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To cover the high demand for wireless data services for different applications in the wireless networks, different frequency bands
below 6GHz and inmillimeter-wave (mm-Wave) above 24GHz are proposed for the fifth generation (5G) of communication.'e
communication network is supposed to handle, among others, indoor traffic in normal situations as well as during emergencies.
'e stairway is one of those areas which has less network traffic during normal conditions but increases significantly during
emergencies. 'is paper presents the radio propagation in an indoor stairway environment based on wideband measurements in
the line of sight (LOS) at two candidate frequencies for 5G wireless networks, namely, 3.5 GHz and 28GHz. 'e path loss, root
mean square (RMS) delay spread, K-factor results, and analysis are provided. 'e close-in free-space reference distance (CI),
floating intercept (FI), and the close-in free-space reference distance with frequency weighting (CIF) path loss models are
provided. 'e channel parameters such as the number of clusters, the ray and cluster arrival rates, and the ray and cluster decay
factors are also obtained for both frequencies. 'e findings of the path loss show that the CI, FI, and CIF models fit the measured
data well in both frequencies with the path loss exponent identical to the free-space path loss. Based on clustering results, it is
found that the cluster decay rates are identical at both bands. 'e results from this and previous measurements indicate that at
least one access point is required for every two sections of the stairway to support good coverage along the stairwell area in 5G
wireless networks. Moreover, for 5G systems utilizing mm-Wave frequency bands, one access point for each stair section might be
necessary for increased reliability of the 5G network in stairwell environments.

1. Introduction

'e fifth-generation (5G) cellular network evolution is going
to exploit the huge available bandwidth in the millimeter-
wave (mm-Wave) band and the unoccupied bandwidth in
sub-6GHz. With low latency and huge data rate capacity, the
evolution of 5G can lead us to smart, hyperscale haptic In-
ternet-of-'ings (IoT) technologies and leverage new types of
connectivity such as vehicle-to-infrastructure, vehicle-to-
vehicle, vehicle-to-pedestrian, and person-to-person [1].
Ultrahigh-speed and high-efficiency indoor wireless networks
are also the future of wireless connectivity in 5G and beyond.
'e frequency bands in sub-6GHz (midbands) and a fre-
quency range between 24 and 86GHz (high bands) have
gained increasing attention and now appear to be the most

likely candidates to host the upcoming 5G wireless multi-
gigabit applications [2, 3].

'e radio channel propagation at midbands and high
bands can be affected by objects of different sizes due to the
variation of the wavelength of the utilized frequencies. 'e
indoor environment represents the rich sources of scattering
objects for radio channel propagation. Many structural is-
sues are influencing the indoor radio channel propagation,
such as construction materials, building size, and interaction
with other systems. All of these obstacles force the signal to
propagate across multiple paths through reflection, refrac-
tion, and diffraction phenomena.

Many research studies have been conducted in the area
of radio channel propagation in various indoor environ-
ments such as office [4–6], corridor [7–9], dining room [10],
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and laboratory [11] at 28GHz as the prominent band for 5G
wireless networks. Wireless coverage along the stairwell and
the understanding of radio spreading in such environments
are crucial in enabling the communication of public safety
personnel and sharing of information for a swift and ef-
fective response.

At low frequencies, many studies have investigated the
radio propagation in the stairwell indoor environment
[12–18]. 'e path loss models obtained based on empirical
results frommeasurements at 900MHz [17], 1800MHz [19],
2.4GHz, and 2.8GHz [13] have high path loss exponents
(PLEs) for all frequencies. However, both studies [13, 19]
stated that the PLE of the first stair section is less than the
free-space path loss (FSPL) due to the existence of the line-
of-sight (LOS) path in this section.'e LOS path is lost from
the next section of the stair onward, and a significant power
drop occurs where the power decay, in terms of PLEs,
reached up to 12 in some scenarios as presented in [13]. In
[14], the wideband measurements using VNA have been
conducted in a stair indoor environment at the frequency
range of 2.5–2.69GHz to study the effect of different antenna
heights on radio propagation characteristics based on path
loss and root mean square (RMS) delay spread.

For high bands, the radio propagation study in indoor
stair environments is almost nonexistent. To the best of our
knowledge, the only studies which were conducted at high
bands in two different stairwells were [20, 21]. 'e path loss
was investigated using different models based on narrow-
band measurements at 26GHz, 28GHz, 32GHz, and
38GHz. In this work, the radio propagation characteristics
are investigated in a stairwell indoor environment at mid-
bands and high bands based on wideband measurements at
3.5 and 28GHz with a bandwidth of 2GHz.'e path loss, K-
factor, and RMS delay spread are investigated for LOS
scenarios in a stairwell indoor environment. 'e path loss is
examined using three different path loss models. 'e power
decay modelling includes the distance and height effects in
this work where the height effect is not addressed separately.
'e channel is characterized at both bands based on the
clustering of power delay profile (PDP), and the Sale-
h–Valenzuela (S-V) model [22] is modified to model the
channel in an indoor stair environment at both bands based
on measured PDP.

'e rest of the paper is organized as follows. 'e
measurement setup and environment are presented in
Section 2. 'e measurement results and analysis are pro-
vided in Section 3. 'e paper is concluded in Section 4.

2. Measurement Campaign

'e measurements were conducted in one section of a
stairway containing 11 steps in an indoor staircase envi-
ronment using a vector network analyzer (VNA) connected
to transmitter (Tx) and receiver (Rx) antennas. 'e VNA
was configured tomeasure the S21 parameter in a span (B) of
2GHz with 2001 frequency points (1MHz frequency step
(Δf)) and central frequencies of 3.5 and 28GHz, respec-
tively. 'is measurement configuration results in a

maximum resolvable delay of 1 μs (1/Δf) and a delay res-
olution of about 0.5 ns (1/B). For each center frequency (3.5
and 28GHz), the Tx antennas were mounted on a tripod
1.7m above the ground, while the Rx antennas were
mounted on a tripod with heights of 1.5m. 'e measure-
ment setup parameters are listed in Table 1. Tx was set at a
fixed location (top of the stairway), and the S21 parameter
was recorded with Rx set at different steps (0, 1, 2, . . ., 10) as
depicted in Figure 1.

In this work, the measurement was conducted for the
LOS scenario in one section of the stairwell environment.
For 3.5GHz, the omnidirectional antenna was used at Tx
and Rx; however, at 28GHz, the omnidirectional antenna
was used at Rx, and the horn antenna was used at Tx. Hence,
the Tx antenna needs to be aligned with the Rx antenna in
elevation angle. For all steps, it is noticed that the elevation
angles for alignment are 27∘, 25∘, and 23∘ down tilted for stair
steps of 0 to 4, 5 to 9, and 10, respectively. Hence, the el-
evation angle of the Tx antenna was fixed at 25∘ for all steps
as the middle value between other angles, and the difference
was only 2∘. In the azimuth plane, Tx aligns 0∘ with Rx to get
the LOS path, and then Tx was rotated with the azimuth half-
power beam-width (HPBW) of the antenna of 20∘ to get all
multipath components (MPCs). 'e processing to get all
MPCs as the omnidirectional antenna will be discussed in
Section 3.1.

3. Measurement Results

3.1. PowerDelay Profile. 'e PDPs were obtained by finding
the square magnitude of the channel impulse responses
(|hτ|

2). 'e channel impulse responses (hτ) were obtained by
conducting the inverse discrete Fourier transform (IDFT) on
themeasured transfer functionH(f) (S21 parameter).H(f)

was filtered by a Hanning window to suppress the undesired
side lobes. Figures 2(a) and 2(b) show the PDP at the Tx-Rx
separation distance of 2.2m (step 5 of the stair) for 3.5 and
28GHz, respectively. 'e PDP at 3.5GHz contains all
multipath components from all directions as the Tx and Rx
antennas are omnidirectional. For 28GHz, as the directional
antenna was used at Tx, the omnidirectional PDP at each Tx-
Rx measurement point can be obtained using the synthe-
sized model [23]. Let us define the directional PDP at each
Tx angle of i as

PDPi(τ) � hi(τ)



2
. (1)

'en, the omnidirectional PDP can be computed as

PDPomni(τ) � max
i

PDPi(τ) . (2)

In our measurements, PDPomni(τ) is collected from
seven i angles, namely, 0∘, 20∘, 40∘, − 20∘, − 40∘, − 60
∘, and − 80∘. 'e received signals at the other angles were
discarded as they were at the noise level. 'e resulting
omnidirectional PDP PDPomni(τ) at step 5 of the stairs
obtained from PDPi(τ) of Figure 2(b) is shown in Figure 3.
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3.2. Path Loss and K-Factor. 'e path loss (PL) can be
calculated from the total sum of the square of the amplitude
of the measured paths p2

l and the antenna gain as follows
[24, 25]:

PL(dB) � − 10 log10


L
l�1 p

2
l

GtGr

 , (3)

where L is the total number of measured paths andGt andGr

are the gains of the Tx and Rx antennas at the center fre-
quency, respectively. 'en, the received power can be cal-
culated as [26]

Pr(dBm) � Pt(dBm) − PL, (4)

where Pt is the transmitted power set at 10 dBm for both
measured bands.

Figure 4 shows the received power for both bands 3.5
and 28GHz along with the steps of the stairs. It can be seen
that the received power degrades with the stair steps at both
bands. It can also be seen that the received power at 28GHz
is less than that of 3.5GHz by around 20 dBm. To investigate
the power decay based on the distance for each frequency,
the close-in free-space reference distance (CI) and floating
intercept (FI) path loss models were used. Furthermore, the
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Figure 2: Power delay profile at 2.2m Tx-Rx separation distance in step 5 of the stair: (a) 3.5GHz and (b) 28GHz.

Table 1: Measurement setup parameters.

Parameter Value at 3.5GHz Value at 28GHz
Frequency (GHz) 3.5 28
Bandwidth (GHz) 2 2
Delay resolution (ns) 0.5 0.5
Tx power (dBm) 10 10
Tx antenna type Omnidirectional Horn
Rx antenna type Omnidirectional Omnidirectional
Tx/Rx polarization Vertical/vertical Vertical/vertical
Tx/Rx antenna gain (dBi) 2.5/2.5 18.9/1.5
Tx/Rx antenna azimuth HBPW — 20∘/—
Tx/Rx antenna height (m) 1.7/1.5 1.7/1.5

3.5 GHz setup 2.8 GHz setup

Tx omnidirectional
antenna

Tx horn
antenna

Rotation
20° step

Rx
omnidirectional

antenna

Rx
omnidirectional

antenna

Figure 1: Measurement setup. Tx was fixed at the top of the stair, and Rx was moved along the stair steps.
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close-in free-space reference distance with frequency
weighting (CIF) path loss model was used to investigate the
power decay based on both distance and frequency.

'e CI path loss model can be expressed as

PLCI(f, d)[dB] � PL f, d0(  + 10n log10
d

d0
  + Xσ , (5)

where PL(f, d) is the path loss at different frequencies with
various Tx-Rx separation distances (d in meters), PL(f, d0)

is the path loss at a close-in distance d0 of 1m or less in dB
(in this particular measurement, d0 is 0.5m), n denotes the
distance dependency of path loss, which is the PLE, andXσ is
a zero-mean Gaussian-distributed random variable with a
standard deviation σ (dB) (shadowing effects). 'e FI path
loss model is defined as

PLFI(d)[dB] � α + 10.β log10(d) + X
FI
σ , (6)

where α and β are the floating intercept in dB and the slope
of the line, respectively. 'e shadow fading is represented by

zero-mean Gaussian random variable XFI
σ (dB) with a

standard deviation of σ (dB).
Figure 5 shows the measured path loss and CI and FI

path loss models for both 3.5 and 28GHz along the stairway.
It can be shown that the CI and FI path loss models can fit
the measurement data well. From the CI model for both
bands, it can be seen that the PLEs are identical with free-
space path loss. 'is means that the LOS path is the
dominant path, and the reflected paths have a minor con-
tribution to the overall received power. 'e CI and FI model
parameters are listed in Table 2.

'e CIF was recently proposed to model the propagation
loss for indoor channels in mm-Wave for the 5G system. It is
presented as [4]

PLCIF(f, d)[dB] � PL f, d0(  + Xσ + 10n 1 + b
f − f0

f0
  log10

d

d0
 ,

(7)

where n denotes the PLE and b is an optimization parameter
that captures the slope or linear frequency dependency of the
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Figure 3: Omnidirectional PDP at 28GHz in step 5 of the stairs.
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PLE that balances at the centroid of the frequencies being
modeled. 'e term f0 is a fixed reference frequency, the
centroid of all frequencies represented by the path loss
model, and serves as the balancing point for the linear
frequency dependency of the PLE [4]. It is found as the
weighted sum of measurements from different frequencies,
using the following equation:

f0 �


K
k�1 fkNK


K
k�1 NK

, (8)

where K is the number of unique frequencies and Nk is the
number of path loss data points corresponding to the kth

frequency fk. 'e input parameter f0 represents the
weighted frequencies of all measurement data applied to the
model which was calculated using (8), and it was found to be
16GHz in our measurement.

'e CIF path loss model together with themeasured data
is shown in Figure 6. It can be seen that the CIFmodel fits the

measured data well. 'e parameters of the CIF model are
also listed in Table 2.'e PLE value of 1.9 is close to the free-
space PLE, and the small value of b indicates that the PLE is
not frequency-dependent. 'is implies that all the fre-
quency-dependent effects are incorporated into the close-in
distance d0 of 0.5m.

'e K-factor of the received signal was also calculated. It
represents the ratio of powers between the LOS component
and the non-LOS multipath components. Here, the K-factor
values were found to be between 3.1 and 5.2 dB and between
2.1 and 7.8 dB at 3.5 and 28GHz, respectively.

3.3.Delay Spread. 'e RMS delay spread is generally used to
characterize the time dispersion properties of wideband
channels. It is a measure of the coherence bandwidth and
time dispersion of multipath channels.'e square root of the
second moment of a PDP represents the RMS delay spread,
and it is defined as [27]

τrms �

�������

τ2 − (τ)
2



, (9)

where

τ �
lP τl( τl

lP τl( 
, (10)

τ2 �
lP τl( τ2l
lP τl( 

. (11)

Equations (10) and (11) represent the first moment
(mean excess delay) and second central moment of the PDP,
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Figure 5: Measured path loss at 3.5 GHz and 28GHz along stairs compared with CI and FI models.

Table 2: Path loss model parameters.

Frequency
(GHz) Model

PLE for
CI FI (α)

(dB)
CIF
(b) σ (dB)β for FI

n for CIF

3.5
CI 2 — — 0.5
FI 1.9 36.6 — 0.4
CIF 1.9 — 0.05 0.9

28
CI 1.9 — — 0.5
FI 1.6 57.3 — 0.3
CIF 1.9 — 0.05 0.9
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respectively, and P(τl) is the received power at the lth

multipath. 'e scatter plots of RMS delay spread along the
stairway for both bands are shown in Figure 7. It can be seen
that the RMS delay spread values are low for both bands and
are lower at 28GHz. 'is implies that the LOS path con-
tributes to the majority of the received power, and a minor
portion of power is from the reflected paths from the wall.
'e minimum, maximum, and mean values of RMS delay
spread are 1.7 ns, 4.9 ns, and 3.5 ns for 3.5GHz and 0.2 ns,
2.4 ns, and 1.3 ns for 28GHz.

4. Cluster Identification and Channel Model

'e following procedures were performed on the PDP to
identify the clusters present in the channel. Firstly, all the
peaks in the PDP were identified; however, only the detected
peaks above the noise level of 100 dBm were considered as
shown in Figure 8. As the measurements are for the LOS
scenario, the local maximum before the LOS peak was also
discarded. 'e PDP was then normalized in both power and
delay, in which the first cluster starts at 0 ns with a power of
0 dBm. Where there is no void interval in the resulting
normalized PDP, visual inspection was used to categorize
the normalized PDP into several clusters as shown in
Figure 9(a).

'e figure shows that the total number of detected paths
above the noise threshold at 3.5 GHZ is 31, and the max-
imum excess delay is 65 ns. 'e total number of clusters is 3
in which the LOS cluster (first cluster) contains 9 subpaths,
and the rest of the multipath components fall in cluster 2 (5
subpaths) and cluster 3 (17 subpaths).

At 28GHz, where the void intervals between different
signal paths are observed, a cluster is then defined as a
collection of paths in which the void duration between them
is less than 2.5 ns [28].

Based on this clustering method, it is shown in
Figure 9(b) that the PDP contains two clusters with two

subpaths each, namely, the LOS cluster with a duration of
4 ns and the second cluster of 3.5 ns. 'e void interval be-
tween the two clusters is 14 ns, and the maximum excess
delay is 19.5 ns.

Furthermore, the popular model for the indoor channel
(S-Vmodel) was used to analyze the measured channel at 3.5
and 28GHz. 'e channel impulse response can be modeled
using the S-V model as [22]

h(τ) � 
K

k�1


Lk

l�1
glke

jθlk δ τ − Tk − τlk( , (12)

where glk is the amplitude gain of the lth path in cluster k. Tk

and τlk are the arrival delay of the k
th cluster and the relative

delay of the lth multipath component in the kth cluster,
respectively. K and Lk are the maximum number of clusters
and the maximum number of multipath components in the
kth cluster, respectively. In the S-V model, the average power
gain of the lth multipath component in cluster k is modeled
as the double exponential decay of delay:

g
2
lk � g

2
11e

− Tk/Γ( )e
− τlk/η( ), (13)

where g2
11 is the average power gain of the first multipath

component which is the LOS path in LOS measurement. Γ
and η are the cluster and ray power decay constants, re-
spectively. 'e cluster and rays in the cluster arrive
according to the stochastic Poisson process, which leads to
the exponential distributions for their interarrival times with
Λ and λ cluster and ray arrival rates, respectively. Here, the
S-V model is used to describe the channel with four pa-
rameters (Γ, η, Λ, and λ). 'ese parameters are extracted
from PDP as follows.

4.1. Cluster and Ray Arrival Rates (Λ and λ). 'e cluster
arrival rate (Λ) is determined based on the interarrival times
of

ΔTk � Tk − Tk− 1. (14)

ΔTk are considered to follow the exponential distribu-
tion; hence, the estimated parameter of (Λ) can be obtained
based on the maximum likelihood estimator (MLE) as

Λ �
1
ΔTk

, (15)

where ΔTk is the mean of interarrival times (which is the
mean of void intervals at 28GHz in our measurements). In
the S-V model, the rays are also assumed to follow the
exponential distribution; however, since our delay resolution
is 0.5 ns, the IDFT of the measured data cannot resolve the
interpath arrival times. 'is implies that the classical tapped
delay-line approach is used to model the ray arrival rate, and
each resolved delay bin contains energy according to (13).
Hence, each delay tape (ray) arrives at the time interval of
0.5 ns at a rate λ equal to 2GHz.

Based on our clustering for PDP along with the stair
steps, it can be shown that the number of clusters is 3 and 2
in each step for 3.5 and 28GHz, respectively. For 28GHz, the

CIF model: PL (f, d)[dB] = PL (f, 0.5) + 19 (1 + 0.05 (f-16)/16) log10 (d/0.5),
σ = 0.9 dB
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second cluster for all stair steps has only one path except step
5 that has two paths. For 3.5GHz, in step 5 of the stair,
clusters 2 and 3 have more paths than other stair steps.
Hence, the channel realization of step 5 is used to analyze the
S-V channel model.

4.2. Cluster and Ray Power Decay (Γ and η). 'e cluster
power decay follows the S-V model (exponentially distrib-
uted) in both bands with a cluster power decay constant Γ of
0.3 ns at both bands. 'e ray power decay η is assumed to be
the same for all clusters in the S-V model. However, in this

particular indoor scenario, the value of η varies from one
cluster to another, and it increases linearly with a cluster
arrival time as

η Tk(  � η1 + c Tk( , (16)

where η1 is the ray power decay constant of the first cluster
(LOS cluster). 'e values of η1 were found to be 0.3 ns for
3.5GHz and 0.6 ns for 28GHz, which result in values of c of
0.15 for 3.5GHz and 28GHz. 'e S-V parameters are listed
in Table 3 for both measured bands. It can be seen that the
cluster decay rate (1/Γ) for both bands is the same, and the
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International Journal of Antennas and Propagation 7



ray decay rate for 3.5GHz is more than the ray decay rate for
28GHz based on the ray decay rate (1/η1) of the power at the
first cluster that contains the LOS path.

5. Comparative Study with Related Work

In this section, some previous studies in the indoor stair
environment are provided. In [13], the average PLEs along
four different stairwells with 5 to 8 stair sections (3 to 12
steps in each stair section) are 8.3 and 9.7 with standard
deviations of 5.8 and 7.2 dB at 2.4 and 5.8GHz, respectively.
In [14], based on measurements along 14 stair steps in one
stair section at the frequency of 2.5–2.69GHz, it showed that
the PLE is 2.2, and the mean RMS delay spread is 2.8 ns. For
high-frequency bands, the works in [20, 21] showed that the
PLE values along 10 stair sections with 12 to 13 steps in each
stair section are varied from 6.6 to 7.9 with standard de-
viations from 4.1 to 13.6 dB at 26, 28, 32, and 38GHz for
different antenna polarizations. In our work, the PLEs along
11 stair steps in one stair section are 2 and 1.9 at 3.5GHz and
28GHz, respectively, with a standard deviation of 0.5 dB at
both bands. 'e mean RMS delay spreads are 3.5 and 1.2 ns
at 3.5 and 28GHz, respectively.

Based on these conducted measurements on different
indoor stair environments for different scenarios, it can be
concluded that the path loss for LOS scenarios in the
stairwell environment has the same trend of free-space path
loss. It indicates that the LOS path is the dominant one
where the other reflected rays have less contribution to the
total received power in the LOS scenario. In an indoor

stairwell environment, the LOS path is only acquired in the
first section of the stair; however, for the rest of the sections
of the stair, all the paths are contributed from reflected rays.
Hence, the PLE is around the FSPL exponent of 2 in one stair
section as shown in our work and [14]; however, it is high in
the hall stairwell (all sections) as addressed in [13, 20, 21].
'is leads us to recommend that, for 5G wireless networks in
indoor stairwell environments, at least one access point is
needed for every two sections of the stairwell for reliable
communication.

6. Conclusion

In this paper, the radio channel characteristics of 3.5 and
28GHz frequency bands were performed based on LOS
indoor measurement results carried out in the stairwell. 'e
S-V model was used to extract the channel parameters from
PDP. Based onmeasurement results, the CI, FI, and CIF path
loss models were presented. In general, as expected, the
signal experiences more attenuation at a high band of
28GHz compared to the 3.5GHz band. 'e path loss ex-
ponents at both frequencies are found close to the FSPL
exponent of 2. 'e RMS delay spread and K-factor were
presented. It was found that the RMS delay spreads are low
for both frequencies, and it is lower at 28GHz, indicating
that the power is more concentrated around the directed
path (LOS path). 'is is also supported by the large K-factor
values with the largestK-factor of 7.8 dB found at 28GHz. As
the multipath components are low, especially at 28GHz, the
number of clusters is less than the clusters at 3.5GHz. 'e
cluster decay rates are 3.33 at both bands. Based on the LOS
cluster (first cluster), it was found that the ray decay rates are
3.33 and 1.7 at 3.5 and 28GHz, respectively.

Based on this particular measurement and the previously
conducted measurements in an indoor stairwell environ-
ment, it can be concluded that the LOS scenario can be
provided only for the first section of the stair; however, for

0

–10

–20

Po
w

er
 (d

Bm
)

–30

–40

–50

–60

0 10 20 30 40 50 60
Time (ns)

Cluster 1
9 subpaths

Cluster 2
5 subpaths

Cluster 3
17 subpaths

(a)

Po
w

er
 (d

Bm
)

0

–5

–10

–15

–20

–25

0 5 10
Time (ns)

Cluster 1
Duration: 4 ns

2 subpaths

Cluster 2
Duration: 3.5 ns

2 subpaths
Void

duration: 14 ns

15 20

(b)

Figure 9: Examples of clustering of measured PDPs for both measured frequencies at 2.2m Tx-Rx distance (step 5 of the stair): (a) 3.5 GHz
and (b) 28GHz.

Table 3: S-V model parameters.

Frequency (GHz) 1/Λ (ns) 1/λ (ns) Γ (ns) η1 (ns) c

3.5 15 0.5 0.3 0.3 0.15
28 14 0.5 0.3 0.6 0.15
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the other sections, the received signal was acquired from the
reflected paths only (NLOS paths), where the signal degrades
more with the increase in the number of sections in the stair.
It means that the signal may not be received after two
sections of the stair or it is very weak, so to solve this issue,
especially for the mm-Wave band of 5G, this study rec-
ommends that one access point is needed at every two
sections of the stairwell or may be for each section to in-
crease the reliability of the wireless communication system
in the stairwell environment that is very important in
emergency cases.
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