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On the Performance of Optimum Noncoherent
Amplify-and-Forward Reception for Cooperative
Diversity

Ramesh Annavajjala, Pamela C. Cosman and Laurence B. Milstein
Department of Electrical and Computer Engineering
University of California, San Diego, La Jolla, CA 92093, U.S.A

Abstract— In this paper, we present receiver structures
for maximum-likelihood (ML) noncoherent amplify-and-forward
(AF) communication links when multiple relay nodes are em-
ployed. We consider both on-off keying (OOK) and binary fre-
quency shift keying (BFSK) modulation schemes on Rayleigh fad-
ing relay channels with no channel state information. Even for
the simple case of having only one relay node, the optimum non-
coherent receiver is quite involved, and the ML metric computa-
tion requires certain integral evaluations. To lower bound the av-
erage bit error rate (BER), we assume that the link between the
relay and the destination node is unfaded, a reasonable assump-
tion when there is a strong line-of-sight path between the relay and
the destination, and obtain simple closed-form expressions for the
average BER with an arbitrary number of relays. Upper bounds
on the average BER are also presented by numerically evaluating
the Bhattacharyya distance between the likelihood functions. Fur-
ther, simple suboptimum receiver structures are proposed, for both
OOK and BFSK, along with an analytical performance evaluation,
and an asymptotic diversity order analysis.

Keywords: User cooperation, cooperative diversity, relay channels, nonco-

herent communication.

I. INTRODUCTION

Cooperative diversity is attractive for mobile terminals having
single-antenna transceivers. A distributed antenna array can be
formed by collaboration among M nodes, with a potential to
achieve the full diversity order of M. Sendonaris ef al. in [1]
showed that, with transmitter channel state information (CSI),
the sum-capacity of an ergodic fading channel can be improved
with user cooperation, whereas in [2] Laneman showed that with
CSI only at the receiver, the sum-capacity cannot be increased
over no-cooperation. The performance of coherent binary PSK
(BPSK) signaling with an amplify-and-forward (AF) commu-
nication protocol and receiver CSI was studied in [3]. An im-
proved analysis of error probability, using the moment generat-
ing function approach, was presented in [4]. Recently, the per-
formance of multi-branch, multi-hop, relay channels was con-
sidered in [5] and [6]. The analysis of [3]-[6] showed that with
M relay nodes and perfect CSI at the receiver, coherent multi-
branch AF reception over independent channels achieves the full
diversity order of M + 1.

In order to acquire the CSI, the relay channel has to be trained
(typically by pilot signaling), which results in a throughput
penalty. If the variation of the channel over time is high rela-
tive to the signaling duration, then the estimates become out-

dated. In such a scenario, one is inclined to employ nonco-
herent detection techniques which do not require knowledge of
the instantaneous channel realization. In this context, Chen and
Laneman in [7] and [8] studied the performance of noncoherent
binary FSK (BFSK) signaling with a decode-and-forward (DF)
protocol. They showed that, with M relays, the diversity order
achievable with a noncoherent DF protocol is at most (1 /2)+1
when M is even, and (M + 1)/2 when M is odd. That is, with
the DF protocol, noncoherent signaling loses approximately half
of the available diversity order.

In this contribution, we consider noncoherent communication
over Rayleigh fading relay channels with an AF protocol. While
neither the relays nor the destination have knowledge of the in-
stantaneous CSI, we assume that the statistical averages of the
channel gains are known to them. The amplification gain of
the relay is chosen to satisfy an average power constraint. We
consider both on-off keying (OOK) and BFSK modulation, and
derive the maximum likelihood (ML) noncoherent AF (NCAF)
receiver structures at the destination. Unfortunately, even for the
case of single relay node, no closed-form expression for the ML
NCAF receiver is available, and the ML metric computation re-
quires numerical evaluation of certain integrals. To gain some
understanding of the receiver performance, we assume that the
relay-to-destination link is unfaded'. This is reasonable when
there is a strong line-of-sight path from the relay to the desti-
nation. With this, we are able to derive simple closed-form ex-
pressions for the average bit error rate (BER), with an arbitrary
number of relay nodes, that serve as lower bounds on the opti-
mal performance. We derive the upper bounds on the average
BER by employing the Bhattacharyya bound [10]. We propose
simple suboptimum receivers, for both OOK and BFSK, along
with their performance evaluations. We also show that, using
asymptotic diversity order analysis [11], with M relay nodes
plus a link between the source and the destination, the OOK
achieves a diversity order of at least (M +1) /2, but never M +1,
whereas BFSK achieves the full diversity of M + 1. However,
one of our more surprising results is that for the OOK system,
without a relay, the asymptotic diversity analysis predicts a di-
versity order of less than unity. Since we could not find a good
physical interpretation of this result in the context of diversity, it
suggests that asymptotic diversity analysis should be used with

L A similar assumption is made in [9] for diversity analysis.
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caution.

The rest of this paper is organized as follows. We present the
system model in Section II. Optimum NCAF receiver structures
for OOK and BFSK are formulated in Sections II-A and II-B,
respectively. With the assumption that the relay-to-destination
link is unfaded, Sections III-A and III-B, respectively, derive
the average BER expressions for both OOK and BFSK mod-
ulations, whereas Bhattacharyya distance-based upper bounds
on the BER are discussed in Section IV. Suboptimum receiver
structures are presented in Section V. In Section VI, we study
the asymptotic diversity order analysis. Numerical and simula-
tion results are presented in Section VII. Finally, we conclude
this work in Section VIII.

II. SYSTEM MODEL

Consider a source node S that wishes to communicate with
an intended destination node D with the help of M relay nodes,
R, ..., Ry. We assume frequency-flat fading on the links be-
tween the source and the destination, between the source and
the relays, and between the relays and the destination. Let gy
denote the channel gain on the path from the source to the des-
tination D, and, for j = 1,..., M, gj denote the channel gain
on the path from the source to the relay node R;. Also, let g3
denote the channel gain on the path from the relay R; to the
destination. We assume that g1, {¢3}, and {gg},j =1,...,M,
are zero-mean complex Gaussian random variables (rvs) with
variances Ef[g1[2] = Q1. and E[[gl?] = @, Ellg}|*] = 4,
7 =1,..., M, respectively.

The source employs a binary signal constellation, X', and nei-
ther the relays nor the destination know the instantaneous chan-
nel gains, and hence employ noncoherent demodulation. The re-
lays amplify the signal received from the source to meet their re-
spective average power constraints. The relays and the destina-
tion are assumed to know the statistical averages, {23, (2} ;”i 1
and €2;. Our communication protocol is the same as that of [12],
where in the first time slot the source broadcasts its signal to the
destination and the relays, whereas in the second time slot the
relays forward their copies to the destination. That is, if 7" and
W, respectively, denote the message duration and bandwidth re-
quired for a single-hop system, then the message duration and
bandwidth requirements with M relays are 27" and MW, re-
spectively.

Throughout this paper, we employ low-pass equivalent com-
plex baseband signal models so that X', in general, represents a
complex-valued constellation. Let X € X be the symbol trans-
mitted by the source in the first time slot. Then, the matched-
filer (MF) output at the jth relay is

7’5-%3 =gX + 775257 )]

where 7732S is a complex-valued Gaussian noise rv with zero-
mean and variance E[|nj4|?] = o%. The output of the MF at
the destination due to the direct link is

rps = 1X + 1ps, (@)

where 7pg is a complex-valued Gaussian noise rv with zero-
mean and variance E[|nps|?] = o%. Relay R; amplifies the
signal 7{% ¢ by a factor A;, where A; is chosen to satisfy the con-
straint E[|Ajr%5|2] = Fy. Clearly, A; = \/ES/(ESQQ +0%).
In the second time slot, the relays transmit. The output of the
MF at the destination due to the relay I2; is

*pr = Aj93TRs T DR = 43939 X + Aj931Rs T 1D R, (3)
where 77%, R 1s a complex-valued Gaussian noise rv with zero-
mean and variance E[|1}, |?] = o3 One of our goals is to de-
rive the optimal receiver structure at the destination, based only
on the statistical knowledge of Q1, {Q), Q4})Z,. We consider
two kinds of binary signal constellations that are amenable to

noncoherent detection: 1)OOK modulation, and 2)BFSK mod-
ulation.

A. On-Off Keying

With OOK, the signal set is given by X = {0,v/2E,}. The
signal 0 is transmitted when the bit b = 0, whereas /2E; is
transmitted when b = 1. The information bits ‘0’ and ‘1’ are
assumed equally likely, so the average transmit energy at the
output of the source is £;. When the information bit b = 1 is
transmitted, the joint pdf of {r7, R};”il, and rpg, conditioned
on X = /2E,, is given by

frlDR,...,rgR,rDS\X:\/ﬁ = Eg, [anS\gl (TDS -V 2P91)}

M
< T Byt [Fot it (rhr— AsgdeV2P) | @)
j=1

where Fy; [-] denotes the expectation over the rv U, and ﬁ]b R
conditioned on ¢} and ¢, is a zero-mean complex Gaussian
rv with variance E|[|n, z|?|g3. 93] = JZQV(.l + A?|g§|2) Also,
faps|o (-) and fﬁJbR‘g%,gg() are the conditional density func-
tions of npg and 7}, , respectively. For simplicity, we define
A N PA

N =912 Es/0%. v = |93 Es [0}y, and 93 = |g3° Es /0%,
and their respective statistical averages are 7, 2 F [v1]
WEs/o%, 7y = Elpl = QEs/ox, and 7, = Ely}] =
QL E, /0% To proceed further, we need the following lemma:

Lemma 1: 1f Z is a complex Gaussian rv, having independent
real and imaginary parts, with mean F[Z] = m and variance
E[|Z — m|?] = N, then the expected value of exp(—|Z|?) is
given by

1 m|?
— . 5
1+NeXp< 1+N) )
Proof: Refer to (Eqn. (2.1-117), [13]). |
Since (rps — V2Pg1)/+/0% is complex Gaussian with mean

rps/\/ 03 and variance (2P/0%,)E[|g1]?] = 2PQ; /0%, using
Lemma 1, the first term in Eqn. (4) simplifies to

Blexp(—|Z|*)] =

Zp
1 e TF271
Egl |:an5’|g1 (TDS — V21 gl)i| =

—_— 6
7rc712\,><1+2717 ©)
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where Zps = |rps|?/o%. Following a similar argument as that
for (6), the jth term in the product of the second term in (4) can
now be simplified to

Eg] 3 {f"m\gj 4 (TJDR — 459293 QP)} -
bk
1 e 1+A3lgd12(t27h)
Ey | —3 3 712 - ™
moy (1+ Aflg32(1 +273))
By defining )\(Vg) = (1+ 27%)/(1 + 7%), and ZgR =
|75 | /0%, we can express (7) in the following integral:
E a.g { 73 nlghd (TDR AJ9293 QP)} =
__ Zhp )
/ 1+)\(V2)V3 dz. (8)
2o 1 + AT T

Note that, unfortunately, the integral in Eqn. (8) does not have a
closed-form solution.

When X = 0 is transmitted, we have

Egl [ans (TDS)]

1 M _o =
Thrr T hRTDS|X=0

M
<T1 Epy [Fapniatar (o) ] - ©)
Jj=1

Following the analysis (6) and (7), we can simplify the terms in
(9) as

Eg, [faps (tDs)] = —5exp(—Zps) and (10)
N
o g %D
. 1 e 4+ (F4) 7
E{(J)}: / " e, (11
st Uron "o} = 2 | Tt Y

where p(75) = 1/(1+73).
Finally, the log-likelihood ratio of the transmitted bit at the
destination is given by

For oM ix—
LLR(b) £ 10g< br s X=V2P

1 M _
Thirs TR TDS|X=0

M
== f(ZDSWVl) + Zg (ZJDvaévﬁg) ) (12)
j=1
where
F(Zps, 7)) = —log (14 27) + () Zps, (13)
14274,
and
co  — __Zhn
i i e | TAGHTe
g(ZDRﬁzﬁs):lOg /fdﬂﬂ -
S 1A
o ,x,i
1+ u ()7
(14)

S L+ u)mae

The destination decodes b = 1if LLR > 0and b = 0 otherwise.

B. Binary FSK

With BFSK signaling the signal constellation is given by X =
{V/Pei?mhit \/Pei?mf2t} where f; and fo are two orthogonal
frequency tones. When b = 1 is the transmitted bit, we have
X = \/Fe?“f 1t After matched filtering of the received signals
rpsand 1, 7 = 1,..., M, by e~2™/1t and e =727 /2t over the
signaling duration, we obtain the following low-pass equivalent
complex valued outputs as

A )
DS,1 = TDS,c,1 + JTDS,s,1 = VPg, + NDs,1 (15)
A )
TDS,2 = TDS,c,2 + JTDS,s,2 = 1NDS,2 (16)
k A .k
"DR1 = "DR,e,l TITDR,s,1
= ApVPghgh + Akglffnéc?,s& + UJkDR,l k=1,...,M (17)
k A .k
"DR,2 = "DR,c,2 T ITDR,s,2
:Ak9§n§3,2+771]§)3,2 k=1,...,M. (18)

In (15)-(18), the subscripts 1 and 2 represent the outputs due
to correlating with frequencies f; and fs, respectively, whereas
the subscripts ¢ and s denote the in-phase and quadrature com-
ponents, respectively.

Conditioned on f; being transmitted, the conditional pdf of
TDS,1,7DS,25 T%RJ, T%RQ, k=1,...,M,is given by

. . 1 1 M M =
fTDSJ’7D5v2’7DR,177DR,Z""”’DR,l”’DR,Qlfl

\/Fgl)]anS,Z (TDSQ)

Eg, [fﬁDs,1|g1 (TDS,l -
M
H Eg§19§ |: ﬁ%R 1‘92 7.‘73 (TDR 1 Ak\/_gQgB)
k=1

(19)

k
fﬁkDR,z \9§1g§ (TDR,Q):| 3

where 77]1%12,1 = Akgéf?ﬁsz +77]LC)R,1 and 77]1%12,2 = Akggn;%s,z +

% R.2> conditioned on g5 and g%, are two independent com-

plex Gaussian random variables with zero-mean and variances

Ellip g ?l95, 98] = Ellipp |95, 951 = oF (1 + Aflg5]?)
Using Lemma 1, the terms of (19) can be simplified to

1 _Zps.1
e 1+71
Eg1 [ans,1|gl (TDS,l - \/Fgl)] = ﬂ X Til (20)
_Irps.2?
o3 —Zps,2
e N e ,
fUDS,z (TDS,Q) = 7T0']2V = 7TO—]2V (21)
Egs g [ 119595 (TDR L — AV Pgkgky x
k
Tl 2108 9 (TDR,2)}
o _,_Zbra__ Zbra
1 / dx e 1+55e 1+u5)7Ee
= X
WQN(? 0 1+M(7§)7§1‘ 1+7§1‘
€r=
1
- (22)

k k =k =k
WQN(?\I](ZDR,D ZDRQaVQa’YB)-
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In (22), we have Zps1 = |rpsi1|?/0%, Zps.e = |rps2l? /0%,
ZJ’%R,i = |7’1]5R,1|2/‘712v> ZJ’%R,Q = |7"%R,2|2/‘712\/a and
U(Zhr1s ZhR.a> 75,7%) is simply given by the integral of
22).

When frequency tone f5 is transmitted, the above analysis re-
mains valid but, since the correlator with e =727 /1* would yield
only the noise and the correlator with e~727/2* would yield
signal-plus-noise, we need to exchange Z5, r and Z y R,2» and
Zps,1 and Zpg . With this, the LLR of the transmitted bit at
the destination is

LLR(b) = log <f”’s LTDS.2 bR 1T DR 2 erR,m%fR,2|fl>

fTDS 1,7Ds, 27TDR 17TDR,2a---ﬂ'gR,iﬂ'gR,ﬂf?
Zps,1
-2 Zpss k k =k =k
e m Hk 1 Y(ZDpRr1>ZDR2:73:73)
Zps,2
—5222 —Zpsa k k —k =k
e Hk 1 U(ZDR2 ZDRr1 V2 75)

Y1
_ _
<1+_ >[ZDS,1 Zps,2]

+ZH( bris L s ToTs)

= log

(23)

where, using the definition of ¥(-, -, -, ) in (22), we have

J J
ZDR.1 ZDR.2

dze  “h

1+u(Fy) 75

H (Zi)R,i, ZinR,zﬁ%ﬁ%) = log /

J
DR,
Ty T3

1 /dase
08 - —T\=J
) (L+732) (1 + pu(72)737)

DR2

1470

The destination decodes b = 1 if LLR > 0and b = 0 otherwise.

III. LOWER BOUNDS ON THE AVERAGE BER

Due to the complexity of the detection metrics of (12) and
(23), an analysis of the performance of the optimum NCAF is
difficult. As a consequence, we now consider a simple case
of having a strong line-of-sight path on the relay-to-destination
link. An example scenario could be terrestrial communication
from the relay to a destination in a rural environment. In this
case, we assume that the channel gain from the relay to the des-
tination is unfaded. That is, we have fyg () = 6(z—7%), where
0(z) is the Dirac delta function. With this assumption, we de-
rive simple closed-form expressions for the average probability
of bit error. Even if this assumption is not satisfied in practice,
the resulting expressions can still serve as lower bounds on the
average error performance.

A. On-Off Keying

We first realize that the term exp(—z) in the integrands of
(11) and (22) is due to the fact that we are averaging E,Y%- [[] over

(1 +72) (1 + p(74)74e)

the pdf of ’yg / 7% which is exponentially distributed with unity
mean. Upon replacing exp(—z) in the integrands of (11) by

0(x — 1), we can simplify the optimum receiver for this special
case as
_ 71
LLR(b) = —log (1 + 27,) + Zps +
(0) g ( Y1) (IJFQ%) DS
,% ,%
M 1A (7574 e 1Hn(I)TE
> s | ey | o | g | {09
= 1+ A(72)73 L+ pu(¥3)73
Eqn. (25) can be expressed in a convenient form as
M . .
LLR(b) = 1 Zps + Y b2, — Th, (26)

where Ty, = log(1 + 2,) + 372 {log(1 + A(F})73) —
log (1 +n5) 7%)} 1 = T/ + 27, and, for =
M, ¢ = 297/(1+ 7% + F5)(1 + AF)7)). In
(Appendlx A, [14]) we derived a s1mple closed-form expression
for the average BER for the detector of (26) which is given by

_ 1 . Y

Pe onoft = 3 (1 - F (X07Y(1),---»Yg[7Th)) +

1 . _

5F (Xl,Yl, Yi”,Th) 7
where

N N U
F({U.,Us,....Un,Th) = —J % x
POz O T =) 4 1] 775
j=1 i=1,i#7 J
Ty

1—ex 28
( p( Uj)) )
- 27,
Xo=—"1 29
0 1527, (29)
. o5

o= j=1,....M  (30)

(1 + 72)(1 + >‘(72)73)
X, =27, 31)
. 2—]—]
and V=28 o1 M (32)
1+ +73

In (28), the function F(U1,Us,..., Uy, Ty) is defined as the
probability that Uy + Us + ... + Uy is less than T, where
Ui, ...,Up are independent exponentially distributed rvs with
the mean of U; being U;.

We now study the behavior of (27) at high SNR. Similar to
[8], we let 5, = t179, and, for j = 1,..., M, ¥ = t}7 and
7% = t?ﬁ, so that the average link SNR goes to infinity with
7, while still maintaining a ﬁxed proportionality among them.
The variables t; and {t, tg 1 | capture the relay placement and
path-loss variability in the relay network. As y — o0, (29)-(32)
M, 71 = 2t17, and
M, respectively. It can be

approach Xo = 1,Y, = 1,5 = 1,...,
= o= i
Y, =28tly/(th+th),i=1,...,
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shown that, as y — oo, the threshold T}, can be approximated as
(M +1)log(7). Inviewof Xg = land Yy = 1,5 =1,..., M,
(1 — F(Xo,Ye,.... Yo, Th)), in (27) is noth-
ing but the probability that the sum of M + 1 independent and
identically distributed (i.i.d.) exponential rvs, each having unity
mean, exceeds Ty,. This has a well-known closed form, which
is given by [13]

the first term,

—x .M
— —1 —M e "z
1= F(X0, Voo,V W) = [ mmrsd
( ( 0,14 0> sy Lo h) /F(M—l—l) i
Th
T M (M + )M (log(7)M
~ b~ (M +1) X (O_g(’y)) (7 — 0),(33)
FI+1) M )M
where in the second step of (33) we employed the asymp-
totic behavior of the incomplete Gamma function [15]. The
third step in (33) is due to T, ~ (M + 1)log(¥). To char-

. . — 1 —M .
acterize the behavior of FI(X1,Y1,...,Y; ,Th) in (27), we
. . - =1 —= .
notice that the constituent rvs X;,Y,,...,Y; have a linear
growth in their expected values with 7. Let us define tyax =
max (ty, thtd /(t +t3), ..., t1ed /(t3F + t41)). The probabil-

ity F(X1, 71, . ,71\4, Ty) can be lower bounded as

F(Yh?la .. '7?l\/jaTh) = PrOb(Xl + }/11 4 +Y1M < Th)
> Prob(max(yl,Y},...,Yiw) X
~ 1 /571 M M
(X/Xa+Y /Y +-+ Y] /Y1)<Th>
X Yl yM T
= Prob(=" + =& 4+ 2 < 1), (34)
X1 Yl Yl 2tmaxY

Observe that the rvs X; /X1, Yf/?i, cee YlM/?iw are i.i.d.

rvs each with unity mean. That is, the sum % + ij 1 éj is
1

Gamma distributed [13]. As a result, (34) simplifies to [13]

thax’Y

— =1
FX.,Y,,.... 70 T > / M+1

:l—em;:ﬁil( Th )j
JV\ 2tmaxy

7=0
(M + 1)M+! <1og(7

) M+1 B
T (2tmax) MM +1)! 5 ) (7 — 00)(35)

Combining (35) with (33), we have

(4 )M (og(7)
M! 2(y)M+1

(M + 1M+t log(7) ) """

2(2tmax) MHH(M + 1)! ~

(M +1)M+1 M
2(2tmax) ML (M + 1) <§) (7 — o).

ﬁe,On-Off > +

B. Binary FSK

By replacing exp(—zx) in the integrals of Eqn. (22) by (x —
1), we can simplify the function H(-, -, -, -) to

) o . 1
H(Z%)R1aZlDR2a7%v7%):ZlDR1 i
’ S\ L+ u(7)7

1
147}

Zhs) s M
PR (1+75) (1 + 7 +75)

1+

1
Zl:)Rz S
1+ p(75)74

= (ZJDR,l -

With this, we can simplify LLR(b) of (23) to

Y1
LLR(b)=| —— ) |Z -7
(b) (IJF%)[ DS,1 DS,2]
M

—j=j
Y273 j j
+Z ' ; ; Z - Z .(38)
j ((1 +75) (1 + 7 +7§)> ( DRl DR,z)

J=1

An analysis of the average error rate of (38) can be performed
as follows: Without loss of generality, we assume that the fre-
quency tone f; is transmitted. Then Zpg ; is exponentially dis-
tributed with mean 1 + 7, whereas Z Dps,2 1s exponentially dis-

tributed with mean 1. Similarly, 5 R is exponentially dis-

tributed with mean 1 473, whereas Z7, , , is exponentially dis-
tributed with mean 1 + ,u(%)'y3 Also, note that Zpg,1, Zps,2,
Z]:,R 1 ZDR_Q, j = 1,..., M, are independent rvs. With this,
we define the following rvs

U, = 1+1712DS,1
U1 = 753%? — j=1,...,M(39)
(L +73) (1 +72 +73)
and o= 1+171 ZDps,2
Vig = %%%R’? — j=1,..., M(40)

(T+7) A+ 7 +73)

The rvs of Eqns. (39) and (40), respectively, have the following
mean values:

Ui = 7
—Jj=J
= V2 :
Ujp1 = —=>—  j=1...,M, (4]
1+ +7;
= "1
and V; = —
! 1+
GLaE
Vi = 273 j=1,...,M42)

(L+72)(1 +73)

50f9
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The average BER is then given by

M+1 M+1
Pe,BFSK = Prob Z Uj < Z ‘/J
j=1 j=1

M+1 M+1 -
(#) , (43)
Vi+ Uj

SIS
i=1 j=1

where the details of (43) can be found in (Appendix-B, [14]),

and the (; and x; of Eqn. (43) are given by

=T Mxl g,
i=1,izg 04 T Y =L 0V

We consider the behavior of (43) at high SNR. The mean values
in (41)-(42) simplify to

Ui = ty (45)
— tht] _
Uj+1 = ﬁﬁ ]:17"'7M7 (46)
t) + t]
Vi =1 47)
and  V;y = 1 j=1,....,M. (48)

Define V = 32" ;. At high SNR, from (47) and (48), V

7j=1
is a sum of M + 1 i.i.d. exponential random variables of unity
mean, and hence V' is Gamma distributed [13]. Using (45)-(48),
the expression in (43) can be simplified as

M4+1
ﬁe,BFSK = Prob (Z Uj < V)
j=1
M41 U
> Uy,...,U =2 =
E[Prob (meLX(U17 7UM.H) X {Jz_:l Uj} <v> ‘V v:|
(49)
Since max (U1, ..., Un41) = tmax7, and Z;Vf{l i is again
Gamma distributed, (49) can be simplified as
- ToemvpM T uyM
P, > dv——— X dy———
/BFSK = / YT / “TOI +1)
v=0 u=0
yi e VoM v =1 ( v >j
= dyv————— X € tmaxy — —
vjo (M) j:%ﬂ 7! \ tmax7y
7 1 i 11 N(M+j+1)
PM+1) j=M+1 It (tmax)) (14 ﬁ)MHH
(2M + 1)! 1\ M _
) 50
= ML+ 0!\t (7 = o) (59)

IV. UPPER BOUNDS ON THE AVERAGE BER

In this section, we present upper bounds on the average BER
for both OOK and BFSK signals on noncoherent relay chan-
nels. To accomplish this task, we use the likelihood functions

o dpg=0.9,d; =01

Average Bit Error Rate
>

———— dpg=0.1,d=0.9

Single-hop
——4—— Subopt. Detector dp =0.9

Subopt. Detector dRS:0.5

———— Subopt. Detector d=0.1

I
0 5 10 15 20 25 30
Average received SNR for a single hop, dB

Fig. 1. Average probability of error for OOK modulation with noncoherent de-
modulation. Three cases of relay placements are considered: a)Relay close to
the source, b)relay at the midpoint between the source and the destination, and
c)relay close to the destination. Also shown is the analytical error probability
performance of a system with no relay and the performance with the subopti-
mum detector of Eqn. (62)

BFSK: Source location (0,0); Destination location (1,0); Relay location (,0)
T T T T T T T

Average Bit Error Rate
>

——— p=0.5, Optimum
—&— p=0.9, Optimum

3| ——— p=0.1, Optimum

Single-hop
~ ~0— - p=0.5, SubOpt
p=0.9, SubOpt

— —#— - p=0.1, SubOpt
10’4 L L L L

) 2 4 6 8 10 12 14 16 18 20
Average received SNR for a single hop, dB

Fig. 2. Average probability of error for FSK modulation with noncoherent
demodulation. Three cases of relay placements are considered: a)Relay close
to the source, b)relay at the midpoint between the source and the destination, and
c)relay close to the destination. Also shown is the analytical error probability
performance of a system with no relay and the performance achieved by the
suboptimum detector of Eqn. (63).

of the transmitted bits along with the Bhattacharyya bound. The
Bhattacharyya upper bound on the probability of error in dis-
criminating two hypotheses, Hy and Hy, is given by [10]

Py < / it (2) frg (2)d, 51)

where fy,(2) is the likelihood function for the hypothesis H;,

j €40, 1}.
For OOK, when the signal is present, the con-
ditional density function, fy,, takes the form of

fZDs,Z,BR,...,Zﬁ;fRIX:\/E’ whereas fy,, when the sig-

1’1.'?1] is absent, takes the form of fZDsysz_’”ngme:O.
Since fZDSszDR-,--ngIR‘X:‘/72E5 = fZDg|X:\/2E5 X

e, . and f 1 ar = f
j=1J27% .| X=\/2E; Zps,Zhpy LR X=0 Zps|X=0
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X HJ 1 fzf LIX=0° the integral in (51) can be expressed as

Zps
P n— < — -7 dz X
b,On—Off / \/1+271 Xp 1+271 DS) DS

Zpg=0

M -
I [ VA LAGDTAZD o LT
i=1_;

Z

~1)/(2+7,)%. However, similar to (52), (57) must be evaluated
numerically. At high SNR, the first term 4(14+7,)/(2+7,)? in
(57) behaves as ¢=, and the functions V(Zprar Zbra To: 73)

and ¥U(Zpp 9, ZDR.,l’ ¥, 73), with the help of (22), can be sim-
plified to

(52) . . . . 1 7 e_ZDR 17 1D+RJ2
W(Zhiss Zomo T ~ o= [ e —du
3’yu:O
where .
- ;@(Z%)R 1 Z%)R,Q) (58)
Z 1 3
A(Z,a,b) / exp(—az) exp | — dx = =A(Z,a/b,1).
1+ b 1+ b b _ o | F o tnm
=0 J A i
(53) and ¥(Z7,p 2aZDR,1772a73) ~ t?ﬁ / 1tu dt
Except for the first term, which can be evaluated as u=0
VI+27,/(1 + 7,), (52) does not appear to have a closed- _ L@(Zj 7)) (59)
from. As a result, one must resort to numerical integra- ty DR,21 “DR,17
tion. At high SNR, the functions A(Z7},,1, A(73)7}) and h
A(Z} R, 1, u(7)74) in the jth integral of the product of (52) where o,z
can be approximated as 0(Z1,Zs) = / %dt. (60)
‘ o 1 ‘ t=0
J ~INAT) A~ J
AlZpr, 1, A(T2)73) ~ thﬁA (ZDR’ 0, 1) (4) Using (58) and (59), (57) becomes
j i \=i it 1 o7
and  A(Zpp, 1, n(W)73) = A | Zhg 1, 5 |- 55 Py srsx (High SNR) < — H o
t) 0y thy
T =0 2] 40
The first term of (52), /1T + 27, /(1 + 7, ), at high SNR, can be
approximated as \/2/%,; = \/2/t1/+/7. Using this, along with \/@ 73 71 o7 71 A7 d7i
(54) and (55), the high SNR version of (52) is,, (Zbr.1: 2pr2)OZbn2 Zbr )by R,
Py.on—0fs (High SNR) < L2
Vivu =1 2tj7 _ 77
- M+1 tlHtg DRl’ DR2)
/ \/ DR70 1 <ZJDR7 7_)dZJDR} a Zpr, I_OZJDR =0
Oz Zhe) i dzzm}]. @
M
1 2 1
(V)% t j=1 2t§

(56)

/ \/A(Z{m,o, DA(Zh gy 1,8 /t0)dZ0 5 | -

J
ZpHr=0

For the case of BFSK, the Bhattacharyya bound, analogous to
(52), can be written as

oo oo

pam
e*[ZDs,nLZDs,z]Q((%%

Poprsx < — dZps,1 X
(1+75)
Zps,1=0Zpg 2=0
M oo oo
dZpsa x [ { / / VY Zh 1 2y T T5) X
j=1
! Z%)R 1_O ZDR 27 =0
VO s T s | &
where the function U(-, -, -,-) is given in (22). Only the first

term in (57) has a closed-form solution, and is given by 4(1 +

V. SUBOPTIMUM RECEIVERS

In this section, we present easy to implement suboptimum re-
ceivers for both OOK and BFSK. For OOK, we propose the
following detector:

M
LLR(b)(O0K) = c1Zps+ Y cbZh,—Tu, (62)
j=1

where T}, ¢y, and, for j = 1,..., M, ¢}, are defined in Section
III-A. It is to be noted that (62) is optimum only when the relay-
to-destination link is unfaded. Performance analysis of (62) is
carried out in (Appendix-C, [14]).

For BFSK, we propose the following suboptimum receiver:

LLR(b) = (1 1171) [Zps,1— Zps,2] +
M ~I =7
7273 J J
7 — 7 . (63)
;<1+73)(1+72+ )>( DR,1 DR,2)
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Again, (63) is optimal only when the relay-to-destination link is
unfaded. In (Appendix-D, [14]) we present an analysis on the
performance of (63).

VI. ASYMPTOTIC DIVERSITY ORDER ANALYSIS

In this section, we consider the use of the expression from [11]
for the asymptotic diversity orders of the systems discussed in
this paper. As will be seen, it is unclear as to how much credence
one should put on the results of this type of analysis. However,
we present them because similar results for other systems are
prevalent in the literature (see, e.g., [8], [9]).

From [11], the asymptotic diversity order of a system with M
relay nodes is

—(M) ,_
dMé—_lim w7 (64)
y—oo  log(7)

where 7 is the average SNR, and ﬁ,(,M) (%) is the average BER
for an M-relay system with an SNR of %. This expression can
be used for the noncoherent relay channels. For BFSK, using
the lower bound of (49) and the upper bound of (61), on the
BER, in (64), we conclude that

IN

M +1,
M +1,

dy,BFSK

V

and  dy Brsk > (65)
respectively. That is, BFSK achieves a full diversity order of
M + 1. Furthermore, in [14] we show that the suboptimum
BFSK receiver of (63) also achieves a full diversity of M + 1 as
7 — oo. Using the lower bound on the BER for OOK, (36), in

(64) yields the following upper bound on the diversity order:

dvoork < M +1, (66)
Also, the upper bound on the BER of (56) yields the following
lower bound on d 7,00k

dvoox = (M +1)/2. (67)
Taken together, (66) and (67) show that OOK achieves a diver-
sity order of at least (M + 1)/2, but cannot achieve the full
diversity of M + 1. In particular, for a noncoherent OOK sys-
tem without the relay, upon setting M = 0 in (66), the asymp-
totic diversity order is less than unity. This can be explained
by the fact that the noncoherent ML receiver does not adapt the
decision threshold, T}y, to the instantaneous channel gains, and
hence results in a loss of performance®. This would seemingly
be attributed to a loss in diversity if the asymptotic diversity re-
sult was blindly applied. However, since a diversity order of
less than unity does not appear to have a sensible physical inter-
pretation, care should be exercised when attempting to interpret
performance behavior based solely upon asymptotic diversity
analysis.

2At high SNR, the average BER of the noncoherent OOK receiver with direct
transmission is given by log(%) /7 [16]. Our lower bound on the average BER
with M relays (cf. (36)), is consistent with the results of [16].

OOK:Source location (0,0); Destination location (1,0); Relay location (p,0)
E T T T T T
B

~ 5 RN
[ -y T~
- ~

———— Simulations: p=0.1
——— Simulations: p=0.5

—5—— Simulations: p=0.9

Average Bit Error Rate
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O Lower Bound,p=0.5
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— — - Upper Bound, p=0.5
— —5— — Upper Bound, p=0.9

——+&—— Single—hop

I I
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Fig. 3. Comparison of the average BER for OOK modulation with nonco-
herent demodulation. The curves with legend “Upper Bound” correspond to
Bhattacharyya distance between the likelihood functions, whereas the curves
with legend “Lower Bound” correspond to the assumption that the link between
the relay and the destination is unfaded. The curves with legend “Simulations”
are essentially the same as that of the simulation results of Fig. 1.

BFSK: Source location (0,0); Destination location (1,0); Relay location (,0)
; T ; T T

— Lower Bound: p=0.2
-5~ Lower Bound: p=0.5
10™| ~= Lower Bound: p=0.8
4 Upper Bound: p=0.2
—&— Upper Bound: p=0.5

Upper Bound: p=0.8
_.| = simulations: p=0.2
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107 L L

Fig. 4. Comparison of the average BER for BFSK modulation with nonco-
herent demodulation. The curves with legend “Upper Bound” correspond to
Bhattacharyya distance between the likelihood functions, whereas the curves
with legend “Lower Bound” correspond to the assumption that the link between
the relay and the destination is unfaded.

VII. RESULTS AND DISCUSSION

We now present some numerical and simulation results to il-
lustrate the performance of receivers for OOK and BFSK signal
sets, as derived in the previous sections. Results are shown for
M = 1 relay. The distance between the source and the destina-
tion is set to unity, and the relay is placed on the line joining the
source and the destination. The path loss exponent 7 is set to
four, so that we have j, = d,57/2 = 7/2, 73 = dz47/2, and
75 = dpk7/2, where 7 is the SNR without a relay. The factor
1/2 is due to the power split between the source and the relay.
Fig. 1 shows the average BER of the optimum OOK receiver of
Eqn. (12) as a function of the single-hop SNR, 7. Three sce-
narios of the relay placement are considered: 1)relay is closer
to the source than to the destination, with drs = 0.1, 2)relay is
closer to the destination than to the source, with dgs = 0.9, and
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3)relay at the midpoint between the source and the destination
with drs = 0.5. Also shown is the average BER for single-hop
transmission, which is obtained analytically by evaluating Eqn.
(27) with M = 0, and the BER performance obtained by using
the suboptimum detector of Eqn. (62). From Fig. 1, we observe
that placement of the relay at the midpoint uniformly minimizes
the average BER, whereas relay placement close to the destina-
tion results in worse BER performance. In fact, at lower values
of 7, single-hop transmission performs slightly better than the
case with drs = 0.9, which can be attributed to an increase in
the noise amplification at the relay. Compared with single-hop
performance, as 7 increases, we notice from Fig. 1 an improved
performance with a single relay node. We also conclude from
Fig. 1 that the suboptimum detector performs reasonably well,
compared with the ML NCAF receiver, when the relay is close
to the source. This can be explained by the fact that noise am-
plification at the relay is less severe when the relay is close to
the source.

The average BER for the optimum BFSK receiver of Eqn.
(23) is plotted in Fig. 2 as a function of 7. The placement of
the relay is the same as that of Fig. 1. The suboptimum receiver
as given in (63) is also considered. The following observations
can be made from Fig. 2. First, with optimum reception, BER
performance with drg = p = 0.5 is uniformly better than with
p = 0.1 and 0.9, which is due to the fact that, with p = 0.5,
the noise amplification at the relay is roughly balanced by the
strong signal from the relay to the destination. The suboptimum
receiver of (62) has identical performance as that of the opti-
mum one (over the plotted range of SNR values) at p = 0.1 and
performs very close to the optimum one at p = 0.5, whereas its
performance is inferior to the optimum one at p = 0.9. This
is due to the fact that, for relay placement closer to the desti-
nation that to the source, the suboptimum receiver suffers from
more noise amplification than the optimum one. Also, notice
from Fig. 2 that, over the range of the plotted average SNR, 7,
performance with relay is uniformly better than the single-hop
transmission.

Finally, we present upper and lower bounds on the average
BER performance of the NCAF receivers. Fig. 3 shows the av-
erage BER performance with OOK modulation. In Fig. 3, the
upper bound is obtained by evaluating (52), whereas the lower
bound is given by (27). Fig. 4 plots the average BER for BFSK
using the upper bound of (57), and the lower bound of (43). The
average BER is parameterized by p € {0.1,0.5,0.9} in Fig. 3,
and by p € {0.2,0.5,0.8} in Fig. 4. The lower bounds in Figs.
3 and 4 show that the placement of relay at the midpoint be-
tween the source and the destination is optimal, whereas relay
placement close to the source yields the same performance as
that of placement close to the destination. This can be explained
with the observation that Eqns. (27) and (43) are symmetric
with respect to 7% and 73. That is, by exchanging 7} and 7%, the
resulting average BER does not change. For OOK, the upper
bounds in Fig. 3 indicate that single-hop transmission has bet-
ter performance over the relay-based one when p € {0.1,0.5},
whereas with BFSK Fig. 4 shows that, at high SNR, the relay-
based system performs better than the single-hop system.

VIII. CONCLUSION

We have presented ML receiver structures for noncoherent
amplify-and-forward communication when multiple relay nodes
are employed. We considered both OOK and BFSK modulation
schemes on Rayleigh fading channels with no receiver CSI. It
was observed that, even for the simplest case of having only one
relay node, the optimum noncoherent receiver is quite involved,
and the ML metric computation requires evaluation of certain
integrals. Next, we presented lower and upper bounds on the
average BER, and also proposed simple suboptimum receivers
along with their performance evaluation. Our asymptotic diver-
sity analysis showed that, with M relay nodes, and a link be-
tween the source and the destination, OOK achieves a diversity
order of at least (M + 1)/2, whereas BFSK achieves the full
diversity of M + 1.
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