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PERFORMANCE OF POLARIZATION SHIFT KEYING
SYSTEM INCORPORATING DIRECT DETECTION JONES

Abstract
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This paper presents a comprehensive analysis of a new direct detection polarization
shift keying (D12 POLSK) receiver structure that is based on Jones matrix technigue. The bit —
error — rate {BER) characteristics of the receiver is examined under system impairments and
the results are compared with those related to other DD POILSK reccivers reported in the
literature. The results indicate that Jones matrix receiver is less sensitive to optical amplifier
gain veniation when compared with other receivers.
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1. Introduction; -

Optical digital modulation based on
state of polarization (S0P has been named
in the literature “polarization shift keying
(POLSKY” [1 - 3]. Coherent detection {CD)
and direct deteetion (DD) systems based
upon POLSK  have becn theoretically
analyzed and expetimentatly demonstrated
(4 — 8], The following facts have been
established by the previous extensive wark:
fiber hirefringence  does not alter the

polatizatton — enceded  information and in
particular the bit — error — rate (BER)is
ideally unaffected since it only causes a
rigid rotation of the constellation of signals
points on the Poincare spherc; binary
POLSK has 40 photons / bit quanium —
limited  senmsitivity, whereas coherent
amplitude shift keying (ASK) requires 80
photons / bit; and POLSK systems are
largely insensitive to laser phase noisc.
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The advances in fiber amplifier and
semiconductar optical amphifier
technologies [9 — 12] have made it possible
for DD systems to approach the sensitivity
performance of CD  systems, Therefore,
there has been considerable shifl of interest
from CI systems to DD systems [13,14].

When a polarized optical signal is sent
through a single - mode fiber (SMF), its
state of polarization is altered due to the
birefringence of the fiber. In the cass of the
transmission of a POLSK signal through
the fiber, the fiber birefringence only causes
a rigid rotation of the signal constellation
over the Poincare sphere. In other words,
each of the signal points is displaced, but
the spatial relationship between them is
preserved [15]. As a result the information
is not corrupted.

To compensate for the consteilation
rotation, optical  processing  {i.e.,
polarization  controller} or electronic
processor  is needed. However, if the
employed receiver extracts the three Stokes
parameters of the incoming signal, then
optical birefringence compensation is not
needed. The compensation is achieved by
pure electronic processing at the decision
stage {16]. Based on these facts, Benedetto
et al. [17) have proposed two receiver
structures (B - receiver and C — receiver)
for direct detection of binary and multilevel
digital modulation  schemes
gmploying POLSK modulation format.
These structures extract the information
from the Stokes parameters of the received
signal and will be reviewed in Appendix A
for the case of binary transmission, in this
paper a comprehensive analysis of anew
DD POJ.SK receiver structure that based on

optical

Jomes atrix  inversion  technique s
presented. The BER characteristics ofthe
proposed receiver is computed and the
results are compared with those related to B
— and C - receivers. The three receiver
structures are examined and compared in
the presence of system impairments.

2. Jones Matrix Receiver: -

Thizs section presents a detailed
analysis of direct — detection POLSK
receiver that employs Jones matrix
inversion technique to compensate the
constellation rotation of SOP in Poincare
sphere, Signal and moise analysis is
presented and used as a guideline to assess
the error probability.

The proposed Jones matrix receiver is
shown in Fig. 1. It uses an optical filter at
the input to reduce the amplifier
sponianeous emission noise (ASE) arriving
from the in — line optical amplifiers. To
reduce the effects of laser phase noise, the
bandwidth By of the optical filter is chosen
wider than that of the matched filter, whose
noise bandwidth is equal 1o the symbal rate.
To reduce the penalty due to wider — than —
matched optical filtering and to cutoff
receiver electrical noise, a tight low = pass
filtet is .placed at the output of the
demodulated signal.

The optical field signal at output of the
transmiiter 15 given by

le
B,(1)=+2p, [c } ................. {1n)
T
Le:*2+|e,f|2=] .................. (1b)
where

p o Transmitted optical power.
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&y . €y Components of the tfransmitted
signal ficld with respect 1o two orthogonal
linear fiber polarization(%, §).

The received signal E{t} can be
computed by including the effect of fiber
Jones matrix {J]. The signal at the output of
the receiver optical filter can be expressed
as

N

E,(1) =[2G p, {Z}[r\ ....... ()

¥

Here,

Gg: Net power gain (the praduct of
total gain times total loss) a long the
transmissions line.

Ny Ny Complex Gaussian random
variables accounting for the total filtered
ASE noise.

Furthet,

-

e

[J} denotes the Jones mattix associated with
the fiber and it is given by {13]

-] oo

S Te ™

where

X1, ¥z Phase shifts due to SMF effect
and they are independent random variables
with uniform distribution between © and n.

I'% Variation of power due to SMF
effect and it is a2 random variable with
uniform distribution between 0 and 1.

Making use of egns. {3a) and

{3b), eqn. {2} can be rewritten as'

E, (1) = 2G.p, -
CeMe, ~v1-T?e™e | [N}
Cee, + JI-T7 o e, ]TL‘J,JMH}
The wvariance of each of the two

polarization components of the filtered ASE
noise is given by [17]

o, =2N.B,
where

Ny: Power spectral density of the
white ASE noise arriving on each
polarization.

B.: Bandwidth of the optical filter,

The signal after the polarization
beam splittér (PRS) is given by

B, =of2p, €, (6a)
L, =2p. &, " .....f6b)
where
' ¢ n
ex" z[]]( 1I]+[ x}! p; G:P:!ﬂ
EF Elr b3
™ N
n, =reio n, ===~ . Therefore,
2p, 2p,
= 3p e, -
\1-—I‘:'e'j"‘ely +n, ...[7a)
E, =2p, [1"&"""&'.@f +
Vi-FPefe 4n L (7h)

The receiver estimates the Jones matrix
parameters by an estimator and then an
inversion transformation of the matrix is
performed by electronic adaptive circuit.
Then the two components of signal is given
by

E.. =42p, e, werrern e B)
En=42p e, {8a)
where

re“? ) j-e '

| ™ {=pJ" | R ()
LEw L&y

Or

- - .
€, =€, +T e 'n <
Af1-T7 e, ... (108}
- ) -
e, =g, +[ eMn,

JIZT? e r10b)
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The two components of the signal are
subsequently detected by two photodiodes
with responsivity i = night), where nis
the diode quantum efficiency, q is the
eleciron charge, b is Planck’s constant, and
f is the optical frequency. The
photecurrents are given by

L AD=Rp e cn(lla)
IOEL Y L — (11b)

The iwo current components are
subtracted to pet the current signal igmit).

Ly () = p‘( eul | eﬂf} ..... (12)

Noe thal gy 5 proportional to the Stokes
parameter 5.
Let us carry the analysis further to

include the effect of the electrical partof

the receiver. Assume that each photodiode
has an internal load thatis matched (o the
inpur resistance of the electronic amplifier,
In this way, one canr directly wse the
amplifier noise figure F to characterize its
noise contribution. The electronic amplifier
gain or the output load are irrelevant in the
noize analysis and will be omitted in the
followimg, DBoth signal and noise will be
expressed in terms of currents

Al the ocutput of the low — pass filter,
the signal can be written as [17]
B (=P8 + Ny e (13)
with p,=Rp, and

S, =([e. -le, )by )

Here R is the bit rate, hop(t} is the impulse
response of the elecirical low — pass filter,
and Ny is a zero - mean Gaussian random
variable that represents the low — pass
filtered receiver noise current. This noise
current is characterized by a variance [17]

: KT, 1

a —F i 14
. . (14)

14 £

£

XA

where

k: Boltzmann's constani,

Ty Absolute temperature.

F: Noise figure of the elecirical
amplifier.

R.: Inpul resistance of the electronic
amplifier.

Ts: Symbol duration (=1/bit rate}

The post - detection filter is assumed
e be an ideal integrate — and — dump filter
of integration time T,, and hence its
bandwidth is B, = /T,

3- Evaluation eof Bit - Error — Rate

(BER}: -

The BER characieristics of the Janes
matrix direct - detection systems described
1n sections 2 can be estimated using the
same method described in [17]. In Ref
f17], a tight upper bound for the error
probability has been computed numerical,
In this section we carTy the analysis further
10 find an analytical expression describing
the tight upper bound of BER. Both the
numerical ‘and analytical results arc in
excellent agreement.

The BER Pe can be expressed as
Pe <P(E+n<0y=P<0) ... (15}
where P denoted probability, and the
randem vanable £ is the sum of fwo
random  variables, £ and 1, whose
randomness is determined by ASE and
receiver noise, respectively. £ and v are
statically independent phenomena.

The BER in the RHS of egn. {16} can
be computed using the Fourier — Riemann
formula [10].

ot C .
Pe s ——- [T Cel g e (16)
2 de-ie 5
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where C:(s) is the characteristic function of
Z . is given by

Coe)=C.(3)-C {5} 1D

In eqn. (16), s is Laplace frequency and
bo<0 is a constant identifying a suitable
Bromwich integration path. The statistical
structure  of the ASE noise affecting the
direct — detected signal is the same as that
of local oscillator {LO) shot affecting the

coherent  —  detected signal and its
EXPression Is
L R
Cols)= ——rBX NSJ LiHM..(lB]
20 5| p
il 1=
f I-— | : I
L A P

where N =B,/ B, and pis the sigmai —to -
noise ratio {SNR ).

If the system uses only ome optical
amplifier acting as a preamplifier for the
receiver, then

T
p=fs (19

Here

ng { zlk
parameter of the optical amplifier.

L ( 213 Amplifier wave coupling
lass.

h: Planck’s constant.

f: Laser (optical) frequency.

G: Optical amplifier gain.
The characteristic function of the Gaussian
random vartablz 7 is given by [17]

L

Cish=e' "1 ... (21)

where the variance o,,” is given by
L,

8, =—3 0,7 sr{22)

&

Spontaneous emission -

The BER of the sysiemn can be
evaluated after computing the integral in
eqn. (16). For N =1 the result is

I 1
-l -
Fe = l,:x . M

TR R

4 Nlustrative Resuits: -

Ilustrative results will be presented for
the three types of direct detection POLSK.
syslem. Unless otherwise stated, the
parameter values are used to produce the
simulation results are listed in Table ]

Table 1  Parameter values used to get
the simulation results.

Pararheter Symbol | Value
Wave length A 1.55 pm
Rit rate R 10 Ghit's
B id the
andwidb of the {0 s
optical filter
Bandwicth of the

- 0 Ghi
electrical filter B 18 Gbiv/s

Optical amplifier

. L |
coupling loss
Photodiod

Fodioe w | 1aw
responsivity
Spontaneous
. g l
€mission parameter

Figure 2 displays the variation of BER
with signal — to — noise ratic p for Jones
malrix, B-, and C- receivers and assuming
G =40 dB and R/F = 25 . The result
indicates clearly that the three receivers
show identical performance with 40
photons/bil is required 1o yield 10 * BER,
However, this picture is altered when the
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optical amplifier gain G is reduced as
depicted in Figs. 3a — 3c. The results in
these figures are calculated assuming
G=30 dB, and for three values of
RJF=12.5, 25 and 50 €, respectively. The
main conclusion to be drawn from Figs, 3a
— 3¢ is that the best performance is obtained
with Jones matrix receiver which shows
almost negligible performance degradation
as G reduces from 40 dB to 30 dB. This
result in more pronounced when RoF
increases, The Jones malrix receiver show
almost the same performance when the
values of G and R/F changed from 40 dB
and 25 (e 30 dB and 30 £2.

Figures 4a - 4¢ show, respeciively, the
penalty due to the reduction of amphifier
gain for Jones matrix, B - and C -
receivers. The penaliy is evalualed as 10
lng pYps, where p, is the stgnal — 1o — noise
ratic required to achicve a given BER when
G tends to w. The calculations are
performed tor ~ BER=10®,  where
p,=39.8=16 dB. Note thar the penalty
reduces as G increases with minimum
values arc associated with Jones matrix
TEeCeIveT.

Table 2 lists a perfonnance comparison
among Jones mattix, B —and C — receivers
for different  wvalues of G and RJF.
Reducing the amplifier gain from 40 dB to
30 dB yields a penelty of 0.423 dB, 2.81 dB
and 10.9 ¢B for Jones matrix, B ~and C—
receivers, respectively, and assuming
R/F=125 (L These resulls are to be
compared with 0,115 dB, 0.9 dB and 5.8 dB
when R, F increases to 50 (2.

5 - Concluslons: -
The performance of Jones matrix
POLSK receiver is znalysed in details for

direct — detection systems. The results arc
compated with those related to other DD
POLSK receivers reported in [17], namely
the B — and C - receivers. The effect of
optical ampliifier gain and receiver circuit
noise  parameter RJEF  on  system
performance are addressed. The result
indicates  clearfy that receivers have
identical performance when the received
signal is optically preamplified using large
— (40 dB) gain amplifier. Further, Jones
matrix receiver is less sensitive to amplifier
gain vatiation when compared with other
receivers,

Appendixz A
Stokes Parameters Receilvers

1 - The B — Receiver: -

Figure Al shows a simplified block
diagram for one of DD POLSK receiver
struclures propesed in [17]. This receiver
{which has been called the B — receiver in
[170) extracis the three Stocks parameters
from the received lightwave signals.

At the input of the receiver, the optical
field is divided into six components by
three types of polarization beam splitters
(PBS) and retardation plates that supply the
following qutputs:

. The two linear  polarization
COMIPONENts Oon T, 3.
. The. two linear polarization

compeonents on the axis ¥4 ¥, i.c. the
pievious components tilied by 45°,

. The two circular polanization
COMpPONEnts, clockwise and
courierclockwise.

The six optical field components are
expressed by

(143)
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E, =2, S (AD)
- 4 Me r
ET! (t} = M!F}_r — 'JE 2

where { jey ) meanse, are polarization —
rotated by 90 " and

c," _ e, "o,
RIS

The signal components are detected by

the phetodiodes and the resultant
photacurrents are ‘W
ixl(t) = E'E. ilﬁ‘
| r pl?
_ g, +¢, |
152{-1} =ﬁﬂ 2
] -_2
\c“ 4 jeri
IJ(SI:T':I = ﬁ'ﬂ. 2 :
. 1)
@ =By, | e AD)
) ; el 2
lcx -% \
]&I(t] = ﬂﬁ 2
|_ ' T
1eh _j'Eu
1}'](‘) = ﬁB ’ 7
!

To obtain the low — pass filiered
estimates of the Stokes parameters, the
above currents are processed as follows:

il{t) = (iﬂ - i].'l] * hlp(t} "‘Nmm

=B85 + N (A3E)
LD =, — 1) R+ N7

=B,S, + N, e (A3D)
() =, e+ N

=P8, NG (A3c)

where the Ng¥ (i=1, 2, 3) are three
independent Gaussian filtered electrical
receiver noise processes.

Bquation {A3) can be expressed in
matrix for

[i(t)] = B, (8] + (N ] v (B4

Where
i|(t‘) Nm“}
)= i@|  wd  [N,]=]N,°
1,(t}] N, @

Each of the noise term Ny, has a variance
ay” as defined in eqn. (14},

2 - The C — Receiver: -

Figure - A2 illustrates the block diagram
of another DD Stocks parameter receiver
structure  proposed in [17] and has been
called the € — receiver. This roceiver uses
simple polatizers instead of PBSs used in
the B — receiver.

The received optical

signal, after

. passing through the optical filter, is splitted

into  four components. Three of these
components pass through polarizers belore
applying to the photodiodes. The aptical
field componenis incident on the
photodiodes can be expressed as

E, (1) = \pr & e (ASa)
' IJE c:' +t=:Tr

B, (0= B 2 (ASb)

E, (1) = B 2 205 (ASS)

(144)
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The photocwrent signals are given by

. N B
lattjzﬂcie‘l
' 1Y
e
ib{t)=|3c“,’—
' 2
e, +Je,
lc(ﬂ = BC 2 >- ............. (Aﬁ} _
: at ER
i,{n=5 |:-E:_‘ +le | i
d [ | ¥ JJ

P

where B, = -—EL
The signals at the output of the low -
pass filters are given by
i) =2, ~i)*h+2N, " -N,¥
1,0 = (2, — 1,12 h 0 +2N, P - N
g 500 = (2, —i,)*h, (D428, -N,

- Equation (A7} can be rewritten as
i (=P8, +2N, V=N AR
()= BcS, + 2N, =N, (A
(D) =B.S, + 2N, PN,

Or in a matrix form

11

s _ (4]
[i)] = Bels] + 2N, |- N, 1| (a9

where all  the Gaossian  random

variables Ng!' have the same variance o°
defined i egn. {14).
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Fig, 4 Power penalty versus optlcal amplifier gain G.
(a) Jones matrix receiver, (b} B — receiver, (¢) C — receiver.
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