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Abstract. A simple scheme for an all-optical AND gate, based on four-wave mixing (FWM) in
semiconductor optical amplifier (SOA) is studied. In our proposed scheme an SOA and an optical filter are
used, while an additional continuous-wave signal is absent. We have numerically studied four-wave mixing
in semiconductor optical amplifier by the finite-difference beam propagation method (FD-BPM). We used
the nonlinear propagation equation taking into account gain spectrum dynamic gain saturation which depends
on carrier depletion (CD), carrier heating (CH), spectral hole burning (SHB), group velocity dispersion
(GVD), self-phase modulation (SPM), and two photon absorption (TPA). The pattern effect in this scheme
has been fully reviewed.
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1. Introduction

All-optical AND gate is an important logic unit for optical communication. All-optical logic gates are
based on the nonlinear effects in semiconductor optical amplifier (SOA), such as cross gain modulation
(XGM), cross-phase modulation (XPM), four-wave mixing (FWM), and cross-polarization modulation
(XPolM).

Various schemes for optical AND gate are proposed, by using cross gain modulation (XGM) [1], AND
gate by using cross polarization modulation [2], AND gate using a semiconductor optical amplifier (SOA)
based on Mach-Zehnder interferometer (SOA-MZI) [3], AND gate by four-wane mixing (FWM) with
polarization- shift-keying (PolSK) modulated signals [4], AND gate using an SOA assisted by optical filter
[5], and AND gate based on four-wane mixing (FWM) [6].

In this paper, we propose and theoretical demonstrate an all- optical AND gate by utilizing FWM in an
SOA with considering all nonlinear parameters in SOA including carrier depletion (CD), carrier heating
(CH), spectral hole burning (SHB), group velocity dispersion (GVD), self-phase modulation (SPM), and two
photon absorption (TPA). Modified nonlinear Schrédinger equations for modelling wave propagation in an
SOA is used [7]-[8]. This equation is solved by finite difference beam propagation method (FD-BPM) [8],
[9]. The BPM is widely used for the analysis of the field distribution in optical waveguides and optical pulse
propagation in fibers [10]. Based on the simulation time and results, we used the FD-BPM, because of short
convergence time and excellent accuracy of the results [9-11].

The paper is organized as follows; sect. 1 is introduction, sect. 2 is optical logic gate configuration, sect.
3 is theory of the model, the equations which govern the dynamics of the amplification process, sect. 4 is
simulation results and discussion and finally conclusions in sect. 5
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2. Optical logic gate configuration

As shown in figure. 1, an AND gate operates on two serial optical return-to-zero (RZ) signals (Datal and
Data2).Datal and Data2 are pump and probe signals, respectively. When two data streams at different central
frequencies of f,, (pump) and fg(probe) are injected into SOA simultaneously, the FWM signal is generated
in the SOA at the frequency of 2f,, — f,, that is equivalent to the logic AND operation between the two
input signals. As it can be seen in Table 1, only if both input signals are present the FWM occur (which is
equal to logic one), and in other modes FWM does not occur (which is equal to logic zero).

Datal (pump)

A 4

Optical Filter

—>

Data2 (probe)

Fig. 1: Schematic diagram of AND gate

Table 1: AND logic operation

FWM-= Logic AND gate

Datal(pump) Data2(probe) AND (FWM)
0 0 0
0 1 0
1 0 0
1 1 1

3. Theory of the model

The model we have used for simulation of SOA and obtain the logic gate is based on modified nonlinear
Schrdodinger equation (MNLSE) which explains the propagation of optical pulse in the SOA [8].
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Where, A(z, 7) is the complex envelope function of an optical pulse. and here:
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where, 7 is the frame of local time which propagates with the group velocity v, at the center
frequency of an optical pulse. The slowly varying envelope function approximation is used in
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Eq.(1),where the temporal change of the complex envelope function is very slow compared with the
cycle of an optical field. |A(z, 7)|?is the optical power of an optical pulse, 3, is the group velocity
dispersion (GVD) coefficient, @, is the linear loss, v, is the two-photon absorption (TPA)

coefficient, b, is the instantaneous self-phase modulation (SPM) term due to the instantaneous
nonlinear refractive index (Kerr effect). gy (t) is the saturated gain due to carrier depletion, g, is
the linear gain , E,, is the saturated energy, 7, is the carrier lifetime, fr(t) is the spectral hole-
burning (SHB) function, Psyp is the SHB saturation power, tsyp 1S the spectral hole-burning
relaxation time, and ay and a are the line-width enhancement factors associated with the gain
change due to carrier depletion and carrier heating (CH), respectively. Agr(t) is the resulting gain
change due to the CH and TPA. u(s) is the unit step function, 7.4 is the CH relaxation time, h, is
the contribution of stimulated emission and free-carrier absorption to CH gain reduction, and h, is
the contribution of TPA. Finally, A; and A, are the slope and curvature of linear gain at w,,
respectively. While B, and B, are constant describing changes in these quantities with saturation [8-
12].

For solving Eq. 1, the SOA cavity is divided to M equal sections. By using a central-difference
approximation in time domain and trapezoidal integration over spatial section and applying an
iterative procedure, a set of MNLSEs can be solved with high precision in few seconds [9].

4. Results and discussions

The parameters that we used in our simulations are listed in Table2 [8]. In this simulation the form of
input pulses are sech?.the full width at half maximum (FWHM) of the input pulses are 3.4ps . the central
frequencies of pump, probe, and FWM pulses are 349 THz, 348 THz, 350 THz, respectively. The return-to-
zero (RZ) bit sequences have been used for two input signal at bit rates of 50 Gb/s. The input energies for
pump and probe are equal. Pattern effect (PE) defined as the ratio of the maximum peak power (P4, ) to the
minimum peak power (Pp,i,) that for FWM signal is as follow [13]:
®

P
PEFWM = 10 loglo <—max'FWM>

P min,FWM

Due to the gain recovery phenomena in the SOA pattern effect between output FWM signals is occurred.
Therefore the first logic 1 bit which happen after the long zero bit sequence has the maximum energy
because the SOA gain is fully recovered. On the other hand in the worst case when the long bit sequence of
logic 1 occur, SOA's gain cannot recover to its initial value and remain constant for rest of the bits and
therefore the FWM peak power is not changed.

Figure 2 illustrates the increases of pattern effect in SOA versus increases of input energies of pump and
probe signals. In figure 3, we analyze the energies of input pulses on the peak power of pump signal at the
output of SOA for serial data streams. As it can be seen with increasing input signal energies, difference
between minimum and maximum peak power of signals become greater. This is due to the saturation effect
of the SOA.
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Fig. 2: Pattern effect in SOA versus input energies of Fig. 3: Influence of input energies on the output peak
pump and probe signals. power of pump and probe signal.
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Table 2: The parameters that we used in our simulations [8]

parameter Symbols Values

SOA length L 500um

Effective area A, 5um?

Center frequency of the pulse fo 349 THz

Saturation energy Egqt 80pJ

Linear gain 9o 92cm™*

Group velocity dispersion B, 0.05psZcm™t

Line width enhancement factor due to the carrier depletion ay 3.1

Line width enhancement factor due to the carrier heating QAcn 2.0

The.contrib}ltion (‘)f stimulgted emission and free carrier absorption to the h, 0.13cm"pj 1

carrier heating gain reduction

The contribution of two-photon absorption h, 126fscm™1p]—2

Carrier lifetime T 200ps

Carrier heating relaxation time Ten 700ps

Spectral-hole burning relaxation time Tshp 60fs

Spectral-hole burning relaxation power Psup 283 W

Linear loss Qine 11.5cm™

Instantaneous nonlinear Kerr effect n, -0.70 cm?TW™1

Two-photon absorption coefficient Yap 1.1 cm™tw1
Ay 0.15fs um™*

Parameters describing second-order Taylor expansion of the dynamically | Bi -80 fs

gain spectrum A, -60fs? pm~1
B, 0 fs?

In figure 4, we analyze the gain of the SOA. For this case we assume two inputs serial data with long
sequence of logic 1 bit injected to SOA. In this figure, Gain,, related to the SOA's gain for the first bit
which decreases with the increase of input pulse energies. This is due to inclusion of nonlinear phenomenon
in our equations which leads to saturation effects in SOA. Gainy,, is the SOA's gain after the long sequence
of logic 1 bits. It can be seen as the gain cannot be recover to its initial value the SOA's gain gradually
decreases. To obtain the optimum peak power and energies of the output FWM signal of SOA for logic 1 we
have to analyze the pattern effect and the SOA's gain accurately. According to figures 2-4 for input energies
less than 50 fJ desirable PE and SOA's gain are occur. Therefore, we consider 40 fJ input energies for pump
and probe signals.

Figure 5 shows the simulated results for our proposed all-optical AND gate. Figures 5(a) and 5(b) are the
data streams for data signal 1 and data signal 2, respectively. The corresponding RZ bit sequences are
"1110101101101011" and "1010001011001110" for two input signals. The demodulated bit sequences in
Figure 5(c) is "1010001001001010" that is equal to AND operation between the two input signals.
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Fig. 4 : Demonstration of SOA's Gain versus input signal energies.

5. Conclusions

In this work, all-optical AND gate using FWM in SOA is numerical simulated by FD-BPM technique.
For implementing the AND gate all nonlinear parameters such as CD, CH, SHB, GVD, SPM, and TPA are
considered. It is shown that gain recovery phenomena play an essential role for optimizing the PE on FWM
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bit stream. It is depicted as the input pulse energies increases although the output FWM signal energy is also
increases but PE increases too.
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Fig. 5: waveform for (a) the input serial data 1, (b) the input serial data 2, (c) the logic AND output.
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