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Abstract: Distributed antenna systems (DASs) are known to be effective to enhance coverage,
spectral efficiency, and reliability in mobile communication systems. Because multiple antennas are
physically separated in space, DASs benefit from both micro- and macro-diversity, which makes
DASs significantly more robust compared to conventional co-located antenna systems in fading
channels. However, when multiple antennas are not dispersed enough, there exists a certain degree
of correlation in large-scale fading (shadowing), which degrades the macro-diversity gain. In practice,
various measurements indicate a high degree of correlation of shadowing in DASs. However, most of
the previous studies on DASs have not considered the correlated shadowing and its corresponding
performance loss. Motivated by this limitation, we analyze the impact of the correlated shadowing
to better evaluate DAS-based schemes with dual diversity transmitters. Assuming that shadowing
correlation is an exponentially decreasing function of the inter-element separation, we derive the
outage probability of DAS in composite Rayleigh-lognormal shadowing channels. Also, we present
numerical and simulation results, which indicate there exists an optimal inter-separation between
antennas that minimizes the outage rate to balance a trade-off between macro-diversity and path loss.

Keywords: distributed antenna systems (DASs); cooperative transmission (CT); correlated shadowing;
exponentially decaying correlation

1. Introduction

Multiple-input-multiple-output (MIMO) techniques have become a promising method to improve
communication performances of mobile communication systems such as coverage, spectral efficiency,
data rate, and reliability [1–3]. In conventional MIMO systems, multiple antennas are co-located in
a single nodes, which provides diversity gain in multi-path fading channels. Chen et al. investigate
the performance gain through maximal ratio combining (MRC) and selective combining (SC) under
Rayleigh and Nakagami-m fading channels in [4,5], respectively. However, due to the co-located nature
of the conventional MIMO, the multiple single-input-single-output (SISO) links undergo the same
shadowing [6,7], which implies no macro-diversity gain can be exploited. To overcome this limitation,
distributed antenna systems (DAS) were proposed to achieve spatial micro- and macro-diversity
simultaneously. When it comes to cellular networks, as shown in Figure 1, DAS called remote antenna
units (RAUs), which are inter-connected through high-quality wired or wireless links, are distributed
in a cell [8,9] to extend coverage and improve the spectral efficiency.

Distributed antenna arrays can also be widely used in Internet-of-Things (IoT) networks with
small nodes such as sensors and mobile devices [10]. Due to space and hardware limitations, multiple
antennas cannot be accommodated in small devices. Instead, to mitigate fading channels, multiple
nodes help another to transmit the same message, which is called cooperative transmission (CT).
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At the receiver of CT-based networks, multiple copies of the same message are combined at the
physical layer, which provides signal-to-noise-ratio (SNR) advantage. Such SNR advantage can
be used to improve throughput [11,12], transmission range [13–15], and energy efficiency [16–19].
In addition, if cooperative beamforming is applied to the DAS, sensitive message can be protected
from eavesdropping [20,21]. Also, DAS is expected to provide better connectivity in millimeter wave
channel in fifth-generation (5G) cellular networks [22–24].

Figure 1. An example illustration of a distributed antenna system (DAS).

Because of such advantages, DAS has been extensively studied in [8,9,25–30]. For example,
Roh et al. analyzed the outage performance of DAS assuming composite Rayleigh-lognormal
environments in [25]. Similarly, Chen et al. derived the downlink outage rates under composite
Nakagami-m and lognormal channels [26,27]. Also, You et al. presented the spectral and transmit
power efficiency of cooperative DASs in [8,9]. Coso et al. applied the DAS to wireless sensor networks
and showed that cooperative DAS provides significant energy savings [28]. In addition, distributed
MIMO multi-hop communication systems has been introduced by Dohler et al. in [29]. Choi et al.
analyzed achievable capacity of DAS in an interference-limited multi-cell environments [30].

However, most of existing studies on DAS including aforementioned ones assumed that both
small and large-scale fading channels are independent for links from separated DAS antennas to a
receiver. For instance, in [25–27], the outage probability is derived assuming independent log-normal
shadowing for distributed antenna arrays. However, in reality, shadowing in decibels has been
measured to have significant correlation in various scenarios such as outdoor channels in rural and
suburban environments at 1.9 GHz [31], indoor channels measured at the University of Auckland at
1.8 GHz [32], high-speed railway environments [33], and references therein. Such correlated shadowing
affects handover behavior, interference power, and macro-diversity schemes [34]. Motivated by this
fact, we investigate the impact of correlated shadowing in composite Rayleigh-lognormal environments
for more realistic modeling and analysis of DASs. To be specific, the main contributions of this
papers are three-fold. First, we present exact mathematical expressions for the received SNR and
outage probabilities of DAS with an arbitrary shadowing correlation coefficient between zero and
one. Second, assuming that the correlation of shadowing on DASs is an exponentially decaying
function of the inter-separation between neighboring antenna elements, we show the trade-off between
macro-diversity gain and increased path-loss. Third, through numerical results and simulation,
we show that there exists an optimal inter-element separation that minimizes the outage probability of
DAS with two different combining schemes.
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2. System Model

2.1. Network Topology

Following the dual diversity model in a log-normal shadowing channel in [35], we consider a
multiple-input-single-output (MISO) communication link created by two transmitters (Txs) and one
receiver (Rx), as shown in Figure 2. In the figure, the two white-filled circles indicate the cooperative
transmitters, the separation between which is ∆t. Moreover, the receiver is indicated by the black circle,
and the separation between the mid-point of the two transmitters and the receiver is l. The distance

from Txi (for i ∈ {1, 2}) to Rx is di =
√

l2 + ∆2
t /4, which determines the path loss between Txi to Rx.

Figure 2. Network topology model.

2.2. Channel Model

Considering the widely dispersed DAS transmitters, we assume a composite fading channel
with both small-scale and large-scale fading, which correspond to Rayleigh fading and log-normal
shadowing, respectively. The received signal at the receiver is 2× 1 vector and noted as

r(t) =
√

Pt h(d)s(t) + z(t), (1)

where r(t) = [r1(t), r2(t)]T , and Pt is the transmit power at each transmitter. Also, s(t) is the desired
signal transmitted to the receiver, while z(t) = [z1(t), z2(t)]T is additive white Gaussian noise (AWGN)
vector. We assume unit noise power for zi(t) for simplicity. In addition, the channel vector is
expressed as

h(d) = [h1(d1), h2(d2)]
T , (2)

where hi(di) is the channel gain from Txi to Rx. As in [3], the composite fading channel can be modelled
such that its power γi = |hi(di)|2 is decomposed into

γi(di) = αiΩi, (3)

where αi and Ωi represent the squared envelopes determined by small-scale and large-scale fading,
respectively. We assume that small scaling fading follows Rayleigh fading, thereby the conditional
probability density function of αi for given shadowing realization Ωi follows the exponential
distribution ([3], Equation (2.7)), which is given by

fαi (x|Ωi) =
1

Ωi
exp

(
− x

Ωi

)
, (4)

where x ≥ 0. On the other hand, we assume that shadowing Ωi follows log-normal distribution ([3],
Equation (2.53)):
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fΩi (x) =
ξ√

2πσx
exp

[
−
(10 log10 x− µi)

2

2σ2

]
, (5)

where x > 0 and ξ = 10
ln(10) ≈ 4.3429. Also, σ is the standard deviation of the log-normal shadowing in

dB scale. In addition, µ is the mean of the log-normal shadowing in decibel (dB), which is determined
by the path loss as

µi = 10 log10

(
1
dn

i

)
= −n

2
10 log10

(
l2 +

∆2
t

4

)
(6)

where n is the path-loss exponent.
Therefore, as in [7,25], the probability density function of γi is expressed as

fγi (x) =
∫ ∞

0

1
Ωi

exp
(
− x

Ωi

)
ξ√

2πσΩi
exp

[
−
(10 log10 Ωi − µi)

2

2σ2

]
dΩi, (7)

where x > 0.

2.3. Shadowing Correlation

In the presence of correlation between log-normal shadowing of two channels Ω1 and Ω2, the joint
probability density function (PDF) of Ω1 and Ω2 is given by

fΩ1,Ω2(x, y) =
ξ2

2πσ2xy
√

1− ρ2

× exp

(
1

ρ2 − 1

[
(10 log10 x− µ1)

2

2σ2 +
(10 log10 y− µ2)

2

2σ2 − ρ

σ2 (10 log10 x− µ1)(10 log10 y− µ1)

])
,

(8)

where x ≥ 0 and y ≥ 0. Also, |ρ| ≤ 1 is correlation coefficient between Ω1 and Ω2. If ρ = 0, the two
channel h1(d1) and h2(d2) are uncorrelated, which corresponds to the joint probability density function
as below:

fΩ1,Ω2(x, y) =
ξ2

2πσ2xy
exp

(
−
[
(10 log10 x− µ1)

2

2σ2 +
(10 log10 y− µ2)

2

2σ2

])
. (9)

In contrast, if ρ = 1, then Ω1 = Ω2 following the marginal probability density function in (5).
When ρ > 0, the diversity gain diminishes due to the correlated large-scale fading compared to the
uncorrelated case (i.e., ρ = 0).

According to Table 1 in [34], there are more than 20 shadowing correlation models in the existing
literature. The simplest one is the constant model, in which ρ is always fixed (e.g., ρ = 0.5 in [36]).
Also, the most common correlation model is a decaying exponential of distance (i.e., ρ = e−d/d0 with
a constant d0), as in [13,37–40]. Extended from these models, more complex models are proposed.
For example, Algans et al. used the sum of two independent exponential processes [41]. In [42],
a model is proposed with ρ = e(d/d0)

v
for v > 0. On the other hand, the correlation is also argued to

be a function of the angle spread of two diversity paths [43]. In addition to these models, there are
several variants, as noted in the extensive survey in [34].

Among these large number of existing correlation models, we adopt the distance-based
exponentially decaying model, because (i) it is the most widely-used model [34] and (ii) it allows
analytical simplicity. (We note that this model might not be the most accurate model. Also, there
is no single model that always accurately reflects various channel environments.) To be specific,
following [13,40], we assume the correlation is an exponentially decaying function of the inter-element
distance as:
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ρ = e−∆t/∆0 , (10)

where ∆0 > 0 is the de-correlation distance, which is tunable depending on channel environments.
As in [40], we assume ∆0 = 1.7 m.

As noted in (10), the macro-diversity gain increases as ∆t due to smaller correlation ρ. However,
as ∆t increases, the path loss becomes more severe, because µi in (6) is a decreasing function of ∆t.
Such increase in path loss by ∆t is greater with higher path-loss exponent n. For this reason, there may
exist an optimal inter-separation between the two transmitters ∆∗t that minimizes the error probability.

3. Outage Rate Analysis

At the receiver, the receiver vector r(t) = [r1(t), r2(t)] is combined to benefit from micro- and
macro-diversity. We consider two combininig methods: maximal ratio combining (MRC), which
maximizes the received SNR, and selective combining (SC), which is easier to implement compared to
(MRC). When MRC is adopted, the combined SNR is the sum of the two squared envelopes [2–5] as

γmrc = γ1 + γ2. (11)

On the other hand, if selective combining is adopted, as noted in [2–5], the corresponding
combined SNR is given by

γsc = max{γ1, γ2}. (12)

The outage rate for a given SNR threshold γth is expressed as

Pout = Pr[γc < γth], (13)

where γc ∈ {γmrc, γsc} is the received SNR at the receiver. In the following sections, we derive the
outage probabilities of non-cooperative and cooperative schemes.

3.1. Non-Cooperative Transmission

As the baseline of outage rate performance, we derive the outage probability of a
single-input-single-output (SISO) link without cooperation. For such non-cooperative networks,
the outage is given by

Pnt
out = Pr[γi < γth] =

∫ γth

0
fγi (x)dx

=
∫ γth

0

∫ ∞

0

1
Ωi

exp
(
− x

Ωi

)
ξ√

2πσΩi
e−

(10 log10 Ωi−µi)
2

2σ2 dΩidx.
(14)

3.2. Maximal Ratio Combining

Because the small-scale fading for the two links, Tx1-Rx and Tx2-Rx, are independent, the received
SNR follows a hypo-exponential distribution for given shadowing realizations Ω1 and Ω2 with the
conditional cumulative distribution function (CDF) [16]:

Fγmrc(x|Ω1, Ω2) = 1− Ω1

Ω1 −Ω2
exp

(
− x

Ω1

)
− Ω2

Ω2 −Ω1
exp

(
− x

Ω2

)
, (15)

where x ≥ 0. Using this conditional probability density function, the outage probability for MRC is
given by
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Pmrc
out =

∫ ∞

0

∫ ∞

0
Fγmrc(γth|Ω1, Ω2) fΩ1,Ω2(Ω1, Ω2)dΩ1dΩ2

=
∫ ∞

0

∫ ∞

0

ξ2

2πσ2Ω1Ω2
√

1− ρ2

[
1− Ω1

Ω1 −Ω2
exp

(
−γmrc

Ω1

)
− Ω2

Ω2 −Ω1
exp

(
−γmrc

Ω2

)]

· e
1

ρ2−1

(
(10 log10 Ω1−µ1)

2

2σ2 +
(10 log10 Ω2−µ2)

2

2σ2 − ρ

σ2 (10 log10 Ω1−µ1)(10 log10 Ω2−µ1)

)
dΩ1dΩ2,

(16)

which can be numerically integrated by applying the Gauss-Hermite formula [2,44]. If the both links
undergo the same shadowing realization (i.e., ρ = 1), the corresponding outage rate is expressed as

Pmrc
out =

∫ ∞

0
Fγmrc(γth|Ω1 = Ωi, Ω2 = Ωi) fΩi (Ωi)dΩi

=
∫ ∞

0

1−
1

∑
k=0

exp
(
− γth

Ωi

) (
γth
Ωi

)k

k!

 ξ√
2πσΩi

exp

[
−
(10 log10 Ωi − µi)

2

2σ2

]
dΩi,

(17)

which can be numerically calculated through the Gauss-Hermite polynomials [2,44].

3.3. Selective Combining

In case that selective combining is used, the conditional CDF of γsc is derived as

Fγsc(x|Ω1, Ω2) = Pr[γsc ≤ x] = Pr[γ1 ≤ x] · Pr[γ2 ≤ x]

=

[
1− exp

(
− x

Ω1

)]
·
[

1− exp
(
− x

Ω2

)] (18)

where x ≥ 0. Therefore, the outage rate for SC is expressed as

Psc
out =

∫ ∞

0

∫ ∞

0
Fγsc(γth|Ω1, Ω2) fΩ1,Ω2(Ω1, Ω2)dΩ1dΩ2

=
∫ ∞

0

∫ ∞

0

ξ2

2πσ2Ω1Ω2
√

1− ρ2

[
1− exp

(
−γth

Ω1

)]
·
[

1− exp
(
−γth

Ω2

)]

· e
1

ρ2−1

(
(10 log10 Ω1−µ1)

2

2σ2 +
(10 log10 Ω2−µ2)

2

2σ2 − ρ

σ2 (10 log10 Ω1−µ1)(10 log10 Ω2−µ1)

)
dΩ1dΩ2,

(19)

which can be numerically calculated through the Gauss-Hermite formula [2,44]. As in MRC, when
ρ = 1, the outage probability is simplified as

Psc
out =

∫ ∞

0
Fγsc(γth|Ω1 = Ωi, Ω2 = Ωi) fΩi (Ωi)dΩi

=
∫ ∞

0

[
1− exp

(
−γth

Ωi

)]2 ξ√
2πσΩi

exp

[
−
(10 log10 Ωi − µi)

2

2σ2

]
dΩi,

(20)

which can be readily calculated based on the Gauss-Hermite polynomials [2,44].

4. Numerical Results

To validate our analysis in the previous section, we compare numerical results of the analytical
expressions with simulation results. For simulations, we randomly generate 107 channel realizations
to calculate an outage probability. The small-scale (multi-path) fading components for the two Tx-Rx
links are generated independently, while the large-scale fading (shadowing) components are realized
with a given correlation 0 ≤ ρ ≤ 1.
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4.1. Outage Probability versus Transmit Power PT

Figure 3 shows the outage simulation results with increasing transmit power PT for 20 dB to 60 dB
for the SNR threshold γth = 10−3. Also, we set l = 30 m, ∆t = 15 m, n = 4, and σ = 8 dB. In the
figure, the black solid line represents the outage probability of the non-cooperative (SISO) transmission,
Pnt

out in (14). Also, the blue solid and red dotted lines correspond to MRC and SC (i.e., Pmrc
out and Psc

out
in (17) and (20)), respectively. The triangle and circle markers indicate the results with independent
(ρ = 0) and same shadowing channels (ρ = 1), respectively. Lastly, the square-markers represents the
simulation results with 0 < ρ < 1.

20 25 30 35 40 45 50 55 60
10-6

10-5

10-4

10-3

10-2

10-1

100

Figure 3. Outage probability Pout versus transmit power PT , when γth = 10−3, l = 30 m, ∆t = 15 m,
n = 4, and σ = 8 dB.

First, the theoretical curves show excellent correlation with the simulated curves, which verifies
our analysis in Section 3. Also, as expected, when the correlation ρ of the log-normal shadowing
increases, the outage performance becomes worse. For example, at Pout = 10−3, the gap between ρ = 0
and ρ = 1 is about 7 dB, while the results with 0 < ρ < 1, indicated by the curves with the squares,
exist in between the curves with the circles and triangles. However, all of the cooperative schemes
(even with ρ = 1) perform significantly better compared to the non-cooperative transmission, because
the cooperative transmission can benefit from the micro-diversity gain regardless of ρ that determines
the degree of the macro-diversity. Indicated by the slopes in the high SNR regime, the performance
gap between the cooperative and non-cooperative algorithms would be larger, as the transmit power
PT increases. In addition, when comparing the two combining techniques, for the same ρ, MRC
outperforms SC, because γmrc ≥ γsc always holds [2].

4.2. Outage Probability Versus Inter-Separation between Transmitters ∆t

As discussed in Section 2.3, the greater ∆t makes macro-diversity gain increase, while the MISO
link created by DAS suffers from higher path attenuation. For the reason, we delve into the impact
of ∆t on the outage rate. In Figure 4, the horizontal axis represents ∆t from 1 to 50 m, while the
vertical axis indicates the outage probability Pout in a logarithmic scale. For the comparison purpose,
the simulation results with ρ = 0 and ρ = 1, which correspond to the curves with the circles and
triangles respectively, are also illustrated. The results with 0 < ρ < 1 are indicated by the curves with
squares. Furthermore, the blue solid and red dotted lines represent the results with MRC and SC,
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respectively. The outage probabilities with ρ = 0 and ρ = 1 simply increase, as ∆t increases, because
their path losses monotonically increase with fixed correlation ρ of zero and one, respectively. However,
for the same ∆t, the curves with ρ = 0 show significantly smaller outage probabilities compared to
those with ρ = 1, which can be explained by the different degree of macro-diversity.

Figure 4. Outage probability Pout versus inter-separation between the transmitters ∆t, when γth = 10−3,
l = 30 m, PT = 50 dB, n = 4, and σ = 8 dB.

The curves with 0 < ρ < 1 determined by (10) first decrease for both MRC and SC, as ∆t increases,
because of enhanced macro-diversity gain with smaller ρ. Then, the outage curves increase again, as ∆t

increases, since the path attenuation increases. Therefore, there exist an optimal ∆t, which corresponds
to the minimum outage rate, as shown in the graphs. The simulation results show that both MRC
and SC schemes have the same optimal inter-separation ∆∗t . The outage performance with 0 < ρ < 1
is always upper bounded by Pout with ρ = 1 and lower bounded by Pout with ρ = 0. In fact, as ∆t

decreases, Pout becomes similar to Pout with ρ = 1. Furthermore, the outage rate approaches Pout with
independent shadowing, as ∆t increases, which implies that ρ→ 0.

4.3. Optimal ∆∗t with Different Standard Deviation σ of Shadowing

To better understand the trade-off between path loss and macro-diversity in correlated shadowing
channels, we first investigate the impact of standard deviation σ of the log-normal shadowing.
The higher σ implies more severe large-scale fading, thereby macro-diversity becomes more important.
Figure 5 shows the outage probabilities with different ∆t and σ, which correspond to the x- and y-axes,
respectively. The outage rates with MRC and SC are indicated by the blue and red meshed surfaces,
respectively. As in the previous simulation results, the outage rate with MRC is always smaller than
that with SC for the same condition. Also, when ∆t is fixed, Pout increases as σ increases due to higher
shadowing. On the other hand, for the same σ, there exists the optimal value of ∆t that minimizes Pout.
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Figure 6 shows the optimal inter-transmitter separation ∆∗t as a function of σ in dB. The blue
solid and red dotted lines represent the numerical results of MRC and SC based on our analysis,
respectively. Furthermore, the blue ‘x’- and red ‘o’-markers indicate the simulation results of MRC and
SC, respectively. As shown in the figure, the two combining schemes have the same optimal value,
even though they give different Pout. As σ increases, ∆∗t increases, because the impact of the large-scale
fading becomes larger. Thus, to overcome such severe shadowing, macro-diversity gain with smaller
ρ, which means higher ∆t, is required.

Figure 5. Outage probability Pout with different ∆t and σ, when γth = 10−3, l = 30 m, PT = 50 dB, and
n = 4.

Figure 6. Optimal Inter-transmitter separation ∆∗t versus σ, when γth = 10−3, l = 30 m, PT = 50 dB,
and n = 4.
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4.4. Optimal ∆∗t with Varying Path-Loss Exponent n

In Figures 7 and 8, we observe the impact of the path-loss exponent n. Since path attenuation
increases, as n increases, the performance degradation by increasing ∆∗t becomes more significant.
As derived in analysis in Section 3, the outage rates increase, as n increases due to the increased path
attenuation for the same distance, as indicated in Figure 7. As in the previous simulation results,
the outage probability with MRC is always smaller compared that with SC. Furthermore, the shape of
the surfaces tell us that there exists an optimal ∆t for a fixed n. Figure 8 illustrates how the optimal
inter-separation ∆∗t varies under the change in n. As before, the curves with ‘x’- and ‘o’-markers
indicate ∆∗t with MRC and SC, respectively. In general, for both MRC and SC, ∆∗t decreases as n
increases, because the path attenuation becomes more important factor with higher n, while the impact
of correlated shadowing remains the same. For the reason, when n is large, a method to take advantage
of macro-diversity by incrementing ∆t is not as efficient as in the channel environments with small n.

Figure 7. Outage probability Pout with different ∆t and n, when γth = 10−3, l = 30 m, PT = 50 dB, and
σ = 8 dB.

Figure 8. Optimal Inter-transmitter separation ∆∗t versus path-loss exponent n, when γth = 10−3,
l = 30 m, PT = 50 dB, and σ = 8 dB.
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5. Conclusions

In this paper, we analyze the impact of correlation in the large-scale fading on the DASs
in composite fading channels characterized by Rayleigh and log-normal distributions. While the
existing literature assumes independent shadowing for composite fading channels, the simulation
results indicate that the correlated shadowing causes significant outage performance degradation,
which requires more power up to 7 dB to achieve the same outage rates. Assuming a realistic
shadowing correlation model that reflects measured data, we show that there exists an optimal
inter-separation between the two transmitters in a dual diversity MISO link. In addition, through
analysis and simulation, we present how the optimal inter-transmitter distance changes under
variations in path loss exponent and standard deviations of shadowing. From the network-level
system perspective, the observations in this paper should sensitize system designers to use more
realistic physical-layer performance model. Possible future extensions include generalization of DAS
configurations (i.e., MIMO channel with more than two transmit antennas) and investigation with
more accurate but complex shadowing correlation models.
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Abbreviations

The following abbreviations are used in this manuscript:

DAS Distributed antenna system
MIMO Multiple-input-multiple-output
IoT Internet-of-Things
SISO Single-input-single-output
MISO multiple-input-single-output
RAU Remote antenna unit
CT Cooperative transmission
SNR Signal-to-noise-ratio
5G Fifth-generation
Tx Transmitter
Rx Receiver
AWGN Additive white Gaussian noise
PDF Probability density function
CDF Cumulative distribution function
MRC Maximal ratio combining
SC Selective combining
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