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RCS-Based 3D Millimeter-Wave Channel Modeling
Using Quasi-Deterministic Ray Tracing

Javad Ebrahimizadeh, Alireza Madannejad, Xuesong Cai, Senior Member, IEEE, Evgenii Vinogradov,
and Guy A. E. Vandenbosch, Fellow, IEEE

Abstract—This paper introduces a low-complexity ultra-
wideband quasi-deterministic ray tracing (QD-RT) method for
statistical analysis of wireless channels. This model uses a
statistical distribution to model the bistatic radar-cross-section
(RCS) of irregular objects such as cars and pedestrians, instead
of a deterministic propagation model, i.e., applying the exact
values of bistatic RCSs. It is shown that the quasi-deterministic
propagation model benefits from a low complexity compared with
a deterministic model while keeping the accuracy. The proposed
QD-RT method is applied in a realistic street canyon scenario
in the millimeter wave frequency band, and the performance of
the QD-RT method is verified by the deterministic propagation
method, where the second-order statistics including root-mean-
square (RMS) delay spread and angular spread and the first-
order statistic transfer function yield good agreements. Finally,
the application of the QD-RT in stochastic channel modeling
is demonstrated by developing a 3GPP-like statistical channel
model for street canyon scenarios.

Index Terms—Ray tracing; street canyon; radar cross section;
channel model; mmWave propagation, transfer function; path
loss; RMS delay spread; power delay profile; probability density
function.

I. INTRODUCTION

ILLIMETER-wave (mmWave) communication in dense
Murban micro-cellular outdoor scenarios such as street
canyons, offers the advantages of high data rates and low
latency [1]-[3]. However, at these frequencies, path loss is a
significant issue that must be addressed. This can be mitigated
through the use of massive multiple-input multiple-output
(MIMO) techniques, beamforming, and deploying a network
of small cell base stations [4]-[8].

Optimizing the performance of mmWave communication
systems in a street canyon scenario requires a thorough
understanding of the mmWave propagation characteristics.
Although measurement campaigns can be alternatives, they
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are limited and costly. Therefore, numerical methods such as
ray tracing are essential for accurately modeling the channel
[8]-[10]. Accurately calculating wave propagation in street
canyon scenarios with the presence of complex and electrically
large (compared to wavelength) irregular objects such as cars,
pedestrians, traffic signs, and lampposts is a challenging task.
This task is particularly demanding to balance computational
speed and simulator accuracy.

The MiWEBA and NIST projects proposed a quasi-
deterministic ray tracing method that generates power and
delays deterministically from scenario-defined macro objects
such as walls and grounds, while parameters of rays due
to random, irregular objects are selected from predefined
distributions [11]-[17]. However, the proposed method is not
based on the bistatic radar-cross-section (RCS) of the object,
which decreases the accuracy of the method.

The bistatic radar cross-section (RCS) of well-defined
shapes, such as lampposts and traffic signs, can be determined
analytically. In [18], [19], the authors used an analytical
RCS model of traffic signs at 59GHz and integrated
them into a ray tracing technique to develop a vehicle-
to-everything communication channel model. In [20], the
authors implemented the analytical bistatic RCS of the
lamppost in a 3D ray tracing tool to enhance the propagation
model’s accuracy and realism. They showed that lampposts
significantly contribute to the large-scale propagation model.

Irregular objects can be simplified with well-defined
shapes, such as a sphere or a rectangular surface. The
METIS channel model uses the RCS model of a sphere for
scattering from irregular objects [21]. However, this approach
has limitations in modeling the bistatic RCS of irregular
objects. The RCS of an electrically large sphere is constant
and not a function of spatial angles, which results in a
failure to accurately capture the fluctuation of bistatic RCS.
Furthermore, METIS determines the sphere’s radius to match
the surface area covering the physical size of the irregular
object, and its electrical size is not considered. The analytical
mmWave scattering model based on the 3D Fresnel model for
rectangular surfaces, described in [22]-[24], was developed
for modeling the bistatic RCS of irregular objects with a well-
defined rectangular plate shape.

The bistatic RCS of irregular objects can be computed
using asymptotic methods, such as physical optics (PO)
and geometrical optics (GO) methods. In [25], the authors
proposed a simplified ray tracing method based on the
scattering center method. By estimating the dominant current
distributions on the surface of irregular objects, this method
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can compute far-field and near-field RCS values. Nonetheless,
it is more complex than the traditional physical optics method.

Treating the RCS as a random variable in the frequency
and spatial domain with a particular distribution can model
the fluctuations. This approach is commonly used in radar and
wireless communication applications, where RCS fluctuations
are modeled based on specific power density functions (PDFs)
[26]-[28]. In [29], the authors demonstrated that the bistatic
RCS of complex objects can be modeled using a statistical
distribution. They also modeled several types of vehicles, such
as passenger cars, vans, and trucks, with logistic distributions
in the sub-6 GHz band. However, their work focused on
classification rather than incorporating the RCS distribution
into a realistic channel propagation model.

To the authors’ knowledge, for the first time, the present
paper introduces a new method for ray tracing, i.e., quasi-
deterministic ray tracing (QD-RT), which incorporates the
statistical distributions of the bistatic RCSs of irregular objects
instead of their exact values. The QD-RT method is suitable for
statistical analysis of channels. The development of the QD-
RT method is motivated by the need for an accurate simulation
of statistical channels in real-life scenarios, such as street
canyons. It is shown that the proposed method can generate the
same channel parameter distributions as the deterministic ray
tracing. This paper employs the QD-RT method to develop
a 3GPP-like statistical channel model for the street canyon
scenario. In this scenario, transmitter antennas are mounted
on lampposts in the street, providing service to sidewalk users.
The main contributions of the paper are:

e Quasi-deterministic Ray Tracing Technique: A novel
quasi-deterministic ray tracing technique is developed
utilizing dedicated PDFs of bistatic RCSs of objects.
This technique enables accurate modeling of the
complex propagation environment, allowing for a realistic
assessment of the wireless communication channels.
The quasi-deterministic ray tracing benefits from low
computational complexity and can generate the same
channel distributions as the deterministic ray tracing
method.

o Probabilistic Angular Modeling of Bistatic RCS:
A dedicated procedure for statistical modeling of
bistatic RCS is proposed where the spatial angular
dependency is explicitly considered in the modeling
process. The proposed model effectively represents the
angular functionality of bistatic RCS through statistical
modeling. The angular functionality of the statistical RCS
(the PDF of bistatic RCS) is modeled with a probability
density function denoted by fo ¢(6,¢), where 6 and ¢
are spatial angles in spherical coordinates. This function
represents the likelihood of an irregular object being
illuminated by the transmitter antenna at the incident
angle and observed by the receiver at the reflected angle.
The associated angular PDF at the spatial angles 6 and ¢
is determined by the ratio of the differential area that an
omnidirectional antenna illuminates to the total possible
area it can illuminate.

o Efficient Calculation of Bistatic RCSs: Using the
PO-Gordon technique to calculate the bistatic RCSs

of complex objects brings efficiency and accuracy to
the modeling process. This enables faster computation
of the RCS values, which is used to derive statistical
RCS with low complexity. In addition, it is needed
in the deterministic ray tracing method due to its low
complexity and high accuracy.

o Development of a Dedicated Procedure: The paper
articulates a dedicated 3GPP-like procedure for
reproducing  statistical channel coefficients. This
procedure outlines the steps required to generate the
statistical channel coefficients. Additionally, the paper
proposes a statistical model tailored for the street canyon
scenario, incorporating close-in path loss based on
statistical bistatic RCS.

The rest of the paper is organized as follows. Section II
describes the theory of quasi-deterministic ray tracing and
illustrates the specific topology of the street canyon scenario.
Section III validates the quasi-deterministic propagation
technique and shows that it can generate the same channel
parameter distributions as the deterministic ray tracing (D-RT)
method. Section IV provides the geometry-based stochastic
radio channel model and illustrates a 3GPP-like approach
for model implementation. Finally, the paper is concluded in
Section V. In this paper, the letter = represents a scalar, the
letter with an arrow & represents a vector, and the letter with
a hat & represents a unit vector.

II. METHOD

In this section, we present a comprehensive overview of the
street canyon topology, which is a common dense scenario in
wireless channel modeling. We first review the theory of wave
propagation using ray tracing techniques. We then introduce
a novel quasi-deterministic ray tracing method to statistically
characterize the channel. This method allows for a detailed
analysis of the propagation phenomena, which is essential
for the design and optimization of wireless communication
systems in complex urban environments.

A. Street canyon scenario topology

As shown in Fig. 1, the street canyon scenario consists of
tall buildings on both sides of a street and objects such as
lampposts, parked cars, and pedestrians placed. The street
length and width are denoted as W7 and L4, and the sidewalk
width is indicated by W,. The walls with the thickness of Dy,
are assumed to be made of bricks with a relative permittivity of
€r,w at operational frequency fy. The ground is assumed to be
dry ground with a relative permittivity of €. The transmitter
(TX) and receiver (RX) antennas are omnidirectional antennas
with vertical polarization. The location of the transmitter
and receiver are denoted by (X, Yix, Zix) and (Xix, Yix, Zix),
respectively. The pedestrians are on the sidewalks, and the cars
are parked along the street. The wall at the TX side is located
at the plane y = Yy, and the RX side is located at the plane
y = Yyu2. An overview of the simulation scenario is given in
Table L.
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(a) Top view of the Street Canyon scenario.

(b) Perspective view of Street Canyon scenario. The solid line is
LOS, dotted lines are reflected rays, and the dashed line shows
scattered rays.

Fig. 1: Street canyon scenario topology consisting of line-of-sight, reflected, scattered paths [30].

TABLE I: Overview of simulation scenario.

Object Parameters Simulation values
Frequency range Bandwidth 59-61 GHz
Type Omnidirectional
(X1X7KX7ZIX) (0,2,35)[1‘[1]
Antenna Yx 1 or 15 [m]
Zrx 1 [m]
Polarization V-V
Length : L, 0.4 [m]
Width : W, 0.4 [m]
Pedestrian Height : H), 1.8 [m]
Minimum separation distance 1 [m]
Movement speed 0 [m/s]
Length : L. 4.55 [m]
Width : W 1.77 [m]
Parked car Height : H, 1.24 [m]
Minimum separation distance 2.5 [m]
Movement speed 0 [m/s]
. Length : Ly 150 [m]
Sidewalk Wi d%_h S We 2 [m]
Length : Ly 150 [m]
Street Width : Wy 12 [m]
Length : Ly 150 [m]
Thickness : Dy 10 [cm]
Wall Height: Hy Infinite
Relative permittivity**: €, 3.26
locations: Yy, and Yy (0 and 16) [m]
Type D round
Ground Relative perm}i,t[t)ivity g N g6
*The RX follows the trajectory path illustrated by red-dash line in Fig. 1(a).

**The relative permittivity is provided in [31], [32] .

B. Deterministic Ray Tracing method

This subsection describes the theoretical deterministic
channel model specifically developed for the street canyon
scenario. The signal model for a channel that consists of M
ray paths is denoted as:

M—1

H(f)= Z ai(f)e 7™ i ag (O poa is f)ar(Oaon,i, f), (1)

=0

where «; and 7; represent the path amplitude and propagation
delay for the 7™ path, respectively. The antenna patterns (that
can be frequency dependent) of the transmitter and the receiver
are ar(Oaop,i, f) and ar(Oaoa,i, f) at the angle of departure
Oaop,; and the angle of arrival Oaoa ;, respectively. By further

distinguishing the Line of Sight (LOS), reflected, and scattered
components, we have

M, N,
H(f)=Ho(f)+ > Hyn(f)+ > Hy(f), @

m=1 n=1
Ho(f) = ao(f)e 720 ag (Opon0, f)ar(Oaon.0s f), (3)

H:n(f) = O‘;n(f)e_j(QﬂfT;n+¢r)aR(@AoA,ma f)aT(@AoD,my f)a
4)

Hrsz(f) = a?n(f)e_j(QﬂfT;er)s)aR(@AoA,na f)aT(@AoD,na f)7

%)
where Ho(f) is the LOS contribution, and H}, (f) and HZ(f)
are the transfer functions due to the m™ reflections from walls
and the transfer function due to the n™ point scatterers, namely
pedestrians and parked cars, respectively. The total number
of reflectors and scatterers are M, and Nj, respectively. The
channel coefficient for the LOS, reflection, and scattered rays
are denoted by a, o, and o, respectively. They are denoted
as:

2 SUERY:
[o(f) = () ©
} - co RTE/™
|am(f) | - (47Tf(’l"1+’f'2)) 9 (7)
2
| a3(f) = — X Lo ®)

R Op,q X m X W’
where the reflection coefficient RT5/™ for both TE and TM
polarization is presented in [33], [34]. Also, o q is the bistatic
RCS of the scatterer, and the subscripts “p” or “q” represent
either vertical or horizontal polarization. In this paper, the
bistatic RCS values of complex objects (such as cars or
pedestrians) are computed by the Physical Optics Gordon (PO-
Gordon) method (see Appendix A). Additionally, r; is the

distance between TX and the m™ specular point (n'" scatterer),
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and ry is the distance between the m™ specular point (n

scatterer) and the RX. The propagation delays are:

_T
To = CO’ (9)
Ty, OF Tp = Ll +T2), (10)

Co

where ¢ is the speed of light in free space, and r( represents
the distance between the TX and RX. For each path there are
thus three channel coefficients: o, 7%, and ¢”. The coefficient
oV represents the amplitude of the transfer function of a single
reflected/scattered wave, 77 represents the delay time, and
¢" represents the added phase due to the reflection/scattering
from the object, where the superscript v represents “r” for
reflection or “s” for scattering, respectively. In this paper, the
corresponding path loss in dB is:

PL = —20 log,,(|a"])- (11)

It is important to note that in a ray tracing model, the
calculation of AoA and AoD is inherently connected to the
geometric features of the environment and the reflections or
diffractions that occur. While explicit antenna patterns may not
be included in the channel model, the angles are determined
based on the interactions of the waves with the surrounding
objects.

C. Quasi-Deterministic Ray Tracing method

The quasi-deterministic ray tracing method employs the
PDF of bistatic RCS instead of its exact value to
reduce computational complexity significantly. This method
provides a low-complexity approach for statistically analyzing
and modeling the channel, which requires Monte Carlo
simulations. In such simulations, certain variables need to
be randomly varied during each iteration. For instance, to
statistically analyze the path loss due to irregular objects using
(8), the distance between the object and the transmitter and
receiver antennas, represented by ry and ry respectively, are
considered independent continuous random variables X; and
Xo. Therefore, using (11), the path loss can be represented as
a random variable denoted by:

2

A
PL(Xy, X3) ~ —10 IOglo(W)"'

20 log(X1) + 20 logy4(X2) — 10 logyq(opg)-

According to (12), using the PDF of the bistatic RCS of objects
can generate the same distribution for the path loss as using
the exact values of bistatic RCS.

The goal is to determine the PDF of the RCS for irregular
objects. This is achieved by calculating the bistatic RCS for
all incident and scattered angles, which requires generating a
dataset. However, it is important to note that the contribution
of spatial angles to the bistatic RCS dataset is not equal and
depends on the specific scenario being tested. In the case of a
street canyon scenario, the angular dependency of the bistatic
RCS can be modeled by the probability density function of
area coverage in spherical coordinates. Once the dataset is

(12)

/

%

ntenna

Fig. 2: Area coverage for different incident/scattered elevation
angles.

generated, an appropriate PDF can be assigned to it. In the
following subsections, the angular dependency and generating
the corresponding PDF for bistatic RCS are explained in detail.

1) Angular dependence: In the street canyon scenario,
the probability of having a specific incident/scattered angle
combination is not uniform. The reason is the fact that for a
specific elevation angle interval Af and azimuth angle interval
A¢, the illumination area on the ground in the scenario differs
for different # and ¢, as shown in Fig. 2. For example, it is
easily seen that the coverage area on the ground increases with
increasing elevation angles. To derive the angular dependency,
we can utilize Fig. 2, which represents an omnidirectional
antenna at a differential height of Az illuminating the area.
The probability is then associated with the portion of the
area that is illuminated by the differential spatial angle. The
scatterer is assumed to be located in the differential section
denoted by ds in Fig. 2. In other words, the relation between
these angles and the corresponding ground area determines
the angular probability (the probability of obtaining a certain
0 and ¢ ) for a certain area probability (the probability of
being in a certain ground area). In this work, it is assumed
that pedestrians and parked cars are uniformly distributed over
the sidewalks and beside the sidewalks, respectively. In other
words, it is assumed that the probability density function in
the cartesian coordinate is uniform as fx y(z,y) = m It
is straightforward to show that for a uniform rectangle ground
area with dimensions L; and W, the probability density
function fo ¢ (6, ¢) for the scatterer to be located in a direction
(6 and ¢) is

fos(0,¢) =
a b
(A2)sin(0) Arvem < @an(0) < xm 13
2L, W5 cos3(0) ( )
o < ¢ <7 — oo,
0 otherwise

provided that the direction (¢ and ¢) points towards the
rectangle. Here, Az is the differential height between the
antenna and the receiver. Here, the elevation angle is limited
by the lines Yy, = a and Yy, = b and the azimuth angle is
bounded by ¢y = %“ as shown in Fig. 2.

i
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This expression is the basis for calculating the angular
probabilities, i.e., the probability that the signal from the
transmitter is reaching the scatterer from a certain incident
direction and the probability that the signal has to be scattered
in a certain scattering direction to reach the receiver. It is
important to point out that by modeling the objects as point
scatterers with a certain RCS, the phase delay due to the
scattering itself is zero. The same procedure is valid for the
parked car by considering the region dedicated to the parked
cars.

2) Bistatic RCS distribution: The PDF of the bistatic RCS
of an object can now be calculated in the following way.
First, the dataset of RCSs for all combinations of incident
and scattering angles is calculated. Second, the probability
that a specific set of angles is occurring in the considered
scenario is taken into account. As said, this probability can be
derived from (13). The result is a PDF of the bistatic RCS for
this specific scenario, i.e., including the probabilities linked
with the rectangular area where the object may be located.
This scenario-specific PDF is used in the channel model by
picking a random value for an RCS value from this PDF
(instead of the deterministic RCS), which takes into account
the angular probabilities. Concerning frequency dependency,
we can simplify the integration from Appendix (A.3) by
approximating it with a linear function proportional to k,,
which represents the free space wave number. In addition, the
probability of the contribution at each frequency is assumed
to follow a uniform distribution.

To summarize the process of generating the final RCS’s
PDF, the procedure is as follows:

Step 1: Calculate the bistatic RCS for all incident and reflected
angles using the Physical Optics-Gordon (PO) method. In this
step, the angular dependency as the geometry of the object is
included.

Step 2: Step 1 is repeated for different frequencies.

Step 3: Calculate the probability of coverage based on (13),
which is the probability that a signal from the transmitter is
incident on the object and the probability that the reflected
signal is propagating from the object toward the receiver. In
other words, (13) represents the probabilistic angular modeling
of bistatic RCS.

Step 4: Consider the frequency dependency by modeling it
with a uniform distribution.

Step 5: Generate the final RCS’s PDF by creating a histogram
of the bistatic RCS, considering the contribution of each spatial
angle with its corresponding probability calculated in Step
3 and taking into account the distribution at the frequency
considered, as discussed in step 4.

Finally, the steps for implementing the QD-RT method
for a street canyon scenario are articulated as follows.
Step 1: Define the detailed topology of the scenario under
study, as for example, in Table L.

Step 2: Position the TX and RX on the scenario and use (3)
to calculate the LOS channel coefficients denoted as ag and
T0-

Step 3: Position the walls on the scenario and use (4) to
calculate the reflection channel coefficients denoted as o' and
7". The path loss and propagation delays are calculated using

(7) and (10).

Step 4: Position N irregular objects such as pedestrians and
cars on the scenario and use (5) to calculate the scattered
channel coefficients denoted as o® and 7°.

Step 5: The path loss and propagation delays are calculated
using (8) and (10).

Step 6: The RCS in (8) is generated using o,, = 47|E;|?
where the amplitude of the scattered field is selected from the
amplitude distribution in Table II.

Step 7: Use the produced coefficients from previous steps in
formula (2) to generate the statistical channel model.

III. NUMERICAL RESULTS

In this section, the performance of the QD-RT method
is validated by statistically characterizing the street canyon
scenario given in Fig. 1 with parameter values as listed in
Table I. The statistical parameters of the channel, including
root-mean-square (RMS) delay spread, RMS angular spread,
and path loss distributions, are studied using the QD-RT
method. For comparison, the D-RT method is also used, which
calculates the bistatic RCS of irregular objects using exact
values instead of the PDF utilized by the QD-RT method.
It is important to note that during numerical simulations for
channel characterization, ray tracing considers only single
bouncing for scattering and reflection.

A. Distribution of bistatic RCS of car and pedestrian

This subsection aims to numerically calculate the scenario-
specific PDF of the bistatic RCS of both pedestrians and
cars. Initially, the bistatic RCS of each object over all the
incident and reflected angles are calculated using the PO-
Gordon method. Then, based on (13), the contributions of
different angles for generating the scenario-specific PDF of
bistatic RCS are considered.

The bistatic scattered fields of different irregular objects are
calculated using the PO-Gordon method. As shown in Fig. 3,
the 3D Computer-Aided Design (CAD) models of pedestrians
with different postures and sizes and cars of different types
are studied. The bistatic RCS over all the incident or
scattered angles and the frequencies are calculated. Since the
PO-Gordon technique for metallic objects is a frequency-
independent method [35], [36], the frequency dependency of
RCS is considered to have a uniform distribution. Furthermore,
based on the (13), the contribution of elevation and azimuth
angles should be considered for the corresponding angles. The
Cumulative Distribution Functions (CDFs) for the elevation
and azimuth angles for the two sidewalk regions are calculated
and plotted in Fig. 4 and Fig. 5, respectively. The figures reveal
that for the sidewalk region near the TX (RX) antenna and the
sidewalk on the other side of the street, the azimuth angles near
490 degrees have a minimal contribution. However, elevation
angles above 85 degrees have a more than 50% contribution.
Finally, for each irregular object, the real and imaginary parts
of the bistatic scattered fields for all angles by considering their
probability of coverage are fitted with a normal distribution,
and their absolute part is fitted with a Rayleigh distribution as
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Fig. 3: Examples of the CAD models of different pedestrians
and cars.
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Fig. 4: CDF of elevation and azimuth angles for sidewalk far
from TX(RX) antenna.

shown in TABLE II. It is observed that the amplitude of the
scattered fields follows a Rayleigh distribution.

It is observed that the corresponding statistical parameters
for different irregular objects vary. In simpler terms, as
the irregular objects become larger, the scale parameter
associated with their fitted Rayleigh distribution also increases.
Furthermore, the mean and standard deviation for the normal
distribution vary with different postures of pedestrians.

B. Channel characterization

The deterministic ray tracing approach serves as a
benchmark model for evaluating the performance of the Quasi-
Deterministic Ray Tracing (QD-RT) model. To verify the
performance of the QD-RT method, three key aspects of
channel characteristics, namely RMS delay spreads, RMS
azimuth spreads, and the received power for a 0 dBm
transmitted power, are statistically analyzed using both QD-
RT and D-RT methods. Here, only the irregular objects are
considered because the only difference between the QD-RT

1 T T T T T T T T
—— Incident elevation angle
Incident azimuth angle
Scattered elevation angle

— — —-Scattered azimuth angle

-140  -100 -60 -20 20
Angle [Deg.]

140 180

0
-180

Fig. 5: CDF of elevation and azimuth angles for sidewalk near
from TX (RX).

TABLE II: Statistical parameters of distributions of bistatic
RCSs.

KS test™*

Object ‘ Scattered electric field ‘ Electric field

Real Imaginary Absolute Im?gei:lary
Refsw) m{sn} fowl P
Normal Normal Rayleigh
Pedestrian 1 | 12 = 0.004 1= 0.002 scale pm"nywelﬁ 506 Pass
o=04 o =083 o
Normal Normal Rayleigh
Pedestrian 2 | 1= 0.1 =025 aylelg Pass
J o8 scale parameter B = 1.25
Normal Normal Rayleigh
Pedestrian 3 p=0.01 = 0.05 scale p'\rumyclc:B - 096 Pass
o=112 =076 T s
Normal Normal Rayleigh
Pedestrian 4 | = —0.081 1=10.015 sale pm;g'ele; B < 105 Pass
o =0.65 o =093 ) T
Normal Normal Rayleigh
Pedestrian 5 | 11 = 0.004 1= 0.002 vielg Pass
=11 o—15 scale parameter B = 1.26
Normal Normal Rayleigh
Car 1 =074 n=015 aylelg Pass
=193 =193 scale parameter B = 1.7
Normal Normal .
Car 2 f=—0.25 11=0.20 wale par“{a:ﬁgf}g 45 Pass
o=141 o =150 ) o
Normal Normal .
Car 3 =045 p=047 scale par]::r:/elzrgsz =195 Pass
7=22 o =165 -
Normal Normal .
Car 4 p=03 = 06 Rayleigh Pass
=188 o= 1.00 scale parameter B = 1.53

*The bistatic RCS and the scattered electric filed follow the equation as: opq = 47|spq|? .
**Two-sample Kolmogorov-Smirnov test

and D-RT methods is the calculation of the bistatic RCS of the
irregular objects. The scenario involves the random placement
of 10 pedestrians on both sidewalks and 10 cars positioned
along the street. The specific details of this simulation scenario
can be found in Table I. The channel parameters are recorded
for different locations of RX along the trajectory path shown
in Fig. 1. Totally 100 different positions are performed for
RX. Moreover, to analyze the received power and RMS delay
spread, we exclude LOS propagation and reflections from
lampposts and walls, as their behavior is deterministic, and
our focus is on scattering paths caused by irregular objects.
The RMS delay spread and angular spread are calculated
using the same methodology as in [37]. It is observed that
the QD-RT can generate the same distributions as the D-
RT method for both the first-order statistic transfer function
(received power) and the second-order statistic parameters,
such as the RMS delay spread or angular spread as shown
in Fig. 6, Fig. 7 and Fig. 8. The adequacy of the fitted
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Fig. 6: CDF of received power for the RX located along the
trajectory path on the sidewalk.
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Fig. 7: RMS delay spread o, [ns].

distributions is rigorously assessed through the Two-Sample
Kolmogorov—Smirnov test (KS-test). The KS-test statistic
(Dxks) is computed as the supremum of the absolute difference
between the CDF of the random variable X; and the CDF of
the estimated distribution X5 as :

DKS :max(\F(Xl) —F(X2)|)7 (14)

where F'(X) denotes the CDF of X. The distributions are
subjected to the KS-test at a significance level of a to
rigorously confirm their quality of fit [38]. In our analysis,
a = 5% is considered. The obtained results consistently
demonstrate a KS-test passing rate exceeding 94% for all
examined distributions.

The 90" percentile values for the RMS delay and azimuth
spread are 19 ns and 1.8 degrees, respectively. The azimuth
spread indicates that the majority of the signal propagates
along a specific direction rather than scattering in multiple
directions. Additionally, considering the received power, the
90" percentile path loss is measured at 87 dB.

C. Computational time analysis

Note that the only difference between ray tracing methods
and our method is the technique used to determine the bistatic
RCS of irregular objects. This is typically the only part
where no closed-form formulas are available and where a
computationally intensive numerical solution is necessary. The

1 T T

———-QD-RT method
08k —— D-RT method ]
0.6 | i
<3
a
@)
04} i
0.2} i
0 1 1 1
0 0.5 1 1.5 2

Angular azimuth spread o4[°]

Fig. 8: RMS azimuth angular spread o4[°].

TABLE III: Total run time for a single incident/scattered angle
from an irregular object.

Software | EM-Solver | Number of facets | Times [s]
Altair-FEKO |  RL-GO* | 6346 |83
In-house reference | PO-Gordon | 6346 | 4
QD-RT | Statistical RCS | NA | 0.04

*Ray Launching Geometrical Optics.

bistatic RCS of a pedestrian with the dimensions listed in
Table I is computed at 60 GHz for a single incident/reflection
angle using PO-Gordon, QD-RT (based on the PDF of the
bistatic RCS), and the ray tracing method used in commercial
software. Computation times are assessed in Table III by
comparing with well-known commercial solvers, i.e. Altair
FEKO, and with an in-house developed PO-Gordon-based
method. In this study, a total of 20 samples over elevation
angle and 360 samples for azimuth angles are used. The
assessment involved examining the computation times for
a single incident elevation/azimuth angle and performing
matrix computations for 20 scattered elevation angles and
360 scattered azimuth angles. Combining 20 samples over
the elevation angle and 360 samples over the azimuth angle,
our methodology generated a remarkable 7200 spatial angular
points for each irregular object. The computation process
involved parallel computation techniques that employed matrix
computations over scattered points. It should be noted that this

40 ; T T T T '
—PO-Gordon
0F ——-- Altair-FEKO

RCS[dBsm]

-20

150 200 250 300 350
¢S [()]

Fig. 9: Comparison of bistatic RCS of a pedestrian at 60 GHz.
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Fig. 10: Street canyon scenario including walls, parked cars,
and pedestrians.

Antenna

computation is computationally intensive and requires 8 hours
to complete.

All simulations are done on a personal laptop with a core i7
processor, 1.70 GHz clock frequency, and 16 GB RAM. The
QD-RT outperforms all other methods by far. It benefits from
a low computational time thanks to the statistical model used
to determine the RCS. Also, the PO-Gordon method is faster
compared with Altair FEKO.

The accuracy of the proposed PO-Gordon method is
examined in Fig. 9 by comparing the bistatic RCS of the
pedestrian over all the scattered azimuth angles for an incident
elevation/azimuth angle of 90/0 degrees and a scattered
elevation angle of 90 degrees.

IV. APPLICATION OF QD-RT FOR 3GPP CHANNEL
MODELING

This section shows that QD-RT can be helpful for
developing 3GPP-like statistical channel modeling for a street
canyon scenario that includes walls, pedestrians, and parked
cars, as shown in Fig. 10. The close-in path loss model
for NLOS paths is provided, and a procedure similar to the
3GPP-stochastic channel model is proposed for generating the
channel parameters. Finally, the statistical channel model is
verified and compared with the quasi-deterministic ray tracing
model.

In assessing the performance of the proposed QD-RT
techniques, the Power Delay Profile (PDP) emerges as a
pivotal metric. Our investigation focused on generating the
PDP within a street canyon scenario depicted in Fig. 10. This
involved employing both QD-RT and D-RT methods, with
consideration given to the presence of 10 pedestrians and
10 parked cars randomly dispersed throughout the scenario.
The receiver (RX) traces a 150-meter trajectory path, allowing
for a comprehensive analysis of the channel characteristics.
The resulting PDP in the delay domain is shown in Fig. 11,
which reveals a combination of Line-of-Sight (LOS) signals
and scattering from irregular objects. To provide a more

Delay [ns]
Power [dB]

500 0
-85
400 %
300 93
-100
200 -105
-110
100
1S
0 120

100
Ira Jjectory path m]

Fig. 11: Power delay profile using QD-RT method.
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-130 : : : :
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Delay [ns]
Fig. 12: Comparision of power delay profile generated with
QD-RT method and D-RT method in the single snapshot
position at the start point of trajectory path.
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Fig. 13: CDF of the absolute logarithmic error.

detailed comparison between the QD-RT and D-RT methods,
we plotted the PDP at a single snapshot position—specifically,
at the beginning of the trajectory path as shown in Fig. 12. We
compute the absolute logarithmic error (ALE) for the channel
gain as :

ALE = |Pyp — Pip| (15)
where the values P,z and Pd p represent the deterministic
ray-traced channel impulse response (CIR) and the quasi-
deterministic ray-traced CIRs in decibel, respectively [39]. For
the PDP of Fig. 11, the ALFE is computed, and it is observed
that the 90" percentile value for the ALE error is 5.7 dB which
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Fig. 14: Example comparison of free-space and CI path loss
models separation at 60 GHz for the street canyon scenario.

is shown in Fig. 13. Upon closer examination, it becomes
evident that the QD-RT method effectively reproduces the
PDP with consistent delays, demonstrating good agreement
in power levels between the two methods.

The Close-In (CI) path loss model of NLOS paths for the
street canyon scenario, including irregular objects, is denoted
as [40]:

d
PLY =a + 107105510(67) + X5,
0
where d > d,

(16)

where d is the close-in free-space reference distance in meter,
« denotes the intercept, f represents the operational frequency,
+y represents the path loss exponent (PLE), and x$! is the zero-
mean Gaussian random variable with a standard deviation o in
decibels. Using the proposed path loss model based on RCS
in (12), it is observed that the close-in path loss parameters for
the reference distance of dp =1 m are v = 2.7 and 0 = 8.4,
respectively. Fig. 14 illustrates the NLOS path loss resulting
from irregular objects. The plot incorporates the free space
path loss (FSPL) attributable to LOS rays, the path loss fitted
with the close-in path loss model, and the averaged NLOS
path loss achieved by eliminating small-scale fading using a
window size of 20 wavelengths [41].

The RMS delay spread and the K-factor are calculated using
the QD-RT method [42]. These parameters are fitted with
lognormal and normal distributions that are shown in Fig. 15
and Fig. 16.

The proposed close-in path loss model, the delay spread, K-
factor shown in Fig. 15 and 16 can be directly implemented in
a 3GPP-like approach as described in [43] using the following
steps.

Step 1: Define the detailed topology, as for example in Table 1.
Step 2: Calculate the LOS component as (3).

Step 3: The delay time 7y is calculated using (9).

Step 5: Determine the delay spread and K-factor based on the
distributions given in Fig. 15 and Fig. 16.

Step 6: Determine random delays for each of the M multipath
components according to Step 4 in [43], Ch. 5.3.1. Here, M
and rpg are set as 15 and 1.1, respectively.

Step 7: Determine random average power for individual
components as described in Step 5 in [43], Ch. 5.3.1. Consider

1 T T T T
———-QD-RT data

—— CDF of Logn~(6.2,3.3)~
B 7
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O =l 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

RMS Delay Spread o [ns]

Fig. 15: RMS delay spread fitted with lognormal distribution.
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Fig. 16: K-factor parameter fitted with normal distribution.

TABLE IV: Validation of statistical channel model.

Channel model RMS delay spread [ns] Path loss [dB]

‘ Logn ~(u = 1.8, 0 = 0.45) ‘ Normal ~ (u = 119.02, 0 = 8.03)

Statistical

Quasi-Deterministic \ Logn ~(pn = 1.12, 0 = 0.3) \ Normal ~ (u = 119.048, 0 = 8.32)

the NLOS model as in (16).

Step 8: Select the scattered phase from the uniform
distribution ¢",¢° ~ U(0, 27].

Step 9: The channel model is the superposition of all the
components as in (2).

These procedures are employed to create composite channel
characteristics for the street canyon scenario. The simulation
incorporates specified parameter values, and the resulting
channel statistics are contrasted in Table IV. After conducting
1000 snapshots, it is observed that the assumed parameters
align well with the calculated values. This showcases the
efficacy of the established models and the proposed steps for
model implementation. On the other hand, it is always good
to use QD-RT itself since its complexity is low and coherently
considers spatial consistency.

A. Limitations and future works

The QD-RT method, appreciated for statistical channel
analysis, faces limitations in applications demanding precise
deterministic channel impulse responses like sensing.
Additionally, the bistatic RCS PDF model compresses the
5D bistatic RCS (incorporating spatial angles and spatial
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frequency) into a 1D function. Moreover, the study’s confined
focus on a pre-defined street canyon scenario with fixed
dimensions and vertical polarization restricts the universality
of its statistical channel model. Future efforts should involve
extensive measurement experiments to validate and enhance
QD-RT, enabling its harmonious amalgamation of statistical
and deterministic approaches. Furthermore, exploring diverse
scenarios and considering polarization effects beyond
vertical-vertical (V-V) orientation are pivotal for unraveling
the intricate intricacies of wireless propagation in complex
settings.

V. CONCLUSIONS

A quasi-deterministic propagation model for
electromagnetic waves in street canyon environments
has been developed, utilizing a statistical bistatic PDF model
of the RCS. It is shown that the real and imaginary parts
of the bistatic scattered fields from irregular objects at
mmWave follow normal distributions, and their corresponding
amplitudes follow a Rayleigh distribution. The performance
of the proposed quasi-deterministic model has been verified
by comparing it with the D-RT method through channel
characterization. The results demonstrate that both methods
yield consistent distributions for second-order statistics, such
as RMS delay spread and angular spread, and first-order
statistics, such as the transfer function. The fact that 90™
percentile values of RMS delay spread and path loss can
be easily determined with the new model allows us to gain
valuable insight into practical street canyon scenarios.

APPENDIX A. PO-GORDON FORMULATION

The scattered field from irregular objects, namely
pedestrians and cars is calculated using the PO-Gordon
method. The irregular objects are discretized into meshes. The
scattered field from an impedance triangular mesh illuminated
by a ¢- polarized plane wave along p- direction is given by

. ikor . . L =
N _jk‘OZOeJ 0 a// ej]c()(Ic,~,—ks)<f"d‘s'v7 (A.1)
Srit
where « is

E, p=
o = {ks x H/Afs - Zs/Zoﬁ] X Zojl;o}} “D,

and Z, ko are the impedance and wavenumber of free space,
Zs is the surface impedance of irregular object due to its
conductivity [44], 7 is the observation point distance, 7 is
the spherical position of integrand current and ks is the
scattered unit vector toward the observation point and k; is the
incident unit vector. It is observed that the (A.2) is frequency-
independent and the frequency dependency is as:

Eo(w) = koe?™" // ethothi=ha) 7 g,
SrLit

It has been observed that there is a frequency dependency
characterized by high fluctuations when the frequency
undergoes changes. The The integral is taken over the
illuminated surface Sj; with normal unit vector 7 The
impressed PO current is denoted as:

drr

(A.2)

(A3)

Zowfpo(vz):@xh) (14+R)(G-0)—
(7 xﬁ)(lth)(q.fL)?

which R, and R, are vertical and horizontal reflection
coefficients denoted as

(A4)

Zsx — Zo
Ry = ———, A5
"7 Zx+ Zo (8.5)
and
Zox — Zs
p= X2 (A.6)
ZoX + Zs
where y = —k;.7 is the illumination coefficient that shows if

the facet with normal vector 7 is illuminated with the incident
wave.The vertical and horizontal unit vectors are h = 12:1 X T
and b = h x ki, respectively. .

The surface integral (ki — k) = ffsm eiko(ki—ks)7 g &
over each mesh should be calculated. Gordon [45] showed
that the double integral can be reduced to line integral using
Stokes’ theory as:

= 1

Q) =——7=
ko|<—(c~ﬁ)ﬁ|2{
3 L g —
mzzl (Cxa) - Ady ekl (T G o KoG - A 'QA“’” )}

(A7)
where E: (/%i—];’s), Ay, = Gmt1—0m, G4 = @y and sinc(z)
represents the sinc function.

Note: Only in Appendix A, the symbols (.) and (x),
represent the dot and cross products, respectively.
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