
electronics

Article

Millimeter Wave Propagation in Long Corridors and
Tunnels—Theoretical Model and Experimental
Verification

Liat Rapaport 1,* , Gad A. Pinhasi 2 and Yosef Pinhasi 1

1 Department of Electrical and Electronics Engineering, Ariel University, Ariel 40700, Israel; yosip@ariel.ac.il
2 Department of Chemical Engineering, Ariel University, Ariel 40700, Israel; gadip@ariel.ac.il
* Correspondence: liatra@ariel.ac.il

Received: 1 April 2020; Accepted: 25 April 2020; Published: 26 April 2020
����������
�������

Abstract: The development of the Fifth-Generation (5G) of cellular communications considers bands
in millimeter waves (MMW) for indoor, short-range links. The propagation of MMW is affected by
atmospheric and weather conditions, specular reflections from surfaces, and the directivity of the
antennas. The short wavelength enables utilization of a quasi-optical propagation model for the
description of indoor multi-path scenarios. A study of MMW propagation in tunnels, long corridors,
or canyons is carried out using ray-tracing to evaluate the link budget and group delay. The analysis
considers radiation patterns of both transmitting and receiving antennas, deriving a criterion for
the number of dominating rays. Error analysis demonstrates the convergence of the method, while
using a finite number of reflected rays. Experiments in a small-scale tunnel model demonstrate the
accuracy of the analysis.
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1. Introduction

Millimeter waves (MMW) are considered for short-range wireless links for Fifth-Generation (5G)
cellular communications. This will increase channel capacity and channel availability. New bands
in the MMW spectrum are already allocated, mainly in the vicinity of 28 GHz [1–4]. In addition to
the growth in cellular communications, the rising popularity of autonomic vehicles has accelerated
development in automotive radars, which are based on millimeter wave technology [5,6].

Currently, a common method to analyze signal propagation in tunnels or corridors uses modal
expansion [7–10]. In this approach, the tunnel is treated as an empty waveguide, and the field in the
cross-section is expressed as a summation of the transverse Eigenmodes above the cutoff frequency.
However, at high frequencies such as those of the millimeter wavelengths, the method becomes
ineffective. The transverse dimensions are much larger than the wavelength, and too many modes are
required to be considered. In such an overmoded scenario, the calculation will be inaccurate, and the
modal approach is no longer useful.

An alternate method to deal with indoor propagation is by solving the Maxwell equations in a
numerical computational solver, imposing boundary conditions to calculate the field along the tunnel.
In large structures, the computation becomes time consuming, requiring large storage and computing
capabilities, and its resulting accuracy is limited to the numerical calculation resolution [11,12].

Due to its short wavelength, the propagation of MMW can be analyzed using “quasi-optical”
models. The wavelength is much smaller than the cross-section dimensions, and the indoor
multi-path can be treated using ray-tracing, providing significant advantages compared to propagation
modeling [10,13–15]. The ray-tracing model has high resolution and is easy to implement on any
computer without the need for special storage or computing capabilities.
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Compared to the “conventional” RF bands in the VHF and UHF, the MMW band faces more
implementation challenges [16,17]. Millimeter waves suffer from atmospheric attenuation, are affected
by scattering and absorption, and are specularly reflected by surfaces. Nevertheless, the potential of
MMW communication is important. In addition to its free spectrum, it is useful for densely packed
communication networks due to its small equipment and antennas, and it offers frequency reuse
potential due its to directivity and atmospheric attenuation.

This research focuses on the implementation of ray tracing in the analysis of indoor millimeter
wave propagation. The MMW antennas are frequently directional, and their radiation pattern must
be considered. It is shown that the radiation pattern of the transmitting and receiving antennas
plays a role in the indoor multipath that emerges due to the occurrence of multiple reflections. It is
important to note that, although the use of ray-tracing in the analysis of millimeter waves’ propagation
is both effective and reliable, it is necessary to determine how many rays should be considered in
the simulations. The accuracy of the multi-ray model is examined for different scenarios, including
omni-directional and directive transmissions. The study is employed to demonstrate a millimeter wave
link operating in frequencies allocated for the 5G cellular communications. Experimental verification
is conducted and the results compared to the simulation model results.

The objective of this work is to study the propagation of millimeter wave transmission along
corridors (or tunnels), comparing between communication scenarios of omni-directional links, as well
as directive ones. Theoretical analysis is done for expressing the transfer function (magnitude and
phase) of a wireless MMW link in both cases. The model is used for calculating the power budget and
dispersive group delay emerging due to the involved multi-path phenomenon.

2. Method of Multi-Ray-Tracing in Tunnels

The propagation of millimeter waves along a tunnel can be described using the ray-tracing
approach [18]. Figure 1 illustrates the ray paths and the resulting reflections along the tunnel. To find
the link performances, it is necessary to consider the line-of-sight (LOS) and all the reflected rays.
For convenience, the received power is presented in a normalized form:

Pr(Tunnel)
Pr(LOS)

=

∣∣∣∣∣ ∞

∑
m=−∞

∞

∑
n=−∞

R0

R(m, n)
· Γ|m| · Γ|n| · G(θ, φ)

GLOS
· e−j2π f ∆τ(m,n)

∣∣∣∣∣
2

(1)

where f is the wave frequency, G(θ, φ) =
√

Gt(θ, φ) · Gr(θ, φ), GLOS is the antenna gain in the LOS
direction, R0 = R(0, 0) is the LOS path distance, Γ is the reflection coefficient for each reflected ray,
and m and n are the number of reflections in the horizontal and vertical dimensions, respectively.
We define the time delay of the path (m,n) as follows:

∆τ(m, n) =
R(m, n)− R0

c
(2)

The distance each ray travels from the transmitter to the receiver is calculated according to:

R(m, n) =
√
[xt(m)− xr]2 + [yt(n)− yr]2 + z2 (3)

Here, the receiver coordinates are (xr, yr). The coordinates xt(m) and yt(n) are of the transmitter
images and calculated as in geometrical optics [18]:

xt(m) = 2ma + (−1)m · xt

yt(n) = 2nb + (−1)n · yt
(4)
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where a and b are defined as half of the tunnel width and height, respectively. The reflection coefficients
of the incident electric transverse electric (TE) and transverse magnetic (TM) waves are found using
Fresnel’s equations [19]:

ΓTM =
εr sin(θg)−

√
εr − cos2(θg)

εr sin(θg) +
√

εr − cos2(θg)

ΓTE =
sin(θg)−

√
εr − cos2(θg)

sin(θg) +
√

εr − cos2(θg)

(5)

where εr is the relative dielectric permittivity of the surface and θg is defined as the grazing angle
between the incident ray to the surface (see Figure 1b):

θg(m, n) =

arcsin
(
|xt(m)−xr |

R(m,n)

)
, vertical surfaces

arcsin
(
|yt(n)−yr |

R(m,n)

)
, horizontal surfaces

(6)

(a) (b)
Figure 1. (a) Transmitter and receiver transverse coordinates inside the tunnel. (b) Longitudinal tunnel
side view. Here, 2a and 2b are the width and height of the tunnel, respectively.

Table 1 summarizes the reflection coefficient type according to the antenna polarization [20].

Table 1. Reflection coefficients for fundamental polarization.

Antenna Polarization Walls’ Polarization Floor and Ceiling Polarization

Vertical ΓTE ΓTM
Horizontal ΓTM ΓTE

To examine the sensitivity of the model to variations in the reflectivity of the surfaces, it is important
to evaluate the Fresnel coefficients for the dielectric permittivity of typical construction materials. Table 2
presents different construction materials and their relative dielectric constant εr at 28 GHz [21–23].
Calculations were made to find reflection coefficients for transverse electric (TE) and transverse magnetic
(TM) waves and for different materials. Figure 2 shows that the differences are minor and mainly
expressed for high incident angles θg.
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Table 2. Relative dielectric coefficients of construction materials at 28 GHz.

Material Dielectric Constant εr

Concrete 5.31
Glass 6.27
Brick 3.75
Wood 5

Wet Ground 10
Nylon 3.2
Silicon 11.6
Teflon 3.0

(a) (b)
Figure 2. Reflection coefficients for different construction materials at 28 GHz: (a) transverse electric
(TE) reflection; (b) transverse magnetic (TM) reflection.

The ray traveling distances R(m, n) can be expressed as follows:

R(m, n) = R0

√(
a

R0

)2
[2m− 1 + (−1)m]2 +

(
b

R0

)2
[2n− 1 + (−1)n]2 + 1 (7)

We define the following parameters:

Am = [2m− 1 + (−1)m]2

Bn = [2n− 1 + (−1)n]2
(8)

The above expression Equation (7) can be re-written using the above parameter definitions:

R(m, n) = R0

√(
a

R0

)2
Am +

(
b

R0

)2
Bn + 1 (9)

Substitute Equation (9) into Equation (2), where τ0 = R0/c results in the incremental delays
∆τ(m, n) of the multi-path rays, which are given by the following:

∆τ(m, n)
τ0

=

√( a
R0

)2
Am +

(
b

R0

)2
Bn + 1− 1

 (10)

Figure 3 illustrates graphs of the parameters Am, Bn and the resultant time delay of the multi-path
rays as a function of their m’th and n′th orders.
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(a) (b)
Figure 3. (a) Am and Bn dependence for the n and m orders. (b) τ(m, n)/τ0 dependence for n and m
values, where a = 0.5 m, b = 1 m, and z = 300 m.

The multi-reflection inside the tunnel not only causes variations in the field intensity due to
constructive or destructive interference, but also causes a phase shift ∆φ. This is a frequency-dependent
quantity that may cause a dispersive group delay. The normalized field at the receiver can be expressed
as follows:

Er

ELOS
=

√
Pr(Tunnel)

Pr(LOS)
· ej∆φ (11)

The incremental group delay with respect to the line-of-sight path can be calculated by the
phase derivative:

∆τ = − 1
2π

d
d f

∆φ (12)

3. Number of Dominant Rays: Simulation Results

Multi-path in an indoor environment contains rays reflected from the walls, ceiling, floor, as
well as from obstacles. However, each reflection of a ray from a surface results in an attenuation in
accordance with the reflection coefficient given by Fresnel’s Equation (5). The more it is reflected,
the less power it maintains, so effectively, there is a finite number of reflections that need to be taken
into consideration in the summation Equation (1). To analyze it properly, the discussion should be
divided into two types of transmissions; omni-directional and directive links.

3.1. Omni-Directional Transmission

Using omni-directional antennas, the rays are assumed to have the same intensity transmitted at
each beam angle. The rays are attenuated by two factors: the free space loss, determined by the distance
each ray travels, and the total accumulative reflectivity from the walls. Figure 4 is an example showing
the minor contribution of additional rays in the link budget calculation for a millimeter wave 28 GHz
link operating inside a narrow underground pedestrian tunnel made of concrete, with 2a = 1 m and
2b = 2 m.

In order to identify how many dominant rays play a role in the link along a section of length L in
the tunnel, an error analysis of the modification was made. The root mean squared error (RMSE) for
the n’th additional ray is calculated as follows:

Error(n) =

√√√√√ 1
L

L∫
0

∣∣∣∣ En(z)
ELOS(z)

− En−1(z)
ELOS(z)

dz
∣∣∣∣2 (13)

The results are summarized in Figure 5 for different tunnel section lengths inside the underground
pedestrian tunnel. A longer tunnel requires the consideration of more rays in the summation.
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Figure 4. Overview of different numbers of reflected rays at 28 GHz.

Figure 5. Root mean squared error at 28 GHz inside the tunnel.

3.2. Directive Link

Millimeter wave antennas are usually directive (see for example the radiation pattern of a horn
antenna as shown in Figure 6). Moreover, 5G links will utilize beam steering antennas that direct
the transmission towards the receiver side. Thus, the radiation pattern of the antenna needs to be
considered. Each ray arrives at the receiver at a different spatial angle and has its own intensity
and phase.

Figure 6. Millimeter wave horn antenna radiation pattern.
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The patterns of transmitting and receiving antennas play a role in the link budget via their
respective gains Gt(θ, φ) and Gr(θ, φ). The resulting overall gain G(θ, φ) =

√
Gt(θ, φ) · Gr(θ, φ) is

given in terms of the azimuthal φ and elevation θ angles, which are determined by the geometry:

θ = arccos
[

z
R(m, n)

]
φ = arctan

[
yt(m)− yr

xt(m)− xr

] (14)

Knowing the effective azimuthal and elevation beam widths θH and θV , respectively, a criterion
estimating the number of relevant multi-path rays is required for each direction, M for the vertical and
N for the horizontal directions, respectively. Figure 7 illustrates the utilization of the image method
for the N′th transmitter image location. This image transmits the ray that will be reflected the most,
corresponding to the beam angle, 0.5θH . The distance between the transmitter position yt and its most
distant image location y′t is equal to R0tan(0.5θ). For N reflections, the ray crosses the tunnel N − 1
times, so we get R0tan(0.5θ) = (N − 1) · 2b + yr + yt. Considering a scenario where the transmitter
and receiver are located at the center of the tunnel (e.g., yr = yt = b), one can find an expression for
the maximum number of horizontal reflections, N (the same way for finding the maximum number of
vertical reflections, M), as follows:

M = int
[

R0 tan(0.5θH)

2a

]
N = int

[
R0 tan(0.5θV)

2b

] (15)

where int(x) is the nearest integer number.

Figure 7. Demonstration of the image method used to derive the number of maximum rays criterion.

This is an important result, which is useful for evaluating the maximum number of rays required
in the simulation for obtaining a reliable estimation of the link budget for different tunnel scenarios.
Figure 8a shows the number of rays that play a role in a directive link for which θH = 10◦ and θV = 15◦.

In this case, propagation along the first 140 m of the 2.4 km long Lincoln Tunnel was studied
with the parameters summarized in Table 3. Figure 8a shows the number of multi-path rays N for the
vertical direction and M for the horizontal direction that play a role in the power budget of a 28 GHz
wireless link operating along the tunnel. Inspection of Figure 8a reveals that, up to the first 30 m, only
the direct line-of-sight link was dominant, and no multi-path rays (M = N = 0) contributed to the link
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budget. From 30 m to 60 m, one additional elevated multi-path ray from the tunnel ceiling and floor
was added (M = 0, N = 1). The first multi-path ray in the horizontal direction appeared at a distance of
75.5 m, where a single reflection (M = 1) from the walls and two reflections (N = 2) from the ceiling
and floor contributed to the link budget.

Table 3. Simulation parameters of the wireless link operating inside Lincoln Tunnel.

Definition Parameter Value

Tunnel Width 2a 6.6 m
Tunnel Height 2b 4 m

Cross-Section Shape - Rectangular
Polarization - vertical
Frequency f 28 GHz

Effective Equivalence Vertical Beamwidth θV 15◦

Effective Equivalence Horizontal Beamwidth θH 10◦

Transmitting antenna gain Gt 24 dBi
Receiving antenna gain Gr 24 dBi

Figure 8b shows the path loss normalized to the LOS direct link. Up to the first 30 m, only the LOS
played a role, resulting in 0 dB normalized path loss. The constructive and destructive contributions of
the multi-path began after the first 30 m. The resulting incremented group delay is plotted in Figure 8c.
As expected, no dispersive effect was noted during the first 30.47 m, where no multi-path was revealed.
Incremented phase shifts appeared afterwards, due to the multi-path effects, first from the vertical
(ceiling and floor) reflections. More reflections are realized as one advances along the tunnel, increasing
the group delay correspondingly, as the channel becomes more and more frequency-selective.

(a)

(b)

Figure 8. Cont.
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(c)

Figure 8. (a) Number of maximum rays arriving at the detector side for each distance inside Lincoln
Tunnel, using a horn antenna, calculated from Equation (15). (b) Link budget along the first 140 m of
the tunnel. (c) ∆τ along the tunnel

Using criterion Equation (15), it was found that for the first 140m of Lincoln Tunnel, the required
number of rays in the horizontal and vertical dimensions was N = 1 and M = 4, respectively
(see Figure 8a). Examination of the convergence as a function of the number of reflected rays M and N
via the normalized RMS error is shown in Figure 9. Inspection of the resulted modification error above
four reflections revealed insignificant modifications.

Figure 9. Normalized RMSE at 28 GHz inside the first 140m of Lincoln Tunnel, using a directive
horn antenna.

4. Experimental Results with a Scaled Tunnel Model

To verify the MMW propagation model suggested in this study, lab experiments were carried out
using a scaled model. We built a sub-scale tunnel made of wood covered with Formica to simulate the
tunnel (Figure 10) and set the transmitter frequency to a higher frequency 94 GHz (shorter wavelength).
The transmitter and receiver were connected to a pyramidal horn antenna with a gain of 24 dBi each
(see Figure 11), and their radiation pattern was calculated using the formulation given in [24,25].
The detected power at the receiver was measured for different distances up to 6 m along the tunnel,
starting from 0.6 m. The steps between the measurements were set to 1–2 cm. The experiments
were carried out and repeated for vertical and for horizontal polarizations. Figure 12 compares the
experimental results and the simulation, and a significant correspondence is notable between both
graphs. We applied the criterion developed in Equation (15) for the maximum number of reflected
rays. The results are illustrated in Figure 13, comparing simulations with the real antenna pattern
(solid line), the resulting number of reflected rays (dashed line), and experimental results (dotted line).
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(a) (b)
Figure 10. Downscaled tunnel experiment setup in the laboratory. (a) Cross section of the tunnel.
(b) Down scale tunnel.

(a)
(b)

Figure 11. (a) Horn antenna. (b) Radiation pattern in 3D view.

In order to compare between the simulation results and experimental measurements, we employed
the Pearson correlation coefficient, ρ(A, B), defined by [26]:

ρ(A, B) =
1

L− 1

L

∑
i=1

(
Ai − µA

σA

)(
Bi − µB

σB

)
(16)

Here, A represents a vector of the experimental measurements, where µA is its mean and σA is
its standard deviation. The vector B represents the simulation results with mean µB and standard
deviation σB. When ρ = 0, there is no correlation between A and B, while ρ = 1 stands for perfect
correlation.

The correspondence between the experimental results and those estimated by the link budget
simulation was examined using Equation (16). The Pearson correlation coefficient was calculated
while assuming radiation patterns demonstrated in Figure 11b and found to be ρ = 0.9054. Evidently,
the model predicted the expected indoor link budget quite accurately.
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(a)

(b)
Figure 12. Comparison of the simulation and experimental results of directive links for different
polarizations while considering the radiation pattern of transmitting and receiving antennas. (a) Vertical
polarization. (b) Horizontal polarization.

Figure 13. Comparison of the simulation and experimental results for vertical polarization using a
radiation pattern and the criterion Equation (15) for maximum reflected rays.

5. Discussion and Conclusion

This study examined the robustness of the ray-tracing model to describe a wireless link operating
in millimeter wavelengths. The ray-tracing model was used to describe the link budget of a wireless
link operating inside a tunnel. The dependence between the antenna polarization and directivity was
investigated theoretically and compared with experiments that were carried out in a scaled tunnel
model. The study revealed a comparable link behavior along the tunnel and a criterion for the number
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of dominant rays playing a role in the determination of received power and phase shift. The study
focused on the 28 GHz band, which is allocated for the 5G cellular networks.

In summary, the study demonstrated the evolvement of the received power, as well as the group
delay emerging due to the multi-path along a tunnel in two different MMW links: omni-directional and
directive ones. Experimental measurement showed high correlation with the theoretical estimations.
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