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An ultrafast all-optical differentiator based on an asymmetric Mach-Zehnder interferom-
eter is proposed. The device has a simple structure and can be integrated. Differentiation
operations for Gaussian and super-Gaussian optical pulses are numerically shown suc-
cessfully with very small deviation from the ideal differentiator output. The working speed
of the device is only limited by the size of the device.

Introduction

Optical differentiators have received considerable attention recently due to their potential
applications in all-optical analog-digital signal processing circuits, optical pulse shaping
and optical sensing [1-3]. Several approaches have been proposed based on an integrated-
optic transversal filter structure [1] or long period fiber gratings [2-3]. These approaches
are complicated in terms of the optimization of the design parameters and they show
large relative deviation (error) from the ideal differentiator. In this letter we propose
a simple optical differentiator based on an Asymmetric Mach-Zehnder Interferometer
(AMZI). AMZI is very useful in all-optical signal processing and has been extensively
investigated in the framework of Differential Interferometer Signal Converter (DISC) [4,
5]; however, it has not been recognized as an optical differentiator. We explain how the
device works and numerically demonstrate the differential operation with low relative
error. Higher order derivatives can also be realized by cascading AMZIs and the device
can be integrated.

Operation principle

he proposed logic differentiator [inset in Fig. 1(a)] is composed of an AMZI, in which a
delay τ is introduced in one arm and a π phase shift is introduced in another arm. Suppose
the input optical electrical field is Ein(t)exp(iωt), where ω is some optical frequency and
Ein(t) is a slowing varying amplitude, representing the function to be differentiated. The
optical electric field Eout(t)exp(iωt) at the AMZI output can be expressed as

Eout(t) = [Ein(t)−Ein(t − τ)exp(−iωτ)]/2 = τĖin(t)/2, (1)

when τ is small. Hence by adjusting τ we obtain

Iout(t) ∝ |Eout(t)|
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and the output signal intensity is directly proportional to the square of the absolute value
of the differentiation of the input electrical field.
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Simulation results

The proposed differentiator is simulated in the frequency domain using a Fast Fourier
Transform (FFT) algorithm. An assumed input electrical field is Fourier transformed into
the frequency domain, multiplied by the transfer function of the AMZI and transformed
back into the time domain. In both Fig. 1 and Fig. 2 the delay τ in the differentiator is
fixed at 5 ps. Fig. 1 shows a comparison between the simulated and ideal (analytic) output
signals for the 1st and 2nd order differentiation. The latter is achieved by cascading two
1st order differentiators. The differentiation of 100ps and 10ps Gaussian input pulses are
shown in Fig. 1(a) and Fig. 1(b), respectively. The pulse width here is referred to full

(a) (b)

Figure 1: Simulated output temporal waveforms (dash-dotted) and analytical output (dot-
ted) for input Gaussian pulses with a FWHM of (a) 100 ps, and (b) 10 ps. Upper panels:
1st order derivative, and lower panels: 2nd order derivative. The inset in (a) shows the
proposed device.

width at half maximum (FWHM). The estimated errors or deviations are indicated in Fig.
1, estimated from the relative difference between the normalized optical intensities that
correspond to the numerically obtained and the ideal temporal derivatives over a temporal
window where the signals exhibit nonzero intensity [2]. In Fig. 2 similar results are shown
for 3rd order Super Gaussian pulses of 200 ps (a) and 100 ps (b). There is good agreement
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Figure 2: Simulated output temporal waveforms (dash-dotted) and analytical output (dot-
ted) for input 3rd order Supergaussian pulses with a FWHM of (a) 200 ps, and (b) 100 ps.
Upper panels: 1st order derivative, and lower panels: 2nd order derivative.
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Figure 3: Error dependence on (a) input pulse FWHM and delay in the differentiator for
Gaussian input pulses.

between the numerical and the analytic results. The error increases with decreasing pulse
width and with increasing differentiation order. The main reason for this is the deviation
of the transfer function from an ideal linear transfer function. As explained, the transfer
function of the proposed differentiator is linear only around the frequency origin. Hence,
as the signal bandwidth increases, the transfer function of the differentiator within the
signal spectrum shows considerable deviations from an ideal linear function. A differen-
tiator is a high-pass filter and therefore the error increases for higher differentiation order
because the outputs spectrum from the previous differentiator shows more pronounced
high frequency components. Fig. 3 shows the error dependence on the Gaussian pulse
FWHM. The error decreases with increasing input pulse width (equivalent to decreasing
the input pulse bandwidth), as expected. For input pulses of equal FWHM, the error is
lower for a shorter delay τ in the differentiator since the bandwidth over which the transfer
function is linear increases.
Since a differentiator works like a high-pass filter, the output signal is weak after the 1st
order differentiation decreasing the optical signal-to-noise ratio (SNR). Since differentia-
tion is very sensitive to noise [6], the device performance dependence on the noise level is
also investigated. Uniformly distributed noise is added to the input waveform (200 ps, 3rd

order Super Gaussian pulse) and the error for the differentiated signal is calculated. The
error increases and it shows instability when the variance of the added noise increases, as
shown in Fig. 4. In principle, the proposed differentiator can work for arbitrarily broad-
band signal if the delay in the differentiator can be made arbitrarily small. AMZIs with
a delay of several picoseconds have been demonstrated [5], indicating the ability to deal
with ultrafast input signals. Higher order differentiation can be realized by cascading sev-
eral AMZIs at the expense of increased error. The cascadability is limited by both the
delay τ in the AMZI and the SNR. It is important to note that the proposed differentiator
can be integrated with planar lightwave circuit (PLC) technology [4].
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Figure 4: Error dependence on the level of added noise carried by the input signal. The
input signal is a 200 ps 3rd Super Gaussian pulse.

Conclusion

A simple, low error differentiator based on an AMZI is proposed. The device can be
cascaded to realize higher order derivatives at the cost of reduced SNR. The device can
be integrated.
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