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In this Letter, a single scattering turbulence model in a narrow beam case for ultraviolet (UV) communication is
proposed based on the division of the effective scattering volume. This model takes the variation of atmospheric
scattering, absorption, and turbulence in different paths into account. Meanwhile, the applicable transceiver
configurations of this model are provided by analyzing path loss error caused by the single scattering assumption
in the UV channel. Furthermore, we investigate the effect of turbulence on the probability density function of the
arriving power in both coplanar and non-coplanar scenarios. The averaging effect of multipath propagation on
the arriving power’s fluctuations is presented. Then, the bit-error-rate performance is also studied. This work
provides an efficient way for UV turbulence channel estimation.
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With the recent advances of ultraviolet (UV) sources and
detectors in the solar-blind wavelength band, UV commu-
nication has attracted more attention for its potential
advantages. The channel modeling of UV communication
is of great significance in the research of UV communica-
tion¥, In the past few decades, various UV communi-
cation channel models have been proposed, e.g., the
single scattering models®Y and the multiple scatter-
ing models”Y. However, these models are confined to
non-turbulent conditions. With the extension of the
communication range, atmospheric turbulence leads to
an unneglectable error with the effect of irradiance fluc-
tuation and scintillation attenuation. To improve accu-
racy, UV communication channel models are modified by
applying the atmospheric turbulence theory. Some single
scattering turbulence models have been derived by assum-
ing that the channel characteristics of scattering, absorb-
ing, and turbulence are constant in the whole effective
scattering volume™ 2, Moreover, the multiple scattering
turbulence models have been developed, in which the ef-
fect of turbulence on each photon’s path is considered ™2,
However, the exploitation of UV communication avail-
ability in terms of geometrical configurations and atmos-
pheric conditions is still needed™?,

In this Letter, we derive a single scattering turbulence
model in a narrow beam case by dividing the effective scat-
tering volume. Each sub-volume is approximated as a
layer of the spherical crown (SC)Y. In the case of weak
or moderate optical turbulence, the arriving power
through each sub-volume can be considered as a lognormal
random variable and be obtained using the turbulence
model in Ref. [13]. The probability distribution of the total
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arriving power can be obtained by summing these lognor-
mal random variables up with the aid of the Wilkinson’s
method™™. Since the transceiver configuration affects the
path loss error, which is caused by approximating the ac-
tual arriving power with the single scattering power, we
analyze the applicable transceiver configuration by simu-
lating the proportion of the single scattering power in the
total power. Based on this applicable configuration, we
present the probability distribution of the arriving power
in both coplanar and non-coplanar scenarios. Further-
more, the bit-error-rate (BER) performance is studied.
Compared with the existing single scattering turbulence
models 2 the proposed model is more effective. This
is because the proposed model considers the variance of
UV propagation characteristics in different paths. The
averaging effect of the multipath propagation on the ar-
riving power’s fluctuations is presented. The effect of
the non-coplanar scenario on the UV channel is also ana-
lyzed. In addition, the method of the transceiver configu-
ration analysis prevents the path loss error of the single
scattering model from being overestimated. Compared
with the Monte-Carlo turbulence models™%, the pro-
posed model requires much less calculation time. In the
following, a detailed derivation of the proposed turbulence
model is presented.

Figure 1 shows a typical non-line-of-sight (NLOS) UV
communication geometry, in which the effective single
scattering volume refers to the common volume intersected
by the transmitted beam and the field of view (FOV). The
distance from the transmitter (T) to the receiver (R),
i.e., the communication range, is 7. As in Ref. [6], the
common volume is divided into N sub-volumes, each of
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Fig. 1. Single scattering turbulence model geometry.

which can be approximated by an SC layer. The distances
of the scattering point S, in the nth sub-volume to T and R
are d_nand D_n, respectively. (07, @7, f7)and (0, @r, fr)
are the elevation angle, azimuth angel, and cone aperture of
the transmitted beam or the FOV, respectively. 0, ,, de-
notes the angle between the arbitrary photon forward di-
rection and the observation direction. ¢, is the angle
between the direction of R and the vector from R to 5,,.

In the case of longer range communication, when using
the SC model in Ref. [6] to estimate channel performance,
the estimation error caused by ignoring turbulence effects
will be larger. This is because the turbulence-induced scin-
tillation reduces the UV communication performance in
two aspects: scintillation attenuations and the arriving
power fluctuation.

According to the Rytov approximation in Ref. [10], the
scintillation attenuation induced by turbulence in a line-
of-sight (LOS) link is defined as

@ = 2+ \[23.07C2 2/ 2) /1S5, (1)

where C2 denotes the refractive-index structure parameter,
which is a measure of the strength of the atmospheric tur-
bulence. On the whole, the value of C? ranges from
10713 m~2/3 for strong turbulence to 10717 m~2/3 for weak
turbulence, with the value of 10~ m~—2/% for moderate tur-
bulence. [ is the LOS communication distance, and A is the
wavelength. The variance of the log amplitude fluctuation
in an LOS link for a plane wave is defined as follows:

07 =1.23C%(2n/2)7/011/6, (2)

The NLOS communication links in a single scattering
model can be split into two LOS paths™: one path is from
the T to an effective scattering volume with the distance
d_n, and the other path is from an effective scattering vol-
ume to R with the distance D_n.

In our model, the NLOS propagation paths through dif-
ferent sub-volumes lead to different turbulence-induced
scintillation, i.e., attenuation a; and variance 7. In the
case of weak or moderate turbulence, the lognormal prob-
ability density function (PDF) of NLOS optical power
through arbitrary sub-volume arriving at R is

2
DPr_n
1 _ I:ln<PNLos,n) T ”T—"]
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where p, , denotes the possible value of arriving power
P, , arriving at R through the nth sub-volume;
(ag_n,ap_,) and (6% ,,0% ) can be calculated by Egs. (1)
and (2), respectively. Pyros_, refers to the arriving
power through the nth sub-volume, while turbulence ef-
fects are ignored. Pyros_, can be calculated according
to Egs. (4.1)—(14) in Ref. [6]. Therefore, the arriving power
P, , at R through the nth sub-volume is actually a con-
tinuous random variable in lognormal distribution. For
simplicity, we assume that the arriving powers
P, {,P,5,..,P,. y at R through different sub-volumes
are independent, but not identically distributed because
of the different distribution parameters in Eq. (3a). Thus,
the total received power is a continuous random variable
P,, which is the sum of lognormal random variables of
P, ,P,s,.., P, y. N=1means that the proposed model
is transformed into the existing model, in which the
propagation characteristics are assumed to be constant.
The lognormal sum distribution can be well approxi-
mated by another lognormal random variable i.e.,

N
P, = Z P, .= X1 +eep L+ v eZ, (4)

n=1

where the random variables X; and Z exhibit normal dis-
tributions associated with the lognormal random variables
P, , and P,, respectively. Wilkinson’s methodZ2 sug-
gests that the mean and variance of Z can be obtained
by matching the first and second moments in both sides
of Eq. (4). The kth moment of a lognormal random var-
iable L with mean of logarithmic values u and standard
deviation of logarithmic values o is expressed by E[L*] =
exp(ku + k*06?/2), where E[ -] denotes the expected value
of the random variable. After some algebraic manipula-
tions, we yield

0% =In(uy/u? + 1), (5a)
Hz =Inu; — 522/27 (5b)
where

U = Z e”X{Jr%”?(f’ (50)

N D
=Y (N 1), (5d)
=1
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Thus, the PDF of the total received power P, with log-
normal distribution is written as

1 [_ (Inp, ﬂz)z}

exp
Vv 27[0—Zpr 2GQZ

where p, is the possible value of arriving total power P,.

Based on the probability distribution of the received
power P, the mean signal-to-noise ratio (SNR) in the case
of a shot-noise-limited system under on—off keying, and

direct detection is given by

f(py) = (6)

SNR,

E[SNR] = — :
B+ SNR3fexp(a3) — 1]

(7)

where P,y = > Pnros_n is the total arriving power in the
absence of turbulence, SNR = [,.P, /(2 hvB)]~'/? is the
received SNR without turbulence, h is a Planck constant,
v is the optical frequency, B is the bandwidth, and 7, is the
detector’s quantum efficiency.

Accordingly, in the case of turbulence, the probability
of error can be considered as the conditional probability,
averaged over the PDF of the possible arriving power. The
BER in turbulence is expressed as

pieer] = [ fperte(FH - .

where erfc( - ) denotes the complementary error function.

The results are shown in two parts. First, to obtain the
applicable transceiver configuration of the single scatter-
ing turbulence model, we simulate the approximation
path loss error caused by approximating the total arriving
power with the single scattering power. Then, based on
the applicable configuration analysis, we calculate the
path loss, the distribution of the arriving power, and
the BER performance using the proposed model. Unless
otherwise specified, the parameters are assumed as fol-
lows: P, =30mW, A, = 1.77cm?, A = 260 nm, (¢ 1, ) =
(90°,—90°), 7 = 0.017, g = 0.72, f = 0.5, (ky, k=™, M) =
(0.802,0.266,0.284) km~t, which were used in the
simulation analysis® and validated by the experiment
measurement!Z.

We first analyze the applicable transceiver configura-
tions for the single scattering model by simulating the
approximation path loss error when the single scattering
power is used to estimate the total power. The approxima-
tion error err in decibels (dB) is defined as

CIT = 101Og10(Ptotal/Psingle)v (9)

where Py, and Pyl are the mean values of the arriving
total power and the arriving single scattering power. P
and Pg,e. can be simulated by the Monte-Carlo model X,
We assume the arriving total power is equal to the sum-
mation of the scattering powers of the first four scattering
orders. To ensure that the beam is wrapped by FOV, and

FOV is above the ground, so as to reduce the error of the
SC model?, we set (B7,05) to (5°,45°).

Figure 2 shows the approximation error err under
different r and 07 with C2 =10"'> m2?/3. Note that
err increases as r or @7 increases. That is because both
the longer communication range and larger elevation an-
gle require longer free paths for single scattering, which is
in lower probability in the UV photon’s propagation. In
addition, the larger T elevation angle also causes the larger
scattering angle, which means fewer UV photons can
arrive at R by single scattering. The approximation
error under different r and S is shown in Fig. 3, with
C?2 =107 m~%3. With f increasing from 25° to 85°,
the err first increases to the maximum and then decreases
slightly. The minimal err appears when fp is at the mini-
mum. In general, the FOV angles have small impact on the
approximation error (i.e., the proportion). But, a larger
FOV captures more energy?. The absolute difference
between the predicted arriving power by the single scat-
tering model and the actual arriving power is more
significant.
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Fig. 2. Approximation error versus communication range and
transmitter (T) elevation angle (S, = 5°, O = 45°, fp = 65°).
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Fig. 3. Approximation error versus communication range and R
FOV angle (B =5° 0p = 15°, 05 = 45°).
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Based on the impacts of transceiver configuration on
the approximation error, we can select a lower T elevation
angle or a smaller R FOV angle to reduce the approxima-
tion error in the single scattering model. The effective
range of the single scattering model can be enlarged by
reducing the T elevation angle or the FOV angle. Thus,
we can employ the single scattering turbulence model
to analyze the characteristics of long distance turbulent
channels. This transceiver configuration analysis can also
be used to keep the single scattering model valid in various
scenarios. Based on the derivation of the proposed model
and applicable configuration analysis mentioned above,
(Br,07,PR,0r) is set to (5°,15° 25° 45°).

The impacts of atmospheric turbulence on UV commu-
nication are shown in Figs. 4— 7. The variation of path loss
under different turbulence strengths is shown in the Fig. 4,
where C? ranges from 1077 m2/3 to 10~ m~%/%. Calcu-
lation results indicate that the turbulence-induced attenu-
ation increases as the transmission distance increases or as
the value of C? increases. The turbulence effect is negli-
gible in a short distance (100 m) communication and in
the case of weak turbulence, but not in a long distance
(1000 m) communication or in the case of moderate
turbulence.

+C2 =107 m~%/3

602 = 10-16 m-2/3
n

C2 = 10717 m~%?

H-=-No turbulence 4
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Fig. 4. Path loss under different turbulence conditions.
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Fig. 5. PDF of the normalized arriving power under different
communication ranges and different N values.
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Fig. 6. PDF of the normalized arriving optical power in non-
coplanar geometry.
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Fig. 7. BER versus UV communication range 7.

Figure 5 shows the distribution of the arriving power
under different communication ranges and different num-
bers of the sub-volume with C2 = 107" m~2/3. As shown
in Fig. 5, the variance of the arriving power distribution
keeps increasing, and the mean keeps decreasing, as the
communication range increases. Furthermore, we utilize
N to distinguish whether the variations of atmospheric
characteristics in the scattering volume are taken into ac-
count. Based on the analysis in Ref. [18], without loss of
generality, we assume that N = 10 corresponds to the pro-
posed model, in which the variation of atmospheric scat-
tering, absorption, and turbulence is in different paths.
N =1 corresponds to the existing models, in which the
propagation characteristics are assumed constant in the
whole system™¥, The variance of N = 10 is smaller than
the variance of N = 1. The mean of logarithmic values,
i.e., py in Eq. (7), remains unchanged. The mean of the
arriving power when N = 10 is greater than the mean
when N = 1. Figure 5 shows that the arriving power from
different paths can mitigate the turbulence effect on the
arriving total power™. The existing single scattering tur-
bulence model and the proposed one both require the nar-
row beam case. Because fp is larger than f1, the effective
scattering volume is almost an elongated cylinder. UV
photons can arrive at the R through different paths.
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The multipath propagation effect is significant. The effect
of multipath propagation is considered in the proposed
model, which indicates that the proposed model is more
effective than the existing one. Apart from the proposed
model, the effect of multipath propagation can only be si-
mulated by the Monte-Carlo method®™%, which requires
more simulation time and computing resources than the
proposed model.

Compared with the existing models, the proposed model
is not limited in coplanar geometry. In the non-coplanar
case, the distribution of the arriving power is illustrated in
Fig. 6 with various pairs of the T/R’s azimuth angle
(¢7,9r). The communication range r is set to 600 m.
Without loss of generality, it is assumed that the effective
scattering volume is in the first octant, in which ¢ ranges
from 0° to 90°, and @y ranges from —90° to 0°. Compared
with the parameters in the coplanar case, the variance is
greater, and the mean is smaller in the non-coplanar case.
The non-coplanar effect is more significant with ¢ de-
creasing or ¢ increasing. This is because the non-coplanar
geometry implies a longer link than the coplanar one,
which affects the value of turbulence parameters a; and o7.

The impact of communication range on BER. perfor-
mance under different turbulence conditions is shown in
Fig. 7. The following parameters are assumed: B =
3kbit/s and 5, = 0.2. Tt is suggested that more significant
BER performance reduction occurs in stronger turbulence.
When the communication range is 100 m (short distance),
the effect of turbulence can be ignored under a weak or
moderate turbulence condition. Figure 7 indicates that
the BER will increase significantly in long-range UV com-
munication and strong turbulence.

In summary, we propose a single scattering turbulence
model, in which we consider the variation in the photons’
propagation characteristics in different turbulent paths.
The analysis of applicable transceiver configuration shows
that the single scattering turbulence model is more valid in
a lower elevation angle or smaller FOV scenario. Under
the applicable single scattering configuration, we analyze
the distribution of total arriving power in both the
coplanar and non-coplanar case. The effect of multipath
propagation is presented. Before the proposed model, only

the Monte-Carlo model geometry takes the effect of
multipath propagation and non-coplanar into account.
However, the Monte-Carlo method is usually time-
consuming. This work provides a more efficient solution
for channel estimation in NLOS UV communication.

This work was supported by the Basic Research Pro-
gram of Shenzhen (No. JCYJ20170412171744267)
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