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Abstract:

In this paper few high speed (i.e. as high as 80 GB/s) all-optical logic gates has been studied.
These logic gates include a ( 80Gb/s XOR ) gate using semiconductor optical amplifier (SOA)
based Mach-Zehnder interferometer incorporated with a delayed interferometer (DI), The
performance of XOR operation has been investigated using numerical simulations. The quality of
the XOR result is improved using a (DI) delayed interferometer after the Mach-Zehnder
interferometer. . A (80Gb/s XNOR) gate using four wave mixing (FWM) in highly nonlinear
fibers (HNLF) have been studied also, the four wave mixing process is a very fast process in
fibers ,the nonlinear Schrodinger equation that describes (FWM) process in fiber is solved
numerically using the split-step Fourier transform method ,this scheme is capable of operating at
a data rate as high as 250Gb/s ,finally A(40Gb/s) NOR gate operation has been analyzed by a
numerical solution of the SOA rate equations. To investigate the quality of NOR operation by
simulation, Q factor of the NOR output signal has been calculated. Q factor gives the information
of the optical signal to noise ratio in digital transmission .All numerical simulation programs
performed through Matt-Lab 7.0 prgram.
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1. INTRODUCTION:

The optical communication system
does not work entirely in optical domain.
A large amount of the switches and data
processors are made of electrical circuits.
The bandwidth of the electrical circuits
limits the ultimate speed of the existing
light wave transmission systems. A
promising solution is to migrate from the
electrical parts to optical parts. A
key building block of data processing and
switching is the all optical Boolean
functions such as NOR, XNOR, XOR,
and circuits made using these building
blocks. It is important to build all-optical
logic gates with the following qualities:
(1) high-data rate operation (2) low noise
(3) WDM (wavelength-division
multiplexing) capability. Previous
attempts have been made to realize all-
optical Boolean functions [1, 2, 3, 4, and
5] by using semiconductor optical
amplifier (SOA) and fiber based devices.
The bandwidth of the demonstrated logic
gates built on SOA is limited by SOA
carrier lifetime. In order to further
enhance operation speed, fast
semiconductor optical devices are
desired. This became possible when
quantum dot SOAs (QD-SOA) and
carrier reservoirs SOAs (CR-SOA) are
invented in late 1990s [3]. Because of
their unique band structure and density of
states, these kinds of SOAs are more than
10 times faster in signal response time.
This suggests that such devices may be
capable of handling data at bit-rate up to
250 Gb/s. The all optical Boolean
functions can be implemented in various
data processing systems such as binary
adder [1, 2], decision circuits [5], bit
pattern generation [6], optical head
processing [7,8], and packet switching
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[2]. the tradeoff of the all optical data.
processing solutions are having larger
noise and more power consumption than
electrical counterparts.

In this work, theoretical demonstration of
XOR, XNOR and OR gates will be
carried out. The operating speed of the
logic gates reaches as high as 80 Gb/s up
to 250 Gb/s, these ultra high speed logic
operations employed the various
techniques such as SOA-MZI-DI, four
wave mixing (FWM) in highly nonlinear
optical fiber (FINLF). processing
solutions are having low noise & higher
speed. The details of setup principles and
results are discussed in details
accordingly.

2. 80 Gb/s XOR using SOA-MZI-DI

In the case of XOR operation, SOA based
MZI is generally used because it is compact
and stable. However, conventional
techniques using SOA-MZI are limited by
the gain and phase response time of SOA
(i.e., 50-200ps), which limits the operating
speed to 20Gb/s. Various differential
schemes have been proposed and realized
[6,2,9] to overcome the speed limitation. A
scheme which utilizes a DI (delayed
interferometer) after SOA-MZI has been
proposed in [2]. In this work, XOR function
is achieved theoretically verification of the
scheme has been carried out using a rate
equation model.

2.1. NUMERICAL SIMULATION:

XOR gate operation has been analyzed
by a numerical solution of the SOA rate
equations. The time dependent gain of the
SOA satisfies the temporal gain rate
equations [8, 2] from (1) to (3).

dhl(t) _ ho _hl(t) . S(t,0)
da T E

c sat

[ —1]..0)
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In above equations, h, (t)is a integral of
optical gain over the length of SOA and
h,., equals the sum of h;,h., and

hgyp, where hy,he,,hg,p are the h-factor

values for carrier recombination, carrier
heating and spectral hole burning

respectively. T is the carrier lifetime, 7, is
the carrier heating lifetime and the 7, is the
spectral hole burning lifetime, h, is the h-
factor of the unsaturated power gain where
the Exp[ho]: G, and E_,

energy of the SOA. S(,0) is the
instantaneous input optical intensity inside
the SOA and &, is the gain suppression

is the saturation

factor owing to carrier heating effect , £q5 is

the gain suppression factor owing to spectral
hole burning effect .Equations (1), (2)
accounts for the intra-band carrier dynamics
(i.e. spectral hole burning and carrier heating
effects). Here, we assume the data stream
pulses to be Gaussian pulses, [9].So,

In 2P,

P,s(t) = zooanAB mx
Xp(_“ngt——ﬂ)} ......................... (4)

TrwHM

where P, is the energy of a single pulse,
o, » s Tepresents nth data in data stream
Aand B, a, , 5

width of half maximum pulse width.

=1lor 0,7y, 1s full
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To simulate the XOR gate performance,
we assume both input signals are of RZ
(return-to-zero) format pseudorandom
bit sequence. The carrier density induced
phase change is described by [10]:

O(t) = —% [oth, (£) + ot ggh gy () v (5)

where o is the linear line width
enhancement factor (i.e.a =4), o, is the
=1),
other SOA parameters are as follows:

G, =30dB, 1, = 20ps, Tryuy = 2PS

Toup = 10015, T, =3001s, 65 = €y = 0.08ps.

carrier heating alpha factor(i.e. o,

3.80Gh/s XNOR using FWM in HNLF
In the case of XNOR operation, four
wave mixing (FWM) in high nonlinear
fiber (HNLF) is used. The four wave
mixing process is a very fast process in
fibers. For pulses longer than 100fs it is
nearly instantaneous [11]. Validity of this
assumption guarantees a high data

rate operation in a fiber FWM based
system. Theoretical calculation is also
presented using the split-step Fourier
transform method, the nonlinear
Schrodinger equation that describes
FWM process in fiber is solved
numerically. Estimated speed of the
transmission rate for our scheme is =
250 GB/s.

3.1 NUMERICAL SIMULATION:

A numerical model of the XNOR
process based on FWM is described in
this paper. The nonlinear Schrédinger
equation (NLS) is used to describe
nonlinear process in the fiber. The
following equations [3] are the coupled
NLS for FWM in HNLF, assuming that
the phase matching condition is perfectly
satisfied along all the fiber length.
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In above equations 3, is the inverse of
group velocity and f3, is linearly

proportional to chromatic dispersion
parameter of the fiber. y is the nonlinear

coefficient of the fiber medium. P, and P,
are input signal powers(i.e. |Al (O)|2 and,

|A2 (0)|2 ),and, A, (z, t)is the pulse
amplitude for input signal and FWM
generated pulses. In our case, 3, is as
follows:3,, =0, B,, =0.06, B,, =-0.06,
and B,, = 0.09, Because the zero

dispersion point is around 1555nm in our
HNLF the dispersion slope is flat at
around 0.019ps/nm/nm/km. vy, the

nonlinear coefficient of our HNLF, is
10.5(W 2km ).
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Considering the propagation in a retarded
frame in which T =t—z/v, v is group

velocity, the first order time derivative
term can be neglected in our calculation.
Assuming that input pulse trains are non-
chirp Gaussian type pulses, its amplitude
can be expressed as f0110w5'[3]

A.(0,t) = \/_Za exp[ )} .(10)

a, =lor 0, T is the pulse train period

(i.e. 80Gb/s T=12.5ps, 160Gb/s
T=6.25ps), and t.y, 1s the full width

half maximum of pulse train which is 2ps
in our simulation. P is the peak power of
input signal; we take it as 2W for 80Gb/s

pulse. The above set of NLSs can be
numerically solved by split-step Fourier
method [3]

4. 40Gb/s NOR using SOA-MZI:

All-optical NOR gates can be formed by
cascading an all-optical OR gate and an
INVERT operation at ~80 Gb/s have been
demonstrated previously using a
semiconductor optical amplifier (SOA)
followed by a delayed interferometer (DI)
[12, 13]. The performance of the NOR results
are numerically analyzed by solving the gain
and phase rate equation of an SOA

4.1 NUMERICAL SIMULATION:

The NOR gate operation has been
analyzed by a numerical solution of the SOA
rate equations. As shown in Figure (1), the
pump signals A and B are combined and
launched into the upper SOA, while the 40
GHz optical clock is injected into the lower
SOA; thus the sum of signal A and B will
modulate the gain of upper SOA together and
thereby the phase of the probe signal(CW).
Similarly, in the lower arm, the phase of the
probe signal is modulated by the injection of
clock signal. At the output stage of the MZI,
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the probe signal out of both SOAs interferes
and the NOR output intensity is given
by:[10]

G, () +G,(1) -
PNORPCTW 2 Gl(t)GZ(t)X
Cos[o,(t) — ¢, (t)]

where Pcw represents the CW power before
SOAs, G, is the time-dependent gain of

SOA and ¢, , is the phase shift in the SOA.
Note that the origin of phase shift is rooted in
the gain modulation of SOA, therefore,
assuming the phase shift (I)(t) is linearly
related to the gain G(t) in SOA by the line

width enhancement factor.
Let us define h (t) as follows,[4]

G(t,z) = Exp(h(t))....ooooirre. (12)
Where,
L
h(t) = j S(L2)AZ oo, (13)
0
By taking into consideration carrier

heating and spectral hole burning effects,
the time- dependent gain for each SOA is
given by the following equations [6,7,8].

dt Tc
[Exp(hy +hgy +hgyp ) —15(t,0).........(14)

dh gy, _ hey, _Ecy
dt Ten Ten
h,+h. +
{Exp( A ]— I}S(t,O) .............. (15)
hSHB

Dept. ot Laser & Optoelectronies Eng. Univ.ot lech.

1143

dhgy, _ _hSHB _ EsuB
dt Tsup  TsuB
[Exp(hN +hey +hSHB)_1]X
dh dh
S(t,0) —— N —— e, 16
(t,0) m it (16)

In the above equations,
h, =Tg,(N,)L=Ta(N, - N, )L....(17)
G(t,z) = Exp[hy +hgys +hey ] (18)

where h,, hg,, hg are the h-factor

values for carrier recombination, carrier
heating and spectral hole burning,
respectively; T 1s the carrier lifetime,

-1 . .
Ty 1S the temperature relaxation rate,
1. . . .
Toys 1S the carrier-carrier scattering
rate, ez and €, are the nonlinear

gain suppression factors due to carrier
heating and spectral hole burning, and g,

is the unsaturated power gain. S, , is the

instantaneous optical intensity inside
each SOA respectively, namely,
S,(t)=S,(t)+S5(t)+ Sy cvevvrrrrnnn (19)
S,(1) =S (1) + Sy cevvvevvnernennnnn. (20)
PL(t)=KkS ,(t) e, 1)

where k denotes the conversion factor
from photon density to power, therefore,

P(t)=P,(t)+Py(t)+ Peyyoovennn (22)
P,(t) =P (t)+ Pegy oo (23)
The Iline width enhancement factor

(o —factor) for different processes (e.g.
band-to-band transition,
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carrier heating and spectral hole burning)
are different [14]. The carrier density
induced phase change is described
by:[10]

¢(t):—%[ahd(t)+aCHhCH(t)] .........

where o is the regular line width
enhancement factor (i.e. a =4), o, is
the carrier heating alpha factor (i.e.

o, =1). The a-factor for spectral hole
burning is 0.

We assume the data stream pulse to be
Gaussian pulses with FWHM pulse width
of 1/8 bit period, €.8. Tpyuu = T/8.

re. [9];

2,/In2P,
P, ()= z a0AB \/_‘t
FWHM

Xp(— 41“29—_“)} ..................... (25)

TrwHM

where P, is the single pulse energy, and

A,B represents nth data in data stream A
and B, an A,B=1 or 0. In this simulation
work, we assume both SOAs in the MZI
have the same operating conditions. The
parameters of SOAs are as follows,

T. =40Ps, 1y, =100fs, 1, =300fs,

Egqp = Ecy = 0.08, line width

enhancement factor o = 4, amplifier
maximum gain = 20dB, injected current

density = 4kA/cm”.

ot lech.
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5. RESULTS & DISCUSION

5.1 80Gb/s XOR using SOA-MZI-DI

Figure (2) shows the calculated XOR
results using the above equations, signal
A has (01100110) pattern, and signal B
has (11001100) pattern. Signals A and B
are on the left figure and the XOR output
is on the right. Figure (3a) illustrates the
XOR operation without PML-DI using
the above equations. Signals A and B are
of 27 —1pseudorandom bit patterns. In
the simulation, the input powers of the
two signals are equal, and, the saturated
gain values for the two wavelengths are
also equal. Figure (3b) shows the
simulated result of XOR operation with
PML-DI. An undesired side-pulse
emerges in this scheme.

This phenomenon is a result of carrier
recovery processes in SOA [2]. At the
receiving end of XOR, the side pulse can
be filtered out using a low pass filter. The
calculated Q value after filter is larger
with DI than without DI. We believe the
operating speed limitis =~ 100 Gb/s for
the bulk active SOA gain and phase
response parameters used here. For MZI
utilizing fast SOA i.e. SOA with fast gain
and phase recovery times, (such as
quantum dot SOA), the operating speed
is = 250 Gb/s[10].

The simulated XOR output using MZI
followed by DI and MZI alone are shown
in Figures (2) and (3). The simulation
also shows a performance improvement

(higher Q) if the MZI is followed by a
DI. The simulation results for
pseudorandom pulses suggest Q > 6 with
DI.
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5.2 80Gb/s XNOR using FWM in HNLF

Figure (4) shows the calculated result
of 80Gb/s 27 —1 pseudorandom XNOR
result, quality factor Q is calculated as
12.8 . We also carried out the simulation
for 250Gb/s for 27 —1 pseudorandom
pulse pattern. Figure (5) is the calculated
eye diagrams for XNOR, output at
80Gb/s and 250Gb/s. The Q value drops
to 6.9 at 250Gb/s, we believe that this is
due to pulse-broadening effect which
leads to bit overlap. For a shorter pulse
width, higher speed of XNOR operation
is expected.

5-3 40 Gb/s NOR using SOA-MZI

Figure (6) shows the simulation
results of NOR gate operation , (i) and
(i1) shows (11001100) pattern of signal A
and (01100110) pattern of signal B,
respectively. The incoming 40Gb/s clock
is shown in Figure (6) (iii), and the
bottom trace (Figure (6) (iv)) shows the
NOR output after MZI. To investigate the
"quality" of NOR operation by
simulation, Q factor of the NOR output
signal has been calculated. Q factor gives
the information of the optical signal to
noise ratio in digital transmission. We
analyze the Q factor following Ref. [15].
Q is defined by,

where P, and P, are the average power

of "1" and "0" signal respectively in the
output NOR data stream, while o, and

o, are the standard deviation of 1's and
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0's. The input patterns in this case are
27 —1 pseudorandom data pattern.

6- CONCLUSION

In this paper, an all-optical XOR gate at
80 Gb/s has been demonstrated based on a
semiconductor optical amplifier — Mach-
Zehnder-interferometer and delayed
interferometer (DI) device. We investigated
the performance of XOR operation using
numerical simulations. The quality of the
XOR result is improved using a DI after the
Mach- Zehnder interferometer.

A novel differential FWM XNOR
scheme based on HNLF has been
proposed and demonstrated.
A nonlinear Schrédinger equation model
is utilized to simulate the FWM process.
Based on numerical calculation, this
scheme is capable of operating at a data
rate as high as 250 Gb/s.

40 Gb/s NOR gate based on the SOA-
MZI device has been demonstrated. By
solving the rate equation of SOA, we
investigated the NOR performance
numerically. Q- factor increases if the
input signals are larger.
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Appendix A

A.1. Nonlinear Schrédinger Equation

oA 1 aA 2AX 10 AX
—_— + —_— —_

az Vgi 5t ﬂZI 2 ﬂ3| 3
2 NCA AT e, (A1)
oN 1 aAy j 0’ N 1 oA
_ = - — )

az Vgi a ﬂ2| 6 ﬂ3|
A= N A s A oo (A2)

A" and A’ are the complex modal

amplitudes of the ith channel. For single-
channel mode simulations, only a

single amplitude is used for each
polarization. Further, v ; is the group

velocity f,; is the second-order
dispersion coefficient, £;; is the third-

order dispersion coefficient, evaluated at
the center wavelength and ¢; is the

frequency dependent attenuation
coefficient. The nonlinear response is

represented by the terms N , and N y [1]-

A.2. Split step Fourier treatment

The nonlinear Schrodinger Equation
(NLSE) is usually solved using a split
step Fourier transform method. The idea
is to separate the linear dispersive

operator D and nonlinear operator N in
the equation. The NLSE A.1 and A.2 can
be seen as:

It is assumed that the nonlinear operator
and the linear dispersive operator affect
the optical wave amplitude intermittently.
The interval is the step size used during
calculation, the smaller the more
accurate. Following is an example flow
chart Figure A.1 of the calculation
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r frequency domain starting at
position Z0
\ 4
oA(z,0) 2, .~
% = D(w)A(Z, )
Z

( START >

A 4

A(z,t) —=22 A(z, w)
Fourier transforms pulse into

Add linear phase shift to each
frequency component in
dz/2(dispersive step)

A 4
A(z,t) =2 —A(z,0)

Inverse Fourier Dispersed
pulse

A 4

0A(z +6dz/2,t) _ IQ(t)Ax
z

(z+dz/2,t)

Add nonlinear chirp component
(nonlinear step).

Until fiber length

Fig A.1 Flow chart of split step Fourier
method used in solving NLSE, is
performed through MatLab 7.0 program.

9



Eng.&Tech.Vol.26,N0.9,2008

Figure (1): schematic diagram of the SOA-MZI as the NOR gate. signals A&B
(combined)are injected into one SOA& clock signal is injected into the second SOA.
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Figure 2: (a) Input 80Gb/s patterns (b) Comparison of XOR output before and after
PML-DI. . Signals A and B are on the left figure and the XOR output is on the right.
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Figure 3: (a) Simulated XOR eye-diagram with MZI alone ( without DI) with input
80Gb/s pseudorandom pattern (b) eye-diagram with MZI followed by DI after low
pass filter (The inset shows side pulse before filter and is in the same scale as in large

figure)
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Figure 4; Simulated XNOR result at 80Gb/s
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Figure 5: Eye diagram for 27 -1 pseudorandom bit pattern input at 80Gb/s
(left) and 250 Gb/s (right)
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Figure 6: The simulated results of SOA-MZI output as a response to the patterned
40Gb/s input of 11001100 and 01100110. (i) — Signal A, (ii) ) Signal B, (iii) Clock ,
(iv) NOR output from MZI
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