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Abstract

Coherent detection is one of the active research areas for the development of high speed, high spectral efficient optical
communication network. Digital signal processing is the important technique for compensating the fiber transmission impairments
because of number of advantages such as signal can be amplified, delayed, splitted and manipulated without degrading the signal
quality. This paper presents DSP compensation algorithms for linear time invariant (LTI) impairment such as chromatic dispersion
(CD) and polarization mode dispersion (PMD) in optical fiber communication. We presented a mathematical framework for
compensation of LTI fiber impairments. This paper also focuses the different compensation methods both in time and frequency
domain for chromatic dispersion compensation. These DSP techniques confirm that coherent detection with high data rates will
become feasible in future for compensating transmission impairments.
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1. INTRODUCTION

One of the important research areas for the dewstop of

high speed, high spectral efficient optical netvgofkr long

distance transmission is the coherent detectionhefemt

receiver allows information symbols to be decoded

recovering the electric field, which leads to impgd power
and spectral efficiency. In direct detection, tightensity is

converted into electrical signal by photo detectbue to this,
phase information is totally lost. In order to mx@me the
above problem, coherent detection is used in which

received optical signal is mixed with local opticarrier and
then intensified light signal being detected in gi®to diode.
Coherent optical communication begins in 1990s.KHE et

al demonstrated a coherent 4 Gb/s binary PSK (BR&ijg

narrow line width Laser and optimized phase lockeaps.

Another Scheme, known as 310 Mb/s QPSK was denaadtr
in [2].

In 1990s , with the invention of EDFA, coherent ioak
systems were rapidly developing, which enablesstrassion
of data over long distances with the rapid increafs¢affic,

which carriers a number of multiplexed signals,hsas data,
voice, music, video etc. There is a need for deyakent of
high spectral efficiency system to use existingicabtfiber

installation. The goal of long haul optical fibgystem is to
transmit the high data throughput over the longtadise
without signal regeneration.

Digital signal processing is used at the receiver f
compensation of fiber impairments [3]. Digital coemsation
can be done at the receiver after the optical sibaa been
converted to electric signal. If the basebandaigs sampled
above the Nyquest rate, digitized signal represémés full
content of analog electric signal, which enablagitali signal
processing compensation. DSP has advantagesasigignals
can be delayed, split, amplified and manipulatedhouit
degradation in signal quality.

Sun et al [4] demonstrated a real time coherentatien of
polarization multiplexed 40 Gb/s QPSK. The systé®® Gb/s
and above are currently being developed. DSP ighgorwill
become complex as the bit rate, constellation sirel
transmission distances are increased. Fiber immeait
compensation using coherent detection and DSP resemed
in [3]. In this paper, DSP compensation algorithrits
chromatic and polarization mode dispersion areenggd. Both
time domain and frequency domain techniques agmed. A
technique for linear equalization for compensatinth CD and
PMD is proposed.

The organization of this paper is as follows. Revan optical
transmission system and DSP is presented in sedtion
Coherent optical systems with DSP, Signal propagain
optical fiber and LTI (linear time invariant) modedre
presented in Section Ill. Chromatic Dispersion @emsation
and PMD Compensation techniques all presenteddtiddelV.
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Finally conclusion drawn from the paper and scapefdrther
work is presented in the last Section.

2. REVIEW ON OPTICAL TRANSMISSION
SYSTEM AND DSP

An optical transmission system can be represergeshawn in
Fig.1

E
") H(w) s Receiver |— H(w) —

Fig.1 A typical optical transmission system

Where Eyx is the transmitted signal, ) is the channel
transfer function andg is the received Signal.

The goal of a DSP System is to implemefi{d). This will be
interpreted as the combination of all the linede@t during
propagation of light through fiber. Schematic blait&gram for
DSP implementation is shown in Fig.2

Chromatic Polarization mode Bit error
Inputdata —| dispersion |~ Dispersion > rate
Filter Compensation Calculator

— Processed Data

Fig.2 DSP implementation scheme

In order to compensate for these impairments, deeived
electrical signal is applied with a series of aitjons in order
to minimize the Bit Error Rate (BER). BER is theaim
evaluation criteria for estimating the quality of digital
communication system.

3. SYSTEM
PROPAGATION

3.1 System Modd:
A general coherent optical system with DSP is shiwig.3

MODEL AND SIGNAL

Input data Electrical to Optical to Output data

Optical u I Electrical DSP

conversion )
conversior

Fig.3 Coherent optical system with DSP

3.2 Signal Propagation:

The main aim of a communication systems is to pyapa a
signal E(t, z) from the transmitter to receiver tisat, the signal
at the receiver E (t,z) will be close approximation to the
transmitted signal E (t, 0). The propagation ohtign optical
fiber is described by the non-linear Schrodingaratigpn in [3]
as follows:

0E 1 9 .1 02 1 a3
Lo (—ca— Bl — joPo—t —B3—) E
az ( 2 ﬁlat ]2!ﬁ26t2+ 3!ﬁ3at3)

+jy [IE? 1 =3 (B o3 EYos | E

=(D+N)E (1)

Where Ij and N are the linear and nonlinear operators, and
T
E(Z,t):[Ei(Z,t) EZ(Z,t)] is the Jones vector of the
electric field. The 2 x 2 matricesr, 3,5, and [3, are the
fiber's loss, group velocity, dispersion and digi@n slope.
0 :
o=

—1I
4

q l is a Pauli spin matrix [3]

3.3Linear TimelInvariant Model:
For LTI Model of OFC system, we keep non-linear raper
N as Zero. Hence, Schrodinger’s equation become

oE

= =DE 2
37 (2)

By taking Fourier Transform of equation (2) we adfta
E(w’ Z) = H e (w) E(M 0) 3)

Where  H g, (a)) is fiber's frequency response and

E(a), Z) & E (a), Z) are the Fourier Transform of fiber input

and output respectively. For long haul transmissattenuation
in fiber is compensated using EDFA or Raman angplifi In

optical amplifier noise electric field is generatedy

spontaneous emission. This noise electric field wamodeled
using additive white Gaussian noise. Hence, tiséegy can be
modeled using base band electric fields at thestrétter and
receiver.

Letx,t= [xl(t) X, (t)]T andy,,t = [yl (t) Y, (t)]T are

the baseband, analog electric fields at the tratesmand

Volume: 02 Issue: 10 | Oct-2013, Available @ http://www.ijret.org 169




IJRET: International Journal of Research in Engineering and Technology

el SSN: 2319-1163 | pl SSN: 2321-7308

receiver respectively. They are related
y(t) = h(t) Dx(t) + n(t) where[l denotes convolution.
In frequency domain, we get

Y(@)=H (@) X (@) +N(«)

ny(t)

A X1k
»{T}— o0 | 0 F

S h(t) S

Xok_| P ¥a(t) _’@Vﬂ o(0) X_ Pl R
f

ny(t)

X1k Xa(t)

Fig. 4 A coherent optical system as Linear Time Invariant
model

Where b(t) is the impulse response of electricalofmical

conversion and p(t) is the impulse response ofcaptio

electrical conversion. b(t) includes the frequenesponses of
D/A converters, Mach-Zehnder (MZ) modulators andiaap

multiplexing elements, while p(t) includes the resges of
optical de-multiplexing elements, the coherent pheceiver
and A/D converters.

To obtain equalization algorithms for linear immpaémt, the
channel is modeled as [3] and is given below

H(w) = Hep(w) Hpmp(w)

4. COMPENSATION METHODS FOR LINEAR
TRANSMISSION IMPAIRMENTS:
4.1 Chromatic Dispersion Compensation:

Chromatic dispersion arises due to propagatiompeéd of light
as a function of wavelength, so that different $@éc
components of signal exhibit relative delay caussignal
distortion.

In the absence of non linearities, the resultingtesy becomes
linear as given by equation 2. Hence, we writeekgression,
that shows the effect of Chromatic Dispersion oe $ignal

R
Elt, =
E(t.z)

9 E(t,2)=-in 2 E(t2) @
az ‘' 2ot

Where ‘z’ is propagation distance, t is the timeialsle, B, is
the group velocity dispersion. Group velocity résubecause
of different spectral components of signal travéhwdifferent
velocity.

as Taking Fourier Transform of equalization (4) we get

E(w z) = E(w,0)e* 5)

It is observed from this frequency domain represtéon, that
chromatic dispersion introduces a distortion onghase of the
signal spectrum without changing the spectral power
distribution and at the end of propagation the euls
broadened. The paramefrgives the time delay between two
different spectral components separated by a ceftaguency
interval.

The relation betweerﬁ2 and dispersion coefficient D is given
by

27T

D=_7

cB,

Using this relation, equation (4) becomes

0 . DA? 0°
—E(t,z)= | ——E(t,z
0z (t.2) Vo o (t.2)

. DA?

ey

E(wz)=E(w,0)e **
E(w z)=E(w,0)H (w,2)
H (a), Z), is the frequency response of the system, called a

transfer function of chromatic dispersion.

. DA?
-jbA%,

H(wz)=e *" (6)
By taking Inverse Fourier Transform we get

jrt®

e DA? (7)

c
jDA?z

h(t,z) =

From literature [3], filters for dispersion compatien in
frequency and time domain is obtained by invertimg sign of
equations (6) and (7).

4.2 CD Compensation in time domain:

In time domain, CD compensation can be obtainednfro
convolution with FIR filter. FIR filter has inpubutput
equitation as given below:
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y(n) =y x(n) + b x(n-1) + + R x(n-N)

where x(n) is the input signal bre the filter weights or tap
weights, N is the filter length and y (n) is thetput.

4.2.1 Savory Method

Savory [5] derived expression for tap weights aiiltlerf
coefficients by truncating the impulse responseatdinite
duration. This can be implemented using FIR fikéth the
given number of taps and the amplitudes

_det® oe ON_ N
= 1% o DN
% DA%z 2 2
|D|A%z
N— ? +1

Where N is the number of tapg, is the sampling period and
[X] is the integer part rounded.

4.2.2 AdaptiveFilters:

An adaptive algorithm makes use of iterative procedfor
correcting the weights of the filter in order tommize the
mean error between the outgifh) and desired output y(n).

LMS (least mean squares) algorithm and constanduhes
algorithms are the two techniques, which uses tlasptive
algorithms. Adaptive filtering scheme is showndvein fig.5

Input data output data

Variable filter w(n)

x(n) y(n)

Update algorithm

Fig. 5 Adaptive filtering technique

4.22.1 LMSalgorithm:

It is a technique, which uses iterative procedtinaf makes
successive correction and the weight of the filteiorder to

minimize the MSE (mean square error) between theubi#(n)
and the desired output y(n)

§(n) =3 s Ox(n=k) = 'x(n)

e(n)=y(n)-9(n)

w(n+1) = w(n)+ x(n)e’(n) (8)

Where ' is the step size.

Equation (8) can be used for updating the filteights such
that the error between the obtained output andetésiutput is
minimized. The selection of step size fs very important for
tap weight updating. Faster convergence can beaethiwith
high value ofu but provides lower precision. Low value of *
gives slower convergence with higher precisian.
compromise can be made for selection |6ftb obtain better
results.

4.2.2.2 CMA Algorithm

In order to obtain better convergence compared kSL
algorithms, CMA algorithm is used. In this cad&efioutput is
calculated as

9(n) =3 s Ox(n-k) =" (n) x(n)

e(n) =1-|y(n)’

Filter coefficients for updating can be obtained as
w(n+1) = w(n)+ ¢ (n)e(n) y(n)

4.2.3 CD Compensation in frequency domain:

The main advantage of frequency domain approacthaisthe
filtering of input data is obtained by multiplicati process
rather than convolution. FFT algorithm is most @ydused in
frequency domain representation. The digital ffilkeeights in
frequency domain are obtained as [5]

- DA?
j=—zef

fk:e 4

2ir
Wherea), :m, where Tis the sampling period and N is

S

the length of FFT.

Especially, for large data, FIR filtering is mor&i@ent in
frequency domain using either overlap add or opedave
methods [3]. The procedure given below makes fiswerlap
add method [3].

e The receiver signal is decomposed into smaller aived

» Zero padding technique should be adopted to maigthe

equal
« FFT is computed for each window sequence.
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e« The output of FFT data is multiplied with filter in
frequency domain

e Inverse FFT can be performed on filtered frequency
domain signal.

4.2.4 Polarization M ode Dispersion:

Propagating field in long haul single mode fibedéscribed as
consisting of two degenerate modes each correspgnditwo

orthogonal polarizations. The degeneration ioohtced due to
the cylindrical symmetries of the optical fiber. rigeally

optical fibers has physical structure that is narfectly

cylindrical that leads to imperfection and pertdidra due to
mechanical tension, thermal gradients etc. Due hesd
imperfections the two fundamental modes see difteiredices

of refraction in the fiber. The two polarization des are
propagating with slightly different group velocityThis

phenomenon is called polarization mode disperdt).

Adaptive PMD and Polarization rotation Equalization
Compensation against the influence of PMD and [maton

fluctuation can be performed adaptively by the sieci
directed LMS filter [5] which are presented below:

[t o et B B

Where weight updation can be done using followigrfula

W, (1)

e,

&, (n+1) =@, (1) + e, () (n)

@, (n+1) =@, (n) + 4, (n) X, (n)
@, (n+1) =@, (n)+ 4,6, (n) 9.0 ()
@, (n+1) =&, (n)+ 4,¢,(n) ¥, (n)

You (D)

&y (n) dy(n)_ Yout (n)

Where X, (n) and Y, (n) are the complex amplitude values

of the input signals andxout(n) and yout(n) are the
complex amplitudes of signals
respectively. Th&)xx(n), cny(n) chx(n) and @W(n)

are the complex tap weights angnj and ¢(n) are the desired
signals. The Ex(n) and sy(n) are the estimated errors

the equalizing output

between the output signal and the desired sigrsigectively
and M, is the step size. PMD compensation can be doee aft
CD compensation.

CONCLUSIONS & SCOPE FOR FUTURE WORK

This paper presented DSP Compensation algorithm4 Tb
fiber impairments namely chromatic dispersion
polarization mode dispersion. DSP techniques pvidhly
flexible solutions for implementing impairments coemsation.
The propagation of light in optical fiber is dedail by
Schrodinger equation for LTI model of OFC Systenepiag
non linear term zero. We obtained an expressiorfrémuency
response of chromatic dispersion from which impuésponse
of the system can be calculated. Inverse Fourarsforms to
be adopted for compensation. Frequency domain igebs for
CD compensation are also prescribed. The main aagarof
frequency domain approach is that the filteringnpfut data is
obtained by multiplication process rather than adaton. Non
linear fiber impairments compensation techniquesgu®SP
will be the scope for future work.

and
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