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Abstract—This paper presents a generalized visual scattering
channel model for car-to-car (C2C) mobile radio environments,
in which an asymmetric directional antenna is deployed at the
mobile transmitter (MT). The signals received at the mobile
receiver (MR) from the MT are assumed to experience multi-
bounced propagation paths. More importantly, the proposed
model first separate the multi-bounced propagation paths into
odd- and even-numbered-bounced propagation conditions. Gen-
eral formulations of the marginal probability density functions
(PDFs) of the angle-of-departure (AoD) at the transmitter and
angle-of-arrival (AoA) at the receiver have been derived for the
above two conditions, respectively. From the proposed model,
we derive an expression for the Doppler frequency due to the
relative motion between the MT and MR, which broadens the
research of the proposed visual street scattering channel model.
The results show that the proposed model can fit those of the
previous scattering channel models and the measurement results
for dense urban street environments very well, which validate
the generalization of the proposed virtual street channel model.

Index Terms—Visual scattering channel model, Car-to-Car,
Dense urban street environments, Angle of departure, Angle of
arrival, Doppler frequency.

I. INTRODUCTION

With the rapid development of mobile Internet and the
Internet of things (IoT), there are still some challenges that
cannot be accommodated by the fourth generation (4G) wire-
less communication networks, such as the spectrum crisis and
high energy consumption [1]. Therefore, research on the fifth
generation (5G) wireless communication networks has been
started, which has attracted great attention around the world.
Compared to 4G, 5G networks are supposed to provide greatly
enhanced capacity, spectral efficiency, energy efficiency, cost
efficiency, mobility, data rate, connection density, etc., with
a much reduced end-to-end latency [2]. To meet the 5G
requirements, it is necessary to design the radio propagation
channel model for mobile and wireless systems, especially for
car-to-car (C2C) mobile radio environments [3], which has
been regarded as one of the main research trends in next
generation of mobile communication technology. Furthermore,
the spatial characteristics of the multi-path channel are proven
to be useful for high-performance multiple-input and multiple-
output (MIMO) antenna systems. To efficiently create these
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systems, it is essential to have a reliable understanding of
the radio propagation characteristics of the transmission path
between the transmitter and receiver, which leads to the design
of effective signal processing techniques.

Geometrical modeling of the propagation channel has al-
ways been attractive for researchers, due to its many ad-
vantages [4]. The spatial characteristics of the multi-path
channel, such as the probability density functions (PDFs) of
the angle of departure (AoD) and angle of arrival (AoA) of
the signals, can be utilized to analyze the performance of
the MIMO and massive MIMO antenna systems. Therefore,
a number of fundamental geometry-based statistical channel
models have been proposed in the literature. References [5-9]
focused on two-dimensional (2D) scattering channel models.
For example, circular scattering models, ellipse scattering
models [5], and asymmetric scattering models [9], which indi-
cate that propagation takes place within the plane joining the
tips of the transmitting and receiving antennas. Subsequently,
many researchers have observed an angular spreading of the
waves in the elevation plane because of the interaction of
the waves with street buildings, ground, and other vertically
disposed objects [10-13]. In 2010, Nawaz [10] presented a
three-dimensional (3D) scattering model for macrocell envi-
ronments, with a base station (BS) employing a directional
antenna located outside the hemispheroid. Furthermore, Jiang
[11] derived a generalized 3D scattering channel model for
microcell environments, in which the scatterers are assumed to
be located around the BS with a uniform distribution. Recently,
a 3D ellipsoidal model for the mobile-to-mobile (M2M) radio
propagation environments was proposed, in which the most
frequent occurrence of the AoA of the received multi-path
waves is located around the relative direction at each mobile
station (MS) [12].

In general, the geometric scattering channel models above
only focus on single-bounce, while multi-bounced propagation
paths are not taken into account. In particular, for the dense
urban street environments, the single-bounced assumption is
rather restrictive because the street width is not sufficient
to match the maximum of the elliptical scattering region.
Therefore, there is a strong need for a generalized scattering
channel model, which can be used to describe multi-bounced
propagation paths. To overcome this problem and obtain the
analytical solution, the concept of effective street width was
presented in [14]. Subsequently, Ref. [15] provided a pseudo-
geometrical scattering channel model, which visualized the
double- and tri-bounced paths as single-bounce. Ghoraish [16]
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Fig. 1. TIllustration of a typical C2C mobile radio environment and its corre-
sponding visual scattering channel model for dense urban street environments.

presented the polar directional analysis of the urban non-line-
of-sight (NLoS) propagation channel at 2.2 GHz, which is
based on the measured data in Tokyo and Yokohama. The
authors in [17] presented a reference model for a wideband
MIMO channel based on the geometric elliptical scattering
model. However, in [17], the mobile properties between the
transmitter and receiver were not discussed in detail, and they
are still restricted to the single-bounced propagation paths.
In [18], a geometric street scattering channel model under
line-of-sight (LoS) and NLoS propagation conditions for the
outdoor communication environments was proposed, but they
ignored multi-bounced propagation paths. MacCartney [19]
conducted two measurement campaigns in urban microcellular
environments, and path loss models suitable for the devel-
opment of 5G standards were presented. Wang [20-21] later
provided a vehicle-to-vehicle (V2V) channel model, which
combines a two-ring model and a multiple confocal ellipses
model, consisting of LoS, single-, and double-bounced waves.
Rasekh [22] considered a street canyon approximation model,
for the 60 GHz wireless channel in an urban environment,
with rough surfaces. The authors in [23] proposed an adaptive
geometry based on stochastic model for non-isotropic M2M
communication environments, but they only focused on the
single- and double-bounced conditions, and the condition of
the multi-bounce has not been discussed in detail. However,
when the signal endures unlimited-bounced propagation paths
(i.e., the bounce number tends to be infinity), the previous
scattering channel models are no longer applicable. Further-
more, the results and discussions above are restricted to the
perspective of time domain, and the influence of the relative
motion between the MSs on the distribution of the Doppler
frequency, for the C2C mobile radio environments, has not
been instigated in the previous literature.

In this paper, a generalized virtual scattering channel model
for the microcell C2C street environments is proposed, in
which multi-scatterings are taken into account and we visual-
ize them as single-bounce scattering, as illustrated in Fig. 1.
In this work, we first derive the closed-form expression for the
marginal PDFs of the AoD and AoA for the odd- and even-
numbered-bounced propagation paths. We then proceed to
describe the Doppler shift due to the relative motion between
the mobile transmitter (MT) and mobile receiver (MR). From
numerical results and observations, the main advantages of this

Fig. 2. The proposed visual street channel model for different positions of
the MRs. (a) The receiver is located at the MRj. (b) The receiver is located
at the MR2. (c) The receiver is located at the MR3.

paper are given as follows: (1) the proposed visual scattering
channel model can be used to simulate the dense urban street
environments, (2) it is possible to deduce single-, double-,
triple-, and other multi-bounced paths of the street channel
model, from our proposed visual scattering channel model.
To the best of the authors’ knowledge, this work has not been
investigated before, (3) the effect of the asymmetric directional
antenna employed at the MT in street environments is investi-
gated, which analyzes more realistic positions of the MRs, (4)
the total Doppler frequency due to the relative motion between
the MT and MR is first taken into analysis in the proposed
visual channel model, which broadens the research from the
perspective of the frequency domain. Furthermore, the results
are compared with those of the previous scattering channel
models and measurement results, to validate the generalization
of the proposed model. Accordingly, our proposed visual street
channel model may be used to analyze the performance of
M2M and IoT related to 5G wireless communication networks
[2,24].

The rest of this paper is organized as follows: Section 2
discusses the proposed visual street channel model in detail.
The spatial statistics of the proposed model are shown in
Section 3. Based on the marginal PDFs of the AoD and AoA
statistics, the total Doppler spectrum is investigated in Section
4. In Section 5, numerical results and discussions are given.
Conclusions are finally drawn in Section 6.

II. GENERALIZED VISUAL STREET CHANNEL MODEL
A. Virtual model description

In order to sufficiently analyze and design the proposed
visual street channel model, here we mainly concentrate on
two important channel properties: scattering power distribution
and Doppler power spectral density. In the proposed model, the
scatterer density tapers off with the distance from the transmit-
ter and receiver. Therefore, we adopt the scatterer non-uniform
distribution came from the experimental measurements in [15]
to describe the proposed mobile radio environments. On the
other hand, the Doppler frequency distribution of the proposed
street channel vary significantly with different moving prop-
erties in C2C mobile radio environments [24]. Furthermore,
the Doppler distribution for the C2C channels is significantly
different from the conventional Clarke distribution for scat-
tering channels. To make the proposed street channel model
more systematic, and in correspondence with the dense urban
street environments, several common assumptions, as shown
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in [10,11], are used to design the proposed visual channel
model. They are as follows: (1) either the MT or the MR is
surrounded by non-uniformly distributed scatterers confined
with a visual elliptical channel model, (2) the channel model
is two dimensional, which means that the MT, the MR,
and the scatterers are all within the same plane, (3) all the
scatterers have uniform random phases and the same scattering
coefficient, (4) each scatterer is an omnidirectional reradiating
element, independent of other scatterers.

The schematic of the multi-bounced propagation paths and
its corresponding geometric elliptical scattering channel model
are depicted in Fig. 1. In general, the transmission signal from
the MT to the MR under multi-bounced propagation paths.
However, for the conventional scattering channel models in
[5-13], they almost concentrated on the single- and double-
bounced models. For this we should propose multi-bounced
scattering channel model, which can be utilized to accurately
describe mobile radio communication environments. However,
it is difficult to analyze multi-bounced propagation links in the
proposed street channel model, here we can visualize them as
single-bounced scattering scenarios. It can be observed that the
scattering point s, is identified in the roadside environments,
and path p, might be multi-scatterings. Obviously the visual
scattering point for path p, is identified in sy which located
on the cross point of the ellipse, note that the geometric path
length of ps is equal to that of p;. Also, we assume that both
the visual path p, and the multi-bounced path p; take equal
path losses. Furthermore, we can observe that the reflected
number of the signal is related to the angle at the MT, which
is represented as ¢ = arctan(2nW/D), where D denotes the
distance between the MT and MR, and W is street width.
When the reflected number n is an odd number, then the
signal will endure odd numbered-bounced propagation path-
s. Similarly, the signal will endure even-numbered-bounced
propagation paths when 7 is an even number. Additionally,
for the dense urban street environments, the propagation paths
are not so long since the small distance between the MT
and MR, which means that the channel always endures multi-
scatterings. Therefore, the dominant loss in the channel is the
scattering loss.

Figure 2 illustrates the proposed visual street channel model
for different positions of the MRs and their corresponding
visual single-bounced scattering channel models. It can be
observed that the visual elliptical model is gradually skewed
from the left to right when the receiver moves from the MR,
to MR3. From this we should consider the rotation of the
elliptical channel model. Let us define 6 as the tilt angle of the
elliptical model. Moreover, the major and minor dimensions
of the proposed visual scattering channel model are defined
as a and b correspondingly, here we assume b < a. For this
rotatable ellipse, the generalized equation can be expressed as
[10]

(xcos&—i—ysinG)2 (—xcos@—i—ysin&)2
= + - =1

From Fig. 2 we can note that as the MR moves on the
connection between the MR; and MRg, the proposed visual
street channel model corresponds to different multi-bounced

1
\@u—1yw | W

Fig. 3.  The schematic of the odd-numbered-bounced propagation paths
and its corresponding visual single-bounced geometric scattering channel
model. (a) The geometrical description of the odd-numbered-bounced paths.
(b) Geometric angles and path lengths of the proposed model for the odd-
numbered-bounced conditions.

propagation conditions, including even- and odd-numbered-
bounced paths. It is clearly observed that when the receiver
is located at the MRy, the proposed visual elliptical channel
model can be utilized to describe even-numbered-bounced
propagation paths, as illustrated in Fig. 4. However, the
proposed model presented the odd-numbered-bounced propa-
gation paths as the receiver is identified at the other positions
on the connection between the MR; and MRj3. Based on the
aforementioned analysis, it is necessary to separate the multi-
bounced propagation paths into odd- and even-numbered-
bounced propagation conditions, which will be analyzed in
detail in the following subsections.

B. Odd-numbered-bounced propagation paths

Figure 3 illustrates the proposed visual street channel model
for the odd-numbered-bounced propagation paths. For sim-
plicity, the model assumes that the receiver is located at the
MRs, i.e., # = 0, and its connection with the MT parallels
the street walls for all odd-numbered-bounced propagation
conditions. Therefore, let the connection of the MT and MR
be x-axis, as shown in Fig. 3. Note that the focal length of
the proposed visual elliptical channel model is larger than
the distance between the MT and MR, and the focus are
both assumed located on the x-axis. The multi-path azimuth
departure angle at the MT is denoted by 6}, and the distance
of the scattering object from the MT is defined as r,. In order
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to take more realistic positions of the MRs into account, the
visual channel model assumes that an asymmetric directional
antenna is deployed at the MT, spanning the azimuth range
of [—1,1s]. The same assumption is made in [9]. Therefore,
the generalized equation of the visual channel model for odd-
numbered-bounced propagation paths can be expressed as [10]
D? — 4Dry cos 0, + 4}’% cos? 0, n rg sin® 6, 2)
4a? b2
In this case, the major and minor dimensions of the visual
elliptical channel model can be expressed as

a= (WO +(n— 1)W> csc

=1

3)

b=(n—1)W+ W, @)

and 20:2<W0+(n71)W) cote, n=1,2,3,... (5

In Eqgs. (3)-(5), Wy denotes the distance of the upper
building to the MT, and 2c is the focal length of the visual
elliptical channel model, as illustrated in Fig. 3. By inserting
(3)-(4) into (2), the standard equation of the proposed visual
street channel model for odd-numbered-bounced paths can be
obtained. Further, the distances from the visual boundary of
the elliptical scattering channel model to the MT and MR
are denoted by r, and r,,, respectively. They are derived as
functions of the angles measured at the MT and written as

1
202 cos? 0y, + 2a2 sin® 6,

ro(0) = X {Db2 cos 8

+ \/D2b4 cos? O, — (b2 cos2 0y, + a2 sin? 9b) (D2b2 — 4a2b2)}

(6)

and r,,(0p) = \/D2 + 12 —2Drycos by, —1h1 <0, <o (7)

Based on the proposed visual street model in Fig. 3, the
lengths of the boundary of the scattering region, illustrated by
the beam from the asymmetric directional antenna at the MT,
are given by

p1 = rp(6h)

Oy=11
- 1
202 cos? (1) + 2a2 sin® (¢1)

X {Db2 cos (1/)1)

+\/D2b4 cos? ¢y — (b2 cos? 1y +a? sin? ) (D2b2 — 4a?b?) }
3)

p2 = 1p(6h)

0p=12
_ 1 " {
202 cos? (1/}2) + 242 sin? (1/12)

Db? cos (1/)2)

+\/D2b4 cos2 iy — (b2 cos? Py +a? sin? wg) (Dzb2 — 4a2b2) }

©))
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(b)

Fig. 4. The schematic of the even-numbered-bounced propagation paths and
its corresponding visual single-bounced geometric scattering channel model.
(a) The geometrical description of the even-numbered-bounced paths. (b)
Geometric angles and path lengths of the proposed model for the even-
numbered-bounced conditions.

C. Even-numbered-bounced propagation paths

The proposed visual street channel model for the even-
numbered-bounced paths is shown in Fig. 4. Note that defining
the connection of the MT and MR as the x-axis of the visual
elliptical model is quite unreasonable [15]. Let us assume that
the major dimension of the visual elliptical channel model
is located on the x’-axis. While it is difficult to obtain the
generalized equation of the visual scattering channel model
directly from the rectangular coordinate (x, y) since the number
of the paths and the number of reflections are not equal. By
transforming (x, y) into (x’, y’), the generalized equation can
be derived as

o + 02 =1 (10)
(2x — Wy cot wo)z(cos (o — sin @0)2
4a?
2 . 2
+(2y—WO) (cos<p0+smg00) 1 an

4p?
In Eq. (11), the transformation angle from the rectangular
coordinate (x, y) to (x’, y’) is given by

12)

= arctan L
vo= D — Wy cot g
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Similar as before, the major and minor dimensions of the
visual elliptical channel model for even-numbered-bounced
paths can be expressed as

a= (ZnW — WO) csc (13)
b=nW — W, (14)
and c= (ZnW—WO) cotp, n=1,23,.. (15)

As described before, substituting (13)-(14) into (11), the
standard equation of the visual street channel model for even-
numbered-bounced paths can be obtained.

III. SPATIAL CHARACTERISTICS OF THE STREET
CHANNEL MODEL

In wireless environments, the spatial characteristics that
describe the AoD and AoA statistics of the multi-bounced
components are quite useful. This can be used in the perfor-
mance evaluation of wireless communication systems employ-
ing MIMO antenna arrays, and broaden the research from the
perspective of frequency domain. We begin this section with a
discussion of the scattering distribution for dense urban street
environments, which is measured in [15]. We then analyze the
marginal PDFs of the AoD and AoA statistics, viewed at the
MT and MR, respectively.

A. Scattering distribution

From the illustration of the C2C mobile radio environments
in Fig. 1, it can be found that the scattering region gradually
increases with an increase in the number of reflections. In
general, the scatterer density tapers off with the distance
from the transmitter and receiver. Therefore, it is necessary
to present scatterer non-uniform distribution in the proposed
C2C street channel model. However, we can observe if we per-
form experimental measurements for the proposed C2C dense
urban street environments, the analysis will be very complex.
Here, we adopt the experimental measurements in [15] of the
scattering distribution to describe the proposed mobile radio
environments. Furthermore, it is observed that the scattering
distribution has an elliptical shape, but it is different from the
conventional scatterer Gaussian and Exponential distributions
in that most scatterers are distributed along the street. From
this we can clearly describe the spatial characteristics of the
proposed visual street channel model. Therefore, the scattering
power distribution in [15] can be expressed as

p(x,y) = exp{ — \/Ax(x— 0)2 + Ay y?

- \/Ax (x+ C)Z + Ay '}72 + ny} (16)

where A, and A, are loss coefficients along x and y axes,
respectively, and C\, is a constant. After Jacobian of the

inverse transformation, the joint PDF of the AoD can be
written as

X,y
p(r,0p) = m

x=rp cos 0, —D/2

y=rp sin 6y

D
rbexp{ \/Ax (ro cos b — 3~ 0)2 + 17 Ay sin’ 6,

D
_ \/Ax(rb cos 0y — 3 + 0)2 + 17 Ay sin® 0, + C } (17)

Similarly, at the MR, the joint PDF of the AoA can be given
by

p(rwham)

D
= 7 €XP { —\/A.,((2 — 7y COS O,y — 0)2 +7r2, A, sin? 6,,

— \/Ax(l; — Fyp, COS 0m+c)2+7"72nAy sin?6,, + C’xy} (18)

In the following, we performed experimental measurements
in [15] for three streets, with the different widths of 26m,
18m, and 10m. The distances of the MT and MR from
the walls of the same side are set as 5m, 5m, and 3m,
respectively. The MT to the MR distance is fixed at 60m, and
the asymmetric directional antennas at the MT having main
lobes of [-40°, 80°] and [-20°, 40°] are assumed. From the
experimental measurements, for the dense urban areas [15],
the loss coefficients (A,, A,) for the above three cases are
derived as (1.0 x 1074, 1.0 x 1073), (2.0 x 1074, 2.0 x 1073),
and (2.1 x 1074, 3.0 x 1079), respectively.

B. Marginal PDF of the AoD

Here, the marginal PDF of the AoD can be derived by
integrating the joint PDF in (17) over the geometric path length
ry. Therefore, the AoD PDF is given by [6]

1 rb(Gb)
p(0y) = Z/ p(rv, 0p) dre (19)
0
For the proposed visual street channel model, the total
scattering region created by the directional antenna at the MT
can be calculated as

P2

A:/ p(ry, 0p) dby
—1
P2

D
:/ rbexp{\/Ax(rbcosﬁb20)2+r%Aysin29b
-1

D
- \/Ax(rb cos O, — §+C)2+rgAy sin? 0 + ny}deb (20)

In previous sections, r,(6,) and A were given by (6) and
(20), respectively. Substituting (6) and (20) into (19), the
marginal PDF of the AoD can be obtained.
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C. Marginal PDF of the AoA

Similarly, at the MR, the marginal PDF of the AoA can
be obtained within the proposed visual street channel model.
Note that the arriving angles 61 and 6;5 (i.e., ;1 < 042) are
calculated to separate the above scattering region into three
partitions within the azimuth plane. Here the angle 6;; and 62
are defined as azimuthal threshold angles, and can be written
as the functions of the number of reflections and beam-width
of the directional antenna. Therefore, the equations can be
written in the closed form as

B p1 sin (1)

b =t { L s } @n
B p2sin ()

04 = arctan {D = s cos (U3) } (22)

Owing to the directional antenna at the MT (i.e., MT’),
clipping occurs in the scattering region. Note that the distances
from the MR to the visual boundary of the street channel
model are obviously different among these three parts, they
are: the areas of TRU (i.e., T’RU), UVWR, and TRW (i.e.,
T’RW), respectively, as shown in Figs. 3 and 4. Therefore, the
joint PDFs of the AoA in 0 < 6,,, < 27 are shown as follows:

Case 1: 0 < 0,, < 04

0 1 rm1(0m)
pl( m) A,

It can be found in the scattering area of TRU (i.e., T’RU)
from Figs. 3 and 4. Let the function r,,,1 (6,,) be the scatterers
at the boundary of the line MS-P, which can be expressed as

Fm1(0m) = Dsin (1/11) cse (1/)1 + Gm) (24)

Substitute (20) into (23), the marginal PDF of the AoA for
the Case 1 can be obtained by integrating the joint PDF of the
AoA in (18) over the function in (24), as derived in [6].

Case 2: 045 < 0,, <27 — 04

1 er(em)
Z/ p(rwuem) drm
0

For the scattering area of UVWR, the function r,,2(6.,)
denotes the distance of the MR from the scattering objects
located at the visual boundary of the elliptical scattering
region, which has been determined in (7), and can be further
rewritten as

'm?2 (em)

p(rma em) drp, (23)

P2 (em) = (25)

1
202 cos20,, + 2a2sin? 0,

X {Db2 cos O,

+\/D2b4 c0s2 0, — (b2 c0s? 0,, +a? sin? F)m) (D2b2 — 4a2b2)}

(26)

As in earlier derivations, the marginal PDF of the AoA
statistics for the Case 2 can be obtained by integrating the
joint PDF in (18) over the Eq. (26).

Case 3: 2w — 041 <0, <27

1 rm3(9mr)

In this part (i.e., the area of TRW or T’RW), we can define
the function r,,3(6,,) as the scatterers at the boundary of the
line MS-Q, which can be calculated as

rm3(0m) = Dsin (¢2) cse (wg + Hm) (28)

Like Case 1 and 2 above, substituting (20) into (27), the

marginal AoA PDF for Case 3 can be obtained by integrating

the joint AoA PDF in (18) over the path length r,,5(6,,) in
(28).

IV. DOPPLER FREQUENCIES

In the proposed visual street channel model, the received
signal at the MR experiences spread in the frequency spectrum
caused by the relative motion between the MT and MR. For
readability purposes, we assume an omnidirectional antenna
at the MR, then the relationship between the arriving angles
(i.e., 6, and 6,,,) and the Doppler shift of a sinusoidal signal
can be expressed as [13,16]

fo = %fcl cos (dup — 0y) = fin1 cos (¢ — Oh) (29)

fm = v7me2 cos ((bvm - 6m) = fma2 cos ((’b”m o em) (30)

where v, is the moving velocity of the MT, ¢, is the moving
direction with respect to the direct LoS component, c is the
velocity of light, f., and f., are the frequencies of the carrier
signal and baseband signal, respectively. Similarly, at the MR,
v, 18 the relative moving velocity of the MR, ¢,,, denotes
the angle between the direction of the MR with respect to the
x-axis (i.e., x’-axis). While f3 and f,, stand for the maximum
Doppler frequencies for the MT and MR, respectively (i.e.,
o < |fma| and fr, < |fmez|). Based on the marginal PDF of
the AoD in (19), the PDF of the Doppler frequency at the MT
can be obtained by [16]

1
X
fml \/ 1- (fb/fm1)2

+ p(¢vb + arccos (fb/fml))}

)= )

Sm1-cos (dup — V2) < fo < fin1 - cos (Gup + 1) (31)

Note that the MT and MR are both in motion. For simplicity,
we introduce the concept of the relatively moving velocity,
which indicates that the MT is relatively static, while the
MR is in relative motion. Here we can define MR moving in
an arbitrary direction ¢, in the azimuth plane. Owing to the
relative motion between the MT and MR, it has been shown
that the PDF of the Doppler frequency is significantly related
to the direction of relative motion. Moreover, on the basis of
the marginal PDF of the AoA in (23), (25), and (27), when
the MR moves towards the MT, i.e., ¢, = 0, the PDF of the
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Doppler shift can be expressed as

~ X {pg( — arccos (fm/fm2))

fm2~\/ 1= (fn/ fm2)
+p1 ( arccos (fm/me)) } ;

fm2 + COS (atl) S fm S fm2

fm2'\/1(1fm/fm2)2 X {p2 ( — arccos (fm/me))

+p1 ( arccos (fm/fmg)) }
fm2 - cos (Bi2) < fm < fmaz - cos (641)

S| 1—(1fm/fm,2)2 g {p2( — arccos (fun/ fums) )

+p2(arccos (fm/fm2))}

_fm2 S fm S fm2 - COS (9t2)

p(fm) =

(32)

On the other hand, when the receiver moves perpendicular
to the line joining the MT and MR (i.e., ¢, = 7/2), the PDF
of the Doppler frequency at the MR can be written as

fm2'\/1éfm/fmg)2 X {p1 (W/Q — arccos (fm/me))
+p3 (7T/2 + arccos (fm/fmz)) }

fm2 sin (0t2) S fm é fm2

fmz\/1_(1fm/fm2)2 x {Pz (W/Q — arccos (fm/fmz))

+p3 (7r/2 + arccos (fm/fmg)> }
0< fm < fmz-sin (etQ)

fm2\/1(1fm/fm2)2 X {pQ (w/? — arccos (fm/fm2))

+p1 <7T/2 + arccos (fm/me)) }
*me sin (etl) S fm S 0

s \/1(1fm/fm2)2 x {pB (7/2 — arccos (fm/me))

+p1 <7r/2 + arccos (fm/fm2)> }

_fm2 S fm S _fm2 - sin (etl)

p(fm):

(33)

Next, the concept of the total Doppler frequency of the
proposed visual street channel model is introduced, which
is formed by the relative motion between the MT and MR.
Moreover, the PDFs of the Doppler frequency at the MT and
MR are assumed to be two independent random variables. To

obtain the PDF of the total Doppler frequency, the character-
istic functions are taken into account, which can be defined
as

py(w) = [ ()P df

ple) = [

By using (34) and (35), we can find the characteristic
function p(w) of the total Doppler frequency by the product
of two characteristic functions as

(34)

p(fm)ejwfmdfm (35)

p(w) = pp(w) - pm(w) (36)

Consequently, by using the inversion Fourier transform
formula for (36), the PDF can be derived as

1 [ o f
= — Jw d
p(f) = 5= /_oop(w)e w
Inserting (36) into (37), the PDF of the total Doppler fre-
quency can be obtained. Further, we can analyze the proposed
visual street model from the perspective of the frequency
domain. Additionally, we can see if the AoA of the signal
at the receiver is assumed to be uniform, the Doppler spectra
is given by Clarke’s model [8].

(37

V. NUMERICAL RESULTS AND DISCUSSIONS

To establish the validity and generalizability of the proposed
visual street channel model, several comparisons are made
between the proposed model and some notable models and
measured data. The results illustrate that the distributions of
the AoD/Ao0A statistics and the Doppler shift of the proposed
visual street model fit the Ghoraishi model [15], the Avazov
model [18], the Zhou model [6], and the measured data [26]
very well.

A. Distribution of the AoD and AoA PDFs

The marginal PDF of the AoD statistics corresponding to
the beam-width of the directional antenna (i.e., Y1 and 3)
and the street width (i.e, W), is shown in Fig. 5. Note that the
values of the AoD PDF tend to be lower with decreasing the
width of the streets. It also can be observed that the PDF
of the AoD significantly decreases in 0 < 6, < 1, and
similar behavior can be seen in —1); < 8, < 0, which agrees
with the results in the Petrus model [7]. Meanwhile, the PDF
of the submitted signals with smaller values of the AoD is
relatively large. Furthermore, when the MT is equipped with
the omnidirectional antenna, the distribution of the AoD PDF
fits very well with the simulation results in [25], demonstrating
that the results above are accurate and applicable to describe
the street wireless environments.

The impacts of changing the beam-widths v; and 5 on
the PDFs of the AoA statistics are shown in Fig. 6. It can
be found that the missing sections of curves enlarge slowly
accompanied by an increase in beam-widths, resulting from
the irregular scattering region. Furthermore, the curves of the
PDFs are asymmetric and have two ’corners’ located in the left
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Fig. 5. Marginal PDF of the AoD in terms of the different beam-widths and
street widths when D=60m.
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Fig. 6. Marginal PDF of the AoA in terms of the different beam-widths and
the number of reflections when W=18m, Wy=5m, and D=60m.

and right parts, which occur at the azimuth angle 6, = —64;
and 60, = 042, respectively, only depending upon the visual
asymmetric geometrical channel model, as seen in Figs. 3 and
4. With decreasing 1, + 12 with less scatterers in the areas
illuminated by the directional antenna, the AoA PDFs have
lower values on both sides of the curves in —0;; < 6,,, < 60,2,
whereas the values at ¢,, = 0 tend to be equal. The analysis
above agrees with the results in [15], clearly demonstrating
the MIMO and massive MIMO compact antenna systems as
promising technologies for wireless street environments.

The effects of changing the width of the visual street
and the number of reflections (i.e., n) of the received signal
for the AoA PDFs are illustrated in Fig. 7. It is observed
that the AoA statistics decrease first and increase to a local
maximum value with higher AoAs, and then decreases grad-
ually in 02 < 6, < 7, a similar behavior can be seen in
—7m < 0,, < 0. Moreover, it is clear that when the street
width is fixed (i.e., W=60m), the PDFs of the AoA tend to
be equal for 0 < 6,, < 0. Further, the AoA statistics are
increasing gradually with increasing the number of reflections
when the values are in 0;5 < 6,,, < w. Comparing the proposed

1.0 :
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Fig. 7. Marginal PDF of the AoA in terms of the different street widths and
the number of reflections when 11 = 40°, ¥ = 80°, and D=60m.
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Fig. 8. Distribution of the total Doppler shift with respect to the different
relative moving direction, the beam-width, and the number of reflections
when D=60m, W=26m, Wo=5m, fim1 = fm2=100Hz, A,=1.0 x 1074,
and Ay=1.0 x 1073,

visual street channel model with the Zhou Model [6], we
can see that the distribution of the AoA PDFs has similar
trends for the omnidirectional antenna (i.e., 11 =1=180°) at
the MT, irrespective of macrocell and microcell environments.
From the numerical results and discussions above, we can
draw a conclusion that the distributions of the odd- and even-
numbered-bounced propagation paths would tend to be the
same when the number of reflections of the received signal
tends to infinity (i.e., n — 00 ).

B. Distribution of the Doppler frequency

The distribution of the total Doppler shift versus the direc-
tion of relative motion of the MR (i.e., ¢,) and the beam-
widths of the directional antenna at the MT is shown in Fig.
8. It can be noted that when the MR moves towards the
MT, the values of the Doppler shift significantly increase,
accompanied by an increase in the beam-width ¢ and o,
which is due to the fact that a decrease in the beam-width could
diminish the amount of scatterers and then reduce the multi-
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Fig. 9. Distribution of the total Doppler shift with respect to the distance
between the MT and MR, and the number of reflections when ¢,=7/2,
W=26m, Wo=5m, fm1 = fm2=100Hz, Az=1.0 x 1074, and A,=1.0 x
1073,

path components. On the other hand, for an omnidirectional
antenna, the Doppler PDFs of the proposed visual street
channel models are significantly different from the traditional
U-shaped Doppler distribution [8, 18]. It also can be noted
that the PDFs are skewed toward higher frequencies when the
omnidirectional antenna is deployed at the MT, resulting from
the unbalanced number of illuminated scattering objects with
respect to the x-axis of motion of the MR. The analysis in
Fig. 8 fits very well with the results in [26], demonstrating
the accuracy of the total Doppler shift in the proposed model.
Furthermore, the curves of the Doppler PDFs are asymmetric
and have two ’corners’ located in the left and right parts, which
is in agreement with the discussion in Fig. 5. This clearly
indicates that the Doppler frequency is significantly related to
the distribution of power over the AoD and AoA statistics.

The influence of the distance between the MT and MR
(i.e., D) and the number of reflections on the total Doppler
distribution is shown in Fig. 9. When the receiver moves per-
pendicular to the direct LoS component, most of the spectral
components remain near the central frequencies (i.e., | f|=0),
an observation that is in agreement with the results reported
in [9]. Meanwhile, the curves of all PDFs are asymmetric.
This is because the clipped scattering region is geometrically
asymmetric, as illustrated in Figs. 3 and 4, and the number
of multi-path components corresponding to the positive and
negative Doppler frequencies is unequal [12]. Moreover, it
is observed that the PDFs of Doppler frequency gradually
increase with an increase in the distance between the MT and
MR or the number of reflections. Besides that, comparisons
between the above theoretical discussions with the Wang
model [20] show that the distribution trends are both in
agreement with each other, which validate the generalization
of the proposed virtual street channel model.

VI. CONCLUSION

In this paper, a generalized visual scattering channel model
for multi-bounced propagation paths in the dense urban street
environments has been observed. The proposed model first

has the ability to describe the multi-reflecting propagation
paths for odd- and even-numbered-bounced propagation paths.
On the basis of the marginal PDFs of the AoD and AoA
statistics, the distributions of the total Doppler frequency due
to the relative motion between the MT and MR have been
analyzed, which broaden the analysis of the visual street
channel model from the perspective of the frequency domain.
Furthermore, we have performed the spatial characteristics
for different beam-widths, street widths, distance between
the MT and MR, the number of reflection, and the relative
moving direction. Comparisons between our theoretical results
and several previous scattering channel models show that
the proposed visual scattering channel model is accurate and
applicable to depict dense urban street scenarios.
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