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Abstract—In this paper, we investigate the performance im-
provement of binary polarization shift keying (2-PolSK) trans-
mission over the ultraviolet scattering channels. To this end,
we statistically characterize the cross-polarization discrimination
(XPD) of the channel when horizontal and vertical polarization
are individually transmitted. The received polarization is charac-
terized in terms of its statistical moments and approximating it
to be truncated Gaussian distributed. To enhance 2-PolSK error
performance, we propose XPD-dependent optimal thresholding.
Electric field Monte Carlo (EFMC) simulation is used to realize
the channel. The bit error rate results show a significant
improvement through our proposed approach as compared to
the conventional symmetric thresholding-based signal reception.

Index Terms—UYV scattering channels, cross-polarization dis-
crimination, binary polarization shift keying, thresholding

I. INTRODUCTION

Optical wireless communication has gained prominence
for its abundant spectral resources, high data rates, immu-
nity to electromagnetic interference, and use of low-power
transceivers. Solar blind feature at the ground level and the
ability to communicate via non-line of sight (NLOS) paths
make deep ultraviolet (UV) (200 ~ 300 nm) band preferable
over visible light and infrared bands. UV NLOS propagation
occurs due to strong molecular and aerosol scattering effects
which act as a medium for information exchange.

Various modulation techniques were proposed for UV
NLOS communication. On-off keying (OOK), pulse position
modulation (PPM), and multi-PPM were studied in [1], [2].
Digital and dual-head pulse interval [3], 4-frequency shift
keying [4], orbital angular momentum [5], binary phase shift
keying subcarrier intensity [6], and M-ary spectral amplitude
code [7] modulations were shown to outperform OOK and
PPM. Yet, polarization-aware UV NLOS communication is
of interest because unlike amplitude and angle modulations,
it is insensitive to path loss and phase noise; only sufficient
power level is required for symbol detection.

The propagation of polarized light in scattering environ-
ments (turbid media, tissues) was studied using electric field
Monte Carlo (EFMC) [8], [9] simulations and MC-based
Stokes-Muller transformations [10]. They did not study the
communication performance over the scattering channels. To
address this lacuna, the feasibility of NLOS polarized UV
communication was studied in [11]. Dual (intensity and po-
larization) modulation [12] and polarization multiplexing [13]
were proposed in UV communication. Thus, combining the ex-
isting modulation schemes with binary polarization shift key-
ing (2-PolSK) can double the achievable data rate. However,
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Fig. 1 Geometrical setup for photon propagation in scattering channel.

polarization-aware communication performance in scattering
channel has not been sufficiently studied in literature.

In this paper, we aim to improve the performance of 2-
PolSK transmission over UV scattering channels by exploit-
ing the asymmetric cross-polarization discrimination (XPD)
of horizontal and vertical polarized signal components and
devising an XPD-dependent symbol detection strategy. The
following key contributions are made: (1) XPD-based scat-
tering channel characterization and XPD-dependent polariza-
tion orientation are mathematically captured. (2) Different
scattering channel scenarios are defined in terms of polar-
ization orientation variance, and conditions are obtained un-
der which different-from-conventional symmetric thresholding
is required for minimum error performance. (3) Optimal
thresholding is decided by modeling the received polariza-
tion orientation as truncated Gaussian distributed. Expectation
maximization (EM) algorithm is used to compute the modeled
statistical parameters. Optimal thresholds are derived in terms
of the statistical moments of the received signal polarization.
(4) EFMC based polarized light propagation and condition for
its reception are discussed, and the BER performance of the
proposed optimal thresholding is compared with respect to the
conventional symmetric thresholding.

Remark 1. In this work, 2-PolSK is achieved by transmitting
either horizontal (vector along x axis) or vertical (vector along
y axis) polarization from the transmitter.

II. SYSTEM MODEL

In the absence of LOS path between a transmitter-receiver
pair, scattering can offer NLOS path for communication. Fig. 1
shows NLOS UV link geometry with a polarized transmitter
and receiver positioned, respectively, at s; = (0,0,d) and
s = (0,0,0) in the considered inertial frame of reference. (;
is the transmitter beam full-width divergence, 53, is the receiver
field of view (FOV) angle, 6, (6,.) and ¢, (¢,) are respectively
the elevation and azimuth angles for the transmitted light
beam (receiver). d is the transmitter-receiver baseline distance.
Positive 6,/0,. is measured from z-z plane towards y-axis.
Positive ¢:/¢,. is measured anti-clockwise in x-z plane.

In 2-PolISK, we consider a source symbol s with average
energy E[ss] = 1 is encoded in source polarization state. The



source vector is s = [sp, $,]T = /PE;s, P, is the transmit
power, and E; = [Ey,, Ey,|7 is the transmit field. The received
electric field is E, = [Ey, Ey,]7 = /I, Hs, where [, is the
path loss, and H = [hpp, hpo; hon, heo] is the polarization
sensitive scattering channel. The receiver contains two detec-
tors with horizontally and vertically polarized analyzers [13].
The received electrical signal after detection is

x=VRE, +n (1

where x = [zp,2,]7 is the received symbol vector, R
denotes the effective optical to electrical conversion ratio and
n = [ns,n,|7 is additive white Gaussian noise vector with
Nhy My ~ €N (0,02). The resultant electrical signal is used
to obtain the polarization orientation angle of the beam as

by = 0.5tan™" (I,9/I1) )

where I, = xpx) — zyx) and Io = zpx) + )T, are the
Stokes parameters. Finally, the obtained polarization parame-
ters are de-mapped to the corresponding symbols.

III. SCATTERING CHANNEL CHARACTERIZATION

Light propagation in scattering channel is described in
terms of amplitude scattering matrix S which depends on the
scatterer radius rg, scatterer refractive index m, wavelength A,
scattering angle 6, and azimuth angle ¢ with respect to scatter-
ing plane [8], [14]. Thus for scattering order N, H = Hf:;l S.
In NLOS scattering channel, scattering direction, distance, and
order are random quantities. Therefore, channel is statistically
characterized in terms of XPD which accounts for energy
transfer between the orthogonal polarization states. Using H,
instantaneous horizontal and vertical XPD are defined as

XPDy, = |hinl?/|hon|?s XPDy = |hyol?/|hno|®. (3)

From the definition we observe that, the higher the XPD
value, lesser the variance the corresponding polarization ob-
serves in the scattering environment. Considering Remark 1,
we define F;;, = cosy; and E;, = sin, where 1 is
the transmit polarization orientation angle. Also, we express
channel matrix parameters in polar form as hyj, = |hpp|ed?mn,
hhv = |hh’u|ej¢h'va hvh = |hvh‘ej¢Uh and hv'u = |hvv|ej¢m)~
Expressing the received Stokes parameters in terms of transmit
field and channel parameters as

Ir1: I:{‘hhhﬁf‘hvhﬁ} COSQ wt‘i’{‘hhv |27|hvv |2} Sil’l2 wt
+2 cos ¢ sin e { | han||hno| cos(dnn — dho) 4)
—[hon||hww| cos(Pun — Guv)}] cos” Qai,

Io=2 UhhhHhvh\ cos” 1y cos(dnh — Gon) + |hho||Poo]
x sin® 1 cos(Pny — Puw) + cos Py sin g (|hnn| [P ] )
X cos(Pnn — Pow) + |hiz2||ha1| cos(drv — dun))] cos® .
«y is the projection angle defined in Section V-C. Using
(2), (4), and (5), and substituting 1»; = 0 and Z, we obtain
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received polarization orientations .., and ,., for transmitted
horizontal and vertical polarized signals respectively as

Yrn = 0.5tan"! [{2v/XPDy, cos(¢nn—dun)}/{XPDr—1}] ,

Yro = 0.5tan"" [{2v/XPDy, cos(¢no—uvy)}/{1-XPD, }] . ©

¥, and ¥, depend on the NLOS path directions in the chan-
nel. Therefore, based on the propagation channel statistics, the
variance of v, and 1,, may differ. Considering this aspect,
in the next section we propose a detection strategy to enhance
performance of UV NLOS communication system.

IV. OPTIMAL 2-POLSK DECODING THRESHOLDING

This section outlines the requirement of optimal threshold-
ing and computation of optimum threshold pair.

A. Different Scenarios in Scattering Communication

Conventional polarization detection technique performs
scalar product of the received Stokes vector with all the signal
vectors that constitute the constellation to find the maximum
[15]. So, for 2-PolSK, the Poincare sphere is divided into
two symmetrical halves, i.e., symmetric thresholding is used
for detection [16]. However, due to the asymmetric nature of
the scattering channel, the horizontal and vertical components
experience different XPDs, and symmetric thresholding may
not be optimal. Thus, we propose optimal thresholding based
on the statistical channel parameters o7 and o2, which denote
the respective variances of the received polarization when
horizontal and vertical polarization are transmitted. Based on
the choice of thresholding, the following cases are observed
in the scattering channel in terms of o7 and o2:

AIf (a) 0} = o2, or (b) 0} > o2 or 07 < o2, but the
extreme values in the distribution are in o} € [—%, %]
and 02 € 5 %’r} symmetric thresholds are sufficient, i.e.,
Ty =% and Tp = 7.

B If 0'}2L < UE, and the extreme values in the distribution of

T 3m

o2 crosses the region [, 27|, then the optimum thresholds

Ty, T, € [Z, 2] through 0.

C If o7 > o7, and the extreme values in the distribution of

o7 crosses the region 5 ?jf] then the optimum thresholds

Ty, T € [Z, 2] through Z.
Case A is encountered when the scattering channel density is
less and scattering angles, transmitter/receiver elevation and
azimuth angles are small (hazy channel conditions). Cases B
and C' pertain to scenarios with large scattering angles and
scattering density (smoky channel conditions), and is observed

frequently and constitutes part of particulate matter (PM;).

B. Distribution Parameter Estimation

We now model the received polarization distributions from
the EFMC simulation data to characterize the scattering chan-
nel. We observed that the simulated data resemble fairly
a Gaussian shape. Thus, Gaussian modeling is done with
the objective of covering the significant extreme points in
the distribution. The significance of polarization orientation
depends on the values of the relative probability density
function (PDF) corresponding to the horizontal and vertical
transmit polarization. However, as 1 is defined on a circular
scale, i.e., the values repeat after an integral multiple of 7, the
Gaussian distribution is suitably truncated in the range k; and
ks. The PDF of truncated Gaussian model (TGM) is

Fo(@lp k1, k2) = {o (x — pp)/op)} /0 Z, (7



where ¢ ~ A4(0,1) , p € {h,v} indicates the trans-
mitted signal polarization, Z, = ®(5,) — ®(e,) is the
normalization constant, oy, = £z and g, = ¥2tr
and o2 are the mean and variarlljce to be estlmated, and
®(x) = 0.5 (1 + erf (z/v/2)). The log-likelihood function for

the entire dataset {x1, 2, -+ ,zN} is given as

N
In L({z:}; pp, op) :Z [ln¢ <@

) —Ino,—log Zp}
i=1
N (8)

N (i—pp)”
To estimate optimum i, and o, we seek to maximize (8) and

the corresponding optimization problem is formulated as

(P1): max InL({z:}; pp,0p)
Hp,Op (9)
Cl: o, >0.

(P1) is nonlinear. The solution employs the EM algorithm to
obtain the optimal model parameters. The mean and variance
of the EFMC simulated channel data are used to initialize the
algorithm. The algorithm steps are as follows:

1) E-step: Given current estimates ug,t) and al(,), the ex-

pected values (adjustments) for mean and variance that
account for the missing tails are:

o Mean adjustment: Ap, = (qﬁ(a,(f)) — ¢

8/ z

o) ()~ B0 6(BV

« Variance adjustment: Ao, = —2 o ;(f 2y
1 - A/,L(p where a](gt) = (ky —,u;(,))/ (t)’ 1(>t) =
(ks — 1) /o, and 2 = o(88) — d(a?).

2) M-step: Using the adjustments from the E-step we update
tp and o, in a way that increases the likelihood.
( +1) _ @) ( N [

o Update pp: p = Up ?
« Update 0,: (Hl) =2V (@i )2 /NAG, )

3) Convergence: The algorithm iterates between the E and
M steps until the changes in p, and o, are less than a
tolerance level, or a maximum iteration count is reached.

These optimum modeled parameters are used to determine the
optimal signal thresholds, as discussed below.

Remark 2. Probabilistic modeling of the received polariza-
tion orientation distribution can be done using the truncated
Gaussian mixture model (TGMM) as well. The choice between
TGMM and TGM is purely based on the trade-off between
modeling accuracy and computational complexity. We ob-
served that TGM achieves modeling accuracy close to that of
the TGMM with significantly lower computational complexity.

C. Estimation of Optimal 2-PolSK Decoding Thresholding

For mathematical tractability, we divide the domain set of
decision boundary in two subsets of range [0, 5] and [7, 7]
and minimize the error probability for both regions separately
to find the optimum thresholds individually. The probability
of error for the subset in the range [0, Z] is given by

T /2

P =p(v) | fo(ylv)dy + p(h) Jn(ylh)dy (10)

T

where p(v) and p(h) are the steady-state probabilities of
vertical and horizontal polarization, respectively. Solving

Ty —po Ty —pp
OPe1 . p(v)e ( V2oy ) _p(h)e ( V2o, )
o1y V2rKyoy V2 Kpop

Ky = [erf (7/2 = 1y /V20, ) = ent (=1 /V20,) ] . (12)
Putting OP,1 /9T = 0 and solving we get,

Y

(1 = o) /o0)* = ((Ty = pn) fon)* = My, (13)
where M7 = 21n {%} Solving for T} we get,
Tlopt :{:l:Q [(N’ho-'u MUU}QL)z (I'L’UO-IZL - ,u/ho-v Ml) (14)

x (o7 — O'U)] 1/2

Nth)}/( (Uh - 03))

Among the two values of 77", the value € [0, ] is selected.
Probability of error for the subset in the range [7/2,7] is
obtained similarly by minimizing

(Mh%

To T
P =p(0) [ fulylv)dy + p(h) / Py, (15)
/2 T>

The expression for T, * is the same as that given in (14) with
wup replaced by upp + 7 and M replaced by

M>=21n [va(v) ot (=52 ) —ert (252 )| ] . e

orp(h) [erf (“;:h) _erf (W/i;#h )]

TP" and Ty are used for the received polarization detection.

V. ELECTRIC FIELD MONTE CARLO (EFMC) SIMULATION

In this section, we discuss EFMC simulation method for the
propagation of polarized light in the optical scattering channel
to verify the performance of optimal thresholding scheme.

A. Photon Propagation and Field Updation

EFMC is based on tracing the scattered electric field to
simulate polarized light propagation. Scattering takes place in
local coordinate system (p, q, r) at each iteration step. p and
q are the unit vectors along electric field parallel and perpen-
dicular components and r is the photon scattering direction
prior to current scattering. The scattering (f) and azimuth (¢)
angles are measured with respect to the direction of incidence
of photon on the scatterer. Therefore, the update rule at each
scattering is governed by [p’ q' r'] = A(0,¢)[p q r| where

cos @ sin ¢ sin 0 sin ¢ cos 0
A0, 9) = 0 cos —sinf 17)
—sin¢ sin 0 cos ¢ cos  cos ¢

The position of i-th scatterer is updated as s;=s;_1+d; _11;_1,
with s; = sp+dprg. For the i-th scattering, the scattering plane
is spanned by r;_; and r;. For 72 > 1, the scattering angle is

Fo(0:)={k " fo 2 (0)+kMFo™ (0:)} ks, 0<6; <. (18)

ke = k™ + EM, B and EM = NyQumr? are the
molecule (Rayleigh) and aerosol (Mie) scattering coefficient,
respectively. () is the scattering cross section [17]. Rayleigh



TABLE I SIMULATION PARAMETERS

Variable  Value Variable  Value Variable  Value
Bt 10° A 1.77 cm? P, 20 mW
m 1.5 A 250 nm N 1
Ts 280 nm | Ny 109 m—3 f 18] 0.72
bt, br 0° kR 0.328 km~—1 | ~ [18] 0.0172
d 800 m

60 T45 30 —z

! 1500 —0
75 1000 15

500

105 165

150 1

120 T» 5
e 150 120 135

(a) ¢ = 40°, 6, = 140° (b) 0; = 45°, 0, = 135°

Fig. 2 Two different example scattering channel scenarios considered
with simulation parameters in Table I: (a) Case A, (b) Case B.

and Mie phase functions ( ng(Hi), foM (6;)) are given in [18]
where v and f are model parameters. Propagation distance is
distributed as f;(d;) = kee ™ Fe% 0 < d; < 00, ke = ks + kg
is the extinction coefficient and k, is attenuation coefficient.

B. Photon Reception and Polarization Detection

The detector response is independent of polarization. The
photon is detected if the following conditions are satisfied: (7)
cos’l(a,,.(fri)) < BR/27 (i7) d; < l,p, (111) ||S7 +dlr1‘|2 <
A, a, = A(0,,9.)[0 0 1]T is the receiver direction cosine,
l is the mean free path of photon and A, is the optical
receiver area. (¢) ensures that i-th scatterer lies in receiver FOV
and depends on the receiver material property, (:¢) ensures that
the photon does not meet any scatterer in FOV before reaching
the receiver, and (7i7) ensures that the photon falls within A,..

As polarization is a vector property of the electromag-
netic wave, the polarization plane of the i-th received pho-
ton is projected on the receiver plane such that E, =
[Ehi Em-]T cos a1, where o = |::|'|rrii| is the angle between
the polarization plane of the received photon and the receiver
plane. From E,., Stokes parameters are obtained which gives
the detected photon polarization. As reported in [19], the
turbulence effects on polarization are considered negligible
compared to the scattering in optical channel over short ranges.

VI. RESULTS AND DISCUSSION

In this section, we analyze the XPD-aware scattering chan-
nel characteristics and study the benefit of optimal threshold-
ing for improved BER performance. Our conducted EFMC
simulations are based on the parameters listed in Table 1.

A. Performance in Two Different Channel Scenarios

Figs. 2(a) and 2(b) show the EFMC simulation data of v,
when horizontal and vertical polarized signals are transmitted
for respectively 8, = 7 — 6, = 40° and 45°. For the
parameters in Table I, these two cases are observed. Fig. 2(a)
corresponds to Case A as two distributions are far apart and

EFMC simulation
[TJEFMC data —Gaussian Fit

— Gaussian fit

b RMSE=0.4344
20 ' RMSE=1.2771

i Bl
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¥, (rad) Vry (rad)

@ ¢ =0 b) =1

Fig. 3 Distribution of received polarization orientation angle ;.
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Fig. 4 Variation of received polarization orientation . with XPD.

symmetric thresholds are optimum. However, in Fig. 2(b),
corresponding to Case B, variance corresponding to vertical
polarization is large such that it crosses the region [7 /4, 37 /4],
whereas variance of horizontal polarization lies within [7/4,
3w /4]. Henceforth, we consider the Case B for performance
optimization via optimal thresholding scheme proposed above.

B. Comparison of Original and Modeled Distribution

Figs. 3(a) and 3(b) show the distribution of 1, and TGM
for them when horizontal and vertical polarization were
transmitted, respectively for Case B considered in Fig. 2(b).
Distributions are generated for FOV = 30° and SNR = 36 dB.
Note that Gaussian modeling is still done as the distribution in
(7) takes the mean and variance of the Gaussian distribution
which is truncated. Additionally, the values in the Poincare
sphere which lie in the other half are truncated. For example,
the values of 1, ¢ /4,37 /4] are excluded before modeling.

Remark 3. To keep the distribution of 1, symmetric about 0
and 3 radians, we plot distribution for 1.y and 1, in the
T 2] and [0, 7] respectively, as shown in Fig. 3.

range [5*, %

C. Variation of Polarization Orientation with XPD

The variation of . with channel XPD defined in (6)
are shown in Figs. 4(a) and 4(b) for different values of
Adp = dpp— dun and Agy, = Ppy — Gy, When transmit polar-
ization is respectively horizontal and vertical. When horizontal
polarization is transmitted, for XPDj;, = 0 dB, equal power is
divided between the horizontal and vertical component, i.e.,
Ve = G. As XPD improves, v, decreases, reducing to zero
at large XPD values. Similar trend is observed for vertical
polarization orientation with increase in vertical channel XPD.

D. Impact of Change in Elevation Angle

As polarization is direction-sensitive, the impact of elevation
angle on channel XPD and variance of v, are also observed,
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as shown in Figs. 5(a) and 5(b). For 6; = m—0,, as the
elevation angle increases, average XPD;, and XPD,, decreases,
and afh and afv increases. Also, for larger FOV, lower value
of XPD and a higher variance in 1, are observed, which is
due to an increase in number of photons received with more
deviated polarization compared to the reference polarization.
Additionally, XPD, < XPD,, is observed; the difference is
entirely dependent on the channel parameters considered. For
these XPD values, 02, > o2,; the chances of polarization
being randomly received increases at higher elevation angles
as the source and receiver move away from the LOS condition.
Also, the variance of ), decreases with increase in XPD,
indicating an improved polarization scattering channel.

E. BER Performance

Fig. 6 captures the comparative performance of the proposed
optimal thresholding with conventional symmetric threshold-
ing in terms of BER for different FOV with §; = 7—#6,. = 45°.
The BER curves are observed to show different trends with
optimal thresholding for detection. At high signal-to-noise
ratio (SNR) values, BER — 0 for small FOV and saturates
for large FOV. In the first case, BER depends on the receiver
noise; thus optimal thresholding correctly detects horizontal
and vertical polarization in absence of receiver noise. How-
ever, in the second case, BER is additionally affected by
the scattering channel. Channel condition is such that both
horizontal and vertical polarization states have the possibility
of achieving same polarization orientation, i.e., there exists
no such threshold pair which could make BER zero even in
the absence of noise. Therefore, due to channel scattering,
BER tends to saturate at a large SNR values. This situation is
observed in several scenarios, such as at large elevation angles,
scattering orders, size parameter, beam divergence angle, or
receiver FOV. Intuitively, at large FOV, the BER decreases,
though optimal thresholding still performs much better.

VII. CONCLUSION

The study in this paper has revealed that signal polarization-
dependent channel XPD plays a crucial role in optimal thresh-
olding for efficient polarization multiplexed signal communi-
cation over the UV scattering channels. Through mathematical
characterization of XPD and analysis of received polarization
distributions for orthogonally polarized input signals XPD-
dependent thresholding parameter has been optimized in 2-
PolSK transmission. Through EFMC simulation of various
UV scattering channels significant performance gain of op-
timal thresholding-based symbol detection with respect to the
conventional symmetric thresholding-based approach has been
demonstrated. The findings of this study will be useful in
increasing the capacity of the UV scattering channels for
polarization multiplexed transmissions.
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