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Abstract. 5G networks are started to be deployed
i urban areas in the dynamic spectrum sharing
mode. Therefore, the analysis of Non-Line-of-Sight
(NLOS) shadowing effects behind buildings of different
heights becomes particularly important. The shadow-
ing of GSM (900 MHz), UMTS (2100 MHz) and LTE
(1800 MHz) technologies was investigated in the urban
area. The results are examined by using the log-normal
path loss model and four different stochastic equations,
specifically: normal, log-normal, Rayleigh, and Nak-
agami. The results showed that the fluctuations of path
losses in the urban area correspond to the model of log-
normal path losses. However, path losses for individ-
ual buildings do not fit this model. Therefore, stochas-
tic methods were used to analyse shadowing effects.
A path loss model based on a differential stochastic
equation was proposed. This model includes the fol-
lowing values: free space losses, path losses disturbance
due to the shadowing effect, standard deviation o, and
a freely chosen parameter b. This model allows a very
accurate estimate of the path losses of the three tech-
nologies. A clear correlation was observed between pa-
rameter b and standard deviation o.
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1. Introduction

Deployment of 5G technology is currently gaining
acceleration because the data rates of the previous
generation technologies do not meet consumers’ expec-
tations, especially when we are talking about Internet
3.0, IoT, Industry 4.0, or video transmission services
that require even higher data transfer rates. For this
purpose, the need will arise to use not only the new
frequencies of a higher range with a sufficiently wide
frequency band (up to 500 MHz) [I] and [2], but also
the existing frequencies which are currently being
used by the GSM, UMTS and LTE technologies.
5G requires the compaction and restructuring
of the base stations. Therefore, it is fundamentally
important to assess accurately the path losses, espe-
cially by virtue of solving the planning tasks in densely
populated areas.

Such models are widely used today, albeit only
for the GSM, UMTS and LTE technologies, and they
are created for the frequencies lower than 6 GHz (many
of them are valid for the frequencies up to 3 GHz).
Therefore, new models are already being developed.
An overview of such models in the highest frequency
bands is provided in [3]. However, according to the ex-
periments, the existing path losses evaluation mod-
els yield significant errors both for the lower and
the higher frequencies. They can reach 10 percent or
more [4], [5], [6], and [7]. Together with the modelling,
analysis of the factors (usually called shadowing) influ-
encing path losses both for the LOS and NLOS con-

(© 2022 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 15


https://orcid.org/0000-0002-7801-1960
https://orcid.org/0000-0003-0032-0656
https://orcid.org/0000-0002-9540-3827
https://orcid.org/0000-0002-6869-8797
https://creativecommons.org/licenses/by/4.0/

INFORMATION AND COMMUNICATION TECHNOLOGIES AND SERVICES

VOLUME: 20 | NUMBER: 1 | 2022 | MARCH

ditions is crucially important as well. It is especially
important to evaluate these factors while taking into
account the actual situation of 5G in the urban regions
when the base stations will be built fairly close to one
another.

Of course, as noted in [], [8], [9], and [I0], the new
technologies, associated with highly directional and
steerable beam combining techniques, can reduce path
losses. Yet, it is still important to know the influ-
ence of shadowing because it is inevitable in the light
of the current situation.

This research analyses the influence of shadowing
on the path losses for the GSM, UMTS and LTE tech-
nologies. The authors presume that this approach shall
lead to a better understanding and more precise assess-
ment of the shadowing issue in the 5G technology.

The proposed models are verified by the experimen-
tal results of previous work [I1].

2. Related Works

Shadowing is understood as the situation where two
receivers that are separated spatially are influenced by
different radio signal losses, even though the distances
between the transmitters and receivers are the same.
Therefore, the measured signal strength varies accord-
ing to the average forecast values. In other words,
the average received signal level, when the distances
from the transmitters are the same, will be different
due to various effects (diffraction, reflection, scatter-
ing, etc.) mitigating the radio wave propagation.

Currently, there is a high number of works investi-
gating the shadowing effect in a wide frequency range.
The shadowing effect is usually analysed in two ways:

e by the stochastic methods, i.e., by using Probabil-
ity Density Functions (PDF) or the Cumulative
Distribution Function (CDF),

e by the log-normal shadowing (path losses) model.

These two methods are often used together.

2.1. Log-Normal Shadowing Model
In order to determine the distance dependence
of the path loss and the influence of the shadowing,
the well-known model is used [4] and [12]:

PL(d) = PL(dy) +10-n-log (;) +c+ X, (1)
0

where PL(d) is the path loss average value, PL(dp) is
the path loss in the reference point from the transmit-

ter, n is the exponent describing the propagation envi-
ronment, c¢ is the offset factor considering the difference
between the reference pattern and the measurements,
X, is the factor evaluating the shadowing, and it is
often called the shadowing depth. This factor X, is
generally defined by standard deviation o.

Some models, e.g., the one used in [4], include more
correction factors employed in Eq. .

If the radio wave propagates under NLOS conditions
(this is a more common situation in urban regions),
then, exponent n in Eq. is higher than 2. The pre-
cise value of exponent n depends on the environment.
It also increases with the increasing frequency.
Asshownin [13], n = 2.25 at f = 60 GHz, and n ~ 2.86
at f =72 GHz even for the LOS conditions.

The offset factor ¢ is determined experimentally and
may vary over a wide range. For the specific example
of the Tampere (Finland) District, the ¢ ratio ranged
from 6.8 dB to 31.5 dB [I4]. The shadowing factor
X, determined by the probability density function, is
ranging from 1.6 dB to 8.2 dB depending on these ar-
eas. It has also been observed that the experimental
results are best matched by the log-normal probability
distribution function. It has also been noted that expo-
nent n is increasing with the increase of the frequency
from 900 MHz to 5 GHz.

The path losses and shadowing effects in different en-
vironments (Street Canyon, Open Square, indoor con-
ditions) were analysed in [3]. It was shown that expo-
nent n varies from 1.85 (Open Square LOS conditions)
to 3.19 (Street Canyon NLOS conditions); meanwhile,
the standard deviation ranged from 3.1 dB to 8.2 dB,
respectively.

The results of investigation [4] which was executed
after some previous research [I5] show that exponent
n strongly depends on both factors: the propagation
conditions (LOS and NLOS) and the antenna height.
Exponent n under LOS conditions varies slightly, and
it is in the range from 1.8 to 2.0. Meanwhile, such
a variation under NLOS conditions is significant and
depends on the height of the transmitter antenna
and the receiver antenna gain. Thereby, exponent n
changed from 1.3 (the transmitting antenna height was
36 m) to 3.8 (the transmitter antenna height was 8 m)
at the frequency of 38 GHz.

The shadowing effect at sufficiently high frequencies
(28 and 38 GHz) in the cities of New York and Austin
(USA) was also researched [I5]. The obtained results
show that standard deviation o, describing the shad-
owing, depends not only on the transmitter and re-
ceiver antenna heights and frequencies, but on the se-
lected model as well. The standard deviation value o
was ranging from 9.02 to 6.14 when using the Close-in
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Reference Model (dy = 5 m); o ranged from 5.78 dB
to 8.52 dB when the Floating Intercept Model was
used. It was revealed that log-normal PDF most closely
matched the experimental results.

Marine wireless sensor networks at 5.8 GHz have
been analysed as well [I6]. It was observed that
exponent m is not constant and varies depending
on the route. Large objects (e.g., passing vessels) in-
crease n from 6.46 to 21.98, while the shadowing effect
caused signal variation of up to 21 dB.

2.2. Stochastic Methods

There are a lot of different proposals where PDF is
used in order to research the shadowing effect. It was
proposed as Nakagami probability density distribution
with the objective to predict the influence of shadow-
ing [I7]. The different propagation conditions can be
better evaluated and a better explanation of the exper-
imental data can be offered than in the scenarios em-
ploying many other distributions in comparison to us-
ing this particular distribution. Meanwhile, the best
results were obtained when using G-distribution [I8].
Experimental results are consistent with the Rayleigh
function when the transceivers are moving at a con-
stant speed [I9]. The best match to experimental re-
sults was achieved with the normal distribution [20].
Thus, it can be assumed that the experimental results
can match different PDFs, and they depend on various
factors determining the shadowing. So, it is difficult
to offer the particular PDF in all the cases. By the way,
it can be assumed that experiments [I5] and [20] were
carried out under the conditions of slow fading. There-
fore, as it is already known, the normal and log-normal
PDFs describe the experimental data with more accu-
racy.

3. Experimental Setup

The experimental setup is fully described in [1I].
A simplified scheme of the measurements is shown

in Fig. 1

hBS

dBS-b

tgow

dBS

Fig. 1: Simplified measurement chart.

Here, h;, is the building height (m), hpg is the height
of the antenna of the base station (m), tanga is
the angle corresponding to the direct sight behind
the particular building (rad), dps—; is the distance be-
tween the base station and the back wall of the build-
ing (m), dps is the distance from the transmitter
T'x to the measurement point, dpsr is the distance
from the backwall of the building to the measurement
point.

Electromagnetic ~wave propagation in space
is evaluated as the non-linear random process.
Such processes are described by the stochastic models
with the predetermined probability density distri-
bution. In most cases, random processes can be
expressed by the well-known differential Eq :

dz(t) . _ -
o = F@ )+ @ 0E), (2)

where f{-} and v{-} are vector and matrix functions
of the vector argument, £(t) is the noise. Changing
f{-} and v{-} functions we can get random processes
with different probability density distributions. For ex-
ample, if f{-} is the linear function and v{-} does not
depend on Z(t), we have random process described by
the normal (Gaussian) distribution.

It is known that each probability density distribution
can be expressed as a stochastic differential equation.

The normal distribution is expressed by the following

Eq. :

)

202

f@) = —=ex (

where ¢ is the variance, u is the mean value of the mea-
sured variables z. The differential Equation corre-
sponding to the normal distribution is:

dr b . 2b

= " 5.2% sign(z) +
where N¢ is some diagonal matrix defining the noise in-
fluence, b is the factor which depends on the measure-
ment environment. All other variables are the same as
described above.

If all the members in Eq. are variables, then,
the equation does not have any final solution [2I].
One of the variables should be selected, and this equa-
tion should be solved with respect to this variable.

Equation can be simplified.

2b
It is known that 02 = —, therefore:
Ne¢

dx

b . 1
o 27 sign(z) + ;f(ﬂ (5)
Other distributions have a different form of stochas-

tic differential equations. For example, the differential
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equation corresponding to the log-normal distribution
is:

dr = bz (In 2 — o2 + bx
7 b (l ) bxé(t). (6)
4. Results

As mentioned above, the log-normality path loss
equation (including its various modifications) and
the stochastic equations (i.e., distributions) are usually
used to investigate shadowing.

4.1. Investigation of Shadowing by

Using Log-Normal Path Losses

Signal strength measurements were made in Dainava
District of Kaunas City (Lithuania) (Fig. [2)) to inves-
tigate how the path losses depend on the shadowing
behind the buildings, that are of different heights.
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Fig. 2: Numbered GSM, UMTS and LTE signal measurement

locations.

The experimental results of the log-normal path
losses dependence on the mobile technology are pre-
sented in the Fig.

150

B GSM experiment

log-normal GSM
A UMTS experiment
log-normal UMTS

€ LTE experiment

s J0g-normal LTE

Fig. 3: Data comparison of path losses with the log-normal path
losses model for the different mobile technologies.

One can see that the results basically meet the log-
normal path loss model when not analysing each

building’s influence separately. The average shad-
owing depth X, is 3.36 dB for the LTE technol-
ogy, 4.04 dB for the UMTS technology, and 2.00 dB
for the GSM technology. It is obvious that the shad-
owing depth strongly depends on the frequency, i.e.,
the higher frequency corresponds to the greater depth.
Such dependence can be explained by the fact that such
shadowing mechanisms as diffraction, scattering, and
reflection directly depend on the frequency. The re-
sults coincide well for the 2 GHz frequency band [12]
and [T4]. However, the shadowing depth is less than
the values determined in [I4] for the lower frequency
band (900 MHz). This can be explained by the fact
that the results of [I4] were obtained under the fast-
fading conditions, while the current research is carried
out under the slow fading conditions.

The values of exponent n, see Eq. , best fitting
the experimental results are about 5.5 for the LTE,
4.5 for the UMTS, and 3.5 for the GSM technologies.
It is necessary to consider the fact that the UMTS
frequency range is greater than the LTE one.
Therefore, the clear influence of technology can be seen
here. The comparison of these experimental results
with the other investigations [12], [14] and [23] shows
that the set of n values is very similar. It is plausible
that exponent n [14] in some city districts is some-
what higher. Yet, these results can be explained by
the specificity of the district as well as by the perfor-
mance of the experimental conditions (as mentioned
above, it was carried out under the fast fading condi-
tions [14]).

Further analysis of the results showed that there
is clear separation to the certain group (in red)
where the losses decrease with the increasing distance
from the base station (Fig. [2). This means that
these results are contrary to the model, see Eq. .
Therefore, the path losses variation should be described
by another model. One of such models was introduced
in [I1].

However, it does not analyse the impact of shad-
owing, and the experiments were carried out by
sampling relatively short distances behind houses
(stfb < 68 m)

Due to this fact (of path losses decreasing with
the distance from the base station), the shadowing
effect shall be further analysed by using the stochastic
methods.

4.2. Investigation of Shadowing by
Using Stochastic Models
Analysis of the research made by other au-

thors as presented above showed that shadowing
can be analysed by wusing various distributions.
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As the mathematical model is based on a probability
density function, we needed to determine which prob-
ability distribution function best fits our experimental
PL estimation results.

LTE has a lower frequency than UMTS, so the the-
oretical Free Space Loss (F'SL) for LTE is lower than
for UMTS. However, practical measurements of the re-
ceived signal level show that in all cases LTE due tech-
nological peculiarities has a lower signal level compared
to UMTS. For this reason, the calculated PL values
for LTE are also higher than for UMTS (Fig. .
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Fig. 4: Experimental path and theoretical free space losses as
a function of the distance dpgsp.

First, the attempt was made to find the Probabil-
ity Distribution Function (PDF) best describing these
experiments.

For this purpose, PDF was calculated according
to the empirical data using four stochastic equa-
tions: the normal, log-normal, gamma, and Nakagami

(Fig. ).

Such results were compared with the corresponding
theoretical PDF by selecting the appropriate settings
(mean, variance, and others). The summary of the re-
sults for 18 m height buildings for the different tech-
nologies is shown in Tab.

Subsequently, similar results were obtained for other
heights of the buildings. The log likelihood parameter
is given in Tab. [I| to compare how different distribu-
tions fits to the experimental data. The higher the log
likelihood - the better fitting. These results, as it can
be seen, depend on the technology. Analysis employ-
ing the full pool of the data, and the technology, shows
that the best results correspond to the normal distri-
bution. The gamma and log-normal distribution gives
acceptable results as well.

T T T T T T T
——PL GSM location 5 PL UMTS location 5 PLLTE location 5| -
Normal GSM ——— Normal UMTS Normal LTE
Lognormal GSM Lognormal UMTS Lognormal LTE
Gamma GSM Gamma UMTS Gamma LTE
i GSM Nakagami UMTS Nakagami LTE

0.2+ — .
3015 § |
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PDF (

Fig. 5: Comparison of the experimental path losses PDF fitting.

Tab. 1: Analysis of path loss experimental results.

Distribution Network technology

GSM UMTS LTE
Normal:
- Log likelihood: | —18.9945 —17.9116 —15.0579
- Mean: 95.07 114.052 131.191
- Variance: 2.88933 11.2748 4.98905
Lognormal:
- Log likelihood: | —18.9264 —17.8998 —15.0607
- Mean: 95.0714 114.059 131.194
- Variance: 2.85156 11.2515 4.99511
Gamma:
- Log likelihood: —18.922 —17.8638 —15.0201
- Mean: 95.07 114.052 131.191
- Variance: 2.57724 9.64607 4.27906
- Parameter a: 3506.97 1348.5 4022.19
- Parameter §: 0.0271089 | 0.0845764 | 0.0326169
Nakagami:
- Log likelihood: | —18.9447 —17.8675 —15.0191
- Mean: 95.0701 114.052 131.191
- Variance: 2.58857 9.6527 4.27734
- Parameter p: 873.03 337.02 1006.08
- Parameter w 9040.91 13017.4 17215.5

These experiments were carried out in the conditions
when the movement of cars and people was virtually
non-existent. Therefore, as it was mentioned above,
the experiments comply with the slow fading condi-
tions.

It can be assumed that the experimental results
in the PDF form indicate the type of fading: it is called
the slow or fast fading. Similar results were obtained
for the heights of the buildings located at different dis-
tances from the base station. Figure [3] shows the re-
sults behind houses of a relatively similar height but
at different distances from the base station processed
by the normal distribution.

As already mentioned, the normal distribution com-
plies with the stochastic differential Eq. . When
overwriting the following equation in the adopted form
and differentiating it with the distance x, the following

(© 2022 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 19
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form was obtained:

P b, [
iy P’ -sign (P') + Nxf(x) or

(7)
P = <_232 P’ sign (P') + ig(@) dz.

In this case, £(z) is the disturbance caused by
shadowing. This one has increased path losses com-
pared to the losses in the free space. The values
of £(x) and b are independent variables in this equation.
As already mentioned, if all the elements in the equa-
tion are variables, no similar differential equation can
have the final solution. Thus, one of the variables must
be selected freely. Usually, variable b is selected as
the independent one. Let us assume that P’ is the free
space losses, and zx is the distance from the base sta-
tion.

As P’ = 92.45 4+ 201log f + 20log x, then, P can be
found by integrating, see Eq. . It must be considered
that:

- (8)

The value of &(x) defining the shadowing influence
is determined experimentally based on the obtained re-
sults, as shown in [II]. It depends on the technology,
the building height, the distance from the base sta-
tion, and the distance behind the building. Straight
lines (Fig. @ can approximate the results. Figure |§|
shows the results for the UMTS technology, but sim-
ilar results are obtained for the LTE and GSM tech-
nologies as well. It was determined that &(z) depends
on the above mentioned factors as well as on the mobile
technologies.

&(z) for the LTE, UMTS, and GSM technologies can
be expressed as follows:

¢re = {(—0.0047hy — 0.0796) - dps+
+[0.2028 - (dps — dps—p) +44]} +

8, if a > 0.05;
—757.46 - tg o + 34.173, if o < 0.05.

Comrs = {(—0.0047h; — 0.0796) - dps+
+1[0.2028 - (dps — dps—p) + 32} +
{ 0, if a > 0.05;
—757.46 - tg o + 34.173, if a < 0.05.
o = {(—0.0047hy, — 0.0796) - dps+
+10.2028 - (dps — dps—s) + 20]} +

~8, if a > 0.05;
—757.46 - tg a + 34.173, if o < 0.05.
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Fig. 6: £(z) variation behind the buildings and compar-
isons with the straight-line approximation results
for the UMTS technology: 6 m experiment - 1, 14 m
experiment - 3, 18/1 m experiment - 5, 18/2 m exper-
iment - 7, 23 m experiment - 9, 32 m experiment - 11,
6 m model - 2, 14 m model - 4, 18/1 m model - 6, 18/2 m
model - 8, 23 m model - 10, 32 m model - 12.

After inserting Eq. @D, Eq. and Eq. (L1)), into
Eq. , and integrating it, the following Eq. (12)), was
obtained:

b b
PL:—92.45-T -dps —20+- — -dpg - log f+
(o

2 20-2

b dps dps
~10 - — . B3 pe 2B

52 1000 °® 7000 "

1 d%
+-=- (0.047hy, — 0.0796) - -t
4+0.2028 - (dps — dps_p) - dps+
8, LTE;
0,UMTS:;
—8,2G.

+Cy +

(12)
where dpg is the distance from the base station
to the measured point (m), f is the frequency in GHz,
o2 is the variance, h;, is the height of the building (m),
dps_p is the distance from the building to the measure-
ment point (m), Cy is a coefficient that is described by
the following equation:

o

The calculations show that there is a very strong
correlation CORR between coefficient b and variance
o: CORR =~ 0.956 for LTE, CORR =~ 0.986 for UMTS,
and CORR = 0.868 for GSM, respectively.

The comparisons of Model, see Eq. 7 with the ex-
perimental results are presented in Fig.[6] Fig.[7] Fig.
and Fig. 0] It is possible to determine accurately

(—757.46tg o + 34.173)dps, if o < 0.05;
0, if @ > 0.05.
(13)
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Fig. 7: Comparison of Model, see Eq. , and the experimen-
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the variation of the path losses behind buildings by
choosing coefficient b.
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Fig. 8: Comparison of Model, see Eq. , and the experimen-
tal results for the UMTS technology: 6 m experiment -
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experiment - 7, 23 m experiment - 9, 32 m experiment
- 11, 6 m model - 2, 14 m model - 4, 18/1 m model - 6,
18/2 m model - 8, 23 m model - 10, 32 m model - 12.

4.3. Limitations of the Proposed

Model

Model, see Eq. , suffers from some limitations and
disadvantages. The first limitation stems from the fact
that the model is valid for the slow fading conditions
only. The next limitation is related with the distance
behind the building. The experiments were carried out
at the distances dgs_p < 70 m only.
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Fig. 9: Comparison of Model, see Eq. (13]), and the experimen-

tal results for the GSM technology: 12/1 m experiment
-1, 12/2 m experiment - 3, 15/1 m experiment - 5, 15/2
m experiment - 7, 15/3 m experiment - 9, 18/3 m exper-
iment - 11, 18/4 m experiment - 13, 18 /5 m experiment
- 15, 22 m experiment - 17, 35/1 m experiment - 19,
35/2 m experiment - 21, 41 m experiment - 23, 12/1 m
model - 2, 12/2 m model - 4, 15/1 m model - 6, 15/2 m
model - 8, 15/3 m model - 10, 18/3 m model - 12, 18/4
m model - 14, 18/5 m model - 16, 22 m model - 18, 35/1
m model - 20, 35/2 m model - 22, 41 m model - 24.

Certain limitations may depend on the base station
antenna height hpg. Although the proposed model
evaluates the antenna height through tga, some lim-
itations could be somewhat decreased by specifying
the influence of hpg.

The main disadvantages are related to coefficient b
which should be selected within the range of values 5
to 65. It reduces the versatility of the model.

5. Conclusion

It was determined that the total signal path losses vari-
ation in the city area corresponds to the log-normal
path losses model. The shadowing depth varies de-
pending on the signal frequency and the exponent,
which is strongly influenced by the mobile technology.

It was determined that the use of the log-normal
path losses model for the shadowing effect behind
the individual buildings is not appropriate since
the nature of the signal path loss variation differs
from the one described by this model. The proposed
model revealed the increase in the signal path losses
with the distance, while the experimental data shows
reverse dependability.

The comparison of the empirical data expressed by
PDF was made with four distributions: normal, log-
normal, gamma, and Nakagami. It was revealed that
the normal distribution is the best one to describe
the propagation path losses. Hence, this model was

(© 2022 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 21



INFORMATION AND COMMUNICATION TECHNOLOGIES AND SERVICES

VOLUME: 20 | NUMBER: 1 | 2022 | MARCH

chosen to estimate the propagation path losses for three
mobile technologies: GSM, UMTS and LTE.

This model is denoted by some limitations, mainly
regarding coefficient b that must be selected individu-
ally from the range of values of 5 to 65. This limits
the versatility of the proposed model. Another limi-
tation is related with the strong correlation between
coefficient b and variance o2, and it suggests the need
to modify this model when seeking to increase its ver-
satility.

The authors presume that the results of this research
could contribute to the models for the evaluation of sig-
nal path losses in urban environments.

The path loss due to shadowing should be even
greater for higher frequencies mmWave and THz.
Therefore, the authors also are planning to continue
the research for higher frequencies. This is especially
relevant for the deployment of the 5G technology.
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