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Abstract Polarization division multiplexing (PDM) is a
promising technique to increase the capacity of future free-
space optical (FSO) system due to availability of optical
PDM multiplexer/demultiplexer. However, there are limi-
tations due to cross-polarization-induced crosstalk and
atmospheric turbulence. A novel analytical model of a
DQPSK PDM FSO link is analyzed in this paper to
determine the deterioration in error rate performance con-
sidering the cross-polarization-induced crosstalk in the
presence of atmospheric turbulence. A closed-form
expression for signal-to-crosstalk plus noise ratio and bit
error rate conditioned on a given turbulence-induced fading
and a given angular misalignment due to cross-polarization
at the output of optical PDM DQPSK receiver is derived.
By averaging the conditional BER, the average BER is
found over the probability density function of the turbu-
lence considering a log-normal distribution and random
angular misalignment which is considered to have a
Maxwellian distribution. The results are given in terms of
BER and system power penalty because of cross-polar-
ization-induced crosstalk with the effect of weak atmo-
spheric turbulence. It is noticed that system BER
performance degrades significantly and power penalty is
found to almost 8.2 dB, 9.2 dB and 12 dB for mean
misalignment angle of 4°, 5° and 6°, respectively, at a BER
of 10~'% and a given turbulence parameter C; = 10" *m™~>".
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Finally, our analytical work is verified with others earlier
published work.
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Introduction

Free-space optical (FSO) communication is an emerging
technology for broadband wireless optical communication
system because of its high bandwidth, spectrum without
licensed, high bit rates, with very high transmission secu-
rity and low hardware cost [1-3]. Recently, FSO is widely
considered as an alternate technology for near-ground
radio-frequency wireless short-range connections and also
considered for long-distance communication, such as
satellite communications [1]. Atmospheric turbulence
provides distortion in signal intensity, and cross-polariza-
tion induces crosstalk in the received signal which severely
limits the performance of a FSO communication system
and also degrades the bit error rate performance signifi-
cantly [4-8]. Commercially, FSO system considered only
intensity modulation direct detection technique which is
not suitable for atmospheric turbulence, causing scintilla-
tion and degrades the system performance [6]. The random
intensity fluctuations of the propagating light wave
increases when passing through the atmospheric turbulence
due to the presence of refractive index structure parameter
(C,z,) [7]. Recent works on FSO considered the polarization
state of the light beam to be stable, and the effect of cross-
polarization due to atmospheric turbulence is not taken into
account [9-11]. In [12], the authors reported the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12596-020-00628-0&amp;domain=pdf
https://doi.org/10.1007/s12596-020-00628-0

358

J Opt (September 2020) 49(3):357-363

polarization effect on the system bit error rate (BER) per-
formance considering Gaussian distribution of phase fluc-
tuation in the presence of atmospheric turbulence. More
recently, research works are reported where polarization
shift keying modulation technique is considered to reduce
the phase noise produce by the laser [13, 14]. In Ref. [15],
the authors considered the optical fiber transmission with
cross-polarization-induced crosstalk effect on a polariza-
tion division multiplexing-quadrature phase shift keying
(PDM-QPSK) system with coherent homodyne detection.

An analytical approach is presented in this paper to
determine the BER performance of a polarization division
multiplexing followed by differential quadrature phase
shift keying (DQPSK) FSO communication system taking
into account the cross-polarization-induced crosstalk and
fading effect of atmospheric turbulence. A closed-form
expression for signal-to-crosstalk plus noise ratio is
developed. The BER performance conditioned on a given
value of turbulence, and a given angular misalignment of
the polarization states is developed. By averaging the
system conditional BER, system average BER is found
over the probability density function of the turbulence
which is considering as log-normal distribution and the
probability density function of the polarization fluctuation
which is considered as Maxwellian distribution.

System model

A detail block diagram of a polarization division multi-
plexing coherent DQPSK FSO system is shown in Fig. 1.
For optical DQPSK modulator, dual drive Mach-Zehnder
interferometer (DD-MZI) is required which contains two
MZIs, one for in-phase and another for quadrature phase
components [16—18]. The polarization beam splitter splits
the input continuous wave laser electric field at the trans-
mitter which is orthogonally polarized and passed through
two optical QPSK modulators. For X and Y polarizations,
the phase difference between them is 90°. Each modulator

Fig. 1 Block diagram of a
polarization division Ch-1 s/P
multiplexing coherent DQPSK Xik_y Xak
free-space optical link QPSK Mod
fe
cw PBS
Laser I&

—» S/P
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modulates the laser output with in-phase (/) and quadrature
phase (Q) data indexed by X, and Xy, respectively. The
polarized light is combined by using a PBC and transmitted
through turbulent channel. The received signal is split by
PBS and fed to the upper 90° hybrid for X-polarized light
and lower 90° hybrid for Y-polarized light. The 45° lin-
early polarized output light from a local oscillator with
respect to the received polarization is also feed by the two
90° hybrids. By applying homodyne balance detection
techniques, the data decision is carried out from the
receiver circuit.

Theoretical analysis
Analysis of transmitted signal

The electric field of the resultant optical signal from the
output of the PBC and input to the atmospheric channel can
be represented as [15]:

1E o
E(Zv t) = T § § § Sm.p,kp(t - kTs) el@i+4:(0) (1)
sk g

m

where m denotes I or Q which is representing in-phase and
quadrature phase, respectively, p denotes X or Y which is
representing horizontal and vertical polarization, respec-
tively, and the symbol period, Ty = 2 T}, T, represents the
bit duration and symbol energy, E; = 2E,,, E, representing
the bit energy, p(¢) representing the pulse shape function,
optical carrier frequency represented by w, and @; is the
laser phase noise.

Analysis of received signal

The input signal to the PBS is represented as [15]
Es(t) = Esx (1) £ + Esy (1) ¥ (2)

where
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Esx(1) = Ex (1) cos[mot + @y ;(1)] . o= B}, . E2, L £, N E, N Eox
— Ex,o(1) sin[wot + ¢y o ()] xa L) 2 Xl 2 2 2

[
Esy(t) = Ey(1) cos[wot + @y (1)]
— Eyo(t) sin[wot + ¢y o(1)]
The detail of 90° hybrid with receiver circuit used in
Fig. 1 is shown in Fig. 2.

The local oscillator output signal which is the input of
the X-Pol 90° hybrid can be expressed as [15]:

Erox(t) = ELo.x cos wot 3)

The subchannels random rotation due to the presence of
turbulence, the signal suffered fading and crosstalk. The
state of polarizations at the PBS, the input signal of the X-
Pol 90° hybrid can be expressed as [15]:

E&X(l‘) = SFES’)((Z‘) + SxES,y(Z‘) (4)

where ¢y is the coefficient of complex fading due to X-
polarization and &y is the complex crosstalk coefficient due
to Y-polarization. The magnitude of this coefficient can be
written as [12, 19]:

|er| = cos 0 and |ex| = sin 0 (5)

The instantaneous output at the port C; of the X-Pol 90°
hybrid, after neglecting common losses, can be expressed
as:

Exc, (1) = Esx(1) — ELox()
= ¢epEsx(t) + exEsy(t) — ELox(t)

|Exc,(0)*= |erEsx (1) + exEsy () — Ecox(t)|’
= & Exa (1) coslont + gy, (1)] = Exo(1) sinfoot + gy o (0]
+ &3 |Ey 1 (1) cosloot + gy, (1)] — Ey o(t) sinloot + gy o(1)]|”
+ |EL0‘X cos wot‘2
+ 2epex (EXJ(I) cos[wot + @x ;(1)] — Ex,o(t) sin[wot + q)XA’Q(t)]).
(Ev.(1) cos[aot + @y ,(1)] — Ey o(t) sin[oot + @y o(1)])
— 2epEpo x cos wot (Ex (1) cos[wot + @ (1))
—Ex o(t) sin[wot + q)X,Q(t)])
— 26xEpox cos wot(Ey,I(t) cos[wot + @y ;(1)]
—Ey o(1) sin[wot + wy,Q(t)])
(6)
Neglecting the optical frequency term as well as the
sine and quadrature terms because they will not generate

any in-phase signal, the resultant signal can be written as
[15]:

+ erexEx 1Ey. 1 cos(@x; — @y ) — erEroxEx.1 cos(@y )
— exEpoxEycos(y )
(7)

After neglecting the time dependence and multiplying
with conversion parameter K, the output power can be
expressed for the port C; is [15],

K
Pxc, = K|Exc, ‘2= Eﬁi [‘EX,I‘2+|EX,Q‘2}

K 2 2
+§8)2([‘EY,I‘ HEY,Q’ }
K 2 K K
+ 2 |Erox| +2¢rex EEXJ EEY‘I cos(@y; — @y)
K K
—2ep\/ 5 ELox\| 5Ex. cos(x )
2 2
K K
— 2ex \/;ELO,X \/;EY,I COS((PYJ)

= ePsx + &xPsy + Prox + 2erex/Px Py cos(px; — @y)
- ZgFmCOS(G"X,I) - ngmcos((#’y,l)
(8)
Similarly, the power at port C,,
Pxc, = S%Psﬁx + Sips,y + Prox
—+ 28F8X\/1TPYJCOS(<PX,I — Py
+ ZgFmCOS((pX.I) + ngmcos(ﬁou)
9)

The differential photocurrents from the output port C;
and C, are written by:

ixc = ix.c, — ix,c

= 4epRq/Px1P10x €08 @y ; + 4exRa~/Py (PLox COS @y

(10)

Now the signal terms after considering fading due to
PBS misalignment and turbulence is:

isx,c = 46rRy\/IPx P10 x COS (11)

And the crosstalk terms due to X-Pol and turbulence is:
ixwalk x,c = 46xRa~/IPy 1PLo x COS @y (12)
Analysis of SNR and BER
The conditional signal-to-crosstalk plus noise ratio (SCNR)

condition on turbulence and misalignment angle is repre-
sent as:
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Fig. 2 Diagram of a 90° hybrid with receiver circuit for channel ™'
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(13)

Now the conditional BER is given by:

1 SCNR(0,1)

BERcond.(evl) = Eel’fC ) (14)

The probability density function of turbulence-induced
fading I, is taken as log-normal distribution for weak
atmospheric turbulence which is given by [20]:

A(D) 1 —<1n<1>2—m2
1 = —e 20
V2noll

Finally, the BER average is given by [21]:

I >0 (15)

z

2
BERaverage = /
0 0

BERcond.(Ov I)f](])f()(O)dI do (16)

where fy(0) represents the probability density function of
random misalignment angle 0, which is modeled as Max-
wellian distribution [15, 22]:

32 _ (2032
fo(g) — 0?e

=—
20,

(17)

where 0,,. represents the mean misalignment angle of the
random rotations.

Results and discussion

Following the analytical approach, we determine the sys-
tem BER performance of a FSO link considering polar-
ization division multiplexing optical DQPSK modulation
with coherent homodyne detection. Table 1 contains the
parameters that are used for numerical simulation. In
Fig. 3, the plots of bit error rate as a function of received
optical signal power are depicted for different cases of
without turbulence, with turbulence and without and with
polarization-induced crosstalk. The results show that sys-
tem severely affected in BER performance because of

Table 1 List of parameters

used for numerical simulation Parameters Values
PIN photodetector responsivity, Rd [8] 0.85
Characteristic of the MZ, V, 500 mV to 8 V
Temperature, T 300 K
Thermal resistance, R, 50Q
Signal bandwidth 10 GHz
Laser wavelength, 4 1550 nm
Power split ratio of two polarized signals [15] 0.45
Local oscillator power split ratio of two polarized signals [15] 0.45
Link distance, L Up to 3650 m
Received power, Pr —30 to 0 dBm
X-polarized signal phase, @ ; [15] 45°
Y-polarized signal phase, @y [15] 45°
Structure parameter, Cﬁ [8] 1074 m2?
Background noise 1078 W
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Fig. 3 BER performance curves with respect to received optical
signal power with and without turbulence in the presence and absence
of crosstalk considering local oscillator power of 10 mW

polarization-induced crosstalk as well as atmospheric
turbulence.

The effect of crosstalk and fading only due to the
misalignment angle of the received signal is shown in
Fig. 4. When atmospheric turbulence is added along with
this effect, the resultant BER performance degrades
severely which is shown in Fig. 5. The results show that
degradation in BER performance and power penalty occurs
significantly which is found to 8.2 dB, 9.2 dB and 12 dB
for mean misalignment angle of 4°, 5° and 6°, respectively,
at a BER of 107'? for a FSO link with distance of 1000 m
considering a given turbulence parameter of
C2 = 10~ *m=23,

The system BER performance improvement due to the
increase in local oscillator power is shown in Fig. 6. When
local oscillator power increases, it is in fact increases the
signal-to-noise ratio of the received signal. So the bit error
rate performance improves when local oscillator power
increases. The result shows that almost 5.1 dB improve-
ment in receiver sensitivity occurs due to increase in the
local oscillator power from 1 to 10 mW. The system BER
performance with respect to received optical signal power
under turbulent condition is provided in Fig. 7 with link
distance as a parameter and considering mean misalign-
ment angle of 4°. As expected, the performance degrades
due to the increase in link distance because it increases
signal fading. It is also shown that the allowable link dis-
tance for proposed system is 3650 m at a BER of 10"
considering the mean misalignment angle is 4° because of
the effect of atmospheric turbulence. The power penalty
increases due to increase in the mean misalignment angle
of the received signal as shown in Fig. 8 considering both

361
10°
—6— 0, =6°
102 ——0 =550
_c0
—+—0,75
. —<—0 _=4.57
10 ]
——0 =40
_2 g0
. . Gm-3.5
10"
w10 ——0 =0°
10° 1
10-10 Without turbulence
L=1000m
PLO=10mW
10-12 L L - L
-30 -25 -20 -15 -10 -5 0

Received Signal Power, PSIG (dBm)

Fig. 4 BER performance curves for various value of mean misalign-
ment angle in the absence of atmospheric turbulence

with and without atmospheric turbulence at a BER of
10~ '°. It is noticed that signal suffers almost 7 dB, 7.9 dB,
9.7 dB and 16.7 dB more power penalty due to atmo-
spheric turbulence for link distance of 1000 m, 2000 m,
3000 m and 3650 m, respectively. Figure 9 shows the plots
of receiver sensitivity degradation for different values of
mean angular misalignment to obtain a BER of 107%
considering link distance as an input variable. This receiver

10°

L=1000m
c2=10"14m2/3 i

with turbulence

BER

106

108

10710

10712
-30 25 20 -15 -10 5 0

Received Signal Power, PSIG (dBm)
Fig. 5 BER performance curves for various value of mean misalign-
ment angle in the presence of atmospheric turbulence considering
local oscillator power of 10 mW
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Fig. 6 BER performance for different local oscillator power at a link
distance of 1000 m and mean misalignment angle of 4°

sensitivity degradation curve is found from the system
BER performance curves. The result shows as expected
that when link distance increases, the receiver sensitivity
degradation is higher and also when mean misalignment
angle increases, the receiver sensitivity degradation is also
higher. Finally, the results of our proposed analytical sys-
tem are compared with the experimental results of Ref.
[23] and also compared with the published work in Ref.
[15] which is shown in Figs. 10 and 11, respectively. It is
noticed that our results are in commensurate with the
published results.

10 ‘ ‘ ‘ ‘ ‘
A 0o
107 .
10* E
—e— L=1000m
&0t} L=2000m
o —— L=3000m
—6— 1.=3650m
10° | 0 =40
C?: 1071423
. P o=10mW
10
10-12 L L L L L
-30 25 20 -15 -10 5 0
Received Signal Power, PSIG (dBm)

Fig. 7 BER performance for various link distances with turbulence
and mean misalignment angle of 4°
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Fig. 8 Power penalty versus mean misalignment angle with and
without atmospheric turbulence at a BER of 10~'°

Conclusions

Analysis is presented for a polarization division multi-
plexing optical DQPSK link over free-space optical chan-
nel taking into consideration the combined influence of
cross-polarization-induced crosstalk and atmospheric tur-
bulence. The results are evaluated numerically taking into
account the probability density function of the polarization
fluctuation to be Maxwellian distribution. It is noticed that
significant deterioration in system BER performance
occurs because of above effects and due to cross-polar-
ization-induced crosstalk, and system suffers severe power
penalty. The results may used to find application in design
of PDM optical FSO link over turbulent channel.

15
=40
—8— 0, =4 p
—c0
0, =5
-0
—6— 0, =6
10} 1

C2=10"14m 213
n
P o=10 mW
reference received power = -15dBm

Degradation in Receiver Sensitivity (dB)

L L L L L
500 1000 1500 2000 2500 3000 3500
Link distance, L (m)

Fig. 9 Receiver sensitivity curves for different mean misalignment
angle considering link distance as an input parameter at a BER of
107%
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Fig. 10 Compare the results of our proposed work with the
experimental results in Ref. [23]
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Fig. 11 Performance comparison curve between our proposed work
(PDM FSO) and Ref. [15] which is PDM optical fiber communication
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