
Received October 3, 2021, accepted October 29, 2021, date of publication November 8, 2021, date of current version November 11, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3125710

Propagation Measurement of a Pedestrian Tunnel
at 24 GHz for 5G Communications
QI PING SOO 1, (Member, IEEE), SOO YONG LIM 1, (Senior Member, IEEE),
NURHIDAYAH RUSLI1, KA HENG CHONG1, DAVID WEE GIN LIM 1, (Senior Member, IEEE),
HENG-SIONG LIM2, (Senior Member, IEEE), ZHENGQING YUN 3, (Senior Member, IEEE),
AND MAGDY F. ISKANDER 3, (Life Fellow, IEEE)
1Department of Electrical and Electronic Engineering, University of Nottingham Malaysia, Semenyih 43500, Malaysia
2Faculty of Engineering and Technology, Multimedia University, Bukit Beruang, Melaka 75450, Malaysia
3College of Engineering, Hawai’i Advanced Wireless Technologies (HAWT) Institute, University of Hawaii at Manoa, Honolulu, HI 96822, USA

Corresponding author: Soo Yong Lim (Grace.Lim@nottingham.edu.my)

This work was supported in part by the Fulbright-Malaysian Communications and Multimedia Commission (MCMC) U.S. Specialist
Program under Grant FSP-P002144.

ABSTRACT In this paper, we report the results of a field measurement campaign carried out inside a
pedestrian tunnel at 24 GHz in two conditions, namely, empty tunnel scenario and busy tunnel scenario with
pedestrian movement. The experiment measures the fading effects of various groups of pedestrian crowds
using directional antennas at the transmitter and receiver for millimeter-wave radio communications. Having
presented and analyzed the measurement data in several diverse scenarios, we have further investigated
human scattering effects in the crowded pedestrian tunnel and performed ray-tracing simulation for an empty
pedestrian tunnel condition. Because tunnel is an enveloped scenario that is not bound by any geographic
areas, the results of this study can be applied to a wider scenario like other pedestrian tunnels across the
globe. Above all, these findings contribute towards ensuring wireless connectivity for everyone even in a
remote scenario like underground passages.

INDEX TERMS 5G communications, radio propagation, propagation measurement, ray-tracing.

I. INTRODUCTION
In a modern society, people are constantly on the move – in
the air, on the ground, across the ocean, through the under-
ground passageway, and on foot. While commuting from one
place to another, they are constantly connected on various
gadgets, especially the younger generations and even through
remote passageway like tunnel. This is a totally different
scenario from the olden days’ tunnel/coal mining condition
where communication inside those structure was unavailable
or near impossible – until the study in 1975 to attempt
investigating the propagation environment of coal mines in
addressing their communication needs therein [1]. Since then,
the usage of tunnels has extended from its original use in
the coal mining industry to account for other aspects such
as energy, water and telecommunication needs. To that end
sewerage, water, electrical and communication cable, as well
as flood storage tunnels are built. Nevertheless, despite the
wide use of tunnels in a great variety of domains, the primary
use of tunnels remains for transportation, anything ranging
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from road to railway, and from mass transit to pedestrian
use. With the advancement of technology, increasingly more
people worldwide commute daily by underground traffic
infrastructures such as underground passages, walkways, and
tunnels. Because of this mushrooming phenomenon, mobile
operators are faced with a real challenge to provide reliable
services in underground environments and yet maintain the
same quality standard as that of above-ground scenarios to
the end users [2].

The novelty of our work is such. Current propagation mod-
els developed for tunnels deal almost all with vehicles traf-
fic [3]–[5], and this differs from pedestrian traffic in indoor
tunnel/passages scenarios. Therefore, the existing propaga-
tion models cannot be directly applied to indoor tunnel and
underground passages environments to obtain accurate prop-
agation prediction results. Also, literature survey shows that
crowd effects are significant at the millimeter wave, but little
is known about how crowd is affecting the pedestrian tunnel
environment to date. Hence our work aims to close this
gap by investigating how crowd is affecting the pedestrian
tunnel environment by conducting field measurement while
taking into account the beamforming effects at the millimeter
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wave (mm-wave). It is for this purpose that we undertook a
joint venture among three parties to explore the propagation
environment of one of the world’s busiest pedestrian tunnels
in the heart of Kuala Lumpur (KL) at 24 GHz – an unlicensed
band in Malaysia.

To date, even though numerous studies have been con-
ducted on the topic of mm-wave, anything ranging from
antennas design to microwave device development, the spe-
cific topic of the propagation of mm-wave in tunnels is still
insubstantial. To trace back, the earliest study on tunnel prop-
agation at the mm-wave band was reported in 1994 [6] as the
focus of propagation in tunnels back in the late 20th century
and the early 21th century has always been at the Ultra High
Frequency (UHF) and Super High Frequency (SHF) bands.
Nevertheless, in the recent five years, we observe that there
is an increasing number of propagation studies reported at the
mm-wave band for tunnels which can be broadly categorized
into two categories, namely, lowmm-wave band (25-30 GHz)
[7]–[11], and high mm-wave band (60 GHz, 75 GHz) [4],
[12]–[14]. While the scientific community recognizes the
significant effects of the human bodies at the mm-wave, the
specific topic of human bodies effects inside the pedestrian
tunnel at the mm-wave has not been studied. Hence we
have tailored made our measurement setup for this purpose
while taking into consideration the beamforming effects. This
makes our measurement setup unique as it adds value to the
RF community by generating new knowledge on channel
characteristics inside pedestrian tunnel whereby frequent and
random people movement are rampant.

In Malaysia, 24 GHz is an unlicensed band. Millimeter
waves promise to alleviate frequency congestion, thereby
bringing a greater user satisfaction for a smoother and seam-
less connectivity. In the past, previous researchers have
looked at several topics at the mm-wave network, such as
vehicle obstruction and user self-obstruction [15], as well as
vegetation effects [16]. On the specific topic of human activi-
ties at the mm-wave band, some researchers have investigated
human bodies and their scattering/blockage effects [17]–[19].
Specifically, in [19], the effects of human bodies were studied
in an enclosed room, and this may be of interest to our present
study. And yet, their result is restricted to an enclosed room
and cannot be applied directly to a long pedestrian tunnel.

The tunneling industry in Malaysia has made significant
progress and major tunnels were constructed for various
applications over the last one and a half decades. Chief
among those tunnels is the realization of the Stormwater
Management & Road Tunnel (SMART) tunnel to solve
the problem of traffic congestion and flash flood dilemma
in Kuala Lumpur [20]. In the early days, tunnels in
Malaysia were associated mainly with railway such as the
Butterworth-Singapore Line as well as with the gold and
tin mining industries [21]. However, what chiefly drives the
tunneling industry in Malaysia in recent years is the huge
demands of transportation, aside from energy and water
infrastructure projects. Take the SMART tunnel for example;
this 9.7 km long tunnel is the longest storm water tunnel in

FIGURE 1. Picture showing the pedestrian tunnel linking between Suria
KLCC and KL convention centre.

Southeast Asia and the second longest in Asia. It is listed by
the Cable News Network (CNN) as one of the top 10 world’s
greatest tunnels where the tunnel is foreseen to avoid billions
of dollars in possible flood damage and costs from traffic
congestion in KL city center [22], [23].

The chief problem being addressed by this manuscript is
an investigation into the pedestrian effects on radio waves
propagation inside one pedestrian tunnel at 24 GHz. This
pedestrian tunnel is located between Suria KLCC (a shop-
ping mall in Kuala Lumpur City Centre) and KL Convention
Centre, linking the two buildings, see Fig. 1.

II. MEASUREMENT SET-UP
Measurement is a proven successful way to study a specific
propagation environment. By conducting an actual field mea-
surement, all the contributing rays to that particular environ-
ment are captured, and hence, path loss/gain can be subse-
quently analyzed. We have conducted field measurements to
study several diverse propagation environments in the past,
such as indoor stairwell [24], periodic building façade [25],
open-trench drain [26], and more recently, natural cave [27].
Previous measurement works were conducted at the conven-
tional frequency bands such as 900 MHz, 2.4 and 5.8 GHz.
In this work, we have switched our focus for the first time to
conduct field measurement at the mm-wave inside a pedes-
trian tunnel, which is among one of the busiest pedestrian
tunnels in the world. The selected frequency is 24 GHz – this
provide generous bandwidth and their use of much smaller
antennas play a significant role in 5G network. Figs. 2 and
3 show the transmitter and receiver set-up.

As can be seen in Figs. 2 and 3, directional horn anten-
nas are utilized in the assembly of the measurement unit.
The horn antenna has 20 dB gain and half-power beam
width of about 15 degree. On the transmitter (Tx) end,
Anritsu MG3694C signal generator is employed, which can
transmit signal up to 40 GHz. On the receiving end (Rx),
Anritsu MS2830A spectrum analyzer is used, which func-
tions in the range of 9 kHz to 43 GHz. Both the Tx and

VOLUME 9, 2021 149935



Q. P. Soo et al.: Propagation Measurement of Pedestrian Tunnel at 24 GHz for 5G Communications

FIGURE 2. The set-up of the transmitter.

FIGURE 3. A close-up look of the receiver.

Rx horn antennas were placed directly facing towards each
other during the measurement. As for the measurement data,
it is acquired by the spectrum analyzer and subsequently
deposited onto a computer for post-processing of data on
MATLAB.

In addition to the pictures of the Tx and Rx, the geometry
of the measurement route is provided in Fig. 4. It can be
seen from Figs. 1 and 5 that the ceiling of the KLCC pedes-
trian tunnel is not entirely flat; rather, it is made up of two
consecutive portions which we term as ‘‘horseshoe shape’’
and ‘‘box shape’’ sections. In the former, the ‘‘horseshoe
shape’’ portion, the ceiling is of an arch-shape; whereas in
the latter, the ‘‘box shape’’ portion, the ceiling is completely
flat. These two different shape sections intersect each other

FIGURE 4. Geometry of the measurement route. (Top view.)

FIGURE 5. Geometry of the measurement route (front view).

FIGURE 6. Geometry of the measurement route (first 15 meters) with
real radiation pattern from the horn antennas. (Gain = 18.54 dB, 3dB
Beamwidth (deg) at H-Plane = 20.20 and 3dB Beamwidth (deg) at
E-Plane = 18.66.)

consecutively. The height of the ‘‘horseshoe shape’’ ceiling
is 3.338 m, while the height of the ‘‘box shape’’ ceiling is
2.532 m. The diameter of the tunnel is 5.3 m and the sides of
the tunnel walls are made up of dry wooden board. Based on
this dimension we can expect the tunnel to exhibit a certain
degree of waveguiding effects, similar to that of a waveguide
cross section of 5.3 m× 2.532 m. Beyond this, we can further
foresee that numerous modes are excited to give a very good
waveguiding effects in this tunnel.

Supplementary to Fig. 4, in Fig. 6, we visually display
that most of the areas along the measurement route are cov-
ered by the main beam, and that most of the modes can be
excited by the horn antennas. However, as the transmitter-
to-receiver distance increases, the number of modes con-
tributing to the overall received field decreases since the
attenuation constant of the mode increases with the mode
order.
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III. PEDESTRIAN TUNNEL MEASUREMENT AT 24 GHz
The primary goal of conducting a field measurement cam-
paign inside the KLCC pedestrian tunnel is to observe pedes-
trians’ effects on the propagation of radio waves. To achieve
this goal, we have strategized to conduct our experiments
in two conditions, namely, an empty tunnel scenario, and a
busy tunnel scenario. The KLCC pedestrian tunnel is open
to the public from 7 a.m. to 11 p.m. daily. Therefore, it is
not difficult to conduct our experiment for an empty tunnel
scenario by simply selecting a time outside of the tunnel
opening hours. In this scenario, for empty tunnel measure-
ment, we have collected our experimental data in the early
morning, between 5 am to 7am, before the tunnel was open
to the public.

In our field measurement campaigns, two styles of data
collection were employed. The first style is, during the mea-
surement, the Tx antenna was placed at 1 m away from the
first position of the Rx antenna. The Rx antenna, mounted
on a roller cart, was pushed at a constant speed along the
measurement route of a fixed distance, e.g. 50 m, 94 m. The
second style is, Tx and Rx were placed at a fixed distance
over a route of 20 m, 50 m, and 90 m, and the received signal
strengths were recorded over a duration of 3 minutes. The
main objective of using the second style of measurement is to
observe human effects on signals inside the pedestrian tunnel
at the mm-waves. In all cases, both the Tx and Rx antenna
heights are 1.52 m for vertical-vertical (VV) polarization.
Fig. 7 shows our tunnel measurement results inside an empty
tunnel, where the experiment was conducted twice using the
first style, and the results bear a strong resemblance to each
other, proving its repeatability.

Aside from Fig. 7, to give an example of the second
style of our data collection technique, Fig. 8 is plotted. This
result was collected from the second round of measurement
campaign during peak hours, i.e. 10 a.m. to 12 p.m. where
pedestrian movement peaked in the tunnel. In Fig. 8, the
Tx and Rx antennas heights are set to be 1.52 m, oriented
for VV polarization over a fixed route of 20 m, 50 m, and
90 m. Both the Tx and Rx are static, hence, only pedestrian
effects are observed. There were occasional deep fades of the
signals, see for instance, those that occurred at approximately
1 minute and 2 minute of the sweep time, and these are due
to human crossing the LoS path. We note that the change
in the received power due to blocking is dramatic but it is
masked by the fading effects due to crowd and becomes less
obvious.

To compare the results of an empty tunnel with that of a
busy tunnel, Fig. 9 is plotted. Based on visual observation,
random number of pedestrians walked past our measurement
routes at any one time. These people may not walk across
to block the LoS path but they may be walking adjacent to
the LoS path, in a random manner. Signals power are not
always attenuated when people walk in parallel to the LoS
path, sometimes they are enhanced. Fig. 9 is a typical set of
result collected from several rounds of experiments, and it can
be seen from this figure that the signal variation of the empty

FIGURE 7. Repetition test for an empty pedestrian tunnel scenario.

FIGURE 8. Typical collected signals from the second measurement style,
whereby pedestrian effects are seen.

FIGURE 9. Comparison results between an empty and a crowded
pedestrian tunnel over a fixed distance of 90 m in 50 seconds sweep time.

tunnel scenario is much less drastic than the busy tunnel
scenario with pedestrian movement. Both Figs. 8 and 9 imply
that pedestrian movement at the mm-waves such as 24 GHz
has a significant impact on the received signal strength. The
standard deviation at the three different fixed distances, i.e.
20 m, 50 m, and 90 m are computed as 0.14 dB, 0.37 dB, and
0.44 dB respectively, and these values can be used as fading
margin for network planning considering the crowd effects.
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TABLE 1. Mean and standard deviation values of the averaging results.

There was another variation that we have attempted, that
was to raise the Tx to 1.926 m but kept the Rx at 1.52 m, and
yet moved the Tx from the center to the right-hand side of
the pedestrian tunnel. The Rx continued to move along the
same measurement route right at the center of the pedestrian
tunnel. Altering the set up gives us an additional perspective
into the propagation environment of the pedestrian tunnel,
since nowwe can investigate the placement position of the Tx
and examine how that affects signal propagation in the same
environment. The comparison results from this additional
measurement are plotted in Fig. 10 where sharp differences
are recorded only in the beginning of the measurement route,
e.g. in the first 15 m or so.

The effect observed in Fig. 10 is due largely to the direc-
tional antennas we used in the measurement. When the Tx is
moved to the right, the Rx is outside of the beam coverage
for the first 15 m or so, which explains why the recorded
signal strengths between the two graphs are very different
in this portion. In other words, when the Rx moves nearer
to the Tx in this region, it falls out from the main beam of
the Tx. Yet when the separation distance between the Tx and
Rx increases, especially after exceeding a certain threshold,
it made no difference where the Tx antenna is positioned,
whether to the far left, far right, or right at the center.

In an effort to get rid of the pedestrian effects to compare
the mean signals with those in the empty tunnel, we have
averaged the mean instantaneous signal over a 20-, 30-, and
40- wavelength windows based on the data in Fig. 10 (blue
line, Tx at central). This averaging process has flattened
the curve to get rid of the pedestrian (small scale fading)
effects. Table 1 summarizes the mean values and the standard
deviation values of the three averaging results.

From Table 1, we note that though the mean value remains
about the same each time the averaging is performed on
the measurement data, the standard deviation value drops
when the wavelength window value increases. These two
values are approximately 4.3 dB and 7.3 dB respectively. It’s
worth mentioning that the averaging process is done only
on the crowded tunnel scenario but not for the empty tunnel
scenario. For the empty tunnel scenario, we have presented
the raw data as it is.

IV. FURTHER INVESTIGATION OF HUMAN SCATTERING
EFFECTS AND EMPTY TUNNEL RAY-TRACING
SIMULATION
In this section, we have further investigated human scattering
effects in the crowded pedestrian tunnel and performed ray-
tracing simulation for an empty pedestrian tunnel condi-

FIGURE 10. Measurement results showing the difference between two
different positions of the Tx with a height of 1.926 m.

FIGURE 11. Scattering effects are considered off a human’s head in the
pedestrian tunnel.

tion. First, for investigating human scattering effects in the
crowded pedestrian tunnel, we have built a simple model to
incorporate the effects of scattering off humans’ head in a
random manner. Fig. 11 displays how the scattering effect is
considered off a human’s head.

As illustrated in Fig. 11, Tx sends out a ray that gets
scattered off a human’s head before reaching the receiver.
The total distance travelled by the ray from the Tx to the
Rx is the summation of distance 1 (d1) and distance 2 (d2).
At the locationwhere scattering takes place, we have included
a scattering factor [28] to equation (1). Further details of
the general ray-tracing technique are recorded in [29]. It is
with this ray-tracing technique that subsequent simulations
are performed for validation.

Er =
1
r
e−jβr

(
λ

4π

)
ρs (1)

Equation (1) is themathematical expression of the reflected
ray off a human’s head, where r is the distance along the
reflected ray path, λ is the wavelength, β is the wave number,
e−jβr is the phase factor, λ

4π is a parameter related to the
antenna effect, and ρs is the scattering factor. The scattering
factor values are taken randomly from between −1 to +1 on
MATLAB; and the size of the random data are defined by the
number of people. The simulated people are randomly placed
over the entire route of 94 m. Fig. 12 gives a glimpse of what
happened when the number of people increases and as the
Rx moves gradually away from the Tx; and Fig. 13 shows
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FIGURE 12. Illustration of more human heads are considered as the
receiver moves gradually away from the transmitter.

FIGURE 13. Humans scattering effects of between 20 to 30 people are
compared with the measurement data.

how these human movement affects the propagation results.
This figure is plotted to consider the surrounding wall effects
and the scattering off humans’ heads. The measurement data
is taken from Fig. 10 (blue line, Tx at central), and this is
a distance-varying result obtained from a crowded tunnel
environment.

As illustrated in Fig. 12, the heights of the people are
determined in a randommanner to portray the real scenario as
in real life where people of varying heights walk across the
pedestrian tunnel. Initially, we have considered one human
effect and gradually increased this number and stopped at
25, based on our estimation of the number of people that
walked pass the measurement route during data collection.
Fig. 13 shows the simulation results of between 20 to 30
people compared against themeasurement data, where a good
match is obtained. The mean value and the standard deviation
value for this figure are 1.83 dB and 6.60 dB respectively.

In Fig. 14, ray-tracing simulation is conducted for an empty
pedestrian tunnel scenario, and plotted against the measure-
ment results taken when the tunnel was empty (data from
Fig. 7). Wooden sidewall (plywood) with a relative dielectric
constant value of 2.1 is used for ray-tracing simulation [30].
As for the ceiling and ground, a relative dielectric constant
value of 5 is used for normal strength concrete estima-
tion [30]. The ray tracing program is written in MATLAB
based on our experience in the development and implemen-
tation of ray tracing algorithms [31], [32]. The total rays
considered in the ray-tracing simulation bouncing off the

FIGURE 14. A comparison between ray-tracing simulation and
measurement taken inside the empty pedestrian tunnel.

TABLE 2. Mean and standard deviation values.

surrounding walls are the direct ray, ground reflected ray,
top ceiling-reflected ray, and side walls-reflected rays (up
to ten order of reflections). Where ground and ceiling are
concerned, only the first order reflection is concerned. But
for the side walls reflection, they can involve up to ten order
reflections. Nevertheless, for the first 30 m along the mea-
surement route, reflection from the side walls is not consid-
ered due to the dominant direct ray path. The mean value
and the standard deviation value for Fig. 14 are 0.31dB and
7.23dB respectively.

V. FADE MARGIN ANALYSIS
Fade margin is a design allowance to ensure certain ser-
vice reliability can be maintained through accommodating
the expected deep fades in the wireless link. Assuming the
received signal strength with shadow fading is log-normally
distributed, applying curve fitting gives the following results
for the mean and standard deviation at distances 20 m, 50 m,
and 94 m respectively, refer to Fig. 15. In addition to the
plotting, these results are also tabled in Table 2, whereby the
average standard deviation is 4.54 dBm.

Subsequently, equations (2) – (4) are used to evaluate the
FadeMargin (FM) for 90% SR [33], where σW is the standard
deviation of received signal power in a given cell, and N is the
path loss exponent. Using σW = 4.54 and N = 1.40, the FM
for 90% SR is calculated to be about 5.82 dB. These values
are useful for the prediction of the coverage range of small
cell base station deployed in the pedestrian tunnel.

SR=
1
2

{
1+erf (p)+exp

(
1+2pq
q2

) [
1−erf

(
1+ pq
q

)]}
(2)

where

p =
FM
√
2σW

(3)
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FIGURE 15. Probability density function (PDF) of the received power for
crowded tunnel at 20, 50 and 94 m.

q =
N log10 e
√
2σW

(4)

VI. CONCLUSION
In this project, we studied the propagation environment of
a pedestrian tunnel in Kuala Lumpur at 24 GHz – an unli-
censed band inMalaysia. Our findings suggest that pedestrian
movements affect the signal very much at the millimeter
wave bands. For one, in the presence of pedestrian, espe-
cially many and with frequent movement, the variation of
the received signal strength is sharp and drastic. This is
unlike a quiet empty tunnel scenario where relatively a much
more consistent signal strength can be received. These two
observations are valid not only for the measurement results,
but they are consistent across the simulation results by means
of ray-tracing technique. In the former, the case of a crowded
pedestrian tunnel scenario, human scattering effects have
been simulated. Whereas for the latter, the case of an empty
pedestrian tunnel scenario, the bouncing of rays off the sur-
rounding walls such as ceiling, floor, and the side walls are
simulated. In both cases, the ray-tracing simulation results
bear a close resemblance to the measurement results.

Where directional antennas such as horn antennas are used
in the equipment set up, we found that the position of the Tx
only matters for the first portion of the measurement route,
e.g. for the first 15 m or so, after which no difference can
be recorded when the separation distance between the Tx
and Rx increases further. On the same note of directional
antennas, we postulate to place the Tx antenna higher within
the allowable range to ensure stronger received signal recep-
tion in the pedestrian tunnel. From the computed path loss
exponent of the crowded tunnel (Fig. 10) at 1.40, and the
computed standard deviation of the received signal power
in a given cell at 4.54, the FM for 90% SR is calculated to
be about 5.82 dB. The findings of this work have a wider
application to other similar structure around the globe. They
contribute towards ensuring wireless connectivity for the gen-
eral users of the pedestrian tunnels anywhere in the world.
Also, because horn antennas have been utilized in the mea-

surement setup, we have emulated the actual beamforming
technique whereby narrow beam antennas are used. Hence
our results are applicable for massive MIMO implementation
for 5G communications. For future work, other researchers
may want to explore further on the optimal heights and
positions of the transmitter in various shaped tunnels via
simulations and measurements. They may also look into the
size of the tunnel, the characteristics of thematerials that were
used to build the tunnel, as well as the depth of the tunnel,
among others.
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