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Abstract

Optical Differential Phase Modulation: System Modeling and Performance

Lei Wang

We investigated high speed optical fiber communication systems using optical
7z -DPSK, /2 -DPSK, DQPSK and Offset-DQPSK modulation techniques,
focusing on the system modeling and comparison of performance. The electronic
precoder of optical 7/2-DPSK was yet unknown, and its logic and basic circuit are
presented in this thesis. We also compared the system performance with the impact of
inter symbol interference (ISI) caused by fiber nonlinear effect, narrowband inline
optical filtering and residual chromatic dispersion. It is shown that DQPSK has the
narrowest signal bandwidth among four phase modulation schemes; Offset-DQPSK
has two main lobes in its optical spectrum; Offset-DQPSK has the best tolerance to
ISI induced by fiber nonlinear effect; #-DPSK has the best tolerance to optical
filtering; and DQPSK has the best tolerance to residual chromatic dispersion.
7 -DPSK has better tolerance to residual chromatic dispersion than 7 /2 -DPSK. All
of these works were verified on Optism, a commercial optical simulation software

platform.
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Chapter 1

Introduction

Due to the explosive growth of communication traffic, there is a substantial effort to
increase the transmission capacity of light wave systems. High spectral efficiency
techniques are attractive since they offer a way to achieve high capacities with
existing link. Once the transmission rate is increased to 40 Gb/s from 10 Gb/s, a
number of challenges and additional transmission penalties arise. In order to minimize
the penalties imposed by the increased bit rate, some new modulation formats have
been proposed and investigated, such as optical duobinary, modified optical duobinary
[1-7], carrier-suppressed return-to-zero (CSRZ) on-off keying (OOK) [6-12], and

differential phase shift keying (DPSK) [13-25].

In this thesis, we consider differential phase shift keying modulation. DPSK is
spectral condensed modulation scheme which has some unique properties that make it
suitable to resist bandwidth related impairments like fiber chromatic dispersion (CD).
The constant intensity envelope of DPSK signal makes it a good modulation scheme
to resist fiber nonlinear effect, such as self phase modulation (SPM) in single optical

channel and cross phase modulation (XPM) in dense wavelength division



multiplexing (DWDM) optical system. On the other hand, in high speed transmission
system which bit rates are more than 10 Gb/s, the optically amplified spontaneous
emission (ASE) noise introduces not only linear phase noise, but also a strong
nonlinear phase noise which is the combined effect of the ASE noise with fiber
nonlinearity. Investigations of receiver sensitivity and nonlinear performance in

optical phase modulation have become a hot topic since year 2000.

DPSK is a class of modulation techniques encoding information in the phase
difference A¢ between successive symbols. According the value set of A¢, we
have 7z-DPSK [13-25], #/2-DPSK [26-29], DQPSK [30-36], and Offset-DQPSK
[37-41]. These four modulation schemes are feasible in optical transmission system.
The modeling and performance comparison of these modulation schemes were
performed mostly in satellite communication during the 1980s [41-42]. We
investigated these modulation schemes in optical domain. We give detailed system
configuration modeling including both physical optical configuration and logical
clectronic precoder. The electronic precoder of optical 7z /2 -DPSK is yet unknown
until now; we presented its logic and basic circuit in this thesis. We compared the
system performance under inter-symbol-interference (ISI) impairments of fiber

nonlinear effect, narrowband inline optical filter and chromatic dispersion.

In [26] the impact of CD (chromatic dispersion) and PMD (polarization modulation
dispersion) in power penalties of 7 -DPSK and 7 /2-DPSK, is compared, and it was
founds that with either weak or strong optical filtering 7 -DPSK has lower CD
penalties than 7 /2-DPSK. This conclusion is consistent with our result which will be

given in Chapter 4. For Offset-DQPSK, we cannot obtain the correct eye diagram



based on the model of Offset-DQPSK proposed in [37]; and it is verified that the
transmission data cannot be correctly demodulated. Moreover, optical spectrum of
Offset-DQPSK we obtained also differs from [37]. The impacts of nonlinear effect
and residual chromatic dispersion for Offset-DQPSK and DQPSK were compared in
[37]. It was found that Offset-DQPSK has the same robustness to fiber nonlinear
effect as DQPSK. But we found that the optimum launched power was not
investigated with the consideration of fiber nonlinear effect. It was found that
Offset-DQPSK is slightly worse than DQPSK in tolerance to residual chromatic
dispersion. Furthermore, electronic precoder of optical DQPSK in [45] is consistent to

this thesis.

All works in our thesis were carried out on Optism, a commercial optical simulation
software platform (See Appendix A). Some theoretical analyses are not included in

this thesis, we leave them open for our future works.

The rest of this thesis is organized as follows: In Chapter 2, we present some
particular optical components used in optical differential phase shift keying system. In
Chapter 3, we comprehensively give system modeling of four optical phase shift
modulation. Precoders are illustrated in Chapter 3. In Chapter 4, we compare variance

of aspect of system performances of those four systems.

(V5]



Chapter 2

Optical phase modulator and demodulator

In optical phase shift keying (PSK) communication system, the laser diode is biased at
a constant current to provide the CW laser output, and an optical modulator placed
next to the laser diode converts the CW light into a data coded pulse train with the
right modulation format. The optical power keeps constant in every bit period, every
optical pulse has different phase according to the data to be transmitted. After fiber
link transmission, phase modulated signal interferes with another light, and is
converted to optical intensity modulation signal, and then a direct detection technique

can be used to recover the data information.

In high speed optical transmission system, Mach-Zehnder modulator (MZM) and
Mach-Zehnder delay interferometer (MZI) are unique components used in optical
phase modulation technique. In this chapter, we review some basic optical
components used in high speed modulation scheme. We give conceptual model of

each component. These models are fundamental knowledge in our simulation process.

2.1 Mach-Zehnder Modulator (MZM)

2.1.1 Coupler



Figure 1: Optical coupler.

Figure 1 shows the structure of an optical coupler. The action of a fiber coupler is
governed by the matrix equation of E , =TE, , where T is the 2x2 transfer matrix
and E is a column vector whose two components represent the input (or output)
optical fields at the two ports. For an ideal coupler, the transfer matrix T should be

both unitary and symmetric, the unitary holds for a lossless coupler and the symmetric

requirement results from time reversal property of light. Thus the most general form

b
of this matrixis 7 = (Z ] , with the property of a*>—5b”>=1. At the same time,
a

‘az‘ + |b2 ’ =1 is imposed because the total power does not change during splitting. We

can take a to be real. Then, these two requirements are met only if a= J; and

b=—j\J1-p .So we get

P = o W

For an ideal case laI = |b| =4/1/2, that means the power of two output arms are equal.

@.1)

in2

This kind of coupler is usually used as a power splitter, and it is also called 3 dB

coupler. The matrix of a 3 dB coupler is

LEUMI — \/0—5_ - J'\/EE [Ein] j (2 2)
Eoutl ~J'\/6§ vV 05 Ein'l ~



2.1.2 Optical LiNbO, phase modulator

Vi
E in —T— E out

Figure 2: Optical phase modulator.

Figure 2 shows the structure of an optical LiNbO, phase modulator. It is an optical
integrate device which incorporate light guiding channels in the LiNbO, crystal
with higher refractive index than the surrounding medium. The refractive index of
LiNbO, crystal can be changed based on electro-optic effect. The transfer function
in terms of phase shift versus applied voltage is supposed tq be linear:

E, =¢"E, (23)

V.
where 0-—-71'[?/—’"—], V_is the input voltage swing that generates a 7 (180°) phase

shift on the optical signal. This is a good approximation for realistic phase modulators

based on the electro-optic effect in LiNbO, devices

Actually the nonlinear property of LiNbO, device and imperfect driven voltage
impose strong modulation chirp, which narrows the modulation bandwidth. This
defect of LiNbO, phase modulator makes it impossible to be used in high speed

transmission system directly



2.1.3 Optical Mach-Zehnder Modulator (MZM)

49

Ein El i El ' Eourl

'
[ E2 Eout2

By

A0
Figure 3: Optical Mach-Zehnder modulator.

Figure 3 shows dual arm optical Mach-Zehnder Modulator. E, is electric field of
input optical signal. E, and E, are outputs of first optical coupler. Vl(t) and
V,(¢) are driving voltages of two LiNbO, phase modulators. E,' and E,' are

output optical signals of two phase modulator. E,, and E,, are outputs of the

MZM.

A dual-arm MZM is constructed by connecting two 3 dB optical couplers in series

with each arm making use of the LiNbO, material as a phase modulator. The first

coupler splits the input signal into two equal parts. In the absence of external voltage
of the two arms, the optical fields in the two arms of the MZM experience identical
phase shifts and interfere constructively and destructively at each output of the second
coupler, respectively. The additional phase shift introduced in either one of the arms

through voltage induced index changes destroys the state of interference.

E

e}

The input optical electric field is represented as £, = |E0|e"' @ . where

is optical



electric field amplitude; @, is radian frequency of optical carrier. We ignore the laser
spectrum here. In this instance we adopt the exponential representation of the time
varying part of the optical electric field. The first 3 dB coupler splits £, into E|
and E,:
\/T ; \/T
E 5 I\H5 | (E,
H=] V2 2 le o 2.4)
5)7| \ﬁ \ﬁ 0
/ 2 2
Consider the transfer function of an ideal LiNbO, phase modulator, E,'= E,e’*

and E,'= E,e’” . The second 3 dB coupler combines E,'andE,',and E,, andE,,

are given by

1 ; 1
E S TS| (B
outl — 2 2 ° 1 (25)
Eoutl 3 _!_ l E2‘
N2 2

After calculation we have

) ) -8 e +6
E,, =05E, e’ —0.5E, ¢ = jE, smg—li—zexp(j 1; 2) (2.6a)

. . 6 -0, 0 +6

E, . =—j0.5E, e’ — jO.SE, e’” =-E, cos— 5 2 exp(j ! > 2) (2.6b)

E,, and E,, in Equation (2.6) shows that MZM can be used either as an

amplitude modulator or a phase modulator.

When two arms of the MZM are push-pull driven, that is 6, =-6,, we obtain

E

outl

. 6 — 6, -6, . . )
= JE, sin 6-6, and E,,, =-E, cos———= that is amplitude modulation.
2 2



= JE, sine‘—;gg— was called sine arm and E :

out2

Sometimes E

our]

=-E, cos

was called cosine arm.

When two arms of the MZM have equal electronic driving voltage, thatis 6, =6,,

0, + 06 .
we have E,, =0 and E, , =-E, exp( Jj— 5 2 ) We can see that the cosine arm

have the same optical power as the input except &, =6, phase shift, and the other

arm have no power.

2.2 Optical pulse carvers

A pulse carver is used to carve return zero (RZ) pulses. RZ formats are more robust to
inter symbol interference (ISI) introduced from transmission impairments, typically
having lower sensitivity than their NRZ equivalents. MZM operating in the amplitude

modulation condition is a popular method to construct an optical pulse carver.

Figure 4 shows the schematic of optical pulse carver. A MZM is driven with push-pull
. . V. . .
operation by a sine wave voltage, V, =-V, = 781n(a)pt) , V.- the 7 phase shift

voltage of LiNbO, waveguide, and @, - frequency of the sine wave. The sine wave

v
voltage introduces phase change on each arm, 6, = ﬁ[V—]J = %sin(g/)) and

4



outl

N
N
|F=
by

CW laser E

out2

o

O

Sine wave Inverter

Figure 4: Schematic of optical pulse carver.

V.
0, = 7[[72—) = ——;Esin(@ . By using Equation (2.6), we get:
. T
Eoutl = .]Ein Sm(z Sln(¢)) (270)
T .
E,.,=-E, COS(—Z—sm(qﬁ)j (2.7b)

We see that two out ports have different pulse shape and power. In order to tune the
pulse shape, a bias DC voltage can be superposed into the sine wave. Figure 5 gives
two approaches to superpose a DC voltage. All these two methods are meant to have a

constant 77/2 phase shift in the amplitude modulation, and there we have

0 —

E, . =jE, sin 2" ‘Zz T _E, cos(%sin((/ﬁ)j (2.84)
6 —

E  =-E, cosl—ii’—’E =-E, sin(zzz—sin((b)j (2.85)

Comparing Equations (2.8) and (2.7), we see that two arms exchange its modulation

status after biased.

10



/ i
/ E outl
CW laser E,,
V.12
DC bias
Sine wave @ ©. >
Inverter

(&)

/' j_ Eoutl
CW laser >’<
— —_— Eout2
Vﬂ'
DC bias @—G_>
Sine wave @ >

Inverter

(b)

Figure 5: Schematic of unbalanced pulse carver with (a) both arm bias with a

V. /2 voltage; and (b) single arm bias with a 7 voltage.

2.21 33% duty cycle pulse carver

The power representation of the sine arm by using £, = F,, cos[%sin(gb)j is

2
T . . .
Pt = Rnl)m[cos(gsm(@jj , where P is the optical power of £, . Its

input



normalized waveform is shown in Figure 6.

1.25 4-¢
!

Powet [tmwr]

-0.gs

Figure 6: 33% duty cycle pulse carver at bit rate of 40 Gb/s.

The full width at half maximum (FWHM) of the pulse is 33%, and its peak to peak

width is half of the cycle period of the sinusoidal wave of driving voltage.

2.22 66% duty cycle pulse carver

The power representation of the cosine arm by using £, = E,, sin[g sin(g/))) is

2
P = Pmpm(sin(g sin(¢)jj . Its normalized waveform is shown in Figure 7.

12



Power [mw]

Time [1s]

Figure 7: 66% duty cycle pulse carver at bit rate of 40 Gb/s.

The full width at half maximum (FWHM) of the pulse is 66%, and the peak to peak

width is half the cycle period of the sinusoidal wave of driving voltage.

2.23 Spectral characteristics of 33% and 66% duty cycle RZ pulses

Figure 8 shows the optical spectrum of 33% RZ pulses without data modulation; its
central carrier frequency is 194 THz, which is corresponding to the optical carrier of

A=154532 nm.

13
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Figure 8: Optical spectrum of 33% RZ pulses without data modulation at bit

rate of 40 Gb/s.

Figure 9 shows the optical spectrum of 66% RZ pulses without data modulation; its

central carrier frequency is 194 THz, which is corresponding to the optical carrier

A=1545.32 nm.

Comparing Figures 8 and 9, we can see that carrier frequency in the 66% RZ pulses is

eliminated. Therefore, 66% pulses are also called carrier suppressed return zero

(CSRZ) pulses.
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Figure 9: Optical spectrum of 66% RZ pulse without data modulation at bit rate

of 40 Gb/s

With data modulation, both optical power spectra of 33% and 66% pulses become

continues shown in Figures 10 and 11.

Comparing Figures 10 and 11, we can see that 66% pulse has compact optical
spectrum and most power is condensed in the main lob. Investigation [44] concluded
that CSRZ has a 3 dB enhancement in the maximum allowable fiber-launched power
under fiber nonlinearity. Therefore, we only consider CSRZ pulses in the latter part of

this thesis.
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2.3 Optical Mach-Zehnder delay interferometer (MZI)

Squared law photo diode detection is phase insensitive. We need phase to intensity
conversion before optical detection to demodulate phase shift keying signal.
Differential detection is a signal self reference technique to transfer phase to intensity;
therefore we can use a general photo diode to convert the optical signal back into

electronic form and recover the data transmitted through the light wave system.

Ein El @ El' Eoull

'
E2 E2 Eour2

Figure 12: Optical March-Zehnder delay interferometer.

Figure 12 shows an all fiber optical March-Zehnder delay interferometer (MZI). E,,
is electric field of input optical signal. E, and E, are outputs of first optical

coupler. 7 is time delay interval induced by a roll of optical fiber. E|' is the output

E

out2

of the delay line, E,'=E,,and E are outputs of the MZL.

outl

An all-fiber optical Mach-Zehnder delay interferometer is constructed by connecting
two fiber couplers in series with one arm making use of a delay line. The period of the
delay line is one bit or several bits. The first 3 dB coupler splits the input signal into

two parts, E, andE,:



E > T3 (E
Hl=| Y2 20 2.9)
E, o1 1 0
E," is the delayed version of E,,E|'=E (t—7). The second 3 dB coupler combines

E,' andE,',then E_, and E_, are givenby

L
|| V2_ V2| (B (2.10)
E0u12 _ \/1 l E2
N2 2
After arithmetic manipulation we have
B 0)= [, (- )=E, ()] (2.110)
Euu,z(f)=_—ZJ[E,-,,(t—T)+E,~n(t)] (2.11h)

Without loss of generality, here we only consider one bit delay line, 7 =1 bit period.
Note the shape and power of successive pulses in phase modulated signal are constant.
Supposed that A6, and A#, are of two successive pulses relative phases to the

laser carrier, Equation (2.11) can be written as

1

Eourl (f) = —Z—Epulxe [ejAgl -

=-E

JA8, ]
e pulse

AG — A A
cos ‘2A92 exp[j 91-; Hl] (2.12a)

-J ; jAG, . AG —AB, A8 + A0,
Eou,z(t)z—JEpu,se[e”M‘ +e’ ]:jE sin —- 3 = exp(] ! 5 'j(2.12b)

2 pilse

2.4 Balanced photodiode detection

An ideal photodiode can be thought as a squared law component with a low pass

filter,

18



(2.13)

where 1, is the photocurrent of the diode, and R is the responsivity of the

photodiode.

Photodiodel [ [ ] [l

O I
@J’:> L

Subtractor

v

Photo diode 2 ﬂ |_|

Figure 13: Balanced photodiode detection.

Figure 13 shows the balanced photodiode detection. Two photodiode are connected to

each arm of a MZI. Substituting Equation (2.12) to Equation (2.13), we get

2

2 A6, - AB,
Idiodel = R‘Eoutl (t)l = RPpulse cos (2.140)
2
2 . AG —AO
Idiodez = R|Eout2 (t)l = RPpulse SIn 1 : (2 14b)
where P, isthe power of optical pulse.
After the subtracter, we get
2 2
AG, — A8 . [ AG, —A8
Isubtractor = RPpulse COS( 1 2 2 ) - ‘Sln( 1 2 2 j (214C)

We can see based on Equation (2.14) that phase difference A6, —A8, of successive



bits can be manifested through the photocurrents of 7., Lyowr a0 1 pncion -

Sometimes, we called the cosine arm as the constructive port and the sine arm as the
destructive port, because the cosine arm gives a logic ‘1’ while the sine arm gives a

logic ‘0’ when the successive bits are inphase.

Balanced photodiode detection gives a 3 dB SNR improvement than the single arm

detection.
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Chapter 3

System modeling and electronic precoder

In this chapter, we present four models of differential phase modulation schemes
based on the phase constellations carried by the optical line code, and they
are 7-DPSK, 7/2-DPSK, DQPSK, Offset-DQPSK. Inz-DPSK model, the phase
difference A¢ between two successive bits is in the set {0,z}. In /2 -DPSK

model, A¢ 1is in the set {—ﬂ'/ 2,7/ 2}. In DQPSK model, A¢ is in the set

[~ 7/2,0,7/2,7}. In Offset-DQPSK, A¢ is in the set {-7z/2,0,7/2}.

All these models were verified in Optsim 4.0. Appendix B gives the simulation setups

for these models.

3.1 7-DPSK

3.11 System modeling for 7 -DPSK

A 7-DPSK system model is represented schematically in Figure 14. The output of a
laser is modulated with a 66% pulse carver. The RZ pulse is then sent to a MZM

modulator driven by a pseudorandom bit sequence (PRBS). An electronic precoder
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between PRBS and MZM is required to counteract the logic of whole transmission

system. The frequency of the sine wave in the pulse carver is half of the bit rates of

the PRBS. The sine wave and the PRBS should be synchronized; and it means that the

RZ pulse and phase modulated pulse must be kept in the same period. The modulated

signal passes through a fiber link. At the output of the fiber link, we employ an MZI

and two photodiodes which work as a balanced signal detection.

In 7-DPSK system, each transmitted symbol conveys one bit information. The data

information is encoded in A¢, which is the phase difference between successive

symbols. Figure 15 shows the line code of 7 -DPSK system. We can see Age (0,7).
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Figure 15: Line code of 7-DPSK, where Age (0,7).

Figure 16 shows the external modulator used in 7 -DPSK transmitter. Two arms of

23



the MZM have equal electronic driving voltage. The peak to peak of driving voltage

is V, that means 6, =6, ¢ (0,7), where 6, and @, are phase changes of two

arms. In this setup, the MZM works as a phase modulator, Equation (2.6) can be

written

6 +0
E()utl = EouIZ = Ein exp(.] ] 2 2 ] ° (3'1)

We see that two output ports of the MZM have equal electronic field.

_L_ Eautl

—_— out2

0101101

™

l/

Data  Precoder Driver

Figure 16: 7 -DPSK phase modulator.

In 7 -DPSK receiver, modulated signal passed into an optical delay-line

Mach-Zehnder interferometer (MZI),

see Figure

17. We assume that the

interferometer’s two branches have correctly one bit delay, 7=1 bit period of T, , so

Equation (2.14) can be written

Lot =R

Idiodez = R

2
Eoufl (t)| = RPp

Euut2 (t)\z = RPp

ulse

ulse

(3.2a)

(3.2b)
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where Age (0,7) is phase difference between successive bit sequences.

T Photo diode 1

@1_*'
@f:ubtractor

Photo diode 2

Modulated signal

Figure 17: 7z -DPSK receiver.

3.12 Electronic precoder for 7-DPSK

The differential detector operates by multiplying the received signal by its delayed

version. Without loss of generality, we use the sine arm as the detection output

defined in Equation (2.14). The logic of the received signal is ‘0’ when two successive

bits have no phase difference and ‘1’ when 7z difference is presented.

Table 1 Truth table of 7-DPSK without precoder.

D, () | D,(t~T,) | A6 | AO(1)-A6(-T,) sin(AH(Z)—AH(t—T,,)JZ
2

0 0 0

1 0 T /4 1

1 1 /3 0 0

0 1 0 -7 1

1 0 V.4 yia 1

0 1 0 -7 1
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In order to disclose the transmission logic of 7z -DPSK, Table 1 is used to depict the
system without precoder. Table 1 is the truth table of 7 -DPSK without precoder,

where D, (f) is data of PRBS to be encoded and transmitted through the lightwave
system, D, (t—7,) is one bit delay of D, (f), A@ is phase shift keying

corresponding to D, (1), A8(1)-AB(t-T, ) is phase difference of successive bits at

receiver, is the output of the sine arm of the MZI defined

Sm(AQ(t)—AH(t—Tb)) ’

2

in Equation (3.2). According to Table 1, we concluded that

Dout :Dm(t)Dzn(t_Tb)+Dm(t)Dm(t_T})) (33)

This is a logic equation where D_, is the data of z-DPSK output, a bar over a

symbol means NOT logic.

In order to give a correct data corresponding to the transmitted data, we need an
electronic precoder in the transmitter. Figure 18 shows the logic structure of electronic

precoder for 7 -DPSK.

input | —
mpu XOR output
one bit delay

Figure 18: Electronic precoder for 7-DPSK.
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3.2 n/2-DPSK

3.21 System modeling for 7 /2 -DPSK

Figure 19 shows the 7/2-DPSK system model. The output of a laser is modulated
alternatively with a z/2 phase shift. This process generates a 7/2 alternate phase
pulses train. One method to generate a #/2 alternate phase shift pulses train is by
push-push driving a MZM with a square wave. The alternate phase shift pulses train is
modulated with a 66% pulse carver. The RZ pulses are sent to a MZM modulator
driven by a pseudorandom bit sequence (PRBS). An electronic precoder between
PRBS and MZM is required to counteract the logic of whole transmission system.
Both frequencies of the square wave in the generator of 7/2 altemate phase shift
pulses train and the sine wave in the pulse carver are half of the bit rates of the PRBS.
The square wave, sine wave and the PRBS should be synchronized, which means that
the /2 alternate phase pulse, RZ pulse and phase modulated pulse must be kept in
the same period. The modulated signal passes through a fiber link. At the output of the
fiber link, we employed an MZI which one arm is 7/2 phase shifted. After the MZI,

two photodiodes are also used to work as balanced signal detection.

In 7/2-DPSK system, each transmitted symbol conveys one bit information. The

data information is encoded in A¢, which is the phase difference between successive

symbols. Figure 20 shows the line code of #/2 -DPSK system. We can see

Ape (-m/2,m/2).
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Figuer 20: Line code of DPSK, Age (-7/2,7/2)

The optical 7/2-DPSK transmitter is similar to the DPSK transmitter, and the main

difference is that /2 -DPSK requires an optical pulse generator to produce a pulse

outl

e

Laser pulse

out2

)

Square wave

Figure 21: Generator of 7/2 alternate phase shift pulse train.
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train with /2 alternate phase shift. Figure 21 shows the generator of 7/2

alternate phase shift pulses train.

A MZM is driven by a square wave voltage. The peak to peak value of the square

wave is ¥, /2. As a result, the phase difference between any two adjacent pulses is

/2 and —7/2.Figure 22 shows the 7/2 alternate phase shift pulse train.
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Figure 22: 7/2 alternate phase shift pulse train.

Figure 23 shows the receiver of 7/2-DPSK. A phase modulator driven by V, /2

DC voltage is used in the spare arm of the MZL. It gives a constant 7/2 phase shift.
The interferometer’s two branches have correctly one bit time delay, which 7 =1 bit

period. In this condition, Equation (2.14) can be written



2
AG 1
Idiodel = RPpu/se COS(_—— + -)
2 4 (3.4a)
2
. (A8 T«
Idiodez = RPpulse Sln[—z— + —4_.j (3.4b)
one bit delay 7
Photo diodel

Modulated signal @L
+ Detector
/2 @J——Subtractor

Photo diode 2

Figure 23: Optical receiver for 7/2-DPSK.

3.22 Electronic precoder for 7/2-DPSK

Without loss of generality, we use the cosine arm as the detection output of
/2 -DPSK. In order to disclose the transmission logic of 7/2-DPSK, Table 2 is
used to depict the system without precoder. Notice that the clock of the alternative

/2 phase shift is involved in the modulation.
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Table 2 Truth table of 7/2-DPSK transmission

(C=r/2 corresponding to logic ‘1°)

Hex |A |[B | C A6 | AG-0,,, | A0)-26(-T) | D,,
1 0 z/2 |0 -zl2

4 1 10 |0 V4 b4 73/2 1
3 0 |1 /2 |0 -/2 -73/2 0
4 1 |0 0 V4 T 73/2 1
7 1 |1 /2 /4 /2 -7/2 1
2 01 |0 0 0 -z/2 1
1 0 |0 /2 0 -/2 -/2 1
0 0 [0 |O 0 0 /2 0
5 1 {0 z/2 V4 /2 /2 0
6 |11 |0 T |z 772 0
3 0 |1 /2 |0 -7/2 -73/2 0

Table 2 is the truth table of 7 /2 -DPSK without precoder. Where A= D, (¢) 1s

data of PRBS to be encoded and transmitted through the lightwave system,

B=D, (t—T,) is one bit delay of D

m

(r), C=6

in pulse

is alternative /2 phase shift,
A@ phase shift keying corresponding to D, (1), A@—6,,,. is combined phase shift

of data and alternative 7/2 shift, AO(t)-A@(t—T,) is phase difference of

successive bits at receiver, D, =

out

is the output of the

S|




cosine arm of the MZI defined in Equation (3.4). According to Table 2, we concluded

that
D,, = ABC+ ABC+ ABC+ ABC (3.5)
This is a logic equation where D, , is the data of x/2-DPSK output, a bar over a

symbol means NOT logic. In order to give a correct data corresponding to the
transmitted data, we need an electronic precoder in the transmitter. Figure 24 shows

the logic structure of an electronic precoder for 7 /2 -DPSK.

one bit delay

Clock of D
square wave
AND L 5
output
Data
input O_; @J
inpu X
AND

Figure 24: Schematic of electronic precoder for 7/2-DPSK.

Figures 25 and 26 show the simulation results of precoder for 7/2-DPSK. The

PRBS polynomial degree of data source are 2°and 2'% respectively. We can see the

data of input at transmitter match the data of output at receiver correctly.
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Figure 25: Simulated result of 7/2-DPSK precoder at 2° PRBS.

{L_i §.& i ] 1.z i.% 1.6
Data of uput at transmiter
T ”
1.

i 3

=]
o
&
w

Amplitude

a .z B4 N2 3 |3

Data of output at receiver Time [n=]

Figure 26: Simulated result of 7/2-DPSK precoder at 2'° PRBS.



3.3 DQPSK

3.31 System modeling for DQPSK

Figure 27 shows the DQPSK system model. The output of a laser is modulated with a
66% pulse carver. The RZ pulse is sent to a MZM modulator driven by two
pseudorandom bit sequence (PRBS). The bit rates of two PRBSs are half of the
transmission bit rates. An electronic precoder between PRBS and MZM is required to
counteract the logic of whole transmission system. The frequency of the sine wave in
the pulse carver is equal to the bit rates of the PRBS. The sine wave and two PRBS
should be synchronized which it means that the RZ pulse and phase modulated pulse
must be kept in the same period. The modulated signal passes through a fiber link. At
the output of the fiber link, we split the signal into two branches. Two MZIs and two
balanced photodiode detectors are employed. Each MZI has its own phase modulator
in its spare arm; one phase modulator gives a constant 7/4 phase shift, and the

other one gives a constant -7 /4 phase shift.

DQPSK has twice the bandwidth efficiency of BPSK, since two bits are transmitted in

a single modulation symbol. The data information is encoded in A¢, which is the

phase difference between successive symbols. Figure 28 shows the line code of

DQPSK. We cansee Age {— 7[/2,0,7[/2,7[}.
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Figure 28: Line code of DQPSK with Age {~7/2,0,7/2,7}.

A convenient orthogonal realization of DQPSK waveform is achieved by amplitude
modulating the in-phase and quadrature data streams onto two carriers which have
/2 phase difference. Figure 29 depicts the structure of an optical DQPSK

modulator.

A MZM modulator is driven by two branches of information data. One arm of the

modulator is biased by V,/2 DC voltage, generating a 7/2 constant phase shift.

In this condition Equation (2.6) can be written

6 -6, =« 6+6, =«
E =FE sin| +—2-"le P 3.6
ot Hil ( 2 4\) Xp(.] 2 4j ( )
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Ei" —i— Eoutl

— out2

Datal Precoder

010110

Driver
010110 Jl\/ (+)

T
Data Q @ T

DCbias Vz/2

Figure 29: Schematic of DQPSK modulator.

Where E, is electric field of laser carrier, 6, and ¢, are two phase shifts

corresponding to inphase and quadrature data and both &, and 6, are belong to the
set of (0,7[) . Here we only account one output arm for simplicity. We can see that the

exact phase change of E,, depends on not only the exponential term but also the

out

sine term of Equation (3.6). Figure 30 shows the phase constellation of DQPSK

Q

P N

(7,0 (0,0)

.(@—@ n) (_q+@ n)
N sin| ——=——lexp| j———+—

(7, 7) (0,7)

Figure 30: Phase constellation of DQPSK signal.
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signal.

To demodulate DQPSK signal, two branches of delay interferometer are required,

shown in Figure 31.

Photo diode 4

Figure 31: Schematic of DQPSK receiver.

Two branches have same structure except that one branch has +7/4 phase shift

while the other has -z /4 phase shift. In this condition, Equation (2.14) can be

written as
2 2
. —-A —
Ivublracmrl =RP ulse SIHLM + Zz.‘ - COS(A—QI—ZS—H2 + -jzj
‘ " 2 8 2 8 (3.7a)
2 2
= RP Sin(Ag—l_é—el——@j _ OS(AHI _AHZ __77“; (37b)
subtractor2 pulse 8 ————2 8

3.32 Electronic precoder for DQPSK

In order to disclose the transmission logic of DQPSK, Table 3 is used to depict the



system without precoder.

Table 3 is the truth table of DQPSK without precoder, Where A=D, (¥) and
B=D,,(r) are data of two PRBSs to be transmitted through the lightwave system,

C=D,, (t-2T,) and D=D,,(t—2T,) are one bit delayed version of D, () and

inl
D,.(t), A¢p=6 -6, is phase shift keying corresponding to Equation (3.6),
AB(t)-AB(t—T,) is phase difference of successive bits at receiver, I=1,,...., and
Q=1 vur> are the outputs DQPSK demodulator defined in Equation (3.7).
According to Table 3, we concluded that

= ABD + ABD + ABC + ABC (3.8a)

= ABC+ ABC + ABD + ABD 8h)

D
D

outl

This is a logic equation where D, and D, are the data of DQPSK output, a bar

out out

over a symbol means NOT logic. This result is consistent with [40].
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(0.3827 corresponding logic ‘0°, 0.9239 corresponding to logic ‘1°)

Table 3. Truth table of DQPSK transmission

Hex |A C |D |Ag¢ A6(t)-A6-T,| 1 Q

0 0 0 0 /4

4 0 0 [0 |-z/4 |-z/2 0.9239 | 0.3827
9 1 0 |1 [37z/4 |=x 0.9239 | 0.9239
E 1 1 [0 [57/4 x/2 0.3827 | 0.9239
3 0 1 [1 [#/4 " 0.9239 | 0.9239
8 1 0 [0 [3z/4 |=x/2 0.3827 | 0.9239
6 0 1 [0 [-z/4 |-z 0.9239 [ 0.9239
1 0 0 |1 |z/4 7/2 0.3827 | 0.9239
8 1 0 [0 [37z/4 |=x/2 0.3827 | 0.9239
2 0 1 [0 |z/4 _m/2 0.9239 [ 0.3827
C 1 0 |0 |[57z/4 = 0.9239 | 0.9239
7 0 1 [1 [-z/4 |-37/2 0.3827 | 0.9239
D 1 0 |1 [57/4 37/2 0.9239 | 0.3827
B 1 1 |1 [37z/4 |-z/2 0.9239 | 0.3827
A 1 1 [0 [37z/4 o0 0.3827 | 0.3827
6 0 1 [0 [-z/4 |-z 0.9239 [ 0.9239
5 0 0 |1 [-z/4 O 0.3827 | 0.3827
13 1 0 [1 [57z/4 |3z/2 0.9239 [ 0.3827
F 1 1 |1 [sz/4 O 0.3827 | 0.3827
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In order to give a correct data corresponding to the transmitted data, we need an
electronic precoder in the transmitter. Figure 32 shows the logic structure of electronic

precoder for DQPSK system.

2T, delay

Data |
output
Datal Jl
input
DataQ N Data Q
input output

2T, delay

Figure 32: Schematic of electronic precoder for DQPSK.

Figures 33 and 34 show the simulated results of precoder for DQPSK, The

polynomial degree of PRBS are 2°and 2'°respectively. We can see the data of input

at transmitter match the data of output at receiver correctly.
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Qa G_E g.4 .5 .8 kS 1.8 1.4 1.f6
Data of output at receiver Time [ns]

Figure 33: Simulated result of DQPSK precoder at 2'° PRBS.

Amplitnde

0 G.2 5.4 308 B i 1.2 1.4 1.6
Data of input at transmite

Ty % 0 TR ¢ 1 47
| l%i
L . 5 3 Lo } 1.1
5] [ &% [ .8 i iz i.4 1.8
Diata of output at recenver Time Ine]

Figure 34: Simulated result of DQPSK precoder at 2'° PRBS.



3.4 Offset-DQPSK

3.41 System modeling for Offset-DQPSK

Figure 35 shows the Offset-DQPSK system model. Offset-DQPSK is considered to be
an improvement over DQPSK from the view point of phase transitions. DQPSK
presents a phase value of A¢e {— 7/20,7/ 2,7[}. This means that, in DQPSK signal,
the transitions of the symbols in the two channels can occur at the same time. These
simultaneous transitions create fluctuations of the signal envelope which becomes
transiently zero. This can be an important source of performance degradation for
systems with nonlinearity in the transmission link. To diminish the effect of the
envelope fluctuations, one solution is to delay the quadrature channel signal by one bit
duration from the inphase channel signal. The signal obtained by this operation is
called Offset QPSK. The Offset QPSK signal does not allow a simultaneous change of
the inphase and the quadrature signals, and therefore, the possibility of a phase change

by 7z 1is eliminated.

In Offset-DQPSK system, information data is encoded in A¢, which is the phase

difference between successive symbols. Figure 36 shows the line code of
Offset-DQPSK. We can see Age {—7[/2,0,%/2}, and the symbol period is half of

DQPSK.
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Figure 36: Line code of Offset-DQPSK with Age {-7/2,0,7/2}.

An orthogonal realization of Offset-DQPSK waveform is achieved by amplitude
modulating the in-phase and quadrature data streams onto two carriers which have
/2 phase difference and 1 bit delay. Figure 37 depicts the structure of two optical
Offset-DQPSK modulators. Figure 37 (a) uses a roll of fiber to implement one bit
delay, and Figure 37 (b) uses a logic circuit to implement one bit delay. Both methods
give same optical performance. Note that the bit rates of data I and data Q are half of

the bit rates of the whole transmission system.
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Precoder
DataQ &
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Figure 37: Schematic of Offset-DQPSK modulator by using (a) optical delay line,

(b) logical delay circuit.

In Figure 37 (a), a MZM modulator is driven by two branches of data of information.
One arm of the modulator biased by V,_ /2 voltage, gives a #/2 phase shift, and
the other arm of modulator has a 1 bit delay line. In Figure 37 (b), a MZM modulator
is driven by two branches of data of information. One arm of the modulator biased by

V.12 voltage, givesa x/2 phase shift. An one bit delay logic in one data branch is
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used just after the precoder. In these two conditions, Equation (2.6) can be written

6 -0, =& 0 +6, =«
E,, = E, sin —2-= = 3.9
out in Sln( 2 4 j eXp(] 2 4 j ( )

Where E,, is electric field of laser carrier, 6, and 6, are two phase shifts
corresponding to inphase and quadrature data, and both &, and 6, belong to the set
of (0,7[). Here we only account one output arm for simplicity. We can see the exact
phase change of E_, depends on not only the exponential term but also the sine term

of Equation (3.9). Figure 38 shows the phase constellation of Offset-DQPSK signal.
We note that two half periods of phase shifts can not change simultaneously, and

(7[,7[) situation is diminished.

Q

N

(7,0 (0,0

sin[————g1 % _z ex ( iy +£]
> 1 Y A G

(0,7)

Figure 38: Phase constellation of ODQPSK.

Figure 39 shows the receiver of Offset-DQPSK. Two methods are given here, Figure
39 (a) use one MZI and Figure 39 (b) use two MZI. Two methods have slightly

different optical performance. They have the same transmission logic; therefore we
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can use the same precoder in the transmitter.

Datal
T=T,
Photo diode 1
Em
+ Serial to
Detectorl
I paraliel
Photo diode 2
Data Q
()
Detectorl Datal
E in
Add Serial to

parallel

Detector2

Data Q

Photo diode 4

(b)
Figure 39: Schematic of Offset-DQPSK receiver with (a) one-branch demodulator,

and (b) two-branch demodulator.

In Figure 39 (a), the demodulator is quit similar with the 7 -DPSK demodulator, and
Equation (3.2) still works in this condition. In Figure 39 (b) the demodulator is quite
similar with the DQPSK demodulator, and Equation (3.7) still works in this condition.
A logical serial-to-parallel converter is required corresponding to two branch input

data of information.
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We compare the Q value performance of these two Offset-DQPSK demodulators by
simulation. The simulation result shows that two-branch demodulator has
approximately 2 dB better than one-branch demodulator in Q factor. Roughly
speaking, the reason is that one- branch demodulator has 7z/2 symbol distance,

while two-branch demodulator has 37/4 symbol distance.

3.42 Electronic precoder for Offset-DQPSK

In Offset-DQPSK system, the inphase and quadrature phase shift do not take place at
the same time. We can simply consider that inphase and quadrature data do not
interfere each other. Based on this fact, we give electronic precoder for
Offset-DQPSK shown in Figure 40. Each branch works like an independent

7 -DPSK transmission. This conclusion comes from [38].

Data 1
] aa Datal
input XOR po—
utpu
=T,
Data Q Data Q
input XOR put
outpu
=T,

Figure 40: Schematic of electronic precoder for Offset-DQPSK.
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Chapter 4

Comparison of system performances

The simulation was carried out to compare variant of performances of
7 -DPSK, 7/2 -DPSK, DQPSK and Offset-DQPSK. These performances include
power spectrum, tolerance to fiber nonlinear effect, tolerance to fiber chromatic
dispersion, tolerance to narrowband optical filtering. Following parameters are used
except stated otherwise.

Reference bit rates of data: 40 Gb/s

Laser frequency/wavelength: 194 THz/1545.32 nm

FWHM of laser line width: 10 MHz

Simulation bandwidth frequency/wavelength: 0.8 THz/6.37 nm

Simulation samples per bit: 25

Total simulated time span: 16 ns

Total simulated bits: 640

Optical representation: single polarization
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4.1 Comparison of power spectrum

Optical signal power spectrum gives the most important information of the lightwave
system. It estimates bandwidth occupancy, and side band suppression ratio (SBSR),
which are valuable parameters in system design tradeoffs. Figure 41 to 44 give the

simulation result of 7 -DPSK, 7 /2 -DPSK, DQPSK and Offset-DQPSK.

_______________________________

Fower [dBm]

____________________________

'
132.6 1921 192.4 192.9 124 194.1 194.2 1842 194_3

Frecuency [THz]

Figure 41: Optical power spectrum of 7-DPSK.
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Figure 42: Optical power spectrum of 7/2-DPSK.
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Figure 43: Optical power spectrum of DQPSK.
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Figure 44: Optical power spectrum of Offset-DQPSK.
Table 4 Comparison of power spectrum
7 -DPSK z/2-DPSK | DQPSK 0O-DQPSK
Null to null 105 GHz 105 GHz 51 GHz 80 GHz
bandwidth
SBSR 15.6 17.1 17.3 16.2

Table 4 lists the null to null bandwidth and side band suppression ratio (SBSR)
measured in Figures 41 to 44. We can see that 7 -DPSK, z/2 -DPSK have the same
null to null bandwidth, while 7/2-DPSK has higher side band suppression ratio than
7z -DPSK. DQPSK has the narrowest bandwidth among four phase modulation

schemes. CSRZ Offset-DQPSK has two main lobes.
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4.2 Comparison of optimum launched power under fiber nonlinear effect.

The intensity dependence of the refractive index in nonlinear optical media occurs
through self-phase modulation, a phenomenon that leads to spectral broadening of
optical pulses. Therefore inter symbol interference was induced as a factor of system
performance degradation. Nonlinear effect also introduces strong phase noise by

beating with ASE, but here we only discuss ISI effect.

Figure 45 shows the link configuration, which consists of a variable optical
attenuation, 100km single mode fiber (SMF), 20km dispersion compensation fiber

(DCF), a lumped optical amplifier, and an optical filter.

VOA 20Km SMF Optical filter

Transmitter Receiver

%

100Km SMF Amplifier

Figure 45: Schematic of transmission line for performance simulation.

Following parameters are used except stated other wise:

Lunched power: sweeping from -10 dBm to 20 dBm

Length of SMF: 100 km

Loss of SMF: 0.2 dB/km

Reference frequency for dispersion for SMF: 194 THz/1545.32 nm
Dispersion at the reference frequency for SMF: 16 ps/nm/km
Length of DCF: 20 km

Loss of DCF: 0.2 dB/km
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Reference frequency for dispersion for DCF: 194 THz/1545.32 nm
Dispersion at the reference frequency for DCF:-80 ps/nm/km

Flat gain of lumped amplifier: 24 dB

Number of poles of Bessel optical filter: 2

Center frequency of Bessel optical filter: 194 THz/1545.32 nm
-3dB Bandwidth of Bessel optical filter: 60 GHz

Figures 46 to 49 show the simulation result of 7 -DPSK, /2 -DPSK, DQPSK and

Offset-DQPSK.

30 ————————————————

—&— Without nonlinearity
<=— with nonlinearity

Q value[dB]

Power(dBm)

Figure 46: Q value vs. launched power for 7-DPSK.
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Figure 47: Q value vs. launched power for 7/2-DPSK.
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Figure 48: Q value vs. launched power for DQPSK.
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Figure 49: Q value vs. launched power for Offset-DQPSK.

Table 5 Comparison of optimum launched power under fiber nonlinear effect.

7-DPSK | #z/2-DPSK | DQPSK O-DQPSK
Optimum 6 dBm 8 dBm 4 dBm 10 dBm
launched power
Q 25.2dB 22.1dB 22 dB 18.5dB

Table 5 lists the optimum launched power and corresponding Q value measured in
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Figures 46 to 49.

We can see that Offset-DQPSK has the best potential of tolerance to ISI induced by

fiber nonlinear effect.

4.3 Comparison of tolerance to optical filtering

DWDM long haul transmission link at high speed usually suffers from severe narrow
band optical channel composed of a series of optical add-drop multiplexers. And
optical filters used in the optical fiber link serve two purposes, one is to reduce the
amplifier noise, and the other is to suppress the side band spectra of light wave. So the
optical channel will introduce strong ISL. Trade off is necessary to balance these
effects.

Figure 45 shows the link configuration, which consists of a variable optical
attenuation, 100 km single mode fiber, 20km dispersion compensation fiber, a lumped

optical amplifier, a variable-bandwidth optical filter.

Following parameters are used:

Lunched power: Optimum power in Table 4.5

Length of SMF: 100 km

Loss of SMF: 0.2 dB/km

Reference frequency for dispersion for SMF: 194 THz/1545.32 nm
Dispersion at the reference frequency for SMF: 16 ps/nm/km
Length of DCF: 20 km

Loss of DCF: 0.2 dB/km
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Reference frequency for dispersion for DCF: 194 THz/1545.32nm
Dispersion at the reference frequency for DCF:-80 ps/nm/km
Flat gain of lumped amplifier: 24 dB

Number of poles of Bessel optical filter: 2

33

32

Q value[dB]

Filter bandwidth(GHz)

Figure 50: Q value vs. optical filter bandwidth for 7-DPSK.
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Figure 51: Q value vs. optical filter bandwidth for 7 /2 -DPSK.
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Figure 52: Q value vs. optical filter bandwidth for DQPSK.
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Figure 53: Q value vs. optical filter bandwidth for Offset-DQPSK, .

Center frequency of Bessel optical filter: 194 THz/1545.32 nm

-3dB Bandwidth of Bessel optical filter: sweeping from 35 GHz to 80 GHz

Figures 50 to 53 show the simulation result of 7z -DPSK, 7/2-DPSK, DQPSK and

Offset-DQPSK.

Table 6 Comparison of tolerance to optical filtering

7 -DPSK

/2 -DPSK

DQPSK

Offset-DQPSK

Optimum 3dB

Bandwidth

50GHz

55GHz

NA

60

Table 6 lists the optimum 3-dB bandwidth measured in Figures 49 to 52. We can see
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7 -DPSK has the best tolerance to optical filtering. DQPSK has an oscillated curve

along the optical filter bandwidth.

4.4 Comparison of tolerance to residual chromatic dispersion (CD)

Chromatic dispersion is one of the major limiting factors of modern optical
communication system. Figure 45 shows the link configuration, which consists of a
variable optical attenuation, 100km single mode fiber, 20km dispersion compensation

fiber, a lumped optical amplifier, and an optical filter.

Following parameters are used:

Lunched power: 0 dBm

Length of SMF: 100 km

Loss of SMF: 0.2 dB/km

Reference frequency for dispersion for SMF: 194 THz/1545.32 nm
Dispersion at the reference frequency for SMF: 16 ps/nm/km
Length of DCF: 20 km

Loss of DCF: 0.2 dB/km

Reference frequency for dispersion for DCF: 194 THz/1545.32 nm
Dispersion at the reference frequency for DCF: sweeping from -80 to 73 (ps/nm/km)
Flat gain of lumped amplifier: 24 dB

Number of poles of Bessel optical filter: 2

Center frequency of Bessel optical filter: 194 THz/1545.32 nm
-3dB Bandwidth of Bessel optical filter: 60 GHz

Figure 54 shows the simulation result of 7 -DPSK, /2 -DPSK, DQPSK and
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Offset-DQPSK.

We can see from Figure 54 that DQPSK has the best tolerance to residual chromatic

dispersion simply because it has the narrowest null to null band width. 7-DPSK has

better tolerance to residual chromatic dispersion than 7 /2 -DPSK.

30 -

—H—r DQPSK
24— w2 DPSK
-©— DQPSK

- -X-- Offset DQPSK

R walue [dB]

15 ‘El i

s
-

0 20 40 60 80 100

Residual dispersion [ps/nm]

Figure 54: Comparison of tolerance to residual chromatic dispersion
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ChapterS

Conclusion

High speed optical 7 -DPSK, 7z/2 -DPSK, DQPSK and Offset-DQPSK were
investigated thoroughly. The logic and basic circuit of electronic precoder of optical
/2 -DPSK were presented in this thesis. We found that 7-DPSK, 7/2-DPSK
have the same null to null bandwidth; 7 /2 -DPSK has higher side band suppression
ratio than =z -DPSK; DQPSK has the narrowest bandwidth among four phase
modulation schemes; Offset-DQPSK has two main lobes; and Offset-DQPSK has the
best potential of tolerance to ISI induced by fiber nonlinear effect. 7 -DPSK has the
best tolerance to optical filtering. DQPSK performance is oscillated with the optical

filter bandwidth. DQPSK has the best tolerance to residual chromatic dispersion.

Some theoretical analyses are not given in this thesis, and we leave them open for our

future work.
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Appendix A

Simulation platform: Optism

OptSim is an optical communication system simulation package designed for
engineering and research of WDM, DWDM, TDM, CATV, optical LAN, parallel
optical bus, and other emerging optical systems in telecom, datacom, and other
applications. It can be used to design optical communication systems and simulate
them to determine their performance given various component parameters. OptSim is
designed to combined the accuracy and modeling. It includes the most component

models and simulation algorithms.

OptSim represents an optical communication system as an interconnected set of
blocks, with each block representing a component or subsystem in the communication
system. As physical signals are passed between components in a real world
communication system, “signal” data is passed between component models i the
OptSim simulation. Each block is simulated independently using the parameters
specified by the user for that block and the signal information passed into it from
other blocks. This is known as a block-oriented simulation methodology. These
blocks are graphically represented as icons in OptSim. Internally. they are represented

as data structures and sophisticated numerical algorithms. OptSim fiber simulation 1s
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based on the Time Domain Split-Step (TDSS) method. It is the new technology for
optical system simulation and its advantages over Frequency-Domain Split-Step
FDSS. This method takes into account all linear and non-linear effects, and is one of
the most accurate methods available in the field of optical fiber propagation

simulation.

OptSim includes an extensive component model library of the most commonly used
components for the engineering of electro-optical systems. OptSim includes a new
sophisticated yet easy-to-use graphical user interface (GUI), plus twin simulation
engines, and powerful simulation result analysis and post-processing tools. The user
interface provides a hierarchical object-oriented CAD environment for schematic

development and system design.

Optism users may further augment the component library with your own custom
components through our Custom Component as Executable (CCE) facility. You can
generate an external executable, using any program language like C, C++, Fortran,
Pascal, etc. that models your own component. During simulation OptSim and your

CCE will exchange signals using the documented OptSim signal format.
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Appendix B

Simulation setup in Optsim

Figure B.1 is simulation setup for 7 -DPSK transmission system. Figure B.2 is
simulation setup for 7 /2 -DPSK transmission system. Figure B.3 is simulation setup
for DQPSK transmission system. Figure B.4 is simulation setup for Offset-DQPSK
transmission system. These setups were verified in Optsim 4.0. Some components

were co simulated with Mathlab 7.0.

All the simulation results in this thesis were carried out using these setups.
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