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Abstract: Deterministic channel models, such as the three-dimensional (3D) ray launching method,
can yield wireless channel parameters. In the non-line-of-sight (NLOS) propagation, the outdoor
3D ray launching method that considers diffraction effects is more accurate than the one that does
not. While considering the diffraction effect, obtaining the diffraction point is challenging. This
paper proposed a method for determining diffracted rays using the receiving sphere method in 3D
ray launching. The diffraction point is determined using the shortest distance method between two
straight lines, and the signal loss from the transmitting to receiving antennas is obtained. Furthermore,
experiments on a millimeter wave in a microcell scenario were performed. The test results of the
wireless channel parameters were compared with theoretical calculations. The results obtained via
the 3D ray launching method that only considers the specular reflection and direct rays agree with
the experimental results in the line-of-sight (LOS); furthermore, they generate larger errors compared
with the experimental results in the NLOS. The results obtained via the 3D ray launching method
that considers the direct ray, reflected rays, and diffracted rays agree with the experimental results
both in the LOS and NLOS. Therefore, the 3D ray launching method that considers the diffraction

effect can improve the prediction accuracy of the millimeter wave channel parameters in a microcell.

Keywords: diffraction effect; millimeter wave; deterministic channel model; three-dimensional ray
launching method; microcell

1. Introduction

Compared with fifth-generation wireless systems (5G) sub-6GHz, millimeter wave
technology has unique advantages, such as a large bandwidth, low delay, and high speed,
and can effectively meet the needs of future wireless communication systems with respect
to capacity and transmission rate [1-3]. Therefore, millimeter wave technology has become
a core element of 5G.

With the rapid development of wireless mobile communication, the size of a cell is
becoming smaller, and the design of a mobile system requires information on transmission
at specific sites [4,5]. It is essential for a radio wave propagation model to realize a wireless
system. In the past few decades, statistical and deterministic channel models have been
proposed in urban microcell environments. Compared with a statistical channel model, a
deterministic channel model can solve specific, real-life scenarios. Considering the future
communication system design, the outdoor environment will be one of the important
application scenarios in wireless communications [6], and its actual environment is complex
and changeable. It is difficult for general statistical channel models to distinguish these
changes, which makes it difficult to obtain an accurate model. At present, the propagation
of radio waves is simulated to obtain the precise channel characteristics of a specific scene in
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the deterministic channel model. Ray tracing is the main method in deterministic channel
modeling and provides predictions of propagation characteristics to realize a wireless
communication system [7-11].

Research and development of wireless communication systems requires an extensive
understanding of the channel characteristics. Ray tracing is an effective method in wireless
communication and can predict propagation characteristics very precisely. In the three-
dimensional (3D) ray launching method, a large number of rays are cast from the transmitter
in all directions [12-14]. The relationship between the rays and obstacles is evaluated, the
path of the ray is searched, the propagation loss is calculated, and the arrival and departure
angles of the receiver at a certain position are determined. For specular reflection, the path
of the reflection can be obtained through the image method and the test of the intersection.

In the past few decades, a large number of measurements were conducted, and
large amounts of experimental data were obtained; however, calculations and predictions
have not been reported. Horikoshi et al. conducted an indoor propagation measure-
ment at 1.2 GHz [15]. Subsequently, Bultitude et al. conducted an indoor propagation
measurement [16]. Moreover, measurements at 910 MHz were compared with those at
1.75 GHz. Measurements and analyses were conducted by H. W. Arnold R. Murray et al.
at 815 MHz [17]. Subsequently, Honcharenko first proposed the two-dimensional (2D)
ray launching method to calculate the reflected and transmitted rays and compared the
results with experimental data in 1992 [18]. The method was highly effective for complex
environments. Ji Zhong et al. proposed the receiving circles to determine the occurrence of
diffracted rays in a two-dimensional scenario [19]. However, there are few references on de-
termining the three-dimensional diffraction path. Schaubach et al. first proposed a method
for calculating the radius of a receiving sphere in the 3D ray launching method [20]. Subse-
quently, Hewei et al. proposed a receiving cylinder to determine whether the diffracted rays
were received [21]. Geok proposed the maximum accuracy technology of the indoor 3D
minimum ray launching method, which is suitable for effective indoor radio wave propaga-
tion prediction [22]. In 2019, Hossain et al. proposed an effective 3D ray launching method
to study the indoor radio waves at 28 GHz [23]. Therefore, it is necessary to study methods
to determine the diffraction point in case of 3D ray launching in outdoor microcells.

In the paper, the receiving sphere method is used to improve the method of determin-
ing the diffracted rays and the calculation accuracy of the 3D ray launching method. This
study mainly focuses on the diffraction effect. The framework of the study is as follows:
First, the channel measurement system is described. Second, the basic theory of the 3D
ray launching method and the calculation method of the reflected and diffracted fields are
introduced. Third, experimental methods are introduced. Fourth, the result of the 3D ray
tracing is verified. Finally, a summary of this study is provided.

2. Theory of Ray Launching Method
2.1. Three-Dimensional Ray Launching Method

Channel models are divided into the following two categories: statistical models, also
known as empirical models, and theoretical models, also called deterministic models.

Compared with statistical channel models, deterministic models explicitly consider
the interaction between the transmitted electromagnetic wave and the surrounding en-
vironments. Deterministic models are suitable for predicting indoor microcellular and
central areas of large cities by applying the electromagnetic field theory to calculate the
specific environment. The most representative model is the ray-tracing model.

Ray tracing is a technology that is extensively used to predict the propagation char-
acteristics of radio waves in mobile communications, personal communications (street
microcell), and indoor microcells. Ray tracing can be used to identify all possible ray
paths between the transmitting and receiving antennas in a multipath channel. Once all
the possible rays have been identified, the amplitude, phase, delay, and polarization of
each ray can be calculated based on the radio wave propagation theory. Accordingly,
the coherent combination of all rays arriving at the receiving point can be obtained by
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combining the antenna pattern and the bandwidth of the system. Hence, the ray-tracing
model has tremendous advantages in terms of its prediction accuracy compared with tradi-
tional statistical models and can provide adequate information for the design of broadband
wireless systems.

With the development of computer technology and algorithms to enhance accuracy,
the ray-tracing algorithm has become a highly effective, accurate, and fast method for
wireless channel modeling. Simple and easy to implement, it has been extensively used in
propagation prediction in specific scenarios.

Ray-tracing methods mainly include the following two methods: (a) the image method
and (b) the shooting and bouncing ray method. The image method can determine the effec-
tive reflection path between the transmitting and receiving points. However, the amount
of calculation increases owing to many reflecting surfaces in a typical urban environment,
and therefore, this method may no longer be applicable in a typical urban environment.

Therefore, the ray launching method is extensively used in propagation modeling.
The underlying concept of the ray launching method is to track each ray emitted from
the source position to determine whether the rays reach the receiving point. The steps
involved are as follows:

1. Preparation work. There are three main parts. First, the environmental data file must
be read, including all the vertex coordinates of the building and the outer normal
vector of the wall. Second, various electromagnetic parameters must be initialized,
such as the height of the transmitting and receiving antennas, frequency, emission
power, wavelength, dielectric constant, and conductivity. Third, the influence of
different number of rays on the accuracy of the electric field must be tested by
subdividing the polyhedron to generate different types of rays. Furthermore, the
regular icosahedron is used.

2. Direct rays must be assessed to determine whether the receiving antenna is within
the line of sight (LOS) of the transmitting antenna.

3. The reflected and diffracted rays must be detected. The rays that enter the receiving
ball after one reflection and diffraction must be identified.

4. The following must be detected: first-order diffraction ray and one diffraction ray
followed by a reflected ray.

5. Multiple reflections for up to fifth order reflection rays must be detected.

6.  Subsequent calculations. The electric field strength and synthesis of each ray based
on the ray path must be calculated. Thus, the path loss is obtained at the receiving
point. A brief flow diagram of the 3D ray launching method is shown in Figure 1.

A detailed flow chart of the serial algorithm of the 3D ray launching method is shown
in Figure 2. The field strength on the direct ray, one order diffraction rays, multi-order
reflection rays, the reflection followed by the diffraction rays and the diffraction followed
by the reflection rays can be obtained in Figure 2, respectively. The path loss at the receiving
point is calculated to obtain the sum of a single-ray power (SP) and the sum of the complex
power (PS) [24,25]. Therefore,

Lsp = 10log

gl(fnfo)zl 1)

where E; is the electric field of the ith ray in volts, Ey is the initial field in volts, and A is the
wavelength in meters.

— AE
Lps =20 loglo ir tEOé“I

@

n
where E;;;; = ) E; is the total field strength in volts.
i=1
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‘Whether the ray is the reflection followed by diffraction?

Whether the ray is the diffraction followed from reflection ray?
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Figure 1. Flow chart of the program.
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Figure 2. Detailed flow chart of the program.
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2.2. Calculation of the Direct Wave Field
In the LOS, the direct wave-field strength is

E=Ey-e /s 3)

where s is the distance between the transmitting and receiving antenna in meters, and Ej is

the initial field in volts. k is the wave number in m~1.

2.3. Calculation of the Reflected Field

If the light is reflected once or multiple times before reaching the field point, the light
is called a reflected ray. The ray is the reflection of electromagnetic waves at the interface
of different media. The propagation direction of the reflected rays depends on the laws of
reflection. The strength of the reflected field is determined by the Fresnel equation. At the
boundary of the medium, the vertical polarization reflection coefficient and the parallel
polarization reflection coefficient are defined as [26]

R, — & cos 0—+/ e, —sin? 0

o ey cos 0+/ sr—sin29 (4)

_ cosf—+/e,—sin? 0

o cos 0+1/€,—sin? 0

where 0 is the incident angle in degrees, the relative permittivity is e, = £ — j60cA, ¢ is the
permittivity, and o is the conductivity.
The strength of the reflected field is [27,28]

E'=Ey-R-A-e ks1152) (5)

where Ej is the electric field at a distance of 1 m from the transmitting antenna in volts,
R is the Fresnel reflection coefficient, A is the diffusion factor from the reflection point to
the field point, s; denotes the distance from the transmitting point to the diffraction point
in meters, and s, denotes the distance from the diffraction point to the receiving point
in meters.

2.4. Calculation of the Diffracted Field

The diffracted wave is more complicated compared with the direct and reflected
waves. An incident ray will produce many diffracted rays. The calculation formula of the
diffraction coefficient is as follows [29,30],

FlkLa™ (¢po —¢1)] + ...
_ein/4 cot FlkLa™ (¢2 = ¢1)] + ...
2nv/27ksin o | Rocot| "G FIkLa* (g2 — g)] +..
Ry, cot[%{‘m} FlkLa™ (¢2 — ¢1)]

cot (47 74’1)
—(¢2—¢1)
2n (6)

where e and m are the vertical and parallel polarizations, respectively. Furthermore, By is
the angle between the incident ray and the wedge. F(x) is a transition function, which is
used to correct Keller’s nonuniformity correction and is a variant of the Fresnel integral.
Rp and R;, are the reflection coefficient matrices of the ‘0’ and ‘n” planes on both sides of
the diffraction edge, respectively, ¢ is the angle between the incident ray and the ‘o’ plane
in degrees, ¢, is the angle formed by the diffracted rays and the ‘0" plane, n is the wedge
factor in degrees, and k is the number of the carrier wave in m~1.

The diffraction field is [31],
E'=FEy-D A.e /ksits2) @)

where D is the diffraction coefficient, and A is the diffusion factor.
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A quick and effective method is proposed herein to determine the diffraction point.
As shown in Figure 3, the intersection O; between any ray I and the wall is assessed. If
the intersection is a virtual point, the corresponding diffraction point O on the edge of the
wall will be determined based on the method of determining the shortest distance between
two straight lines. Assuming that the distance between the transmitting and the diffraction
point is d, the diffraction point O is the center of the circle, and the radius ¢d/ V/3 is used
to determine whether the ray has an intersection with the circle. If there is an intersection,
the ray is diffracted; otherwise, no diffraction occurs.

Figure 3. Schematic showing the method used to determine the diffraction point. The red line
represents ray /, the cuboid denotes the barrier, the sphere represents a virtual receiving sphere, O
is the center of the virtual receiving sphere, and Oj is the point where the ray I intersects with the
virtual receiver sphere.

3. Experimental Methods: Introduction to Channel Measurements at 39 GHz
3.1. Channel Measurement System at 39 GHz

The available bandwidth of the 5G millimeter-wave frequency band is as high as
several gigahertz. This increased bandwidth introduces considerable challenges to the
channel measurement equipment. Traditionally, the broadband channel measurement
methods include direct radio frequency pulse, spread-spectrum sliding correlation, and
frequency-domain sweep measurements. The method of the spread-spectrum sliding
correlation measurement has become the main method of channel measurements owing to
its advantages of high processing gain and coverage in the millimeter wave band.

The measurement system used is based on a spread-spectrum sliding correlation principle:

m+L—1
y[m] = ; yilnly;[n + N ®)

where L is denotes as the actual number of samples averaged in windows, y;[n] is the
received signal in the time domain at the nth moment, and y; [ + N] denotes the conjugate
of the received signal in the time domain at the (n + N)th moment. The system has the
ability to measure multi-antenna broadband channels in the millimeter-wave frequency
band. A rubidium atomic clock is calibrated using the global positioning system (GPS) for
time synchronization.

According to the measurement requirements, the measurement points can be planned
independently for the transmitter and receiver in the long-distance measurement range.
The system is equipped with a 3D antenna turntable, which can accurately control the
vertical, horizontal, and pitch rotation angles of the antennas. As shown in Figure 4,
the transmitter terminal of the system is mainly composed of a rubidium atomic clock,
an M8190 arbitrary waveform generator, E8267D vector signal source, and an analog
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signal source. The rubidium atomic clock provides a reference signal for time, and M8190
generates analog measurement signals. Furthermore, baseband signals are up-converted to
radio frequency signals by the E8267D signal source, and the analog signal source provides
a local oscillator signal based on certain conditions.

Downconverter
M9362A

0.01-1.5GHz IF Output

E8267D
vector signal source

M8190
Arbitrary waveform

LO: N5I83A) —— — ¢~ — —~

( A |
) | M9703A %

w0 COCORERER Y | Digitizer | W
generator FEp oy eeeaee | A |
A e & | |

|

|

\

s Rubidium || o=
- Rubidium atomic clock -
atomic clock — "

Figure 4. Measurement system used for millimeter waves.

The receiving terminal is mainly composed of a down-converter M9362A, the signal
source N5183A, and the digitizer M9703A. The radio frequency input range of the down-
converter M9362A is 10 MHz to 40 GHz. The N5183A provides the local oscillator signal
for the down-converter. The frequency range of the intermediate frequency signal output
by the N9362A is in the range of 0.01 to 1.5 GHz, and the M9703A digitizer samples the
intermediate frequency signal. GPS signals are used to calibrate the rubidium atomic
clocks. The system has a very high temporal synchronization accuracy and supports
long-distance measurements.

The transmitting antenna is omnidirectional, and the antenna pattern of the transmit-
ting antenna is shown in Figure 5. Moreover, the operating frequency ranges from 26.5
to 40 GHz. The gain of the omnidirectional antenna at 39 GHz is 6.19 dBi. The receiving
antenna is a directional horn antenna. The operating frequency is in the range of 26.3
to 40 GHz. The gain of the horn antenna at 39 GHz is 26.92 dBi, and the half-power
beamwidth of the E and H planes are 7.41° and 7.8°, respectively. The transmitting and
receiving antennas are operated in vertical polarization modes.

0 T T T T T T T T T T T T T T

— E-plane 1
— — — H-plane -

Relative gain(dB)

_1 00 . 1 . 1 . 1 . 1 . 1 . 1 . 1
0 50 100 150 200 250 300 350
Angle(degree)

Figure 5. Horn antenna pattern at 39 GHz. (The red line is antenna pattern of H-plane, and the black
line is antenna pattern of E-plane.)
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3.2. Channel Measurement Procedure

In this study, measurements were conducted in urban microcells. An omnidirectional
antenna, which was fixed at a position to set it in a vertically polarized state, was adopted
in the transmitting terminal. The receiving terminal used a horn antenna, and a turntable
was used to move in the horizontal and vertical directions, respectively. Different measure-
ment areas were selected for LOS and NLOS measurements based on the distribution of
buildings. The transmitter position was fixed during the measurement. Moreover, different
measurement points were selected as receivers, including 22 points for LOS and 11 points
for NLOS. The distribution of the specific measurement points is shown in Figure 6. The
red solid line represents the x- and y-axes, and the z-axis is along the direction of the height
of the building. The blue line represents the lawn. In the LOS scenario, the transmitting
antenna is an omnidirectional antenna, and its coordinates are Tx1 (22.3, 64.9, 9). The
receiving antenna is a horn antenna, and it moves along the yellow line (that is, along
the x-axis) every 5 or 10 m; y = 71.3, z = 1.5, and x assumes the following values: 42.3,
47.3,52.3,57.3,62.3,67.3,72.3,77.3,82.3,87.3,92.3,97.3,102.3, 107.3, 112.3, 122.3, 132.3,
142.3,152.3,162.3, 172.3. The power of the transmitter is 0 dBm, and the bandwidth of the
measurement is 1 GHz. The azimuthal angle is collected every 5°. The transmitter antenna
is in a vertically polarized state, and the receiving antenna is also in a vertically polarized
state. In the NLOS scenario, the transmitting antenna is an omnidirectional antenna, and
Tx2is (2.9, 54.7, 9); the receiving antenna is a horn antenna that moves once every 5 m along
the gray lines. The transmitting antenna and receiving antenna are vertically polarized.

a 3D: —10°~20° => MS route LOS

10
UM 0 3D: —10°~10° => MS route NLOS
* : o
vA 2D: 0 > Bs
i‘ 61.8 ’i‘ sﬁ‘ 62 gl ‘ 62 ~
P
building 9 l | building 8 h | building 7
Smemmsssen 1 0m
Tx1 C y ——" Rx ~Se—h—A—A—A
> lawn 229
Tx2 Ry —>
X * building 4 l building 6
l 65.5 220
North
building 3 building 2 building 1

- - \‘
65.5 " 14.8 65.5 ™ 16.3] 47 ‘ X

‘<
Figure 6. Plot of measurements in urban microcells.

The measurement parameters are listed in Table 1. The complex relative dielectric
permittivity of the wall is taken as &, = 3 4 0.005i based on the value provided in the
literature [32]. The farther the receiving antenna is from the transmitting antenna, the
smaller the influence of the elevation angle. Therefore, the station that is far away from the
transmitting antenna only measured an elevation angle of 0° and azimuthal angle of 360°,
as shown in Figure 6. In Figure 6, 3D indicates that the elevation and azimuthal angles
are measured; 2D indicates the experimental data where the elevation angle is 0° and the
azimuthal angle is 360°.
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Table 1. Channel measurement parameters in the urban microcell.

Parameters Value
Frequency (GHz) 39
Bandwidth (GHz) 1
Transmitting power (dBm) 0

The height of receiver/transmitter antenna (m) 1.5/9.0

The transmitter and the gain (dBi) Omnidirectional antenna/6.19
The receiver and the gain (dBi) Horn antenna/26.92

The step of the receiver antenna (°) 5°
Polarization mode of transmitting antenna \%
Polarization mode of receiving antenna \Y%

In LOS environments, the transmitting Tx1 was fixed, and the receiving antenna was
movable. In the short range, the azimuthal angle of each receiving point was measured
at —10°, 0°, 10°, 20°, 30°, and the elevation angle of each receiving point was measured
every 5°. For longer distances, the elevation angle of each receiving point was measured at
0° and the azimuthal angle of the receiving point was measured every 5°. In the NLOS
environments, the transmitting point, which is referred to as Tx2, was fixed, and the
receiving antenna was moved. In the 3D measurements, the receiving point that was close
to the transmitting point was measured at azimuthal angles of —10°, 0°, 10°, 20°, and 30°,
and at every 5° in the case of the elevation angles. The receiving point that was far from
the transmitting point was at —10°, 0°, and 10° in terms of azimuthal angles and every 5°
in the case of elevation angles. Finally, the data were collected and processed as shown in
Figure 7.

Multipath

|

Rx

—

Channel impulse
response

|

Data processing

Figure 7. Flow chart outlining the data processing.

4. Results and Discussion: Comparison of Theory and Experiments
4.1. Path Loss without Consideration of the Diffraction Effect

A specific environment was considered for the design of the algorithm. The study
conducted research on a microcell. Thus, the establishment of a reasonable and general
model is the premise for the prediction of the radio wave. An urban environment is
characterized by the existence of numerous buildings. To simplify the model, the buildings
are generally equivalent to a rectangular parallelepiped with smooth and flat surfaces. The
flowers, trees, cars, and other factors are generally ignored, and the loss of the space caused
by the scattering is not considered. Thus, the propagation environment of radio waves
has been established. Radio waves mainly propagate in air and the directed, reflected,
and diffracted rays from the walls, corners of the wall or the ground would occur. The
measurement area was divided into two areas based on the propagation scenario: LOS and
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Path Loss (dB)
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NLOS. In this study, the equilateral triangle was split into different times, that is, there are
40,962, 163,842, 65,362, and 2,621,442 rays when it was split six, seven, eight, and nine times,
respectively. The electric fields of the direct wave and the multiple reflection waves (up to
five times) were calculated, and the path loss that changed with distance was obtained.

As shown in Figures 8 and 9, the path loss varied with the distance for the different
number of rays in the LOS. The term ‘meas” denotes measurements. The red line is the
experimental data, and the blue and black lines are both theoretical calculations. The blue
line is the sum-of-individual-ray-powers (SP) method, and the black line is the power-of-
complex-sum (PS) method. The direct ray, first order reflection, second order reflection,
third order reflection, fourth order reflection and fifth order reflection are considered in the
theoretical calculation. The distance from the measured points to the transmitting antenna
are used as values of the abscissas. When the receiver is away from the transmitter, the
measured path loss increases as a function of distance in Figures 8 and 9. The PS and SP
methods have minor differences from the measured data in the different number of rays,
as shown in Figures 8 and 9. As listed in Table 2, the root mean square error (RMSE) of
the SP method is less than the RMSE of the PS method, thus indicating that the SP method
is better than the PS method in the LOS. When the number of rays is 40,962, the RMSE of
the SP method is 4.5106, which is less than the corresponding RMSE values in the cases
of other ray numbers. This implies that as the number of rays increased, the agreement
between the theoretically calculated and the measured data improved.

40962 LOS
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Figure 8. Path loss comparison of theoretical calculation with measured data for 40,962 and 163,842 rays in the LOS,
respectively. (a) The number of rays is 40,962 (b) The number of rays is 163,842.
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Figure 9. Path loss comparison of theoretical calculation with measured data for 655,362 and 2,621,442 rays in the LOS,
respectively. (a) The number of rays is 655,362 (b) The number of rays is 2,621,442.
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Table 2. The RMSE in the LOS.

The Number of the Ray RMSE (SP) RMSE (PS)
10,242 4.9240 6.3400
40,962 4.5106 5.8789
163,842 5.6778 7.8459
655,362 4.6707 6.6942
2,621,442 4.92323 6.1555

As shown in Figures 10 and 11, the path loss in the measured data increases as the
distance between the transmitter and receiver in the NLOS environment increases and as
the received power decreases. In theory, up to five orders of reflections are calculated. The
theoretical calculation curves shown in Figures 10 and 11 are not continuous because the
receiving antenna is in the NLOS environment relative to the transmitting antenna, and
multiple reflections do not occur at the discontinuous receiving point. Therefore, this may
be the received signal owing to diffraction. If the diffracted rays are not calculated, or if the
effect of the diffracted rays is neglected, the received field strength becomes weaker and the
path loss increases. It was found that when the rays were equal to 40,962, 163,842, 655,362,
and 2,621,442, there were large differences between the theoretical calculation and experi-
mental data, as shown in Figures 10 and 11. This shows that the diffraction has a significant

influence on the electric field strength and the path loss in the NLOS environment.

—sP
---PS

meas

"40962 NLOS

1 1 1 1

00 1 1 1 1
10 15 20 25 30

35 40 45 50 55
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R1401
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120
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163842 NLOS
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distance (m)
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Figure 10. Path loss comparison of theoretical calculation with measured data for 40,962 and 163,482 rays in the NLOS,
respectively. (a) The number of rays is 40,962 (b) The number of rays is 163,482.
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Figure 11. Path loss comparison of theoretical calculation with measured data for 655,362 and 2,621,442 rays in the NLOS,
respectively. (a) The number of rays is 655,362 (b) The number of rays is 2,621,442.
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4.2. Path Loss Considering the Diffraction Effect

According to the inference in Section 4.1, the diffraction phenomenon has a very
important influence on the received signal in the microcellular environment. Therefore,
the direct ray from the transmitter to the receiver, the specular reflection, over-rooftop
diffraction, diffraction from a vertical edge, and the diffraction at the intersection of the
wall and the ground are calculated and discussed in this section. The direct ray, first-order
diffraction, reflection followed by diffraction, diffraction followed from reflection, and
(up to five orders of) reflections were considered. The path loss at a certain distance
was calculated in the study when the number of emitted rays was different in the LOS
environment, as shown in Figures 12 and 13.
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Figure 12. Path loss comparison of theoretical calculation with measured data for 40,962 and 163,482 rays in the LOS. (a) The
number of rays is 40,962 (b) The number of rays is 163,482.
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Figure 13. Path loss comparison of theoretical calculation with measured data for 655,362 and 2,621,442 rays in the LOS.
(a) The number of rays is 655,362 (b) The number of rays is 2,621,442.

In Figures 12 and 13, the path loss varies as a function of distance between the trans-
mitting and receiving antennas in the LOS environment. As the distance increases, the path
loss will increase, and the received power will decrease. When 40,962 and 163,842 rays
are used, the calculated results of the PS method do not fit well with the measured data.
However, the calculated results of the PS method for 655,362 and 2,621,442 rays are gen-
erally in agreement with the measured data. The RMSE of the SP method is smaller than
that of the PS method in general (Table 3). The RMSEs of the SP method with 40,962 rays
and 163,842 rays are 3.9318 and 3.9212, respectively. The RMSEs of the SP method with
10,242, 655,362, and 2,621,442 rays are 4.1386, 4.1032, and 3.9704, respectively. Therefore,
considering the calculation time and accuracy, the use of 40,962 rays is the best choice. The
theoretical calculation and the measured data are in good agreement in general. When the
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distance between the transmitting and receiving antennas is around 100 m, the SP method
and the experimental data have a certain error, which is caused by the obstacles, such as
by the surrounding cars, telegraph poles, and vegetation. However, the error is within
the allowable range. The measured data are consistent with the theoretical calculations,
thus indicating that the results obtained by the algorithm in this study are effective. The
theoretical calculations of 40,962 rays are in good agreement with the measured data irre-
spective of whether diffraction was considered. The RMSE of the SP method was 4.5106
when diffraction was not considered. When diffraction was considered, the RMSE of the
SP method was 3.9318. The two values were not very different, thus indicating that the
diffraction effect was very weak in the LOS. However, the 3D ray launching method that
considers the effect of diffraction can generally predict the electric field intensity of any
field point near the communication base station. A 2D visualization of the propagation
path from the transmitting (22.3, 64.9, 9) to the receiving (172.3, 71.3, 1.5) location is shown
in Figure 14. There are numerous rays from the transmitting point to the receiving point,
indicating multipath propagation.

Table 3. The RMSE in the LOS.

The Number of rays RMSE (SP) RMSE (PS)
10,242 4.1386 5.5011
40,962 3.9318 5.7427
163,842 3.9212 5.3059
655,362 4.1032 3.9049
2,621,442 3.9704 4.6499
110 . . . : |
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| ,
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Figure 14. Visualization of the propagation path in a 2D surface at 172.3 m in the LOS.

In Figures 15 and 16, the path loss in a certain distance changes with the distance
between the transmitting and the receiving antenna in the NLOS environment. It can be
observed from these figures that when the distance is between 23 and 55 m, the difference
between the theoretical calculation and the measured data is approximately 6 dB for 40,962,
163,842, and 655,362 rays. However, the difference between the theoretical calculation and
the measured data is approximately 15 dB when the distance is between 10 and 23 m. This
is attributed to the fact that when the diffraction is not considered, there are no multiple
reflections from the transmitting to the receiving locations (between 10 and 23 m), and the
path loss cannot be calculated. When the diffraction is considered, first-order diffraction,
reflection followed by diffraction, and diffraction followed from reflection would occur
from the transmitting to the receiving points. This shows that diffraction has a certain
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effect in the NLOS case. The difference between the SP method and the measured data
may be attributed to the fact that the surrounding fitness equipment and vegetation were
ignored. The 3D ray launching method was in good agreement with the measured data as
the distance varied between 23 and 55 m. The RMSE of the theoretical calculation is the
smallest when the number of rays is 655,362, as shown in Table 4; that is, the RMSEs of the
PS method are 8.5142 and 7.8922, respectively. This indicates that the theoretical calculation
that considers the effect of diffraction is in a better agreement with the measured data
compared with the 3D ray launching method that does not consider the effect of diffraction.
This confirms the validity of the results obtained by the new ray launching method. A 2D
visualization of the propagation path from the transmitting (2.9, 54.7, 9) to the receiving (60,
62.9, 1.5) antenna in the NLOS is shown in Figure 17. The figure shows that the number
of rays in the NLOS is not as rich as the ones in the LOS. The 3D ray launching method that
considered the effect of diffraction provided a theoretical basis for the urban radio wave
transmission and the setting and optimization of the base station location.
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Figure 15. Path loss comparison of theoretical calculation with measured data for 40,962 and 163,842 rays in the NLOS. (a)
The number of rays is 40,962 (b) The number of rays is 163,482.
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Figure 16. Path loss comparison of theoretical calculation with measured data for 655,362 and 2,621,442 rays in the NLOS.
(a) The number of rays is 655,362 (b) The number of rays is 2,621,442.

Table 4. The RMSE in the NLOS.

The Number of the Ray RMSE (SP) RMSE (PS)
10,242 8.8742 8.9469
40,962 9.6515 9.4241
163,842 8.5696 8.6053
655,362 8.5142 7.8922

2,621,442 12.5075 12.1358
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Figure 17. Visualization of the propagation path in a 2D surface at 60 m in the NLOS.

5. Conclusions

To improve the prediction accuracy of the signal in the millimeter wave in typical
urban microcells, a channel measurement experiment at 39 GHz was conducted. Herein, a
3D ray launching method that considered the effect of diffraction was studied. The results
showed that when diffraction was not considered in the 3D ray launching method in the
outdoor microcell, the field strength of the receiving antenna cannot be calculated if the
theoretical calculations appeared discontinuous in the NLOS propagation. Moreover, there
were major differences between the theoretical calculations and experimental data in the
cases of different number of rays in the NLOS propagation. This discrepancy may be
caused by the diffraction effect. This means that the diffraction effect has a very important
influence on the signal reception in the NLOS propagation. The diffraction effect was
then considered in the 3D ray launching method. In the LOS propagation, the results
showed that the RMSE of the 3D ray launching method that considered the diffraction
effect was almost the same as the RMSE of the 3D ray launching method that did not
consider the diffraction effect for 655,362 rays. This showed that the diffraction effect was
very weak in the LOS propagation. In the NLOS propagation, the RMSEs of the PS and SP
methods for 655,362 rays were 8.5142 and 7.8922, respectively. Moreover, the RMSE values
obtained by considering the effect of diffraction were much smaller than those that did not
consider the effect of diffraction in the NLOS propagation. The theoretical calculations that
considered the effect of diffraction and the measurement data were in good agreement in
general. Some deviations between the SP method and the measured data may be attributed
to the influence of the surrounding environment. The above analysis showed that the
diffraction effect should be considered in the 3D ray launching method in an outdoor
microcell. Further studies on radio wave propagation in outdoor microcells will be of great
significance for the selection and optimization of base station locations.
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