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ABSTRACT A novel closed-form and stochastic internal wall insertion loss model (IWIL) in the indoor–
indoor channel is proposed in this paper. The IWIL (dimensionless) is modeled as a generalized beta prime
distributed random variable on the basis of the Nakagami fading. The probability distribution function (PDF),
expectation, and standard deviation of IWIL are derived based on the proposed model. The impacts of the
Nakagami-m parameters on the expectation and standard deviation of IWIL are also analyzed. Extensive
IWILmeasurements at 3.5, 6, and 11 GHz are carried out to validate the proposed model. Both Kolmogorov–
Smirnov and Chi-square tests are exploited to determine the goodness of fitting between the modeled and
measured data. Results show that the modeled PDF provides a better fit to the measured PDF than that of
the Log-normal distribution. The proposed model can be used for the dense small cell networks in the future
fifth generation wireless communication.

INDEX TERMS Wall insertion loss, generalized beta prime distribution, dense small cell networks,
K-S test, Chi-square test.

I. INTRODUCTION
The emerging fifth generation (5G) wireless communication
system may be commonly deployed around 2020 to provide
high transmission rates and spectral efficiency [1]. The dense
small cell is assumed to be one of the key technologies
in the future 5G communication system [2]. However, this
technology involves an indoor-indoor scenario and traditional
outdoor-outdoor or outdoor-indoor channel models are no
longer adequate in this scenario. Thus, accurate description of
the indoor-indoor channel is essentially important for design-
ing and evaluating the dense small cell networks.

The propagation characteristics of the indoor-indoor chan-
nel have been intensively studied since 1987 [3]. Parame-
ters such as the path loss [4]–[6], root mean square delay
spread [7]–[9], small scale fading [10]–[12], and power delay
profiles [13]–[15] are intensively studied. As one of the
typical parameters in the indoor-indoor channel, the internal
wall insertion loss (IWIL) also plays an important role in
the communication system design, like the dense small cell
planning, wireless coverage prediction and electromagnetic

compatibility analysis. Therefore, it is necessary to study
IWIL for the future communication design.

In the past decades, certain research about the IWIL
has been reported in the indoor-indoor channel [16]–[18].
Generally, they can be categorized into two distinctive types.
The first type is the material dependency. The IWIL for
several materials, such as glass, wood, brick, metal has been
measured [16]–[17]. Results show that the metal yields the
largest IWIL and the glass yields the least. The second type
is the thickness dependency [17], [18]. Attenuation caused
by the internal walls with different thicknesses has been
measured. Results indicate that there is an almost linear rise
of attenuation with the thickness.

Basically, the above studies focus on the expectation of
IWIL in the indoor-indoor channel. However, the other sta-
tistical properties such as the distribution of IWIL are not
taken into account. Actually, small-scale fading might intro-
duce significant fluctuations in IWIL. To obtain better accu-
racy in radio link budget or wireless coverage estimation in
dense small cell networks, a more accurate IWIL with better
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generality is essential. Motivated by this reason, a novel
generalized beta prime distributed IWIL model is proposed
in this paper. The probability distribution function (PDF) of
IWIL in the indoor-indoor channel with Nakagami fading is
derived. In addition, the closed-form formulas for the expec-
tation and standard deviation of IWIL are also provided. The
impacts of Nakagami-m parameters on the expectation and
standard deviation are studied and analyzed. The accuracy
of the proposed model is validated by the extensive IWIL
measurements in three different office buildings at 3.5GHz
(S band), 6GHz (C band), 11GHz (X band). The goodness of
fitting between the measured and modeled results is deter-
mined by the Kolmogorov-Smirnov (K-S) and Chi-square
tests.

II. CLOSED-FORM STATISTICAL MODEL
In this section, a novel statistical IWIL model based on the
Nakagami fading theory is proposed. The presented model
focuses on the statistical properties of IWIL. Therefore, our
considerations are restricted to the stationary and frequency-
non-selective channel.

A. CLOSED-FORM MODEL
The IWIL (dimensionless) is defined as the ratio of the instan-
taneous power in the absence of the wall (abs-link) to that in
the presence of the wall (pre-link) [19].

In a Nakagami fading channel, both of the signal ampli-
tudes in the pre-link and abs-link, are Nakagami dis-
tributed [20], shown as,

sabs ∼ Nakagami(m1, �1) (1)

spre ∼ Nakagami(m2, �2) (2)

with

m1 = E2(s2abs)/Var(s
2
abs) (3)

�1 = E(s2abs) (4)

m2 = E2(s2pre)/Var(s
2
pre) (5)

�2 = E(s2pre) (6)

where sabs and spre are the amplitudes of the signals in the
pre-link and abs-link, respectively. E(·) and Var(·) denote the
expectation and variance of a random variable, respectively.
The parameterm1 is the shape factor of the abs-link represent-
ing the severity of fading. The large m1 is, the less amount of
fading is present in the abs-link. The parameter�1 represents
the mean power of the abs-link. The parameters m2 and �2
are similarly defined for the pre-link.

If the amplitude possesses a Nakagami distribution with
parameters m1 and �1, the corresponding power has a
Gamma distribution with a shape parameter m1 and a scale
parameter �1/m1 [14]. Hence, we have

s2abs ∼ Gamma(m1, �1/m1) (7)

where the Pabs is the received power in the abs-link.

Similarly, the received power in the pre-link is also gamma
distributed with shape m2 and scale �2/m2, shown as,

s2pre ∼ Gamma(m2, �2/m2) (8)

where the Ppre is the received power in the pre-link.
Then, the IWIL, Iloss, can be calculated as

Iloss =
s2abs
s2pre

(9)

The generalized beta prime distribution can be used to
model the IWIL [21]. The PDF of the IWIL can be shown
as (see the proof in the Appendix A)

f Iloss(x) =
(x · �2

�1
·
m1
m2

)
m1−1(1+ x · �2

�1
·
m1
m2

)
−m1−m2

�1
�2
·
m2
m1
B(m1,m2)

(10)

where B is the Beta function [22]
In this proposed model, the m-factors in the abs-link and

pre-link,m1,m2, the mean power of the abs-link and pre-link,
�1, �2, are needed to be extracted. These parameters can be
obtained according to (3)-(6).

B. STATISTICAL PARAMETER ANALYSIS
Based on the proposed model, the expectation and standard
deviation of the IWIL can be derived as(see the proof in the
Appendix B),

E(Iloss) =
�1

�2
·

m2

m2 − 1
m2 > 1 (11)

Std(Iloss) =
m2

m1
·
�1

�2

√
m1(m1 + m2 − 1)

(m2 − 2)(m2 − 1)2
m2 > 2 (12)

where E(Iloss) and Std(Iloss) are the expectation and standard
deviation of IWIL respectively. The conditions on the shape
factor of the pre-link in (11) and (12) are necessary since the
expectation and standard deviation are not existed when these
conditions are not satisfied.

Then, the influences of m-factors on the statistical
behaviour of IWIL are studied as follows if the expectation
and standard deviation of IWIL exist.

Equation (11) indicates that the expectation of IWIL
depends on not only the ratio of the mean powers of the abs-
link and pre-link, �1/�2, but also the shape factor of the
pre-link, m2. The expectations of IWIL as a function of m2
are shown in Fig.1 (IWIL has been converted into decibel).
The expectations decrease as the m2-factor increases for a
constant �1/�2 and it tends to �1/�2 for large m2-factor.
This can be explained as m2-factor increases, the received
signal in the pre-link fluctuated slightly, thus the mean IWIL
tends to the ratio of the mean power in the abs-link and in
the pre-link. On the other hand, when m2-factor tends to 1,
the expectation of IWIL tends to infinity. The reason is that
when m2-factor tends to 1, Nakagami degrades into Rayleigh
fading, leading to the unstable IWIL and the non-convergence
of the expectation.

It can be directly seen that the standard deviation of IWIL
is in proportion to �1/�2 from equation (12). The effects
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FIGURE 1. The expectation of the wall insertion loss as a function of m2.

FIGURE 2. The standard deviation of the wall insertion loss as a function
of m2.

of m1 and m2 on the standard deviation with �1/�2 = 10dB
are depicted in Fig.2. The ratio of the shape factors of the abs-
link and pre-link, m1/m2, is selected as 0.5, 1, 2 respectively.
For a fixed m1/m2, the standard deviation decreases as the
m-factors of both links increase, owing to the fluctuations of
the signals becoming slighter when both of the m-factors in
the abs-link and pre-link tend to infinity.

III. MEASUREMENT SETUP
In order to validate the proposed model, extensive IWIL
measurements are carried out at 3.5GHz, 6GHz and 11GHz.
Besides, two combinations of the antennas’ polarizations are
considered to confirm the proposed model sufficiently. If V
is defined as the vertical polarization and H is defined as
the horizontal polarization, the two combinations are V-V
and V-H, where the first letter is for the transmitted (Tx)
antenna and the second is for the received (Rx) antenna.

FIGURE 3. The diagrammatic sketch of the measurement environment
and setup.

TABLE 1. The parameters of the measurement environment and the
sampled walls.

A. MEASUREMENT ENVIRONMENT
The measurements are performed at three corridors with
length of 32m-48m (Lc) in three different office buildings.
The distances between the side walls and the sampled walls,
Ls, range from 5.9m-6.6m, as depicted in Fig.3. There are
two windows at the east and west side of each corridor. The
sampled walls span from the floors to the ceilings. The walls
under test are made of the reinforced concrete, which is a typ-
ical building material. The thicknesses (D) of the walls range
from 16cm-19cm. The heights (h) and the widths (L) of the
sampled walls are 2.8m-3.1m and 3.3m-8.6m respectively.
The diffracted and reflected waves by the edge of the sampled
walls, the side walls and the windows have little influence on
the IWIL [23]. The furniture and the other objects (such as the
dustbins) are removed during the measurement. The parame-
ters of the measurement environments and the sampled walls
are summarized in Table 1.

B. MEASUREMENT SYSTEM
The block diagram of the IWIL measurement system con-
ducted by the Agilent 8720ET vector network analyzer
(VNA) is shown in Fig. 4 [23], [24]. Three different
10-dBm, 201-point sweeping signals from 3490-3510 MHz,
5990-6010 MHz, 10990-11010 MHz are generated by the
VNA. The received signal is sent back to the VNA via a
15m-long coaxial cable. Both the Tx and Rx antennas are
omnidirectional monopoles with a gain of 3 dBi. During the
measurements, both of the Tx and Rx antennas are mounted
on the wooden tripods with a height of 1.5m above the floor.
The laptop computer is used to store the complex frequency
response data through a GPIB interface.The measurement
system is calibrated before conducting the measurement.
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FIGURE 4. Block diagram of the measurement system.

TABLE 2. The parameters of the IWIL measurement system.

The parameters of the measurement system are summarized
in Table 2.

C. MEASUREMENT PROCEDURE
The received signal in the absence of wall is measured to
establish a reference. Then the Tx and Rx antennas are placed
on the opposite sides of the sampledwall with the sameTx-Rx
distance of the reference measurement. The sampled wall is
located at the midpoint of the Tx-Rx antennas. The distance
between the Tx and Rx antennas (d) is set to be 2m (larger
than ten wavelengths) so that the sampled walls are in the
far field of the Tx and Rx antennas. In this arrangement,
the electromagnetic wave incident on the sampled walls is
essentially a plane wave [23]. In order to study the fluctuation
of IWIL caused by the small-scale variations of the terminals,
both measurements are conducted at 5 × 5 grids with an
interval of 2λ. Both measurements are repeated 8 times for
one grid.

IV. PERFORMANCE OF THE PROPOSED IWIL MODEL
The sampled IWIL is computed from (9) by the measured
complex frequency responses.

The parameters of the proposed model, m1, m2, �1, �2,
estimated from the measured data according to (3)-(6) are
summarized in the Table 3-5. Then the modeled PDF of the
IWIL can be obtained from (10). All the parameters for each
sampled wall, frequency and polarization are estimated based
on the complex frequency response samples over the 25-point
grid, 8 temporal bins and 201 frequency points. From the
Table 3-5, it can be seen that the estimated m-factors are

TABLE 3. The parameters of the proposed model estimated from the
measured data at 3.5GHz.

TABLE 4. The parameters of the proposed model estimated from the
measured data at 6GHz.

TABLE 5. The parameters of the proposed model estimated from the
measured data at 11GHz.

TABLE 6. The expectations of IWIL for different polarizations at 3.5GHz
6GHz 11GHz.

larger than 1 whether in a line-of-sight or none-line-of-sight
channel. This is determined by the propagation properties
of the indoor-indoor channel. The waveguide effects in the
indoor propagation environment lead to the fading less severe
than a Rayleigh fading. Thus, the expectation of IWIL exists
in the indoor-indoor channel.

A. EXPECTAION OF THE IWIL FOR EACH FREQUENCY
The expectations of IWIL for different polarizations at
3.5GHz, 6GHz and 11GHz are shown in Table 6. The mean
IWIL is computed by the estimator

Î Lloss = N−1
N∑
i=1

IL iloss (13)

IL iloss denotes the i
th IWIL sample and N shows the number

of samples. In practice, this expectation estimator based on
the law of large number [25] is widely used when the corre-
sponding distribution has a convergent expectation.

Then this estimator is employed to determine the accuracy
of the modeled mean IWIL. The measured mean IWIL esti-
mated from (13) is compared with the modeled expectation
computed from (11), as shown in Fig. 5. In this figure, each
circle corresponds to the measured mean IWIL for each of
the buildings, frequencies and polarizations. The diagonal
line indicates no error between the measured and modeled
mean IWIL. Fig. 5 shows that the modeled mean IWIL
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FIGURE 5. Measured mean IWIL compared with modeled IWIL. The
diagonal line corresponds to no modeled error.

FIGURE 6. The modeled and the measured PDF of the wall insertion loss
for V-V polarization at 3.5GHz in building1.

approximates the measured results (± 2dB, the small differ-
ence between the measured and modeled IWIL is caused by
themeasurement error such as themeasured noise, the limited
number of the measured samples), proving that the modeled
IWIL is accurate.

The results in Table 6 show a significant trend for an
increase in the IWIL as the frequency increases, due to the
fact that the ratio of the mean powers in the abs-link and in
the pre-link, �1/�2, shows an increased trend for the higher
frequency as seen in the Table 3-5.

B. K-S AND CHI-SQUARE TEST FOR THE
PROPOSED IWIL MODEL
Next, the empirical PDF of the measured IWIL are compared
with the modeled PDF for each frequency and polariza-
tions, as shown in Fig. 6-11 (These figures only describe the

FIGURE 7. The modeled and the measured PDF of the wall insertion loss
for V-H polarization at 3.5GHz in building1.

FIGURE 8. The modeled and the measured PDF of the wall insertion loss
for V-V polarization at 6GHz in building1.

comparisons in building1). The PDFs of Log-normal distri-
bution are also depicted in these figures for comparisons.
The Log-normal distribution is defined as a continuous dis-
tribution with a random variable whose logarithm is normally
distributed, shown in the following [26]

fY (y) =
1
y
·

1

σ
√
2π

exp(−
(lny− µ)2

2σ 2 ) (14)

where σ and µ are the parameters of the Log-normal
distribution.

As seen in these figures, the proposedmodelmatches better
with the measured data than the Log-normal distribution.

In order to give a scientific quantification of the good-
ness of the fit between the measurements and proposed
model, both Kolmogorov-Smirnov (K-S) [27] and Chi-square
tests [28] are exploited.
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FIGURE 9. The modeled and the measured PDF of the wall insertion loss
for V-H polarization at 6GHz in building1.

FIGURE 10. The modeled and the measured PDF of the wall insertion loss
for V-V polarization at 11GHz in building1.

In the Chi-square test, the statistic is defined by

χ2
=

k∑
j=1

(Oj − Ej)2

Ej
(15)

where Oj is the smapled value of the measured CDF, Ej is
the sampled value of the fitted CDF, and k is the last sample
along the CDF.

In the K-S test, the statistic is defined by

D = sup
x
|Fn(x)− F(x)| (16)

where supx is the supermum of the set of the distances.
Fn(x) and F(x) are the measured CDF and the fitted CDF,
respectively.

Obviously, both in the K-S test and Chi-square test,
the smaller statistic corresponds a better fit between the mea-
sured and modeled results.

FIGURE 11. The modeled and loss for V-H polarization at 11GHz in
building1.

TABLE 7. The statistics of the K-S tests and chi-square test for different
polarizations at 3.5GHz.

TABLE 8. The statistics of the K-S tests and chi-square test for different
polarizations at 6GHz.

TABLE 9. The statistics of the K-S tests and chi-square test for different
polarizations at 11GHz.

Table 7-9 compares the statistics of the K-S tests and chi-
square test for different frequencies and polarizations. The
table shows that the proposed model outperforms the Log-
normal model in terms of the smaller statistics in the K-S and
Chi-square tests. The reason is that Nakagami distribution fits
the small scale fading better than the log-normal distribution
in the indoor-indoor channel.
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Therefore, we can conclude that the IWIL can be modeled
by the generalized beta prime distribution. The proposed
model can be used in the small cell network for future work.
For example,this model will be useful for the path loss assess-
ment and then the outage probability for any point in the cell
can be determined. Thus, the wireless coverage prediction
will be more accurate, especially at the edge of the cells.

V. CONCLUSION
In this paper, a novel closed-form and stochastic IWIL model
is presented. The IWIL is found to possess a generalized
beta prime distribution. The modeled PDF, expectation and
standard deviation of the IWIL are derived. The expectation
decreases as the m2-factor increases for a constant �1/�2
and it tends to �1/�2 for large m2-factor. The standard
deviation decreases as them-factors of both links increase for
a fixed m1/m2.
In order to validate the accuracy of the proposed model,

several wall insertion loss measurements are conducted for
the V-V and V-H polarizations at 3GHz, 6GHz, 11GHz band.
The PDF of the measured and modeled IWIL is utilized as
the evaluation metric. The PDF of Log-normal distribution is
also compared. BothK-S andChi-square tests are exploited to
determine the goodness of the fitting. Both of the tests show
that the proposed model gives smaller statistics than the Log-
normal model, due to the fact that Nakagami distribution fits
the small scale fading better than the log-normal distribution
in the indoor-indoor channel.

The proposed model can be employed for the small cell
design, such as the link budget calculation, the indoor wire-
less coverage and the electromagnetic compatibility analysis,
in the future 5G communication system.

APPENDIX A
PROOF OF THE PDF OF THE WALL INSERTION LOSS
If Y and Z are two independent Gamma distributed variables,
Y ∼ Gamma(α1, β1), Z ∼ Gamma(α2, β2), then the PDFs of
the variables Y , Z are

fY (y) =
β
α1
1 yα1−1e−β1y

0(α1)
y > 0, α1 > 0, β1 > 0 (17)

fZ (z) =
β
α2
2 zα2−1e−β2z

0(α2)
z > 0, α2 > 0, β2 > 0 (18)

where 0(·) is the gamma function [15].
Thus, the CDF of the variable X = Y/Z can be calculated

as

FX (x) =
∫
∞

0
fZ (z)

∫ zx

0
fY (y)dydz (19)

The PDF of the variable X can be obtained by taking the
derivative of the equation (19) with respect to x,

fX (x) =
∫
∞

0
zfZ (z)fY (zx)dz (20)

Putting the equations (17) and (18) into (20), we can get

fX (x) =
β
α2
2 β

α1
1 xα1−1

0(α1)0(α2)

∫
∞

0
zα1+α2−1e(−β2−β1x)zdz (21)

In order to calculate the integration in equation (21), we
denote (β2 + β1x)z = u, then (21) can be written as

fX (x)=
(β1
β2
x)
α1−1
· (1+ β1

β2
x)
−(α1+α2)

β2
β1

·
0(α1 + α2)
0(α1)0(α2)

(22)

Considering the relationship between gamma function and
beta function,

B(α1, α2) =
0(α1)0(α2)
0(α1 + α2)

(23)

and taking it into (22), we can get

fX (x) =
(β1
β2
x)
α1−1
· (1+ β1

β2
x)
−(α1+α2)

β2
β1
· B(α1, α2)

(24)

Substitute m1, m2, m1/�1, and m2/�2 for the parameters
α1, α2, β1 and β2 in (15) respectively, then the PDF of the
wall insertion loss can be derived as the equation (5).

APPENDIX B
PROOF OF THE EXPECTATION AND STANDARD
DEVIATION OF THE WALL INSERTION LOSS
The mean of IWIL can be calculated as

E(Iloss) =
∫
∞

0
xfIloss (x)dx (25)

Substituting (10) into (25), we have

E(Iloss) =
�1

�2
·
m2

m1
·
B(m1 + 1,m2 − 1)

B(m1,m2)
m2 > 2 (26)

Considering the relationship between gamma function and
beta function, equation (26) can be rewritten as

E(Iloss) =
�1

�2
·
m2

m1
·
0(m1 + 1) · 0(m2 − 1)

0(m1) · 0(m2)
m2 > 1

(27)

Owing to the property of gamma function

0(x + 1) = x0(x) (28)

We can simplify (27) further to

E(Iloss) =
�1

�2
·

m2

m2 − 1
m2 > 1 (29)

In order to calculate the standard deviation of IWIL,
the second-order central moment is calculated as

E(I2loss) =
∫
∞

0
x2fIloss (x)dx (30)

Substituting (10) into (27), the second-order central
moment can be expanded as

E(I2loss) =
�1

�2
·
m2

m1
·
B(m1 + 2,m2 − 2)

B(m1,m2)
m2 > 2 (31)

According to the equation (23) and (28), we can write

E(I2loss) = (
m2

m1
·
�1

�2
)2 ·

m1(m1 + 1)
(m2 − 2)(m2 − 1)

m2 > 2 (32)
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Then the standard deviation can be obtained as

Std(Iloss) =
√
E(I2loss)− [E(Iloss)]2 (33)

Putting the results (29) and (32) into (33), we can get

Std(Iloss) =
�1

�2
·
m2

m1
·

√
m1(m1 + m2 − 1)

(m2 − 2)(m2 − 1)2
m2>2 (34)
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