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ABSTRACT The path loss model for indoor emergency stairs has yet to get enough attention in the literature.
Large-scale (LS) path loss models for a stairwell in a 10-stair academic building are the focus of this
investigation. We measured the received power with three different links with sophisticated devices and
preprocessed it to find the path loss. LS empirical models can be used to determine the path loss in closed
environments as the LS models yield the path loss without considering the details of the environmental
configurations. Therefore, this study finds LS models—close-in (CI), alpha-beta (AB), and close-in with
a frequency-weighted path loss exponent (CIF), alpha-beta-gamma (ABG), when identifying the best LS
models from the measured dataset. The parameters of LS models were justified by validating with the
previously reported parameters. The path loss exponents extracted from the measured dataset were slightly
lower than those reported in the previous investigations. The AB model showed the minimum standard
deviations for the three measurement scenarios of the four LS models studied.

INDEX TERMS Emergency stair, path loss modeling, wireless communication, millimeter-wave.

I. INTRODUCTION

Modeling how waves move from the transmitter to the
receiver can help plan and manage wireless communication
links to provide high-quality network services [1]. Proper
radio wave propagation is also needed for good wireless
communication facilities for machine-to-machine commu-
nication [2], Internet of Things communication [2], and
wireless sensor network infrastructure [3]. Many innovative
communication techniques, such as high-altitude platform
stations [4], low-altitude platform stations [5], unmanned
aerial vehicles and unmanned aerial vehicles-assisted com-
munication protocols development got researcher’s atten-
tion for improvising the outdoor backhaul links that suffer
from environmental disturbances or mismatching problems
in heterogeneous mediums [6]. Researchers are working
on enhancing system components with higher frequency
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bands [7], with advancements in communication protocols
for future communication system advancements. Conversely,
the indoor facility-based wave propagation model has gar-
nered attention owing to the ongoing development and neces-
sity of high-quality wireless communication services [8].
The wave can experience a phenomenon known as fading
as it travels through the medium it uses to propagate due
to facing obstacles both in the outdoor and indoor wire-
less links. Fading in wave propagation is the variation of
the attenuation of a signal, such as rapid changes in signal
strength over distance or time interval, varying Doppler shifts
on different multipath signals, and time dispersion caused
by multipath propagation delays [9]. Generally, fading can
be classified into two types—Ilarge-scale (LS) and small-
scale (SS). The LS propagation techniques show how the
environment between the transmitter and receiver affects the
average signal attenuation or path loss. The term ‘shadowing
factor’ is linked with the LS technique for indicating how
the signal’s power at the receiver is dispersed when physical
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barriers are present on the path from the transmitter to the
receiver [10]. These variations can be seen on the local-mean
powers, which are averages calculated over a short time that
remove variations brought on by multipath fading. For SS
modeling, on the other hand, instantaneous fluctuations in
the strength of the received signal are taken into account
instead of the average strength of the signal. In contrast to the
‘shadowing factor’ in the LS model, the ‘mean excess delay’
and ‘root-mean-square delay spread’ are the parameters for
determining the effect of multipath fading channels in SS
analysis [11].

In the literature [12], [13], path loss and associated param-
eter modeling techniques are reported. However, a few such
methods are tested in emergency stairwell-based measure-
ment experiments. Emergency exits are an essential part of
indoor facilities that provide emergency facilities for human
lives. An emergency exit or stair is essential for emergency
use, but we also use emergency stairwells in our regular activ-
ities in a building. Therefore, proper radio wave propagation
modeling in a stair environment is essential.

In [14], [15], and [16], image-based ray-tracing techniques
were investigated in modeling the wave propagation in a
stair environment. A wave propagation model based on a
three-dimensional ray-polygon tracing model was proposed,
measured at 1.2-to-1.8 GHz on a staircase connecting sev-
eral floors [17]. In [18], a wave propagation technique was
illustrated for stairwell settings using observations made at
900 and 1800 MHz in four stairwells. Further, heuristic
diffraction coefficients were used to determine the impact of
diffraction from the edges of stairs in [19].

In [20], the fuzzy c-means optimization technique was
utilized to determine the cluster. In addition, the Kim-Park
indexing algorithm and the multipath component distance
were combined to determine the correct number of clusters.
On the other hand, several path loss investigations are carried
out with the help of LS modeling [21], [22], [23]. In [24],
the statistical parameters were extracted from the measured
path loss in common type stair using least-square and maxi-
mum likelihood estimation techniques. This study suggested
a path loss model correlated with transmitter-to-receiver sep-
aration distance and antenna height. However, an important
parameter, ‘frequency,” was not considered for the path loss.
In [25], the path loss was found to have a lower slope on
the far-end floor than on the near-side floors of the receiver.
According to [26], typically, the path loss exponent (PLE)
for distinctive indoor and outdoor propagation settings varies
from 2 for open spaces to between 3 and 5 for shaded urban
cell radios and between 4 and 6 for blocked buildings. In [21],
the authors determined LS model’s statistical parameters in
emergency stairwells at 26, 28, 32, and 38 GHz. They mea-
sured path loss with non-line-of-sight (NLOS) links where
vertical-polarized signals were transmitted and the receiver
received through a vertical-polarized antenna configuration.
They also used horn-type antennas at both the transmitter and
receiver sites. In [23], the authors determined LS model’s
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statistical parameters in emergency stairs at the 26, 28, 32,
and 38 GHz bands in two different stairs. They measured
path loss with NLOS and line-of-sight (LOS) links, where
signals were sent and received with co-polarization and cross-
polarization. They also used horn-type antennas at both the
transmitter and receiver sites. In [26], the authors deter-
mined CI model’s statistical parameters in emergency stairs
at 2.4 and 5.8 GHz. They measured path loss with NLOS
and LOS links where horizontal-to-horizontal-polarized and
vertical-to-vertical-polarized signals were transmitted and
received. They also used dipole-dipole antennas both at the
transmitter and receiver sites. In [22], the authors determined
CI, AB, and CIF model’s statistical parameters in emergency
stairwells. They measured path loss with NLOS links where
co-polarized and cross-polarized signals were transmitted
and received. They also used an omnidirectional antenna at
the transmitter site and a horn antenna at the receiver site.
In [27], the authors determined CI model’s statistical param-
eters in emergency stairs at 26 and 38 GHz. They measured
path loss with NLOS links where co-polarized and cross-
polarized signals were transmitted and received. In this exper-
iment, horn-type antennas were used both at the transmitter
and receiver sites. In [28], the ‘Wireless InSite’ simulation
tool was used to model path loss-related parameters in a
staircase environment with a multiple-input multiple-output
technique at 60 GHz. Based on the results of that research, the
PLE was higher than in other cases that have been reported.
The author argued that they validated the higher PLE through
simulation in a similar staircase scenario. In [29], the effects
of receiver antenna heights were varied from 1-to-1.9 m to
observe the impact of antenna height on the received power
in stair environments. Based on their research, they found that
the path loss and delay spread was significantly reduced when
the antenna was placed higher up.

The LS path loss model can yield path loss without con-
sidering the detailed shape of the obstruction material. There-
fore, the LS model can be helpful in confined spaces, such
as an emergency stairwell. The existing 3.7 GHz band (as the
3.5 GHz band was in operation for the 5G network at the time
of the measurement, to avoid interference, the 3.7 GHz band
has been experimented with) and promising future frequency
bands of 28 GHz have been explored for 5G networks in
emergency stairwells. Currently, these radio bands are not
being investigated for emergency stairs. As a result, this study
aids in estimating the power level at the receiver inside the
emergency stairwell. This research examined LS path loss
modeling on a building’s emergency stairwell at Chosun
University, South Korea. We used three antenna configura-
tions to measure the 3.7 and 28 GHz bands. The frequency
band 3.5 GHz is the operational frequency or expected to
use as the carrier frequency shortly for SG communication
in Singapore [30], Nigeria [31], Mexico, India, Colombia,
Brazil, Turkey, Morocco, Indonesia, Chile, Malaysia,
Pakistan, South Africa, Nigeria, Bangladesh, Egypt, Thailand
[32], including South Korea [33]. In addition, in several
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measurement-based path loss studies, vertical-to-vertical
polarization was deployed to channel sounding [10], [34],
[35], [36]. Therefore, we have investigated path loss
for horizontal-to-horizontal polarization channels in this
study.

In the experimental area of the measurement site, the
3.5 GHz frequency band was in operation. Therefore,
we chose 3.7 GHz so that it would not interfere with the
3.5 GHz bands already operational for the 5G network in
South Korea and the 28 GHz bands that are likely to be used
in the future [33]. We can summarize the highlights of this
study as follows.

o Received signal strength was measured up to the tenth
floor of an academic building, and the average path
losses at each measurement point along the vertical
structure were determined. Horn and omnidirectional
antennas were used to compare their effects on path loss
at 3.7 and 28 GHz bands.

o The measured signal strength was used to determine the
path loss to find the optimized statistical parameters of
the LS techniques—CI, AB, CIF, and ABG.

o The extracted statistical parameters from the measure-
ment dataset are compared and validated with the
reported parameters of the LS models (as available in
the literature).

The remaining sections of this study will be structured
as follows. The conditions of the experiment and the set-
tings of the hardware used to create the radio channel are
described in Section II. This section also introduces the exper-
imental stairs considered in an academic facility used for
educational purposes. Section III presents the LS model’s
mathematical background. Additionally, Section IV presents
visual representations of the simulated models generated
using the statistical parameters of path losses and mea-
sured data. Lastly, the conclusions of this study are arranged
in Section V.

Il. MEASUREMENT DESCRIPTION AND EQUIPMENT

This section covers the experimental equipment utilized. This
description provides the device specifications, a geometric
description of the emergency stair, the safety and precaution
considered throughout the data acquisition campaign, and the
measuring technique. This section ends with discussing how
the measured raw data were preprocessed.

A signal generator, suitable power supply units, coaxial
cables, omnidirectional antenna, and horn antennas were used
to make the measurement channels. In the measurement sys-
tem, Keysight MXG N5183B was used to generate the signal,
and PXI 9393 A was used to analyze the signal at the receiver
side. This digital signal generator is lighter than most other
signal generators. This signal generator can maintain a con-
sistent output power level and prevent overlapping spectra,
which might cause interference with another undesired spec-
trum. The signal generator had a quick adjustment feature and
a switching rate of approximately 600 ps. A signal analyzer
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FIGURE 1. Channel sounder architecture. The transmitter and receiver
heights were not drawn to scale in this illustration.

covering the frequency range of 3.65 GHz to 50 GHz was
used to determine the received power level. Transmitter cable
losses at the 3.7 GHz and 28 GHz antennas were 2.8 and
9.4 dB, respectively. In addition, the receiver cable losses at
the 3.7- and 28-GHz antennas were 2 dB and 6.2 dB, respec-
tively. Table 1 contains other experiment-related parameters.
More details about the used hardware and their specifications
are listed in Table 1.

We campaigned for the channel measurement in the
10-storied IT Convergence building of Chosun University
(Fig. 2). The transmitter was set on the ground floor, and the
receiver system was placed on the 274, 31, 4th 5th gth 7th
8t 9t "and 10™ floor. Table 2 shows the stair structural shape
lengths.

The transmitting horn antenna was fixed to a metal tripod
and tilted +15° towards the stairs. A coaxial cable connects
the signal generator to the transmitting antenna. The antenna
for the receiver was also on a metal tripod, but it was not tilted.
A more detailed snapshot of the transmitter and receiver is
presented in Fig. 4.

The measurement system did not yield path loss data
directly. We received the signal strength through the vec-
tor signal analyzer in the measurement system. Therefore,
we used the gain and attenuation of the transmission cable
on both the sender and receiver side to figure out the
path loss. All the results were in decibels, so we deter-
mined the measured path loss by summing up all the gains
and subtracting all the attenuation on the transmission line
except the wireless transmission path. Therefore, the path
loss (PL) in the wireless transmission link was calculated

by (1):

PL =(PtsL + Prac + Prag)
— (PrsL + Prcr. + Prer) (H

where Prgp is the transmitted signal strength level, Ptag is
the transmitter antenna gain, Prag is the receiver antenna
gain, Prgy is the received signal strength at the receiver side,
Prcr is the amount of attenuation in the transmission cable at
the transmitter, and Pgrcr is the amount of attenuation in the
transmission cable at the receiver side.
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TABLE 1. Specifications of measurement equipment in the measurement campaign. [H=horn antenna, O=omnidirectional antenna].

3.7 [GHz, HH] 3.7 [GHz, HO] 28 [GHz, HH]
Tx antenna TAEWAO021810 TAEWAO021810 WR2820A
Rx antenna TAEWAO021810 TAEODAO0467-10 WR2820A
Operational frequency 3.7 GHz 3.7 GHz 28 GHz
Applicable frequency band 2-18 GHz 1-18 GHz 2640 GHz
Tx height (m) 1.75 1.75 1.75
Rx height (m) 1.5 1.5 1.5
Polarization (Tx) Horizontal Horizontal Horizontal
Polarization (Rx) Horizontal Horizontal Horizontal

.8

FIGURE 2. A measurement snapshot. In this scenario, the transmitting antenna is placed on the first floor, and the receiving antenna is placed on
the second floor. Note: the position of the numbers @, @, and @ respectively, indicates the transmitter, receiver and the metal protection frame of
the stair.

Ill. EMPIRICAL PATH LOSS MODELS

In recent years, various academics and organizations have
suggested environment-specific path loss models. As a result,
numerous academics have applied the logarithmic distance
path loss model to indoor conditions. The formulation of the
logarithmic distance path loss model is [37]:

PL(d) = PL (do) + 10nlog,q (d/do) + x 2)

where n is the PLE, PL(d) stands for the path loss in decibels
at a distance of d from the transmitter, PL(dy) stands for
the path loss in the reference distance from transmitter dp,
and y is a Gaussian random variable with a zero-mean and
finite standard deviation. The finite standard deviation in
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the Gaussian distribution represents the amount of ‘shadow-
ing’ [37]. As mentioned before, ‘shadowing’ (or ‘shadowing
factor’) is the variation in received signal strength caused
by obstacles in the path of signal transmission between the
transmitter and the receiver. These changes appear on local-
mean powers, which are short-term averages that eliminate
changes caused by multipath fading.

Taking into account the effect of frequency on path loss
in (2), the following formula can be derived:

PLci(f, d)[dB] = FSPL(f, do) + 10nlog o(d) + xc1  (3)

where PLcr denotes the path loss in the CI path loss model as
a function of distance d and frequency f, and the symbol xc1
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TABLE 2. Stair structural measurement lengths [F=floor].

Floor
Floor Distance (cm) thickness (cm)
2F 574.5 17
3F 954.8 17
4F 1347.8 17
5F 1611.8 17
6F 1924.9 17
7F 2304.5 17
8F 2705.9 17
9F 3083.8 17
10F 3438.5 17

=
O

FIGURE 3. The dimension of the measurement site stairwell. In the figure
®=1.583 m, @=3.468 m, ®=1.591 m, @®=1.583 m, and $=6.694 m.

\ A

represents a Gaussian random variable with a zero mean and
finite standard deviation.

Furthermore, FSPL(f, dy) is the projected path loss at
do (in m) distance, which analytically can be expressed as
10 loglo(@)z, where A is the carrier frequency wavelength,
and n is the PLE. We calculated the optimized PLE and
shadowing factor using the procedure described in [38].

The AB path loss model uses a constant, «, as the floating
intercept specification, and B is the slope of the path loss
when plotting the path loss in the Cartesian coordinate sys-
tem. We can represent the AB model as [39]:

PLAB(d)[dB] = a + 10 - Blog(d) + xaB 4
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FIGURE 4. (a) Transmitter and the connected devices, (b) Receiver and the
connected devices are shown in the figure. The ‘tracking antennas system’
shown in the figure was not used for measuring purposes.

where PL g is the path loss depends on the distance parame-
ters d, o stands for the intercepting specification in decibel
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scale, B is the gradient of the interpolated line, and xap
is a Gaussian random variable with a zero mean and finite
standard deviation.

Although the parameter FSPL(f, dp) in (4) appears similar
to the parameter « in (3), it is different. The discrepancy is
that the parameter FSPL(f, dy) in the CI model is physically
meaningful, whereas the parameter in « is not. Despite their
differences, many authors consider these parameters to be
the equivalent of FSPL(f, dy) to « and n to §). Furthermore,
authors have compared the parametric statistics of these two
models [11].

Therefore, in this study, we considered the intercept param-
eter (o) to be equivalent to the FSPL and the slope () to
correspond to the PLE. The optimized values of «, 8, and
shadow factor were calculated using the procedure described
in [38].

The effects of frequency on the path loss were ignored
after a reference distance (say, dp = 1 m) in both the CI and
AB models. However, in [35], the CI model was remodeled
into the CIF model by recognizing the influence of multiple
frequencies on path loss after the reference distance dp.

With some changes to the original CI model, it is possible
to turn the CI model into a CIF model for the multi-frequency
operation of the channel. The CI and CIF models use the
equal physical relevance of the loss of the FSPL at the radius
of the reference distance (for the same reason as in the AB
model). As a result, the CIF model can be calculated as
follows [35]:

PLair(f, d)[dB] = FSPL(f, do) + (n(l —by+n-b
(/)10 log (d/do) + xete ()

where PLcrr is the path loss conditional on the distance
parameters d and frequency f in the CIF model. The term
n represents the distance dependency of the PLE, and b is
an optimization specification that describes the linear depen-
dence of the path loss on the weighted average of fy (in GHz).
Furthermore, xcrr is a Gaussian random variable with zero
mean and a finite standard deviation.

ABG is an LS path loss model that can be used for all
generic frequencies. However, the model is not appropriate
for specific application areas and is only helpful for specific
scenarios, such as LOS and NLOS radio links. The path
loss, when using the ABG models, can be determined as
follows [35]:

PLABG(d, f)[dB] = 10« log;o(d) + B + 10y logo(f)
+ XABG (6)

where PLapg denotes the path loss as a function of the
distance parameter d and the frequency parameter f, with a
reference distance dy of 1 m, if the measured distance and fre-
quency are in m and GHz, respectively, the path loss is given
in decibels. The letter f represents the operational frequency,
whereas the character d represents the three-dimensional
Euclidean distance between the transmitter and receiver.
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FIGURE 5. Recorded path loss of horn-horn antenna, at 3.7 GHz link
simulated with minimum mean square error optimized LS models.

Furthermore, the coefficients «, 8, and y are the statistical
parameters of the ABG model. The logarithmic distance and
logarithmic frequency coefficients are the parameters o and
y, respectively, and B is the offset parameter adopted to
refine the path loss. The random variable xapg models the
variations of received signal strength at the receiver side.
Generally, the noise distribution yapg follows a Gaussian
distribution with zero-mean and finite variance. The devel-
oped weights of the factors «, B, and y can be figured out by
applying the minimum mean square error optimization tech-
nique [38]. We used this method to determine the optimized
o, B, and y coefficients on our measured dataset, including
distance and path loss at various frequencies.

IV. RESULTS AND DISCUSSIONS

As mentioned, sophisticated tools have been used to measure
the strength of the signal received in NLOS situations. This
investigation used the LS path loss models CI and AB for
single-frequency operation and the CIF and ABG models for
multiple-frequency operation. Using various antennas, we set
up three distinct types of links at 3.7 GHz (HH), 3.7 GHz
(HO), and 28 GHz (HH).

All of the frequency units under consideration were in
the GHz band. Consequently, if a frequency measurement
unit is lacking, it will likely be in the GHz range. Referring
to all considered models, we used a reference distance (dp)
of 1 m. In addition, horizontal polarization was used in the
transmitter and the receiver system.

Figures 5, 6, and 7 depict the recorded path losses as
matched with the investigated LS models with three different
radio links. Figure 5 specifies the calculated path loss at
3.7 GHz with horn-to-horn antenna links simulated using
LS models. As we can see, the measured path loss-fitted
LS models show almost the same behaviors at the far end,
whereas the AB model offers a slightly different behav-
ior at the near end. The PLE of the CI, AB, CIF, and
ABG models are 5.48, 5.39, 5.67, and 5.49, respectively.
As a result, the AB model offers a lower PLE among these
models—a higher PLE results in higher path loss at a higher
distance.
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140 ' TABLE 4. Reported statistical parameters of LS models in the emergency
e Average PL stair. Cells are kept blank if data are unavailable. [f in GHz, V=vertical
—FI ® polarization, H=horizontal polarization, D=direct link/horn antenna,
120 I O=omnidirectional antenna, N=NLOS link].
@ — CIF
=100 |=—ABG . PLE
Ref. Link [f pol.
g ¢ ik [fpol] —e——35—cF aBG
< 80
D 24 VV 8.88
60 [26] 2.4 HH 7.95
58 VV 11.34
40 I 5.8 HH 8.13
10° 10’ [24] 2.25
Tx-Rx separation distance (m) 26 VV 74 109
FIGURE 6. Recorded path loss of horn-omnidirectional antenna,
:‘to:':i:lgHz link simulated with minimum mean square error optimized LS [21] gg XX gz gg 6.1 9.8
38 VV 7.1 9.1
200 ‘
[22] 3.8 VV 2 1.9 1.9
28 VV 1.9 1.6 1.9
~150 1 26 VV 7.52
g 26 HH 731 1092 744 975
é’ 26 VH 7.79
< 1007 28 VV 7.6
o 28 HH 733 986 744 975
28 VH 7.86
50 f 2314
(23] 32 VV 7.48
o 32 HH 7.6 9.17 744 9.75
10 o 32 VH 7.96
Tx-Rx separation distance (m) 38 VV 736
FIGURE 7. Recorded path loss of horn-horn antenna, at 28 GHz link 38 HH 7.26 909 744 975
simulated with minimum mean square error optimized LS models. 38 VH 757
TABLE 3. Extracted statistical parameters of LS models. [f in GHz, 26 VV 7.52
STD=standard deviation of the path loss models]. 26 HH 7.31 1092 744 9.5
26 VH 7.79
Coefficients 3.7 [GHz, HH] 3.7 [GHz, HO] 28 [GHz, HH] 28 VV 7.6
CI 43.81 43.81 61.38 28 HH 7.33 986 744 9.75
FspL _ AB 44.96 48.65 25.42 (2312 28 VH 7.86
CIF 43.81 43.81 61.38 32 VV 7.48
ABG 31.48 32 HH 7.6 9.17 744 9.75
CI 5.48 5.74 6.19 32 VH 7.96
pLp _ AB 5.39 536 10.26 38 Vv 7.36
CIF 5.67 38 HH 7.26 9.09 744 9.75
ABG 5.49 38 VH 7.57
b 0.0026 26 VV, [D,N] 4.18
b,y S 745 26 VH [D.N]  4.46
38 VH [D,N] 4
AB 7.9 5.25 0
STD [27]
CIF 8.08 5.57 453 26 VV [ON] 231
ABG 8.08 5.51 5.26 26 VH [ON] 231
38 VV [O,N] 1.65
38 VH [O,N] 1.65
Figure 6 shows the measured path loss shaped by the ¢ Measurement site 1
LS models with horn-to-omnidirectional antenna links at b Measurement site 2
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3.7 GHz. The CI, AB, CIF, and ABG models have unique
path loss exponents, which come in at 5.74, 5.36, 5.67,
and 5.49, respectively. Among the path loss exponents, the
AB model offers a lower value. As we can see, the mea-
sured path loss-fitted LS models show almost the same
behaviors for all the models and fit well the measured
results.

Figure 7 shows the recorded path loss suited to the stud-
ied models with horn-to-horn antenna links at 28 GHz.
We can see that the measured path loss fitted by the CI, CIF,
and ABG models and the AB model match the measured
results differently. The PLE of the CI, AB, CIF, and ABG
models are respectively 4.52, 0, 5.53, and 5.26. Thus, at
28 GHz operating frequency, the AB model fits the measured
results well. In Table 3, the statistical coefficients of the LS
techniques are shown as determined using the campaigned
dataset.

Table 4 shows the existing reported path loss exponents in
the literature with their associated link specifications.

As we can see, the PLE in Table 3 is comparable to the
PLE reported in Table 4 by other experimental studies. The
PLE calculated from our measurement data ranges between
5.39 and 6.19 for each model. However, the value of PLE
for the AB model is slightly higher, 10.26 at a 28 GHz
link.

The free-space path loss of the CI and CIF models is fixed
at 1 meter; as a result, the FSPL of these two models is con-
stant in our study and the report studied by other researchers.
However, the optimization procedure fixed the value of the
FSPL of the AB and ABG models. Evidence from other
studies suggests that the FSPL of ABG is less than those
of the other three models. The value of the FSPL for the
AB model reported in the existing literature is less than the
CI and CIF model, according to the other studies. However,
our study shows that the FSPL of the AB model is 44.96,
48.05, and 25.42 dB for, respectively, 3.7 GHz horizontal-to-
horizontal link, 3.7 GHz horizontal-to-omnidirectional link,
and 28 GHz horizontal-to-omnidirectional link. All these
results are comparable for 28.00 dB for 28 GHz vertical-to-
vertical link [21], 33.80 dB for 32 GHz vertical-to-vertical
link [21], and 36.60 for 3.5 GHz for vertical-to-vertical
link [22].

In our study, we find that b = 0.0026 and y = 2.45.
In the literature, however, the value of b is between -0.012 and
0.05, and the value of y is between -4.80 and 2.81 [21], [22],
[23], [26]. Therefore, the values we got for b and y are like
what has been reported in the literature. Consequently, the
campaigned dataset is validated with the reported statistical
coefficients.

V. CONCLUSION

This research examined LS path loss models at varying dis-
tances and frequencies in an indoor emergency stairwell,
using data obtained with various antenna types and oper-
ating frequencies. In addition, we retrieved the PLE from
the recorded dataset and the standard deviations of the four
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TABLE 5. Meanings of the used symbols.

Symbol(s) Meanings

a, B,y Statistical parameters of the ABG model

XABG Variations of received signal strength at the
receiver side with ABG model

XCIF Gaussian random variable with zero mean and
a finite standard deviation

d Three-dimensional Euclidean distance between
the transmitter and receiver

n Path loss exponent

XCI Gaussian random variable with a zero mean

and finite standard deviation

FSPL(f,do)| Projected path loss at do (in m) distance at f
GHz

Receiver antenna gain

Total attenuation in the transmission cable at
the receiver to the vector analyzer

PrsL Received signal strength at the receiver side
Prac Transmitter antenna gain

PrcL Total attenuation in the transmission cable at
the transmitter to generator

PrsL Transmitted signal strength level

PLaBc Path loss as a function of the distance parame-
ter d (m) and the frequency parameter f (GHz)
PLc1 Path loss in the CI path loss model as a
function of distance d and frequency f

Prac
PreL

PLcir Path loss conditional on the distance parame-
ters d and frequency f in the CIF model

PL(d) Path loss in decibels at a distance of d from
the transmitter

PL (do) Path loss in the reference distance from trans-

mitter do, and x is a Gaussian random variable
with a zero-mean and finite standard deviation

considered models. We validated the results by comparing
them to other PLE studies. Each of the four models exhibits
excellent agreement with the measured data. However, the
AB model had a lower standard deviation than the other four
models, which suggests that path loss variations are less likely
to happen with the AB model. We have also noticed that the
path loss does not change significantly in different antenna
configurations, e.g., from horn to omnidirectional antenna; it
does not vary significantly compared to the same type, e.g.,
from horn to horn antenna link. Comparing the measured data
to previously reported data in the literature showed that the
data was statistically valid.

APPENDIX
LIST OF THE SYMBOLS
A list of the meaning of the used symbols are given in Table 5
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