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Abstract— As transceiver elevation angles increase from small
to large, existing ultraviolet (UV) non-line-of-sight (NLoS) models
encounter two challenges: 1) cannot estimate the channel charac-
teristics of UV NLoS communication scenarios when there exists
an obstacle in the overlap volume between the transmitter beam
and the receiver field-of-view (FoV), and 2) cannot evaluate the
channel path loss for the wide beam and wide FoV scenarios with
existing simplified single-scattering path loss models. To address
these challenges, a UV NLoS scattering model incorporating an
obstacle was investigated, where the obstacle’s orientation angle,
coordinates, and geometric dimensions were taken into account
to approach actual application environments. Then, a UV NLoS
reflection model was developed combined with specific geometric
diagrams. Further, a simplified single-scattering path loss model
was proposed with a closed-form expression. Finally, the proposed
models were validated by comparing them with the Monte-Carlo
photon-tracing model, the exact single-scattering model, and the
latest simplified single-scattering model. Numerical results show
that the path loss curves obtained by the proposed models agree
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well with those attained by related NLoS models under identical
parameter settings, and avoiding obstacles is not always a good
option for UV NLoS communications. Moreover, the accuracy of
the proposed simplified model is superior to that of the existing
simplified model for all kinds of transceiver FoV angles.

Index Terms— Channel modeling, atmospheric scattering,
obstacle reflection, simplified single-scattering path loss model.

I. INTRODUCTION

OWADAYS, radio frequency (RF) technology is widely

adopted in wireless communication scenarios due to its
attractive benefits, for example, low cost and easy deployment.
However, this technology also encounters certain issues such
as spectrum scarcity, mutual interference, and communication
security [2], [3]. To solve these problems, much research work
has been conducted on millimeter-wave (mm-Wave), terahertz
(THz), infrared (IR), and visible light communications (VLC)
[4], [5]. Mm-Wave and THz communications deploy a lot of
antenna arrays with high beamforming gains to overcome the
severe link loss [4]. IR and VLC convey information based on
the existing optical transceivers and illumination networks [6],
[7]. However, mm-Wave, THz, IR, and VLC primarily depend
on line-of-sight (LoS) links for communications and are thus
susceptible to obstacles.

To address the issues above and promote the development
of the next-generation wireless communication technology,
much effort has been devoted to the investigation of ultra-
violet (UV) communications [2], [5], [8], [9], [10], [11].
Compared with RF communications, UV communications
have inherent advantages such as huge bandwidth without
licensing, high confidentiality, and immunity to electromag-
netic interference [5], [9]. Compared with mm-Wave, THz,
IR, and VLC, UV can convey information via non-line-of-
sight (NLoS) links that utilize atmospheric scattering [12].
Moreover, the background noise of the UV communication
systems adopting 200-280 nm band (also called the solar-blind
band) can be neglected. Since the atmospheric ozone layer has
a strong absorption impact on the solar radiation within this
band [13]. Encouraged by these benefits, UV communication
technology has great potential to enable future ubiquitous
communications by integrating with existing wireless commu-
nication technologies.

The current challenges to UV NLoS communications can be
briefly summarized as follows. Concerning hardware systems,
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TABLE I
APPLICABILITY OF REPRESENTATIVE UV NLOS CHANNEL MODELS
Types Refs Obstacle Applicability Range
[12], [21] X The transceiver points arbitrarily in the coplanar case. Short
[18], [22] X The transceiver points arbitrarily in both coplanar and non-coplanar cases. Short
SSM [19] X Vertical receiver pointing and arbitrary transmitter orientation. Short
[20] Va4 Arbitrary transceiver pointing in both coplanar and non-coplanar cases and an infinite reflection plane. Short
[23] X Transceiver FoVs are above the horizontal plane in the coplanar case with a close overlap volume. Short
[24] X A small overlap volume between transceiver FoVs in the coplanar case. Short
[25] X A small overlap volume between transceiver FoVs in both coplanar and non-coplanar cases. Short
SSSFLM [26] X A narrow transmitter beam in both coplanar and non-coplanar cases. Short
[27], [28] X A narrow transmitter beam or receiver FoV in both coplanar and non-coplanar cases. Short
[29]-[31] X The transceiver points arbitrarily in both coplanar and non-coplanar cases. Medium
MSM [32] v Arbitrary transceiver pointing in both coplanar and non-coplanar cases and an infinite reflection plane. | Medium
[33] v Arbitrary transceiver pointing in the coplanar case and considering an obstacle’s width and height. Medium
SMSM [34] X The transceiver points arbitrarily in both close and open overlap volume cases. Medium
[35] X The contributions of second-order and third-order scattering to the entire signal in a small beam case. Medium
[36] X The transceiver points arbitrarily in weak-medium turbulence conditions. Long
TCM [37], [38] X A small overlap volume between transceiver FoVs in weak-medium turbulence conditions. Long
[40] X A narrow transmitter beam in weak-medium turbulence conditions. Long
EPLM [43] X Some fixed transceiver geometries in the coplanar case. Short
[44] X Some fixed transceiver geometries in both coplanar and non-coplanar cases. Short

the power efficiencies of all current UV light sources are
still low, and the optical detectors loaded with solar blocking
filters are expensive [2], [3], which need to be tackled to
expand the application range of UV communication technol-
ogy. Besides, UV NLoS systems suffer from high channel
fading and severe pulse-broadening effects [14], which require
more efficacious modulation and coding schemes to com-
plete the tasks of high-speed data transmission. Moreover,
given the high complexity of actual communication environ-
ments, more accurate channel models incorporating factors
such as diversified scenarios with obstacles, joint effects of
atmospheric turbulence and multiple-scattering events, vari-
ous weather conditions, and time-variant channel parameters
should be developed to estimate UV NLoS propagation char-
acteristics [15], [16]. Furthermore, the signals received by
the UV detector may be mixed with various noises such as
optical background noise, thermal noise, and detector dark
noise [2], so advanced detection techniques are required to
extract signals overwhelmed by these noises. In addition to
that, in UV network communications, medium access control
(MAC) and multi-user interference (MUI) seriously influence
network performance. How to design efficient MAC protocols
and eliminate MUI is challenging for the development of UV
network communications owing to rich atmospheric scattering.
In this paper, we investigate the channel models for UV NLoS
scenarios incorporating an obstacle and the simplified channel
model for UV NLoS scenarios without any obstacle.

A. Prior Works

At present, research on UV communication channel models
has primarily focused on the interactions between UV photons

and atmospheric constituents, e.g., molecules and aerosols.
To be specific, when the communication range is small and
there is an overlap volume of the transceiver field-of-views
(FoVs), UV signals received by the receiver (R) are domi-
nated by the single-scattering events [17]. Therefore, many
single-scattering models (SSMs) were proposed to obtain the
channel properties of short-range UV NLoS communication
scenarios, including the channel models developed based on
the prolate-spheroidal coordinate system [12], [18] and the
channel models proposed based on the spherical coordinate
system [19], [20], [21], [22], [23], where the model in [20]
considered the obstacle reflection, and idealized the obstacle
as an infinite plane. Nevertheless, due to the high complexity
of the triple integral limits in [12], [18], [19], [20], [21], [22],
and [23], some simplified single-scattering path loss models
(SSSPLMs) were put forward for tractable analysis [24], [25],
[26], [27], [28], where the model proposed in [24] applies to
the case where the transceiver FoV axes are on a common
plane, while the rest simplified models are suitable for the
cases where the transceiver FoV axes are both coplanar and
non-coplanar.

As the overlap volume between the transmitter (T) beam and
receiver FoV decreases or the communication range increases,
the accuracy of the single-scattering model decreases gradu-
ally [21], and the contribution of multiple-scattering events
to the entire received signal becomes significant [29]. Hence,
several multiple-scattering models (MSMs) were developed
based on the Monte-Carlo method [29], [30], [31], [32],
[33], where numerous photons are required to participate
in the simulation to obtain reliable signal statistics at the
receiver. In [29], the impacts of various system parameters
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on channel path loss and bandwidth were investigated. With
respect to [30], the contribution of different scattering orders
to path loss and impulse response functions was analyzed.
Also, the relevant pseudocode was provided to reproduce
simulation results. Regarding [31], the convergence perfor-
mance of the Monte-Carlo integration model was studied
and improved by introducing different sampling methods, and
concerning [32], an infinite reflection plane was introduced to
improve received optical power. As regards [33], the obstacle’s
height and width were taken into account, while its thickness
was assumed to be infinitely large. However, owing to the
high computational complexity of these Monte-Carlo models,
some simplified MSMs (SMSMs) were derived to simplify
analysis, including a sample-based UV channel characteri-
zation method that incorporates first-order and second-order
scattering events [34], and an integral model that incorporates
second-order and third-order scattering events [35]. Moreover,
several turbulence channel models (TCMs) [36], [37], [38],
[39], [40], [41], [42] were proposed to assess the channel
properties of long-range UV NLoS communications, since the
turbulence impact cannot be ignored when the range exceeds
200 m [36]. In addition to these works, two empirical path
loss models (EPLMs) including the coplanar model [43] and
the non-coplanar model [44] were developed by fitting the
extensive outdoor measurements. For clarity, the applicability
of the aforementioned UV NLoS models is provided in Table I,
where the communication ranges related to the terms “short,”
“medium,” and “long” can be summarized as less than 100 m,
less than 200 m, and greater than 200 m, respectively, based
on the existing works [23], [29], [30], [36], [43], and the terms
“y/” and “x” represent the models with and without obstacles,
respectively.

Although tremendous efforts have been implemented on
UV NLoS communications, channel modeling is still an open
issue owing to the complexity of application environments [2],
[13]. According to [2] and [32], it can be found that the
existing studies on UV NLoS channel modeling primarily
focus on scenarios without obstacles, which makes them
unsuitable for the small transceiver elevation angles in most
cases, e.g., scenarios with multiple buildings or mountainous
regions. Specifically, when transceiver elevation angles are
small, obstacles will inevitably appear in their FoVs and affect
the propagation process of UV signals. Regarding the models
in [20], [32], and [33], they idealize the obstacle as an infinite
plane (considering obstacle reflection and partial obstruction
of signal transmission links) or suppose that the obstacle
thickness is infinitely large (only the blocking of signaling
links by the obstacle is considered), which greatly limits their
applicabilities. Concerning the existing SSSPLMs, which are
summarized in Table I, they only apply to the cases where
the overlap volume between transceiver FoVs is small, or the
transmitter beam angle (or receiver FoV angle) is small. This
is because in these cases, the scattering characteristics of the
points in the overlap volume can be assumed to be the same
as that of the intersection point between transceiver FoV axes,
or to be consistent with that of the scattering points located on
the transceiver FoV axes, whereas when the overlap volume or
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transceiver FoVs is relatively large, these assumptions can lead
to a large error.

B. Contributions of This Paper

To solve the aforementioned problems, we comprehensively
investigate the channel models for short-range UV NLoS com-
munication scenarios in this paper. In regard to scenarios with
obstacles, the total received pulse energy consists of two parts:
i) the energy contributed by atmospheric scattering, and ii) the
energy contributed by the obstacle reflection. To facilitate the
understanding, we model the two types of energies separately.
For scenarios without obstacles, we propose a simplified path
loss model with a closed-form expression. Compared with
the related works [20], [32], [33], the proposed integration
model applies to the cases with arbitrary obstacle parameter
settings, where the obstacle is modeled as the cuboid and
accords with most practical application scenarios in urban
areas. Compared with the typical SSSPLMs [24], [25], [26],
[27], [28], the proposed simplified path loss model applies to
the cases with diversified transceiver FoV angles. For clarity,
the main contributions of the paper are summarized as follows:

o A UV NLoS scattering model incorporating an obstacle is
investigated, where the obstacle’s coordinates, thickness,
width, height, and orientation are considered to approach
real communication environments.! Through this model,
the energy contribution of atmospheric scattering to the
signal can be obtained.

o AUV NLoS reflection model is developed in combination
with the projection of the obstacle on the horizontal plane,
which can ensure that all possible reflection surfaces are
not missed. In this part, the reflection pattern of the plane
is modeled as the Phong model since its effectiveness has
been experimentally verified. With the help of this model,
the energy contribution of obstacle reflection to the signal
can be acquired.

o Owing to the high computational complexity of the exact
SSMs without obstacles, whose upper and lower limits on
triple integrals are complex expressions, and the restricted
applicabilities of the existing SSSPLMs, which apply to
the communication scenarios with small transceiver FoV
angles or small overlap volume, an SSSPLM is proposed
with a closed-form expression. First, the transmitter beam
is sampled uniformly into multiple sub-beams, which can
lower the computational complexity of the path loss from
the triple integral to the single integral. Second, the single
integral corresponding to each sub-beam is eliminated via
the Gauss-Legendre quadrature rule. Finally, the path loss
expression is obtained by superimposing the contribution
of each sub-beam to the signal.

¢ The proposed NLoS models are validated by comparing
them with the relevant works. Calculation and simulation
results show that the proposed models coincide well with
the existing works under identical parameter settings, and

To make the proposed model easy to understand, the whole derivation
process is combined with detailed cases, scenarios, conditions, and a flow
chart.
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Tllustration of UV NLoS communication links with an obstacle.

Fig. 1.

bypassing obstacles is not always a good option for UV
NLoS communications. Beyond that, the accuracy of the
proposed SSSPLM is superior to that of the state-of-the-
art SSSPLM for arbitrary transceiver FoV angles.

The remainder of the paper is organized as follows. First, the
system model for UV NLoS communications is elaborated in
Section II. Following that, the UV NLoS scattering model and
reflection model incorporating an obstacle are investigated in
Section III and Section IV, respectively. Moreover, a simplified
single-scattering path loss model is proposed in Section V with
a closed-form expression. Further, the proposed NLoS models
are examined in Section VI. Finally, conclusions are drawn in
Section VII.

Notations: Throughout this paper, boldface lowercase letters
(e.g. n) and boldface uppercase letter pairs (e.g. TF') represent
vectors, and || - || denotes the Euclidean norm of a vector.

II. SYSTEM MODEL

As shown in Fig. 1, the parameters of the system model are
defined as follows: §; and (3, denote the half-beam angle and
half-FoV angle of the transmitter and receiver, respectively;
¥, is the transmitter elevation angle and is positive if taken
anti-clockwise from TE’, where E’ is the projection of the
point E on the plane XY, and this representation also applies to
other points such as A and B; ¥, is the receiver elevation angle
and which is positive if taken clockwise from RH’, where rays
TE and RH are the transmitter beam axis and receiver FoV
axis, respectively; oy and «, denote the azimuth angles of T
and R, respectively, which are positive if taken anticlockwise
from X positive axis; 7 and € denote the distances from the
scattering point P (or the reflection region dU) to T and R,
respectively; ¥ and 9, are the angles between TP and PR,
and RP and RH, respectively; A, represents the receiver
aperture area; r is the communication range; w and s are
the obstacle’s width and thickness, respectively; « denotes the
height of the obstacle above the plane XY; O (x,, Yo, 20) is
the central coordinate of the obstacle; and « represents the
orientation angle of the obstacle shown in Fig. 2 and is defined
as the angle between O’J and O’I, which is positive when
rotating anticlockwise from O’J and negative otherwise.

In order to analyze the intersection circumstances between
the transceiver FoVs and the obstacle, two planes and several
variables need to be defined. As shown in Fig. 1, Fy is defined
as the plane passing through the line TF and perpendicular to
the plane TEE’, which rotates around the line TG, where TG
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Fig. 2. The projection of the obstacle on the plane X~Y, where o = —oyp,

for (a), a = 0 for (b), and a = ¢}, for (c).

is located on the plane XY and perpendicular to the line TE’.
Besides, the subscript ¢ represents the angle between TE and
TF, which is positive if taken anticlockwise from TE. £, is
defined as the plane passing through RL and perpendicular to
the plane RHH’, which rotates around the line RQ, where RQ
is located on the plane XY and perpendicular to the line RH’.
Besides, the subscript o represents the angle between RH and
RL, which is positive if rotating clockwise from RH. Beyond
that, Py ,,, ,, denotes the intersection point of the plane Fy with
the line MN (e.g. P; , o and the line AA’); O, ,, is the angle
between the plane F_y, and the plane TGN (e.g. O, and the
plane TGB); ¥, ,,, ,, denotes the angle between TPy ,, » and
TK (e.g. ¥y 4 o and TPy 4 o), where TK is the intersection
ray between the plane YZ and the plane Fy; P, ,, ,, represents
the intersection point of the plane £, with the line MN
(e.g. Py, o and the line AA’); ©, , represents the angle
between the plane £_y, and the plane RQN (e.g. ©, 4 and
the plane RQD); ¥, ,,, ,, represents the angle between RS and
RP, ., n, where RS is the intersection ray between planes L
and YZ; and w denotes the angle between TF and TV (TV
is located on the plane Fy and enclosed by the transmitter
beam), which is positive when rotating anticlockwise from
TF. Note that M and N are dummy variables, which can
denote different points.

Moreover, the atmospheric model parameters are defined as
follows based on the existing works [24], [30]. Specifically, k.
represents the atmospheric extinction coefficient, which can be
obtained by adding the scattering coefficient ks and absorption
coefficient k,, and k5 can be acquired by adding the Rayleigh
scattering coefficient 2% and Mie scattering coefficient kM.
Besides, P(cos¥s) denotes the scattering phase function [24],
which is modeled as a weighted sum of the Rayleigh scattering
phase function and Mie scattering phase function, where ~, g,
and f are associated model parameters [30].

Next, we specify the intervals of some variables mentioned
above. Given the symmetry of the obstacle, the interval of « is
set to [—aun, agn], which can characterize all situations those
occur during the rotation of the obstacle, where the threshold
angle a4y, can be derived as

an = tan” (s /w). (1)

Then, the intervals of z, and y, are set to (—00, Zo max) and
(yo,mina r _yo,min)a reSPeCﬁVCl}’, where Lo, max and Yo,min Can
be expressed as

(2a)
(2b)

Lo,max — —Tws Sin(ath + |O(|),

Yo,min = Tws Sin(ﬂ-/2 — Qg + |a|)7

and 75 = (w? + 52)1/2 /2. Besides, we set o to [1/2,7), o
to (—m, —m/2], and V¢, ¥, B, and G, all to (0,7/2), which
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TABLE I

INTERSECTION ORDERS OF THE PLANE Fy
WITH A, B, C, AND D

Ot,a, O, Ot,c, and Oy g
All Scenarios
in descending order

Scenario T1 Ote >0 >0 g >0,

Scenario T2 Ote >0 q >0 >0,

Scenario T3 Otc =044 >0 p =06t

Scenario T4 O > Ot > 0Ot q >0y g

Scenario T5 Oy =0t >0Ota =044

Scenario T6 O4q > Otc > 0Ot a >0,

Step 1: divide the interval [6 10w, 6 nign] into five sub-
intervals: [6¢ 10w, Ot.ql, (O 0, O g1, (Or.4, O pl,
(©,p, B;,c), and [ ¢, 5t,high]

Step 2: derive the unspecified quantities in (7a) for each
sub-interval sequentially, including O min, Omax.
Win, Wmax, Tmins and Tmax

l

Step 3: investigate the value of the weighting factor for
the classified cases, scenarios, and conditions as well
as the related critical circumstances

Fig. 3. The flow chart for solving the unspecified quantities in (7a).

satisfy the requirements of general UV NLoS communication
scenarios.

Further, the intersection orders between Fy and the obstacle
vertices A, B, C, and D are investigated. Based on geometric
relationships, the X and Y coordinates of A, B, C, and D can
be derived as

A Tq = —Tyssin(a + awn) + To, (3a)
Ya = Tws €0s(a + oun) + Yo,

B Xy = —Tws Sin(—a + atn) + Zo, (3b)
Yo = —Tws €OS(—a + atn) + Yo,

. Ze = Toys sin(a + agn) + o, 30)
Yo = —Tws cOS(a + aun) + Yo,

D- g = Tos SIN(—a + agn) + T, (3d)

Yd = Tws COS(— + Qth) + Yoo

and their Z coordinates are all k. As Fy rotates anticlockwise
from F_y, to Fr/2_y,, the possible intersection orders of Fy
with A, B, C, and D are summarized in Table II, where O, ,,
Ot p, O, and O, 4 can be given by

no— )

|In cot oy + yn|

4)

and the subscript n can be a, b, ¢ or d.
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When the pulse energy Q; is emitted by the transmitter, the
composition of the received pulse energy, Q,., is closely related
to the angle d; jow = ¥+ — B¢, which corresponds to the plane
F_g,. Specifically, if §; jow < Ot max = Max(Oy q, O p, Ot c,
©y,4), which implies that the transmitter beam may intersect
with the obstacle, Q, may compose of two parts: the energy
contributed by atmospheric scattering, Q, sca, and the energy
contributed by obstacle reflection, O, yef. If 9t 10w > Ot max»
which means that the transmitter beam does not intersect with
the obstacle, Q.. is only composed of the energy contributed by
atmospheric scattering. In the following, we will derive the two
types of energies combined with specific obstacle scenarios.

Throughout the entire modeling process, three assumptions
are presented. First, we suppose that UV photons are scattered
once by the atmosphere before reaching the receiver, which
is consistent with the existing works [12], [18], [19], [20],
[21], [22], [23]. This means that the proposed models apply to
short-range communication scenarios. Then, w is assumed to
be greater than s, which can reduce the possibility of the order
in which the planes Fy and L, intersect with the obstacle
vertices as well as the relevant modeling complexity. Note
that this restriction can be removed based on the proposed
modeling method in this paper. Further, we suppose that ;. jow
and 010w = U» — B, are greater than 0, which can avoid
the energy loss caused by part of the UV beam pointing to
the ground, and assume that 6; wigh = Y¢+ B¢ and 0y high =
¥y + B, are less than /2, which reduces the possibility that
the overlap volume is not closed and enhances the validity of
the single-scattering assumption.

III. MODELING OF UV NLOS SCATTERING CHANNEL
INCORPORATING AN OBSTACLE

In this section, we take the representative Scenario T1 as an
example to derive Q; .o, Where the relationship among d; 1oy,
Ot high> Ot,a» Otp, Or,c, and O 4 must be discussed under the
constraint that d; jow iS smaller than ©; .. Considering that
the situation of ¢ high > Orc > Orp > Or g > Op g > Ot low
contains the most comprehensive possibilities, we choose it to
conduct the detailed derivation.

When Q; is emitted by the transmitter, the unextinguished
energy arriving at the differential volume dv will be scattered.
Referring to [12], dv can be considered as a secondary source
and its energy dQg can be derived as

Q; exp(—ke7)ksdv
dQ, = .
27(1 — cos B;)72

Afterward, the scattered energy of dv collected by the receiver
can be expressed as

&)

A, cost,
—Qa exp(—k.e). (6)

Substituting (5) into (6) and integrating dQ,. .o Over the whole
overlap volume, we can obtain

dQ'r,sca = dQsP(COS 195)

PImax Wmax Tmax
Qr,sca = / / K gwei deWdﬁ7 (7a)
Fmin Wmin Tmin
K — Q; cos ¥, P(cos V) exp[—ke(T + €)|Arks| J3|
27(1 — cos B;)12€2 ’
(7b)
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TABLE III

RELATIONSHIP AMONG Qt,min,
Qt,max, \I,t,min’ AND \Ijt,max

Qt,miny nt,maxa ‘I't,mina and ‘I’t,max
All Cases
in descending order
Case 1 Qtmax > U min = ¥¢,max > ¥t min
Case 2 Qt,max > Yi,max > Q¢ min = Yt min
Case 3 Q¢ max > ¥emax > Yemin > ¢ min
Case 4 W max 2> 2t max > Q¢ min > V¢ min
Case 5 Wi max > O, max > V¢ min > Qt,min
Case 6 Ui max > Yt min 2> Qt,max > Q¢ min

where Gy is the weighting factor to determine whether the
scattering point P in the overlap volume is valid or not, and
|J3] can be given by 72 cos w, whose detailed derivation can
be obtained from Appendix A.

The unknowns in (7a) are the weighting factor and the upper
and lower limits of the triple integral, i.e., Ymin, Ymax> @min»
Wmaxs> Tmin, a0d Tmax. To make the entire derivation process
easy to understand, the related flow chart is presented in Fig. 3.

8¢ € [0t,10ws Ot,q]: In this interval, Ui, and Ypax can be
expressed as —3; and O, — V¥, respectively, and i, and
TWmax can be derived as

1 [ Vtan? 3 — tan® 9

Wmax = tan— socd

= —Wmin- (8)

As for Tpy,i, and Ty,,.x, they are determined by the intersection
situations between the ray TV and the receiver conical surface,
and can be derived as

[To,—‘y-oo), 70 > 0,
) ; <0 and 7 > 0,
[Tmina Tmax} = [7—2 +OO) I ane (9)
[7-13 7—2]’ T1 > 07
0, otherwise,

where the real values 7, 71, and 7 (by default, 75 > 7y) can
be expressed as

T0 = —&3/&, §1=0and & # 0,
_ 10
7'172522:21\/E, 517é0andA20, ( )

and A = 5% — 4£&3. Here, &1, &9, and &3 can be derived as

&1 = —[cos ¥, (Aq cosa,. + Agsina,.) + Az sin 19T]2

+ (A + A3 + A3) cos® 3, (11a)
& = 2r[cos,(Ag cos o, + Az sin ) + Ajz sin ]
(11b)
(11c)

x cos ¥, sin o, — 27 As cos? Gy,

€3 = 12(cos? B, — cos? ¥, sin” a,.),

where A, As, and A3 are the parametric equation coefficients
of z, y, and z in (49), respectively, and 7 is the corresponding
parameter. Then, the value of G.; is investigated for different
situations.
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TABLE IV

INTERSECTION ORDERS OF THE PLANE L
WITH A, B, C, AND D

er,a, @.,.’b, @mc, and ®r,d
All Scenarios
in descending order

Scenario R1 Orq4>Ora>0rc>0,,

Scenario R2 Ord>0Orc>0rq>0,

Scenario R3 O,qd=0rc>0r,=0,,

Scenario R4 Ora>0r4q4 >0, >0,

Scenario R5 Ora=0,4 >0, =0,,

Scenario R6

@r,c > 67",11 > 97',11 > ®'r,a

First, the intersection circumstances between the transmitter
beam and the obstacle must be discussed. Based on geometric
relationships, the relationship among ¢ min, 2t max> Yt min>
and Wy .« are summarized in Table III, which can be derived
as

Q¢ min = Q¢ + Wmin — /2, (12a)
Q max = O + Wmax — T/2, (12b)
‘I’t,min = min(q]t,aa’a \I}t,cc’y \IJt,dd’)y (12¢)
‘I’t,max = InaX(\Pt,aa’a ‘I’t,bb’, ‘I/t,cc/)- (12d)

Moreover, the angle ¥, ,,,,» between TPy ,,,» and TK can be
derived as

1 Ynn'St,c — Zt,nn’ St,b

Wi pns = COS ™ (13)
Eib + Et27c| |TPt,nn’ H

where the Z coordinate of Py, can be expressed as

Ztnn! = _(Et,axn + Et,byn)/Et,cv (14)
and Z; 4, =4, and Z; . can be derived as

Ela = —COSqy sec? ¥ sin(24;) tan ¢y, (152)
Ep = —sinay sec? ¥ sin(28;) tan gy, (15b)
Ete=2 sec? ¥ cos? 8, tan Dt (15¢)

Meanwhile, ; = tan~! [sec §; (tan? B; —tan? 9)'/2 cos ¥J] and
¥ € (=P, Br).

Second, whether the scattered photon arrives at the receiver
successfully must be discussed. As L, rotates clockwise from
L_y, to L, /2—9, the possible intersection orders of L, with
A, B, C, and D are summarized in Table IV, where ©, 4, O,
O, and O, 4 can be obtained by

1 ky/cot? o, + 1

= tan
|, cot i + Yy, — 7]

Orn (16)

Given that Scenario R1 is the most common circumstance,
we take it as an example to carry out the detailed derivation.
The intersection circumstances between the receiver FoV and
the obstacle are presented in Table V, where Q, nin =
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TABLE V

RELATIONSHIP AMONG £ min s €2 max
\Ilr,mirn AND \I]r,max

Q'P,minw nr,maXa ‘I’r,mina and ‘I’r,max
All Conditions
in descending order

Condition 1 Qr,max > Qmmin > \I’r,max > \Il'mmin

Condition 2 Qr,max > \I’r,max > Qr,min > \Ilr,min

Condition 3 Q'r,max > \Ilr,max > \Ilr,min > Q7‘,min

Condition 4 \I}r,max > Q'r,max > QT‘,min > ‘Il'r,min

Condition 5 \Ijr,max > Q'r,max > \Pr,min > Q'r,min

Condition 6

\I/r,max > \I’r,min > Q'r,max > Qr,min

—OQy — 7T/2 - C, Q'r‘,rnax =
derived as

—a, —w/2 + C, and C can be

C =tan"! (cos oy/tan? 3, — tan? a) .

The derivation process for W, i, and ¥, ., can be obtained
from Appendix B, where o € (=0, 5,).

Since ¥ and w are known, the intersection situations of TV
with the receiver conical surface can be easily determined.
If [Tmin, Tmax] = 0, Gwei = 0, which means that the emitted
ray TV has no energy contribution to Q; sca. If [Timin, Tmax] #
(), the value of G is closely related to the value of §,., where
the effective scattering point is located on the corresponding
plane L. If §, > O, 4, Gwei = 1, while if 6, < O, 4, the value
of Gwei Will be investigated from Case 1 to Case 5. For Case 6
and Condition 6, the value of Gy.; is always equal to 1, since
the propagation links of the UV signal are not blocked by the
obstacle. For clarity, we only provide the circumstances where
the value of Gy is equal to 1 in the following derivation, and
Gwei = 0 in other circumstances.

Case 1: Qt,max > Qt,min > \Ilt,max > \pt,min

In this case, Gyei is always equal to 1 for Condition 1. For
Condition 2, ¥, esp € (VU max, Qr.max), Where ¥, o, denotes
the angle between RS and RP, while for Condition 3, U, o4,
€ [ min, Yromin) U (U max, Qr max]- Further, U, oo, belongs
to the interval [Q yin, Uy min) for Condition 5.

Case 2: Qt,max > \I’t,max > Qt,min Z \Ilt,min

In this case, the situations where G.; is always equal
to 1 are presented first. For Condition 1, ;. €
(¥t max, ,max), where Wy, is the angle between TK
and TP, while for Conditions 2 and 3, W;., belongs
t0 (U max, Q,max] and ¥, oq, belongs to (¥y max, O max]
simultaneously. Besides, the circumstance where W, o, €
[ min, ¥ min) Needs to be incorporated for Condition 3, and
this interval also applies to Condition 5.

Second, all possible circumstances where Gy is equal
to 1 are summarized in Table VI, and meanwhile, three
constraints imposed on ||TP|| for different values of « are
summarized as

a7

I'TPy,qqr || sin by, aar
sin(Wy esp + Ut dar — Ye,dar)’

T1: < (18a)
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TABLE VI
SITUATIONS I-1 TO I-9

All Situations Wt max Wt min W, max W, min
Situation I-1 Wy bp Wy qdr Y, qa’ U, el
Situation I-2 Wy et Wy adqr Vo aa’ U, cer
Situation 1-3 \PRYY Wy dqdr Y, dar U, el
Situation I-4 Wy et Yt aa’ W, b V.. ddar
Situation I-5 \Iit’ccl \Ijt,aa’ \I,T‘,aa' ‘llr,dd’
Situation I-6 Wy et Yt aa’ Vo aa’ U, cer
Situation I1-7 \I]t,bb’ \Ilt,cc’ \I,T‘,dd/ lI’T‘,bb’
Situation 1-8 Vs aa’ Wi cer W, qdr LY
Situation 1-9 Wy pb Wy qdr V.. dar (Y

’H‘Q L < | ‘TPtsﬂzU/ | ‘ Sin ,l/}tvaal (18b)
: - s
Sln(‘l’t,esp + wt,aa’ - lIlt,aa’)
TPt cc’/ sin 11% cc’!
73 <« — W TPicell * (18¢)

Sin(‘llt,esp + wtcc’ - \I,t,cc’) ’
where ¢ dqr, Ytaa’» and 1, o represent the angles between
TPt,dd' and Pt,cc'Pt,dd” TPt,a a’ and Pt,d d’Pt,a a’s and
TP ccr and Py pp Py ccr, respectively. Then, the constraints
imposed on || RP|| for different o and d, values are presented
as

HRPr,cc’ H sin wr,cc’

R1: < , 19
Sin(\:[jr,csp + wr,cc’ - \Ilr,cc’) ( a)
|[RPy,cal| sin ¢y ca
R2: < — ) : : 19b
Sln(\:[lr,csp + wr,cd - \Ijr,cd) ( )
RP, g || Sin ¢y aar
R3: < — ||[RPr,dar|| $in Y da 7 (19¢)
Sln(\:[lr,csp + wr,dd’ - \Ijr,dd/)
|IRP 7 gar || $in thr.aa
R4 : < — ) : : (19d)
Sln(\pr,esp + wr,ad - \I]r,dd’)
RP, s || sin . 4
RS : < ||RP . pbr || S0 97 11 7 (19%)
Sln(\pr,esp + d)r,bb’ - \I/r,bb’)
RP Yy pe
R6 : < || "‘ybCHSlnw \b (19f)

Sin(qu,ESp + wr,bc - ‘I/r,bc)7

where ’L/)r,cc’s ¢T7cd: wr,dd” wnad7 1pr,bb” and '(/)r,bc rep-
resent the angles between P, qq'Prcr and RP, ccr,
Pr,d d’P'r',c d and RPr,c d> Pr,a a,’P'r-,d d’ and RPr,d d’»
PT,a dPT,d d’ and RPr,d d’» P’I",CC'P’P,bb' and RPr,bb'a and
P, cc'Prpc and RP,. g, respectively.

1) In situations I-1, I-2, and I-3, ¥, o, € [t min, Vet
and U, esp € [Qmin, Uy aar]® for Condition 2, where the
superscripts “T'1” and “R1” represent the constraint number
of ||TP|| and ||RP|| that match the relevant intervals, while
for Conditions 3, 4, and 5, related W, ., intervals are changed
to [\I]r,min7qlr,dd']]R1s [Qr,min;min(Qr,maX7\Ilr,dd’)]Rls and
[, mins MIN(Q max, ¥rraar)]®L, tespectively. If 6, > O,.,
the superscript “R1” needs to be changed to “RR2.” During
the whole analysis, the values of Uy nin, Y¢max, Vrmins
and ¥, ,.x are presented with reference to the case where
dr < ©O,p. Note that in situations I-1 and I-3, Q pin is
assumed to be less than Uy ...
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2) In situations I-4 and I-5, Uy csp € [ min, Yy,aa] 72 For
Conditions 2, 3,4, and 5, U, s, € [ min, \Pr,aa/}Rs, [¥r min,
\Ijr,aa’]RB’ [Qr,mina min(Qr,maxa \Ilr,aa’ )]RS, and [\I/r,mina min
(- max, Uraar)|¥2, respectively, where the superscript “R3”
is changed to “R4” when 6, > O, ,. Note that in situations
I-4 and I-5, €2 min is assumed to be less than Wy g4.

3) In the situation 1-6, ¥y s, € [ mins Yr.dar )™ U (P qar
WUy max] 'Y, and for Condition 2, W, csp € [ mins Vrmax) o
if Q'r,min Z \Ijr,dd” and \Ijr,esp € [Qr,min7 \Ilr,dd’]Rl U (\I!r,ddH
U, max)®2 if Qpmin < Wy qar. As for Condition 3, W, o, €
[\Ilr,mim \I/T,dd/]Rl U (\I/T,dd'7 \IfrymaX]RS, while for Condition 4,
\Ijr,esp € [Qr,minaQr,max]Rla [Qr,minagr,max}Rg, and [Qr,mina
\Ilr,dd’]Rl U (\Ilr,dd’a Qr,max}RS for Qr,max < \Ilr,dd’v Qr,min >
U, gar, and Q. min < Yr gar < €y max, respectively. Regard-
ing Condition 5, Vyesp € [¥rmin, Vraa | U (Uydar,
Qr,max]RS for Qnmax > \Ijndd' and [\Pr,minygrﬁmaX]Rl oth-
erwise. If 6, > O, . (or ©, ), the superscript “R1” (or “R3”)
is changed to “R2” (or “R4”). In this situation, 2 min 1S
assumed to be less than Wy 40, and when Qy pmin > Uy gar,
the derivation of Gy.; is in accordance with that of I-1, I-2,
and I-3.

4) In situations 1-7 and I-8, Wyesp € [ min, Ve ppr]T°
and W, csp € [Qrmin, Vi ee |R° for Condition 2, while for
Conditions 3, 4, and 5, ¥, .., belongs to (U, min, U cor %5,
[Qr,mina min(Qr,maxv \Ilr,cc/ )}RS’ and [\Ilr,minv min(Qr,maX7
\I/T’CC/)}RE’, respectively. If ©, 5, < §, < O, ., the superscript
“R5” is changed to “R6” for relevant intervals. In I-8, €4 min
is assumed to be less than Wy p.

5) In the situation 1-9, W osp, € [ miny Yi,cer ]t U (P4 cers
Ut max] T2, and for Condition 2, W, csp € [Qrmins ¥rmax)
if Qr,min > \Ilr,cc’s and \Ilr,esp € [Qr,min7 \I]'r,cc’]R5 U (WT,CC/7
U max) B if Qpmmin < W As for Condition 3, W, o, €
(W, mins Ureer |55 U (U eer, Uyrmax 5L, while for Condition 4,
\Ijr,esp S [Qr,minaQr,max]RE)y [Qr,minygr,max]Rl, and [Qr,mirn
\Ijr,cc’}RE) ) (\I]r,cc’;Qr,max]Rl for Q7”,max S \Ilr,cc/’ Qr,min Z
U, cor, and Qp min < Wr o < 7 max, respectively. Regarding
Condition 5: \Ilr,esp € [\Ilr,mina \I]r,cc’]]RS ) (lI/T,Ccla Qr,max]Rl
for Q- max > Yy eer and [Wo min, Qrmax > otherwise. If 6, >
O, (Or.), the superscript “R5” (“R1”) is changed to “R6”
(“R27). In this situation, {2y min is supposed to be less than
U, cer, and when Q¢ min > Uy s, the derivation of Gy is in
accordance with that of I-7 and I-8. Note that throughout the
whole modeling process, the ¥,. ., intervals must be updated
when their superscripts are changed.

Case 3: Qt,max > \I]t,max > \Pt,min Z Qt,min

In this case, the circumstances where Gy is always
equal to 1 are provided first. For Condition 1, W, .y, €
(% mins Pemin) U (e max, e max], While for Conditions 2,
3, 4, and 5, Uyesp € [Qimin, Yi,min)- Additionally, the
situation where U;esp € (¥t max, Qmax] and U, .o, €
(¥ max;, Qr.max] for Condition 2 needs to be considered,
while for Condition 5, the situation where V;., €
[\I]t,mirn Qt,max] and \Ilnesp € [Qr,mina \I/nmin) must be
incorporated, and for Condition 3, the following parts: 1)
\Ijr,esp € [Qr,minaqu,min) and \Ijt,esp € [\Ijt,mina\ljt,max] and
11) \Ijr,csp S [Qr,miny \I/r,min) U (\Pr,maxa Qr,max] and \I/t.,csp €
(¥4 max, t,max] mMust be taken into account. For the possible
circumstances where Gy = 1, they are consistent with
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those of Case 2, where the item “(; i~ of the corre-
sponding W, ., intervals requires to be changed to “W; 1i,.”
Meanwhile, the constraints imposed on £ i, become
invalid.

Case 4. \I/Lmax > Qtﬂnax > Qt7min > \I’t,min

When U, oo, € [ min, Uy min) in this case, Gyei is always
equal to 1 for Conditions 3 and 5. Following that, the possible
circumstances where Gy.; = 1 are supplemented. In situations
I-l, 1-2, and 1-3, \Ijt,esp € [Qt,mina min(QtymaX, \I/t’cc/)]Tl, and
in -4 and 1-5, ¥, esp € [Q4.min, Min(Q max, ¥r.aa)] T2, while
in 1-6, \Ilt,esp € [Qt,minyﬂt,max]TQa [Qt,minagt,max]Tla and
[ mins Yeaar)™ U (Pead, Qmax] ™t for Qe max < Yy aar,

Qitmin = Yraa, and Qg min < Yiger < Q¢ max, respec-
tively. In I-7 and I-8, Wy esp € [, min, Min(Qt max, Yep0)] >,
while 1—9, \I]t,esp € [Qt,mirh Qt,max]Tl’ [Qt,min7 Qt,max]T?)s and
[Qt,miny\llt,cc’]Tl U (q/t¢CC/7Qt,maX]T3 for Qt,max S lI/t7cc’v
Qi min = Veeer, and Q¢ min < Wy cor < Q¢ max, respectively.
As for the corresponding V,. ., intervals, they are consistent
with those of Case 2, where the constraints imposed on €24 min
become invalid.

Case 5: \I/Lmax > Qtﬂnax > ‘Ilt,min > Qt,min

In this case, the situations where G is always equal
to 1 are summarized first. When WU, ., € [Qt,mim‘l’t,min),
Gwei = 1 for Conditions 1 to 5, and when W,., €
[\Ijt,minv Qt,max] and l:[}r,esp € [Q'r,min7 \Ijr,min)’ gwei =
1 for Conditions 3 and 5. Second, the possible cir-
cumstances where Gy is equal to 1 are supplemented.
In I-1, -2, and I3, W, belongs to the interval
(W4 min, MIn(Q max, Yi,cer )], while in -4 and 1-5, U o)
belongs to the interval [W; yin, min( max, Y¢aa)] 2, and
in 1—6, \Ilt,esp S [\IJt,miny‘Ilt,dul’]’]r2 U (\I]t,ddUQt,max]Tl for
Qt,max > \I/t7dd' and \I’t,esp S [\Ilt,minz Qt,max]’]r2 for Qt,max <
Wy qq. In regard to I-7 and I-8, ;. belongs to the
interval [W; min, min(Q¢ max, Yepr )], and in 19, Wy o
belongs to the intervals [W; min, Wi cor]™ U (W4 cer, Qpomax) >
for Q4 max > Wy and the interval [W; min, Q¢ max] '+ for
Q¢ max < Yt or. With respect to the relevant ¥, 4, intervals,
they are the same as those of Case 2, where the limitations
imposed on £2; min become invalid.

0t € (O4,q, O ): The derivation process for the unspeci-
fied quantities in (7a) is in accordance with that of the interval
(0¢,10ws Ot,q] and thus is not repeated, where the derivations
of Wy min and Wy 1, are consistent with those of W,. ,,,;,, and
W, max, and the equation of the plane Fy can be expressed as
Et,ax + Etvby + Et7cZ =0.

0t € [O¢,c, Ot high): In this situation, only the intersection
circumstances between the receiver FoV and the obstacle need
to be incorporated, because the transmitter beam bypasses the
obstacle completely overhead. Note that in the above analysis,
we did not consider the contribution of the beam ray LL.! and
FoV rays L1 to the received energy Q, sca, because in these
scenarios, Q¢ max = Lt min OF Qrmax = O min, Where L is
the intersection ray between the plane F_g, and the transmitter
beam, and L, represent the intersection rays between planes
L3, and the receiver FoV. Compared to the situations where
3t € (Ot,10w, O1,c) and 6, € (0y 10w, Or.a), the situations where
0t = Ot,low OF Op = Op low(0r high) are the simple cases, whose
energy contribution to Q, s, can be obtained easily referring
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to the above modeling. For tractable analysis, the equations of

LY and L', are provided as

2 = sec 3 COS O jow COS v W,

LY :{ y = sec 3 cos Ot Jow Sin o W, (20)
z = sec 3¢ sin ¢ jow W,
2 = sec (3 OS Oy m+ COS Ot W,

LY : § y =sec B cos by masina, w+r, 21

z = sec 3 sin 0y pm+ w,

where w is the parameter, and d, ,— and d, ,,+ denote 0 jow
and 0 nigh, respectively. The equation of £, can be expressed
as

Er,ax + Er,b(y - 7") + Er,cz = Oa (22)

and the equation of the receiver conical surface can be given by

2 (Nr,zx +Nr,yy+Nr,zz *Nr,yr)2
cos” B, = )
224+ (y—1r)2+22
where N, , = cos ¥, cos oy, Ny py = cos ¥y siney,, and N, , =
sin?,.. Since the channel modeling process of Scenarios T2
to T6 is similar to that of Scenario T1, we do not repeat them
in this paper.

(23)

IV. MODELING OF UV NLOS REFLECTION CHANNEL
INCORPORATING AN OBSTACLE

From Fig. 2 it can be discovered that there are three potential
reflection surfaces during the rotation of the obstacle, namely
surface CDD’C’, surface DAA’D’, and surface BCC’B’. Next,
we first determine the effective reflection regions for the three
surfaces, namely, Ucqa/e/s Udaard’, and Upeerpr-

According to Fig. 2, the effective reflection regions U.qq/c/,
Udaara’, and Uyt can be given by

Ye <y < Yd,
ﬁt,esp S ﬁta
ke , 0,
Uotarer 14 @ = 4 Pt T30 @ F 24)
Te, =10,

6r,esp < /37“7

2 <R,

Yd <Y < Ya,

Bt esp < Bt

T =koq + g, @ <0,
Bresp < Br,

z <R,

Udaa’d’ : (25)

Y <Y < Yo,
/Bt,esp é ﬁta

z =kep + xp, 0 >0,

ﬂr,esp < ﬁrv

2 <R,

chc’b/ : (26)

where (3; csp and (3, osp can be expressed as

COsﬁt,esp = (M,a X +M,y Y +-A/,t,z 2«’)/7’7
Cosﬁnesp = (Nr,ac X +N’r7y (y - 7") +Nr7z Z)/E,

(27a)
(27b)
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and
kcd — (SUC - xd)(y - yd) (270)
(yc - yd)
oy = (o —za)(y — yd)7 27d)
(ya - yd)
hop — (we —20)(y —yp) 27¢)
(yc - yb)

Here, N, , = cos¥;cosay, Ny = cosVysinay, and N , =
sin 19t .

Second, the energy contribution of each reflection region to
the received energy Q, .o is developed. When a pulse energy
Q; is transmitted by the transmitter, the unextinguished energy
arriving at the differential reflection region dU can be derived
as

Q; cosw; exp(—k.T)
27(1 — cos By)72

where w; is the incidence angle of the UV photon, which can
be expressed as cosw; = —nT T /7, and n denotes the normal
vector of the reflection region. The Phong model is adopted to
describe the reflection pattern of the surface [32], which takes
the diffuse and specular components into consideration. After
the UV photons are reflected by dU, they arrive at the receiver
aperture. The received energy contributed by dU can be given
by

du, 28)

Qref,dU =

A, cosV,
—e

thref = {rrIr (7-917 192) 22 Xp(_keg) Qref,dU» (29)

where 7, is the reflection coefficient, ¥; and 1), are the angles
between € and n, and € and v, respectively, and v, represents
the direction vector of the specular reflection of 7. Moreover,
L.(91,92) can be expressed as [20]
L (0, 0,) = nC0M91 (- n)ms +1
T 2w
where 7 is the percentage of the incident signal that is reflected
diffusely and assumes values between 0 and 1, and my is the
directivity of the specular components.
Substituting (28) into (29) and integrating dQ,. ;f Over these
three reflection regions, the total received reflection energy can

be expressed as
7 Qi ArZ Viei sec adydz

Qr,ref://
Ucqarer

+// ertArZyweig(Oé) dde/ Sin\a|
Udaa/d/

cos™ ¥y,  (30)

+ // 70 Q1 Ar Z Vei B(a) dydz/ sin «,
chc’b’

(31a)
z L. (¥1,92) cos ¥y, cosw; exp|—ke (T + €)] . GIb)
27(1 — cos ;) 122
where
1, Bresp € [0, B¢,
Pous = Briesp € [0, Br], (329)

and Constraint A,

0, otherwise.
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3210 o0

SURE L =0
Sy
®

(@ (b)

Fig. 4. Sampling of the transmitter beam: (a) the number of sampling layers
for the entire beam and (b) the number of sampled sub-beams per layer.

1, a<0,
Gla) = { 0, a>0 (320)
1, a>0,
B(a) = {0 0 <0 (32¢)
T
cosdy = —"i , (32d)
T
cos 9y = (; _ ;nTn) % (32¢)

and n = [yg — Ye, e — 4, 0]/w for Uegarer when o # 0,
while when o = 0, n = [1, 0, 0]. Regarding Ugaaras, 7 can be
expressed as [y, — Yd, Td — Za,0]/s when o < 0. As regards
Ubeerr, 1 can be given by [y. — ys, Tp — ¢, 0] /s when « > 0.
For U.qq/er where a < 0 or Upcerryy Where oo > 0, Constraint
A denotes that U, o, is less than W, g4 for Ucgqrer or less
than W, . for Upcen, while for Ugqqrer where oo > 0 or
Ugaarar Where a < 0, Constraint A represents that Wy ¢, is
less than Wy .. for Ucqqrer or less than U, 44 for Ugaarar.

By summing the scattered energy derived in Section III and
the reflected energy obtained in Section IV, the total received
pulse energy can be expressed as

Qr = Qr,sca + Qr,ref7

and the channel path loss for UV NLoS scenarios considering
an obstacle can be expressed as

Eobs =10 loglo(gt/QT)'

(33)

(34)

V. MODELING OF UV NLOS PROPAGATION CHANNEL
WITHOUT OBSTACLES

To overcome the challenges faced by the existing SSS-
PLMs [24], [25], [26], [27], [28], which apply to the cases
where the overlap volume between the transceiver FoVs is
small, or the transmitter beam (receiver FoV) angle is small,
a high-accuracy SSSPLM is put forward in this section, which
applies to cases with diversified transceiver FoV angles.

First, we sample the transmitter beam, as provided in Fig. 4,
where (3 is the sampling accuracy, and v denotes the maximum
number of sampling layers for the whole beam, which can be

expressed as
|81
v= {ﬁ — ZJ . (35)
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On this basis, the number of sampled sub-beams for each layer,
v;, is investigated, where ¢ = 0,1,2,... ,v. Fori =0, v =1,
while for 7 > 1, v; can be derived as

T
Vi = {MJ s (36)
and
\/4 sin?(i) — 4 cos? g - A
2co8 5
e D/
A sin®(2i3) ' (37b)

; 8
cos?(if3) — cos? §

Then, the energy contribution of each sub-beam to the received
energy O, is determined.

Suppose that P; ; is an arbitrary point on the sub-beam T} ;
axis and enclosed by the differential volume dv; ;, where dv; ;
is regarded as a thin layer of the spherical crown and can be
expressed as

B
dv; ; = 2m(1 — cos 5)7'3]»(17'1‘,]‘, (38)
and j =0,1,2,...,v;—1. 7;; and ¢, ; are the distances from

P; ; to T and R, respectively. Referring to the single-scattering
propagation theory [26], the received energy from dv; ; can be
derived as
Q! ‘P(cos?s ;) cos? .
dQ:] — ) ( 2'7]) L,J
’ €ij
X ksAr exp[—ke(rm + 61‘73‘)](17'1‘,3‘,

(39)

where Q; ; 1s the emitted pulse energy of the sub-beam, which
can be derived as Q;[1 —cos(3/2)]/(1 —cos (), ¥; ; and I ;
denote the angles between TP; ; and P; ;R, and RP; ; and
RH, respectively.

By integrating (39) over the effective scattering volume, the
received energy Q; ; contributed by the sub-beam T; ; can be
expressed as

max

Ti,j

Qi :/ f(7i5)dmij, (40)

it
where the expression of f(7; ;) dr; ; is consistent with that of
the right side in (39). Next, the expressions of 7" and 7%

] i,]
are developed.

_ o min _ L= . .

If S1i5=0and Sy # 0, 775" = 70,05 = =83,i,5/S2.4.5»

and T{njax =10 Tz-mjm, where 79 ; ; is assumed to be greater than
9, k2 ’

0,and 81 ; 5, S2.4,5, and Sz ; ; can be obtained via Appendix C.
If Sl,i,j 75 0 and Ai,j = (8271"]')2 — 481,i7j8377;_’j Z 0, Tl,z',j
and 79 ; ; can be expressed as

=825 — VAij —S2i5+ A
i min< 20 SR ’]>, (41)

28114 ’ 281,
=S = \/Aij =52+ VA
T2,i,j = mMax ; , (42)
2811, 281,15

where 779" = 7 ; j and 7% = 7y ; ; for the case that 71 ; ; >

0, while when T < 0 and T2,4,5 > 0, Tg}m = T2, and
max __ min

T = IOTM .
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TABLE VII
PARAMETER SETTINGS FOR VALIDATION

Parameters ~ Values H Parameters ~ Values
ERay 0.24km~1 || 8 7/6

Mie 0.25km~t || B, /6

ka 0.90km™! || o 197/36
¥ 0.017 o —197/36
g 0.72 Ay 1.92cm?
f 0.5 ms 5

T 0.1 n 0.5

According to the Gauss-Legendre quadrature rule [28], Q7 ;
can be further derived as

1
Q= 5m‘/ f(Nij + & jt)dt
—1

u
~ g > wef(Nij+ Eijty), (43)
q=1
where &; A% — "““ 2, N; j = (/o + Tmm 2, and
g o= 1,7 T J

tq is the g-th root of the Legendre polynom1a1 P ( ), which
can be expressed as

1 a*

P,(t) = —

®) 2uq) dtv

P,(t) has u zeros in the interval (—1,1), and the weight w,
can be given by

(2 — 1) (44)

2
(1 =) [P (tg)]*

By superimposing the energy contribution of each sub-beam
to the received energy, O, «im can be derived as

(45)

wq:

v vi—1 u

Or sim = Z Z Zgi,jwqf(-/\[i,j + & jtqg), (46)

i=0 j=0 ¢=1
and the corresponding path loss Ly, can be expressed as

v vi—1

Lam =10logyo | Y > = Q : (47)

=0 5=0

VI. NUMERICAL RESULTS

In this section, we investigate the proposed NLoS scattering
model, the proposed NLoS reflection model, and the proposed
SSSPLM by comparing them with the related works.

First, the proposed NLoS scattering model and the proposed
NLoS reflection model are validated by comparing them to the
latest Monte-Carlo photon-tracing (MCPT) model [32], which
tracks the propagation process of numerous photons to obtain
the stable statistical results at the receiver. As shown in Fig. 5,
the obstacle parameters s, w, K, Z,, Yo, and « are set to r/10,
2r, 27, Tomax — S, T /2, and 0°, respectively, and the reflection
parameters r,., mg, and 7 of the reflection surface are selected
as 0.1, 5, and 0.5, respectively, which are consistent with the
parameter settings in [32]. As regards the remaining parameter

115
Proposed models, Scenario I
—-—-MCPT model [32], Scenario I
1or Exact SSM [22], Scenario [
A Proposed models, Scenario I1
— — MCPT model [32], Scenario 1T
105 | -w- Exact SSM [22], Scenario II v Y v
- = S e
m AR A
< S i ad Ak A
72} st -
Ziooy Y At
= o
3 - ey
[aM _ AT RS s
LY et tw? Shawasat
90F — a-
85 i i i i i i i | i

50 60 70 80 90 100 110 120 130 140 150
Communication range (m)

Fig. 5. Path loss results for the proposed model, the MCPT model [32], and
the integration model [22] under different scenarios.

settings, they are summarized in Table VII, where the selected
transceiver elevation, azimuth, and FoV angles can ensure that
the overlap volume between the transmitter beam and receiver
FoV intersects with the obstacle, which is helpful to the study
of the contribution of obstacle reflection to the received pulse
energy. Besides, the settings of atmospheric model parameters
are in accordance with existing works [24], [32]. From Fig. 5 it
can be found that the path loss curves obtained by the proposed
models coincide well with those obtained by the MCPT model
under different scenarios, which implies that the accuracies of
the proposed NLoS scattering model and reflection model are
comparable to that of the MCPT model. Here, Scenarios I and
II represent that ¥; and ¥, are set to 25° and 35°, respectively.
For the simulation time, the MCPT model is much longer than
the proposed scattering and reflection models. Specifically,
in the computing environment of MATLAB R2022b installed
on a computer with 2 GHz Quad-Core Intel Core i5 and 16 GB
LPDDR4X, the simulation time of the MCPT model is at least
one order of magnitude longer than that of the proposed model.
During the entire simulation, the number of collision-induced
events in [32] is set to one because the single-scattering events
are dominant in short-range UV NLoS scenarios. Furthermore,
the number of simulated photons and their survival probability
threshold are set to tens of millions and 1010, respectively,
which can ensure that the simulation error of the MCPT model
is less than 0.1 dB.

Then, the path loss for UV NLoS communication scenarios
with and without obstacles incorporated is investigated under
equivalent parameter settings. From Fig. 5 it can be found
that obstacle reflections can improve the channel path loss
for UV NLoS communication systems. For example, when
the range is set to 100 m for Scenario I, the path loss
determined by the proposed models and the path loss obtained
by the integration model [22] (no obstacle in communication
scenarios) are 93.81 dB and 98.55 dB, respectively. These
results demonstrate that avoiding obstacles is not always a
good option in this case.
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Fig. 6. Relationship between path loss and communication range for different
obstacle orientation angles.

Further, the effects of the obstacle’s orientation angle on UV
channel path loss are investigated. To facilitate reproducing the
numerical results, relevant parameter settings are summarized
in Table VIII. Fig. 6 manifests that when the orientation angle
of the obstacle remains unchanged, the channel path loss first
decreases and then increases as r increases. This is primarily
because when r is small, the adverse effects of the obstacle on
the effective scattering volume and effective reflection regions
are relatively obvious, which results in a large path loss. While
as r increases, these adverse effects gradually weaken, which
leads to a gradual decrease in path loss. Then, as r increases
to a certain degree, the influence of » on UV signals begins to
dominate, which causes the path loss to start increasing again.
In addition to this, an obvious phenomenon that can be found
in Fig. 6 is that when r is smaller than or equal to 100 m,
the path loss corresponding to O degrees is the smallest, while
the path loss corresponding to 5 degrees is the largest at the
same 7 value. However, when r is greater than 100 m, the path
loss corresponding to —5 degrees becomes the minimum value
at the same r value. The main reason for this phenomenon
is that the variation of r and the obstacle’s orientation angle
alters the effective regions of the possible reflection surfaces.
Moreover, the influence on the path loss when the area of the
beam at the obstacle (ABO) is much greater than the area
of the obstacle available for reflection (AOAR) is analyzed.
Specifically, when the overall size of the obstacle is small,
the adverse impact of ABO being much greater than AOAR
on the path loss can be neglected, while when the overall
size of the obstacle is large, this adverse impact can not be
neglected because the effective scattering volume is reduced
obviously.

Moreover, the contributions of Q. sc, and Q.. ot to the total
received energy Q, are analyzed. From Fig. 7, it can be found
that under given parameter settings, the contribution of Q, ,ef
to Q, is clearly more than that of Q, s, to Q,. For example,
when 7 is set to 100 m, the values of Q, yer/ Q. sca for cases
—5 degrees, 0 degrees, and 5 degrees are 24.28, 28.11, and

1601
TABLE VIII
PARAMETER SETTINGS FOR TRANSCEIVER
AND OBSTACLE
Parameters  Values H Parameters ~ Values
Bt w/12 w 40 m
Br w/12 K 80 m
o 27 /3 s 30 m
(o758 7271'/3 To ZLo,max — S
It /9 Yo r/2
I /9 « —5°,0°, 5°
30
DERS &
£ v
25r ; ¥ NI
,/’ r
,/
/Y » >
20 % 'S ]
/
»
<
‘f» 7 4 » 2
o 4 »
~. 157 v |
o
10+ % Obstacle's orientation angle: -5 degrees | |
—¥ Obstacle's orientation angle: 0 degrees
Y —P- Obstacle's orientation angle: 5 degrees
5 |- -
OT i i i i i i i
70 80 90 100 110 120 130 140 150
Communication range (m)
Fig. 7. Relationship between Qmef / Qrsca and communication range

versus different obstacle orientation angles.

21.14, respectively. Then, the impacts of the distance between
the reflection surface and the Y axis (i.e., Zomax — To) ON
the reflected energy and the scattered energy are investigated,
as presented in Fig. 8, where « is set to 0 degrees. The
numerical results manifest that as the value of x, max — Zo
increases, the path loss of the reflected energy is overall lower
than that of the scattered energy. These findings suggest that
in the actual application scenarios, we should utilize obstacle
reflections as much as possible to reduce the path loss of
the NLoS channel, thereby improving system communication
performance.

In addition, we verify the accuracy of the proposed SSSPLM
by comparing it with the exact SSM [22] and the state-of-the-
art SSSPLM [28]. First, the accuracy of the proposed SSSPLM
is investigated with the variation of transceiver FoV angles,
as shown in Figs. 9 and 10, where system model parameters
are selected as follows: ¢¥; and ¢, are both set to 7/4; «; and
o, are set to 197/36 and —197/36, respectively; 3. is set
to /9 for Fig. 9; (; is set to w/9 for Fig. 10; the sampling
accuracy is set to 3;/50; and u is set to 30. Calculation results
manifest that the proposed SSSPLM agrees better with the
exact SSM than the latest SSSPLM. To quantitatively assess
the accuracy of the proposed model, the root-mean-square
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Fig. 8. Path loss determined by the scattering model and the reflection model

versus different x, values.
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Fig. 9. Path loss versus the transmitter beam angle for the proposed SSSPLM,
the exact SSM [22], and the latest SSSPLM [28].

error (RMSE) is introduced [28] and can be expressed as

1 M
H Z [Ech(l'i) - ‘CSim(xi)]2’

=1

RMSE = (48)

where x; denotes the i-th (i = 1,2,..., M) value of the given
variable, which could be the transmitter beam angle (i.e., 25;),
the receiver FoV angle (i.e., 2/3,), and the transceiver elevation
angles. Lexa(x;) denotes the channel path loss (unit: dB) of
x; obtained by the exact model, and Lg,(z;) denotes the
path loss (unit: dB) of x; obtained by the proposed simplified
model or the latest simplified model. For example, when 7 is
set to 50 m in Fig. 9, the RMSEs of the proposed simplified
model and the latest simplified model are 0.04 dB and 0.41 dB,
respectively, while when r is set to 100 m, the counterparts are
0.02 dB and 0.40 dB, respectively. Regarding Fig. 10, when r
is set to 50 m or 100m, the RMSEs of the proposed simplified
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Fig. 10. Path loss versus the receiver FoV angle for the proposed SSSPLM,
the exact SSM [22], and the latest SSSPLM [28].
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Fig. 11. Path loss versus the transmitter elevation angle for the proposed
SSSPLM, the exact SSM [22], and the latest SSSPLM [28].

model and the latest simplified model are 0.14 dB and 0.79 dB,
respectively.

Finally, the accuracy of the proposed SSSPLM is examined
with the variation of transceiver elevation angles, as shown in
Figs. 11 and 12, where 3; and (3, are both set to 7/9, and ¥,
for Fig. 11 and ¥, for Fig. 12 are both set to 7/4. Calculation
results show that the proposed SSSPLM agrees better with
the exact SSM than the state-of-the-art SSSPLM. Specifically,
when r is set to 50 m or 100 m in Fig. 11, the RMSEs of
the proposed simplified model and the latest simplified model
are 0.04 dB and 1.09 dB, respectively, while when r is set to
50 m or 100 m in Fig. 12, the counterparts are 0.02 dB and
0.99 dB, respectively. Based on these results, it can be found
that the proposed SSSPLM performs very well in evaluating
the channel attenuation of UV NLoS communication systems
incorporating various transceiver FoV/elevation angles, and its
accuracy can be further improved by increasing the sampling
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Fig. 12.  Path loss versus the receiver elevation angle for the proposed

SSSPLM, the exact SSM [22], and the latest SSSPLM [28].

accuracy (3 and the roots u of the Legendre polynomial. Note
that although we investigate the performance of the proposed
models under the given system parameters such as the obstacle
reflection coefficient as well as the atmospheric scattering and
absorption coefficients, they are also applicable to other values
of system parameters. Because the correctness of their physical
modeling mechanisms is validated by the related works under
identical parameter settings.

VII. CONCLUSION

In this paper, we proposed a UV NLoS scattering model and
a reflection model incorporating an obstacle. To approach real
communication environments, the obstacle’s orientation angle,
coordinates, and geometric dimensions were considered during
this modeling process. Besides, due to the high computational
complexity of the existing exact SSMs without obstacles, and
the limited applicability of the existing SSSPLMs, an SSSPLM
was developed with a closed-form expression. Following that,
the proposed models were validated by comparing them with
the MCPT model, the exact SSM, and the latest SSSPLM. The
numerical results show that the path loss curves determined by
the proposed models agree well with those obtained from the
related works under identical parameter settings. Moreover, the
proposed SSSPLM performs better than the latest SSSPLM in
assessing the channel attenuation of UV NLoS communication
systems considering various transceiver elevation/FoV angles,
and its accuracy can be improved by increasing the sampling
accuracy (3 and the root number of the Legendre polynomial.
This work disclosed that when the intersection area among the
transmitter beam, the receiver FoV, and the area of the obstacle
available for reflection is relatively large, the channel path loss
of UV NLoS systems considering obstacles is obviously lower
than that of UV NLoS systems without any obstacle, and the
energy contribution of obstacle reflections to the whole signal
is distinctly higher than that of atmospheric scattering, which
inspires us to make more use of obstacle reflections to improve
the communication performance of UV NLoS systems.
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APPENDIX A
DERIVATION OF |.J3]

Suppose that P is located on the plane Fy and enclosed by
the transmitter beam, its coordinates can be expressed as

x = T cos w cos 0y cos(ay + @)sec P,
P : ¢ y=7coswcosd;sin(ay + ¢)sec P, (49)

Z = T cos w sin oy,

where J; = ¥y + 1 and ¢ = tan~!(tan wsec ;).

By transforming the differential volume from the cartesian
coordinate system dxdydz to the spherical coordinate system
|J5|dTdewdd, |J3| can be determined via Jacobian determinant
and can be derived as

gy (e Dy oz be (Oyoz dyoe
BT or \oway  090w) " 0w \ovor ordv
Oz (0y 0z Oy 0z\ o
+(97’l9 (87'873 81387’) = T COSTU. (50)
APPENDIX B

DERIVATION OF W,. iy AND W 10

Since the values of W, i, and ¥, .y are closely related
to the value of §,, = ¥, + o, we will deduce them from the
following four intervals:

Or € [0r1ows Orp): In this case, U, iy and ¥, .y can
be derived as

ql'r',min
\Ilr,max = maX(\IIT,aa’ ) ‘I]’l‘,bb'7 \Ijr,dd’);

(51a)
(51b)

= min(\llr,bb/v \Ij7',cc’7 le7',dd/)7
where the angle W, ,,,, between RP; v and RS can be

expressed as

= = =
1 T2y = Ynn' Src + Zrnn' Sr.b

E%,b + E?",c‘ |RPT,nn' H

(52)

W, pns = COS™

and the subscript n can be a, b, ¢ or d. The Z coordinate of
P, nn can be given by

Zrn' = (P26 — YnZrp — TnZra)/Eres (53)
where =, ,, Z, 5, and Z,. . can be expressed as
Erq = —COS sec? o sin(24,.) tan ¢, (54a)
E,.p = —sin a, sec? o sin(24,.) tan ¢, (54b)
Ere=2 sec? o cos? 6, tan ¢y, (54¢)

and ¢, = tan~[secd,(tan? 3, — tan® o)/? cos o].

0r € (O, O, ]: In this case, ¥, min and ¥, nax can be
derived as
(55a)
(55b)

\Ilr,min = min(\llr,bcv \Ilr,cc’v \Ijr,dd’)7
\Ijr,max = max(qlr,aa’ y \I]'r,ab; \Ijr,dd’);
where ¥, ,;, and W, ;. can be obtained through (52), e.g.,

by replacing the subscript n with a (b) and n’ with b (c), and
the , ,un and Y,y coordinates of P, ., ,, can be given by

Trmn = (yr,mn - yn>/ﬁr,mn + Zn, (56a)
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=) + K ’I": _ K: —x =
_ YnSria romn\"—=rb —r,c n—r,a
Yrmn =

Er,a + Kr,mnE'r,b ’ (56b)
where Krmn = (Ym — Yn)/(Tm — z,) under the conditions
that x,,, # x,, and ¥y, # Y, while if x,,, = x,, and y,,, # Yn,
Yromn = (T2rp — KZpc — TmEra)/Erp, and if z,, # z, and
Ym = Yns> Tromn = (rE‘T,b - ﬁEr,c - ymEr,b)/Er,a' Moreover,
if x,, = x,, and Yy, = Yp, Py » s point C.

0r € (©,¢, 0, ]: In this case, ¥, ,;,, can be derived as

(57)

where P, .4 can be obtained through (56a)~(56b), and
W, max 18 in accordance with (55b).
0r € (©,.4,0, 4): In this case, ¥, ;,ax can be given by

(58)

where P,. , 4 can be obtained through (56a)~(56b), and VU, iy
is in accordance with (57).

\Ijr,min = Inin(\I/r,cda \Ilr,dd/)v

\I/r,max = rnax(\Ilr,ad, \I/r,dd’)v

APPENDIX C
DERIVATION OF S ; j, S2,4,j, AND Sz

Combining the equation of the sub-beam axis T; ; with that
of the receiver conical surface, Si 4 ;, S2,4,5, and Sz ; ; can be
derived as

S1ij— = NywAij + NoyBij + N, .Ci ;) — cos? By,

(59a)

S2ij =2 r(cos? B3, Bi,;— ny Bij — Ny aoNryAij
— Ny Ne2Ci5), (59b)
83, = 7“2(./\/34/ — cos? 3,), (59¢)

where [A; ;,B;;,C; ;] is the unit direction vector of the
sub-beam axis T; ; and can be expressed as

cos(if3) cos(¥; ; + Vi) cos(ay — ¢; ;)

ij = , 60
Aig cos ¥y ;j COS @ (602)
B, — cos(if) cos(¥; ; + V) sin(ay — qu-), (60b)
’ cos ¥; j COS @;
¢y = cos(if) sin(¥; ; + ﬂt). (600)
cos ¥
Besides, ¢;; and 9; ; can be given by
_1 [cos®; ; tan(if) sin B;

J— 1 »J J 61
¢iy = tan cos(V; 5 + V) ’ (61a)
¥; j = tan™*[tan(i3) cos B;], (61b)

where
B; = jBi + 2j tan”" Y (i), (62a)
2
B =L — 2tan~' T(i). (62b)
Vi
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