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Model of line-of-sight ultraviolet propagation
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The traditional line-of-sight ultraviolet model cannot serve better for link performance study for
the reason that the scattering characteristic is often ignored in the modelling process. Therefore,
a line-of-sight ultraviolet bipyramid model in combination with transceiver full beam angles and
geometrical relationship of the transceiver field of view intersection is established. The theoretical
rationality of the bipyramid model in comparison with a traditional line-of-sight model is demon-
strated by the classically analytical model for line-of-sight scenario. Based on a bit error rate require-
ment of voice communication, the effects of transmitting power versus range for three line-of-sight
ultraviolet communication modes are further analyzed.
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1. Introduction

Due to the absorption of ozone in the stratosphere, the solar ultraviolet radiation of
200-300 nm forms a solar blind region not varying with season near the ground. As
ultraviolet (UV) communication works at the above wavelength band, it can maximally
reduce the background noise and correspondingly realize wide-field receiving. Addi-
tionally, signals beyond the extinction range can hardly be intercepted due to the strong
absorption and scattering of molecules and aerosol particles in the atmosphere, and
the APT (acquisition, pointing, tracking) requirement is relieved because of scattering
characteristic. Consequently, UV communication has been one of the research hotspots
of wireless optical communication in recent years.

Non-line-of-sight (NLOS) UV communication usually attracts people’s attention
for the reason of its scattering characteristic. Based on the prolate-spheroidal coordi-
nate system, a widely adopted yet complex single scattering channel model was built
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for coplanar scenario in [1]. For noncoplanar geometry, the generalized models with
the consideration of transceiver cone axes pointing in arbitrary directions were pro-
posed and developed in [2, 3]. Nevertheless, for the purpose of tractable analysis,
the approximate models without an integral form were studied in [4—6] for the assump-
tion that the transceiver beam angles are small. In contrast, line-of-sight (LOS) com-
munication, which is recognized as a typical form of NLOS communication and
defined as a scenario of transceiver beam axes coinciding at the basic axis with opposite
direction, is often ignored. However, there are some potential military scenes for
LOS UV communication, such as the warship formation sailing out and the commu-
nication between the coast and island with no obstacles in the link, for which LOS com-
munication can perform better in actual environment. In the existing literature of
LOS UV modelling, a model combined with free space path loss was established on
the grounds of free space optical (FSO) modelling theory in [7]. Nevertheless, the mod-
el ignored the influence of transceiver beam angles on LOS link, and was not distin-
guished from traditional FSO channel model by scattering characteristic.

To establish a reasonable LOS UV model for link performance study and system
design, this paper is organized as follows. First, the geometrical link and bipyramid mod-
el for LOS UV communication are studied in Section 2. Then, the bit error rate (BER)
performance on the basis of the established model for LOS link is described in
Section 3. The numerical simulation of path loss and link performance in terms of
transceiver beam angles are given in Section 4. Finally, some conclusions are drawn
in Section 5.

2. LOS UV channel model

More attention is paid to the atmospheric transmission of light propagation in FSO,
and the factors of transceiver beam angles are embodied in the geometrical attenuation.
However, it can adopt wide-field receiving for LOS UV communication due to the scat-
tering characteristic, correspondingly, the influence of transceiver beam angles should
be considered while modelling. According to different transceiver beam angles,
LOS UV communication can be divided into three modes, which are defined as narrow
beam angle transmitting to narrow field of view (FOV) receiving (Fig. 1a), narrow
beam angle transmitting to wide FOV receiving (Fig. 1b) and wide beam angle trans-
mitting to wide FOV receiving (Fig. 1¢). Note that the transmitting beam angle is less
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Fig. 1. LOS UV communication modes (see text for explanation).
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Fig. 2. Geometrical link of LOS UV communication based on single-scattering assumption (see text for
explanation).

than the receiving FOV for the reasons of reducing energy loss and maximizing re-
ceiving energy.

Figure 2 depicts a geometrical link of LOS UV communication based on single-scat-
tering assumption, the transmitter (Tx) and receiver (Rx) are located at points 7 and R.
A and B depict the upper and bottom intersections of transceiver FOV, respectively.
We define the basic parameters as follows, let ¢, and ¢, be the Tx full beam angle and
Rx FOV, r the Tx and Rx baseline separation. As we can know from the scattering
characteristic of UV communication, the scattering occurs in the intersection of trans-
ceiver FOV. It is not difficult to find out that the effective scattering volume is a bi-
pyramid for LOS communication, as the enclosed volume V5, shown in Fig. 2. For
any point P and its symmetric point M around the basic axis in the bipyramid, let us
denote PT and PR as the r| and r, which are distances of the common volume to the Tx
and Rx, and the angles between PT and 7R, PR and TR as the y; and y,, respectively.
PM is perpendicular to 7R with an intersection O. Similar to the process of NLOS UV
scattering communication, we primarily consider single-scatter propagation and regard
the whole communication link as two stages, from the effective scattering volume to
the Tx and Rx, respectively.

Assume the power P, of UV LED source is transmitted uniformly over the Tx solid
cone angle (2, into a homogeneous and isotropic medium and the point P, which is apart
from the Tx with r,. If P lies inside the Tx cone, the power per unit area at P is [1]

H, - P, exp(—k,r) )

Qrf

where £2, = 271[1 — cos(¢,/2)], is the atmospheric extinction coefficient obtained from
the absorption coefficient k, and scattering coefficient k, by k, = k, + k. A differential
volume 8V enclosing P can now be regarded as a secondary source with power

ksP; exp(—k,r))
‘Qt’”%

00, = k,HpdV = 2)
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Then the power transmitted per unit solid angle from this secondary source is
a function of the scattering angle 6,

ORp = 8Qp P(u) )

where the scattering phase function P(u) is modeled as a weighted sum of the Rayleigh
(molecular) and Mie (aerosol) scattering phase functions based on the corresponding
scattering coefficients [8]

Ray kMie )

P(u) = ——p" )+ ——p"" () 4)
S S

where u=cos(6,), 6, is zero for LOS UV communication, k, = k" + kMe,
The Rayleigh and Mie scattering phase functions follow a generalized Rayleigh
model [9] and a generalized Henyey—Greenstein function [10], respectively,

3[1+3y+(1—y)u2]

Ray _
P ) Ton(1 +27) )

. e 2 _
lee(u): 1 g 1 + f(3u 1) (6)

3/2 3/2
Tl v e 20+ 8

where ¥, g and f are model parameters.
The power per unit area at the Rx that is due to the differential volume source is

5p. - SRpcos(g)exp(—k,ry) PtP(”)COS(g)eXP[_ke(’”l"’”2)}

r 2 2
ry Q,(rry)

3V (1)

where { is the angle between the Rx axis and a vector from the Rx to the common
volume, and equal to ¥, as shown in Fig. 2. If we define the differential volume 8V as
a hollow bipyramid, it is easy to observe that all the points on its intersecting part de-
scribed as a circle have the same propagation path. According to Fig. 2, the geometrical
relationship between r, r, and r, ¥;, ¥, can be given by

ricos(yy) +rycos(y,) = r
®)
{”1 sin(y;) = r,sin(y,) = PO
Solving Eq. (8), results in the following expression
rsin(y,)
rp= —
b sin(y, +w)
: 9
rsin(y,)
ry =

sin(y; + )
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Denote PO as x, the differential volume 8V can be expressed as

21txdx[rl cos(y,) + rzcos(l/lz)J 2107 sin () sin ()

oV = = - d 10
3 oy, ryy 10
where the differential length dx is deduced as follows

dx dx
dx = ——dy, + —dy, =

81//1 l/ll ay/2 l//2

.2 .2
sin sin
sin” (¥, +¥,) sin” (¥ +¥,)

Substituting Eqgs. (9)—(11) into (7), leads to the total receiving power
P,P(u)k A,

B T 3 —cos(e,2)1 I(Ad://1+3d,//2) =
PPk 4,
~ 3r[1—cos(9,/2)] ”(a% a%]d‘/ﬁd‘//z (12)
where
4 L sin(y;) + sin(y,) | sin(y,)cos () sin(y; + ¥,) 130
= OXp|—k,r sin(y, + ¥,) sin () a
B - . sin(y;) + sin(y,) | sin(y;)cos(y,)sin(y; + y,) (13b)
i sin(y; + ¥3) sin(y,)

B oA sin(y;) + sin(y,)
_—— = exp|—k,r - X
oy, o, sin(y, + )

~ 2sin(yy —yy) + 3sin(2y,) cos (¥ + i) N cos (y,)sin(2y; + v,) N
2sin(y,) sin(y;)

cos ()| sin(yy) — sin(¥7) || 1~ cos(y; + )|

+k r ,
sin(y; + y5)

e

(13¢)

The integral subscript / of Eq. (12) is a vector curve defined as the intersecting circle
of hollow bipyramid with anticlockwise direction, correspondingly, the enclosed
area D described as the shadow in Fig. 2 is determined by ¥, and ¥, with the definition
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D={(y, B0y, <¢,/2,0< w, <¢,/2}; A, is the effective area of the Rx. If we
define the path loss as L = P,/P,, the path loss for LOS UV communication link is then
obtained by

-1

. 3}’[1—COS(¢1/2)] [‘LJ'( JB 94 jdl//ldl//2] (14)

P(u)k,A, Wy oY,

3. Link performance

Assume the bandwidth of the detector is limited to twice of the data rate, for direct
detection, the quantum-limit based receive signal noise ratio (SNR) becomes [11]

SNR = 1.GP, (15)
2Rhc/A
where G is the photomultiplication gain of the detector, typically G equals 30-50 for
avalanche photodiode (APD), and 10°-10° for photomultiplier tube (PMT); 7, is
the detector quantum efficiency, R is the data rate, 4 is the Planck constant, and c is
the light speed. Substituting Equation (12) into Eq. (15), leads to the following SNR
expression

GP,P(u)k,n.AA,
SNR = — f[ ”(811/ - ]dt//ld% (16)
cr|1— cos(¢1/2)} 1 ¥,

The BER for detection of on-off keying signals is given by [11, 12]

~SNR | _ Le fo ~SNR
2 2 2.2

where Q(...) and erfc(...) are O-function and complementary error function, respec-

tively.

BER = Q( (17)

4. Simulation study

To further study the influences of transceiver beam angles on LOS UV communication
link, let us select typical figures of parameters during the numerical simulation. Assume
there is no turbulence. The parameters are set as follows, ¥ =0.017 [9], g = 0.72 and
£=0.5[101, (k,, k2, ™M) = (0.9, 0.24, 0.25) km™' at A= 260 nm [13], a LED array
with P, =50 mW, 77.= 0 2,4,=1.77 cm? [8], G = 100. In comparison with analytical
model for LOS scenario [1] and traditional LOS UV model [7], Fig. 3 shows the path
loss versus Tx beam angle for 1 km link distance. Good agreement between the bipyr-
amid model and the analytical model is observed, which indicates the rationality of

bipyramid model. However, there are great differences about 9-20 dB between
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Fig. 3. Path loss versus Tx beam angle for 1 km link distance.
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Fig. 4. Path loss versus Rx FOV for 1 km link distance.
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the traditional model and the analytical model. It is not hard to find that the path loss
increases nonlinearly with Tx beam angle until there is a saturation point at about
¢, = 100°. Similarly, the influences of Rx FOV on model agreement can also be
observed in Fig. 4. Nevertheless, 10-20 dB differences occur between the traditional
model and the analytical model, meanwhile, the path loss decreases nonlinearly with
Rx FOV until the saturation point at about ¢, = 100°.
As we can know from the simulation analysis of Figs. 3 and 4, transceiver beam
angles have great influence on LOS UV communication link and cannot be ignored.
The applicability of traditional LOS UV model based on FSO modelling theory yet
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without considering the effects of transceiver beam angles is restricted. The influence
of transceiver beam angles on path loss is consistent with actual situation. This is be-
cause the great energy loss occurs due to enlarging the extinguished probability of
photon scattering as increasing the Tx beam angle. On the contrary, more receiving
energy is obtained for the reason of raising the probability that the photon arrives at
Rx within its FOV after scattering when increasing the Rx FOV. Consequently,
the established LOS UV model based on scattering characteristic has the theoretical
rationality for system design and performance analysis.
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Fig. 5. Data rate versus range for different BER.

According to Egs. (16) and (17), it is an interesting work to study the LOS UV
link performance for the trade-off relationship among the range, rate, transmitting
power, path loss and BER. Following the former parameters settings except for
(¢, ¢,) = (30°, 60°), Fig. 5 depicts data rate versus range, with curves parameterized
by the BER. The data rate decreases linearly with range, and slowly as raising one level
of BER requirements for BER > 10~*. For BER requirements of 10~ (voice service)
and 107 (data service), data rate can achieve 300 Mbps and 125 Mbps for 100 m range,
80 kbps and 35 kbps for 1 km range, respectively. For LOS UV voice communication
system, Fig. 6 shows transmitting power versus range with BER of 10~ and data rate
of 20 kbps for three LOS communication modes, which are narrow beam angle trans-
mitting to narrow FOV receiving with (¢,, ¢,) = (10°, 10°), narrow beam angle trans-
mitting to wide FOV receiving with (¢;, ¢,) = (10°, 120°) and wide beam angle
transmitting to wide FOV receiving with (¢;, ¢,) = (120°, 120°), and are represented
by A, B and C, respectively. Fix the range, there are great differences among the trans-
mitting power requirements of the three modes, where the transmitting power require-
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Fig. 6. Transmitting power versus range for three LOS communication modes.

ment of 4 takes the first place, then followed by C, and B is the smallest one. Conse-
quently, the B mode, whose power requirement is less than 1 mW for 1 km range, is
most favorable for LOS UV communication.

5. Conclusions

Based on the influences of transceiver beam angles on UV scattering propagation,
a LOS UV bipyramid model is established. In comparison with traditional LOS UV
model, the theoretical rationality of bipyramid model is demonstrated by a classically
analytical model for LOS scenario. Besides, for a BER requirement of voice commu-
nication, the effects of transmitting power versus range for three LOS UV communi-
cation modes are analyzed, and the narrow beam angle transmitting to wide FOV
receiving shows the best effect. In the future, we will use the UV communication sys-
tem constructed by a special communication laboratory to improve the established
LOS model in field experiments.
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