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Abstract—The present work quantifies the effects of asymmetric fading conditions on differentially modulated amplifyand-forward relaying systems. To this end, novel bit error rate
expressions are derived for the case that the source−relay and
relay−destination links experience non-line-of-sight multipath
fading whilst the source−destination link is subject to: multipath
fading, shadowing, and composite fading. Simple and tight
approximate and asymptotic expressions are also derived, leading
to useful insights into the system design. It is shown that the
incurred performance variations range from one to few orders of
magnitude compared to the standard case of symmetric Rayleigh
scenarios, which verifies the importance to account for fading
conditions realistically. In addition, differential phase-shift keying
is shown to provide adequate performance in severe fading
conditions in the moderate and high-signal-to-noise ratio regimes.
Index Terms—Bit error rate (BER), differential phase-shift
keying (DPSK), fading channels, relay systems.

I. INTRODUCTION
OOPERATIVE communication is a promising emerging
technology with amplify-and-forward (AF) constituting
a core relaying protocol that has attracted a continuous interest
over the past years. Based on this, the performance of AF
systems in the context of security, generalized fading, and beamforming was analyzed in [1]–[6], respectively, whereas the typically incurred in-phase and quadrature component impairments,
hardware constraints and interference effects were addressed
in [7]–[9]. Likewise, the corresponding multiuser/multirelay
scenarios were thoroughly addressed in [10]–[13], while useful
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insights on important aspects of multiantenna-based AF systems
were reported in [14] and [15], and the references therein.
It is also known that multipath fading has been largely modeled by Rayleigh and Rician distributions, for the case of
non-line-of-sight (NLOS) and line-of-sight (LOS) communications, respectively, whereas shadowing has been modeled by
log-normal (LG), gamma, and inverse Gaussian (IG) distributions [16]–[21]. Likewise, composite distributions have been
used for modeling the simultaneous occurrence of multipath
fading and shadowing effects, with K−distribution constituting
the most popular composite fading model [22]–[25].
It is known that differential phase-shift keying (DPSK) is a
simple modulation technique that does not require prior channel knowledge [26]. The receiver in this case decodes the information by comparing the phase of a symbol with that of the
previous symbol. To this effect, channel estimation is avoided,
which leads to reduced hardware complexity. Hence, it is rendered potentially useful in the context of emerging wireless
systems, which are expected to exhibit dramatically increased
channel-state-information (CSI) requirements.
The performance of DPSK was analyzed extensively in [27]–
[32] for different cooperative scenarios; yet, despite the usefulness of these contributions, no investigations have been reported
for the case of shadowing and composite fading channels, including the important case of asymmetric fading. Motivated by
this, this work quantifies the effects of asymmetric fading conditions on DPSK-based AF systems. To this end, novel analytic
expressions are derived for the case of Rayleigh multipath fading in the source-relay (S-R) and relay-destination (R-D) links,
and three different realistic scenarios in the source-destination
(S-D) link, that can be encountered in practise; namely, Rician
distributed multipath fading, IG distributed shadowing effects,
and K−distributed composite fading. The offered expressions
are then used in deriving simple approximate and asymptotic expressions that lead to useful insights of theoretical and practical
interest. Specifically, it is shown that shadowing and composite fading effects degrade the system performance for over and
nearly two orders of magnitude, respectively, than the standard
Rayleigh symmetric fading case. This is exactly the opposite
than in the case of LOS communications, where the corresponding performance is about two orders of magnitude better than
the symmetric Rayleigh fading case. It is also shown that DPSK
performs adequately at moderate and high-signal-to-noise ratio
(SNR) regimes even under severe shadowing conditions.
II. SYSTEM MODEL
We consider a half-duplex relaying system consisting of a
source node S, that broadcasts a sequence of symbols, x(n), to
the relay terminal R and the destination terminal D. In the first
time-slot, the information bits s(n) ∈ {±1} are differentially
encoded as x(n) = x(n − 1)s(n), n = 1, . . . , N , where N is
the number of bits within the frame and x(0) = 1. Hence, the
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received signals at the relay and destination are [27]

 



hS , R
y R (n )
w R (n )
=
x(n)
+
hS , D
y D (n )
w D (n )

(1)

where hS,R and hS,D denote the channel coefficients in the
S-R and S-D links, respectively, and wR and wD denote the
corresponding additive white Gaussian noise, with zero mean
and variance N0 . Hence, the instantaneous SNR and average SNR for each case are expressed as γS,R = |hS,R |2 /N0 ,
2
2
/N0 , γ S,D = σS,D
/N0 ,
γS,D = |hS,D |2 /N0 and γ S,R = σS,R
2
2
respectively, where σS,R and σS,D denote the respective variances. Likewise, during the second time-slot, the received signal
at the relay is amplified as follows:
yR (n)



yR (n) = 

(2)

2
N0 + σS,R

while the signal received at the destination is represented as


y(n) = hR ,D yR (n) + wD (n)

(3)

where hR ,D is the corresponding channel coefficient and thus,
γR ,D = |hR ,D |2 /N0 and γ R ,D = σR2 ,D /N0 . Hence, in order to
exploit the diversity from both received signals, the differential
demodulation amounts to [27, eq. (7)], and the received signal
is detected as in [27]–[29].
III. BER IN ASYMMETRIC FADING CONDITIONS
A. Rayleigh S-R/R-D and Rician S-D
It is recalled that the Rician fading distribution has been used
extensively in LOS scenarios. Physically, it consists of a dominant component and weaker multipath components while it
includes Rayleigh fading model as a specific case [22]–[24].
Theorem 1: For {γ S,R , γ R ,D , γ S,D , n} ∈ R+ , the average
bit error rate (BER) when S − R and R − D are Rayleigh
distributed and S − D is Rician distributed is given by the
following closed-form expression:


γ S , D (γ S , D +(1+n 2 ) 2 )
1
U (1, 1, γ −1
2 +
2 )3
R ,D )
1+γ
+n
4(1+γ
+n
S,D
S,D
Ri
Pe2 =
2
4
− n +n 2
2γ R ,D en 2 e 1 + γ S , D + n (1 + n2 )−1


γ D (γ S , D +(1+n 2 ) 2 )
(1 + n2 )U (1, 0, γ −1
1 + S ,4(1+γ
2
2
R ,D )
S , D +n )
+
2
4
− 1 + nγ + n + n 2 +n 2
2
S,D
⎧ 2(1 + γ S,R )(1 + γ S,D + n )e
⎫
⎨
⎬
2
−1
−1
−n
U (2,1,γ R , D )
e
U (2,0,γ R , D )
+
2
2
4
γ S,D n
n +n
−
⎩
2 ⎭
2
(1+γ S , R )e 1 + γ S , D + n
2γ R , D e 1 + γ S , D + n
+
(4)
2
2 −1
4γ −1
S,R (1 + γ S,R )(1 + γ S,D + n )(1 + n )
Ri
Pe2
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where U (·, ·, ·) is the confluent hypergeometric function of the
second kind [33] and n ≥ 0 is the Nakagami−n parameter
which is related to the Rician K factor by K = n2 [22].
Proof: The end-to-end BER is given by [27, eq. (14)],
namely
∞

∞

4 + γeq + γS,D p(γeq )p(γS,D )
dγeq dγS,D .
8
eγ eq +γ S , D
0
0
(5)
For the case of Rayleigh distributed S-R and R-D paths, the
PDF of γeq is represented by [27, eq. (9)]. In the same context,
when the S-D is Rician distributed, it follows that:

2
(1 + n2 )γS,D
(1 + n2 )e−n
p(γS,D ) =
I0 2n
(6)
(1+ n 2 )γ S ,D
γ S,D
γ S,D
γ S,D e
Pe2 =

where I0 is the modified Bessel function of the first kind [33].
Thus, substituting [27, eq. (9)] and (6) in (5) yields (7) as shown
at the bottom of this page, where
 

2 )γ
S,D
 
 I0 2n (1+n
∞
γS,D
I1
1
=
dγS,D (8)
γS , D
I2
(1+ n 2 )γ
γS , D +

0

e


√
and β = 2 (1 + γ sr )/ γ sr γ r d while Kn (x) denotes the
modified Bessel function of the second kind. Importantly, the
above two integrals can be expressed in closed-form using [33,
eq. (6.643.2)] and [33, eq. (6.643.3)], respectively, with a, c, μ
and ν parameters denoting arbitrary reals. Thus, making the necessary variable transformation and substituting into (7) yields
(4), which completes the proof.

It is noted that (4) can be readily computed since the involved
functions are built-in in popular software packages such as
MAPLE, MATHEMATICA, and MATLAB. Furthermore,
for γ R ,D >> 0, it follows that U (1, 0, γ −1
R ,D → 0) → 1
→
0)
→
1/2,
whereas
U
(1,
1, γ −1
and U (2, 0, γ −1
R ,D
R ,D ) and
−1
U (2, 1, γ R ,D ) can be expressed in terms of the lower incomplete
gamma function, Γ(0, x), [33]. Based on this, one obtains


2 
5(1 + n2 )e−n
1
Ri
Pe2 
1 + Γ 0,
(9)
8γ S,D γ R ,D
γ R ,D
which for γ R ,D >> 0, it reduces to a simple asymptotic
expression that involves only elementary functions, namely

I2 (1 + n2 )(1 + γ S,R )
+
4γ S,D γ S,R γ R ,D en 2

∞

−γ

∞
0

γ eq

e

γ eq

− 4γ

S,R

eγ eq

2

(10)

which are also readily computed and provide insights on the
effect of the involved parameters on the system performance.
∞

√

S,R

e

6(1 + n2 )e−n
γ S,D γ R ,D

Ri
Pe2
−→


I1 (1 + n2 ) 1 + γ S,R

K0 (β γeq )dγeq +
eγ eq
γ S,D γ S,R γ S,R γ R ,D en 2
0

√
I1 (1 + n2 ) 1 + γ S,R
I1 (1 + n2 )(1 + γ S,R ) ∞ γeq K0 (β γeq )

+
dγeq +
γ
γ eq + 4 γ eq
4γ S,D γ S,R γ R ,D en 2
4γ S,D γ S,R γ S,R γ R ,D en 2
0
S,R
e

I1 (1 + n2 )(1 + γ S,R )
=
γ S,D γ S,R γ R ,D en 2

S,D

γ S,D

√
√
γeq K1 (β γeq )
γ eq

γ eq + γ

0

e
∞

√
3/2
γeq K1 (β γeq )
γ eq

γ eq + 4 γ

0


I2 (1 + n2 ) 1 + γ S,R

K0 (β γeq )dγeq +
4γ S,D γ S,R γ S,R γ R ,D en 2

e
∞

√

√

dγeq

S,R

dγeq

S,R

√
γeq K1 (β γeq )
γ eq

0

γ eq + 4 γ

e

S,R

dγeq (7)
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B. Rayleigh S-R/R-D and IG S-D
LG distribution has been considered accurate in modeling
large-scale fading effects. However, its relatively intractable representation has led to the proposition of the IG model, which
has been shown to be the most accurate substitute to LG for
modeling shadowing [16]–[21].
Theorem 2: For {γ S,R , γ R ,D , γ S,D } ∈ R+ and shape parameter λ ∈ R, the following closed-form expression holds for
the BER, when the S-R and R-D links are Rayleigh distributed
and the S-D link is inversely Gaussian distributed
√ 
− λ 2+
IG
Pe2
=

γ S,R e

λ
γ2
S,D

−γ

4(1 + γ S,R )e


U (2, 0, γ −1
R ,D )

λ
S,D

(1 + γ S,R )

√ 
λ 2+

2 (1 + γ S,R )e

2γ R ,D

⎧
⎫
√
⎨
⎬
λ
1+ 
⎩
4 2 + γ 2λ ⎭

λ

e γ S , D U (1, 0, γ −1
R ,D )

+

+


U (2, 1, γ −1
R ,D )

λ
γ2
S,D

S,D

⎧
⎫
λ
√
⎨
⎬
)
e γ S , D U (1, 1, γ −1
λ
R ,D

1
+
. (11)
+
√ 
⎩
λ 2+ 2 λ
4 2 + γ 2λ ⎭
γ
S,D
S,D
2γ R ,D e
Proof: The p(γeq ) when S-R and R-D links are Rayleigh
distributed is given by [27, eq. (9)]. Likewise, when the S-D
path experiences IG shadowing effects it follows that [17], [18]:
−
λ
e
3
2πγS,D

p(γS,D ) =

λ( γ S , D −γ S , D ) 2
2γS,D γ 2
S,D

.

(12)

Hence, by substituting [27, eq. (9)] and (12) into (5) yields

√
√
(4I3 + I4 ) 1 + γ S,R ∞ γeq K1 (β γeq )
IG

 dγeq

Pe2 =
4γ S,R γ S,R γ R ,D
0
γ eq 1+ γ 1
S,R
e

√
√
∞
I4 1 + γ S,R
γeq K1 (β γeq )

 dγeq

+
4γ S,R γ S,R γ R ,D 0
γ eq 1+ γ 1
S,R
e
√
∞
K0 (β γeq )
(4I3 + I4 )(γ S,R + 1)

 dγeq
+
4γ S,R γ R ,D
0
γ eq 1+ γ 1
S,R
e
√
∞
γeq K0 (β γeq )
I3 (γ S,R + 1)

 dγeq
+
(13)
4γ S,R γ R ,D 0
γ eq 1+ γ 1
S,R
e
where


 
I3
I4

∞

=
0



γ S−1, D
1



−γ S , D

e
√

1+

λ
2γ 2
S,D

−γ

γS,D e

− 2γ

e

λ
S,D

λ
S,D

dγS,D . (14)

The integrals
in (13) constitute
∞
√ special cases of the generic integral 0 xμ exp(−a x)Kν (c x)dx, which can be expressed
in closed-form using [33, eq. (6.643.3)]. Likewise, the I3
and
 ∞ Iμ4 integrals are special cases of the generic integral
0 x exp(−a x − b/x)dx, which can be expressed in closedform according to [33, eq. (3.471.9)]. To this effect, by
performing a necessary change of variables in (14) and substituting in (13) yields (11), which completes the proof.

Evidently, the derived exact closed-form solution in (11)
involves the same hypergeometric functions as in (4) of

Theorem 1. To this effect and using their aforementioned properties along with lengthy but basic algebraic manipulations yields


γ S,R Γ 0, γ −1
+ 2γ R ,D
Γ(0, γ −1
R
,D
R ,D )
IG
√

+
(15)
Pe2


√
−1
√
2
8 γ R ,D e 2λ
2γ R ,D γ S,R e 2λ 1 + 2 5 /λ2
and
√

IG
Pe2

√

(5γ S,R + γ R ,D )e− 2λ
5e− 2λ
−→

√ −1 +
4 γ 2R ,D
γ R ,D γ S,R 1 + 2 5 /λ2

(16)

which exhibit the effects of the average SNRs and the shadowing
parameter λ at both moderate- and high-SNR regimes, while
they have a simple and straightforwardly computed form.
C. Rayleigh S-R/R-D and K−Distributed S-D
It is recalled that Rayleigh/gamma or K−distribution has
been used extensively in accounting for the simultaneous occurrence of multipath and shadowing, which is a realistic communication scenario that is encountered often in practice.
Theorem 3: For {γ S,R , γ R ,D , γ S,D , k} ∈ R+ , the following
expression holds for the BER when S-R and R-D links are
Rayleigh distributed and S-D link is K−distributed:


−1
U (1 + k, k, kγ −1
U (1, 0, γ −1
S,D ) U (1, 1, γ R ,D )
R ,D )
K
Pe2 =
+
γ R ,D
1 + γ S,R
8 k −k −1 γ kS,D

−1
k k U (k, k, kγ −1
U (1, 0, γ −1
S,D ) U (1, 1, γ R ,D )
R ,D )
+
+
γ R ,D
1 + γ S,R
2γ kS,D


γ S,R U (2, 1, γ −1
1 + γ S,R U (2, 0, γ −1
R ,D )
R ,D )
+
+
4γ R ,D (1 + γ S,R )
2(1 + γ S,R )5/2 γ −1
S,R
(17)
where k denotes the shape parameter of the distribution.
Proof: When the direct link experiences composite fading
effects that follow the K−distribution, one obtains [22]:

k+1
k −1
kγS,D
2k 2
2
p(γS,D ) = k + 1
.
(18)
γS,D Kk −1 2
γ S,D
γ 2 Γ(k)
S,D

By substituting (18) and [27, eq. (9)] into (5), and carrying out
long but basic algebraic manipulations it follows that:

√
√
(4I5 + I6 ) 1 + γ S,R ∞ γeq K1 (β γeq )
K

 dγeq

Pe2 =
4γ S,R γ S,R γ R ,D
0
γ eq 1+ γ 1
S,R
e

√
√
∞ γ
I5 1 + γ S,R
eq γeq K1 (β γeq )



+
dγeq
4γ S,R γ S,R γ R ,D 0
γ eq 1+ γ 1
S,R
e
√
∞
K0 (β γeq )
(4I5 + I6 )(γ S,R + 1)

 dγeq
+
4γ S,R γ R ,D
0
γ eq 1+ γ 1
S,R
e
√
∞
γeq K0 (β γeq )
I5 (γ S,R + 1)

 dγeq
+
(19)
4γ S,R γ R ,D 0
γ eq 1+ γ 1
S,R
e
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Fig. 1.

BER versus γ for DPSK in Rayleigh S-R/R-D and Rice S-D.
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Fig. 2.

BER versus γ for DPSK in Rayleigh S-R/R-D and IG S-D.

Fig. 3.

BER versus γ for DPSK in Rayleigh S-R/R-D and K S-D.

where
 
I5
I6

=

2k

∞

k+1
2

k+1
2
γ S,D
Γ(k)

0

k {∓}1

γS,D2
eγ S , D

Kk −1

2

kγS,D
γ S,D


dγS,D .

(20)
The integrals in (19) have the same form as (7) and (13), as
well as the integrals I5 and I6 . Thus, by making the necessary
change of variables in [33, eq. (6.643.3)] and substituting in (20)
and (19) yields (17), which completes the proof.

IV. NUMERICAL RESULTS
This section utilizes the offered results to quantify the effects
of asymmetric fading conditions on the considered scenarios.
To this end, binary DPSK, equal power allocation, and
symmetric values for average SNRs are assumed indicatively in
all cases, i.e., γ S,D = γ S,R = γ R ,D = γ. Fig. 1 illustrates the
BER versus γ and different values of n for scenario 1, which
is practically encountered in uplink/downlink scenarios that
involve LOS components in the direct link. As expected, the
value of n affects significantly the system performance since,
indicatively, BER improves by a difference of almost three
orders of magnitude between n = 1.5 and n = 4 at γ = 17.5
dB. This behavior is also noticed when comparing to the case
that the direct path is Rayleigh distributed, that verifies the
significance of a dominant component across all SNR regimes.
In addition, it is shown that the derived asymptotic expression
is accurate even for moderate values of γ, as it is rather tight at
moderate- and high-SNR regimes.
On the contrary, when the direct link is IG distributed, the
overall performance reduces dramatically over the whole range
of SNR values. This indicates the significantly detrimental effects of shadowing, as the average BER for severe conditions
is around 10−1 for γ = 15 dB and worse than 10−4 for γ =
45 dB. It is also demonstrated that the effects of shadowing
are substantially more severe than those of multipath, particularly in the high-SNR regime. In fact, by recalling that Rayleigh
fading corresponds to severe multipath fading conditions, compared to, e.g., Nakagami−4 conditions, it becomes evident that
shadowing effects dominate clearly those of multipath fading as
a difference of nearly two orders of magnitude is observed in
Fig. 2 between shadowed and multipath scenarios at moderate
values of γ. Given also that this type of scenarios are encountered in long-distance communications, where fundamentally
shadowing prevails, it is crucial to account for shadowing effects realistically. This tends to be the case also in composite
fading conditions as the corresponding performance degradation
is substantially higher than the one owed to multipath fading and

it practically approaches the severity of shadowing conditions,
particularly in the high-SNR regime. This is illustrated in Fig. 3,
where it is indicatively observed that the BER for severe fading conditions is around 10−2 at γ = 25 dB and slightly better
than 10−3 at γ = 40 dB. Hence, the effects of composite fading
should also not be neglected in the design of emerging wireless
communications systems, which often consider only multipath
effects, as this can result to inaccurate performance expectations
and in turn to problematic system deployments.
Finally, the considered scenarios demonstrate that differential
modulation provides an adequate performance in all multipath
fading conditions as well as under severe shadowing and composite fading, at moderate- and high-SNR regimes. This shows
that it can be considered a suitable option for low complexity
systems and particularly in cases with increased CSI requirements. Therefore, it can be a complementary useful solution in
emerging wireless communications, since future deployments
are expected to exhibit undesirably long overheads and substantially increased system complexities.
V. CONCLUSION
This work quantified the effects of multipath fading, shadowing, and composite fading in AF relay systems over asymmetric
fading channels, which are practically encountered in realistic
uplink/downlink communications in the context of LOS/NLOS
and short/long distance transmissions. It was shown that these
effects have a detrimental impact on the system performance
and that shadowing dominates significantly in the high-SNR
regime. Furthermore, it was shown that DPSK provides adequate performance in both low- and high-SNR regimes even in
severe fading conditions. This renders it a suitable modulation
scheme for reduced complexity deployments.
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