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Wireless channels are commonly affected by short-term fading and long-term fading (shadowing). The shadowing effects must be
taken into account also whenmobility is present in the wireless scenario. Using a composite fadingmodel, the total channel capacity
can be studied for a scenario with short-term Rayleigh fading along with shadowing. This work provides quantitative results for
these kinds of scenarios with Rayleigh fading and shadowing, considering also multiple-input and multiple-output systems, which
have not been previously reported. In addition, the channel capacity has been studied in depth in its relation with the shadowing
level, signal to noise ratio, and the number of elements in the multiple-input and multiple-output system. Moreover, the channel
performance with shadowing has been compared to the one without it. Furthermore, Rician model with shadowing is studied and
its results are reported. In addition, correlated and experimental results are provided. It is identified that the distributed MIMO
systems can benefit from shadowing in Rician channels. This advantage has not been reported previously. This type of fading is
proposed for massive MIMO by others and our results open the door to emulate massive MIMO on a reverberation chamber.

1. Introduction

Many theoretical and experimental studies have been carried
out to predict the radio propagation characteristics. These
studies aim to analyze propagation problems and propose
statistical models for fading. Rayleigh, Rician, Nakagami-m,
and Weibull are arguably the most popular statistical models
for fading. All these fadingmodels can be studied in scenarios
on which the channel variations occur on a large scale period
(i.e., variations due to turns in a corner, movements behind a
large building, or the entrance to a building).This large-scale
fading is often called shadowing.

This long-term energy variability in multipath fading
channels is widely accepted to be properly described by
lognormal statistics [1, 2]. While the use of multiple antennas

at the transmitter and receiver provides reasonable protection
against short-term fading, it does not offer any kind of
protection against shadowing, as themitigation of shadowing
requires the use ofmacrodiversity [3].Macrodiversity implies
the combination of signals from two or more base stations,
being separated by a certain distance.

Cooperative networking has emerged as a core com-
ponent of future wireless networks since it provides high
data rate communication over large geographical areas. In
this situation, distributedmultiple-inputmultiple-output (D-
MIMO) communication arises as a promising tool for achiev-
ing large performance gains in wireless networks, similar to
those provided by conventional MIMO in a point-to-point
wireless channel. In these cases, wireless users with a single
transmission and reception antenna cooperate in clusters to
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form distributed transmitting and receiving antenna arrays.
A common assumption in the performance analysis of D-
MIMO systems is that channels between different pairs of
nodes are subject to independent fading [4, 5]. Analogous
to the point-to-point case, this leads to capacity gains which
are linear in the number of nodes (𝑀) contained in the
transmission and reception clusters. In a distributed config-
uration, nodes (or antennas) are typically further away one
from the other than for a classical MIMO one, so that an
independent and identically distributed (i.i.d) fading model
can be considered appropriate.

A D-MIMO system is able to combine the advantages
of a point-to-point MIMO and a distributed antenna sys-
tem (DAS) [6] and to have the ability to exploit spatial
micro- and macrodiversity simultaneously [7–9]. For that
reason, the dual effect of fading and shadowing, that is, the
composite fading channel that addresses both macroscopic
and microscopic fading, is gaining attention again [10–12].
A composite probability density function model is used in
[10] for the outage analysis of a MIMO scheme operating
in shadowed fading channels. Moreover, in [11] correlated
shadowing is analyzed.Therefore, in this paper an analysis of
D-MIMO capacity for both the microscopic fading (Rayleigh
and Rician) channel and the composite channel is performed.
With this model it is presented that the shadowing can
improve the capacity in some conditions when composite
fading is considered.

The rest of the document is organized as follows. Section 2
describes the models used and Section 3 validates these
models. Sections 4 and 5 provide D-MIMO capacity results
for Rayleigh shadowed fading and Rician shadowed fading,
respectively. Finally, in Section 6 correlated and experimental
results are shown, and the conclusions are outlined in
Section 7.

2. Composite Model for Microdiversity and
Macrodiversity

In this work, a wireless communication system that employs
𝑇 transmitting and 𝑅 receiving antennas is considered. In
what follows, the analysis is restricted to the frequency flat-
fading case, with shadowing. It is assumed that the channel
state information (CSI) is perfectly known by the receiver but
is unknown by the transmitter and it is, therefore, unable to
adapt its transmission strategy. At the receiver, the received
signal 𝑦 is given by

𝑦 = 𝐻𝑥 + 𝑛, (1)

where𝑥 is the transmitted signal vector with total transmitted
power 𝐸(𝑥𝑥𝑇) = 𝑃 and the terms of noise vector 𝑛 are
modeled as zero-mean complex Gaussian random variables
with variance 𝑁

0
= 2 per dimension and 𝐻 is the channel

matrix that can be modeled as [13–15]

𝐻 = √𝑠𝑥𝐻micro, (2)

where 𝑠 is a log-normal random matrix representing the
shadowing effects and 𝐻micro is a matrix representing the
small-scale fading.

Furthermore, we assume that the shadowing value 𝑠
equally affects all the elements of𝐻micro and 𝑠 is independent
from𝐻micro. At this point, the generation of the 𝑠matrix is [7]

𝑠 = 𝑓Nor−𝐿 (𝜇, 𝜎, 𝑅, 𝑇) + 𝑗 ∗ 𝑓Nor−𝐿 (𝜇, 𝜎, 𝑅, 𝑇) , (3)

where𝑓Nor−𝐿(𝜇, 𝜎, 𝑅, 𝑇) produces Gaussian random variables
matrix with dimensions 𝑅×𝑇with a log-normal distribution
with mean equal to 𝜇 and variance equal to 𝜎. The other term
of𝐻 is calculated for Rayleigh fading in the following way:

𝐻micro Ray = 𝑓Nor (𝑅, 𝑇) + 𝑗 ∗ 𝑓Nor (𝑅, 𝑇) , (4)

where 𝑓Nor(𝑅, 𝑇) produces a random signal with dimensions
𝑅 × 𝑇 with mean equal to 0 and variance equal to 1.

If it is desired to generate a channel matrix for Rician
fading, the transformation developed by [16] may be applied
to 𝐻micro Ray. This transformation is applied in [17, 18] to
obtain𝐻micro Rician.

Thus, it is possible to generate the𝐻 channel matrix with
Rayleigh or Rician fading and lognormal shadowing for any
parameter of shadowing and any number of elements using
(2). Finally, the instantaneous channel capacity for MIMO
systems can be calculated with the well-known expression
defined in [19]:

𝐶 = log
2
(det [𝐼

𝑅
+
SNR
𝑇
𝐻 ∗𝐻

T
]) , (5)

where det[] is the determinant of [], SNR is the signal to noise
ratio, and𝐻T is the conjugate transpose of𝐻. The system has
𝑇 antennas at the transmitter and 𝑅 antennas at the receiver,
and 𝐼

𝑅
is the identity matrix with dimensions 𝑅 × 𝑅. The

ergodic (mean) capacity of the random MIMO channel is
the mean over a variety of channel realizations of the ergodic
fading process. In this paper we use 100000 realizations for
each emulated point.

3. Validation Model for Lognormal
Distribution Matrix

The equations for estimating the ergodic Shannon capacity
of a log-normal channel have been recently presented in the
literature [20, 21], and an interesting review of the state of the
art and a new formula can be found in [22]. In this paper,
the validation is carried out through a comparison of capacity
results for a 1 × 1 scheme. Our simulation model is evaluated
by comparing its results to those obtained using the model
of [20]. Figure 1 shows that our simulation model matches
properly the results of applying this model.

4. Results for Composite Channel
(Rayleigh + Shadowing)

Most of the referred literature [10–12] and other existing
literature are centered on the effect of macrodiversity and
microdiversity on the average error probability. However,
there is a lack of studies of both effects on MIMO capacity,
and only a few results [13–15, 23] have been published.
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Figure 1: Ergodic capacity versus SNR for Laourine’s method and
our own method.
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Figure 2: Capacity versus SNR for Rayleigh shadowing fading, with
an 8 × 8 system.

In [13] Gauss-Hermite integration is used for presenting
an approximated capacity expression. The work in [14] is
centered on the analysis of the capacitywith different adaptive
schemes. In [15], it is proposed that shadowing can change the
performance of MIMO systems and a preliminary analysis
for D-MIMO systems with both fading effects is provided
in [23]. However, in the works referred above, a study of the
performance of D-MIMO capacity has not been found, and
it is presented in this work.

Figure 2 shows the capacity versus SNR for Rayleigh
fading plus shadowing in 8 × 8 systems. This plot includes
the Rayleigh-only fading for comparison purposes. As it
is expected when introducing the shadowing effect, a loss
of capacity is observed. This loss increases when the 𝜎 of
shadowing is increased.

Figure 3 shows the capacity regarding the 𝜎 of lognormal
fading for different number of elements with SNR = 20 dB.
For the sake of comparison, the Rayleigh fading capacity is
also included. In this figure, it is possible to observe that
the shadowing behavior is very different with the variation
of the number of elements, having a greater influence when
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Figure 3: Capacity versus shadowing fading, with SNR = 20 dB.

the number of elements is higher. Figure 4 shows the decrease
of capacity relative to Rayleigh-only fading regarding 𝜎-
shadowing for different number of elements with SNR =

10 dB (Figure 4(a)) and SNR = 25 dB (Figure 4(b)). This
figure provides that the capacity decreases as the shadowing
is increased. In this figure, it can be noticed that, for low
SNR, the percentage of capacity loss is higher (for example,
in the 2 × 2 MIMO system with SNR = 10 dB the capacity
decrease is 40% while for SNR = 25 dB the capacity decrease
is 26%). These figures show the level in which the shadowing
begins to affect the ergodic capacity of the D-MIMO channel,
information which is quite useful for the system designer.

Figure 5 shows the capacity increase in relative percentage
for Rayleigh fading versus the 𝜎 of lognormal fading for
different number of elements, with SNR = 25 dB. Figure 6
shows the capacity increase regarding the number of elements
and the 𝜎 shadowing, on a 3D contour plot, for SNR =

10 dB (Figure 6(a)) and SNR = 25 dB (Figure 6(b)). From
these figures, it can be concluded that for a high number of
elements, the capacity loss is higher in absolute terms, but
slightly lower in relative terms. Also, it is important to notice
that the number of elements has more influence than the
shadowing in the capacity value, as it is provided in Figure 6.

Finally in this section, different histograms are provided
in Figure 7. In this figure, it is shown the probability distribu-
tion function of capacity in relation to the capacity of MIMO
channel for a 10 × 10 system and SNR = 35 dB. Also, in this
figure it is plotted the mean capacity (with a dot) and the
box-plot of capacity with the same color than the curve. It
is observed that an increase in the shadowing level produces
an increase in standard deviation of capacity; that is, the 𝜎
increase produces the spread of the channel capacity.

5. Results for Composite Channel
(Rician + Shadowing)

Rician fading occurs when one of the paths, typically a line
of sight signal, is much stronger than the others. The 𝐾-
factor is the results of dividing the higher path between the
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Figure 4: Capacity increase relative to Rayleigh-only fading versus sigma shadowing, (a) with SNR = 10 dB, (b) with SNR = 25 dB.

2 3 4 5 6 7 8 9 10

0

Ca
pa

ci
ty

 in
cr

ea
se

 (%
)

Number of elements

Ray. + 𝜎y = 1dB
Ray. + 𝜎y = 3dB
Ray. + 𝜎y = 5dB

Ray. + 𝜎y = 7dB
Ray. + 𝜎y = 9dB
Ray. + 𝜎y = 11dB

−5

−10

−15

−20

−25

SNR = 25dB

Figure 5: Capacity Increase versus number of elements shadowing
𝜎 fading, with SNR = 25 dB.

sum of all others paths. The𝐾-factor of more general Rician-
fading environments changes as the distance of receiver to
transmitter changes. The composite channel of Rician fading
with shadowing is studied in [24, 25]. In [14], a semianalytical
expression is presented for the probability density function
and in [26]; new accurate formulas for obtaining symbol
error outage are presented. However, in the literature, up to
the authors’ knowledge, no work about Shannon capacity
for D-MIMO systems with a composite Rician-shadowed
channel has been presented. In this section, in a similar way

to the previous one, the Shannon capacity for the composite
Rician plus shadowing channel is provided. Figure 8 shows
the capacity regarding the SNR for this composite channel,
with several 𝜎 values and several 𝐾-factor values. It is
remarkable that the Rician 𝐾-factor has more influence than
the shadowing for this 4 × 4 example: it can be observed that
the different lines are grouped regarding the 𝐾-factor (one
groupwith diamonds (𝐾 = −6 dB) and the other with squares
(𝐾 = 7 dB)).

A statistical study of MIMO capacity is performed in
systems under composite Rician fading. Figure 9 shows the
probability density function of capacity considering the
capacity for the 8 × 8 MIMO system, with SNR = 30 dB
and Rician𝐾-factor =−10 dB (Figure 9(a)), Rician𝐾-factor =
−0.5 dB (Figure 9(b)), Rician𝐾-factor = 4.7 dB (Figure 9(c)),
and Rician 𝐾-factor = 9 dB (Figure 9(d)). In this figure,
it is also plotted the mean capacity (with a dot) and the
box-plot of capacity with the same color than the curve.
It is important to note that the increase in the shadowing
severity produces an increase in the spread of the channel
capacity. This agrees with previous results for 1 × 1 channels
[27]. Moreover, it is observed that the mean value of the
channel increases or decreases depending on the 𝐾-factor
(see the different subfigures in Figure 9). All data ofmean and
standard deviation are depicted in Table 1 for the 8×8MIMO
system with SNR = 30 dB.

Figure 10 shows the probability density function of capac-
ity regarding the capacity for the 8 × 8 MIMO system with
SNR = 30 dB and 𝜎 = 1 dB (Figure 10(a)), 𝜎 = 4 dB
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Figure 6: Capacity versus the number of elements versus 𝜎 shadowing, on a 3D contour plot, (a) with SNR = 10 dB and (b), SNR = 25 dB.
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Table 1: Standard deviation and mean value of capacity for an 8 × 8
MIMO system with SNR = 30 dB in composite fading.

𝜎
𝐾 = −10 dB 𝐾 = −0.5 dB 𝐾 = 4.7 dB 𝐾 = 9 dB

Mean Std. Mean Std. Mean Std. Mean Std.
1 dB 68.5 2.4 61.7 2.2 51.4 1.9 46.0 1.7
3 dB 68.3 2.4 62.0 2.3 53.4 2.0 49.6 2.0
5 dB 67.5 2.6 62.0 2.5 55.4 2.4 53.1 2.3
7 dB 65.9 2.8 61.3 2.7 56.4 2.7 55.0 2.7
9 dB 63.4 3.1 59.7 3.1 56.2 3.1 55.2 3.1
11 dB 59.9 3.5 57.0 3.5 54.6 3.5 54.0 3.5

(Figure 10(b)) 𝜎 = 7 dB (Figure 10(c)), and 𝜎 = 10 dB
(Figure 10(d)). In this figure, it is observed that the different
curves in the samefigure have similar standard deviation; that
is, the channel with the same shadowing has similar spread
of the channel capacity. In addition, it is possible to note
that the increase of Rician 𝐾-factor produces a decrease of
mean capacity (the distribution curvemoves towards the left)
and a slight reduction of the spread of the channel capacity.
This reduction when the 𝐾-factor is increased agrees with
the reported results in [28]. This effect decreases when the
𝜎 is increased (for example the standard deviation change
when 𝜎 = 1 dB from 2.4 with 𝐾-factor = −10 dB to 1.7
with 𝐾 = 10 dB, although when 𝜎 = 11 dB the standard
deviation is constant for all Rician 𝐾-factor values). That is,
when the 𝐾-factor is increased the spread of the channel
capacity is decreased. However, this effect is neglected when
the shadowing is present with a high 𝜎 value. Thus, the
effect of Rician fading can be compensated with the effect
of Shadowing. This fact takes some advantage of the systems
that work under Rician composite fading from the systems
that work only under Rician-only fading, that is, D-MIMO
systems from MIMO systems. Figure 11 shows the capacity
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Figure 9: Probability density function of capacity versus capacity for 8 × 8 MIMO system, (a) with SNR = 30 dB and Rician 𝐾-factor =
−10 dB, (b) Rician 𝐾-factor = −0.5 dB, (c) Rician 𝐾-factor = 4.7 dB, and (d) Rician 𝐾-factor = 9 dB.

versus𝐾-factor, with the shadowing as a parameter, for a 2×2
(Figure 11(a)), a 3×3 (Figure 11(b)), a 4×4 (Figure 11(c)), and
a 5 × 5 (Figure 11(d)) system. In this figure, it is possible to
observe that the Rician-only fading (red line) suffers more
degradation with the increase of 𝐾-factor than the Rician
composite fading (the rest of lines). In these figures, it is
possible to observe that, for a low 𝐾-factor (similar to the
Rayleigh case), the shadowing decreases the capacity in all
the cases. In this figure, it can be also noticed that the
lowest capacity degradation, when the 𝐾-factor is increased,
is produced for the higher 𝜎 shadowing values. This is due
to the environment that has been already degraded with the
shadowing and it is difficult to degrade more the signal.

It is remarkable that the shadowing has more influence
than the Rician 𝐾-factor for 2 × 2 systems. However, when
the number of elements is increased this situation changes:
for a 3 × 3 system the influence of both phenomena is
similar and for a 4 × 4 and 5 × 5 system the Rician 𝐾-factor
has more influence than the shadowing. This phenomenon,
observed in this research for the first time, is a key result
and one of the main contributions of this paper. That is,
for a high 𝐾-factor, the shadowing can compensate the
lack of scattering that is produced in Rician-only fading.

In other words, when the 𝐾-factor is high, the line-of-
sigh (LOS) component is predominant; however, when the
shadowing is introduced the LOS is lost, that is, the effect
of shadowing compensates the effect of Rician fading. Thus,
when the shadowing is introduced some paths between the
transmitters and receivers are blocked and some new paths
are added (not always), producing a new scenario.This fact is
reflected in the increase of the capacity spread (the standard
deviation of capacity increases its value), and an increase in
the mean capacity is produced. As a result, it is reported for
the first time that shadowing can increase the capacity of D-
MIMO systems.

The following figures (Figures 12 and 13) show up to what
extent the shadowing level begins to increase the ergodic
capacity of the D-MIMO channel, information which is of
interest for the system designer. Figure 12 shows the capacity
increase relative to Rician-only channel versus the number
of elements, with shadowing as a parameter, for different
𝐾-factor values: 𝐾 = −7 dB (Figure 12(a)), 𝐾 = 2 dB
(Figure 12(b)), 𝐾 = 6 dB (Figure 12(c)), and 𝐾 = 10 dB
(Figure 12(d)). It is remarkable that in Figure 12(a) with 𝐾 =

−7 dB, there is not positive capacity increase. However, when
the 𝐾-factor is increased correlatively in Figures 12(b), 12(c),
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Figure 10: Probability density function of capacity versus capacity for the 8 × 8 MIMO system, (a) with SNR = 30 dB and 𝜎 = 1 dB, (b)
𝜎 = 4 dB, (c) 𝜎 = 7 dB, and (d) 𝜎 = 10 dB.

and 12(d), the increment of capacity is positive for some
values and higher when the 𝐾-factor is higher. Also, it is
possible to notice that the capacity increase is positive as
a general rule when both the 𝐾-factor and the number of
elements are high. Thus, in some cases, the capacity of the
Rician-shadowed channel exceeds the one of the Rician-only
channel.That is, the D-MIMO system with Rician fading and
distributed antennas that experiences log-normal shadowing
can exceed the capacity of traditional MIMO systems with
Rician-only channel.

Figure 13 shows the capacity increase (%) regarding the
𝐾-factor and shadowing, in a 3D contour plot, with SNR =

5 dB and number of elements equal to 2 (Figure 13(a)), with
SNR = 5 dB and 7 elements (Figure 13(b)), with SNR = 20 dB
and 2 elements (Figure 13(c)), and with SNR = 20 dB and 7
elements (Figure 13(d)). In this figure, it is noticed that the
capacity increase depends on the number of elements and
the SNR value because the four different plots have great
difference. In Figures 13(a) and 13(c) with low number of
elements, the capacity increase is almost constant with the
𝐾-factor and only varies with the shadowing. However, in
Figures 13(b) and 13(d), when the number of elements is 7,
the maximum increment (red zone) is concentrated for a
high 𝐾-factor. It is also observed that, with small number of
elements, there is generally a decrease in capacity relative to
the Rician-only channel. With a large number of elements

there can be a substantial increase. As a conclusion, D-MIMO
systems with log-normal shadowing and Rician fading have
a clear advantage over MIMO systems that experience Rician
fading only in specific conditions (mainly for high number of
elements and high𝐾-factor).

6. Correlated and Experimental Results

6.1. Correlated Results. Typically, the𝐻micro is calculated with
(2), forming an uncorrelated𝐻micro matrix. However, in this
section, it is tried to test a correlated MIMO distributed
system.Thus, it is necessary to generate one correlated𝐻micro
matrix. The procedure (method) to generate the correlated
𝐻micro matrix is as follows.

(1) 𝑃 realizations of vector 𝐿 with dimensions 1 × 𝑇 are
generated.The number 𝑃 varies and is higher than 10:

𝐿
1
= 𝑓Nor (1, 𝑇) + 𝑗 ∗ 𝑓Nor (1, 𝑇)

𝐿
2
= 𝑓Nor (1, 𝑇) + 𝑗 ∗ 𝑓Nor (1, 𝑇)

.

.

.

𝐿
𝑃
= 𝑓Nor (1, 𝑇) + 𝑗 ∗ 𝑓Nor (1, 𝑇) .

(6)

(2) A random vector 𝑊, between 0 and 1 and with
dimensions 1 × 𝑃, that represents different weights,
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Figure 11: Capacity versus 𝐾-factor with shadowing as parameter, (a) for 2 × 2, (b) 3 × 3, (c) 4 × 4, and (d) 5 × 5 systems.

will be used to combine different 𝐿 vectors in a fixed
way:

𝑊 = 𝑓Nor (1, 𝑃) . (7)

(3) A fixed vector 𝐵, with dimensions (1 × 𝑇), combina-
tion of 𝐿 vectors, is calculated. This term is calculated
in order to introduce high correlation:

𝐵 = 𝐿
1
∗𝑊(1) + 𝐿2 ∗𝑊(2) + ⋅ ⋅ ⋅ + 𝐿𝑃 ∗𝑊(𝑃) . (8)

(4) A set of 𝑅 vectors “𝑊𝑊,” which are random vectors
between 0 and 1 with dimensions 1 × 𝑃, is defined.
These vectors represent different weights, which will
be used to be combined with the different 𝐿 vectors:

𝑊𝑊
1
= 𝑓Nor (1, 𝑃)

𝑊𝑊
2
= 𝑓Nor (1, 𝑃)

.

.

.

𝑊𝑊
𝑅
= 𝑓Nor (1, 𝑃) .

(9)

(5) A set of 𝑅 vectors “𝐵𝐵,” one for each reception
antenna, is calculated in order to introduce low
correlation; thesematrices are a linear combination of

𝐿 matrices weighted with the different 𝑊𝑊 vectors.
That is, for 1 to 𝑅, it is done:

𝐵𝐵
1
= 𝐿
1
∗𝑊𝑊

1
(1) + 𝐿

2
∗𝑊𝑊

1
(2) + ⋅ ⋅ ⋅ + 𝐿

𝑃
∗𝑊𝑊

1
(𝑃)

𝐵𝐵
2
= 𝐿
1
∗𝑊𝑊

2
(1) + 𝐿

2
∗𝑊𝑊

2
(2) + ⋅ ⋅ ⋅ + 𝐿

𝑃
∗𝑊𝑊

2
(𝑃)

.

.

.

𝐵𝐵
𝑅
= 𝐿
1
∗𝑊𝑊

𝑅
(1) + 𝐿

2
∗𝑊𝑊

𝑅
(2) + ⋅ ⋅ ⋅ + 𝐿

𝑃
∗𝑊𝑊

𝑅
(𝑃) .

(10)

(6) A set of 𝑅 random vectors “𝐴𝐴,” one for each recep-
tion antenna, is calculated in order to randomize.That
is, for 1 to 𝑅 it is done:

𝐴𝐴
1
= 𝑓Nor (1, 𝑇) + 𝑗 ∗ 𝑓Nor (1, 𝑇)

𝐴𝐴
2
= 𝑓Nor (1, 𝑇) + 𝑗 ∗ 𝑓Nor (1, 𝑇)

.

.

.

𝐴𝐴
𝑅
= 𝑓Nor (1, 𝑇) + 𝑗 ∗ 𝑓Nor (1, 𝑇) .

(11)

(7) Finally, to calculate each 𝐻𝐻 vector, the previous
calculated vectors (𝐵, 𝐵𝐵, and 𝐴𝐴) are combined in
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Figure 12: Capacity increase versus the number of elements, with shadowing as parameter and for different 𝐾-factor, (a) 𝐾 = −7 dB, (b)
𝐾 = 2 dB, (c) 𝐾 = 6 dB, and (d) 𝐾 = 10 dB.
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Figure 13: Capacity increase (%) versus the 𝐾-factor and versus shadowing, (a) with SNR = 5 dB and number of elements equal to 2, (b)
SNR = 5 dB and 7 elements, (c) SNR = 20 dB and 2 elements, and (d) SNR = 20 dB and 7 elements.
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Figure 14: Distributed MIMO capacity versus shadowing level for
correlated system with composite fading, Rayleigh and Rician (with
different 𝐾-factor).

a weighed way. That is,𝐻𝐻 vectors are composed by
a fixed term “𝐵,” a high correlated term “𝐵𝐵,” and a
random term “𝐴𝐴.”Thus, modifying the scalar values
(𝑎, 𝑏, and 𝑐), it is possible to obtain any correlation for
𝐻matrix. That is, for 1 to 𝑅 it is done:

𝐻𝐻
1
= 𝑎 ∗ 𝐵 + 𝑏 ∗ 𝐵𝐵

1
+ 𝑐 ∗ 𝐴𝐴

1

𝐻𝐻
2
= 𝑎 ∗ 𝐵 + 𝑏 ∗ 𝐵𝐵

2
+ 𝑐 ∗ 𝐴𝐴

2

.

.

.

𝐻𝐻
𝑅
= 𝑎 ∗ 𝐵 + 𝑏 ∗ 𝐵𝐵

𝑅
+ 𝑐 ∗ 𝐴𝐴

𝑅
.

(12)

(8) The𝐻matrix is generated concatenating the different
𝐻𝐻matrix from 1 to 𝑅:

𝐻micro = [𝐻𝐻1, 𝐻𝐻2 ⋅ ⋅ ⋅ 𝐻𝐻𝑅] . (13)

(9) The𝐻micro matrix is normalizedwith Frobenius norm
in order to obtain one𝐻micro matrix with zero mean.

Thus, it is possible to generate the 𝐻micro channel matrix
with Rayleigh distribution with any number of elements
(𝑅 and 𝑇) and any level of correlation. From 𝐻micro, it is
possible to generate any 𝐻micro channel matrix with Rician
distribution, with the same procedure than the one developed
in [29] or provided in the previous section. Thus, with the
model developed in Section 2 it is possible to compute any
𝐻matrix with correlated composite fading (Rayleigh/Rician
plus shadowing).

Figure 14 shows a 4 × 4 system with different correlation
and different composite fading (Rayleigh and Rician with
different𝐾-factor). In order to simplify, the mean value of all
antenna pair is the value taken. In this figure, it is possible
to observe than the correlation affects more to Rayleigh
composite fading than to Rician fading. Also, it is possible
to see that, in correlated systems, it is possible to increase
capacity for some shadowing values even for Rayleigh fading.
Further results for other propagation models may be found
in [30].

6.2. Experimental Results. In this subsection, the model
proposed above to is applied measured data in reverber-
ation chamber (RC). Therefore, the composite fading for
Rayleigh/Rician plus shadowing is obtained for the data
measured in RC. With this model it is possible to emulate
composite fading in the RC, in a similar way to [16], where
a postprocess technique is proposed to emulate the Rician
channel on the RC. In this case, the 𝐻micro in (2) is in fact a
realmatrixmeasured in RC. It is also very interesting that this
type of fading is also proposed formassiveMIMO [29, 31] and
these experimental results open the door to emulate massive
MIMO on RC.

In order to obtain experimental results, different non-
isotropic scenarios made in [32, 33] are evaluated. Three
different systems are evaluated; for system A, an empty RC is
used, providing the typical isotropic scattering (Scenario A of
[32]). For system B, one piece of absorber is used, consisting
of 24 cones, placed on the right hand side wall of the chamber
(Scenario B of [32]). Two 30 cm high hollow cylinders of
5 cm radius, made of Teflon (PTFE) and filled with lossy
CENELEC head simulating liquid (HSL) at the frequency of
interest, are introduced in the empty chamber to provide the
setup of system C (Scenario D of [32]). The antenna spacing
for the array is 0.25 d/𝜆 in all scenarios, for more information
on the measurement setup, the reader is referred to [32].
Figure 15 shows the distributed MIMO capacity for 3 × 3
systems A, B, and C with composite fading, that is, Rayleigh
and Rician (with different𝐾-factor) plus different shadowing
level. In this figure, the same behavior for measured systems
is observed, compared to the simulated results from previous
sections. That is, the shadowing can increase the capacity in
some conditions, as it is reported previously.

7. Conclusions

In this paper, the capacity behavior of a D-MIMO system for
a composite Rayleigh shadowing channel has been studied.
Experimentation for different shadowing intensity levels is
provided, showing a wide variety of results of these systems,
depending on the number of elements and the SNR. These
results show up to what extent shadowing level begins to
affect the ergodic capacity of the D-MIMO channel, informa-
tion which is of interest for the system designer.

In addition, for the first time (in similar way to Rayleigh
fading), results of ergodic capacity of D-MIMO system for a
composite Rician shadowing fading are provided for different
shadowing intensity levels showing a wide variety of results
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Figure 15: DistributedMIMOcapacity for systemA, B, andC versus
shadowing level for composite fading, Rayleigh and Rician (with
different 𝐾-factor).

of these systems, depending on the number of elements
and the SNR. In addition, a statistic study of the channel
capacity has been performed, which lets us identify how the
shadowing can compensate the effect of Rician fading. This
makes us conclude that when the 𝐾-factor is high, the line-
of-sigh (LOS) component is predominant. However, when
the shadowing is introduced, the LOS is lost and the effect of
shadowing compensates the effect of Rician fading. This fact
takes some advantage of the systems that work under Rician
composite fading from the systems that work under Rician-
only fading, that is, D-MIMO systems from MIMO systems.
Thus, it is identified that the D-MIMO systems can benefit
from shadowing in Rician channels. This advantage has not
been reported previously.

The D-MIMO system with Rician fading and distributed
antennas that experience log-normal shadowing can exceed
the capacity of traditional MIMO systems with Rician-
only channel. Thus, in a similar way, as it happened with
MIMO systems, considering multipath propagation (initially
considered to be a restriction but now turned to be the
solution to reach higher capacities), the cooperative networks
can take advantage of shadowing, which has been typically
considered as a restriction in order to reach higher capacities.
In addition, correlated and experimental results have been
shown. More studies on the correlated and experimental
results will be done in future work.
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Sánchez-Hernández, “Emulation ofMIMOnonisotropic fading
environments with reverberation chambers,” IEEE Antennas
and Wireless Propagation Letters, vol. 7, pp. 325–328, 2008.

[33] J. F. Valenzuela-Valdés, A. M. Mart́ınez-González, and D. A.
Sánchez-Hernández, “Diversity gain and MIMO capacity for
nonisotropic environments using a reverberation chamber,”
IEEE Antennas andWireless Propagation Letters, vol. 8, pp. 112–
115, 2009.



Submit your manuscripts at
http://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 International Journal of

 Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal ofEngineering
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mechanical 
Engineering

Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed 
 Sensor Networks

International Journal of

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Antennas and
Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014


