of the possible interference caused by the erroneous detection
of s; and s, at the relay nodes, on the error performance of
s3 and s4 in our analytical calculations.

iv) Pk, (s3) and Py, (s3 — $3): These probabilities are the
same as those for s; given above and can be calculated by (20)
and (25), respectively, using (56).

v) Pg. (s3 — 33 | R{): This probability can be calculated
by following the same steps as those in Appendix B as

o o | 75) /O () du = =22 3 (61)
Pr. (s3 — 83 | R{) = fu (u) du .
R 173 31 b2 + 392

where for this case, u = h3®? — hi3®2 with p.d.f.

3exp (u/®3)

< 0.
o7 302

fu(u) = (62)
vi) Pk (s3 — 83 | R{): This probability can be calculated
by using (37), where for three relays, v = h3®? + hy3®3 with
the corresponding m.g.f.
3

M, (s) = (@25 — 3) (B2s — 1)

(63)
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By combining (37) and (63), we obtain

B2 (1= p1) + 303 (—1 + o)
2 (97 — 302)

where p; £ 1/4/14 12Ny /®? and py £ 1/1/1 + 4N,/ ®3.
APPENDIX F

CALCULATION OF THE APPROXIMATE ASEP FOR
GENERAL N

Pp, (s3 = 83 | RY) =

(64)

Although it seems quite complicated to obtain exact closed
form ASEP expressions for general /N values, we use induc-
tion to obtain the results given in this appendix.

Similar to the previous cases, probabilities related with
R, are identical for s; and soy_3, and the corresponding
probabilities Py (s;) and P (s; — §;) fori =1and 2N -3
can be calculated from (20) and (25), respectively, where for
N relays we have

(65)

A. New Calculations for Pp (s1 — §1)
By generalizing our previous calculations, we obtain
N2V

ITL, (97 +i93)

while Pp (s1 — 81 | R{) can be calculated using (37), where

Pg, (s1— 81 |RY) = (66)

CORE
(®3s — 1) [T/, (935 — i)
Unfortunately, a closed from solution cannot be found for

the combination of (37) and (67) for general N values, and
numerical integration has to be considered.

M, (s) =

(67)

B. New Calculations for Pp (san—3 — $an—3)

For N relays, by generalizing our previous derivations, we
obtain

No2
PR (sav-3 = San—3 | R]) = W, (68)

£ PT(L—p1) + NP3 (—1+po)

P& e = Gon RS = 1 2
R (S28v-3 = San—3 | RY) 2 (37— NI
(69)
where p; = 1/4/1 +4NNy/®? and po = 1/4/1 + 4N,/ ®3.
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