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Abstract

The performance of correlated sources transmission over multiple access shadowed 𝜅-𝜇
fading channels is investigated, in which one of the correlated sources needs to be recov-
ered at the destination, whereas the other serves as a helper. The sufficient condition for
lossless coding is determined by the intersection of the modified Slepian–Wolf region and
the multiple access channel region. The outage probability upper bounds are derived based
on the sufficient condition, with the Gaussian codebook capacity and the constellation
constrained capacity, respectively. The difference between the outage probabilities derived
with the two kinds of capacities is found to be very minor, when the spectrum efficiency
or source rate is low; however, with high spectrum efficiency or high source rate, such
difference becomes significant. A closed-form outage approximation is also obtained at
the high signal-to-noise ratio region. The accuracy of the analytical results is verified by the
Monte-Carlo simulations. It is found that shadowing significantly affects the outage perfor-
mance, however, it has no effect on the diversity gain. Furthermore, the power allocation
between the source and the helper is studied to minimize the outage probability and it is
found that generally more power should be allocated to the helper in the case with higher
source-helper correlation.

1 INTRODUCTION

With the commercialization of the fifth-generation (5G) net-
work, wireless sensor networks (WSNs) play a vital role in the
Internet of Things (IoT) [1], and they are also considered as
a promising candidate in the deployment of 6G network [2].
The application of WSNs in IoT provides us many advantages
such as city safety, disaster prevention and management, and
smart agriculture.

One of the important advantages of WSNs in monitoring is
their cooperative effort. A large number of sensor nodes are
deployed to collect the data and report it to the fusion center [3].
The information collected by these sensor devices is correlated
spatially and/or temporally, and therefore, the data rates of loss-
less coding for all sensor nodes are determined by the Slepian–
Wolf theorem. An asynchronous Slepian–Wolf coding, in which
each encoder samples a source sequence with a certain delay,
was investigated in [4] and the achievable rate region was found
not always coincide with that of the synchronous Slepian–Wolf
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coding system without any delay. However, in cooperative com-
munication systems, correlated data sequences are transmitted
from the source and the relay to the destination, the destination
aims only to recover the information sent from the source. This
system setup does not perfectly match the Slepian–Wolf theo-
rem which intends to recover the two correlated sources at the
destination, whereas, the admissible rate region for the source
and relay is accurately determined by the theorem for source
coding with side information [5].

Compared with the orthogonal transmission, non-
orthogonal transmission over multiple access channel (MAC)
has high transmission efficiency and hence improves the
throughput and reduces latency significantly [6]. In WSNs with
MAC transmission, sensors collect the data and transmit it to
the fusion center simultaneously. However, a general neces-
sary and sufficient condition for lossless coding of correlated
sources over a MAC is still an open question. The admissible
rate region of transmitting multiple correlated binary sources
over a Gaussian MAC was derived in [7]. In [8], the sufficient
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1370 QIAN ET AL.

conditions and necessary conditions for the achievability of
a certain distortion pair with Gaussian sources over a MAC
with unidirectional conferencing encoders were presented,
expressing the distortion pairs as a function of the channel
signal-to-noise ratio (SNR) and of the source correlation.
Padakandla characterized a set of sufficient conditions of
transmitting two distributed correlated sources over MAC and
interference channels [9], and extended to the performance
analysis of joint source-channel decoding [10].

Zhou et al. [11] determined the sufficient condition for corre-
lated sources coding over a quasi-static Rayleigh fading multiple
access channel (MAC), considering the sufficient condition for
the successful transmissions is that the Slepian–Wolf and MAC
regions intersect. He et al. [12] calculated the outage probability
of independent binary sources over a non-orthogonal multiple
access relay channel, depending on the sufficient condition of
lossless communication over MAC using a helper. Furthermore,
Song et al. [13] extended the work of Zhou et al. [11] to the case
where only one of the sources needs to be recovered at the des-
tination, whereas the other source serves as a helper. Motivated
by decision-making systems, where the aim is to make right deci-
sions based on the observations, an approximated, yet accurate,
Wyner-Ziv rate region was propose in [14], allowing distortion
in wireless transmission. However, Rayleigh fading with non-
line-of-sight components only was assumed in [11–14], and the
shadowing during the transmission was ignored.

In the emerging IoT applications, such as surveillance
networks or smart agriculture, both line-of-sight (LOS) and
non-LOS components co-exist in device-to-device (D2D)
communications links, because of the features of mobile device
behaviour. Furthermore, as mobile devices are blocked by
obstacles such as buildings or vegetation, these links will also be
heavily susceptible to possible deep fading caused by shadowing
[15, 16]. To the best of the authors’ knowledge, the outage anal-
ysis of the correlated sources transmission in shadowed fading
with the coexistence of both LOS and non-LOS components
has yet to be reported in the literature.

Paris [17] introduced shadowing into 𝜅-𝜇 fading model, a
generalized multipath model proposed by Yacoub [18], assum-
ing that the dominant components of all the clusters are sub-
ject to random fluctuations. Since the shadowed 𝜅-𝜇 fading
is a versatile model which is applicable to various scenarios,
such as, channel models for land mobile satellite communica-
tions, underwater acoustic communications, body-centric fading
communications, and D2D communications [19, 20], it invokes
emerging and growing interest in the 𝜅-𝜇 channel model’s appli-
cability to shadowed fading. The utilization of the shadowed 𝜅-𝜇
model for characterizing signal reception in D2D communica-
tions was validated through field measurements [15]. Bhatnagar
[21] characterized the correlated shadowed 𝜅-𝜇 fading model,
in terms of probability density function (PDF) and moment
generating function. Zhang et al. derived the exact and asymp-
totic expressions of higher-order statistics in low- and high-SNR
regimes with shadowed 𝜅-𝜇 fading channels [22]. The effective
rate of MISO systems over independent and identically shad-
owed 𝜅-𝜇 fading channels was derived in [23]. The ergodic
capacities and the outage probabilities of of two-user NOMA

system over shadowed 𝜅-𝜇 fading channels were derived in [24].
Yang et al. [25] investigated performance of a power-beacon-
assisted multi-input multi-output wireless communication net-
work, assuming that the wireless power transfer link follows the
shadowed 𝜅-𝜇 distribution whereas the information transmis-
sion link follows the Rayleigh distribution.

The main objective of this paper is to fill the blanks in [11–14]
and to theoretically investigate outage probability of correlated
source transmission [13], where all the links are assumed to
experience a non-homogeneous practical wireless block fading
channel delineated by shadowed 𝜅-𝜇 fading [17]. As only one
of the correlated sources needs to be recovered losslessly at
the destination, the scheme is referred to as one-source-with-
one-helper transmission over a fading MAC, with the modified
Slepian–Wolf region being defined to determine the admissible
rate for source coding. Moreover, in [11–14], Gaussian code-
book capacity (GCC) was assumed for describing the relation-
ship between the coding rate and the blockwise instantaneous
SNR. However, in practice, instantaneous channel capacity is
constrained by specific modulation constellation size, known as
the constellation constrained capacity (CCC) [26]. Therefore, it
is more reasonable to evaluate the performance of practical sys-
tems assuming the transmit symbols are from a finite alphabet
set with constellation constrained capacity.

This study contributes to the following areas:

∙ The outage probability upper bound for the one-source-with-
one-helper transmission over shadowed 𝜅-𝜇 fading chan-
nels is derived. The sufficient condition for lossless coding
is determined by the intersection of the modified Slepian–
Wolf region and the MAC region, assuming that the source-
channel separation theorem holds. Furthermore, the explicit,
yet accurate closed-form outage probability expression is
obtained, by approximating the PDF and cumulative distri-
bution function (CDF) of shadowed 𝜅-𝜇 fading in the high
SNR region. The accuracy of the approximation and the out-
age probabilities are verified using the analytical results and
Monte-Carlo simulations, respectively. The numerical results
indicate that the shadowing significantly affects the outage
performance, however, has no impact on the diversity gain.

∙ The outage probability of the one-source-with-one-helper
transmission over MAC with GCC and that with CCC is
derived, respectively. The numerical results indicate that the
difference between the GCC- and CCC- based outage prob-
abilities is negligible with low spectrum efficiency or low
source rate. In contrast, the difference becomes significant
when the spectrum efficiency or the source rate becomes
high. The effect of shadowing, source-helper correlation,
spectrum efficiency and source rate, the number of multipath
clusters, and the dominant components of the clusters on the
outage performance is investigated.

∙ Optimal power allocation, under the total transmit power
constraint, between the source and the helper is also inves-
tigated to achieve the lowest outage probability. With higher
source-helper correlation, the more power should be allo-
cated to the helper for the considered system. However,
with a large dominant component power ratio in the
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FIGURE 1 An one-source-with-one-helper transmission system over
MAC

helper-destination channel, it is more effective to assign more
power to the source to achieve a lower outage probability.

The remainder of the paper is organized as follows: Section 2
describes the system model for analysing the one-source-with-
one-helper transmission over fading MAC. Section 3 introduces
the definition of the admissible rate region, derivation of out-
age probability, and the asymptotic tendency analyses. Section 4
exhibits the numerical results of the outage probability with
accuracy being verified by Monte-Carlo simulations. Finally,
Section 5 concludes the paper with some concluding remarks.

2 SYSTEM MODEL

2.1 Non-orthogonal MAC transmission

We consider a simple, one-source-with-one-helper system, as
shown in Figure 1. One source, S communicates with the
common destination D with the help of H. The information
sequences of the S and H are correlated since they are gath-
ered from the sensors monitoring the same scenario. Non-
orthogonal MAC is assumed for cooperative transmission.
Therefore, the information of S and H is transmitted to D
simultaneously within one time slot.

D performs the joint decoding process by utilizing the cor-
relation between S and H once it receives the signal from the
source and the helper. We concentrate only on the recovery of
the source information sequence of S.

2.2 Coding model

Let the binary source S be stationary, memoryless, and be drawn

from a binary set (Ω = {0, 1}) according to a Bernoulli(
1

2
) dis-

tribution and hence, Pr(S = 1) = Pr(H = 1) =
1

2
. The correla-

tion between S and H is described, assuming H takes value from
the output of a binary symmetric channel (BSC), with S being
the channel input, as in [27]. The complementary parameter
of the BSC channel is denoted by p, which also represents the
correlation between S and H. More specifically, p indicates the
bit flipping probability between S and H, as S = H ⊕ E , where

Joint Source  

Channel Encoder 1

Channel 

Encoder 1

Source 

Encoder 1

Joint Source 

Channel 

Decoder

Joint Source  

Channel Encoder 2

Channel 

Encoder 2

Source 

Encoder 2

MAC

correlated

S

H
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X2

U1

U2

S
^

FIGURE 2 Abstract model for encoding and decoding of the
one-source-with-one-helper transmission over MAC

TABLE 1 Length and rates of information sequences

S and H U1 and U2 X1 and X2

Length k 𝓁 n

Source rate Rs =
𝓁

k

Spectrum efficiency Rc =
𝓁

n

Total coding efficiency Ŕ =
k

n

⊕ denotes the modulo-2 addition and the binary random vari-
able E satisfies Pr(E = 1) = p.

As shown in Figure 2, S and H are first encoded by their
own source encoders, respectively, to representation patterns U1
and U2, which are then encoded to signal sequences X1 and X2
for transmitting to D. Table 1 shows the length of information
sequences before and after the source and channel encoding. In
general, the normalized source rate Rs is smaller than 1 because
the redundancy in the length-𝓁 codewords is to be removed.
Rc is the normalized spectrum efficiency including the channel
coding rate and the modulation order multiplicity of the corre-
sponding channel [28]. Rc is greater than 1, as on the contrary
redundancy is added to the information sequence (i.e., the out-
put of source encoder) for reliable communications. The total
rate of the joint source-channel coding Ŕ is defined as

Ŕ =
Rc

Rs . (1)

In the above equation, we assume that Shannon’s lossless
source-channel separation holds. Note that Ŕ takes an arbi-
trary value greater than 0. At the destination, an iterative joint
decoding fashion is considered to retrieve S using the source-
helper correlation.

2.3 Channel model

Since MAC is assumed in the transmission, the signal received
at D, yD[n], is expressed as

yD[n] =
√

P1h1x1[n] +
√

P2h2x2[n] + nD[n], (2)

respectively, where n indicates the symbol indices, and Pi (i ∈
{1, 2}) is the transmit power of the corresponding node. The
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1372 QIAN ET AL.

geometric gain of each link related to the transmission dis-
tance is normalized to unity in this discussion. x1[n] and x2[n]
denote the modulated symbols corresponding to the coded
information sequences, transmitted from S and H, respectively.
hi (i ∈ {1, 2}) denotes the complex channel gain, and nD is zero-
mean additive white Gaussian noise (AWGN) with the variance
of N0∕2 per dimension. It is assumed that 𝔼[|hi |2] = 1 and hi
stays constant over one block duration due to the block fad-
ing assumption.

The average and instantaneous SNRs are expressed as �̄�i =

Pi
Es

N0
and 𝛾i = |hi |2�̄�i , where (i ∈ {1, 2}), respectively, with Es

being the transmit power of each symbol. The variations due
to shadowing is taken into account since 𝜅-𝜇 shadowing fading
is considered.

We also assume that the S-D and H-D links suffer from
shadowed 𝜅-𝜇 fading. The PDF of instantaneous SNR with the
shadowed 𝜅-𝜇 channel is given by [29]

f𝜅𝜇 (𝛾i ) =
𝜇𝜇mm (1 + 𝜅)𝜇

Γ(𝜇)�̄�i (𝜇𝜅 + m)m

(
𝛾i

�̄�i

)𝜇−1

exp

(
−
𝜇(1 + 𝜅)𝛾i

𝛾i

)

× 1F1

(
m, 𝜇;

𝜇2𝜅(1 + 𝜅)𝛾i

(𝜇𝜅 + 𝜇)�̄�i

)
, (i ∈ {1, 2}), (3)

where 1F1(⋅) and Γ(⋅) are the confluent hypergeometric func-
tion[30, Section 9.210] and Gamma function, respectively. By
normalizing the noise variance to unity, the average SNR �̄� is
equivalent to the average received power.

We assume LOS shadowed fading where shadowing is intro-
duced in multipath fading by assuming that the dominant com-
ponent is subject to random variation [17]. Therefore, the
parameter m(m ≥ 0) in (3) and (4) denotes the shadowing sever-
ity, where m = 0 indicates complete shadowing and m →∞

corresponds to no shadowing in the resultant dominant com-
ponent. 𝜅 denotes the ratio between the power of the dom-
inant component to the total power of the scattered compo-
nents, and 𝜇 is the number of multipath clusters. Usually, 𝜇 is a
natural number. However, it can be extended to a non-negative
real number as noted in [18].

The CDF of 𝛾i with shadowed 𝜅-𝜇 fading is given by

F𝜅𝜇 (𝛾i ) =
𝜇𝜇−1mm (1 + 𝜅)𝜇 )
Γ(𝜇)(𝜇𝜅 + m)m

(
1
�̄�i

)𝜇

× Φ2

(
𝜇 − m,m; 𝜇 + 1;

−𝜇(1 + 𝜅)𝛾i

�̄�i
,

×
−𝜇(1 + 𝜅)m𝛾i

�̄�i (𝜇𝜅 + m)

)
, (4)

where Φ2(⋅) is the bivariate confluent hypergeometric function.
By specializing the parameters m, 𝜅, and 𝜇 in (3) and (4),

some typical fading models, that is, one-side Gaussian, Rayleigh,
Nakagami-m, Rician, 𝜅-𝜇, and Rician can be obtained from the
𝜅-𝜇 shadowed fading [17, 31], shown in Table 2. K and mN

TABLE 2 Typical fading models related to the 𝜅-𝜇 shadowed fading

Fading model m 𝜿 𝝁

Rayleigh − 0 1

Rician ∞ K 1

Nakagami-m − 0 mN

𝜅-𝜇 ∞ 𝜅 𝜇

One-sided Gaussian ∞ 0 0.5

in Table 2 stand for K factor and shape factor in Rician and
Nakagami-m fading, respectively.

3 OUTAGE PROBABILITY ANALYSES

3.1 Admissible rate regions

According to Shannon’s source-channel separation theorem [5],
since the source coding is independent from the channel charac-
teristics and the channel coding is independent from the distri-
bution of the source, the joint source-channel coding for X1 and
X2 can be separated into a two-stage scheme: MAC description
and distributed source coding.

The achievable capacity region of the MAC,ℝMAC, is defined
as a closure of the convex hull of the rate pair (Rc

1 and Rc
2) satis-

fying

⎧⎪⎨⎪⎩
Rc

1 ≤ C (𝛾1),
Rc

2 ≤ C (𝛾2),
Rc

1 + Rc
2 ≤ C (𝛾1 + 𝛾2),

(5)

where C (𝛾i ) = log2(1 + 𝛾i ) (i ∈ {1, 2}) is the channel capacity
with the instantaneous SNR 𝛾i . Dividing both sides of (5) with
Ŕ according to source-channel separation theorem, we obtain

⎧⎪⎪⎨⎪⎪⎩

Rs
1 =

Rc
1

Ŕ
≤ C (𝛾1 )

Ŕ
,

Rs
2 =

Rc
2

Ŕ
≤ C (𝛾2 )

Ŕ
,

Rs
1 + Rs

2 ≤ C (𝛾1+𝛾2 )

Ŕ
.

(6)

The region is illustrated as a bounded pentagonal, as shown in
Figure 3. For the sake of brevity, we assume that Ŕ = Ŕ1 = Ŕ2,

where Ŕ1 =
Rc

1

Rs
1

and Ŕ2 =
Rc

2

Rs
2

.

For the lossless distributed source coding problem, according
to the Slepian–Wolf theorem[32], the rate pair (Rs

1 and Rs
1) must

satisfy the following inequalities:

⎧⎪⎨⎪⎩
Rs

1 ≥ H (S|H),
Rs

2 ≥ H (H|S),
Rs

1 + Rs
2 ≥ H (S,H),

(7)
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QIAN ET AL. 1373

FIGURE 3 Achievable region ℝMAC of MAC transmission

FIGURE 4 Admissible region ℝm−SW specified with Slepian–Wolf
theorem

where H (⋅|⋅) and H (⋅, ⋅) denote the conditional and the
joint entropy, respectively. If the rate pair (Rs

1 and Rs
2)

falls outside the admissible region as shown in Figure 4,
which can be divided into two areas 1 and 2, the
decoder cannot guarantee the reconstruction of S and H
with arbitrarily small error probability. Since S and H fol-

low Bernoulli(
1

2
) distribution and H is the flipped ver-

sion of S, we have H (S) = H (H) = 1, H (S|H) = H (H|S) =
H (p), and H (S,H) = H (H) + H (S|H) = H (S) + H (H|S) =
1 + H (p), where H (p) = −p log2(p) − (1 − p) log2(1 − p) is
the binary entropy function.

Since we consider only the case where only S needs to be
recovered at the destination, area 2 in Figure 4 is also part of the
admissible rate region. Hence, the inequalities in (7) are rewrit-

ten as

Rs
1 ≥

⎧⎪⎨⎪⎩
H (S|H), for H (H) ≤ Rs

2

H (H, S) − Rs
2, for H (H|S) ≤ Rs

2 ≤ H (H)

H (S), for 0 ≤ Rs
2 ≤ H (S|H),

(8)

which is referred to as the modified Slepian–Wolf region
ℝm−SW.

Even though the accurate admissible rate region for one-
source-with-one-helper transmission is determined by the
source coding with side information theorem, the Slepian–Wolf
theorem can replace the source coding with side information
theorem as a linear approximation, without losing the accuracy
for calculating the outage probability, as shown in [33]. There-
fore, the analytical results in this work are regarded as upper
bounds for the performance of the practical signalling schemes.

Then, the sufficient conditions for lossless coding of S and H
over MAC can be written as

⎧⎪⎪⎨⎪⎪⎩
H (S|H) ≤ Rs

1 ≤ C (𝛾1 )

Ŕ
,

H (H|S) ≤ Rs
2 ≤ C (𝛾2 )

Ŕ
,

H (S,H) ≤ (Rs
1 + Rs

2) ≤ C (𝛾1+𝛾2 )

(Ŕ
,

(9)

by a joint consideration of MAC rate region defined in (5) and
modified Slepian–Wolf region defined in (8). The above equa-
tion indicates that ℝMAC and ℝm−SW should intersect with
each other to guarantee the success of the one-source-with-one-
helper transmission over MAC.

Since the source-channel separation theorem holds for point-
to-point transmission and is not optimal in general, (9) is only
the sufficient but not necessary condition for transmitting one
source with one helper over a MAC with arbitrary small error
probability. This also leads to that the derived expression is the
upper bound of outage probability as in [34].

3.2 Outage probability calculation

For an outage event, D cannot guarantee the reconstruction of
S with an arbitrarily small error probability when ℝMAC and
ℝm−SW do not have an intersection, that is, ℝMAC ∩ ℝm−SW =.
The outage event can be divided into two cases:

case 1 ∶
C (𝛾1)

Ŕ
< H (S|H) and case 2 ∶

C (𝛾1)

Ŕ
≥ H (S|H),

(10)

as shown in Figures 5 and 6, respectively. In case 1, since
C (𝛾1 )

Ŕ
is smaller than H (S|H), the outage always happens regardless

of the value of
C (𝛾2 )

Ŕ
. However, in case 2, the outage occurs

only if
C (𝛾1+𝛾2 )

Ŕ
< H (S,H). Since

C (𝛾1 )

Ŕ
< H (S|H) and

C (𝛾1 )

Ŕ
≥

H (S|H) are distinctive, the outage probability Pout of the
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1374 QIAN ET AL.

FIGURE 5 Outage case 1, when
C (𝛾1 )

Ŕ
< H (S|H)

FIGURE 6 Outage case 2, when
C (𝛾1 )

Ŕ
≥ H (S|H)

one-source-with-one-helper transmission over MAC is
expressed as

Pout = Pout
case1 + Pout

case2, (11)

where

Pout
case1 = Pr

{
C (𝛾1)

Ŕ
< H (S|H),

C (𝛾2)

Ŕ
≥ 0

}
, (12)

and

Pout
case2 = Pr

{
H (S|H) ≤ C (𝛾1)

Ŕ
≤ H (S),

×
C (𝛾1 + 𝛾2)

Ŕ
≤ H (S,H)

}
. (13)

3.3 Outage derivation with GCC

With the assumption that Gaussian code book is used, the rela-
tionship between the instantaneous channel SNR 𝛾1 (i ∈ {1, 2})
and the rate Ŕ is written as

Ŕ × H (S) = log2(1 + 𝛾1), (14)

Ŕ × H (H) = log2(1 + 𝛾2). (15)

Then, with the assumption that each link experiences statisti-
cally independent block 𝜅-𝜇 shadowed fading, the outage prob-
ability is written as

Pout
case1 = Pr

{
C (𝛾1)

Ŕ
< H (S|H),

C (𝛾2)

Ŕ
≥ 0

}
= Pr

{
0 ≤ 𝛾1 <

(
2ŔH (S|H) − 1

)
, 𝛾2 ≥ 0

}
= ∫

2ŔH (S|H)−1

0
f𝜅𝜇 (𝛾1)∫

∞

0
f𝜅𝜇 (𝛾2)d𝛾2d𝛾1

=
𝜇𝜇−1mm (1 + 𝜅)𝜇 )
Γ(𝜇)(𝜇𝜅 + m)m

(
1
�̄�1

)𝜇

× Φ2

⎛⎜⎜⎜⎝𝜇 − m,m; 𝜇 + 1; −
𝜇(1 + 𝜅)

(
2ŔH (S|H) − 1

)
�̄�1

,

−
𝜇(1 + 𝜅)m

(
ŔH (S|H) − 1

)
�̄�1(𝜇𝜅 + m)

⎞⎟⎟⎟⎠, (16)

and

Pout
case2 = Pr

{
H (S|H) ≤ C (𝛾1)

Ŕ
≤ H (S),

C (𝛾1 + 𝛾2)

Ŕ
≤ H (S,H)

}
= Pr

{(
2ŔH (S|H) − 1

) ≤ 𝛾1 ≤
(

2ŔH (S) − 1
)
,

0 ≤ 𝛾2 ≤
(

2ŔH (S,H) − 1 − 𝛾1

)}
= ∫

2ŔH (S)−1

2ŔH (S|H)−1

f𝜅𝜇 (𝛾1)∫
2ŔH (S,H)−1−𝛾1

0

f𝜅𝜇 (𝛾2)d𝛾2d𝛾1

= ∫
2ŔH (S)−1

2ŔH (S|H)−1

𝜇𝜇−1mm (1 + 𝜅)𝜇 )
Γ(𝜇)(𝜇𝜅 + m)m

(
1
�̄�2

)𝜇

× Φ2

(
𝜇 − m,m; 𝜇 + 1; −

𝜇(1 + 𝜅)
(

2ŔH (S,H) − 1 − 𝛾1

)
�̄�2

,

−
𝜇(1 + 𝜅)m

(
2ŔH (S,H) − 1 − 𝛾1

)
�̄�2(𝜇𝜅 + m)

)
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QIAN ET AL. 1375

×
𝜇𝜇mm (1 + 𝜅)𝜇

Γ(𝜇)�̄�1(𝜇𝜅 + m)m

(
𝛾1

�̄�1

)𝜇−1

exp

(
−
𝜇(1 + 𝜅)𝛾1

�̄�1

)

× 1F1

(
m, 𝜇;

𝜇2𝜅(1 + 𝜅)𝛾1

(𝜇𝜅 + 𝜇)�̄�1

)
d𝛾1. (17)

The outage probabilities in (16) and (17) can be calculated by
a set of double integrals corresponding to the admissible rate
region with respect to the PDFs of the instantaneous SNRs of
the transmission channels, with accurate calculation error con-
trol, according to the algorithm for approximately calculating
the integral over generalized rectangles and sectors [35]. The
computational complexity evaluation of the analytical expres-
sions is left as future work.

3.4 Asymptotic tendency analyses

3.4.1 Independent case

When S and H are completely independent, the bit flip-
ping probability p = 0.5 and H (S|H) = H (H|S) = H (H) =
H (S) = 1 based on the binary source assumption. There-
fore, Pout

case2 = 0 and hence, the outage probability is deter-
mined by Pout

case1 only. From (16), the H-D link has no effect
on Pout

case1, and hence the outage probability is equivalent to
that of a single S-D link transmission system without any
help from H. Therefore, no diversity can be achieved in this
case.

3.4.2 Fully correlated case

When S and H are fully correlated, the bit flipping probabil-
ity p = 0 and H (S|H) = H (H|S) = 0. Therefore, Pout

case1 = 0
according to (16). In this case, the outage probability is deter-
mined only by Pout

case2. The second order diversity is achieved in
this case, as shown in Figure 8 in Section 4.

3.4.3 Large average SNR case

When 𝛾1 →∞ and 𝛾2 →∞, the value of the confluent hyper-
geometric function 1F1(⋅) and the bivariate confluent hyperge-
ometric function Φ2(⋅) in (3) and (4) reach unity, respectively.
Therefore, the asymptotic behaviour of the outage probability
is expressed as

Pout ∼
𝜇𝜇−1mm (1 + 𝜅)𝜇 )
Γ(𝜇)(𝜇𝜅 + m)m

(
1
�̄�1

)𝜇

+
𝜇𝜇−1mm (1 + 𝜅)𝜇 )
Γ(𝜇)(𝜇𝜅 + m)m

(
1
�̄�2

)𝜇
𝜇𝜇mm (1 + 𝜅)𝜇

Γ(𝜇)�̄�1(𝜇𝜅 + m)m

×

⎡⎢⎢⎢⎣�̄�1
1

𝜇𝜇 (𝜅 + 1)𝜇
Γ

⎛⎜⎜⎜⎝𝜇,
𝜇(1 + 𝜅)

(
2ŔH (S|H) − 1

)
�̄�1

⎞⎟⎟⎟⎠
− �̄�1

1
𝜇𝜇 (𝜅 + 1)𝜇

Γ

⎛⎜⎜⎜⎝𝜇,
𝜇(1 + 𝜅)

(
2ŔH (S) − 1

)
�̄�1

⎞⎟⎟⎟⎠
⎤⎥⎥⎥⎦,

(18)

where Γ(⋅, ⋅) is the upper incomplete gamma function.

3.5 Diversity order and coding gain

In the case of the channel variations of the S-D and H-D links
following Rayleigh distributions (𝜅 = 0 and 𝜇 = 1 in shadowed
𝜅-𝜇 fading), by setting the geometric gain of each link to identi-
cal and replacing 𝛾1 and 𝛾2 with a generic 𝛾, corresponding to
S-D and H-D links have the same distance, the outage expres-
sion reduces to

Pout = 1− exp

{
∪

2ŔH (S|H)−1

𝛾

}
+∫

2ŔH (S)−1

2ŔH (S|H)−1

1

𝛾
exp

(
∪
𝛾1

𝛾

)

×

[
1 − exp

(
∪

2ŔH (S,H) − 1 − 𝛾1

𝛾

)}

≈
2ŔH (S|H) − 1+

(
2(ŔH (S,H) − 1

)(
2(ŔH (S) − 2(ŔH (S,H) − 2

)
𝛾

2
,

(19)

where the approximation

exp (−x ) =
∞∑

n=0

(−x )n

n!
≈ 1 − x, (20)

has been made, as in [36], assuming high average SNR regime.
With this approximation, (19) can be expressed as:

Pout =
(
Gc × 𝛾

)−Gd
, (21)

where Gd = 2 and

Gc =
1√

2ŔH (S|H)−1+
(
2(ŔH (S,H)−1

)(
2(ŔH (S) − 2(ŔH (S,H)−2

) ,
(22)

are the diversity order and the coding gain[37], respectively.
Since the coding gain appears in the form of the parallel shift of
the outage curves and the diversity order represents the outage
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1376 QIAN ET AL.

curves decay, the derived outage probability in Rayleigh fading
(corresponding to 𝜅 = 0 and 𝜇 = 1 in shadowed 𝜅-𝜇 fading)
serves as a design reference for practical communication sys-
tem performance.

Equation (22) indicates that the coding gain depends on the
total rate of the joint source-channel coding Ŕ and the corre-
lation between the source and the helper. The generic explicit
expression derivation for the diversity order and the coding gain
in shadowed 𝜅-𝜇 fading may be challenging due to the integrals
with the confluent hypergeometric functions, which is left as a
future study.

3.6 Outage derivation with CCC

In this section, we derived the outage probability of the
one-source-with-one-helper transmission over MAC with CCC
assumption. Since there is no closed-form expression for calcu-
lating the explicit CCC, with an approximated equation of CCC
[34], the relationship between the instantaneous channel SNR
𝛾1 (i ∈ {1, 2}) and the rate Ŕ is written as

⎧⎪⎪⎨⎪⎪⎩
Ŕ × H (S) = C (𝛾1) = log2(1 + 𝛾1) −

1
2

log2

[
1 +

(𝛾1

M

)]
Ŕ × H (H) =C (𝛾2) = log2(1+𝛾2)−

1
2

log2

[
1+

(𝛾2

M

)] ,
(23)

with M -ary quadrature amplitude modulation(QAM) to facili-
tate the outage calculation. The inverse function of (23) is writ-
ten as

⎧⎪⎪⎨⎪⎪⎩
𝛾1 =C -1

cc [ŔH (S)] =
M2ŔH (S)

√
M 2 − 4ŔH (S) + 1−M 2

M 2 − 4ŔH (S)

𝛾2 =C -1
cc [ŔH (H)] =

M2ŔH (H)
√

M 2 − 4ŔH (H) + 1−M 2

M 2 − 4ŔH (H)
.

(24)

Figure 7 shows that in the low SNR region the difference
between GCC and CCC is very small. Whereas, in the high
SNR region, the difference between GCC and CCC becomes
significant. The approximated CCC has been evaluated in [34]
which demonstrates that (23) is very accurate to represent
CCC.

Then, the outage probability with CCC can be calculated
as

Pout−ccc
case1 = ∫

C -1
cc [ŔH (S|H)]

0
f𝜅𝜇 (𝛾1)∫

∞

0
f𝜅𝜇 (𝛾2)d𝛾2d𝛾1

=
𝜇𝜇−1mm (1 + 𝜅)𝜇 )
Γ(𝜇)(𝜇𝜅 + m)m

(
1
�̄�1

)𝜇
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SNR(dB)
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FIGURE 7 Comparison of the Gaussian codebook capacity (GCC) and
constellation constrained capacity (CCC)

× Φ2

⎛⎜⎜⎜⎝𝜇−m,m;𝜇 + 1;−
𝜇(1+𝜅)

(
C -1

cc
[
ŔH (S|H)

])
�̄�1

,

−
𝜇(1 + 𝜅)m

(
ŔH (S|H) − 1

)
�̄�1(𝜇𝜅 + m)

⎞⎟⎟⎟⎠ , (25)

and

Pout−ccc
case2 = ∫

C -1
cc [ŔH (S)]

C -1
cc [ŔH (S|H)]

f𝜅𝜇 (𝛾1)d𝛾1

× ∫
C -1

cc [ŔH (S,H)]−𝛾1

0
f𝜅𝜇 (𝛾2)d𝛾2

= ∫
C -1

cc [ŔH (S)]

C -1
cc [ŔH (S|H)]

𝜇𝜇−1mm (1 + 𝜅)𝜇 )
Γ(𝜇)(𝜇𝜅 + m)m

(
1
�̄�2

)𝜇

× Φ2

(
𝜇−m,m;𝜇+1;

−𝜇(1+𝜅)
(
2ŔH (S,H)−1−𝛾1

)
�̄�2

−
𝜇(1 + 𝜅)m

(
C -1

cc
[
ŔH (S,H)

]
− 𝛾1

)
�̄�2(𝜇𝜅 + m)

)

×
𝜇𝜇mm (1+𝜅)𝜇

Γ(𝜇)�̄�1(𝜇𝜅 +m)m

(
𝛾1

�̄�1

)𝜇−1

exp

(
−
𝜇(1+𝜅)𝛾1

�̄�1

)

× 1F1

(
m, 𝜇;

𝜇2𝜅(1 + 𝜅)𝛾1

(𝜇𝜅 + 𝜇)�̄�1

)
d𝛾1. (26)
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QIAN ET AL. 1377

Note that the theoretical derivation of outage probability is
based on the modified Slepian–Wolf region and the MAC
region, and presumed infinite frame length, which results in the
derived outage probabilities being the upper bounds of the prac-
tical numerical results. Therefore, the derived outage probabil-
ity can serve as a reference limit in practical coding/decoding
design for transmitting one source with one helper over a fad-
ing MAC.

3.7 Optimal power allocation analyses

In this subsection, the total transmit power of the system is
assumed to be fixed as Ṕ . Then, we have

⎧⎪⎨⎪⎩
P1 + P2 = Ṕ

P1∕Ṕ = 𝛼

P2∕Ṕ = 1 − 𝛼

, (27)

where the P1 and P2 are the average transmit powers for S and
H, respectively, and 𝛼 is the ratio of the transmit power allocated
for S, and the value is kept constant within a block duration,
under the block fading assumption.

The optimization problem with regard to 𝛼 can be formu-
lated as

𝛼∗ = arg min
k

Pout(𝛼)

subject to: 𝛼 ∈ (0, 1).
(28)

This section aims to find the optimal 𝛼∗ that minimizes the
outage probability. By the normalized noise variance of the both
channels to the unity, the outage probability expressions in (16)
and (17) are rewritten as

Pout
case1 =

𝜇𝜇−1mm (1 + 𝜅)𝜇 )
Γ(𝜇)(𝜇𝜅 + m)m

(
1

𝛼Ṕ

)𝜇

× Φ2

⎛⎜⎜⎜⎝𝜇 − m,m; 𝜇 + 1; −
𝜇(1 + 𝜅)

(
2ŔH (S|H) − 1

)
𝛼Ṕ

,

−
𝜇(1 + 𝜅)m

(
ŔH (S|H) − 1

)
𝛼Ṕ (𝜇𝜅 + m)

⎞⎟⎟⎟⎠, (29)

and

Pout
case2 = ∫

2ŔH (S)−1

2ŔH (S|H)−1

𝜇𝜇−1mm (1 + 𝜅)𝜇 )
Γ(𝜇)(𝜇𝜅 + m)m

(
1

(1 − 𝛼)Ṕ

)𝜇

× Φ2

(
𝜇−m,m;𝜇+ 1;−

𝜇(1+𝜅)
(
2ŔH (S,H)− 1−𝛾1

)
(1−𝛼)Ṕ

,

FIGURE 8 Comparison between the outage probabilities of orthogonal
and non-orthogonal transmission. 𝛾1 = 𝛾2, m1 = m2 = 3, 𝜅1 = 𝜅2 = 2, and
𝜇1 = 𝜇2 = 2

−
𝜇(1 + 𝜅)m

(
2ŔH (S,H) − 1 − 𝛾1

)
(1 − 𝛼)Ṕ (𝜇𝜅 + m)

⎞⎟⎟⎟⎠
×

𝜇𝜇mm (1 + 𝜅)𝜇

Γ(𝜇)�̄�1(𝜇𝜅 + m)m

(
𝛾1

𝛼Ṕ

)𝜇−1

exp

(
−
𝜇(1 + 𝜅)𝛾1

𝛼Ṕ

)
× 1F1

(
m, 𝜇;

𝜇2𝜅(1 + 𝜅)𝛾1

(𝜇𝜅 + 𝜇)𝛼Ṕ

)
d𝛾1, (30)

which are used to determine the effect of the power allocation
ratio 𝛼 on the outage performance. Due to the existence of the
confluent hypergeometric function Φ2(⋅) in (29) and the bivari-
ate confluent hypergeometric function 1F1(⋅) in (30), the generic
closed-form expressions derivation for the optimal power allo-
cation problem may be challenging and the convexity of the
expressions (29) and (30) is difficult to prove. Therefore, the
analytical results of the optimal power allocation problem are
obtained numerically and provided in the next section.

4 NUMERICAL RESULTS

In this section, we present the numerical results to verify the
accuracy of the outage probability upper bound. We assume
half-rate memory-1 code and binary phase shift keying (BPSK)
in the transmission. Therefore, the total joint coding rate Ŕ is
set as Ŕ = 0.5.

Figure 8 shows the theoretical outage probability against
the average SNR with the parameter p varying from 0 to 0.5.
The outage probability of correlated sources transmission over
orthogonal channels [27] are presented as benchmark schemes.
The average SNRs of the S-D and H-D links are assumed to
be the same. We observe from the outage curves that orthog-
onal transmission outperforms its non-orthogonal counterpart
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1378 QIAN ET AL.

FIGURE 9 Outage probability versus average SNR with parameter
m = m1 = m2. 𝜅1 = 𝜅2 = 1.5, and 𝜇1 = 𝜇2 = 2

when S and H are highly correlated (small p). This indicates that
the correlation between S and H is exploited at the destination.
In contrast, when the correlation between S and H decreases
(larger p), the advantage of orthogonal transmission over non-
orthogonal transmission concerning the outage performance
disappears. However, with the same p, the same diversity gain
can be observed in the outage curves with either orthogonal or
non-orthogonal transmission.

Figure 9 plots the outage probabilities with different shad-
owing parameters m1(= m2). The shadowing parameter value
significantly affects the outage performance, both in the highly
correlated case (p = 0.001) and the independent case (p = 0.5).
However, the decline in the outage curves (equivalent to diver-
sity gain) is not affected by the value of shadowing parameter
m1(= m2). Figure 9 also shows that the Monte Carlo simulation
results are in excellent agreement with the analytical derivations.
The simulations for the integrals in (16) and (17) are imple-
mented by evaluating the integral function with a large number
of shadowed 𝜅-𝜇 distributed random points and averaging.

Figure 10 shows the outage curves of analytical results based
on (16) and (17) and asymptotic results based on (18). We infer
from these results that the asymptotic outage behaviour and the
analytical results are in good agreement in the high SNR region.
It is also found from Figure 10 that in the multipath clusters case
(𝜇 > 1), more than second-order diversity is achieved when the
information sequences between S and D are fully correlated
(p = 0).

Figures 11 and 12 compare the outage probabilities in (16)
and (17) derived with GCC, and those in (25) and (26) derived
with CCC. The total coding efficiency Ŕ is set as Ŕ = 0.5 in
Figure 11 and Ŕ = 5 in Figure 12. It is found that, the differ-
ence between the GCC based and the CCC based outage per-
formance is negligible in Figure 11. This is because the smaller
value of Ŕ (equivalent to lower spectrum efficiency or lower
source rate) results in lower outage probability. Therefore, the

FIGURE 10 Comparison of outage probabilities of analytical results and
asymptotic results where 𝛾1 = 𝛾2, 𝜅1 = 𝜅2 = 1, 𝜇1 = 𝜇2 = 1.5, and
m1 = m2 = 2

FIGURE 11 Comparison of the outage probability with GCC and CCC.
Ŕ = 0.5, p = 0.01, 𝛾1 = 𝛾2, m = m1 = m2 = ∞, 𝜅 = 𝜅1 = 𝜅2, and
𝜇 = 𝜇1 = 𝜇2

effect of the differences between GCC and CCC on the out-
age probability is negligibly small. In contrast, when the value of
Ŕ is larger (equivalent to higher spectrum efficiency or higher
source rate), which results in higher outage probability, the sig-
nificant difference can be observed between the GCC and CCC
based outage performances as shown in Figure 12, especially in
the high SNR region. This result is consistent with the capacity
tendency shown in Figure 7.

Figure 13 illustrates the outage performance curves versus
the power allocation ratio 𝛼 with different flipping probability p.
The x-axis indicates the ratio 𝛼 of the transmit power allocated
to S. The total transmit power is set at 10 dB with the noise
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QIAN ET AL. 1379

FIGURE 12 Comparison of the outage probability with GCC and CCC.
Ŕ = 5, p = 0.01, 𝛾1 = 𝛾2, m = m1 = m2 = ∞, 𝜅 = 𝜅1 = 𝜅2, and 𝜇 = 𝜇1 = 𝜇2

FIGURE 13 Optimal power allocation for minimizing the outage
probability with different p, where 𝛾1 = 𝛾2, 𝜅1 = 𝜅2 = 1, and 𝜇1 = 𝜇2 = 2

variation being normalized to the unity. The computational
granularity for the optimal power allocation is 1% of 𝛼 in the
numerical calculation. We understand from Figure 13 that if the
information sequences of S and H are fully correlated (p = 0),
the lowest outage probability can be achieved when the transmit
power is equally allocated to both S and H. It can also be found
that the optimal ratio 𝛼 achieving the minimum outage proba-
bility becomes large, as the value of p increases. This is reason-
able because when the help provided by H becomes less useful
we should assign more power to S. When S and H are inde-
pendent (p = 0.5), all the transmit power should be assigned
to S.

Figure 14 shows the outage probability versus the power allo-
cation ratio 𝛼, with 𝜅2 as a parameter. We find that the optimal

FIGURE 14 Optimal power allocation for minimizing the outage
probability with different 𝜅2, where 𝛾1 = 𝛾2, 𝜅1 = 1, 𝜇1 = 𝜇2 = 1, and
p = 0.001

𝛼, that achieves the smallest outage probability increases with
increasing 𝜅2 value. This indicates that a large dominant compo-
nent power ratio in H-D channel expands the effects of errors,
since S and H are not fully correlated (S ≠ H with probability
p = 0.001). Namely, assigning more power to H can not help to
improve the outage performance. In contrast, in this case, it is
more effective to assign more power to S other than to H.

5 CONCLUSIONS

In this study, we have analysed the outage probability of the
one-source-with-one-helper transmission over block shadowed
𝜅-𝜇 fading MAC. The exact expression for the outage proba-
bility upper bound has been derived, and the closed-form out-
age expression has also been obtained through a reasonable
high-SNR approximation. We have found that the difference
between the CCC-based outage probability and the GCC-based
outage probability is very minor with low spectrum efficiency
or source rate. In contrast, such difference become significant
when the spectrum efficiency or source rate becomes high. It
has also been found that the outage performance of the orthog-
onal transmission is superior compared to its non-orthogonal
counterpart with high correlation between the source and the
helper. Shadowing affects the outage performance significantly,
regardless of the correlation between the source and the helper;
however, the shadowing does not affect the diversity gain, as
shown in the outage curves. The accuracy of the analytical
results has been verified by a series of Monte Carlo simulations.
The optimal power allocation has also been analysed with fixed
total power. The analytical results indicate that the lower outage
probability can not always be achieved by increasing the ratio of
power allocated to the helper, even if the ratio of the dominant
component in the helper-destination channel is high.
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Since the lossless coding is not always a mandatory require-
ment in some decision-making systems, and the distortion is
accepted with a specific distortion level as a quality-of-service
requirement, the rate-distortion and outage probability analyses
for Wyner-Ziv systems are promising research topics for our
further study.
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