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Abstract—ultraviolet (UV) communication research has pri-
oritized channel modeling for its critical role in system
optimization. Current non-Line-of-Sight (NLoS) UV modeling
mainly addresses obstacle-free scenarios and single-obstacle sit-
uations: the former manifests constrained applicability at small
transceiver elevation angles with obstacle susceptibility, while
the latter suffers from high modeling complexity and can only
handle one-obstacle scenarios, which pose critical challenges for
Internet of Things applications. To overcome these limitations,
we propose a single-collision model for short-range NLoS UV
channels incorporating both scattering and reflection effects.
Initially, the impact of air scattering on the received pulse
energy is presented for diverse obstacle situations, where an
obstacle-boundary approximation method (OBAM) is developed
to reduce the modeling complexity. Besides, the dimensions,
coordinates, shapes, orientation angles, and number of obstacles
are considered to emulate practical environments. Subsequently,
the impact of obstacle reflection on the received pulse energy is
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investigated for single, double, and multiple obstacle situations.
On this basis, we account for certain scenarios where obsta-
cle surfaces comprise multiple subregions, each characterized
by distinct reflection coefficients attributed to their varying
material compositions. Moreover, we verify the proposed model
by comparing it with the Monte-Carlo photon-tracing (MCPT)
model and the obstacle-free integral model via simulations. These
results demonstrate that the path loss curves obtained by the
proposed model exhibit close alignment with those simulated by
the MCPT model, while its calculation time is less than 10%
that of the MCPT model. Additionally, when obstacle reflection
is prominent, the assessment error of the proposed OBAM can
be ignored in estimating the path loss of non-LoS (NLoS) UV
channels containing obstacles.

Index Terms—Air scattering, non-LoS (NLoS) channel
modeling, obstacle reflection, path loss, single-collision model,
ultraviolet (UV) communications.

I. INTRODUCTION

URRENTLY, radio frequency technology is still broadly
employed in wireless communication scenarios due to its
extensive coverage, resilience to obstruction, and cost-effective
deployment [2]. Nevertheless, this technology also encounters
critical issues, including spectral congestion and susceptibility
to electromagnetic interference (EMI) [3]. To cope with these
problems, emerging technological solutions are being actively
developed, including higher-frequency bands like millimeter-
wave and terahertz communications, as well as optical wireless
communications utilizing infrared, visible, or ultraviolet (UV)
light [4], [5]. These alternatives offer substantially higher data
rates, wider available bandwidth, and, particularly for optical
solutions, immunity to radio frequency EMI, positioning them
as viable solutions for future high-demand applications [6].
Among these solutions, UV communication demonstrates a
distinctive benefit through its intrinsic support for dual-mode
propagation, encompassing both Line-of-Sight (LoS) and non-
LoS (NLoS) links [7], while the other alternatives mainly rely
on LoS links for communications. Moreover, the background
noise of UV communication systems adopting the 200-280 nm
band can be neglected due to the strong absorption impact of
the atmospheric ozone layer, which is a capability unattainable
for other optical bands [8]. For these reasons, UV technology
can be considered as a transformative approach for establishing
reliable and spectrally efficient wireless networks, particularly
in demanding applications, such as the Internet of Things
(IoT) [9], [10].
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Presently, research efforts in UV communications primar-
ily focus on several aspects: solar-blind devices, channel
modeling, modulation and coding techniques, networking pro-
tocols, and performance enhancement schemes [11]. Among
these aspects, channel modeling constitutes a primary research
area due to its critical role in system optimization. Next, we
will provide a detailed summary of the research area and
problem domain for NLoS UV channels.

When the UV communication range is small and there
is an overlap volume between the transmitter (T) beam
and the receiver (R) Field-of-View (FoV), single-scattering
models [12], [13], [14], [15], [16], [17], [18], [19], [20]
can be utilized to investigate the channel characteristics
of short-range NLoS UV systems, with distinctions arising
from coordinate system choices and transceiver configurations.
In [12] and [13], the models were developed based on the
prolate-spheroidal coordinate system, which can be used to
investigate the angular spectrum of singly scattered energy
and the impulse-response duration. Regarding [14], [15], [16],
the models were proposed based on the spherical coordinate
system, where the model in [15] applies to the case where
the sum of the transceiver elevation angles and their half
FoV angles is less than 180° and the transceiver FoVs are
above the horizontal plane, while the models in [14] and [16]
are suitable for the case where transceiver pointing directions
can be arbitrary. Concerning [17], [18], [19], [20], they
were the simplified versions of the exact single-scattering
models [12], [13], [14], [15], [16], which exhibit applicability
under constrained geometries. Specifically, the model in [17]
applies to the circumstance where the overlap volume between
the transmitter beam and the receiver FoV is small, while the
models in [18], [19], [20] are suitable for the case where the
transmitter beam or receiver FoV is narrow.

As the overlap volume between the transmitter beam
and the receiver FoV becomes perceptibly reduced or the
communication range increases obviously, multiple-scattering
models [21], [22], [23], [24], [25], [26], [27], [28] can be
employed to evaluate the channel characteristics of medium-
range NLoS UV communication systems. In [21], a channel
model was developed based on the Monte-Carlo photon-
tracing (MCPT) method, which can be employed to investigate
the multiple-scattering impacts of the UV signal and channel
bandwidth. Regarding [22], which is an extension of the
previous work in [21], it can examine the contributions of
different orders of scattering to the resulting estimates of path
loss and impulse-response functions (IRFs). Concerning [23],
it revealed that the Monte-Carlo integration model adopt-
ing the partial importance sampling method has a higher
computational efficiency in obtaining IRFs than the MCPT
models for higher-order scattering communication scenarios.
As regards [24], a multiple-scattering omni-directional model
was put forward to analyze the coverage area of NLoS
UV communications, while in [25], a theoretical model to
acquire the penetration depth of UV radiation in the human
skin was studied, which provides guidelines for the power
control of UV systems when humans are in the vicinity.
Regarding [26], [27], they were the simplified versions of
the MCPT model due to its longer simulation time, and
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consider first- and second-order scattering and second- and
third-order scattering, respectively. For [28], a double-scatter
semi-analytical channel model for scattering-enhanced NLoS
UV scenarios was proposed, where ray-tracing algorithms and
nonuniform atmospheric path characterization were integrated
to derive low-dimensional integral expressions for single- and
double-scatter link gains.

When the communication range exceeds 200 eters, the
impact of turbulence effects on the NLoS UV system cannot
be neglected [29]. Consequently, studies have been conducted
on NLoS UV channel models incorporating atmospheric scat-
tering, absorption, and turbulence effects [30]. Specifically, to
improve the accuracy of the channel model for long-range
NLoS UV communications, the atmospheric extinction coef-
ficient was modified in [31] based on scintillation attenuation.
Besides, a single-scattering turbulent model in a narrow beam
case was developed in [32] based on the division of the
effective scattering volume, which can examine the turbulence
impacts on the probability density functions of the received
power in coplanar and noncoplanar situations. In addition,
a turbulent channel model adopting the equivalent scattering
points approach was put forward in [33] to characterize
the fluctuation effect on UV signals with large transceiver
FoV angles. Beyond that, the channel properties of single-
input multiple-output optical systems were investigated in [34]
utilizing photomultiplier tube receivers, which reveals that the
statistical combining for maximizing the average signal-to-
noise ratio will gradually lose its advantage over the equal-gain
combining when the difference among turbulent strengths on
all branches diminishes. Apart from those, some empirical
path loss models [35], [36] were developed by fitting outdoor
measurements, which apply to the cases with fixed transceiver
geometries and small communication ranges.

Furthermore, considering the complexity of the NLoS UV
communication environment, the aforementioned scattering
models cannot accurately evaluate the channel characteristics
in scenarios containing obstacles. To address this limitation,
studies have been conducted on NLoS UV channel models
that incorporate the influence of obstacles. In [37] and [38],
two NLoS UV channel models incorporating an obstacle
were put forward, where the obstacle’s coordinates, thickness,
width, height, and orientation angle are considered to approach
real-life communication environments. Concerning [39], [40],
the MCPT method and integral method were, respectively,
employed to model NLoS UV channels containing an obsta-
cle, where the obstacle is regarded as an infinite plane.
Regarding [41], the effects of the obstacle on NLoS UV
path loss were examined through simulations and experimental
measurements, where the thickness of the obstacle is supposed
to be infinitely large. In relation to [42], a dynamic offloading
framework named FlexSlice was developed, which optimizes
the traffic-aware network slicing via a sparse multihead
graph attention mechanism for spatio-temporal dependency
modeling, and enhances the adaptive resource allocation
through a twin delayed deep deterministic policy gradient
strategy.

Although these studies lay a solid theoretical foundation for
NLoS UV channel modeling, they also face certain challenges
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with the ongoing complexity of communication environments,
as summarized below.

1) Existing NLoS scattering models (e.g., [12], [21], [29])
are not suitable for scenarios with small transceiver
elevation angles, because the transmission process of the
UV signal is particularly vulnerable to interference from
obstacles at such low-angle cases, but these works do
not consider obstacles in their modeling.

2) Current obstacle-based models (e.g., [38], [39], [41])
are only applicable to single-obstacle situations and
impose constraints on the obstacle shape, namely,
cuboid-shaped obstacles. Further, these works assume
uniform reflection properties across all the obstacle sur-
faces. Consequently, they cannot handle scenarios where
the reflection surface comprises multiple subregions
exhibiting heterogeneous properties.

3) The modeling process of the state-of-the-art work [37] is
relatively complicated, which involves various scenarios,
cases, conditions, situations, and distance constraints
in the derivation process of the scattered energy. This
feature poses challenges for generalizing the model to
multiple-obstacle scenarios.

To bridge these research gaps, we propose a single-collision
model incorporating both air scattering and obstacle reflection
effects in this article, which overcomes the challenges faced
by the existing NLoS scattering models by considering the
impact of obstacles at small elevation angles. In comparison
with the existing obstacle-based models, the proposed model
accounts for more diverse obstacle shapes, quantities, and
more comprehensive reflection properties of obstacle surfaces,
thus adapting to more complicated communication environ-
ments. Moreover, it demonstrates inherently lower complexity
and superior interpretability relative to the state-of-the-art
work. For clarity, the main contributions of the article are
summarized as follows.

1) First, we investigate the received pulse energy con-
tributed by air scattering, where the typical shapes
and numbers of obstacles, as well as their dimensions,
orientation angles, and spatial coordinates are incorpo-
rated to approach real communication environments. On
this basis, an obstacle-boundary approximation method
(OBAM) is proposed to reduce the modeling complexity.

2) Then, we derive the received pulse energy obtained
from obstacle reflection, where the possible reflection
surfaces for different obstacle situations are all incorpo-
rated as the obstacle orientation angle changes. Besides,
each surface can encompass multiple subregions (i.e.,
rectangular and circular subregions), and the reflection
parameter values of these subregions can be different.

3) Subsequently, the proposed model is verified by com-
paring it with the MCPT model and the obstacle-free
integral model through numerical results. These com-
parisons reveal that the proposed model exhibits lower
channel attenuation than the integral model across all
simulated parameters, which is attributed to the dom-
inant contribution of surface reflection in obstructed
environments. Further, numerical calculations demon-
strate that the proposed OBAM achieves superior
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Fig. 1. Diagram of NLoS UV communication scenario considering obstacles.

performance in estimating path loss for NLoS channels,
particularly when dominant obstacle reflection condi-
tions prevail in the propagation environment.

The remainder of this article is organized as follows.
First, the NLoS UV scenarios and relevant model parameter
definitions are elaborated in Section II. Second, the received
pulse energy contributed by air scattering is investigated in
the presence of obstacles in Section III. Beyond that, the
received pulse energy contributed by obstacle reflection is
investigated in Section VI. Moreover, the proposed single-
collision model is examined via simulations in Section V.
Finally, the conclusion is presented in Section VI.

Notations: Throughout this article, boldface lowercase let-
ters (e.g., n) and boldface uppercase letter pairs (e.g., RS)
represent vectors, and || - || denotes the Euclidean norm of a
vector.

II. SYSTEM MODEL AND PARAMETER DEFINITIONS

In the context of real-life IoT environments, the NLoS UV
communication scenario can be characterized as depicted in
Fig. 1. Given the extensive utilization of the light-emitting
diode (LED) in UV communications [43], we select it as the
light source and model its radiation intensity distribution as
a Lambertian distribution, which is consistent with existing
works [44], [45]. Concerning the obstacle region, eight typical
obstacle configurations are considered in this article, as shown
in Fig. 2, where the typical shapes of the obstacles encompass
regular triangular pyramids (RTPYSs), regular triangular prisms
(RTPs), rectangular prisms (RPs), regular pentagonal prisms
(RPPs), and cylinders (CYLs). Further, we consider scenarios
where obstacle surfaces comprise multiple subregions, whose
contours can be rectangular, circular, or a combination of both,
as presented in Fig. 3, consistent with the typical contours of
building windows in most cases.

Given the numerous parameters involved in the system
model, we systematically categorize them to enhance read-
ability, with representative parameters summarized in Table I.
Then, the rigorous definitions for each parameter group are
provided for easy understanding.

Transceiver Configurations: As shown in Fig. 1, ¥, rep-
resents the receiver (R) elevation angle and is positive if
taken anticlockwise from RU’, where RU’ is the projection
of the FoV axis RU on the plane XRY; o, denotes the
receiver azimuth angle and is positive if rotating counter-
clockwise from the X positive axis; ©; denotes the transmitter
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Fig. 2. Shapes and numbers of obstacles appearing in the obstacle region: (a) RTPY. (b) Regular triangular prism. (c) RP. (d) RPP. (e) Cylinder. (f) Two

regular triangular prisms. (g) Regular triangular prism and a RP. (h) Two RPs.

(@) (b) (©)

Fig. 3.  Obstacle reflection surfaces contain multiple subregions, namely,
(a) Rectangles. (b) Circles. (c) Mixture of the two.

(T) elevation angle, which is positive if taken clockwise from
the projection of the beam axis TV on the plane XRY; o
represents the transmitter azimuth angle, which is positive if
rotating counterclockwise from TX’; « represents the order
of Lambertian emission; @ denotes the angle between the
transmitter pointing direction and photon emitting direction;
and u, and u; are the unit direction vectors corresponding
to the pointing directions of the receiver and transmitter,
respectively.

Obstacle Configurations: ap(a,) represents the orientation
angle of RTP (RTPY), which is positive if rotating clockwise
from OpPp (O,P,) to OpB3 (O,A3), as shown in Fig. 4; o,
denotes the orientation angle of RP and is positive if taken
clockwise from O.P, to O,Q, where O.,Q is perpendicular
to the line C3Cy4; aq represents the orientation angle of RPP,
which is positive if rotating clockwise from OgzP; to O4Dy;
Ou(Xa, Yas 2a)s Ob(Xp, Yb, 2b), Oc(Xe, Ye, 2e)» Od(Xd, Yd, za), and
O (Xe, Ye, ze) denote the central points of RTPY, RTP, RP,
RPP, and CYL, respectively; F,,, and G, represent the central
points of the subregions on the obstacle reflection surfaces,
and correspond to the rectangular and circular subregions,
respectively; wyy, S,y, and ry, are the width and height of the
rectangular subregion and the radius of the circular subregion,

Bi(Ag) Cy D,
Ds
0p,(0’a) B, (Ay) O, C2 Oq Dz
Cy @
B;(As) ° a
ap(a,) @ Q ®) D4 ‘ ©
Py (Pa) P, Py

Cs Ds

Fig. 4. Illustration of orientation angles for different obstacle shapes, (a) RTP
(RTPY). (b) RP. (c) RPP.

respectively; F,, and G,, represent the reflection regions
enclosed by the rectangle and circle, respectively, where u
and v denote the subregion F,, or G, is located in the uth
column and the vth row; F?:g denotes the rotation radius
of the obstacle, where “sha” can be “RTPY,” “RTP,” “RP,”
“RPP.” and “CYL”; (xg,, Ve,» 2&,)> (Xe» Yey» 26,)s (Ko Ve 26)5
and (xg,, yg,, 2¢,) represent the coordinates of {Az, Az, A4},
{B1, B2, B3}, {Cy, C3, C3, C4}, and {Dy, D3, D3, D4, D5},
respectively, where &,, &, &., and &; can be {ay, a3, as}, {b1,
by, b3}, {c1, c2, c3, ca}, and {d1, d>, d3, da, ds}, respectively;
v, denotes the reflection coefficient of the obstacle surface; u
represents the percentage of the incident signal that is reflected
diffusely and supposes values between 0 and 1, and m; is the
directivity of the specular components; {v; i, Win, Ms,in} are
the reflection parameter values of {v,, u, ms} in Fy, or Gy,
and {v; our, Mour, Ms,our} denote the counterparts outside I, or
Gyy.-

Photon Propagation Parameters: ¢ and v are the distances
from the scattering point P (or the differential reflection area
ds) to T and R, respectively; ¢ denotes the angle between RN
and RS (RS is located on the plane & and enclosed by the
receiver FoV), which is positive when rotating anticlockwise
from the ray RN as shown in Fig. 1. Here, & represents
the plane passing through RN and is perpendicular to the
plane RUU’, which rotates around the line RW, where RW
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TABLE I
CLASSIFICATION OF MODEL PARAMETERS

Type Parameter  Definition
Br The half FoV angle of the receiver
G The receiver elevation angle
ar The receiver azimuth angle
) B2 The beam’s full-width at half-illuminance
Transceiver
It The transmitter elevation angle
o The transmitter azimuth angle
A The receiver aperture area
T The communication range
[ The orientation angle of RTPY
ap The orientation angle of RTP
Qe The orientation angle of RP
ag The orientation angle of RPP
Wa The length of AgAs3
wyp The length of B1B2
We The length of C1C2
Obstacle e The length of C2C3
wq The length of D1D2
We The circle radius of CYL
Ya The height of RTPY
Yb The height of RTP
Ye The height of RP
Yd The height of RPP
Ye The height of CYL
€ The distance from P (or ds) to T
v The distance from P (or ds) to R
P The angle between RN and RS
v The angle between RU and RN
Propagation o The angle between planes F, and LTV’
The angle between TP and PR
The angle between RU and RP
Swei The weighting factor of air scattering
Rwei The weighting factor of obstacle reflection
ks The atmospheric scattering coefficient
ks ray The Rayleigh scattering coefficient
Atmosphere
ks, mie The Mie scattering coefficient
kq The atmospheric absorption coefficient

is located on the plane XRY and perpendicular to the line
RU’. The subscript ¥ denotes the angle between RU and RN,
which is positive if taken anticlockwise from RU. Besides,
Fo 1s defined as the plane that is perpendicular to the plane
TVV’ and rotates around the line TL, where TL is located
on the XRY and perpendicular to the line TV’. The subscript
o denotes the angle between the plane F, and the plane
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LTV’, which is positive if rotating clockwise from LTV’. &;
is the incidence angle between the normal vector n of the
reflection region and —e. ] and ¥, denote the angles between
n and v, and v and &g, respectively, where &g is the direction
vector of the specular reflection of e, and A(¥1, ©¥,) denotes
the reflection pattern of the obstacle surface. Beyond that,
Swei and Ry represent the weighting factors of air scattering
and obstacle reflection, respectively, which are utilized to
determine whether the scattering point or differential reflection
area in the overlap volume of transceiver FoVs is valid or not.
If the propagation links of UV photons are not blocked by
the obstacle, the values of Syej and Ryej are both equal to 1;
otherwise, the counterparts are both equal to 0. I'yyp denotes
the distance from the scattering point P to the central axis
of the obstacle, which is adopted to determine whether the
coordinates of P lie within the effective rotational regions of
the obstacles. If this condition is not satisfied, the scattering
point P is deemed invalid. A{,, and Ay, represent the
horizontal distances from P to the transmitter and receiver,
respectively. By imposing constraints on these distances, the
effective scattering volume of UV photons can be obtained.

Atmospheric Propagation Parameters: k. is the extinction
coefficient of the atmosphere and can be given by k, = ks+kg,
where kg can be expressed as ks = kg ray + ks mie [39]. Besides,
P(cos B) denotes the scattering phase function according
to [18].

Pulse Energy and Path Loss: Q; and Q, denote the emitted
pulse energy and the received pulse energy, respectively, where
Q, can be given by Q, = O, sca + Oy ret. Here, Q, sca 18 the
received pulse energy contributed by air scattering, and Q. ref
is the received pulse energy contributed by obstacle reflection.
On this basis, the path loss £ can be defined as

L[dB] = 1010g10[1/(gr,sca + Qr,ref)]- (L

Next, we specify the intervals of several variables mentioned
above. Considering the symmetries of the obstacles, we set the
intervals of o, ap, o, and oy to [0, 27/3], [0, 27 /3], [0, ],
and [0, 2t /5], respectively, and set the active areas of points
Ou(Xa, Yas 2a)> Op(Xp, Vb, 2b)s Oc(Xe, Ye, 2¢)s Od(Xd, ya, 2d), and
O (Xe, Yes Ze) 1O

Xg € (—io’ —F‘?QS‘%
O¢ 1 ye € (T r = Thad) @)
% = Ve

where the subscript £ can be a, b, ¢, d, and e. After algebraic
operations, Frsgg can be expressed as

wa/ V3, RTPY
wp/V/3, RTP
i = | Vo2 + 12/2, RP (3)
wq sin(3r/10) /sin(2 /5), RPP
CYL.
Thus, the coordinates of the points {A», Az, A4}, {B1, Bo,
B3}, {C], Cz, C3, C4}, and {Dl, Dz, D3, D4, D5} can be
derived as

We,

Xg, = —TRIPY gin(a, + @) + x4
Ve, = _FradPY cos(ag + @g) + ya (4a)
%, =0
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Xg, = —F%;P sin(op + @p) + Xp

Ve, = —Tiaa €08(atp + @) + b (4b)
& =V

Xe, = —Fgﬁ sin(oe + @we) + x¢

Y&, = _Fgg cos(ae + @) + ye (40)
. = Ye

Xg, = —I‘ggp sin(ag + @g) + xXgq

Ve, = —Fgﬁp cos(ag + @y) + ya (4d)
Ly = Vd

respectively, where the phase @, (@) for the points A4(B1),
A2(B»), and A3(B3) are m /6, 57/6, and 37/2, respectively;
the phase @, for C;, Cy, C3, and C4 are tan_l(,uc/a)c), T —
tan~! (e /we), 7 + tan~ (e /w), and 2m — tan~! (pe/wc),
respectively; and the phase w,; for Dy, Dy, D3, D4, and Ds
are 37/10, 77 /10, 117 /10, 37 /2, and 197 /10, respectively.

Further, we specify the intervals of the transceiver elevation
angles, azimuth angles, and the receiver FoV angle. Combining
with the active areas of the obstacles, B,, ¥, and ¥, are all
set to (0,7/2), and «; and «, are set to (—m, —m/2) and
(m/2, m), respectively, which satisfy the commands of general
NLoS UV communication scenarios.

Considering the complexity of practical IoT environments,
it is necessary to leverage the geospatial mapping platforms
(e.g., Google, Apple, and Baidu Maps) for the measure-
ment of obstacle and transceiver configurations during the
implementation process. Specifically, with the aid of these
platforms, the appropriate placement of transceivers is first
selected, and simultaneously, a 3-D Cartesian coordinate
system is established by referencing Fig. 1. Subsequently,
obstacle parameters, including shapes, dimensions, orienta-
tion angles, and coordinates, are measured according to the
geospatial mapping platforms. Concurrently, the spatial ori-
entations of all possible reflection surfaces of obstacles are
ascertained. Following that, the transceiver elevation angles
and azimuth angles are determined based on the obstacle
parameters. Notably, the proposed model is designed for static
IoT scenarios. Transient obstructions caused by mobile objects
can be neglected due to the inherent scattering properties of
UV signals.

III. RECEIVED PULSE ENERGY CONTRIBUTED BY
AIR SCATTERING

A. Derivation of Oy sca

Based on the existing single-scattering propagation the-
ory [37], [43], Qy.sca can be derived as

Pmax Ymax Vmax

Q= [ [ [ QkAG S avavar 5
Umin min Vmin

where

g = K +21 cos“ @ P(cos B) cos § exp[—k.(& + v)]cos ¥ (6a)

2re
k= —1In 2/1ncos(,31/2/2). (6b)

The unknown quantities in (5) are Ymin, Umax> ¥min>» ¥max»
Vmin> Ymax,» and Syei. Given the wide coverage area of the light
source based on Lambertian distribution, the upper and lower
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bounds of the triple integral in Q, ¢, are mainly determined
by the receiver conical surface, and can be derived as

Umin = _,Br» Vmax = ,Br (7)
. [ +/tan2 B, — tan2
Wmax = tan 1( ﬂr ) = _Wmin (8)
sec v
Vmin = 0, Vmax = +00 )

respectively. Meanwhile, a constraint needs to be imposed on
the scattering point P, which can be expressed as

T T T
— € > cos X ie.,, ue >0 (10)
£

where u; = [cosv;cosa;, cosdsina,, sinty] and € = [x,
y — r, z]. Moreover, the coordinates of P can be given by

X = v cos ¥ cos ¢ cos(a, + w)sec w
P: { y =vcosy cos ¢ sin(a, + w)sec w
z=vcosysing.

(an

Here, ¢ =9, + 9, w = tan_l(tan Y/ cos @), dmin = U + Umin
is assumed to be larger than —m/2, and ¢max = U + Omax 18
assumed to be less than 7 /2. In the following, we will derive
the Swei values for different obstacle situations.

B. S,.i for Single Obstacle Situations

In this section, we derive the values of Syej corresponding to
(a) to (e) in Fig. 2 under the condition that the inequality (10)
holds. To reduce the modeling complexity, we propose an
OBAM to address the boundaries of RTPY, RTP, RP, RPP, and
CYL, where the associated obstacle-boundary parameters are
defined as follows: T,SR?pp represents the angle between plane
&y and plane WRU’ when plane &y is tangent to the top part
of the obstacle; T,S}‘Ii‘lax and Tf}:flin denote the maximum and
minimum angles, respectively, formed between the rays from
point R to the intersection points of plane & with the obstacle
boundary and the reference ray RG, where RG represents the
intersection ray between plane & and plane YRZ; Tﬁg%p is
the angle between plane F, and plane LTV’ when plane F,
is tangent to the top part of the obstacle; T;ﬁ;‘ax and T;E‘ﬁ‘m
are the maximum and minimum angles, respectively, formed
between the rays from point T to the intersection points of
plane F, with the obstacle boundary and the reference ray TH,
where TH represents the intersection ray between plane F

and plane YRZ. Based on the geometric relationships, Y$ha

r,upp
and ng%p can be derived as
RTPY
r,a)
RTP ~~RTP ~~RTP
ma"(Tr,bl > Vrby Lry
sha RP ~~RP ~~RP A~RP
Tr,upp = maX(Tr,cw Tr,cz’ Tr,cs’ Tr,cu) (12)
RPP ~~RPP ~~RPP ~~RPP ~~RPP
maX<Tr,d1 ’ Tr,dz ’ Tr,da ’ Tr,al4 ’ Tr,ds )
CYL
Tr,upp
RTPY
Tt,a|
RTP ~~RTP ~~RTP
maX<Tl,b1 ’ Tt,bz ’ Tf,b3
sha RP ~RP ~~RP ~~RP
Y = 1 max(Yis. T8 s 1) (13)
RPP ~~RPP ~~RPP ~~RPP ~~RPP
maX<Tl,d1 ’ Tt,dz ’ Tt,d3 ’ Tl,d4 ’ Tt,d5 )
CYL
7,upp
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respectively. Moreover, Trs}}ﬁ, T,s},‘,ﬁ‘, Trcagf,, and TTCSI(DII; can be
expressed as

i = () o
TtStrerz1 = tan1<|xm cotof:n-Jl/-tym - ”|) )
¥y = 2 ( |xe cotozr):iyyre - we)/r> 1o
TFSE)]{) = tan”! ( |x, cot oy —i—yye:/t— rl — wth) 4

respectively, where m can be ay, b1, by, b3, c1, ¢2, c3, ca, di,
da, ds, dy, and ds. Besides, y; and y, can be given by

Ve =V Cotza[ + 1

v, = Vot a, + 1.

(18a)
(18b)

and Ysha,

r,min

Then, YSha

»max can be derived as

max(TRTPY TRTPY’ TRT]PY)
,a2 r,a3 r,ay

RTP ~~RTP ~~-RTP
max(T bl , T 2 Trlf)

Tsha —

r,max

max(TR TR , TR TRP> (19)
rel r, 2 rc3 r,cy

RPP

RPP
rdl’T

max| Y

TRPP RPP TRPP)
3

3 4 5
a’3 r,d4 r,d5
CYL
T , S. t‘(re”yre;’ re)e@
re ]

min(TRTPY TRTPY’ TRTPY)

,az r,a3 r,a4

max

min TRTIP, TRTZP, TRTP
r,by r,b;

fY«sha —

r,min

min <TRP1 R, 20)

r.cy rgz

RP ~-RP
Trc3’Trc4)

73 ’4

i’ Trdy’ rdy’ Crdl’ rdd
CYL
T ,s.t.(re,,yrejl, re)€©

r.e:
e]

min(TRPP TRPP TRPP TRPP TRPP)

min

respectively, where Y*M denotes the angle between RP,
r,o’

. i
and RG, and P, o represents the intersection point of plane

&y with the hne O,OJ or 0,0 (e.g., P, ab and line AjA», or
P. b! and line B1B/). After algebraic operatlons, T:lﬁ can be

)
expressed as

N Yr.ol g3 — gz
Trs oa =cos~ 21
g ,/ G2+ G2 HRP
where
G1 = — cosa, sec? ¥ sin(2¢) tan @
G, = —sina, sec? ¥ sin(2¢) tan 6 (22)

G3 = 2sec? ¥ cos? ¢tand

and @ can be given by tan~!(sec ¢y/tan2 B, — tan2 ¥ cos ).
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Regarding RTPY, the coordinates (xr 0,, Yy 0,, " 0,) can be
derived as
NG (Grxe+02ve+G324)
Yo T X T TG NT ¥GNL 105N,
_ Ma (glea +gZY&z +g3zéa) 2
Irof = Yo T TG NEGNT +GINE, 3
N (G +Gaye, +Taze,)
frop = % T TG NE QN 4G,
where [NV, N7 NE T = [Xa — Xe,, Ya — Ye,» Za — 2,]- With
respect to RTP, RP and RPP, x, of = Xepear Yool = Veear and
Z, ,i can be expressed as
"o J
G1%, 50 + G2V, o0
L= (24)

9 gs
Concerning CYL, (x

rels Vrels 2, e,) represent the coordinates

of an arbitrary point within tfle intersection region O, between
the plane £y and the cylindrical surface, and O, can be defined
as

glxr,ejl: + G2 Yr.el + G3 Zrel = 0

O, : 2 2 (25)
X, i—Xe) + i — = w?
r,e/’ e r,ej’- Ye e
: sha sha :
Following that, Y;[{,, and Y"1, can be derived as
max TRTIPY’ TRTIPY’ TRTIPY
t,aj t.ay t,ay
RTP ~~RTP ~~RTP
max| Y T Y
< 1l b b
sha
Yrmax = | max( YRR YRE yRE rRP (26)
,c t, Cz t, c3 t, 4
RPP ~~RPP ~~RPP ~~RPP ~~RPP
max| Y T T, T T
tdl’ Tndy’ T id; ndy’ ndd
CYL , . )
max Y -3, s. t( te{,ylye{,z,,ez,) € O
€ J J J
min TRTPY TRTPY ~RTPY
a2 t,a3 t.a 4
: RTP ~~RTP ~~RTP
min{ Y T T
< 1l bl b )
sha
Timin = ) min{ YRE, TRE, TRE TRE 27
tel” e’ e e
: RPP ~~RPP ~~RPP ~~RPP ~~RPP
min{ Y Y T T Y
ndl’ Crdd’ Cndy’ Cndy’ tdl
CYL _ . .
mmT’j , S. t( te;,yt,e;,zt’e‘}) e O

respectively, where TZSI(‘:} denotes the angle between TPt, i and
TH, and P, ,; represents the intersection point of plane Fo
with the line O;0; or 0‘0/4 (e.g., P, ra} and line AjA,, or Plbl
and line B1B/). After algebraic operatlons T“ha can be given
by "

| ( yt ol ) Coso — ZI’O;: SIn o SIn o

Tsha — cos™
tt)

. (28)

Vsin? q; sin? o + cos2 o HTP, ol
vl
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TABLE 11
INTERSECTION CASES BETWEEN THE RECEIVER FOV AND OBSTACLE

St Tt > Tohe > Ul > Vi
S2 Ti%ax > Uhax > Tf‘ﬁgin > \Ij;rr\irl
Sz Yiha, > WL > > Tohe
Sa Whe > Wn, > Tehe > ysha
SS \Prnax > Tiﬁgax > \Ij:nin 2 Ti,};gin
Se \I’g’mx > T:‘,hmaax > Yf‘,hrgin > \Il:nin

Concerning RTPY, the coordinates (x, i, y, i,z i) can be
i 7 i

derived as
X =N, &+,
Vool =Ne,E + s, (29)
2o = N};Z + z¢,
cosozg, + sino[siney(r — yg,) — cos axe, | 30)

sino (cos N +sin Olt/\@;) —coso N,

Regarding RTP, RP, and RPP, x, i = xg, _ ;, ¥, ,i = Vg, 4> and
7 o I o
7, ,i can be expressed as
v

Z1,0f = SINO COS X, i +sino smoz,(ym;; - r)/coscr. 31

With respect to CYL, (x, i, ¥, i,z ,i) denote the coordinates
. . sy T i .

of an arbitrary point within the intersection region O, between

Fo and the cylindrical surface, and O; can be defined as

2 2 )
o [ o) =
sino|cosa; x, ,i +sina;(y, i — r)] —coso z,,i =0.
v v v

(32)

Moreover, we determine the intersection cases between the
receiver FoV and obstacle, which are summarized in Table II.
Here, Wy, and W, . represent the maximum and minimum
angles, respectively, formed between the rays resulting from
the intersection of plane & with the receiver FoV boundary

and the reference ray RG, which can be derived as

r T

"Ilmax = oy + Ymax — 5 (33)
p 7
min = % + Ymin — E (34)

In summary, the solution process of Syei for single obstacle
situations can be divided into the following three steps.

Step 1: Judge whether the coordinates (x, y, z) determined
by (7), (8), (9), and (11) satisfy inequality (10). If not, assign
a value of 0 to Syei.

Step 2: For the situation where ¢ > Trsﬂf‘pp and o > Ti}l‘l*[‘)p,
Swei = 1, where o can be given by ¢, 7/2, and & — ¢ for y+
xcota; less than r, equal to r, and greater than r, respectively,
and ¢ can be determined through (15). For the situation where
¢ > Tff{f;)p and o < Tiil:ﬁ)p’ the value of Sffei equal to 1 has

; .3 t sh,
two circumstances: 1) W, is less than Y[, ~or greater than
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TABLE III
INTERSECTION CASES AMONG THE RECEIVER FOV AND TWO
ARBITRARY OBSTACLES

Dy Tgha. > Tshe > Tshal > vshal > T oS wT
Dy Y§he, > Tshe > rshel > wn o> Thel > wr
Dy Tgha, > Tshe S Tshal > 0n >0 > Tshel
Dy Tf‘,hrgax > Ti,}:gin 2 Whax > Tiﬁg;x > Ti,hrgl/n > \Il;rnin
D5 Ti,hrgax > T:fiﬁin > \II;’Aax > Tf‘%;x > \P;lin 2 Yi,hn?i/n
DG Ti,hrgax > Ti,}:gin 2 \I]Tmax > \Ij;,;lin 2 Tf‘,};g;x > Tf‘,}:gi,n
]D)7 T:,hrgax > \I}yTnax > Tiﬁzm > Tf‘,};g;x > Tiﬁgl,n > \Ilrmin
Dg  Tgha, > Wh.o>she > vshal s wr o> vkl
Dy Tght, > Who>Tsha > wr. > Tshe > rshal
D1o T;,hrgax > Uhhax > \Ilrnin 2 Ti,hntllin > T;ﬁ'g;x > :,hn(lll/n
Dii  Whae > Tihe, > Tshe > rsha > rshal > or
D12 \Prnax > Ti%ax > Tiﬁgin > Tf‘ﬁg;x > ‘I’fmn > Ti,};gi,n
Dig  Whay > Tihe, > Toha >wr . >she > Tsha
Dig Whay > Tihty > 00, > Toha > rshel > ysha
Dis  Whay > Wiy > Tohe > Tsha s oypshel s yshal

Tzll‘fl‘ax, where Wl is the angle between TP and TH, and
i) Afp < [ITOLII, Tha < Wi, < Y, and Ty needs

to satisfy the following relationship as by
sha
Funy > { Md» RTP, RP. RPP, and CYL (35)
(I —z/va) 1|AJA2]|, RTPY.
For other circumstances in this situation, the value of Sye;j is
equal to O.

Step 3: For the situation where ¢ < Tjhfpp, we choose Case
Se for elaboration because it contains the most comprehensive
possibilities compared to Cases S;~ Ss. If Wiy, < Tiha. the
value of Syej is equal to 1, where \Ilgsp is the angle between
RP and RG, while if \Ilersp > Tf,tﬁm, the value of Syej equal
to 1 has two circumstances: i) o > TZ‘I‘]?)p, and i) o < Tzlﬁ%p
and Wi, < T;}I‘;:‘in. Here, two constraints need to be imposed

on the scattering points for Tf’h:ﬂn g S ha oD Timp

satisfies the relationship (35), and 2) Af < ||RO;||. For

tmp
r sha i sha ; ; t
Wip > Tihax and ii) o < Y7, the situation where Wi, >

YTsha also needs to be incorporated. For other circumstances
in this situation, Syej = 0.

C. Syei for Double Obstacles Situations

In this section, we derive the Syei values for the obstacle
region containing two obstacles, where the two obstacles can
be of the same type as shown in Fig. 2 or of different types,
e.g., two RTPs, an RTP and an RP, and two RPs, as shown in

Figs. 2 (f), (g), and (h).
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First, we specify the coordinates of Og and Og’, which must
satisfy the following relationship

4 ’
005
where Oj and 0’5, denote the projections of Og and Og' on the
plane XRY, respectively, & can be a, b, c, d, or e, and “sha’”
can be “RTPY,” “RTP;” “RP,” “RPP,” or “CYL.” Following
that, we investigate the intersection cases among the receiver
FoV and two arbitrary obstacles. If ¢ satisfies the following
condition:

min (TSha

sha sha’
> 1-‘rad + 1—‘rad

(36)

r,upp’ ©r,upp r,upp’

!’
Tsha )§¢ <maX(TSha i

Tsha’ ) (37)
the plane &y only intersects with one obstacle, and the specific
intersection cases are in accordance with Table II, while if ¢ <
min(Yha | The ), € intersects with two obstacles, and the
intersection cases are summarized in Table III, where T5h2. s

r,min
assumed to be greater than Tff}ﬂax and Tfﬁ‘;‘in is supposed to be
greater than Yha

rmax for tractable analysis. Then, the value of

Swei 18 investigated under the precondition that inequality (10)
holds, which is summarized as following steps.

Step 1: For the situation where ¢ > max(Tjﬂl%p, Tjﬂj};p),

we first need to determine the relationship among min(Tﬁﬁ%p,

Tﬁ%gp), max(Tﬁl,}%p, Tsha' ) and o Specifically, if o > max

t,upp
ha' N . . cha’
(thl&%p, ysha ) S i = 1, while if min(Ysha T,‘f%p) <o

t,upp ¢ t,upp’
< max(Yha ysha ) the circumstances for Syei equal to 1

are in accordance with those of Step 2 where o < thll‘l%p in
single obstacle situations. If o < min(Y$h2
H . t sha
has three circumstances: i) Weg, is less than Y[ ~or greater
ha' h t ’
than T;a or Y < W * min’ mp < “TOE”
sha t sha . t
and Tt,min < \lJesp <7 and iii) A
Y sha esp = Timax> and the ['ymp constraints imposed on
the scattering points for ii) and iii) must satisfy (35).
it ha' :
max (Y5, 1), we choose Case Se for elaboration due
h ‘h ! . . s . .
(T;u%p, TZ u%p), the derivation of Sy is consistent with that of
less than min(Tﬁ};%P, thk&%p), the value of Syej equal to 1 has
sha sha’ y. s r
esp < Tr’min(T ); i) A <

t.upp> *£,upp
f,upp’ Tts,ttllgp)’ Swei = 1
f,max? f,max esp < TSha/ > ll) A[
axs tmp < ||TO’§,|| and
t,min = Vg < TSha/

Step 2: For the situation where min(Tjﬂl%p, T,S’t}fr;p) <¢ <
to its comprehensiveness. If o is greater than or equal to min
Step 3 in single obstacle situations. For the scenario where o is
three circumstances: i) W, » min tmp

[IRO;|(I[ROG 1), Timp satisfies (35), and Y20, (Y2i,) <
qjgsp = Trs,t;gax(TrS,hrgax); and iii) \I]gsp = Tf,hrillax(-rj,hr%ax)’ where

the settings of \L’ésp and Ag,, for ii) and iii) coincide with
those of Step I in double obstacle situations where o is less
than min(T:ll‘]%p, T;}l‘gp).

Step 3: For the situation where ¢ < min(Tj}{ﬁ)p, Tfﬂl‘};p),
we choose Case D1 for elaboration since it contains the most
comprehensive possibilities compared to Cases D~ Do and
D12~ Dys. First, we provide the circumstances where Syej = 1

from the perspective of the receiver: i) W[, is less than yshal

esp r,min
sha sha’ r sha . :: sha’

or greater than Y10, ., or T, < Wi, <1 i) T

< V' < Tsha’

r,min’ r,min
’ . ces ‘wh

esp = Y)hax and At’mp < ||RO§,||, and iii) T:’Iflm <

Wiy < Tl and Al < [IROL]|, and the Ty constraints

imposed on the scattering points for ii) and iii) need to satisfy

the relationship (35). Second, we provide the circumstances of
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Swei equal to 1 from the perspective of the transmitter, which

. sha sha’ \. /:: . sha sha’
are: (i) 0 > max (Tt’upp, Tl,upp)’ >i1) mm(Tt’upp, Tt’upp) <o
sha sha’ . t t
< max(Tt’upp, Tl,upp)’ where the settings of \Desp, Atmp, and

I'ymp are in accordance with those of Step 2 in single obstacle
situations where o < Y1 : and (iii) o < min(Y;ha  ysha )
and the settings of W¢.,, Afy,, and I'imp are in accordance
with those of Step I in double obstacle situations. If the
coordinates of the scattering point satisfies the aforementioned
circumstances from the perspectives of both the transmitter

and receiver, Syei = 1; otherwise, Syeij = 0.

D. S, for Multiple Obstacles Situations

In this section, we also provide the solution steps of Syei
for the obstacle region containing multiple obstacles, where
the shapes of the obstacles can be of the same type or different
types. Initially, the coordinates and dimensions of the obstacles
need to be specified, which must satisfy the precondition that
the distance between the central points of any two obstacles is
longer than the sum of their rotation radii. Following that, the
intersection cases among £y and multiple obstacles need to be
analyzed for different ¢ values, where the ¢ interval is divided
into multiple subintervals by the Tff{f})p value corresponding
to multiple obstacles. Moreover, the intersection cases among
Fo and multiple obstacles need to be investigated, where the
o interval is divided into multiple subintervals by the Tls,%‘;)p
value corresponding to multiple obstacles. Finally, we analyze
the circumstances where Syej = 1 from the perspectives of
both the transmitter and receiver.

In contrast to the latest research [37], which applies an exact
treatment to the obstacle boundary, the proposed model adopts
an approximate treatment to the obstacle boundaries, resulting
in a markedly lower complexity for solving Sy than that
of research [37]. Moreover, this advantage will become more
prominent as the number of obstacles increases.

For the proposed OBAM, its performance is closely related
to the difference between the obstacle volume and its rotational
volume. Specifically, when the reflectivity of the obstacle
surface is relatively high, OBAM performance is generally
distinguished, and the influence of the difference between the
obstacle volume and its rotational volume becomes negligible.
However, under conditions of low obstacle surface reflectivity,
OBAM performance is relatively good when the difference
between the obstacle volume and its rotational volume is less
significant. Conversely, when this difference is large, OBAM
performance will become relatively poor.

IV. RECEIVED PULSE ENERGY CONTRIBUTED BY
OBSTACLE REFLECTION

A. Derivation of Q. ref

Based on the existing UV reflection propagation the-
ory [37], [40], [46], O, ret can be derived as

Os(k + 1) cos® @ cos ¥ cos 8
Qr,ref = s

2w ey?
x Avy A(B1, 92) expl—ke(€ + v)] Ruei ds (38)
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where

cos U mg+ 1
A, 1) = + 1 —w
T 2m

cos™ %,.  (39)
Next, we will determine the effective reflection regions S, ds,
and Rye; combined with the specific obstacle situations.

B. Effective Reflection Regions Without SubRegions

In this part, the effective reflection regions for the obstacles
RTPY, RTP, RP, RPP, and CYL are investigated under the
precondition that the reflection parameter values for all points
on the same surface are identical. According to the geometric
relationships, the effective reflection regions for RTPY can be
expressed as

= (_FRTPY + xg, FRTPY 4 xu)

rad rad
y € (=TRIFY +yq, TRIFY JTrya)

ng[x—xa. y—ya. 2—24] =0
©,,0, € %0, 21/3], ©) + ©, =27/3
0,P'] < 0P|

peet >0, pr (—v)

SRTPY : (40)

> v cos B,

where ()T denotes the matrix transpose operator, and ng, =
[nga,nga,nga] is the normal vector of the surfaces AjA4A3
where (£, &,) = (a4, a3), A1A3A2 where (&4, §,) = (a3, a2),

and A1A2A4 where (&, &) = (az, as), and can be given by

nt = [ve, — Var 26 — 2a)[2, — 7 Ya —ve] | (41a)
nga = [2&, — 2a» X, — Xa|[Xe! — Xar 70 — Z%]T (41b)

Z

ng, = [xsa — Xa, Ve, —ya][y% — Ya, Xq —x%]T. (41c)

Regarding ©®, and ©, they denote the angles between O, P’
and O,A,, and O, P’ and O} A, respectively, where (p, p’)
can be (4, 3), (3,2), and (2, 4), and P’ is the projection point
of P onto the plane XRY. Concerning the point Py, which is
the intersection point between the lines O;P/ and A,A,, its
coordinates can be derived as

Ythr — Ya
kx
ke, (kxxa — Ya) + ke(ve, — xerke, )
kx - kSa

+ X (42a)

Xthr =

Yihr = (42b)

where k; = (v —ya)/(x — xa) and kg, = (s, — ye,)/ (¥e, —xe,)-
Note that for the case where X = X4, Vihr = Yer + ke, Cgnr —
x%), while for the case where ywn = V4, Xthr = Xgr + (Vihr —
y%) /ke,, and for the case where xg, = Xgl, Xthr = Xg, and
Ythr = Ya + kx(Xthr — Xg). As for the case where ys, = yer,
Yihr = Ye,» and Xir = Xg + Vtr — Ya)/ kx. Besides, p, can be
expressed as [ cos ¥, cos &, cos ¥, sin ¢, sin ¥},]. Thus, ds can
be derived as

X\ 2 v\ 2
g, g,

ds= |1+ | = + | 2| dxdy.
g, g,

(43)
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Combined with the geometries of RTP, RP, and RPP, they
all have three potential reflection surfaces, which can be
expressed as

y € [)’bl, )’b3], surface B133/1/
y e [yb3v )’bz], surface B322/3/
y e [yb27 Vb, ]a surface B211/2/
SRrp (44)
X = kb13 +.Xh3, surface B133/1/
X = kb32 + Xby s surface B322/3/
X = kb21 + Xby s surface Boiry
VS [0, ]/h]
ye€ [)’C4, y03]a surface C433/4/
Yy € [)’C3, ch], surface C322/3/
ye€ [ycza ycl]s surface C211/2/
SRP (45)
X = kC43 + Xeys surface C433/4/
X = kc‘32 + Xeos surface C322/3/
X = kL‘z] + Xeps surface C211/2/
z€ [0, y]
y € [yd5s yd4], surface D544/5/
BAS [)’d41 yd3], surface D433/4/
ye€ [)’dp ydz]v surface D3oor3
Srpp (46)

X = kgs, + xq,, surface Dsyy5
X = kg3 + xq;, surface Dyz3y
x = kg;, + x4,, surface D3yory
Z€ [0, )/d]

respectively, where B33/ represents the surface B]B3B’3B’l,
and is also suitable for the remaining expressions. When these
surfaces are valid, the corresponding oy, o, and oy intervals
are given by

ap € [0,7/6),  surface Bizyy
ap € [0,27/3],  surface B3y
ap € (/2,2m /3], surface Byqy/y
ac € [0,7/2),
ac € (0, ),
o € ()2, 7],
ag € [0,37/10),  surface Dsgys
ag € [0, 27/5], surface Dy33/4/
ag € (/10,2 /5], surface D3ppry

Srrp : (47)

surface Cq334/
surface Czpor3/
surface Cpyyry/

Srp : (48)

SRrpp (49)

respectively. On these bases, k,; can be derived as

_ (X — ng)(y - ygj)

koy = (50)
o Yoi = Yoj

where o can be b, ¢, and d, and meanwhile, the corresponding
normal vector of these surfaces can be given by

ng, = (Voo — Yor): Yoo — %o, 0]. (51)

Further, the coordinates (x, y, z) must satisfy the relationships
that [,Lté‘T > 0 and er(—u)T > vcos By, and the expressions
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of ds can be derived as

Sm(nd;%%), surface B33/
m(,,d}’—giw, surface Bzpy/3/
m, surface By
C%Z(lz, surface Cyg334/
ds = s?,{%i, surface C3pp/3/ (52)
%, surface Cp11/o/
m, surface Dsqa's
%, surface Da33r4/
%, surface D300r3.

Beyond that, the effective reflection region for CYL can be
expressed as

e (0,m)

[Lt€T > ecos(m/2)

e (=)T > v cos B,

@ —x)2 + (= ye)? = w?
X = X, + w, sin ¢

Y = Yo — W, cos O

ZE [O, ye]

where @ represents the angle between O.E and O.E’, which
is positive if taken counterclockwise from O.E, and ds can be
expressed as w,dddz.

ScyL : (53)

C. Effective Reflection Regions With SubRegions

Then, we determine the effective reflection regions for the
obstacle surface encompassing multiple subregions, as shown
in Fig. 3, where the shape of the obstacle side is assumed
to be rectangular, which is consistent with the shape of the
sides of most buildings in real-life environments. Throughout
the entire modeling process, the contours of the subregions
are modeled as 1) rectangles; 2) circles; or 3) a mixture of
the two. Thus, the relevant effective reflection regions can be
derived as

zZ€ [O, )/Q],
y € [ygi, ygj], surface Wy

X = ko + X surface Wy
(x,y,2) € Fy, or Gy, {Vrins Min, Ms,in}
(x,y,2) ¢ Fy or Gy, {Vr,outa MHout» ms,out}

sha

(54)

where W can be B, C, or D, and the value combinations of i
and j are in accordance with those in (44)—(46). Furthermore,
F,, and G,, can be expressed as

1 1
Z € |Zuv — 5Suvs Zuv + jsuv]

dydz dydz
Y€ | Yu — ﬁwuw Yuv + %Ww]

Guv : (¢ —Xw)? + O = yun)? + @ — zw)* <72, (56)

Fyy : (55)

D. R,.i for Different Obstacle Situations

Next, we investigate the value of Ryei. For single obstacle
situations, 9, rer iS contributed by one obstacle, and the value

42143

of Ryej is always equal to 1. As for double obstacle situations,
O, ref 1s contributed by two obstacles, and the value of Ryei
is closely related to the relative positions of the two obstacles.
For easy understanding, we first investigate the circumstances
where Ryej = 1 from the perspective of the receiver. Because

of the similarity, we assume that T,Shé‘lax is greater than T,Shlg/ax,

. . . . !
and meanwhile discuss the relationship among Tf}}f‘lin, sha
/ . . . ’ ha’ ’ ..
and Tf};fﬁn, which are summarized as: i) Y$ha > ysha . )
rsha’

r,min r,max>
/ e /
sha > Tsha > Tsha - and 111) Tsha > Tsha

r,min = °r,min’ r,min r,r,nin' In case
i), Rwei = 1. In case i), if x¢ + ISM8 > xe + TN Ry = 1

- ] , - rad = rad ° )
when Wi e [Yfha  ysha pshaty (yshe yshe 1S and if

r,min r,min’ ° r,max
sha sha’ sha’
xe +Thd < xg +Tod s Rwei = 1 when W[ € [T;’n‘iin,

T rad ’ esp
Tﬁf‘rﬁ;x]Sha/ U (Tﬁﬂﬁ;x, sha 150, where the superscripts sha
and sha’ apply to distinguish different obstacles. In case iii),

if xg + TS0 > xp 4+ TS Ryei = 1 when WY, € [T30

]sha

rad rad ° , r,min’
TE}II%aX]Sha, while if Xe + F::s‘ < Xg + Frsalilg , Rwei = 1 when
r sha sha’ qsha sha’ sha’ ysha'
\IJCSP , € [Tr,min’ Tr,min] u (Tr,min’ Tr,max) U
sha sha qsha
[Tr,max’ Tr,max] .

Moreover, we investigate the circumstances where Ryei = 1

from the perspective of the transmitter. Due to the similarity,

we suppose that T,S,Irlgax is greater than Tﬁ?ﬁ‘ax, and at the

: : : : sha’ sha

same time discuss the relationship among Y[ . Y/, and
sha : . . sha’ sha . (3:

Y, min> Which /are summarized as: (1) Y = V. ()
sha sha sha . sha sha’

Ymax > Yimin = Y/ mins and (i) Y70 > T II/I case

(i), Rwei is always equal to 1. In case (ii), if xg + Fr‘;‘é‘ > xg

sha R t sha sha’ sha sha’

+Fr?d’ Ruwei = 1 when \Ilesp /E [Tt,min’ Tt,min] U (Tt,min’
sh. sha’ Ta g h. h.

Yomax T, while if xg + IRE < xe +/Ffa§,/ Rwei = 1 when
t sha sha qsha sha sha’ qpsha :

\Ilesp € [Tt’min, T max]™ YUY axs Y max) . Regarding case

T sha’ sha R t

(111)},1 /1f XS/hdl— Fﬁ"?‘ > xg + Thgs R:e) =1 Whenh\IfcSp €
sha’ sha’ qsha : : sha sha .

[Tt,min’ Tt,max] > Whlle/ if Xgr + 1-‘r,ad = X+ 1—‘rad’ Ruei

_ t sha’ sha qshal sha sha ysha

= 1 when \I/IeSp /E [Tt,min’ Tt,min] U (Tt,min’ Tl,max) U

[reha rsha 1sha Only when the value of Ry is equal to 1

from the perspective of both the transmitter and receiver, the
differential reflection area contributes energy to Q; ref.
Furthermore, we also provide the solution steps of Ryei for
multiple obstacle situations. Initially, the circumstances where
Rwei is equal to 1 need to be investigated from the perspective
of the receiver. In this step, the relationship among the critical
parameters T:f‘;in and Tf}}gax of multiple obstacles need to be
discussed, and meanwhile, the wgsp intervals that the photon’s
receiving link is not blocked by obstacles need to be provided.
Moreover, the circumstances where Ryei is equal to 1 need to
be determined from the perspective of the transmitter. In this
step, the relationship among the critical parameters Tzlﬁi‘in and
T,s’ll‘fl‘ax of multiple obstacles require to be investigated, and at
the same time, the W[, intervals that the photon’s transmitting
link is not blocked by obstacles require to be presented. Only
when Ryei = 1 from the perspective of both the transmitter
and receiver, the differential reflection area contribute energy
to QO rer- During the derivation of Ryei, we default to the
fact that the angle between ng, (ng,, ng,, ng;, and ng,) and
—e& as well as the angle between ng, (ng,, ng,, ng,, and ng,)
and v are both less than 90 degrees, which can eliminate the
possibility of a photon traveling through the obstacle to reach
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the differential reflection area ds as well as a reflected photon
traveling through the obstacle to arrive at the receiver.

It is noteworthy that although a Lambertian-distributed
light source (e.g., LED) was adopted for modeling in this
article, the applicability of the proposed model can be easily
extended to encompass sources with other emission patterns.
Specifically, when applying the proposed model to non-
Lambertian sources [21], [37], three modifications to the
aforementioned modeling procedure are required: 1) replace
the emission pattern of the light source in expressions Q; sca
and Q, ror With that of the specified non-Lambertian source;
2) update the constraint (10) to [Lté‘T/E > cos B, where B;
is the half beam angle of the light source; and 3) consider
the constraints of source parameters W and W!. when
solving both Syej = 1 and Ryej = 1 from the viewpoint of
the transmitter, where W}, and W!. denote the maximum
and minimum angles, respectively, formed between the rays
resulting from the intersection of plane F, with the transmitter
beam boundary and the reference ray TH.

As for the obstacle region, although we only consider the
obstacle circumstances shown in Fig. 2, the applicability of
the proposed model can be readily extended to scenarios
involving obstacles with regular contours and various numbers
based on the proposed modeling procedure. For scenarios
involving irregular obstacles, we first approach their contours
utilizing regular obstacles. Subsequently, the proposed OBAM
is employed for boundary processing. Finally, the modeling is
conducted according to the procedure presented above.

Generally, the proposed model applies to short-range UV
communication scenarios and requires an overlap volume
between the transmitter beam and the receiver FoV. To elim-
inate these limitations, the MCPT method can be employed
for modeling the NLoS UV channels, incorporating the effects
of turbulence, especially for long-range scenarios. This is
primarily because, as the communication range increases or
the overlap volume decreases, the component of multiple
scattering to the received pulse energy becomes increasingly
considerable. However, this component cannot be captured
through the proposed integral method.

V. NUMERICAL RESULTS

In this section, we assess the validity of the proposed model
and analyze the impacts of different obstacle situations on the
channel properties of NLoS UV communications. According
to the existing studies [21], [22], [37], path loss is considered
as one of the most important metrics for UV communications
and is widely adopted for channel characterization. Since it
can enable further investigation into the key communication
performance of NLoS UV systems, such as achievable data
rate, bit error rate, and effective propagation distance. For these
reasons, we select the path loss metric to conduct the relevant
simulation analysis. All simulations are performed within the
MATLAB R2022b computational environment on a computer
equipped with a 2 GHz quad-core Intel Core i5 processor and
16 GB of LPDDR4X RAM.

The validity of the proposed model is investigated in Fig. 5,
where the simulation results of the MCPT model are employed
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Fig. 5. Path loss comparison of the proposed model and the MCPT model
at different obstacle situations.

TABLE IV
PARAMETER SETTINGS FOR THE PROPOSED MODEL AND MCPT MODEL

Parameters ~ Values H Parameters ~ Values
ERaY 0.24km=' || B 7/6

EMie 0.25km~! || B, /6

kq 0.90km™1 || o —197/36
ot 0.017 ar 197 /36
g 0.72 I /36

f 0.5 Iy 7w /36

vy 0.1 Ay 1.92cm?
“w 0.5 ms 5

as the criterion, and its correctness is experimentally confirmed
in two representative scenarios [39]. Besides, the shape of
the obstacle is chosen as the RP, and its parameters are
set below: e, we, Ve, Xer Yo, and . are set to r/10, 3r,
3r, —pu¢/2 — 10m(or — puc/2 — 20m), r/2, and O degrees,
respectively; and the reflection parameters v,, u, and my are
set to 0.1, 0.5, and 5, respectively, which are consistent with
those in [39]. Moreover, the number of simulation photons and
their survival probability threshold for the MCPT model are
set to 107 and 10719, respectively. Concerning the remaining
parameter settings, they are presented in Table IV. Numerical
results demonstrate that the path loss curves determined by the
proposed model agree well with those obtained by the MCPT
model, while its simulation time is less than 10% that of the
MCPT model. Beyond that, these results reveal that the path
loss of the NLoS UV channel without obstacles is larger than
that of the channel considering an obstacle at given parameter
settings, which is mainly because the contribution of obstacle
reflection to Q, is more prominent. Furthermore, the variation
in the distance between the reflection surface and transceiver
FoVs (DBRST) has a significant impact on the overall path
loss of NLoS channels. Specifically, when r is small, the
smaller the DBRST value, the lower the corresponding channel
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Fig. 6. Path loss results of the scattered energy for the proposed model and
the integral model at different obstacle orientation angles.

TABLE V
PARAMETER SETTINGS FOR THE TRANSCEIVER AND OBSTACLE

Parameters ~ Values H Parameters ~ Values
B2 w/12 we 40 m
Br w/12 Ye 80 m
ot —27/3 Lie 30 m
ar 2m/3 ac 0°, 5°
Ot /9 O /9

path loss, while when r is large, the larger the DBRST value,
the lower the corresponding channel path loss.

Fig. 6 demonstrates the performance of the proposed
OBAM in handling obstacle boundaries. Related parameter
settings are summarized in Table V, where x. and y. can be
expressed as —Fgg sin[tan_l(uc/a)c) + ac] — ue and r/2,
respectively, and the remaining parameter settings are consis-
tent with Table IV. Regarding UD and LD, they represent the
radiation intensity of the light source obeys a uniform distri-
bution and a Lambertian distribution, respectively. Numerical
results indicate that under identical source radiation patterns,
the path loss for scattered energy in obstacle-free channels is
consistently lower than that in obstructed channels, irrespective
of the obstacle orientation angle. Further, with all other
parameters held constant, the path loss variation induced by
radiation pattern differences remains stable at 0.95 dB across
varying communication ranges. Thus, the error introduced by
the proposed OBAM can be inferred. Specifically, when «. is
set to 0° and 5°, the assessment error ranges attributable to
OBAM are [0,1.35] dB and [0,1.30] dB, respectively.

Fig. 7 presents the ratios of Q ref to 9, sca for the proposed
model and the latest work [37] at different obstacle orientation
angles, where the related parameter settings are consistent with
those in Fig. 6. Numerical results manifest that, under a fixed
obstacle orientation angle, the ratio of Q, ref t0 Q; sca for the
LD source channel exceeds that for the UD source channel at
shorter communication ranges, while it is lower than that for
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Fig. 7. Ratios of Q, ref to Qp sca for the proposed model and the integral

model at different obstacle orientation angles.
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Fig. 8. Path loss results for NLoS UV communication channels incorporating
different obstacle shapes.

the UD source channel at longer communication ranges. Apart
from this, we observe a phenomenon that the ratio of Q, rer to
O, sca initially increases and subsequently decreases with the
increase of communication range. This is mainly because when
r is small, the area of the beam at the obstacle is smaller than
the area of the obstacle available for reflection, and when r
is large, the effective reflection area (ERA) remains constant
while the effective scattering volume increases. Combining
with Fig. 6, we can conclude that the assessment error ranges
attributable to OBAM can be ignored when obstacle reflection
is obvious. Specifically, when r and «, are set to 100 m and
5 degrees, the contribution ratios of Q, ¢, to O, are only 5%
and 4%, respectively, for the proposed model and the integral
model.

Moreover, we investigate the impacts of the obstacle shapes
on the channel path loss under identical transceiver parameter
settings, as shown in Fig. 8. The system model parameters are

selected as follows: xg, ye, z¢, and Fﬁé‘g are set to —46.7 m,
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Fig. 9. Path loss comparison for single obstacle situations and double obstacle
situations.

TABLE VI
PARAMETER SETTINGS FOR SINGLE AND DOUBLE OBSTACLE SITUATIONS

Parameters ~ Values H Parameters ~ Values
B1/2 /6 we 40 m

B /6 Yo 80 m
i —27/3 L 30 m

ar 2m/3 Tp,c —46.7m
Vs 7r/36 || TIh 25m

Yy /36 ayp /3

r/2, 80 m, and 25 m, respectively; o4, op, ¢, and oy are set
to /3, m/3, 0, and /5, respectively; and the rest parameter
settings are the same as those in Table V. Numerical results
demonstrate that channels incorporating RTPY, RTP, RP, and
RPP exhibit significantly lower path loss compared to obstacle-
free channels, whereas channels with CYL show higher path
loss than those of obstacle-free channels when r is relatively
large. In addition, among these five obstacle shapes, the
channel with RPP exhibits the minimum path loss while the
channel with RTPY shows the maximum path loss at small r
values. Conversely, at large r values, the channel incorporating
RTP demonstrates the lowest path loss, whereas the channel
with CYL presents the highest path loss.

Fig. 9 presents the path loss for NLoS channels considering
single and double obstacle situations. Related transceiver
and obstacle parameter settings are provided in Table VI
Numerical results manifest that when the communication
range is short, the path loss in the single-obstacle situation
is less than that in the two-obstacle situation. However, when
the communication range is long, the path loss in the single-
obstacle situation is higher than that in the two-obstacle
situation. This behavior is primarily tied to the ERA provided
by the obstacles. Specifically, when r is small, the area of the
beam at the obstacle is much smaller than the ERA provided
by the obstacles, which leads to the channel with RP showing
the minimum path loss. Since in this situation, increasing the
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Fig. 10. Path loss results for obstacle reflection surfaces containing multiple
subregions with different contours.

volume of the obstacle will obviously reduce the contribution
of air scattering to the received pulse energy. Compared with
the combinations of RTP and RTP, RTP and RP, and RP
and RP, RP possesses the smallest volume. The reason why
the path loss for the channel with RP is lower than that for
the channel with RTP is that TEEH < TE};H, and T}ﬁfn <
Ttlil;in at small r values, where causes the effective scattering
volume for the channel with RP being larger than that for
the channel considering RTP. However, when r is large, the
area of the beam at the obstacle is larger than the ERA
provided by the obstacles, which leads to the combination of
RTP and RTP exhibiting the minimum path loss. Since this
combination possesses the largest ERA compared with RTP,
RP, and the combinations of RTP and RP, and RP and RP.
From Fig. 9, it can also be observed that all path loss curves
intersect at a single point. This occurs because, at this specific
location, the illuminated area of the transmitted beam on the
effective reflection surfaces for the five obstacle situations is
comparable.

Fig. 10 examines the impacts of different obstacle reflection
properties on the channel path loss. For simplicity, the obstacle
shape is chosen as a RP, and the system model parameters are
configured as follows: Vr,ins Vrouts Hin (Mout)s and my, i (ms,uut)
are set to 0.3, 0.1, 0.5(0.5), and 5 (5), respectively; wy,,
Sw, and r,, are selected as 5, 5, and 3.5m, respectively;
and the remaining parameter settings are consistent with
those in Table VI. Moreover, the effective reflection surface
is divided into 32 grids, with each grid assumed to contain
a single subregion. Numerical results show reduced path loss
in scenarios containing subregions compared to those without
subregions, attributable to higher reflection coefficient values
inside versus outside these subregions. Further, among scenar-
ios containing three types of subregions, the configuration with
hybrid circular and rectangular subregions yields the smallest
path loss. This is attributed to this scenario having the largest
total subregion area.
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VI. CONCLUSION

This article proposed a single-collision model for NLoS UV
communication channels, where the representative shapes and
numbers of obstacles and their different reflection properties
are taken into account to approach real IoT environments.
Moreover, an OBAM was developed to reduce the modeling
complexity. To validate the proposed model, we compared
it with the MCPT model and the integral model through
numerical results, which prove its correctness and effective-
ness. Besides, calculations showed that under identical source
radiation patterns, the path loss for scattered energy in the
obstacle-free channel is lower than that in the obstructed
channel, irrespective of the obstacle orientation angle. Further,
when the ratio of reflected energy to scattered energy is large,
the assessment errors attributable to the proposed OBAM
could be neglected. Beyond that, when the area of the
transmitter beam at the obstacle is much smaller than the ERA
provided by the obstacle, increasing the illuminated area of
the transmitter beam on the ERA could reduce the channel
path loss.
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