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Abstract—Emerging two-path successive relaying protocols
generally rely on error-free source-relay channels and/or
interference-free inter-relay channels to achieve high-rate and
full-diversity. In this paper, by removing these optimistic assump-
tions, a novel two-path successive relaying scheme that benefits
from relay selection and distributed space-time block coding
(STBC), and transfers the data from the source to the destination
via relays in a reliable fashion is proposed. The proposed scheme
can achieve full diversity without the requirement of perfect
decoding at relays since not only the destination but also the
relays benefit from distributed STBC and relay selection. As the
target STBC, coordinate interleaved orthogonal design (CIOD)
for two transmit antennas is considered. The average symbol
error probability of the proposed scheme is derived and its error
performance is compared with reference systems.

I. INTRODUCTION

Two-path successive relaying has emerged recently as a
promising cooperative transmission strategy since it provides
significant bandwidth efficiency improvements over the clas-
sical relaying methods [1]. Two-path successive relaying has
been realized by exploiting distributed space-time block codes
(STBC) [2], which create a virtual multi antenna scheme for
STBC transmission. An effective distributed STBC for two-
path relaying has been proposed in [3] which provides full-rate
and full-diversity; however, this code does not permit single
symbol detection, which makes its implementation difficult
and costly. More recently, a new distributed STBC, which uses
the coordinate interleaved orthogonal design (CIOD) [4], has
been proposed for two-path relaying [5]. This scheme provides
single symbol decoding and achieves better error performance
than the scheme of [3] and provides full-diversity when i) the
relays perfectly decode and forward the signals transmitted
from the source, and ii) the channel between relays is not
affected by fading; however, these are extremely optimistic as-
sumptions which cannot hold for practical wireless networks.

In this paper, by removing these two assumptions, we
propose a novel two-path successive relaying scheme which
can reliably transfer the data from the source to the destination
via relays under realistic network conditions. The main con-
tributions of this work are as follows: 1) It is shown that full-
diversity can be achieved with the proposed protocol at both
relay nodes and the destination without any assumptions. This
is accomplished by implementing distributed CIOD signaling
at the destination and at one of the relays, while the other
relay benefits from relay selection; 2) The average symbol
error probability (ASEP) of the proposed scheme is evaluated
analytically for M-ary quadrature amplitude modulation (M-
QAM). Taking into account the error propagation, it is shown
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that analytical and computer simulation results match very
well; 3) It is shown that for realistic network conditions,
the proposed scheme achieves significantly better bit error
rate (BER) performance than its counterparts given in the
literature.*

II. SYSTEM MODEL AND THE NEW SCHEME

We consider a relay network with a single source node S,
two relay nodes R; and R, and a destination node D. Each
node has a single antenna and operates in half-duplex mode.
We assume that there is no direct transmission from S to
D. hsgr, and hpr,p,i = 1,2, represent the wireless channel
fading coefficients between S and relays, and relays and D,
respectively, while the inter-relay channel h g is reciprocal. We
assume that the real and imaginary parts of hggr,, hr,p and
hg follow the N (0,1/2) distribution, and hg,p,i=1,2, are
known at D, while hgpr, and hp are known at the relays. The
variance of the zero-mean complex Gaussian noise samples
ng, (t),nr,(t) and np(t) at relays and D is assumed to be
Ny, where ¢ (t = 1,2, 3) represents time slots.

The proposed scheme is based on CIOD transmission with
two transmit antennas which may be presented by either of
the following 2 X 2 transmission matrices [4]:

sft+ jsh 0 )
0 sf+jsi
Ry il
sy + sy 0
[ 0 s +js§} 2

where columns and rows correspond to time slots and transmit
antennas, respectively, and s; and sy are two complex infor-
mation symbols drawn from a rotated M-QAM constellation.
Assuming that a square M-QAM constellation with signal
points s = s+ js! where s%, s/ € {£1,43,..., £V M -1}
is rotated by an angle 6, the rotated signal constellation
symbols are denoted by sy = sel? = sgi + jsé whose real
and imaginary components s}’ and s} take M distinct values
from the set {sR cosf — sl gin 9}, where 0 = 31.7° is the
optimal rotation angle for square M-QAM [4]. Consequently,
for a given s} (s}), s (sf) 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 —
§1.376), (0.325 + j1.376), (1.376 — 50.325)}, and if sf =
—1.376 is given for this constellation, we know that sé =

* Notation: For a complex variable s = s& 4 js!, s and s’ denote the
real and imaginary parts of s, where j = /=1. X ~ N (ux,0%) denotes
the Gaussian distribution of a real r.v. X with mean px and variance agf.
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Fig. 2. Three Phase Successive Relaying with Stronger S — Ro Channel

0.325. Constellation rotation is required for CIODs to achieve
full-diversity, while in our scheme it is also required to identify
symbols from their real or imaginary parts.

In the proposed protocol given in Figs. 1-2, within every
consecutive three time slots, two information symbols s; and
So drawn from a rotated M -QAM constellation are transmitted
from S as follows: In the first time slot, S processes s; and
So, and transmits the coordinate interleaved symbol s{2 +7 sg
to R; and R,. If the S — R; channel is stronger than the
S — Ry channel, R; decodes sf* and si first, i.e., it obtains
s1 and so since each symbol can be identified from its
real or imaginary part only, which take distinct values after
the constellation rotation. Then R; forms and transmits the
coordinate interleaved symbol s + js! to Ry and D in the
second time slot. As seen from (1), distributed CIOD signaling
is achieved for Ry after two time slots. In the third time slot,
after detecting s; and sy, Ry transmits sf‘—l— i 35 to D to create
the virtual multiple-input single-output (MISO) system using
the CIOD matrix given in (2) for D. As seen from Fig. 2,
similar procedures can be applied when the S— Ry 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
is 2/3 symbols per channel use since only two information
symbols are transmitted in three time slots.

III. SYMBOL ERROR PROBABILITY (SEP) ANALYSIS OF
THE PROPOSED SCHEME

In this section, we evaluate the ASEP of the proposed
scheme for general M-QAM. Without loss of generality, we
can analyze the error performance of the signaling scheme
given in Fig. 1 where the S—R; channel is stronger than the
S—R5 channel since the ASEP is the same for both cases. The
average destination SEP of the scheme given in Fig. 1 can be
expressed as Pp = -5 3. Pp (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.

Destination PEP Pp (s — §) can be expressed as the sum
of four probabilities related to the error events at the relays
as PD(8—>§) =P1—|—P2+P3+P4 where

P =P, (s) Pg, (s | RY) Pp (s — & | RS, RS)
Py=Y" Phy (s) Phy (s = 5 | B) Po (s — 5 | R§, RS)

Py=)". _ Ph (s = 8) Ph, (s | RS) Pp (s — & | RT, BS)

Py=)» Y P (s—3) Pi,(s—5 | R{) Po(s— 3| R{, RS)
3,5#55,5#s

in which Pp (s) is the probability of correct detection of s at
Ry, P§, (s | RY) is the correct detection probability of s at Ry
conditioned on correct detection at Ry, Pp (s — § | R{, RS)
is the PEP at the destination conditioned on the correct
detection of s at both relays, Pp, (s — 5| R{) is the PEP
at Ro 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 R; and erroneous detection of s
to 5 at Ry, PR (s — §) is the PEP at Ry, Pp, (s | R{) is the
probability of correct detection of s at Ry conditioned on the
erroneous detection of s to § 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 5 at Ry, Pp, (s — 5 | RY)
is the PEP at R, conditioned on the erroneous detection of s
to § at Ry, Pp (s — § | RS, RS) is the PEP at the destination
conditioned on the erroneous detection of s at both relays.
Our analyses show that the ASEP at the destination is
dominated by the case in which s = § = 3, i.e., for the case
where successive identical erroneous detections occur in the
relaying scheme. Therefore we obtain the following:

Py 2 Pf, (s)Pf, (s — 8| R{) Pp (s — § | R, RS)
Py =Pf (s— 3)Pf, (s|RS) Pp (s — 8| R{, RS)
Py2=Pf (s— 8)Pg, (s — §|R)Pp(s— 8| RS, RS)

Our analyses also show that the ASEP at the destination
is mainly dominated by P;, P, and P, and the effect
of P; can be ignored. This can be explained by
the fact that P{ (s|R{) < Pg, (s—5[Rf) while
Pp(s— §|R$,RS) ~ Pp(s— §|R$ RS). As we will
show in the sequel, independent of the SNR, the probability
of symbol error increases dramatically at Rs when R; makes
a decision error. Therefore, the probability Py (s|Rf) can
be neglected when compared to Pp (s — 5| Rf), and we
can assume P53 < P,. Therefore the ASEP can be rewritten
as the sum of the three terms as

Pp (s —3) = Py (s)Pg, (s | RY) Pp (s — 5| R{, RS)
+ Pg, (s) Pg, (s = 8 | RY) Pp (s — 8 | R, RY)
+P§1 (s—)é)Pﬁz2 (s—=5|R{)Pp(s— §|RS,RS). (3)

In order to obtain the ASEP, we calculated (3) for s = s;. The
derivation of each term in (3) is quite lengthy. In Appendices
A, B and C, the details of the derivations are given for
the terms related with Ry (P (s),Pf (s —3)), Ra
(Pg, (s | RS), Pk, (s — 8 |RS),Pg, (s — & |Rf)) and D
(Pp (s—3| RS, Rs), Pp (s—3| R, RS) , Pp (s— 3| R, RS)),
respectively.
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Fig. 3. Theoretical performance curves for the new scheme
IV. NUMERICAL RESULTS

In this section, we present numerical results based on the
above analytical expressions as well as Monte Carlo simulation
results for quasi-static uncorrelated Rayleigh fading channels.

In Fig. 3, we show the theoretical ASEP curves and com-
puter simulation results for the proposed scheme using 4-
QAM, 16-QAM and 64-QAM modulation schemes. As seen
from Fig. 3, with increasing SNR, the theoretical curves
become extremely tight with the computer simulation curves,
and therefore support our analytical results.

In Fig. 4, we compare the bit error rate performance of
the proposed scheme with the scheme of [5] and the classical
CIOD (i.e., the scheme of [5] with error-free relays) which
provides a performance benchmark. We employ 4-QAM mod-
ulation for all systems. For the new scheme and the scheme of
[5], we consider realistic network conditions in which relays
can make erroneous detections. As seen from Fig. 4, without
perfect decoding at relays, the scheme of [5] cannot achieve
full diversity while the proposed scheme does. We also observe
from Fig. 4 that the reference distributed CIOD with error-free
relays and the proposed scheme achieve the same diversity
order; however, the difference in the error performance can be
explained by the additional errors at the relays which increase
the overall ASEP at the destination of the proposed scheme.

V. CONCLUSION

A novel reliable two-path successive relaying protocol has
been proposed and its error performance has been investigated
comprehensively. It has been shown that by the achievement
of full-diversity at all of the nodes of the network, it is possible
to transfer data from the source to the destination via relays

in a reliable manner.
APPENDIX A

CALCULATION OF PROBABILITIES RELATED TO R
Pg, (s), Pg, (s = )
As we mentioned earlier, we consider the case in which the
S — Ry channel is stronger than the S — Ry channel, i.e., hy >

10 T T T

. —— Scheme of [5] 1
—O— reference CIOD  |q
—O— proposed scheme| |

10°° L L L L L L L L
5 10 15 20 25 30 35 40 45 50

E/N, (dB)
Fig. 4. Performance of the new sche&leo, the CIOD and the scheme of [5]

ha, where hy = |hsg,|* and hy = |hsg, |
order statistics we obtain f, (hy) =2 (1 —e™")
0 and fp, (ho) = 2e72"2 hy > 0 [6].

i) Pg, (s1) : The received signal at Ry for ¢ = 1 is given as
TR, (1) = hsg, (s + jsi) + ng, (1). Thanks to coordinate
interleaving, for the independent detection of sf", R, obtains

“

where wr, £ hfy, ng (1) + h§p,ng, (1). Therefore, the
detection problem of s becomes the detection of a modified
M-PAM signal subject to fading. Let us denote the possible
values of s{% in ascending order as aj,ag, ..., ay. Consider-
ing the transmission model given in (4), we have M decision
intervals separated by the threshold values (normalized by
h1) A, A2, ..., Anp—1. As an example for 4-QAM, we have
A1 = —cosf, A2 = 0 and A3 = cosf. Considering that wp,
in (4) is distributed as N'(0,%?), where 1?2 = 62h; and 02 =
Ny/2, the correct detection probability for a;,i = 1,..., M,
conditioned on Ay can be written as

/fle YR, ‘au l)dle

where a = —o00,b = hiA and a = hiA\;_1,b = hi\; for
1t =1,M and 2 < i < M — 1, respectively, and conditioned
on a; and hy, yg, follows the N (hia;,?) distribution for
all <. Simple manipulation gives

. On analyzing the
eihl,hl >

hSR1TR1 (1) + SerRl (1) = hisf + wg,

PR1 az

1-Q (i) im1i=M

h1: 1 Q hl(ai;ki_l)) —Q (hl()\&)—ai)) . o.w.

Using the alternative form of the Q)-function

1 (/2 z?
=— ——— | db
@) s /o P ( 2 sin? 0)

and considering the moment generating function (m.g.f.) of
hy given as My, (s) = 2/ (2— 3s+ s?), the unconditional

P, (a:)

(&)
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correct detection probability for a; is obtained as follows:

1 (A1—a1)? S S
—q No ) 1= 1, i=M
PJ% (ai)= (ai—Xi_1)? (Ai—ai)? .
—q( Rl ) g (B ) 2 < i < M-
where P
g — 1 2 1
q(x)éf/ My, —= )do=—[1- + .
™Jo Sin 9 2 /1+l /1+2
(6)

ii) Py (s1 — 51): For the signaling scheme of (4), by the
integration of the conditional p.d.f. of yr, over the decision
intervals mentioned above, the exact conditional PEP (CPEP)
can be written in general form as

b
Py, (a; — ay) b / fyn, Wry @i, hy)dyr, — (7)

where (a,b) pairs are given by (—oo, h1A1), (hiAj_1, h1 )
and (hqiAp—1,00) for j =1,2<j< M—1and j = M,
respectively for 1 < ¢ < M. Using (5), Mp, (s) and (6),
the unconditional PEP (UPEP) is derived as follows (for i =
... M, j#i)

(ai=A1)?

No ) J: 1
Ph, (ai = a5) = { o (P52 ) — g (2528, ow
q (“M‘J\};‘“) , j=M.

Since the coordinate interleaving technique allows us to dis-
tinguish symbols from only their real (or imaginary) parts,
Pf-il (al) = Pf-i,l (81) and Pﬁl (ai — aj) = Pﬁl (81 — §1),
for S1 7& §1.
APPENDIX B
CALCULATION OF PROBABILITIES RELATED TO R»
P&, (s |Ri), Pk, (s = 5 |R{), Pg, (s = 5 | RY)
i) P§, (s1 — 81 | Rf): Assuming that s; = s{' + js{ has

been erroneously detected at Ry as §; = §5+ 531, the received
signals at Ro at the first two time slots can be written as

|:TR2 (1)} _ {511% +jsy 0 } |:hSR2:| n {nRQ (1)]
TRy (2) o 0 8§+j§{ hR NR, (2) ’
Ry applies CIOD detection procedures to decode s; and s
by combining the received signals as yr, = agz + jﬁf_—iQ
and 6r, = PBp, + jag, where ar, = hip Tr, (1) and
Br, = h§rr, (2). Then, the maximum likelihood (ML)

decision rules for s; and sy are given as follows [4]:
§;=argming, {mg, (s;)}, i = 1,2, where

2 2
me, (s1) = hs (Y&, — hast’)” + ha (vh, — hast)
2 2
Mg, (82) = ho (5%2 — hgsg) + hs (511%2 - hgsé)
with hy 2 |hsg,|> and hs £ |hg|*. The CPEP of detecting

51 when s; is transmitted can be given as

= P (mg, (1) <mg, (s1)). (8

P5 (s1 — 81 | RS
s [ R|

Considering g, = has{+jh3s] +wf (1)+jwk, (2), where
wr, (1) = hp,nr, (1) and wg, (2) = hng, (2), we obtain

ha,h3
P(hg [hQAl + ng (1) ]2 -+ h2 [thQ + w{% (2)}2

< ha(wf, (1) 4 ha[hsds +u, 2)]7) ©

P, (51— 51 | RY)

where Ay = 5Tt — 38 A, 2 51 — 5l and Az 2 51 — s]. After
manipulation, we arrive at

Pg,(s1 — 31 | RY) =P(A<0) (10)
where A~ N(jia,0%), jia = haha(hatS? +hs (A3—A3))
and 04 = 40%h3h3 <h2Af + h3 (A — A3)2). From (10), the

desired CPEP expression can be obtained as

ha AT + hg (A% - A%)

P§2($1—>§1 | R?)

tehs 7\ 90\ [ha A3 + by (85 — Ag)?
an
Let us define ®; = sf* — 3 and & = s — 31 As we

mentioned earlier, the average SEP at the destination is
dominated by the case where s5; = ;. For this case we have
A? = @2, Ay =0 and Az = ®3 in (11), which gives

hy®? — hs®3

= . (12
ha,hg Q(QO’\/hgq)%—{—hgq)%) (12

Please note that (12) can take very large values when h3<I>§ >
ho®3, which supports our assumption that P (s | Rf) <
Pg, (s— 5| Rf). Thus, we can approximate the UPEP for
high SNR after tedious calculations as

Pp, (51— 81| RY)

2

202
PEQ (81 — 51 ‘RT) ~ P (hg@? < hgq)g) = W;{)%
which proves that the probability of error becomes very high
at Ry if R; forwards an erroneously detected signal.
ii) Pk, (s1 — 81 | RY): With correct detection at Ry, the CPEP
of detection 37 when s; is transmitted can be obtained by
setting 3] = s in (11) (A% = 3, A3 =0) as

hg@% + h3<b§
2N,

13)

PEQ (51 — §1 |R§)

=Q

ha,hs

(14)

which is the CPEP of the classical CIOD. Let us define u =
uy + up where u; £ ho®? and uy £ hz®3. Using (5) and
defining M, (s) = E{e**}, the corresponding UPEP can be
evaluated as follows:

X 1 /2 1
PG a0 = [ (g ) 0 09

Considering f,, (u1) = (2/®2)e 2%/ and f,, (us) =
(1/93) e~u2/®3 the p.d.f. of u, which is the sum of two
exponential r.v.’s, can be calculated by [6]

2(6—2u/q>§ _ e—u/q>§)

fu ()= /0 " Fa (12) fu () iy =

Then, the corresponding m.g.f. is evaluated as
2
(%5 —2) (@35 — 1)’

(PF — 203)

M, (s) =

16)
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Combining (15) and (16), we obtain

0F (1 —p1) + 203 (—1+ po)
2(®F - 203)

where p; £ 1/4/1+8Ny/®? and py = 1/4/1+ 4N,/ ®3.

iii) Pf, (s1 | R{): The correct detection probability of s; at

Ry given that R; forwarded the correct s; component can be
easily obtained by using (17) in the following union bound:

Pg, (s1— 81| RY) = (17

1 .

Ph, (s1| B <1 -7 > Pp,(s1— 4| Rf). (18)
81,8181
APPENDIX C

CALCULATION OF PROBABILITIES RELATED TO D
Pp(s—§|R{,R5),Pp(s— §|R{,R5),Pp(s— §|R{,RS5)
i) Pp(s1 — §1 | R, RS): Assuming that s = sf+ jSl
has been erroneously detected as §; = 5 + j3! and 5, =
5T + j5l at Ry and Ry, respectively, the received signals at

the destination for £ = 2 and 3 can be expressed as

{:ﬁ 83] - F{{ Bjsg sF Ejg{] {Zﬁji] + {Zg Egﬂ . (19)

According to the CIOD detection procedures, after processing
and interleaving these 51gnals as ap = hR2DrD( ), ﬂp =
thDrD (2) and vp = & +jipL, 6p = BE + jak, the
receiver calculates the ML decision metrics as

51 = arg H;iﬂ {h4 (e — h55{%)2 + hs (vh — h45{)2}
52 = argmin { hs (3F — hasf) + ha (35 — hss})” |
s2

where hy 2 |hg,p|> and hs £ |hg,p|>. Considering
Yo = hss + jhadl + wE (3) + jwh (2) where wp (3) =
hk,pnp (3) and wp (2) = hf, pnp (2), similar to (8), the
CPEP can be calculated as

Pp (s1 — 81 | R{, R3)

4,hs

P (h4 [h5A4 + wg (3)}2 + h5 [h4A2 + ’LUID (2)}2

< By [hsDs + w8 (3)]” + hs [hals + wh (2)]2) (20)

where Ag and As are defined in (9), and Ay £ 58 — §f”,
As 2 51 — sI. After simple calculations, we obtam

). @1
2

As mentioned earlier, we assume that for the dominant case
sft = sf* and 31 = &, which gives Ay = A; = 0 and
AZ = ®%, AZ = &2, and (21) simplifies to

[P + ha®3
2N,

:1—PD(81—)§1|R%

Pp (s1 — 51 | R{, R3)

ha,hs
N (A — AF) + ha (A3 — AF)
20\/115 (As — A5)® + ha (Az — As)

PD(51—>§1 |Ri, )

ha,hs

(22)

4,15

where Pp (s1 — $1 | RS, RS) }h ., 18 the CPEP of the clas-
sical CIOD, which will be calculated in the sequel. As
seen from (22), the error probability approaches unity with
increasing SNR, which is somehow expected since both relays
erroneously detected s; and forwarded this signal to D.

ii) Pp(s1 — 81 | R§, RS): Assuming that s; = s + js!
has been correctly detected at Ry (s7 = s1) and erroneously
detected as §; = 3% + 73! at Ry, by setting Az = Ay =
0,A% = ®2 and A2 = ®? in (21) for this case, we obtain

—h5®? + hy®3
=Q| s | @3
ha,hs 20 h5q)1 + h4(I)2

which has a similar structure as that of (12), and the corre-
sponding UPEP can be calculated as

Pp (s1— 51| RY, RS5)

2
@2 <I>2

iii) Pp (s1 — §1 | RS, RS): Assuming that both of the relays
have been successfully detected s, i.e., §; = s; and §; = s,
we have Az = A5 = 0, A2 = &2 and A2 = &2, and (21)
simplifies to the CPEP of the classical CIOD as

Pp (s1— 41| RS, Ry) = P (ha®3 < h5®?) = (24)

hs®F + ha®3

P — $1 | RY, RS = 25
D (s1 — 81 | R, RS) h Q 9Ny (25)
for which the UPEP can be calculated as follows:
1 (/2 —1
Pp (s1 — 81 | R{,RS)=— M, | —— ) df (26
D (51 — 81 | Ry, R3) 7T/0 (4Nosin29) (26)
where v £ h5®? + hy®3 with
—v/®7 _ o—v/P]
e e
fol)=—gs—4s
1 2
1
M, (s) = 27

(®Fs —1) (35 — 1)

Substituting (27) into (26), the desired UPEP, which is also
the UPEP of the classical CIOD, can be calculated as

D7 (L—p1) + @3 (—1+p2)
2(27 - ©3)

where p; £ 1/1/1+4Ny/®7 and py £ 1/4/1 + 4N, /3.
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