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Fast Rayleigh Fading Channels
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Abstract—Two-way cooperative communications are consid-
ered to improve the throughput of conventional one-way coop-
erative communications. For fast Rayleigh fading channels, we
propose optimal and suboptimal non-coherent detectors for on-
off keying (OOK) and frequency-shift keying (FSK) modulated
two-way amplify-and-forward (AF) cooperative communications
in this paper. In the proposed system, the relaying node combines
the received signals from two nodes, amplifies them and retrans-
mits the conjugate of the combined and amplified signals to
the above-mentioned nodes. At the receivers of above-mentioned
nodes, the optimal non-coherent detection is employed which is
based on maximum likelihood rule. Since it involves integration
operation, the optimal detector is simplified to a suboptimal
detector which omits the real component of the relayed signal
over the frequency which includes interference. The simulation
results have shown that compared with the optimal detector,
the proposed suboptimal detector reduces the receiver com-
plexity at the expense of acceptable performance degradation.
Furthermore, we have analytically studied the bit-error-rate
performance upper and lower bounds of proposed non-coherent
FSK modulated two-way AF cooperative communications.

Index Terms—Non-coherent detection, cooperative communi-
cation, amplify-and-forward (AF), two-way, Rayleigh fading.

I. INTRODUCTION

OOPERATIVE communications, which can provide ex-
tra spatial diversity for conventional single antenna
transceivers to combat fading in wireless communication
networks, have received more and more attentions [1]-[9].
In cooperative communications, the cooperative nodes relay
the signals according to different relaying protocols, such
as amplify-and-forward (AF), decode-and-forward (DF), and
compress-and-forward (CF) [2]-[4]. Among them, AF protocol
is widely employed in the situations where the relaying nodes
have limited ability of signal processing.
The coherent detection for AF cooperative communications,
studied in [5], requires perfect channel state information (CSI)
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known at the destination. To obtain CSI, we should transmit
extra pilot symbols and estimate the wireless channels, which
reduces the network throughput and increases the system com-
plexity. Especially when the wireless channels vary rapidly, the
coherent detection at the destination is almost impossible.

When coherent detection is impossible, non-coherent
(de)modulations have been proposed in [6]-[9]. In [6], An-
navajjala et al proposed optimal non-coherent detectors for
on-off keying (OOK) and binary frequency-shift keying (FSK)
modulated AF cooperative communications in a Rayleigh
fading environment. However, the proposed optimal detectors
are not in closed form and involve numerical integration,
which makes the receiver have very high complexity. In [7],
Zhu et al developed the suboptimal detectors as a low com-
plexity counterpart for the above-mentioned optimal detectors
by employing Jensen’s inequality. Simulation results have
shown that the suboptimal detectors are able to approach the
performance of optimal detectors when the signal-to-noise-
ratio (SNR) is high.

The work in [6]-[9] considers one-way cooperative commu-
nications. To improve the transmission efficiency and increase
the network throughput, two-way cooperative communications
employing network coding have been studied extensively [10]-
[19]. The idea of two-way cooperative communications is that
considering two nodes need to exchange information with each
other, the third node cooperatively relays the combination of
exchanged information symbols from both nodes by “XOR"
operation [12] or other means [13]-[16] after receiving them.
By employing these methods, the cooperative communications
between the three nodes require less time slots.

The above-mentioned two-way cooperative communications
consider coherent (de)modulations by assuming the channels
are static or slow fading. However, for fast fading channels,
above-mentioned schemes cannot be applied, especially for
AF cooperative communications. In this paper, we propose
optimal non-coherent detection for two-way OOK and M-
ary FSK modulated AF cooperative communications in fast
Rayleigh fading channels. In non-coherent two-way AF co-
operative communications, how to combine the exchanged
information symbols from two source nodes is a problem.
In this paper, we propose simple addition, amplification,
conjugate and retransmission operations on the received ex-
changed symbols from two source nodes. The proposed signal
combination method facilitates the signal detection at the des-
tination. Without channel state information (CSI), we derive
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Fig. 1. System model for two-way cooperative communications.

the non-coherent optimal detectors for two-way AF coop-
erative communications. Since the optimal detectors involve
integration operation, we derive a suboptimal detector without
integration. Simulation results will be provided to show that
the suboptimal detector is able to approach the bit-error-
rate (BER) performance of the optimal detector. Furthermore,
we analytically study the BER performance upper and lower
bounds of proposed two-way M-ary FSK modulated AF
cooperative communications.

The rest of this paper is organized as follows: Section
IT describes the system model of two-way AF cooperative
communication network. We derive the non-coherent opti-
mal and suboptimal detectors in Section III and Section IV,
respectively. In Section V, we derive the optimal detector
when the partial CSI is known. In Section VI, the BER
performance upper and lower bounds of proposed two-way
FSK modulated AF cooperative communications are studied.
Computer simulated results are presented and discussed in
Section VII. Finally, conclusions are given in Section VIII.

II. SYSTEM MODEL

In flat Rayleigh fading channels, we consider a three-
node two-way wireless cooperative communication network
where nodes s; and so communicate with each other with the
assistance of node r, as illustrated in Fig. 1. In this two-way
cooperative communication network, each node works in half-
duplex mode. This is because each node cannot transmit and
receive signals simultaneously on the same frequency band.
Thus, the exchange of information symbols between nodes s;
and s9 is divided into three phases. In the first and second
phases, nodes s; and sy broadcast their signals, respectively.
In the third phase, node r broadcasts the combination of the
received signals from nodes s; and ss.

The nodes s; and sp employ an on-off keying (OOK) or
M-ary frequency shift keying (FSK) modulation to transmit
signals. Denote the modulated signals at nodes s; and so as
vectors xg, and x,, with length M, respectively. The vectors
Xsy s Xs, € O,

o {V2E;,0}; OOK 0
{Xm,m=2,3,--- ,M}; M-ary FSK
where E; is the transmission power per symbol and
T
Xm = 07"'a07\/ESa07"'7O (2)
‘Vl_/ 7_/

in which { denotes the transpose and conjugate operation. Thus
OOK can be seemed as a special case of M-ary FSK where
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M = 1. Without loss of generality, we only focus on the
signals transmitted from the node s; to the node sy in this
paper. The relationships between the transmitted and received
signals at nodes r and so are as follows

Vsiso hs,s,Xs, + Ny, (3)
Ysir = hsyrXs, + g, 4)
Vsor = hsyrXs, + Ny, %)
Yrss = Arhrsy (Yoir + Voor) + Drg, (6)

where * denotes the conjugate operation. In (3)-(6), the vector
¥pq With length M denotes the received signals at node ¢
transmitted from node p, p,q € {s1,7, s2}, whose m‘" entry
is the received signal over the m'" frequency; hpq denotes
the channel fading coefficient from node p to node ¢; and the
vector n,,, with length M denotes the additive white Gaussian
noise (AWGN) at node ¢ when node p broadcasts signals,
whose m!" entry is the AWGN over the m'" frequency.
The channel fading coefficient h,, is a circular symmetric
complex Gaussian random variable (RV) with variance ),
where (2, = (gp. Same as the channel fading coefficient,
the entry of the noise vector n,, is also circular symmetric
complex Gaussian RV, whose variance is N,. In (3)-(6), the
fading coefficients hs, s,, s, r, s, are mutually independent
and hg, s, , hsyr, hrs, are also mutually independent. However,
due to the channel symmetry, hs,, and k., are correlated RVs
whose correlation coefficient is denoted as p. In this paper,
we focus on fast fading channel. The instantaneous channel
fading coefficients {hs, sy, Nsyr, Bosyrs Ars, b are assumed to be
unknown at any node. Hence node s, has to employ non-
coherent detection. In (6), A, is the amplification factor which
satisfies the long-term power constraint for ergodic channels

(N

where E[e] denotes the expectation of [e] and F, denotes the
transmission power per symbol at node r. Thus,

A’?‘E |:(y517' + yS27’)T (ySlT + y827’)1| = ET

A Ey ’
" <Estlr + ESQSQ’I‘ + 2MN0) )

It is worth noting that in (6), the relayed signal is actually
conjugate version of the received signals at node r. In doing
that, the complexity of the relaying nodes is increased a little
whereas the complexity of the proposed detector is reduced
significantly compared with the relaying without conjugate
operation. This is because by conjugate operation, we can
exploit the correlation of the channel coefficients hs,, and
Rrsy-

®)

III. OPTIMAL DETECTOR UNDER MAXIMUM LIKELIHOOD
RULE

We consider to employ maximum likelihood detection rule
to detect the received signals at node s2. The estimated symbol
transmitted from node s; is expressed as follows

C))

X81 = arg max P(y81827yT82|X517X82)
X5, €0

where P(ypq|x,) is the conditional probability density func-
tion (PDF) of y,, given x,. Since the channels hs, q,, R, r,
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and h,s, are mutually independent, the conditional PDF
D(Ys1s0s Yrss|Xsy, Xs,) can be reduced to

P (Y1525 YrsalXsrs Xsy) = P(¥s182 X6, ) P(Yrsy [Xsy 5 X, )-
(10)
In (9)-(10), ys,s, is M-dimensional complex Gaussian dis-
tributed with mean vector 0 and covariance matrix

Uy = Nolns + Q5% X1 (11)

where I, is an M x M identity matrix. Thus, the conditional
PDF of ys,s, On X, is

€xXp (_yllsglps_ljégysl 52)
12)

where det(e) denotes the determinant of (e). The computation

of P(y,s,|Xs,,Xs,) is not straightforward because the trans-

mission of x,, from node sy affects the relaying signal. From
(3)-(6), we have

PWoisalxa) = Srgarmn

Yrss = ArhT52 (hslrxsl + hsw"xsz + ng, + nsw‘)* + Ny, .

(13)
Since h,s, and hg,, are correlated with the correlation coef-
ficient p, we can express hs,, as follows

hsy’ - phTSQ + n (14)

where 7 is a circular symmetric complex Gaussian RV with
zero mean and variance (1 — ,02) Q,s, and 7 is uncorrelated
with h,s,. Therefore, we can rewrite (13) as follows
Yrsy = AT‘h’r’SQ (hslrxsl + phT‘SQXSQ)*
+ ATh’I‘SQ (nxsz +n817‘+n527‘)* +n’l‘82‘ (15)

Given Xg,, Xs,, hs,r and hrg,, yrs, 18 M-dimensional com-
plex Gaussian distributed with mean vector

€ = AT‘hT‘SQ (h317“xs1 + phT’SZXSQ)* (16)
and covariance matrix

Ve=A7 \hr52‘2(1—p2) QT82X52XEQ+NO(1+2A72~ sy ‘2)IM‘

a7
The conditional PDF of y,;, on X, ,Xs,, ks, and h,s, is
P (y’I‘SQ ‘Xsl 9 XSQ ’ hsl’m hTSz ) (18)

_ .
- Wt(\yg) exp [_ (Yrss — &) \I/g ! (Yrss — 5)} .

To derive the conditional PDF P(y,s,|Xs,,Xs, ), we need
the following lemma which is from [6]

Lemma 1 : If Z is circular symmetric complex Gaussian
random variable with the mean m_ and variance Ug, then the
expected value of exp (—|Z|?) is

1 |m2|2
E [exp (—|Z|2)] = T o2 exp <—1 +02> .

(19)

With Lemma 1, the conditional PDF
P (¥rs, |Xsy)Xsy, hrs, ) 1S Obtained by taking expectation
over hg,r. Given hrs,, yrs, 1S M-dimensional complex
Gaussian distributed with mean vector

Yrss = pA s, ‘2 Xso (20)
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and covariance matrix
Wogy = Ug + A2 |, |* Qsyrx, X1 21)
The conditional PDF of y,s, on xs,,Xs, and h,g, is
1
P rs 519 Xs 7hrs = 22
(y 2‘X1 Xsy 2) 7_(_]\4det(\117n52) ( )

N —
exXp |:_ (yTsz - yTSQ) \Ilrslg (yTsz - yT’SQ):| .
Taking the expectation of (22) over \hT52|2, we obtain the
conditional PDF P (y,s, |Xs,,Xs, )

M

P (Yrs, X, Xs :/7 23
roa b xe) = | e 23)

z _
€xXp |:— 9) — (Yrsy — 2pAXs, )T\Ijz ! (Yrso — 2PArXs, )} dz
82
where
U, = zA? (Qrsy (1 — ,02) XSQXZ2 + QSITXSIXL)

+ No(1+42242) 1. (24)

To our best knowledge, the closed-form expressions of (23)
does not exist in the literature. In Section VII, we calculate
(23) numerically to obtain the simulation results of proposed
optimal receivers.

IV. SUBOPTIMAL DETECTOR

The optimal detector under maximum likelihood rule in-
volves integration operation which is complicated. In this
section, we will derive suboptimal detector without integra-
tion operation. The proposed suboptimal detector reduces
the system complexity at the expense of slight performance
degradation.

We rewrite the expression (15) as follows

Y’r’sz - nr52 (25)
== A’r’hT‘SQ (hslrxsl + ph’r’szxsz + nXSQ + nslr + nSQ’r’)* .

In (25), yrs, — s, is a vector with length M whose entry
is the product of two complex Gaussian RVs. Without loss
of generality, we assume that in vector x,,, the I*" entry
is nonzero. The proposed suboptimal detector only employs
Yi/rs, and the imaginary component of ys,; for symbol
detection, where z; /p denotes the vector z, without the th
entry and z,; denotes the ['" entry of z,. Thus, the estimated
symbol transmitted from node s; by employing the suboptimal
detection is expressed as follows

)Acsl = argxm%}(ep(lm (yTsz,l) ‘Xswxsz)
51

-P (YZ/rsz ‘X317X52) .P(YSISQ‘XSI)' (26)

The proposed suboptimal detector discards the real component
of y,s,, because the real component contains the interference
PA |hyrs, |2 Xs,, Which is an exponential distributed RV. Thus,
we propose to derive the suboptimal detector without consid-
ering the real component of ¥, ;.

The imaginary component of y,s,; — 7,s, 1, denoted as



2756

Im (y’l‘827l - nTSQ,Z)’ is

Im (y’l‘827l - nTSQ,Z) (27)
== A'r’Im [h'r’SZ (hslrxsl,l + NTso,1 + Nyl + nsy’,l)*]

whose entry is the inner product of two independent zero mean
Gaussian vectors with length of two. The conditional PDF
P [Im (yTS27l - nTSzJ) ‘Xsl ) XS2] is [20]

P |Im (yT‘SQJ - n’f’szyl) ‘Xsl )y Xso } (28)

[
1 -
exp [—QZ/JZ \Im(me - nrsw)q

Vi

where

= AX, [A3931rx31,l +(1- pz)QT‘SQxEQ,l + QNO] :

(29)
Thus the conditional PDF P [Im (Yrsy, 1 — Mrsy,t) |Xsys Xsy |
can be achieved by taking expectation of expression (28)
OVer n,s, ;. Unfortunately, to best of our knowledge, there
is no closed form expression available for above-mentioned
expectation. As an alternative, we will employ the Jensen’s
inequality to obtain the lower bound of the expectation. By
applying Jensen’s inequality, we have

P [Im (yT‘SQJ) ‘Xsl ) Xso ] (30)

Z % exp |:—2'(/Jl_é \/E (Im(yTSQJ - nTSQ,Z)z):|
- ﬁ exp {—w[ I () + No/z} .

In (30), the Jensen’s inequality is valid because exp (—+/x)
is a convex function whose second-order derivative is greater
than or equal to zero, i.e.

W

d? -

e (V) = &

(~V7) 20,
(31)

1
exp (—v/z) +E exp

The expression of vector y;/,,, is as follows

(YZ/r52 - nl/rsz) = ATh/TSQ (hslrxl/sl + Ny/syr + nl/SQT‘)*
(32)
whose entry is the product of two independent zero mean
complex Gaussian RVs. By applying Jensen’s inequality as in
[7], we have

2 -1
Kol 29, 2 T82,1 2 No
ﬂ'wi 0 ( QZ}Z ‘y 2, + )
(33)
where K (e) is the zero-order modified Bessel function of the

second kind and
ql}i = A72~QT52 (Qslrxghi + 2No) ) & 7é .

The above suboptimal detector is obtained without considering
the real component of y,s,;. It is worth noting that when
p = 0, the interference pA, |h;s, |2 X5, does not exist. Under
this situation, the suboptimal detector still employs (9)-(10)
for symbol detection with P(y,s, |Xs,, Xs,) is replaced by

M
P(yl/TSQ‘X517X52)z H
i=1, il

(34)

Ky (21/%‘1 |yr52,i 2+N0) .
(35)

M 2
P(yrs, |X517X52)%H P
i=1" 7"
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V. OPTIMAL DETECTOR WITH PARTIAL CSI

In the above two-way AF cooperative communications, we
assume that the nodes have no channel state information (CSI).
This assumption is valid when the whole communication
network undergoes fast fading. In practical systems, another
situation that one source node, s; or sz, is moving at a high
speed, the other one and node r are static may be common.
Without loss of generality, we assume that node s; is moving.
Under this situation, the channels from node ss to node sy
and from node r to node s; undergo fast fading whereas the
channel from node r to node sy is quasi-static or undergoes
slow fading. Thus, the detector at node s; has to employ the
optimal or suboptimal schemes proposed in Sections III and
IV for symbol detection whereas the node s may exploit
the CSI of h,s, to improve the system performance. When
the detection at node so is considered, the node r does not
exploited the CSI of hg,, since it is assumed to have limited
signal processing power and it just amplifies and forwards its
received signals.

With the knowledge of h,s,, the optimal detector at the
node ss is derived as follows. From (15), we obtain

Yrss = PAr ‘hTSQ |2 Xso (36)
+ A’r’hT‘SQ (hslT‘XSl + nXSQ + nsl'r’ + nSQT‘)* + nT‘SQ'

Given x,, and Xs,, ¥rs, i M-dimensional complex Gaussian
distributed with mean vector

Ep = pA; [Rrs, ‘2 Xso

and covariance matrix

(37)

v, = Az 1 \2 [Qslrxslxil—b- (1—,02) QTSQX52X£2+2NOIM]

+ Ny (38)
The conditional PDF of y,,, on x4, and x,, is
1
P rs S19 s = TN AT N
(y 2 ‘X 1 X 2 ) ﬂ_]\/[det (\I/p)

exp [~ (¥rss = &) 0, Wre = &)] - 39)

Substitute (39) into (9)-(10), we obtain the estimated symbol
transmitted from node s; for the optimal detector with partial
CSIL

VI. BER PERFORMANCE UPPER AND LOWER BOUNDS

In this section, we will derive the bit-error-rate (BER)
performance upper and lower bounds of the optimal non-
coherent detector for M-ary FSK modulated two-way AF
cooperative communications in Rayleigh fading channels.

A. BER Performance Lower Bound

Without loss of generality, we assume that x;, = x; and
x5, = X;. From (23), the optimal detector involves integration
operation which causes the exact analytical BER performance
is difficult to obtain. The integration operation in the optimal
detector is due to the interference x, included in y,s, which
causes the expression for probability distribution of the real
component of y,,,; to be very complicated. However, from
Section V, we know that with the partial CSI h,g,, the
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conditional PDF P (y,s, |Xs,,Xs, ) can be achieved in a close
form thus the performance analysis for the optimal detector
with partial CSI is possible. In this paper, we propose to derive
the BER performance of optimal detector with partial CSI for
two-way AF cooperative communications which is the lower
bound of optimal detector without partial CSI.

From (9)-(10), the pairwise error probability of x; erro-
neously detected as xi, k € {2,3,---, M}, is expressed as

follows
P(X1 — Xk) = P(>\1k < 0) (40)
where P(Yorsa 51 P a1, )
Ysiso X1 Yrso | X1, X
A1 = log . (41)
' P(Yovoa [ %) P(Yrsa [, X1)
After some mathematical manipulation, we obtain [21]
Mg =U = U+ V1 = Vg (42)

where Uy, and V;,,, m € {1,2,---, M}, are shown on the top

of the next page, in which m € {1,2,--- M},
Y= ff—za (45)
1
O T AR PR A )0 o
1
T A2 P2+ 1 (1= 07)s,)
fo= : @7

1+ 242 hrs, |? e APy, [2(2 + 7 Qyr)

In (43), regardless of [ = m or | # m, &, is the sum of two
weighted independent chi-square distributed RVs, whose PDF
is [20]

0= g (v () o)

z>0, Wy #£Wsy (48)
where 5
11 = Y%, 505 m=1
Wi = o1 49
1 { 51 = llsﬁ; m+#1 (49)

and W5 is shown on the top of the next page. Therefore, when
l =1, ie. x5, = Xg,, the conditional probability of correct
detection is evaluated as follows

(ﬂ Ak > 0)

z1+C1—C2
/0 Pgw (zk)dzk> le (51)
i 1 z1 zZ1
B /0 11 — 021 (exp (_E> - p( 521))
2111 (2 1 29 29
. [/0 7612 o (exp (— E) — exp (— E) ) dzgl

Similarly, when [ # 1, ie. X5, # Xs,, the conditional
probability of correct detection is evaluated as follows

) z1+C2—C1
P(C‘Xsl #XS2>hTS2):/O P€12 (Zl) /0 Pfll(zl)d’zl

P(C‘Xsl :X52> 7‘52

M-1
le .
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/ ngz zk)dzk le
k= Qk;él

Z1 Z1
:/0 011 — 523 (exp <_E) —op (_E)>
21+C2—C1 1 29 25
/ e (e (52) o (~52) ) o=
. M—2
{/ 512— 024 ( Xp( 01 >_e P (_@>> d23] der

The integrals in (51) and (52) are trivially evaluated, and after
some mathematical manipulation, we can obtain
=2 0. . Dy e
ko ky
1= k)g 0 k)g 0 k}4 0

( M—l—kg > 612624B]\/I 1— szkJQBkll
ks k30K, 1024 + kaiy 1012 + 612624

k3024 + k4012
- €Xp (_W(Cm.l - C’le))

and P(c|xs, # Xs,,hrs,) Which is shown on the top of the
next page, where

(52)

(C|X51 = stvhrsz)
2 M—-1M-1—ks ko

(53)

B 511611521 (55)
By = 5125i2 = (56)
Bz = 511511523 (57)
By 512612524 (58)
Bsy=1— By, pe{1,2,3, and 4}. (59)

Thus the conditional symbol-error-rate (SER) performance is

M-1
Ps(elhrs2) = 1 - M P(clxs, # Xsy, hirs,)
1
- MP(C\XS1 = Xsyy Nrsy)- (60)

We take the expectation of (60) with respect to the channel
coefficients h,, to obtain the SER performance of the optimal
detector with partial CSI

/ Qr52 P < QT52> Ps(e‘hTSQ)“hrszP:ZdZ
(61)

where ® denotes the interval (0,00) excluding countable
poles. According to [22], the BER performance of the optimal
detector with partial CSI is

M

Py(e) = S0=1)

Ps(e). (62)

B. BER Performance Upper Bound

From (36), we know that pA,|h.s,|?Xs, is an interference
for the detection of x5, at node sy. If h,s, is unknown to
node sy, the detector involves integration operation which
causes the BER performance upper bound is difficult to obtain.
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’YQS]SQ 2 ﬁl
ml — S182,m rSso,m A \/ h l=
U — € 1 No(1+’VQslsg)‘yl 2, ‘ No Yrsom — P ‘ m (43)
" €m2 = &‘ys s m‘2 52 |yrs m‘ l#m
No (1 +79s,5,) e N, *
1+ A2 h,s.|?(2 1—p?)Qs
g LA PR )
— L+ AZ[hys, |? (2+'YQslr+'Y(1_P2)Qr52)
Vin = 2 (44)
p— ’ m
? g1+A2|hr82‘ (2+7951T)
621 = ﬁl 1 +A72«‘hr52|2 (2+’YQslr +'Y (1 14 )QTSZ)] ) m=1[=1
22 = B1 [1+ A2|hps, |2 (247 (1 = p%) Qrsy) ] 5 m+#1and m=1
Wa = 9 2 (50)
023 = B2 |1+ A7|hys,| (2+’stlr)]; m=1and [ #1
baa = P2 (1 4+ 242%|hys, [?) m # 1 and m # [
M—-2 M—-2—ks ko
M -2 M—-2—k k
Pl #mtnn) = 35 S S (M2 (MR ()
2 3 4
k1=1ko=0 k3=0 ky4=0
k3o _1)024 + k46 _1)012 + 0120
pM-2kplip, . exp( 30k, (2k1 —1)024 + K40, 2k, —1)012 + 012 24(<m1 _<m2)> (54)
Ok (2k1 —1)012024

2
. 012024 B Z
Ok 2k —1) (k3624 + kad12) + 612024 =

Oks2012024 Brgo )

Ok (2k1 —1) (K30ks52004 + Kkylpy2012 + 012024) + d120k52024

Since the interference pA;|h,s,|*xs, increases the uncertainty
for symbol detection and the uncertainty is measured through
differential entropy, we may replace the interference with a
complex Gaussian noise vector having the same differential
entropy, which is denoted as n.g, to derive the upper bound.
Thus the received signal y,,, is expressed as

Yrss = AT‘h’r’SQ (hslrxsl + T Xs, + nslr+ n32r)* + Ny, + Ney

(63)
. . . OeqXspXl . .
where the covariance matrix of ne, is ———= in which
Ar Qo VE
Goq = P re2V 20 (64)

™

Furthermore, a suboptimal receiver is obtained by approximat-
ing the received signal y,,, as follows

yT52 ~ AT \/ QT52 (h51 Tx51+{r]X82+n817’+ nSQT)* +n’l‘82 +n€q
(65)
where h,g, in (63) is replaced by its square root of its
variance. We can derive the performance of above-mentioned
suboptimal detector which is the upper bound of our proposed
optimal detector.

Assuming that x;, = x; and x5, = X, the pairwise
error probability of x; erroneously detected as xi, k €
{2,3,---, M}, can be derived by using (40) where Ay is
replaced by A1k,

M =Ur —Up + Vi — V.
In (66), U, and V,,, m € {1,2,

(66)

, M}, are shown on the

top of the next page, where m € {1,2,--- , M},
. 1
= 69
g L4 0eq + AFQrsy (2 +7(1 — p?)rs,) ()
1
1 + Oeq + A7Qrsy (2 4+ 7, +9(1 = ?)rs,)

TABLE I
ASYMPTOTIC ERROR BOUNDS

P (e]xs, # Xs,)

P(6|X51 = st)

Lower Bound p # 1 % &

Lower Bound p =1 % %

Upper Bound p # 1 % %

Upper Bound p =1 % %
1 1

Bo = (70)

142420, 1+ A2Q,,,(2+Q4,,)
Therefore, the BER performance upper bound of the optimal
detector can be obtained by using (51)-(62) where W3 is
replaced by W5, shown on the top of the next page.

C. Asymptotic Error Bound Analysis

Since the derived expressions for the BER performance
bounds are very complicated, we analyze the asymptotic error
bounds to show the effectiveness of the proposed scheme. To
simplify our analysis, we focus on the asymptotic diversity
order when M = 2 because the diversity order is uncor-
related with the value of M [23]. Furthermore, the noise
vector n,, is normalized such that N, = 1. In Table I,
we show the asymptotic error probability when v — oo,
where P (e|xs, = Xs,) and P (e|xs, # Xs,) denote the error
probability when x5, = x,, and x4, # Xs,, respectively. The
derivation of A;,7 =1,2,---,7, in Table I is provided in the
Appendix.

VII. SIMULATED AND THEORETICAL RESULTS

In this section, we present computer simulated and theoret-
ical results to show the bit-error-rate (BER) performance of
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n ’YQS]SQ 2 Bl 2
ml = 37 71 1 . N IYsisa,m 7 |Yrsa,m| 3 I =
B AT L A "
0, — s v (67)
A L. S N C UL VRN P g
m2 No(l + 'YQslsz) 5182,mM No TS2,m|
~ 1 e A%2Q,.,,(2 1—p?)Qs
C1:10g +5q+ T 2( +’Y( ,0) 2) : l=m
- L+ 0eq + A2, (2+ 9, +7(1 = p2)rs, )
Vin = 2 (68)
61 142420, »
=lo : m
? & 1+ A2Qs, (2 4 2, 1)
(521 = 5:1 (14 6eq + A2|hrsy|? (2 + Yy + v (1= p?) Uy | m=1=1
W2 _ (§22 :@1 [1+(552q+A32|hT32‘2 (2+’7(1—p2) Q’[‘SQ) ; m# land m =1 (71)
(§23:@2 [1+Ar‘hr52‘ (2—|—")/Qslr)], m=1 andl;él
21 = B (14 2A2% hys, |?) ; m # 1 and m # 1

non-coherent detection for two-way AF cooperative commu-
nications in Rayleigh fading channels. In the simulations, the
fading variances are assigned by adopting a path loss model of
the form €4 o L;q4, where L, denotes the distance between
nodes p and ¢, p,q € {s1,r,s2}. The variance of Rayleigh
fading coefficient from node s; to node s is normalized
such that Qg s, = 1. The BER performance in our plots, if
not specified, is obtained by computer simulation where the

expression (23) is calculated numerically.

In Fig. 2, we compare the optimal non-coherent detection
of OOK (denoted as “M = 1" in the legend) modulated one-
way (denoted as “OW" in the legend) and two-way (denoted
as “TW" in the legend) AF cooperative communications when
Lg,» = Lys, = 0.6Ls,5,. Throughout this paper, the trans-
mitted power per symbol of node r for one-way cooperative
communications is F; whereas that for two-way cooperative
communications is 2Fy, i.e. E, = 2E;, for fairly comparison.
This is because for one-way cooperative communication, if
the node r relays the signals from nodes s; and sy with the
same transmission power per symbol Ej, the total transmission
power for exchanging the signals between two source nodes
is 2E,. Thus the energy per bit, denoted as Ej, is 2F.

It is found from Fig. 2 that compared with one-way scheme,
OOK modulated two-way AF cooperative communications
suffer performance degradation of about 2.0 dB when bit-
error-rate (BER) is 1072 and the channels are static, i.e.
p = 1. When x,, = 0, two-way cooperative communication
scheme is reduced to one-way scheme except that the noise
power of the former is twice as much as that of latter. The
observed performance gap is mainly due to the fact that when
Xs, = V2Ej, the cooperative transmission at node 7 includes
the signal transmitted from node so, which is interference for
the detection of x,;,. When the channel is fast fading, i.e.
p = 0, it is observed that two-way cooperative communi-
cation scheme provides little performance improvement over
the conventional communication scheme without cooperative
relaying (denoted as “No relay" in the legend). This is because
when x;, = 0, two-way scheme reduces to one-way scheme
thus cooperative relaying provides additional spatial diversity
gain, whereas when x,, = v/2Ej, the negative effect of signal
transmitted from node sy on the detection of x;, is so strong
that it offsets the performance improvement when x,, = 0.

In Fig. 2, we also compare the optimal non-coherent detec-
tion of binary FSK (denoted as “M = 2" in the legend) modu-
lated one-way and two-way AF cooperative communications.
It is shown from Fig. 2 that both schemes perform better than
OOK modulated cooperative communications. It is also found
that compared with one-way cooperative communications,
two-way FSK modulated cooperative communications suffer
about 1.7 dB, 3.8 dB, and 4.2 dB performance degradation
when the BER is 10™* and p = 1, 0.9, and 0, respectively.
This is because for two-way FSK cooperative communica-
tions, the transmission of signals from node s, affects the
detection of x,, at node sy thus results in performance
degradation.

In Fig. 3, we provide the performance comparison of opti-
mal and suboptimal detectors for OOK and binary FSK mod-
ulated two-way AF cooperative communications. For OOK
modulation, it is shown that the suboptimal detector has almost
identical BER performance with the optimal detector in fast
Rayleigh fading channels (p = 0). In static Rayleigh fading
channels (p = 1), the suboptimal detector has about 1.3 dB
performance degradation compared with the optimal detector
when the BER is 10~3. The observed performance gap is due
to the discard of real component of ¥,,, ; and the employment
of Jensen’s inequality. From Fig. 3, it is also found that
suboptimal detector for binary FSK modulated signals has a
performance degradation at most 1 dB compared with optimal
detector when BER is 1073 and p =1, 0.9, and 0.

In Fig. 4, we present the theoretically derived BER per-
formance upper and lower bounds of the BER performances
obtained numerically by using (61) and (62). It is found from
Fig. 4, the derived lower bound is about 1.6 dB and 0.8 dB
away from the simulated BER performance when the BER
is 107* and p = 1 and 0, respectively. It is worth noting
that when Ej/N, increases, the observed gap between the
lower bound and simulation results does not decrease. This is
because the above-mentioned gap, from (36), is mainly due to
the interference pA,|h,s,|?xs, which increases with the in-
crease of Ep/N,. It is also noted that the derived lower bound
is actually the exact BER performances of optimal detectors
for FSK modulated two-way AF cooperative communications
with partial channel information h,5,. From Fig. 4, the derived
upper bound is about 0.6 dB and 1.5 dB away from the
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Fig. 2.
optimal detectors for one-way and two-way AF cooperative communications;
M =1and 2; Ls;r = Lyrsy =0.6Ls;s,.

—%— Optimal, M=1, p=0
— ¥ — Suboptimal, M=1,p=0
T 107%}| —B— Optimal, M=1, p=0.9
o - B - Suboptimal, M=1,p=0.9
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T
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30

Fig. 3. BER versus E}/N,; simulated BER performance comparison of op-
timal and suboptimal detectors of two-way AF cooperative communications;
M =1and 2; Ls;r = Lyrsy =0.6Ls;s,.

simulated BER performance when the BER is 2 x 10~* and
p =1 and 0, respectively.

In Fig. 4, we also present the BER performance of coherent
detector for binary FSK modulated two-way AF cooperative
communications (denoted as “Coherent" in the legend). It
is shown from Fig. 4, with coherent detection, the BER
performance can be significantly improved.

In Fig. 5, we compare the BER performances of 4-ary
FSK modulated one-way and two-way AF cooperative com-
munications, when Ly, = L,s, = 0.6Lg,,. It is shown
that compared with one-way scheme (denoted as “OW" in
the legend), two-way scheme suffers about 0.9 dB and 3.0
dB performance degradation when the BER is 2 x 10~ and
p = 1 and 0, respectively. The performance degradation is
much less than that of binary FSK modulated AF cooperative
communications. This is for the detection of x,, the signals
X, transmitted from sp only cause interference over one

BER versus Ej/N,; simulated BER performance comparison of

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 59, NO. 10, OCTOBER 2011

—<&— Upper bound, p=0
—+&— Optimal, Simu, p=0
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— € — Upper bound, p=1
— B — Optimal, Simu, p=1
— © — Lower bound, p=1
—~A— Coherent, Simu

20
E,/N, (dB)

10 15

Fig. 4. BER versus Ej/N,; comparison of theoretical BER performance
lower bound and simulation results of optimal detector of two-way AF
cooperative communications; M = 2; Ls;» = Lyrsy = 0.6Ls; 5.

—<— Upper bound, p=0 SR

—&— Optimal, Simu, p=0 B

—©— Lower bound, p=0 NN

— & — Upper bound, p=1 RN
— 8 — Optimal, Simu, p=1 SN é
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10 15

E,/N, (dB)

Fig. 5. BER versus Ey/No; simulated BER performance comparison of op-
timal and suboptimal detectors of two-way AF cooperative communications;
M =4; Ls;r = Lysy = 0.6Ls;s,.

frequency and leave the other three frequencies unchanged.
In Fig. 5, we also present the theoretically derived BER per-
formance upper and lower bounds of the BER performances.
It is found from Fig. 5, the derived lower bound is about 0.7
dB and 0.5 dB away from the simulated BER performance
when the BER is 3 x 10™* and p = 1 and 0, respectively.
From Fig. 5, the derived upper bound is about 1.1 dB and 1.5
dB away from the simulated BER performance when the BER
is 3 x 107* and p = 1 and 0, respectively.

In Fig. 6 and Fig. 7, we present BER performances of
optimal detector of two-way AF cooperative communications
where node r has different locations. In Fig. 6, the sum of the
distances Lg,, and L,s, is a constant equal to 1.2L4,5,. It is
found from Fig. 6 that when the detection of x;, is considered,
the BER performance is improved if the relaying node is close
to node s;. It is worth noting that from (8) and (23)-(24), the
optimal detection scheme for the received relaying signal y,..,
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Fig. 6.
detector of two-way AF cooperative communications; Ep/N, =
ler + Lrsg = 1~2L5132-

BER versus Ls;r / Ls, s5; simulated BER performance of optimal
10 dB;

is only related to the parameters Es, E., N,, p, {25, and
s,,. When the detection of y,.,, is considered, the average
signal-to-interference-and-noise-ratio (SINR) at node s9 is

SINR = / Bl N
0o 22p2Eg+ 2(1 — p?)Qps, Es + 22N, + 58

1 z
— - dz.
Q’I‘SQ eXp < QTSQ > ‘

When the signal-to-noise-ratio (SNR) is high, i.e. v — oo,
(72) is simplified as follows
1— 2
) ()
p

Qslr 1-— ,02
&
0*Qrs, p?
where £;(e) is the exponential integral function defined in
[24, eq. (5 1.1)]. Since we employ the path loss model of
Qpq x L here, when the SNR and p are constant, we know
that the 0pt1mal relaying position is only related to Lg,, and
Lys,.

In Fig. 7, the sum of the distances L, , and L,, increases
with L, = L;s,. It is shown from Fig. 7 that the BER
performance is improved if the relaying node get close to
nodes s; and ss.

(72)

SINR = (73)

VIII. CONCLUSION

In this paper, we propose optimal non-coherent detection
for two-way OOK and M -ary FSK modulated AF cooperative
communication schemes in fast Rayleigh fading channels.
The proposed schemes provide extra spatial diversity for
the communication network with single antenna transceivers.
Compared with conventional one-way cooperative communi-
cations, the proposed schemes increase the system throughput
at the expense of slight performance degradation. It is found
from the simulation results that the proposed two-way FSK
cooperative communication performs well in fast Rayleigh
fading channels. Since the optimal detector for two-way AF
cooperative communications involves integration operation,
we propose a suboptimal detector which reduces the re-
ceiver complexity significantly at the expense of acceptable
performance degradation. In this paper, we also derive the
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(L, L
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Fig. 7. BER versus (Ls,+ + Lyrs,) /Ls; s5; simulated BER performance of
optimal detector of two-way AF cooperative communications; Ep/No, = 15
dB; ler = L'rsz-

BER performance upper and lower bounds of the optimal
detection for M-ary FSK modulated two-way AF cooperative
communications in Rayleigh fading channels. It is found that
the derived upper and lower bounds are close to the simulated
BER performance.

APPENDIX
THE EXPRESSION OF A;,i =1,2,---,7
142242 z
A (‘ Q> i
2420, s, (1 — p?) &

(Qsyr + Qrgy, — Qrs,p?) (1 + 2242)
Ay = / 3Q1r Qs (1= p%) + 07, (1 = )% + 305,

> ZA’I%QS'lSZQSlT’QTSQ (Qslr + Qrsz)

-log

(1 + 22A2) exp (- QZ > dz (75)
3(1+22A2) z

A3 a [I> ZA2951$QQSN“QT’32 P <_ QTSQ) @ (76)
(1+422A2)3 exp (— o )

At = / (77

o 2420,5, (2 — Qs ) (1 4 2Q05, A7)
Q’r’sz
2Qg,p + 2204, Qrs, A2 + (1 — p2) (1 + 22A42)Q2, )

1420555 A2
(Quyrt (1= p*) sy (L 20, AD) ] 20
( )Qsl’r’Q A2

TSs2

P
/ {A 2015022, (U + (L= 2
21 Qrsy + Q2 (Rsyr + (1=
2A2Q,,45,94,- 03, (Q slr+

As =

)9752)2
PP) ;) }
) 752)

(1-
(14 29,4, A2) exp ( ) dz (78)
A — / (1+2242)3
° o 2mz A3 5, sy (1 + 2472Q05,)? (2 — Qi)
) 142Qp5, A2
1 1+22A2
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