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All-optical logic gates using semiconductor
optical amplifier assisted by optical filter

Z. Li, Y. Liu, S. Zhang, H. Ju, H. de Waardt, G.D. Khoe,
H.J.S. Dorren and D. Lenstra

A simple all-optical logic device, composed of an SOA and an optical

filter, is proposed. By utilising optical filtering, multi-logic functions

(AND, OR and XOR) are demonstrated at 10 Gbit=s using the same

setup, under different operation conditions. Simulations indicate that

the device can operate at much higher bit rate.

Introduction: All-optical logic gates have received considerable

attention in the field of optical networks [1]; they can enable many

advanced functions [1, 2]. Many approaches have been proposed to

achieve all-optical logic functions, based on the nonlinear effects

either in optical fibre or in semiconductor material. Compared with

their optical-fibre based counterparts, all-optical logic gates based on

semiconductor optical amplifiers (SOAs) are promising due to

their power efficiency and potential for photonic integration [1].

Most SOA-based optical logic gates employ interferometric

structures requiring several SOAs and complicating the system

[1, 3]. Logic gates based on four-wave mixing in SOAs [4] suffer

from low conversion efficiency and polarisation dependence.

We propose a simple and polarisation-independent logic gate

composed of a single SOA followed by an optical bandpass filter

(BPF). We achieve various logic functions with the same setup under

different operation conditions. Two pulsed control signals and a

continuous wave (CW) probe are injected into the SOA, leading to a

broadened probe spectrum owing to carrier density modulation by the

control signals. We explain how different logic functions can be realised

by filtering the spectrally broadened probe light. We demonstrate AND,

OR and XOR logic functions at 10 Gbit=s. Our results agree with the

numerical simulations, which show that higher bit rate operation should

be possible.

Fig. 1 Proposed logic gate structure; simulated spectrum of probe;
simulation results of logic gates

a Proposed logic gate structure
b Simulated spectrum of probe
c–g Simulation results of logic gates

Operation principle: The proposed logic gate is shown in the dashed

box in Fig. 1a. Two modulated optical return-to-zero (RZ) control

signals (data 1, data 2), combined with a CW probe, are injected into

the SOA. The control signals might be at different wavelengths but

this is not essential. However, the control and probe signals should be

at different wavelengths. Due to cross-gain (XGM) and cross-phase

modulation (XPM), the falling (rising) edge of the inverted probe

signal is red-(blue-)shifted [5]. Hence, the probe spectrum is broa-

dened, as in Fig. 1b, where the BPF shape is shown by the dashed

curve. Since the control pulses introduce spectral blue-shift for the

probe light, a BPF can be used to reject the central wavelength of the

probe light and select the blue-shifted spectrum, so that the probe can

only pass through the BPF when the control signal is present. Based

on this principle, non-inverted all-optical wavelength conversion at

40 Gbit=s has been demonstrated [6]. The magnitude of the induced

blue-shift can be controlled by the individual powers of the input

signals. By controlling the power levels and the filter detuning (Dl in

Fig. 1b), different logic functions can be realised.

If control pulses are launched simultaneously at data 1 and data 2, the

modulated probe will receive a much stronger spectral blue-shift

compared to where only one pulse is present, either in data 1 or data

2, since the SOA works in deeper saturation. The BPF can be used to

select this stronger blue-shift while rejecting the weaker blue-shift.

Thus, at the output of the BPF, a pulse from the probe will be generated

in the presence of control pulses in data 1 and data 2 simultaneously,

resulting in an AND gate.

Similarly, the BPF can be adjusted to select the weaker blue-shift and

reject the stronger blue-shift. At the output, a pulse from the probe will

be generated only when one control pulse appears, resulting in an XOR

gate.

When the SOA operates in strong-saturation, the difference in the

amount of blue-shift, induced by two simultaneous control pulses or a

single control pulse, is small. Both induced blue-shifts can fit in the

passband of the BPF resulting in an OR gate.

A rate equation model [5] is employed to simulate the logic functions

at a data rate of 10 Gbit=s, Figs. 1c–g using a Gaussian filter of 15 GHz

full-width-at-half-maximum (FWHM). The SOA has a carrier lifetime

of 200 ps and a linewidth enhancement factor of 6.

Fig. 2 Experimental setup

VD: variable delay; ATT: variable optical attenuator

Experiment and results: The experimental setup shown in Fig. 2 was

constructed using commercially available fibre-pigtailed components.

A 10 Gbit=s data stream with 2.3 ps (FWHM) optical pulses, gener-

ated by an actively modelocked fibre ring laser, is modulated by an

external modulator at 10 Gbit=s to form a 27
� 1 RZ pseudorandom

binary sequence (PRBS). The centre wavelength of the data signal is

1549.98 nm. This is then divided into two control channels (data 1

and data 2). Data 2 is delayed by propagating through 2 km of

dispersion-shifted fibre to remove the coherence between the two

channels. They are then combined, amplified and injected into the

optical logic gate with a CW probe. All the couplers used are 3 dB.

The attenuators are adjusted to equalise the average powers in data 1

and data 2 are before the SOA. The variable delay is adjusted to

synchronise data 1 and data 2. The optical logic is composed of an

SOA and a 0.3 nm (FWHM) BPF, centred at 1560 nm. After the

optical filter, the signal is amplified by another EDFA before being

monitored by an oscilloscope with a specified electrical bandwidth of

50 GHz. The SOA (manufactured by JDS Uniphase) is pumped with a

current of 350 mA. The gain recovery time of the SOA is approxi-

mately 150 ps. Note that, in the experiment, we tune the wavelength of

the probe to adjust the detuning of the filter (Dl). This detuning

attenuates the output power and the attenuation in the experiment is

more than 15 dB.

Fig. 3 shows the experimental results. Two input control channels are

shown in Figs. 3a and b. The AND (OR, XOR) gate operations are

presented in Fig. 3c (d, e), where the input powers of the probe are 1.12
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(0.64, 1.06) mW, the powers of both control channels are 0.65 (1.13,

0.27) mW and the filter detunings are 1.82 (0.54, 1.52) nm respectively.

We did not observe patterning effect in the experiment. We observed

some small residual pulses in the AND and XOR gates output which

ideally should not appear. However, this could be improved by

optimising the filter transfer function. In Fig. 3 the zero levels of the

output signals are not precisely at the ground level. This is due to the

fact that the slope of the optical bandpass filter in the experiment is

about 0.4 dB=GHz, which is not steep enough to reject the centre part

of the probe spectrum. The zero levels can reach the ground level if the

filter slope is steeper than 0.6 dB=GHz. This is also experimentally

confirmed [6].
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Fig. 3 Input pulse train in data 1 and data 2, and corresponding output

a Data 1 b Data 2
c AND gate output d OR gate output e XOR gate output

Further simulations (not shown) suggest that the proposed logic gate

could operate at higher bit rates with further filter detuning. This

degrades the optical signal-to-noise ratio of the output signal ultimately

limiting the operation speed.

Conclusion: A simple optical logic device is proposed and demon-

strated at 10 Gbit=s. We explain how this system can realise AND, OR

and XOR gate functions based on the same setup but with different

operating conditions. The proposed logic gate has a very simple

structure and allows photonic integration.

Acknowledgments: This work was supported by the Netherlands

Organisation for Scientific Research (NWO), the Technology Founda-

tion STW through the NRC Photonics grant, the VIDI Programme

and the programme ‘Towards Freeband Communication Impulse’.

# IEE 2005 18 October 2005

Electronics Letters online no: 20053385

doi: 10.1049/el:20053385

Z. Li, Y. Liu, S. Zhang, H. Ju, H. de Waardt, G.D. Khoe, H.J.S.

Dorren and D. Lenstra (COBRA Research Institute, Eindhoven

University of Technology, P.O. Box 513, 5600, MB, Eindhoven, The

Netherlands)

E-mail: zhonggui.li@tue.nl

D. Lenstra: Also with the Laser Centre, Vrije Universiteit,

Amsterdam, The Netherlands

References

1 Stubkjaer, K.E.: ‘Semiconductor optical amplifier-based all optical gates
for high-speed optical processing’, IEEE J. Sel. Top. Quantum Electron.,
2000, 6, (6), pp. 1428–1435

2 Martinez, J.M., Ramos, F., and Marti, J.: ‘All-optical packet header
processor based on cascaded SOA-MZIs’, Electron. Lett., 2004, 40,
(14), pp. 894–895

3 Bintjas, C., et al.: ‘All-optical packet address and payload separation’,
IEEE Photonics Technol. Lett., 2002, 14, (12), pp. 1728–1730

4 Webb, R.P., et al.: ‘40 Gbit=s all-optical XOR gate based on hybrid-
integrated Mach-Zehnder intererometer’, Electron. Lett., 2003, 39, (1),
pp. 79–81

5 Chan, K., et al.: ‘Demonstration of 20-Gb=s all-optical XOR gate by
four-wave mixing in semiconductor optical amplifier with RZ-DPSK
modulated inputs’, IEEE Photonics Technol. Lett., 2004, 16, (3), pp. 897–
899

6 Agrawal, G.P., and Olsson, N.A.: ‘Self-phase modulation and spectral
broadening of optical pulses in semiconductor laser amplifiers’, IEEE J.
Quantum Electron., 1989, 25, (11), pp. 2297–2306

7 Nielsen, M.L., Lavigne, B., and Dagens, B.: ‘Polarity-preserving SOA-
based wavelength conversion at 40 Gbit=s using bandpass filtering’,
Electron. Lett., 2003, 39, (18), pp. 1334–1335

ELECTRONICS LETTERS 8th December 2005 Vol. 41 No. 25

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on February 3, 2009 at 10:39 from IEEE Xplore.  Restrictions apply.


