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A temporal millimeter wave propagation model for tunnels is presented using ray frustum techniques and fast Fourier transform
(FFT). To directly estimate or simulate effects ofmillimeterwave channel properties on the performance of communication services,
time domain impulse responses of demodulated signals should be obtained, which needs rather large computation time. Tomitigate
the computational burden, ray frustum techniques are used to obtain frequency domain transfer function of millimeter wave
propagation environment and FFT of equivalent low pass signals are used to retrieve demodulated waveforms. This approach
is numerically efficient and helps to directly estimate impact of tunnel structures and surfaces roughness on the performance of
millimeter wave communication services.

1. Introduction

With the advent of widespread use of mobile communication
services, the need for accurate wireless channel models
for environments has increased [1] to ensure the quality
of services for both persons and objects such as vehicles
manned and unmanned. In particular, the demand for rail-
way communication systems has increased that necessitate
the use of millimeter wave band with by far large band-
widths to accommodate passenger’s wireless data demand
[2]. The properties of millimeter wave channels have been
investigated using ray optical approaches combined with the
uniform theory of diffraction [3]. Unlike other full wave
analysis techniques, the ray optical or ray tracing approaches
limit the interactions among scatterers to those dictated by
Snell’s law or law of diffractions [4, 5]. Although the number
of interactions is kept minimized, the amount of computa-
tion needed to determine whether unobstructed ray paths
between interacting faces of objects exist grows enormously.
To increase computational efficiency further, various space

division techniques and path finding algorithms have been
invented and utilized [6–13]. Among those, ray frustum
techniques use frustums to form regions in which reflected,
transmitted, or diffracted waves can be received [13]. The
frustums help to determinewhether the scatteredwaves reach
a receiver’s position and to find scattering points satisfying
geometrical optics principles using virtual source positions.
Those techniques have been used to predict path loss, delay
spread, distribution of field strength, and so on as a function
of frequency.

In this paper, more direct, practical, and numerically
efficient approach to characterize millimeter wave propa-
gation channels of tunnels is proposed which gives time
domain impulse responses of the demodulated baseband
signals. Time domain propagation models have been given
interest in the field of ultrawide band application, where
impulse responses are obtained by inverse Fourier transform
or convolution of time domain responses with very wide
bandwidths [14]. Due to the large bandwidths, time needed
to the inversion becomes very large. The impulse responses
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presented in this paper are obtained from band pass signals
and are extracted from the demodulated received signals
which have undergone upconversion in the transmitter and
scattering at the obstacles with upconverted frequencies.
Using FFT techniques and the low pass equivalent signal
concept, the number of frequency samples needed to form
transfer functions can be minimized and computational
efficiencies improve [15]. Considering that most wireless
communication services occupy finite bandwidth, baseband
signals are transformed to those of low pass equivalent which
are obtained using Hilbert transform and addition process.
Frequency domain transfer functions from the transmitting
antenna to receiving antenna are calculated and stored using
ray frustum techniques for the frequencies determined by an
FFT routine. Demodulated signals in time domain can be
obtained from the inverse FFT of the product of the transfer
function and the low pass equivalent signal. By utilizing FFT
and low pass equivalent signals, frequency-to-time domain
conversions are efficiently done in seconds. To investigate the
properties of wireless channels in tunnels, impulse responses
are extracted for various positions and structures using the
presented techniques. Experimental validation is also made
for two tunnel sites.

2. Finding Ray Paths Using Ray Frustums

Ray tracing techniques utilizing frustums can efficiently
determine whether a ray hits obstacles and the scattering
points on those obstacles [13]. Data structures for ray frus-
tums contain position vectors of vertices and normal vectors
of planes enclosing each frustum. In addition, the virtual
source position of each frustum is stored and used to deter-
mine the scattering point satisfying law of geometrical optics.
The frustums are created using the mesh triangles of the
obstacles and virtual source points. Figure 1 shows a typical
tunnel structure which is modeled by triangulated cells.
The frustums help the scattering points to be determined
by finding the intercept point of a line and the scattering
face. The line starts from the virtual source and ends at the
position of the receiver. After the scattering point is found, a
visibility test should be performed to determine whether an
unobstructed ray path exists between the scattering point and
the position of the receiving antenna. To save the time needed
to perform a series of visibility tests, the data structure for the
ray frustum stores indices of mesh triangles which belong to
or overlap its region.

Once the ray paths from the source position to the
receiver position via scattering points are found, transfer
function using geometrical optics field augmented by UTD
solution can be obtained at each frequency.

The outgoing electric field from the transmitting antenna
along the 𝑛th path at a distance 𝑅𝑛

𝑇
can be represented by the
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Figure 1: Triangulated tunnel structures and ray frustums to find a
ray path to RX.

where 𝑉
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the polarization components [13]. Those radiated electric
fields undergo reflections, diffractions, and transmissions.
The voltage of the receiver is the sum of induced voltages
along each path like

𝑉
𝑅
= 𝜆√

𝑍
0

4𝜋

∑

𝑛

√𝐺
𝑅
(𝜃
𝑛

𝑅
, 𝜙
𝑛

𝑅
)

⋅ (ℎ
𝑛

𝑅,V
̂
𝜃
𝑛

𝑅
+ ℎ
𝑛

𝑅,ℎ

̂
𝜙
𝑛

𝑅
)∏

𝑚

𝑒
−𝑗𝑘𝑠
𝑛

𝑚
𝐴 (𝑠
𝑛

𝑚−1
, 𝑠
𝑛

𝑚
)
̄S𝑛
𝑚
⋅ E𝑛
𝑇
,

(2)

where 𝐴(𝑠𝑛
𝑚−1

, 𝑠
𝑛

𝑚
) is the divergence factor that accounts for

the magnitude changes after 𝑚th scattering of the 𝑛th path.
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where coefficients and the unit vectors are defined in [16].
Surface roughness should be taken into account in cal-

culating ̄S𝑛
𝑚

for millimeter wave frequencies as the wave-
lengths become comparable to the size of irregularity on
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Figure 2: Low pass equivalent signal spectrum of the transmitting
antenna.

obstacles [17]. A roughness factor should be multiplied on
every reflection related terms. The factor is given by
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where 𝜎
𝑠
is the roughness of the surface as given by the

standard deviation of the irregularities on the surface, 𝜆 is the
wavelength of the incident waves, and 𝜃

𝑖
is the incident angles

with respect to the normal vector of the surface.
Then, the transfer function is
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To expedite calculation, frequency independent factors in the
transfer function are stored in the memory and are reused.
Scattering points, distances, and unit polarization vectors can
be stored.

3. Extraction of Demodulated Base
Band Signal

To retrieve time domain signal at the receiver, transfer
functions at discrete frequencies should be evaluated and
stored for reuse. The frequencies are fixed by the FFT of the
source signal. The number of frequencies should be as small
as possible to save simulation time and should be at least
larger than that satisfying Nyquist sampling criterion.

Figure 2(a) shows the original source spectrum of the
transmitting antenna whose spectrum has symmetry about
zero frequency. Figure 2(b) is the spectrum of low pass
equivalent of the original signal [15]. Because of the symmetry
of the original signal, there is no loss of information after
transformation. With the equivalent signal, the number of

frequency samples of the transfer function from the trans-
mitter to the receiver satisfying Nyquist criterion decreases
by a factor of about 𝑓ref/(𝑓2 − 𝑓1), where 𝑓ref is the carrier
frequency. For millimeter wave communications, the factor
becomes so large that computational efficiency improves by
that factor.

The number of samples of FFT to retrieve demodulated
waveforms is determined by Nyquist sampling rate and the
period of the signal. To simulate wireless propagationmodels,
the period should at least be larger thanmaximumflight time
of the wireless signals under consideration. If the period is
chosen to be smaller than the flight time of the transmitted
signal, intersymbol interferences or aliasings are observed.
The number of sampling frequencies is determined by

𝑁 = 2
ceil[log

2
(𝑓
2
−𝑓
1
)𝑇max]

, (6)

where ceil means round up to the equal or larger nearest
integer number and 𝑇max is the maximum flight time of the
radiated signals.

The low pass equivalent signal 𝑋LPE(𝜔) of the transmit-
ting antenna is simply obtained by taking the FFT of the
baseband signal and translating the spectrum to the carrier
frequency. The voltage on the receiving antenna is

𝑌LPE (𝜔) = 𝑋LPE (𝜔)𝐻 (𝜔 + 𝜔ref) . (7)

In calculating𝐻(𝜔), surface impedances of materials, reflec-
tion and transmission coefficients, and propagation constants
should be recalculated for each frequency.

Time domain representation of the low pass equivalent of
the received signal is

𝑦LPE (𝑡) = IFFT [𝑋LPE (𝜔)𝐻 (𝜔 + 𝜔ref)]

= 𝑦
𝑟
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𝑖
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(8)

The signal at the input port of the down-mixer is [15]
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The downconverted signal at the output of the mixer is
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The demodulated output of the received signal is simply
obtained by taking the real part of (8).

4. Numerical Results and Measurements

To verify the effectiveness of the formulation in Section 2, a
computer code in C++ is developed which runs in Windows
7. First, a comparison with the measurement is presented
to verify the ray frustum techniques and formulation in
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Figure 3: Dimension of a tunnel used to measure propagation loss.

the previous section. The transmitter is built with a standard
gain horn antennawith a peak gain of 20 dBi and an oscillator
with an output power of 13 dBm. The transmitter radiates
24GHz continuous wave signal. The material constants for
the interior of the tunnel are 𝜀

𝑟
= 5 and 𝜎 = 0.1 [S/m]. The

interior of the tunnel is modeled by concrete with surface
roughness of 5mm. The test site is shown in Figure 3 which
is a tunnel used for subway trains. At the center of the tunnel,
concrete pillars are placed with an average spacing of 85 cm.
The average width of the pillars is 2m.

Figure 4 shows received power levels of measurements
and simulations on the paths indicated in Figure 3, which
shows good agreement. Attenuation due to cable loss of
about 14 dB is considered and the power levels are corrected.
The heights of the transmitting and receiving antennas are
1.6m from the ground level of the tunnel. The directions of
the antennas are parallel to those of the rails. At distances
less than 13m where line of sight ray paths is assured, no
fluctuations of received power levels can be observed. At
larger distances, multipath fading effects are shown. At the
frequency of 24GHz, surface roughness of the interior of
the tunnel should be taken into account in the simulation.
Without considering the diffuse scattering, power levels of
the simulator are rather larger than those of measurements.

With the verified simulator, various parametric studies
are performed which show the properties of the millimeter
wave channel. Figure 5 shows the simulated demodulated
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Figure 4: Comparison of the power levels by measurement and
simulation shows good agreement.

baseband signals with the input signal in Figure 5(a) applied.
The input signal is a raised cosine pulse of 10 ns width. The
demodulated waveform is effectively an impulse response at
each observation point. As the observation point becomes
farther, the peak amplitude decreases and the fluctuation
shows different behavior at each point. The fluctuations
are due to multipath signals which undergo reflections and
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Figure 5: Demodulated baseband signals of a curved tunnel obtained by the simulator.

diffractions on the tunnel structures. Although directional
antennas are used for transmission and reception of signals
and the surface roughness of the wall decreases the amplitude
of reflections,multipath fading is evident due to the curvature
of the tunnel.

Figure 6 shows another test site and compares the
received power levels of measurements and simulations,
which also shows good agreement. Metallic ornaments are
attached to the interior of the tunnel and are modeled by
a roughness of 2 cm. The antennas and the oscillator used
are the same as those of the previous test except that the
heights of antennas are 1.1m. Within a distance of 15m,
multipath scattering effect is scarce. At larger distances,
fluctuation of receiving power levels is observed. If the

roughness is not considered, calculated power levels are larger
than measurement results at ranges farther than 50m. The
ornaments on the wall cause diffuse scattering and increase
path losses.

Figure 7 shows demodulated baseband waveforms with
the same input signal in Figure 5(a) applied. Dipole antennas
are used for transmitting and receiving antennas and an
oscillator of 24GHz and 13 dBm output power level is used
for simulations.The heights of the antennas are 1.1m. Figures
7(b) and 7(c) are the simulated waveforms when the interior
of the tunnel is assumed to be smooth; in other words, the
roughness is zero. Figures 7(d) and 7(e) are for the case of
the surface roughness equal to 2 cm. The surface roughness
causes increased attenuation of scatteredwaves andmultipath
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Figure 6: Received power levels in the second test tunnel.

effects are mitigated. Although multipath fading becomes
smaller, dominant signals from the source decrease if the
signals do not follow line of sight paths.

Figure 8 shows the simulated variation of power levels
with the carrier frequency changed for the same site. For
this simulation also, dipole antennas are used with the same
directivity to compare the received power level changes.
Output power levels are 13 dBm and the height of antennas
are 1.1m. Due to the omnidirectional radiation patterns of
dipole antennas, contributions of multipath signals increase
the fluctuations. Figure 8(a) shows the power levels for the
smooth wall with the roughness equal to 0. Figure 8(b) is
the case with the roughness 2 cm. For smooth walls, the
power levels are rapidly varying as the frequency increases.
For a tunnel with rough surface, variations of fluctuations
with frequencies are not so severe. The range of line of sight
region where multipath signals have slight influence seems
to increase with frequency as diffuse scattering depends
on the ratio of the roughness to wavelengths. At lower
frequency, the surface can be considered as a smooth surface
as the wavelength is longer. The roughness of the tunnel
mitigates multipath fading in a tunnel at millimeter wave
frequencies.

5. Computational Efficiency

Figure 9 shows a series of processes to obtain time domain
received signal using ray frustums and IFFT. After the
triangulated mesh data of tunnel structures are loaded, they

are partitioned into spatial divisions such as kD-tree to
decrease the number of unnecessary visibility tests. Then,
information on transmitting antennas is loaded. Starting
from the locations of transmitting antennas, ray frustums
are constructed consecutively, which consumes much time
(block “A” in Figure 9). The frustums are used to determine
ray paths and calculate received signals. If the position of
a receiver is included in a ray frustum, it means that a ray
path from the transmitter to the receiver exists. The frustums
are stored in a computer memory and are also partitioned
into spatial divisions to minimize the number of inclusion
tests. Ray frustums including the receiver only are utilized
to determine the ray paths to the receiver (block “B” in
Figure 9). Following the paths, received electric fields are
calculated using geometrical optics and uniform theory of
diffraction. To retrieve time domain signals at the position of
the receiver, electric fields are calculated at discrete frequency
spectra (block “C”). To show the computational efficiency
of the proposed method, we compare the computation time
spent to complete three blocks.

The tunnel structure in Figure 6 is utilized, which is
triangulated into different number of cells with coarse or
fine sized triangles. The frustums are generated such that
the number of reflections or transmissions is set to be three,
and diffractions are considered on each scattering. A PC
with an Intel i7 CPU (3.5GHz) with 16GB memory is used.
To accelerate computations, a parallel processing library
(OPEN-MP) is used. Computation times for the three stages
are compared in Table 1.



International Journal of Antennas and Propagation 7

TXRX1RX2

(a) Positions of the transmitter and the receivers in the tunnel

0

4

0 0.25 0.5 0.75 1

Vo
lta

ge
 (m

V
)

−4

−8

−12

Time (𝜇s)

(b) At point “RX1”

0

5

10

15

0 0.25 0.5 0.75 1

Vo
lta

ge
 (m

V
)

−5

Time (𝜇s)

(c) At point “RX2”

0

4

0 0.25 0.5 0.75 1

Vo
lta

ge
 (m

V
)

−4

−8

−12

Time (𝜇s)

(d) At point “RX1”

0

5

10

15

0 0.25 0.5 0.75 1

Vo
lta

ge
 (m

V
)

−5

Time (𝜇s)

(e) At point “RX2”

Figure 7: Received power levels in the second test tunnel.

Table 1: Comparison of computation times for the tunnel structure with different level of discretization.

Number of mesh cells Number of frustums Block “A” Block “B”
(10,000 points)

Block “C” (1 point)
512 samples, IFFT

1,068 138,550 14.59 (sec) 47.03 (sec) 0.47 (sec)
3,452 346,900 39.14 (sec) 137.63 (sec) 0.47 (sec)
5,674 490,241 72.90 (sec) 175.78 (sec) 0.485 (sec)
9,068 824,330 146.95 (sec) 211.59 (sec) 0.53 (sec)

Although spatial division algorithms like kD-
tree and octree are used, the computation times
for the block “A” increase almost linearly with
the number of mesh cells. This is because the bases of
frustums are created from the mesh cells. For the block “B”,
computation times needed to calculate received signals at
10,000 points are compared. The computation times increase
logarithmically with mesh cells. For the block “C”, the
computation times needed to obtain time domain received
signal at one observation point remain almost the same.
Although the total numbers of ray frustums change with
mesh cells, the number of ray paths to the fixed receiver point
remains almost the same. The frequency domain transfer

function from the transmitter to the receiver is calculated
at 512 frequencies. The FFT result of the transmitted signal
is multiplied with the transfer function and IFFT is used to
retrieve time domain received signal.

6. Conclusion

In this paper, properties of millimeter wave propagation in
tunnels are investigated in terms of frequency domain path
losses and time domain impulse responses which are demod-
ulated signals at the output of the down-mixer. To efficiently
simulate the time domain results, FFT and the concept of low
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Figure 9: Flow chart to obtain time domain received signal.

pass equivalent signals are used.The impulse response shows
directly the influences of scattering of waves from internal
structures and surface roughness. From parametric studies
using the simulator, multipath fading effects are shown to be
mitigated in a tunnel with rough surface, although dominant
signals strength decreases.
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