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Abstract

In recent years, evolution of technology has contributed a major role in the field
of optical communication systems. There is an ever growing demand for transmit-
ting signals at higher data rates and compensating the transmission impairments
simultaneously. Speed of the signal transmission down the optical fiber is limited
by transmission impairments that are characterized as linear or nonlinear losses.
In my thesis, I lay a special emphasis on linear loss especially chromatic dispersion
and it’s effect on an optical signal down the fiber and study the compensation
techniques in an electrical domain challenging the methods employed in an optical
domain. In this digital world, there is an increase in the evolution of electrical
components such as high speed memory units and low power consumption models.
Electrical domain provides advantages in terms of processing the signal in a cost
effective way and achieving the similar results with respect to the optical domain.
In addition to the analysis, my investigation includes the effect of noise present in
optical fiber communication systems and limitations of electrical components in

achieving the compensation.
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Chapter 1

Introduction

In this 20th century, technology in communications between two systems has

been evolving at a faster rate to deliver data in a fast, efficient and secure manner.
There is a lot of emphasis laid on two forms of signal propagation based on medium,
such as wired and wireless transmissions. Both forms has its advantages and
disadvantages, however, they are chosen in terms of speed, portability and security.
In this paper, we study about the signal propagation in an optical fiber and an
effective approach to mitigate linear chromatic dispersion by pre-distorting the
signal at the transmitter in the electrical domain using a dual-drive Mach-Zehnder
Modulator [1] .
In wired communications, optical fiber plays an important role is transmitting the
data for long distances in the form of light. There are different types of fiber and
fiber length can vary from few kilometers to thousands of kilometers. During it’s
propagation, transmission impairments will try to degrade the quality and limit
the transmission distance in both linear and non-linear domain. Linear trans-
mission impairments include dispersion, fiber loss, X-talk, accumulated amplified
spontaneous emission (ASE) noise and polarization mode dispersion (PMD)[3]. In
this thesis, we study to mitigate the transmission-related degradations that do not
rapidly change in time in linear domain that includes chromatic dispersion a.k.a
Group-velocity dispersion (GVD) leaving non-linear domain for future work.

In a fiber-optic telecommunications system, attenuation reduces the power of a



transmitted signal caused by media components such as cables, splicers and con-
nectors and is significantly lower as compared to other media. And dispersion
affects the transmission in two types: Chromatic Dispersion and Modal disper-
sion, where chromatic dispersion broadens the signal in the time-domain resulting
in different speed of wavelengths and modal dispersion broadens the signal in time
due to different propagation modes in an optical fiber. Modal dispersion plays a
degrading role in multi-mode fiber whereas chromatic dispersion plays in single
mode fiber that spreads the signal across long distances.

In contrast, Chromatic dispersion is deterministic, linear, and can be compensated.
In digital communications, a bit sequence is represented as pulses and will spread
large in time and merge due to chromatic dispersion making it difficult for the

receiver to render the bit stream as shown in the Figure (1.1). This action limits the

length of fiber that a signal can be sent down without amplification or regeneration.

Optical Fiber

.W@Dm

Figure 1.1: Pulse travels down the fiber and broadens in time domain

Further studies in the field of optical fiber communications contribute to the devel-
opment of systems compensating the impairments in electrical domain in addition
to optical domain. Electrical domain make use of digital signal processors such
as ASIC, Xilinx,etc., CMOS units, D/A and A/D converters, etc. to achieve the
compensation which is cost-cutting, ability to reproduce the signals efficiently and
lot faster , more practical in terms of functionality as compared to use of costly

optical fibers in optical domain dispersion compensation. Also, due to continuous

4



evolution in electrical instruments in terms of speed and reduction in power, elec-
trical domain looks like a promising aspect to cut down the limitations set by the
optical domain. [4]

In this thesis, we study the efforts to reduce the linear impairments and re-produce
the novel technique discussed in IEEE paper "Electronic Dispersion Compensation
by signal distortion using Digital processing and a Dual-drive MZM" and extend
it’s horizon by understanding the dependent nature of various optical parameters
in different conditions. [1] To extend it’s horizon, we have included noise in op-
tical fiber communication systems such as thermal noise, shot noise and relative
intensity noise (RIN) as a measure of performance of this pre-distortion technique

with respect to the electrical parameters and its limitations.



Chapter 2

Forward Propagation

2.1 Basic Propagation

When an optical pulse propagates down the fiber, complex value of its electrical

field E(z,T) in time can be written in the form,

E(z,T) = /P(t)exp(i¢), (2.1)

and Phase is given by

¢ = ¢o(t) +wt — Bz (2.2)

where P is the power of the signal received by the photodiode at a distance z
down the fiber, ¢q is the initial phase, w is the angular frequency, and S is phase
constant. In theory, optical signal property is activated by three factors, multiple
transverse modes, multiple wavelengths and multiple polarization states and each
individually or in combination are responsible for losses in the transmission im-
pairments . However, in this paper, we consider a single mode fiber, and focus on
single wavelength which play an important role to study the effect of chromatic

dispersion, leaving effects of polarization dispersion for future work. [5]



In a single mode fiber, each spectral component has slightly different propagation
constant, hence different phase velocities which is the main reason for the chromatic
dispersion, which further illustrates the frequency dependent nature of an optical
signal in the frequency domain. In spectral domain, with the introduction of

Fourier transform, electrical field of an optical pulse is given by

E(z,T)= % /Oo E(z,w)exp(—iwT") dw, (2.3)

—00

where E(z,w) is the Fourier transform of the signal, in turn written as

E(z,w) = E(0,w)exp(ifz). (2.4)

and E(0,w) is the Fourier transform of the signal £(0,7) at z = 0.

2.2 Propagation constant (3

Now, In general, propagation constant (§ in linear terms can be written in the

form,

(2.5)

w
Br(w) = 7700;
where c is velocity of light in vacuum and 7 is a effective mode index as a function of
carrier frequency w that results in phase evolution for different spectral components
leading to chromatic dispersion. Considering the frequency dependent nature of
effective mode index, propagation constant [ is expressed in the form of taylor

series,



1 o dm
fu) = 3 T ™, (2.0
" m=0

where wy is the reference value of carrier frequency, and w — wy can be substituted

as Aw in the equation. Now further expanding the equation Eq(2.6), we get

a . 1d% | 3
Brlw) = flwo) + =4 +§ﬁ( ”)2+6@(A”)3+“"’ .
— Blwo) + BrAw + 52(Aw) + éﬁg(Aw)Q +o

ignoring higher order terms, equation can be written as

1 1
Brw) = fun + Arodw + = B Aw)” + éﬁg(Aw):‘. (2.8)
where 3, = % , Po = ZQTQ , and B3 = d—ﬁ are orders of propagation constant 3 that

are used to derive signal transmission. In this equation, (3, is called first order of
dispersion and is related as inverse of group velocity i that accounts to a constant
delay as signal propagates through an optical fiber and Swy does not contribute
to dispersion due to absence of differential carrier frequency, however, second and
third order of dispersion parameters (3o, f3 are functions of carrier frequency and

are responsible for broadening of signal pulse in an optical fiber. [4]

2.3 Non-linear Schrodinger Equation

In this paper, we lay a special emphasis on 5 which is also called group as veloc-

ity dispersion parameter (GVD) and is expressed in the units of [iinj] and related

chromatic dispersion parameter D, where D = 27“3

62 whose units are [—£—]

. For a single mode fiber, at a wavelength of 1550 nm to the right of zero dis-

persion wavelength Azp, Dispersion parameter D is found out to be 17 [—F%—].

8



[Note: Zero dispersion wavelength is defined as a wavelength at which dispersion
parameter D is zero|. [1]

In fiber optics, wave propagation is modeled by the non-linear Schrodinger Equa-
tion (NSE). NSE describes the phenomena of transmission behavior of optical
signal pulses through a nonlinear medium. Considering the propagation of optical

signal in single-mode fibers and for pulse widths > 5ps, NSE is given by

A i By %A )
oA _ w, oA 2.9
i 2A+28T2 7|4 A, (2.9)

where A is the varying amplitude of the optical signal pulse and T is the time
coordinate expressed in terms of group velocity v, with respect to frame of reference
t given by (T =1t — %) This equation entails transmission impairments such as
fiber losses, dispersion and nonlinear effects on pulses propagating along the fiber.
Specifically, « is the attenuation constant responsible for fiber losses, (5 is the
GVD parameter responsible for pulse broadening and + is the nonlinear parameter

responsible for fiber nonlinearity.

2.3.1 Forward Propagation Equation and Transfer function

To obtain the effect of group-velocity dispersion in optical pulses transmitted along
the fiber, a linear dispersive medium is considered. Nonlinear and fiber losses are
ignored by setting the parameters v = 0 and o = 0 in Eq. (2.9).

The NSE becomes:

DA B OPA

o4 _ P 2.10
“o: T 2012 (2.10)

Eq.(2.10) can be solved using the Fourier Transform method. A(z,w) is the Fourier

transform of A(z,T) such that



[e.9]

Az, T) = %/ A(z,w) exp(—iwT) dw,

—00

and

A(z,w) = /OO A(z,T) exp(iwT) dT.

—00

Applying the Fourier transform to the simplified NSE yields:

0A 1,
Za = —5/82(,{) A.
Rearranging Eq. (2.13) yields:
0A i,
7 = iﬁgw 0z.

Integrating Eq. (2.14) yields:

Alz,w) = A0, w) exp(5 %),

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

where A(0, w) is the Fourier transform of the incident field at z—=0. This Eq. (2.15)

is our forward propagation equation. It propagates the light from z=0 to z. In

other words, our transfer function is H(w) given by

7
H = eXp(gﬁzwz'z)
and we can write

10

(2.16)



A(z,w) = A(0,w)H(w). (2.17)

Eq. (2.17) is the final equation for the varying amplitude of signal pulse and shows
that GVD changes the phase of the each spectral component of the pulse but the
spectral pulse shape remain unaffected. Input pulses of arbitrary shapes can be
assessed using the Eq. (2.15) and Eq (2.17).[1]

Combing Eq. (2.4) and Eq. (2.17), Electric field of an optical pulse at length z of

an optical fiber in frequency domain is given by

B(z,) = B(0,w) exp( 5 fo2). (2.18)

11



2.4 Analysis

2.4.1 Analytical analysis

Let us consider the case of a Gaussian pulse for which incident field is of the form

2

A(O, T) = AO eXp(—ﬁ
0

), (2.19)

where Ay is the initial amplitude, Tj is half-width at 1/e-intensity point, and it’s
relation with the full width half maximum (FWHM) for a Gaussian pulse is given

by

Trwuym = 2VIn 2Ty, (2.20)

The spectral amplitude of the incident field at z=0, A(0,w) is given by

A(0,w) = /_ A0, ) exp(iwT) dT (2.21)

Using Eq. (2.15) and (2.19), the spectral amplitude of the incident field at z=z is

given by

Alz,w) = A0, ) exp(5 2),

:/ A(0,T) exp(iwT) dTexp(%ﬁngz),

x - Z. (2.22)
= / Ay exp(—ﬁ) exp(iwT) dT exp(iﬁngz),
—00 0

oo T2 ;
- / Ay exp(—ﬁ + iwT) dT exp(%ﬁngZ).
0

—0o0

12



Using the formulae in Fourier-Transforms,

00 b2
/ exp(—ax® + br)dx = \/gexp(g). (2.23)

[e.9]

Eq. (2.22) yields:

o) T2 ;
A(z,w) = / Ay exp(—ﬁ +wT)dT exp(%ﬁwﬂz),
0

- (2.24)
w?Tg Lo o
= AT exp(— 1) exp(5 ),
where a = ﬁ and b = w.
w2T02 7 9
A(z,w) = AgTyV2mexp(— 5 + 55200 2). (2.25)

Using Eq. (2.3), (2.23) and (2.25), the temporal amplitude of the Gaussian pulse

obtained from the forward propagation equation is:

2T

A(z,T) = — /OO A(z,w) exp(—iwT) dw,

—00

1 [~ WTE i, ,
=5 AoToV 2w exp(— 5 + §ﬁgw z) exp(—iwT) dw, (2.26)
™ —00

. AQTO o

iBQZ — T2
= e A
V2T ) o

5 0 ? —iwT] dw.

xp|

Using the formulae, take a = (M) and b = —iT, Eq.(2.26) yields:

AT ATy [ 2772 |
Zl) = —Fm———=CXP| > D
VT2 —ifyz PUATE = iBa) (2.27)
ATy T? ‘

/T2 — B>z eXp[_z(Tg — zﬂgz)]'

Note: if p= x+iy is a complex number, it’s conjugate is given by p=x-iy; p.p =

13



2? + »? and magnitude yields |p| = /22 + 2.
Using the complex numbers formulae, we need to make the denominator free of

complex terms. Now Eq. (2.27) can be written as

AoTh T?

=i T s

A(z,T) =

(2.28)

. Ang 1/ T02 + Zﬁgz eXp[— T2 T02 + Z,BQZ]
VIZ —iBaz \/TE + iBa2 2(T3 — ifaz) T + 122

where z = T} and y = $»2.

- A()TO\/ T02 + ZﬁgZ T2(T02 + 'I//BQZ)

We now seek to write A(z,w) as A(z,w) = |A(z, w)|exp (ida).

AT /4 | a2 , Baz T*(T3 + ifBsz)
A(z,T) = W\/ Ty + B522 exp (z arctan(T—Oz)) exp ( - —),

2(Ty + B322)

ATy anctan( 221 ) exp (- D022y
= ——exp| = — X — =5
JTit g2 T2 12’) P\ T g )

ATy e [ TQTOQ + ! <arct (622> Loz >
= ———eXP |~ 5 o~ T = N~ ) — =5 o~
TR = TV R I RGNk

Al o (- T Yoy [ (wnctan(22) - T2
= ———=x=exXp| — =5 ) XD | = — )= =7 | |-
VTer ;2 P\ AT ) P |2 77 T+ 5

(2.30)

Thus the amplitude of the Gaussian pulse at any point z along the fiber is given

by

14



AQT() T2T02 52 Z T2 ﬂgz

A(z,T) =

(2.31)

Eq. (2.31) can be further simplified by normalizing quantities:

1
00 exp (=0 Vexp |- (arctan(Z2) — 2
T+ 72 2<T5*+/3§z2>) Xp[2< ) T T g

)]

T2(52Z/T02)

AO T2 /) ﬁgZ
A(z,T) = — = tan(—=) —
D= s aem (= 2zt gy o [2 (oretan() ~ o+
(2.32)
Comparing Eq (2.19) and (2.32), new pulse width 7’ (z) can be obtained:
Ty(2)* = T5 (1 + B32°/Ty),
2
T2+ ———),
ot 773
(2.33)
=T (1+ (o)),
0 <T02//82>

= 31+ (1)),

where Lp = T2/ | o] is the dispersion length in terms of GVD parameter, 3. The

dispersion-broadened pulse width T} (z) is given by

Ty(z) =Ty (1 + (—)2). (2.34)

The final expression for the amplitude of the Gaussian pulse at any point z along

the fiber yields:

15
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Ay T?
Al T) = 5 1+ (z/Lp)? P < B 2_T12> exp [

= A1 Ay exp(igy +igo).

where A; = STk
Agzexp<—%> :eXp<_T—2>7
! 272 <1+(%)2>
6 = %arctan(—sg%?)z)a
By = _ T?(sgn(B2)z/Lp) _ _ T?(sgn(B2)z/Lp)
2 2772 :
272 <1+(%)2>

7

2

( arctan(

sgn(f2)z

)_

T*(sgn(B2)z/Lp)

D

7

(2.35)

According to a book on nonlinear fiber optics [2], expressions for amplitude of a

Gaussian pulse at any point z derived in this paper are identical and plots drawn

match the characteristics. This gives a notion that formulas and concepts used are

correct and leaves a positive note for the rest of the paper.

From the above Eq (2.35), we can observe that the shape of the Gaussian pulse

remains the same as it propagates along the fiber, but the width of the pulse is

altered by the broadening factor of /1 + (2/Lp)?. When z/Lp = 2, broadening

factor is v/5, and when z/Lp = 4, broadening factor is /17 and case for z/Lp = 0

is taken as a ideal curve as shown in the Figure (2.1).

16
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Figure 2.1: Plot of power vs normalized time T'/T} of a Gaussian pulse for different
values of z/Lp

As we know, Power can be expressed as follows

P =|AP,
A= /Pexp(ig),
(2.36)
A(z,T) = |A(z,T)| exp (ipa),

o4 = Arg(A).

Using Eq (2.35), the phase of the signal pulse is given by

¢A = ¢1 + ¢2>

— Larctan (sg”<52)z _ T*(sgn(B2)z/Lp) (2.37)
2 Lp ) FNE
213 (1+ (£)2)

The magnitude of the amplitude of pulse envelope is given by

17



Ao

Az, T) =

and the power is given by

Aj

P(z,T) =

- exp ( —
1+ (2/Lp)? 2T02(1

VIt GIIoe

T2
T <ﬁ>2)>’

T2

Xp<_ T()Q(l"‘(ﬁ)Q))’

(2.38)

(2.39)

From the above Eq (2.38) and Eq (2.39), we can observe that shape of Gaussian

pulse remains same but the temporal phase of the signal pulse is varied by the GVD

parameter and factor z/Lp as shown in the Figure (2.2). Note that as normalized

distance z/Lp increases, the peak-to-valley phase variation also increases.

Moreover, as optical power spreads in time, the outer reaches of the temporal

phase are invaded. This increases the effective peak-to-valley phase variation.

Tempara phazs [rad]

Temporal phase ws Momialized time for Beta2<0
25 .

ZILD=0

; ailDh=2 |4

: ziLD=4
T T T ]
A0 .................. i
T ]
[ 1 T ................. 4
- i
2:510 5 1] 5 10

Mornalized tivne TITO[-]

Temporal phags [rad)]

Temporal phase ws Momalized time for Beta2 =0
25 .

z/LD=0
zilD=2 ||
z/LD=4

Moarnalized tirne TITO[-]

Figure 2.2: Plot of Temporal vs Normalized time T /To of a Gaussian pulse for
different values of Z/LD and sign of (s
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Ay is a constant scaling of the amplitude over T, and A, represents the broadening
of the pulse with distance and (35 as shown in the Figure (2.3). ¢; is a constant
phase offset over T, while ¢y represents a phase offset variation over T. As such,

¢, does not vary the peak-to-valley voltage range of the phase, and does not

contribute to chirp.

P oswer s M armaliz e d time Povwer v Marnalize d tine for 2/LD=0
1 1
0.4 0.4
z z
£ 0.6 z 0.6
'g B
= 04 B 04 [
18 o
0.2 Dol L
I 5 : A : :
-10 -5 1] g 10 - 5 1] g
Marnalized time TITO[-] Momnalized time TITO[-]
Forwet s M orenaliz e d tiene faor 2/ L0=2 Povwet s Mornalized timne for 21L0D=4
1 . 1 - r
| on PP | & P41*P42
OB Feere ) —— P22 DB L i —— P42
= ¥ PM = ¥ P41
: OEb T 4 05
z 04 H 04
18 iR
1 1
i i i i .
- -10 5 0 g 10
Maomnalizedtime TITO [+ Momalized time TITO[]

Figure 2.3: Effect of A1 and A2 on power plots of a Gaussian pulse
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Figure 2.4: Effect of ¢1 and ¢2 on temporal phase plots of a Gaussian pulse for
sgn(f2) <0

2.4.2 Numerical Analysis

Using Eq. (2.19), Power of a gaussian pulse at z = 0 is shown in the Figure (2.5).

20
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Figure 2.5: Power of a gaussian pulse at z =0

Now, using FFT function in Matlab, FFT of initial power of a optical pulse is

shown in the Figure (2.6).

FFT ofa gaussian pulse at z=0

Temporal Shape Spectral Shape
; 3 O P - —
%‘ na L3 S A U R J
£ £
E. 06 .E. L T L
2 3
& 2] EERRTEETETRPRTEY PO PREEERE RRRRREE
2 04 a
g r_ﬁ' T
§ 02 3 ST SUUR AU YR SO
L . .
-10 -5 0 5 10 -1 -0.5 ] 0.5 1
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Ternporal Phase Spectral Phase
e ——— —— 15 T :
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= T i _ 0
2 2
b 0 h
£l E|
Eo-lbo E Sho
O PP
B P P e Leeiieeaad 0 : | :
-10 -5 0 5 10 -1 -0.5 ] 0.5 1
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Figure 2.6: Power of a gaussian pulse in frequency domain at z = 0
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Relation between time and frequency domain

In the above plots, power of a gaussian pulse is plotted against normalized time Tlo,

L

due to which, to obtain the power of a gaussian pulse at z = 75

in frequency do-
main, frequency needs to be normalized as well. Normalized frequency fr provided

by the FF'T is given by

— — fTp (2.40)

Contribution term

Using Eq.(2.33) and Eq.(2.40), transfer function can be written as:

1
H = eXp(iﬁZWQZ)a

= exp(%ﬁg(Qﬂf)Qz),
JTo

— exp(3 (2 )2),

— exp(%ﬁz(%r;—pzz),
(27 fr)?
15

— explsgn(3)2nf 1)

(2.41)

?

= exp(5

Ba

2),

where w = 270 f, sgn(/52) is the sign of a GVD parameter and ﬁ is the normalized
length of an optical fiber. Thus, normalized frequency term plays a major contri-
bution in modeling the amount of linear dispersion in the optical fiber, given by
the transfer function H(w).

Using Eq.(2.18) and Eq. (2.41), Electric field of a gaussian pulse at length z of an

optical fiber in frequency domain, F(z,w) is given by
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B(z,w) = B(0,w) exp(L fu’2).

B(z,w) = B(0,w) exp(5sgn(8,) (27 ) —).

‘ . (2.42)

D

and in time domain, E((z,7T) is given by the IFFT of F(z,w). Now, plots for

Power of a gaussian pulse for each value of normalized length of an optical fiber

£

Lp
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are shown in the figures below:
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Figure 2.7: Power and phase of a gaussian pulse at ﬁ =0
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FPowerand phase vs Nonmnalized tirme at 2/LD=2
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Figure 2.8: Power and phase of a gaussian pulse at ﬁ =2
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Figure 2.9: Power and phase of a gaussian pulse at ﬁ =1
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From the observations of the Figures (2.4),(2.5) and (2.6), Power and phase of a

gaussian pulse for different values of 7= is shown in the Figure (2.7) and (2.8).

Fower of a gaussian pulse for diff erent walues of z/LD

T
z/ILD=0
D=2
= LD=4+

Pawer [rm]
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Figure 2.10: Power of a gaussian pulse for different values of ﬁ
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Figure 2.11: Phase of a gaussian pulse for different values of I
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Comparing the plots obtained in the analytical and numerical analysis of a gaussian
pulse for different values of normalized length %, there is difference of phase offset
in the phase plots, but there is no difference for the power plots. Thus, we can
say, shape of the pulses obtained in both the analysis for the forward propagation
are accurate and can continue to look forward for inverse propagation in the next

chapter.
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Chapter 3

Inverse-Propagation Model

The focus of my thesis is to compensate transmission impairments in an optical
fiber in the electrical domain rather than the optical domain because of flexibility,
reproducibility, cost of research, and complexity. To achieve this compensation,
we have used a novel dispersion pre-distortion technique to mitigate the chromatic
dispersion in an optical fiber in a linear dispersive medium. The idea behind
the pre-distortion technique is to generate a pre-compensated optical signal with
controlled amplitude and phase at the transmitter. During the transmission, chro-
matic dispersion in an optical fiber reverses the effect of the pre-compensation so

that the desired optical signal is received at the receiver.

3.1 Backward propagation

1. Define P(L,T)
The basic method for creating a pre-distorted signal is as follows:
Let P(L,T) be the optimal received power and E(L, T') be the desired optical signal

at the receiver. The relation between P(L,T) and E(L,T) is given by

s

P(L,T) = |E(L,T)P, (3.1)
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E(L,T) = /P(L, T)exp(i¢(L,T)). (32)

The photo-diode at the receiver will measure P(L,T), but ¢(L,T') also exists.
2. Calculate E(L,w)

If £(L,w) is the Fourier transform of E(L,T), it can be written as:

E(L,w) = F{E(L,T)},
- / h E(L,T) exp(—iwT) dT, (3.3)

_ [ /P D eaplio(L. T)) exp(—iwT) dT.

3. Calculate E,(0,w) using H(w)

Let Edc(O,w) be the pre-distortion signal in the frequency domain at the trans-
mitter and it is defined as a product of the desired optical signal in frequency
domain at the receiver and inverse transform of the transfer function modeled by
chromatic dispersion in an optical fiber given by H(w) = exp(% Baw?L). Using Eq

(3.3), Eg(0,w) can be written as:

Eu.(0,w) = BE(L,w)H (w),

= F(L,w) exp(—%ﬁgoﬂL), (3.4)

4. Calculate E,(0,T) via inverse Fourier Transform
Let Eu.(0,T) be the pre-distortion signal in the time domain at the transmitter.

It is obtained by applying inverse Fourier Transform to the Eq (3.4):

28



Edc((), T) = F_l{Edc<O7 W)}
= FYE(L,w)H ' (w)},
= FYHE(L,w) exp(—%ﬁzsz)}7
= % /Z /Z VP(L,T)exp(ip(L,T)) exp(iwT) dT exp(—%ﬂzaﬂL) exp(—iwT) dw.

(3.5)

5. Cross-check
As the signal propagates along the fiber, it experiences chromatic dispersion mod-

eled by the transfer function and received optical signal at the receiver is given by

E'(L,T).
E/(L,w) = Eg(0,w)H (w),
= FE(L,w)H Y w)H (w),
3 ; ; (3.6)
= E(L,w) exp(—§62w2z) eXP(§52w22),
= E(L,w).
Also,
E/(L,T)=F Y{E(Lw)},
= F YE(Lw)}, (3.7)

= E(L,T).

Therefore, the received optical signal at the receiver corresponds to the desired

optical signal E(L,T).
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6. Calculate P,.(0,7), ¢4.(0,T)
Using Eq (3.2), and (3.5), Pre-compensated power of a signal Pu.(0,7) can be

written as:

Pdc(OaT) = |Edc(0>T)|2a
= |f_1{EdC(va)}’2v
=17 VP eapi6(L.T) explis) dT expl— 5 L)}
o [ | VP TIeaplioL, 1)) expliwT) T expl 5 s’ L) exp( i) dof”

(3.8)

and Pre-compensated phase of a signal Pu.(0,T") ¢4.(0,T) is given by

¢dc(07 T) = Arg{Edc(Oa T)}a

= ATQ{F_l{EdC(Ov OJ)}},
— Arg{F M [ VP Deap(io(L. 7)) expliaT) dT exp(~ 5 5L} ),
= Arg{% /OO /00 VP(L, T)exp(ip(L,T)) exp(iwT) dT exp(—%ﬁwﬂL) exp(—iwT) dw}

(3.9)

Once we obtain P,.(0,7), and ¢4.(0,T"), we can assess how these quantities depend

upon the chromatic dispersion and length of the optical fiber.
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3.2 Analysis

3.2.1 Analytical Analysis

Let’s take a Gaussian pulse as an example to describe the method of inverse-

propagation. The above discussed quantities can be calculated as follows:

1. Define E(L,T)

Let E(L,T) = A, exp(—%) be the desired optical signal at the receiver as shown
0
in the Figure (3.1).

Power of a gaussian pulse at z=0

Pawer ]

Romnalized time TITO[-]

Figure 3.1: Plot of Optimal received power vs Normalized time

][

2. Calculate E(L,w):

Using Eq(2.12), the Fourier transform of E(L,T) yields:

E(L,w) :/ E(L,T) exp(iwT) dT,
o o (3.10)
= /_OO AO eXp(—Q—z_'02 + ZC{)T)

Using the formulae of Fourier Transforms,
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00 2
/ exp(—az?® + bx)dx = \/ﬁexp(i ).
o a

Here a = 51z and b = iw, then Eq (3.10) yields:

0

2

o
S—

E(L,w) = AgTyV2m exp(—

3.Calculate F,(0,w) using H(w)

Using Eq (3.4), Fy(0,w) can be written as:

Eu.(0,w) = BE(L,w).H Y(w),

2772 1

= AoTyV2m exp(— 0 ) exp(——52w2L),
2T2 :

= AyToV2m eXP( 5 —5200 )

4.Calculate E,(0,T) via inverse Fourier Transform

Applying the inverse transform to the Eq (3.13) and using Eq (3.11):

Edc(O,T) = Fil{E:dc(Oﬂw)}a
— Ffl{E(L,w)Hfl(w)}a

2
= F AT 2rexp | — %(TQ + ZﬂzL)>},

— —/ ATV 27 exp ( % (T2 +’L’BQL)> exp(—iwT") dw,
_ 1 / AoTov/27 exp ( % (T2 +ifsL) — wT) dw,
VTE +ifsL (T@ + zﬁzL)
where a = (w) and b = —iT.

(3.11)

(3.12)

(3.13)

(3.14)

Using the same technique employed in Eq (2.28) and (2.29), the final expression
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for Fz(0,T) yields:

= AoTy %712 i (T?sgn(Bs)L sgn(B2) L
Ep0,T) = ——2020 . N W— L9 STMP2IZY
w01 = e s ae) o e (e s o)

(3.15)
Using Eq (2.33) and (2.34), it can be further simplified as:
: Ao T i (T*(sgn(B2)L/Lp) sgn(f2) L
Eq(0,T) = ~ 573 5 —arctan(——-——) | |,
a(0,T) = — N AIASE exp < 2T12) exp [2( 77 arctan( T, )>]

= Ay Az exp(igy + ).
(3.16)

Ao

where Al = m,

hmew(“g) (- )
Z)Q)

272 (H(G

L
b = —%arctan(—sgnL(ff) ),

— T2(sgn(B2)L/Lp) _ T2(sgn(B2)z/Lp)
2 2T12 N 2 z '
2T <1+(LD)2>

Power and phase plots of a pre-distorted signal Edc(O, w) are shown in the Figure

(3.2) and (3.3).
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Comparing Eq (2.35) and (3.16), analytically, we can conclude Forward-propagation
model differs from Inverse-propagation model in terms of sign of phase component
¢ and no difference between the power plots.

5.Cross-check

The received optical signal at the receiver E'(L,T) corresponds to the desired

optical signal E(L,T). Using Eq (3.7) and (3.11), equation for E'(L,T) yields:

E(L,T)=F YE (L w)},

=F HE(L,w)},

22

1 [~ T
= 2—/ ToV2m exp(—w 5 0y exp(—iwT) dw,
™ —0o0

1 [ 272 (3.17)
=5 /OO TO\/27rexp(—w2 0 4w,
T2
— exp(—57).
= FE(L,T)
where a = (T?g) and b= —iT.
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3.2.2 Numerical Analysis

Using Eq. (2.19), Power of a desired optical signal P(L,T) at the receiver is shown
in the Figure (3.4).

P ower of a gaussian pulse at z=0
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Figure 3.4: Power of a desired optical signal at the receiver

Now, using FFT function in Matlab, FFT of desired power of a optical pulse is

shown in the Figure (3.5).

FFET of a gaussian pulse at z=0
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Figure 3.5: FF'T of a desired optical signal
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Using the relation between time and frequency domain explained in Eq.(3.18) and
contribution term in Eq. (3.19), power of a pre-distorted signal in time domain
P,;.(0,T) for different values of normalized length of optical fiber 7 are shown in

the figures below.

Fowerand phase of pre-distorted signal at 2/LD=0
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Figure 3.6: Power and phase of a pre-distorted signal ﬁ =0
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Figure 3.7: Power and phase of a pre-distorted signal ﬁ =2
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FPowerand phase of pre-distorted signal at 2/LD=4
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Figure 3.8: Power and phase of a pre-distorted signal ﬁ =4

From the observations of the Figures (3.6),(3.7) and (3.8), power and phase of a
pre-distored signal for all values of normalized length of an optical fiber ﬁ are

shown in the Figure (3.9) and (3.10).

Power of a pre-distort ed signal for diff erent walues of 2/ LD
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Figure 3.9: Power of a pre-distorted signal for different values of ﬁ
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Figure 3.10: Phase of a pre-distorted signal for different values of =

Comparing the plots obtained in the analytical and numerical analysis of a pre-

distorted signal for different values of normalized length of an optical fiber %7
there is difference of phase offset in the phase plots, but there is no difference
for the power plots. Thus, we can say, shape of the pulses obtained in both
the analysis for the Inverse propagation are accurate and can continue to look
forward to implement the pre-distortion model and investigate the characteristics

and parameters used to analyze the signal in both optical and electrical domain.

Sanity-check

Using Eq.(3.17), Power and phase of a received optical signal at the end of an
optical fiber for different values of normalized lengths are observed to be same as
shown in the Figure (3.11) , that means, we are able to successfully recover the
desired signal at the receiver by the means of pre-distortion. Thus, we can say,
analysis for the inverse propagation is accurate and can continue to investigate
the pre-distortion analysis in the electrical domain using a Dual-drive MZM and
digital signal processing to generate a pre-distorted signal and obtain the plots

against various characteristics involved in the process.
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Figure 3.11: Power of a received optical signal for different values of ﬁ
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Chapter 4

(Generation of pre-distorted signals
using Dual-Drive Mach Zender

Modulator

A Mach-Zehnder modulator(MZM) is an optical device which uses the electro-
optic effect to modulate the signals in terms of amplitude, phase, frequency and
polarization. The MZM is made of a crystal, such as lithium niobate (LiNb03),
whose refractive index depends upon the strength of electric field. The under-
lying electro-optic effect is also termed as Pockels effect which is described as a
phenomena in which the refractive index of the medium is varied by applying a
low-level DC voltage or low-level electric field. A Dual-drive MZM works on the
basic operation of a MZM and it’s design consists of one broadband RF electrode
per arm of an optical interferometer driven by an electrical voltages RF and Vbias
as shown in the Figure (4.1). Both RF electrodes are designed in such a way that
they are synchronized to modulate the electrical field of a signal at the same time
and with the same group delays[5]. Working of a DD-MZM is characterized by
applying an electrical voltage that is half the voltage of a single-drive device to
each RF port with a phase shift of 7 between them: —%, —i—% and biasing each arm
at the bias point, (in this paper, it is 3V 7/2) that results in modulation. Thus,

by changing the voltages, we can control the overlapping of electric-field in each
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arm of an optical interferometer resulting in absence or presence of intensity and
phase modulation. In this paper, RF and bias voltage magnitudes are considered
to be equal and opposite in direction and this process is adjusted to compensate

or enhance the effect of dispersion in an optical fiber.

ﬂ Optical
vb1 waveguides
d1(t)
Ei S E
al Grnd |
d2(t)
vo2 ||

RF Electrodes

Figure 4.1: Operation of a Dual-drive MZM

4.0.1 Analysis of signal generation using a dual-drive MZM

Let E4.(0,T) be the pre-distorted signal produced by a dual-drive MZM which can

be written in the form

E4.(0,T) = Ej;, sin(¢) exp(igps), (4.1)

where Ej, is the input electric field produced by a continuous wave laser source, ¢;
and ¢ are phase parameters. Using MZM analysis, phase parameters are defined

as:

42



(al — a2)

¢1 = 92 )
L
W Vi 4+ Vo) pr — (Vo + Vbz),uz},
_ oMt V) o (Vat+ Vi) m} (4.2)
2L Vi [ Vie  pal ) '
_ omr(Vit V) (Vo + Vi)
_ [tV g (htValg)
2L le V7r2
T (Vo + Via)
S— g, 2t V) ]
5 _(V1 + 1) 5, o Sa |,
where half-wave voltage parameters are written in the form
Ao
Vil = ———, 4.3
L 2L 43)
and
Ao
Vig = ———. 4.4
* T Al 44
and v = % , Upl = % and 57, Sy are signs of p; and py respectively.
Now using Eq.(4.3) and Eq.(4.4), let us consider writing V5 in the form,
V2 _ Vo
v7r2 B v7r2’
Y Va
B V7r2 ' Vﬂ'l ’
Y Va
Vﬂ'l V7T2 (45)
_ V2 |ml
Ve i’
%
= =M
V7r1 ’
== IJQM,
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where M is defined as absolute value of ratio of electro-optic coefficients p; and
po: M = % Similarly, “;—bz = vpM .

Thus, using Eq.(4.2) and Eq.(4.5), ¢; is given by,

¢1 = —g [(Vl + V1) S — (V2 + VbQ)MSQ]- (4.6)

In similar fashion, phase parameter ¢, can be written in the form,

(al + a2)

T
Gp = 5 +§7

Vo +V,
—( 2t b2)52+ﬁ]’

™
= —5 [(l/l + Vbl)Sl + sz 9

= —g [(Vl + 1) S1 + (Vo + o) M Sy + g} :

4.0.2 Intrinsic chirp parameter and S,,

Intrinsic chirp parameter of a single drive MZM driven by driving voltages d1 and

d2 is given by,

_ Mt e (4.8)
M1 — M2

%)

Re-ordering the above Eq. (4.8), relation between electro-optic coefficients p; and

1o, the ratio of p’s can be written in the form,

/ﬁ_ao—l
mo oo+ 1

2] |oo—1]
pil loo+1]°

=

Thus, M =
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Note that the sign of S5 can be written as,

Sy = 51.5,m, (4.10)

where S, = sgn(£2).

But in the case of a dual-drive MZM, typically we consider sgn(u;) = sgn(uz) and
it is sought that p; = ps, which leads to an infinite intrinsic chirp parameter ay,
hence it is not used a useful quantity in the further analysis. Based on this fact,
we can write M = 1 and S,, = 1, but to understand it’s impact on the result,
these parameters are not assigned any constant value.

Now using Eq.(4.8) and Eq.(4.10), Eq.(4.2) and Eq.(4.7) can be re-arranged as:

o1 = _g [(Vl + 1)1 — (v2 + ”b2)M52}’
— —g [(m + 1) St — (2 + ’/b2>M515m]’ 1

= —%Sl [(1/1 + Vbl) — (I/Q + l/bQ)MSm] .

The phase parameter ¢, is given by,

¢2 = —gSl (Vl + Vb1> + (Vg + VbQ)MSm] + g (412)
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4.1 Relation between driving voltages V; and V5

Using Eq.(4.1), the power of a pre-distorted signal is given by,

Py (0,T) = |EJ?,
= | B sin(¢y) exp(ign)|?,
= |Ein]?| sin(¢1)]?,

= Py, sin®(¢y).

where initial power, Py, = |E;,|*.

Re-arranging above Eq.(4.13), ¢; is written in the form,

sin’(¢y) = —PdC(Q’ T),
P,
sin(¢1) = + —dcl(j?; T),
¢ = Farcsin ( M),

mn

Thus, there is a sign ambiguity in knowing ¢; based on v/P.

The phase of the signal is given by ¢(t) is equal to ¢s.

¢dc(07 T) = ¢2'

(4.13)

(4.14)

(4.15)

Using Eq. (4.11) and Eq. (4.12), Eq (4.14) and Eq.(4.15) can be written as,

T .
—551 (v1 +vp) — (o + ybg)] = + arcsin

in

46
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—gs1 (1 + vp) + (2 + VbQ)] + g = ¢q.(0,T). (4.17)

Driving voltage V; is obtained by adding Eq.(4.16) and (4.17),

21 L [g — ¢ac(0,T") F arcsin ( wn — U1, (4.18)

7TSl n

and driving voltage V5 is obtained by subtracting Eq.(4.16) and (4.17),

Vg = m [g — ¢4c(0,T) & arcsin ( %)] — Vg, o
= 71']\/1[5'2 [g — ¢4c(0, T) & arcsin ( %)} — Vp2.

4.2 Analysis

To analyze the importance of driving voltages that are required to generate a pre-
distorted signal Fq4.(0,T), let us consider parameters M, S1 and S2 to be a constant
value 1 and biasing voltages to be equal to 0 for initial analysis. Using Eq. (3.16),
driving voltages di(t) and da(t) for different cases of normalized length 7 are

shown in the Figure (4.2) and (4.3). From the observation of figures listed below,

we can say driving voltages d;(t) and dy(t) differ by an offset of sin™! ( w>.
For further analysis, driving voltages can be plotted for different values of biasing

voltages and electro-optic parameters pl and p2.
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Chapter 5

Digital Processor Design

5.1 Introduction

This chapter details the working model of DSP processor design in detail. Proces-
sor is implemented to pre-distort the signal at the transmitter. The filter archi-
tecture consists of electrical components like an FPGA for memory requirements
, D/A converter to re-construct the analog signal for precision, and digital signal
processing (DSP) in the background to achieve pre-distortion in the electrical do-
main. Electrical domain pre-compensation has advantages over optical dispersion
compensation in terms of cost, flexibility, tuning and reproducibility. The design
of the processor architecture is illustrated in the Figure (5.1).

The input data is considered to be an infinite bit sequence consisting of 1’s and
0’s. In this paper, these bits are represented as NRZ pulses with equal rise time
and time of 15% of bit period. To achieve the same bit sequence at the receiver,

we need to pre-distort the input data using DSP and DAC.
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m-bit representation Quantization
of d2 >
Output to MZM
Figure 5.1: Digital processor architecture
5.2 Memory

The input bit sequence is stored in high speed static access memory that can be
achieved by using a high end FPGA like Altera DE boards or Xilinx. For numerical
analysis, we are using register or a variable to store each input sequence. The
memory will release the stored data as a sequence of segments of n bits. Total
number of output segments is given by 2" —n + 1. For example, consider an initial
data sequence of ‘10110011" and segment of n =3 . The memory will release this
sequence in 6 segments of 3 bits, and each segment will step by one bit as follows :
101, 011, 110, 100, 001, 011. Each of these data segments is sent to and processed
by the look-up table (LUT).

50



5.3 Look-up Table

The RAM-based look-up table (LUT) is defined as a table of stored estimate
values, which are used to compare the feedback received from the receiver and
the transmitter and then correct the estimates to obtain precision. In this digital
revolution, there is an increase in the processing capability and memory storage
of RAM that serves a immediate purpose for research studies that involves heavy
processing and iterations to obtain simulated data. Look-up table are used to
increase the processing time to retrieve a value from memory rather than old
school input/output operation which saves time and reduces computing process
complexity[11].

To understand the design of LUT, for simplicity, we have used LUT as a collection
of variables that stores the digital bits of driving voltages that corresponds to
the construction of pre-distorted signal. Each segment of length n bits from the
memory unit are sent as an input to the the look-up table (LUT) to perform the
digital signal processing on each input segment and sample the driving voltages
required to obtain the pre-distorted signal. Each processed output is then sampled
to give a desired m bit word that determines the resolution of Digital-to-analog
converter (DAC). This m bit word which represent the driving voltages are binary
bits are sent to DAC for re-construction of driving voltages d1 and d2 to drive the
dual-drive MZM to generate a pre-distorted signal. For example the bit pattern
[0 1 1] will be mapped to a specific pre-distortion signal for d1 and d2.

The length of the LUT must accommodate all input segments and it is given by
2" —n—+1. The values stored in the LUT are obtained from the following equations

Eq.(3.2), Eq.(3.8), Eq.(4.18) and Eq.(4.19):
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tilde B0, w) = E(L,w)H ! (w), (5.1)

E4(0,T) = \/Pae(0, T)exp(ip(L, T)), (5.2)

1 s . P C O7T
v = pre [5 — ¢ac(0,T) F arcsin < %n)ﬂ — Upt, (5.3)
and
1 i . Pdc(o T)
_ T N 5.4
=i | ¢ac(0,T') + arcsin ( P )} Vp2. (5.4)

Let E(L,w) be the desired spectrum of the input bit sequence and E(0,w) be the
pre-distortion signal. Pre-distortion signal in the time-domain ENdC(O, T') is obtained
by doing inverse Fourier transform and is used in the Eq (5.3) and (5.4) to calculate
the voltages required to drive the MZM. Thus we can say, for every consecutive
n-bit input sequence, LUT gives digital bits that corresponds to analog voltages
of d1(t) or d2(t) at the output. These LUT values can be varied by changing the

dispersion length Lp, 5o, Tp.
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5.4 Digital-to-Analog converter

Digital-to-Analog converter (DAC) is one of the integral electrical component that
is used to study the analysis of signal in signal processing applications. By defi-
nition, it is used to convert binary bits into a analog signal, analog signal can be
used to represent either current, voltage or any electrical parameter based on the

application. Digital data is favored to analog form in the following ways:

e Ease of transmission: if data is too long, it can be divided into small chunks
of data and can be transmitted and re-produced at the expense of complexity

at the receiver.

e Secure communication: For security purposes, digital data can be easily

encrypted and cyclic redundancy check ensures integrity of the data.

e Transmission speed: Digital data can be transmitted at a faster rate and can
be made to take a shortest path to reach the destination at the expense of

resolution of data.

It’s counterpart analog-to-digital converter (ADC) has been used in vast applica-
tions, however, the usage of DAC in applications have been slightly increased lately
in 2010, with the advent of lower power consumption electronics and increase in
data-processing capabilities, more research is put into areas where the conversion
from digital domain to analog domain is used to abstract critical data to asses the
quality of the signal. Few research areas include voice over internet (VOIP), audio
speakers,etc.

In general, DAC are used to convert sampled finite-precision time-series data into
a continuous form of an analog signal. Typical operation of DAC includes con-
verting abstract values into a sequence of impluses that are then processed by
re-construction algorithm to fill the gap between the sampled data. Digital-to-

analog conversion is characterized by the following factors:

e Resolution: Number of bits that is used to represent the sampled data in the

form of an output levels is termed as resolution. number of output levels are
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given in the form of 2", where n is the number of resolution. It ranges from 3
to 128 based on device capability. For example, if resolution is 3, number of
output levels generated are 22 = 8. Resolution can be increased to increase

the accuracy of the output analog signal.

e Smapling rate: The rate at which DACs operate to maintain the accuracy

of the output.

5.4.1 Analysis

To explain the functioning of a typical DAC, let us consider a sine wave written

in the form

y = abs(10sin(t)), (5.5)

where t is a time vector ranging from 0 to 10 in 100 points with an interval of 0.1
[ps]. If the resolution of DAC is considered to be 3, then quantization interval is

given by

U

1= oy (5.6)

where U is the amplitude of the input signal, and n is the resolution of the DAC.
Then signal is processed to obtain the digital bits which act as an input to the

DAC which can be written as

a= fir(y/q), (57)

yd = dec2bin(a,n),

where a is the sampled input and dec2bin is the function in Matlab used to convert

the decimal values to the binary bits based on the resolution of the DAC. Now,
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multiplying the sampled input with the quantization interval gives re-constructed
analog signal whose characteristics can be altered by the resolution and sampling

algorithm. Re-constructed signal is shown in the Figure (5.2) and is given by

Dhigitald o-Analog output

Curment m#) or Yoltags [W]
(L]

1
ljLI 1 2 3 <+ S 1 T L] 2] 10

Tirne [ps]

Figure 5.2: Operation of a DAC with resolution = 3

Driving voltages d1 and d2 obtained from LUT are represented in binary levels
using m bits for each symbol period. Each memory segment is converted to two
m-length word, one for d1 and one for d2. Accuracy and precision of the analog
voltages can be increased by varying the sampling rate and vertical resolution,
given by 2™. The sampling rate is given by S = CsR;, where R, is the baudrate

and Cj is a scaling factor.
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Consider the analog drive signals d1 and d2 shown in the Figure (5.3). The points
are created at an interval of T,. The point at t; for each signal , for example,
comes from a single m-length word stored in the LUT. Each of the two words is

related to the same n-bit segment.

d,(t) d,(t)

_2

E

=a /

t t

| T

LUT m-bit word m-bit word

N

Memory n-bit data segment

—
e -

Figure 5.3: Digital-to-analog converter

Now, the performance of the system can be assessed by the parameters like n-
bit length, length of the fiber, sampling rate and quantization bits of the D/A

converter.
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Chapter 6

Pre-distortion Model

The focus of my thesis is to investigate and re-produce the characteristics im-
plemented in a electronic dispersion pre-compensation (EDP) technique using a
Dual-drive Mach-Zehnder modulator(MZM) at the transmitter depicted in Figure

(6.1).

Digital

Processor

Input Bit

sequence Ein - EdC(O,T) E(L,T) { PD ]

Laser

£

Optical Fiber
01011001..

Digital
Processor

Figure 6.1: Model design to achieve pre-distortion

As discussed earlier in chapter 3, pre-distortion model is implemented to counter
the linear transmission impairments produced during the signal propagation in an
optical fiber. The technique is to pre-distort the signal at the transmitter in the
electrical domain to deliver the desired optical signal at the receiver. Electrical
domain is chosen as opposed to optical domain due to it’s computational process

in both offline and realtime and in an effective, economical and fast way.
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As shown in the Figure (6.1), electrical components such as memory unit, digital
signal processor , and digital and analog converter are used to process the signal at
the transmitter, where optical components such as dual-drive MZM, laser source,
optical fiber and photo-detector are used to derive the optical signal needed for

analysis in both optical domain and electrical domain.

6.1 Analysis

Let us discuss the steps to analyze the pre-distortion using a single gaussian pulse.
1. Define P, (L, T)
Using Eq.(3.2), let Pyes(L,T) be the desired received power and Eg.s(L,T) be the

desired optical signal at the receiver which can be written in the form

Edes(L7 T) =V PdeS<L7 T)exp<i¢des(La T)) (61)

The photo-diode at the receiver will measure Py (L, T'), but ¢ges(L,T') also exists.
A dual-drive MZM is used to generate the desired signal with an amplitude and
phase as discussed above . Let dsl and ds2 be the voltages normalized to Vm
driving the MZM take the shape of a simple gaussian pulse as shown in the Figure

(6.2), but opposite in sign given by

T2
dsl = Agexp(—=—),
217
2 (6.2
T
ds2 = —Agexp(——)-

Iy

where A is the initial amplitude of the signal.
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Figure 6.2: Driving voltages ds; and dss to obtain desired optical signal Fges(L,T)

Using Eq. (4.1), (4.6) and (4.7), desired optical signal at the receiver Fges(L,T) is

obtained as shown in the Figure (6.3) and is given by

Eaes(L, T) = Einsin(¢y) exp(igs), (6.3)

where E;, the input signal generated by a continuous wave laser source and is used

as a constant value in the analysis.
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Figure 6.3: Desired power and phase of an optical signal Fy.s(L,T)

Phase components ¢, and ¢, can be written as

61 = (—5)S1(ds + Vi) — (= 5)) MSa(dsy + Via), (6.4)

and

02 = (—5)Su(ds1 + Via) + (=5))MSa(dsy + Vio) + 5. (6.5)

where S; is the sign of electro-optic parameter py and S is the sign of uy that are
sought to be equal and absolute value of l’j—f given by M is considered as a constant

value 1.

2. Calculate E;.4(L,w)
Using FFT function in Matlab, Electric field of a desired optical signal at the

receiver in frequency domain is shown in the Figure (6.4).
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Figure 6.4: Power and phase of a desired optical signal Eg.s(L,w)

3. Calculate F;.(0,w) using H(w)
Using transfer function in Eq. (2.16), desired optical signal at the receiver is
processed using DSP to produce the pre-distorted signal E4.(0,w) in the frequency

domain is given by

E4e(0,w) = Eyes(L,w)H (w). (6.6)

where H(w) is the transfer function. Using Eq. (2.41), Eq.(6.6) can be written as

E(0,0) = Eyes(L,w) exp(—%sgn(ﬁg)(Qﬁ f)QLZ—D). (6.7)

where w = 27 f, sgn(52) is the sign of a GVD parameter and 7 18 the normalized

length of an optical fiber.
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4. Calculate E,;.(0,7T)
Using IFFT function in Matlab, calculate the pre-distorted signal in time domain,
E4.(0,T). The pre-distorted signal in time domain for each value of normalized

length is shown in the Figures below.

Pre-campensated signal Edc(0,Tifor case =/LD =0
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Figure 6.5: Power and phase of a pre-distorted signal F4.(0,7") at ﬁ =0

Pre-compensated signal Edc(0,T) for case =/LD = 1
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Figure 6.6: Power and phase of a pre-distorted signal E4.(0,7) at ﬁ =1
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FPre-compensated signal Ede(0,T)for case =iLD =2
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Figure 6.7: Power and phase of a pre-distorted signal E4.(0,7) at % =2

FPre-compensated signal Ede(0, T for case ziLD =3
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Figure 6.8: Power and phase of a pre-distorted signal F4.(0,7") at ﬁ =3
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5. Calculate driving voltages d;(t) and da(t)

Using Eq.(3.14), (4.18) and Eq.(4.19), derive the driving voltages d;(t) and dy(t)
normalized to V', that are required to generate a pre-distorted signal. This gives
an in-depth analysis of how a dual-drive MZM is driven, biasing conditions and
voltage swings of a RF signal. The normalized driving voltages d;(t) and dy(t) for

each value of normalized length are shown in the Figure (6.9).

Driving woltage d1(t) bazed on Ede[0,T] for all cases of 2/LD
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Figure 6.9: Driving voltages d;(t) and da(t) for all cases of =
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6. Calculate E(L,w)

Now when a pre-distorted signal is allowed to propagate in an optical fiber, pre-
distortion reverse the linear impairment of dispersion in an optical fiber giving the
desired the optical signal at it’s output. Using Eq. (6.7), Electric field of a optical
signal at the output of an optical fiber in the frequency domain, F(L,w) is given

by

E(Lw) = By(0, ) exp(%sgn(ﬁg)(%r ) (6.8)

7. Calculate E(L,T)
Using IFFT function in Matlab, calculate the received optical signal in time do-
main, F(L,T). Received optical signal at the end of an optical fiber in time domain

for each value of normalized length are shown in the Figures below.

Received electric Field E(L,T) at the end of an optical fiber for case z/LD =10

Temparal Shape Spectral Shape
1
gl ................ |
£ : 3
BOE| g R E
. £
] : B
2 04p I IR =
g ; &
E 02 o fe R P .
— : :
0 i : L .
-5 1] 5 -1 -0.5 i} 0.5 1
Tirne Frequency
Termporal Phase Spectral Phase
50 T :
|11 e L PERRRRRE
aol......... ......... P |
= L I PR
E Z : : :
o e P | P, D e e
3 R ey P ——
Y ) P TR PR
1 L D ........ i
=lg 7 5 1 7.5 D .5 1
Time Frequenicy

Figure 6.10: Power and phase of a received signal E(L,T) at = =0
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Received electric Field E(L,T) at the end of an optical fiberfor case =/LD =1
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Received electric Field E(L, Ty at the end of an optical fiberfor case =D =3
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Figure 6.13: Power and phase of a received signal E(L,T) at ;=3

8. Sanity check

As a sanity check, desired signal and received signal are compared to illustrate
the accuracy of this model and undergo investigation against various parameters
involved in the analysis. Plot for differences of desired signal Py (L,T) and re-
ceived optical signal at the output of an optical fiber P(L,T) for different values

of normalized length is shown in the Figure (6.14).
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Chapter 7

Eye-diagram analysis for a NRZ

pulse

In the previous chapter, we have analyzed the process of pre-compensation tech-
nique using a gaussian pulse, however, to investigate in-depth in industry stan-
dards, a NRZ pulse is used as an input signal. A NRZ pulse gives a good under-
standing of dependent nature of pre-distortion technique on various parameters
that are measured in terms of an eye penalty. In the pre-distortion model shown
in the Figure (6.1), a input sequence of 1’s and 0’s are used as an input signal
to the digital processor for signal processing. Let us discuss the steps involved in
study of pre-distortion using a NRZ pulse.

1. Input Sequence

A Pseudo random bit sequence (PRBS) generator is used to create a PRBS se-
quence of 1’s and 0’s of order n. The length of the sequence is given by 2", where
n is the order ranging from 1 to 32 or higher. This input sequence is given as an
input to the digital signal processor for processing the signal to generate a pre-
distorted signal. The input sequence is windowed into n-bit segment for which
study of effect of pre-distortion is analyzed on the center bit of the each individ-
ual n-bit segment. The number of n-bit segments is given by 2" —n + 1. Let us
consider a PRBS sequence of order 3, then length of the sequence given by 2™ is 8

and number of individual segments given by 2" —n + 1 is 6.
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2. Desired optical signal P,.(L,T)

Let us consider driving voltages ds;(t) and dss(t) normalized to Vi take the
shape of a NRZ pulse encoding the PRBS sequence of order 3. Upon biasing the
dual-drive MZM at the biasing point of 1.25 [-| and RF voltage swing of: -.25 and
+0.25, desired signal Pys(L,T) is obtained. Using pattern generator object in
Matlab, a NRZ pulse is constructed for each 3-bit segment with a combined rise

time and fall time of 30 [ps| as shown in the Figure (7.1).
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Figure 7.1: Normalized driving voltages ds;(t) and dsy(t) required to construct
Pdes(La T)

The desired optical signal Py.s(0,7") at the receiver constructed using a dual-drive

MZM is shown in the Figure (7.2).
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Figure 7.2: Desired optical signal at the receiver Py.s(L,T)

3. Calculate driving voltages d;(t) and d(t)

Using Eq.(3.14), (4.18) and Eq.(4.19), driving voltages d;(t) and ds(t) normalized
to V' that are required to generate a pre-distorted signal are calculated. Once
obtained, values of driving voltages are stored in the look-up table register to
sample the input signal and convert to binary bits for re-construction of signal
using a DAC. For a normalized length ﬁ value of 2, normalized driving voltages

dy(t) and dy(t) for all the input 3-bit segment are shown in the Figure (7.3).
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Figure 7.3: Normalized driving voltages di(t) and da(t) at = = 2

Let us consider the resolution of the DAC is 4, then re-constructed signal for all

the input 3-bit segment at the output of the DAC is shown in the Figure (7.4).
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Figure 7.4: Re-constructed £ output of normalized driving voltages d;(t) and da(t)
at 7~ and resolution = 4
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4. Derive pre-distorted signal P,.(0,7)
The re-constructed driving voltages d;(t) and dy(t) are used to drive dual-drive

MZM to construct a pre-distorted signal P,;.(0,7") as shown in the Figure (7.5).
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Figure 7.5: Pre-distorted signal Pu.(0,7) at 7, = 2 and resolution = 4

5. Calculate received optical signal at the end of an optical fiber P(L,T)

When a pre-distorted signal is sent through an optical fiber, it reverses the chro-
matic dispersion in the linear medium of an optical fiber and generates a desired

signal P(L,T) at the end of an optical fiber as shown in the Figure (7.6).
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Figure 7.6: Received signal Py.(0,7) from an optical fiber at = = 2 and
resolution = 4
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Figure 7.7 Received signal Py.(0,7) from an optical fiber at = = 2 and
resolution = 5
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Figure 7.8: Received signal Py.(0,7) from an optical fiber at = = 2 and
resolution = 6

From the Figure (7.6), (7.7) and (7.8), we can observe that increase in the res-
olution of the DAC, received signal at the output of an optical fiber looks less
cluttering and gives a scope to understand the analysis of eye-opening for the

center-bit for each n-bit sequence.

7.1 Eye-diagram analysis

To study the eye-diagram analysis, center bit of each n-bit sequence is considered
due to effect of chromatic dispersion of adjacent bits in a sequence. Let us discuss

the steps to calculate the eye-opening for the center bit of each sequence.

1. Indices

If t(n,m) is the time vector where n and m are indices of initial time and final
time for the center bit, corresponding P(n,m) is calculated for each n-bit sequence
to analyze the eye-opening for the center bit. Let us consider Figure (7.8) as an
example to calculate the eye-opening. We can take time vector from -0.5 to -0.25
for the center bit that corresponds to indices 150 and 175 assuming 100 points per

symbol. Now calculate the power (Y-axis) vector that corresponds to time vector,
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i.e P(150,175) that results in either a column or a row vector.

2. Windowing
To create a upper eye window and a lower eye window, a threshold point is set
which serves as a line that separates the eye into upper and lower window. Gen-

erally, threshold point can be written as

max(S) + mm(S)‘

) (7.1)

Threshold — pt =

where S in the input signal. Once threshold point is set, power plot corresponding
to upper window P(P > Threshold—pt) and lower window P(P < Threshold—pt)
are calculated for each m-bit segment.

3. Concatenation

Once power plot corresponding to upper and lower window for each 3-bit segment
is calculated, then window parameters for all m-bit segments of n-bit sequence are
obtained by the concatenation of P vector. Let us consider a null vector V; given

by | |. Then Upper window vector V is given by

V=",
a = P(P > Threshold), (7.2)
V =[V,al.
and Lower window vector L is given by
L= Vb:
b= P(P < Threshold), (7.3)
L =[L,b].

4. Eye-opening
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After the calculation of concatenated vectors L and V for the upper and lower

window, eye-opening in [dB] is given by

EYeopening = 10logio(mean(V') — 3 std(V)) — (mean(L) + 3 * std(L)). (7-4)

5. Eye-penalty

When a highest resolution of the DAC and normalized length ﬁ = 0 is taken,
eye-opening for the back2back case is considered as a reference value. For example,
for a PRBS sequence of order 3, and resolution of DAC equal to 7, eye-opening
value is found out to be -0.0474 [dB|. Then Eye-penalty is defined as difference
of eye-opening value for each n-bit sequence and the reference value which can be

written in the form

Eyepenalty = Eyeopeningseq - Eyeopeningref' (75)

Now let us asses the performance of pre-distortion technique by measuring the eye-
penalty against the parameters such as PRBS order of input sequence, resolution

of DAC, and normalized length of the fiber ﬁ

7.2 Eye-penalty vs Resolution of DAC

The plots of Eye-penalty against the resolution of digital-to-analog converter are
shown in the Figure (7.9) and Figure (7.10). From the observations, we can con-
clude that as resolution of DAC increases, eye-penalty for different values of nor-
malized length ﬁ has been decreased and with respect to normalized length, EOP
decreases with increase in value of 7~ Thus, resolution of DAC plays an important

measure in calculating the eye-penalty and fidelity of the signal.
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Figure 7.9: Eye-penalty vs Resolution of DAC for different values of normalized
length ﬁ without noise
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Figure 7.10: Eye-penalty vs Resolution of DAC for different values of normalized
length £ without noise
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7.3 Eye-penalty vs Order of PRBS sequence

The plot of Eye-penalty against the order of PRBS sequence employed as an input
signal is shown in the Figure (7.11). From the observations, we can conclude that
as the order of the sequence increases, computational process of the technique
increases as well as decrease in the eye-penalty compared to each value normalized
length ﬁ for fixed value of resolution of DAC. Thus, we can say, as we input more
sequences of higher order, there is a chance of increasing the fidelity of the signal

with the downside of heavy computational processing.

Eve-opening penaltyvs Order of PRES sequence
13 T 1 T 1 ) T 1
: - : : : : — — zilb=0
—a—zILD=1
—#—zILD=2 ||

Eye-opsning penalty [dE]

| I |
5.5 ] f.5
Crderof PRES sequence[-]

Figure 7.11: Eye-penalty vs Order of an input PRBS sequence for different values
of normalized length 7, and constant resolution of DAC
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7.4 Noise analysis

In optical systems, there is noise present at the transmitter and receiver. In my
thesis, we study different types of noise that are present and measure the signal
characteristics against the electrical parameters discussed above. There are three
types of noise, such as thermal noise, shot noise and relative intensity noise(RIN)
each having it’s own effect on the output signal received at the photodiode in this

pre-distortion model.

7.4.1 Thermal noise

Thermal noise in general, affects the pulse at the zero level, so signal is bound to
have noise at it’s minimum level. In this investigation, we found effect of thermal
noise follow the similar pattern with respect to the plot with a lateral shift in the
EOQOP of a signal without noise for each value of normalized length as shown in the

Figure (7.12).

Evwe-opening penalty ws Resolution of DA&Z with Themrnal noise
T T T T
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Figure 7.12: Eye-penalty vs Resolution of DAC for different values of normalized

length ﬁ with Thermal noise
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7.4.2 Shot noise

Shot noise in general, affects the pulse at the "1’ level, so signal is bound to have
noise at it’s maximum level. In this investigation, we found effect of shot noise
follow the similar pattern with respect to the plot with a lateral shift in the EOP

of a signal without noise for each value of normalized length as shown in the Figure

(7.13).
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Figure 7.13: Eye-penalty vs Resolution of DAC for different values of normalized

length ﬁ with Shot noise

7.4.3 RIN

RIN measures the instability of power level of a continuous wave laser that drives
a dual-drive MZM. RIN have slight effect on the EOP as compared to other noise

parameters discussed above and is shown in the Figure (7.14).
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Figure 7.14: Eye-penalty vs Resolution of DAC for different values of normalized
length 7= with Shot noise

7.4.4 'Total Noise

When all noise parameters are included, shape of the eye-opening plot remains the
same, however, there is lateral shift indicating an increase in EOP as shown in the

Figure (7.15).

Eve-apening penalty ws Resolution of D2 with Mois e
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Figure 7.15: Eye-penalty vs Resolution of DAC for different values of normalized
length ﬁ with Shot noise
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We know that in the presence of noise, signal degrades, however, it is also limited
by the resolution of DAC. From the observations in the Figure (7.16), we can
conclude that with respect to the resolution of the DAC, there is a tremendous

increase in the EOP at resolution less than 5.

83



Chapter 8

Conclusion

We have successfully studied the analysis of pre-distortion technique both nu-
merically and analytically using a gaussian pulse and a NRZ pulse encoding a
2" — 1 PRBS sequence. We can conclude that pre-distortion technique reverses
the amount of linear dispersion in an optical fiber for any value of normalized
length ﬁ along the length of an optical fiber. Also to note that, this technique
only works for compensating dispersion linearly ignoring the effects of attenuation
and non-linear losses in an optical fiber. This gives an good conclusion that for
distances more than dispersion length, if we include attenuation, power of signal
could be diminished, but to overcome attenuation, it is safe to assume to use

optical amplifiers at regular intervals along the length of an optical fiber.

From the analysis of a NRZ pulse, we studied the dependent nature of pre-
distortion technique on the resolution of the DAC and order of the PRBS sequence,
however, at the expense of heavy computational power. But due to increase in the
availability of high speed processors and low power consumption electronics in the
market, we can increase the order higher than 13 to yield better results to com-
pensate the linear dispersion losses in the electrical domain. We have successfully
investigated the effect of three types of noise in the pre-distortion technique and
deducing the limitations of DAC from the plots as shown in Figure. From inves-

tigation, we can conclude that, to achieve any eye-opening penalty of signal less
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than 2 [dB], resolution of DAC has to be greater than 5 which sets an limitation

on the use of electrical component especially DAC in a pre-distortion technique.
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