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Abstract—A multichannel fractional-order temporal differen-
tiator with independently tunable differentiation order based on
an integrated silicon-photonic symmetric Mach–Zehnder inter-
ferometer consisting of cascaded microring resonators (MRRs)
is designed, fabricated, and experimentally demonstrated. By
controlling the radii of the MRRs, a multichannel spectral re-
sponse with uniform channel spacing is obtained, which is used
to function as a multichannel temporal differentiator with mul-
tiple subdifferentiators. The differentiation order of each subd-
ifferentiator is independently tunable by optically pumping the
corresponding MRR, which leads to the phase change in the spec-
tral response due to the two-photon absorption induced nonlinear
effect. A five-channel temporal differentiator with a channel spac-
ing of 0.49 nm is fabricated on a silicon-on-insulator chip using a
CMOS-compatible process with 193-nm-deep ultraviolet lithogra-
phy. Independent tuning of the differentiation orders of the subd-
ifferentiators is experimentally demonstrated.

Index Terms—Analog optical signal processing, micro-ring res-
onators, microwave photonics, silicon photonics, temporal differ-
entiator.

I. INTRODUCTION

A photonic temporal differentiator, performing temporal dif-
ferentiation of the complex envelope of an arbitrary opti-

cal signal, is one of the basic signal processing blocks, which
can find numerous applications such as in ultrafast computing
[1], ultra-short pulse generation [2], [3] and ultra-short pulse
characterization [4]. In general, a photonic temporal differen-
tiator can be realized using an optical device that has a transfer
function given by [j(ω − ω0)]n , where n is the differentiation
order, ω is the optical frequency and ω0 is the optical carrier fre-
quency. When the differentiation order n is not 1, the operator is
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generalized to be a fractional-order photonic temporal differen-
tiator [5], [6].

Due to the inherent advantages such as much higher speed
and wider bandwidth offered by photonics, a temporal differen-
tiator implemented in the optical domain can perform ultra-high
speed and wideband operation, which is not achievable by the
electronic counterpart. Different schemes have been proposed,
which include fiber-based and silicon-based solutions. For ex-
ample, an all-optical temporal differentiator could be imple-
mented using a phase-shifted fiber Bragg grating (PS-FBG) [7],
a silicon-based micro-ring resonator (MRR) [8] and a silicon-
based phase-shifted waveguide Bragg grating (PS-WBG) [9]. A
temporal differentiator based on a PS-FBG is relatively easy to
implement, but it is highly sensitive to environmental changes.
A silicon-based differentiator based on an MRR or a PS-WBG
has the advantages of small footprint and can be integrated
with other optical and electronic devices. However, the differ-
entiation order of the temporal differentiators in [7]–[9] is 1,
which is fixed and not tunable. Due to the potential applications
in pulse shaping, signal processing and ultrafast optical signal
coding, a temporal differentiator with a tunable fractional order
is important. In [5], a photonic fractional-order temporal dif-
ferentiator implemented based on an asymmetrical PS-FBG in
reflection was demonstrated. The limitation of this technique
is again the absence of the differentiation order tunability. Re-
cently, the implementation of a fractional differentiator using
a titled fiber Bragg grating (TFBG) was demonstrated [10].
In a TFBG, the phase response at a cladding mode resonant
wavelength is strongly polarization dependent. By continuously
tuning the polarization state of the input light wave, the frac-
tional order is continuously tuned. Based on the same prin-
ciple, a tunable fractional-order temporal differentiator using a
polarization-dependent silicon-based MRR incorporating a mul-
timode interference coupler was experimentally demonstrated
[11]. However, the change of the polarization state usually in-
volves mechanical movement, making the system complicated
with low accuracy.

With the fast growth of information exchange all over
the world, wavelength-division multiplexing (WDM), as a
promising technology for expanding the capacity for optical

0733-8724 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.



362 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 33, NO. 2, JANUARY 15, 2015

Fig. 1. Schematic layout of the proposed multi-channel fractional-order tem-
poral differentiator.

communications, has been widely used in the present optical
communications networks [12]. For ultrafast signal processing
and characterization in a WDM network, an all-optical temporal
differentiator that is capable of performing temporal differenti-
ation of multichannel signals carried by multiple wavelengths is
required. However, in the above-mentioned fiber-based tempo-
ral differentiators, the channel number is always one. A multi-
channel optical differentiator can be implemented based on an
optical interferometer. The response of an interferometer is in-
trinsically periodic in frequency. This fact has been exploited
for the measurement and characterization of multi-wavelength
high-speed signals in a WDM communications system [13]. The
main limitation of this solution is the poor stability due to the
high sensitivity of an interferometer to environmental fluctu-
ations. Another solution is to use a single multi-channel fiber
Bragg grating (MC-FBG) [14]. A MC-FBG can be designed us-
ing the discrete layer peeling algorithm together with the spatial
sampling technique. However, in the both techniques [13], [14],
once the device is fabricated, the differentiation order is fixed.

A multi-channel optical differentiator can also be imple-
mented based on a silicon-based MRR. Again, thanks to the
periodic response of the MRR, it is possible to use integrated
device for multi-channel signal processing. However, the free
spectral range (FSR) of an MRR is usually much larger than
the channel spacing of a WDM communications system, or if
an MRR is designed to meet the channel spacing of a WDM
communications system, the radius will be very large and the
chip footprint is significantly increased. In this paper, we re-
port, to the best of our knowledge, the first demonstration of
an independently tunable multi-channel fractional-order tempo-
ral differentiator implemented based on silicon-photonic MRR.
The proposed tunable multi-channel fractional-order temporal
differentiator has a symmetric Mach–Zehnder interferometer
(MZI) structure, in which multiple MRRs are cascaded. By
carefully designing the radii of the multiple MRRs and the cou-
plers, a multi-channel spectral response with identical channel
spacing is obtained, which is used to implement a multi-channel
fractional-order temporal differentiator. When a pump light is
fed into an MRR, the phase response of the MRR is changed by
tuning the power of the pump light thanks to the two-photon ab-
sorption (TPA) induced nonlinear effect in the MRR. Thus, the
order of the temporal differentiator is tuned. A five-channel tem-
poral differentiator is fabricated on a silicon-on-insulator chip
using a CMOS-compatible process with 193 nm deep ultravi-
olet lithography. Spectral measurement shows a five-channel
response with a channel spacing of 0.49 nm and a bandwidth of
each channel of 0.032 nm. The tunability of the differentiation
order of a specific channel is realized by locating the pumping

Fig. 2. Perspective view of the proposed multi-channel fractional-order tem-
poral differentiator.

wavelength at a resonant wavelength of the specific MRR and
by tuning the power of the pumping light. The key feature of
the proposed multi-channel temporal differentiator is that WDM
signals at multiple optical wavelengths can be simultaneously
differentiated and the fractional order of each individual chan-
nel can be independently tuned, which gives more flexibility for
ultra-fast signal processing in WDM systems.

II. DESIGN AND MEASUREMENT

Fig. 1 illustrates the layout of the proposed multi-channel
fractional-order temporal differentiator. It has a symmetric MZI
structure incorporating multiple cascaded MRRs. The MZI com-
prises two adiabatic 3-dB couplers [15]. To minimize the chip
footprint and to reduce the bending loss, a strip waveguide struc-
ture is used to guide the light in the chip. Grating couplers [16]
are employed to couple the light into or out of the chip. The input
light is split by the first adiabatic 3-dB coupler into two beams
to travel through the upper and lower arms. Each ring will se-
lectively transfer the optical power at its resonance wavelength
from the through-port waveguide to its drop-port waveguide.
The MRRs in Fig. 1 are shown in different colors, to indicate
that each MRR is designed to have a different radius and there-
fore a different resonant wavelength. The spacing between the
neighbor MRRs is large enough to avoid mutual interferences.
In the upper and lower waveguides, S-shape waveguide bends,
which are designed using Bezier curves to minimize the mode
mismatch and thus reduce the waveguide bending loss [17], are
added to adapt to the change of the rings. The wavelengths from
the two waveguides will be recombined at the second adiabatic
3-dB coupler at the transmission port. By carefully designing the
ring radii, at the transmission port, the multi-channel response
with identical channel spacing within the expected bandwidth
can be achieved. Thus, a multi-channel temporal differentiator
can be implemented. Fig. 2 shows the perspective view of the
proposed multi-channel fractional-order temporal differentiator.
Note that in Fig. 1, for measurement convenience, the reflection
port has its independent grating coupler. One key advantage of
the proposed structure is the reconfigurability of the design. The
MRRs are designed to have different radii that are adapted by
the two specially designed MZI arms, which give the conve-
nience to expand to incorporate more rings. The multi-channel
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Fig. 3. Measured spectral response of the five-channel fractional-order tempo-
ral differentiator; Inset: measured phase response of the five-channel fractional-
order temporal differentiator.

temporal differentiator based on this design has smaller size
with better compactness, especially the drop port can share a
common port with the input port.

The proposed structure can also be employed as a spectral
shaper with an arbitrary spectral response. A spectral shaper
with a reconfigurable spectral response is useful for the im-
plementation of an all-optical microwave arbitrary waveform
generator (AWG) to generate arbitrary microwave waveforms
such as a chirped waveform, which was recently demonstrated
by us [18].

The designed device is fabricated using a CMOS-compatible
technology with 193-nm optical projection lithography at
IMEC, Belgium, accessed via ePIXfab. The waveguide con-
sists of a thin silicon layer (220 nm thick) on top of a buried
oxide layer (2 μm thick) on a silicon wafer. The strip wave-
guide is employed as the fundamental waveguide structure. In
order to support single transverse-electric mode propagation,
the strip waveguide width is chosen to be 500 nm. The radii of
the five MRR are designed to be 20.452, 20.964, 21.476, 21.990
and 22.506 μm so that the multi-channel response with identical
channel spacing within the expected bandwidth is achieved. The
coupling gaps between the MRRs and the two arms of the MZI
are kept identical. Due to the propagation loss in the MRRs, the
five add-drop MRRs would operate in the undercoupling regime
[19]. The entire device is 1.175 mm in length and 0.063 mm in
width, giving a small footprint of 0.074 mm2. The footprint of
the device can still be greatly decreased if a compact Y-branch
[20] is used to replace the adiabatic 3-dB coupler.

The spectral and phase responses are measured using an op-
tical vector analyzer (LUNA OVA CTe). Fig. 3(a) shows the
spectral response of the five-channel fractional-order temporal
differentiator with a channel spacing of 0.49 nm measured at
the transmission port. The phase response for each of the five
channels is also shown in Fig. 3 as an insert. The FSRs of the
MRR are 4.383, 4.275, 4.154, 4.094 and 4.060 nm. Fig. 4 shows
the zoom-in view of the spectral response for the third chan-
nel, which shows that the channel has a bandwidth of 0.032 nm
or 4 GHz. Such a channel can be used for the implementa-
tion of an optical differentiator with an operation bandwidth
of 4 GHz. Based on the spectral response in Fig. 4, we can

Fig. 4. Zoom-in view of spectral response of the third channel of the five-
channel fractional-order temporal differentiator.

Fig. 5. Experimental setup. TLS: Tunable laser source. IM: Intensity modula-
tor. AWG: Arbitrary waveform generator. EDFA: Erbium-doped fiber amplifier.
PC: Polarization controller. PD: Photodetector. OSC: Oscilloscope.

estimate the Q-factor of the MRR, which is about 4 × 105 . A
high Q-factor ensures an MRR to have strong capacity in light
confinement, which enables relatively low power pumping of
the MRR to introduce the required phase response change. On
the other hand, a high Q-factor makes an MRR to have a rel-
atively small bandwidth. Thus, there is a trade-off between the
operation bandwidth and the required pumping power.

III. PRINCIPLE AND EXPERIMENT

For an input signal x(t), the Fourier transform of its n-
th order differentiation, dxn (t)/dtn , is expressed as [j(ω −
ω0)]nX(ω − ω0), where ω is the optical frequency, ω0 is the
carrier frequency, and X(ω) is the Fourier transform of x(t).
Therefore, the differentiator can be considered as an optical filter
with a frequency response given by

H(ω) = [j(ω − ω0)]
n =

{
ejn( π

2 ) |ω − ω0 |n , ω > ω0

ejn(− π
2 ) |ω − ω0 |n , ω < ω0

.

(1)
As can be seen an nth-order temporal differentiator can be im-

plemented using an optical filter that has a magnitude response
of |ω − ω0 |n and a phase jump of θ at ω0 , where θ = nπ. When
θ is not multiple times of π, the differentiation order is gener-
alized to be a fractional-order with n = θ/π. When the phase
jump is tuned, the differentiation order is tuned.

To verify that the fabricated device can be used to implement
a multi-channel temporal differentiator with independently tun-
able differentiation order, an experiment is carried out. The
experimental setup is shown in Fig. 5. A continuous-wave light
wave from a tunable laser source (TLS) is directed to an in-
tensity modulator (IM) via a polarization controller (PC1). An
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Fig. 6. Experimental results. (a) The measured Gaussian pulse from AWG
(the blue solid line) and the simulated Gaussian pulse (the red dotted line); and
measured differentiated output pulses from the photonic fractional differentiator
at the (b) first, (c) second, (d) third, (e) fourth, and (f) fifth channel.

electrical pulse from an AWG (Tektronix AWG7102) is applied
to modulate the optical carrier at the IM. The pulse from the
AWG has a shape close to a Gaussian with a temporal full-width
at half-maximum of about 360 ps, or a spectral width of about
4 GHz, as shown in Fig. 6(a). The optical signal is then sent to
the chip through a second polarization controller (PC2) which
adjusts the state of polarization of the input light wave to mini-
mize the polarization-dependent loss. Since the central portion
of the input signal spectrum is filtered out in the differentiator,
the temporal differentiation is an operation with an inherently
low energetic efficiency. To compensate for the loss, the optical
signal is amplified before and after the temporal differentiator
using two erbium-doped fiber amplifiers (EDFAs). Finally, the
output optical pulse is detected by a high-speed photodetector
(PD) with the waveform observed by a high-speed sampling
oscilloscope (OSC, Agilent 86116A).

Fig. 6 shows the measured temporally differentiated pulses
at the output of the five-channel fractional-order temporal dif-
ferentiator for five optical wavelengths of 1531.564, 1532.006,
1532.460, 1532.948 and 1533.438 nm, for an input Gaussian
pulse from the AWG, shown in Fig. 6(a) (blue-solid line). A sim-
ulated Gaussian pulse (red-dashed line) is also shown in Fig. 6(a)
for comparison. Fig. 6(b) shows the corresponding temporally
differentiated pulse (blue-solid line) by the first channel with a

Fig. 7. Experimental setup. TLS: Tunable laser source. IM: Intensity modula-
tor. AWG: Arbitrary waveform generator. EDFA: Erbium-doped fiber amplifier.
PC: Polarization controller. PD: Photodetector. OSC: Oscilloscope. DCF: Dis-
persion compensating fiber.

differentiation fraction order of 0.61. Again, a simulated tem-
porally differentiated pulse (red-dashed line) is also shown for
comparison. As can be seen the experimentally generated pulse
is close to the simulated pulse, which confirms the effectiveness
of the use of the device to perform fractional-order differentia-
tion. Fig. 6(c)–(f) shows the temporally differentiated pulses by
the other four channels, with differentiation orders of 1.24, 0.89,
0.65 and 1.05. Again, good agreement is achieved, which con-
firms again the effectiveness of the use of the device to perform
a fractional-order differentiation. Thus, the multi-channel op-
eration of the fractional-order temporal differentiator has been
demonstrated. The root mean square errors (RMSEs) of the five
differentiators with fractional orders of 0.61, 1.24, 0.89, 0.65
and 1.05 are calculated, which are 2.0%, 3.4%, 3.2%, 2.2% and
3.2%, respectively

IV. INDEPENDENT TUNABILITY

We then demonstrate the independent differentiation order
tunability. The experimental setup is shown in Fig. 7. The dif-
ference between the setup in Fig. 7 and that in Fig. 5 is that a
wavelength-tunable light source is used as a pumping light to
perform the differentiation order tuning.

We first demonstrate the differentiation order tuning. In this
case, only a single probe signal is applied to the chip. A pumping
light is amplified by a high power EDFA (Amonics, AEDFA-
33-B-FA) and sent to the chip together with the probe light via a
coupler. The wavelength of the pumping light is selected differ-
ent from the wavelength of the probe light, but is located at one
resonant wavelength of the MRR to increase the light confine-
ment, thus with increased nonlinear optical effect. At the output
of the chip, a notch filter is used to remove the pumping light
to avoid possible damage to the PD. The differentiated pulse is
detected by the PD and the waveform is observed by the OSC.
Thanks to the nonlinear thermo-optic effect in the silicon-based
MRR, when the pumping light at a different power level is fed
into the MRR, the phase response of the MRR is changed [21]–
[23]. The strong light-confinement nature of the MRR makes
the MRR have a strong response to the nonlinear optical effect.
Thus, the tuning is achieved at a low pumping power level. As
it was demonstrated in [24], for the implementation of a tem-
poral differentiator, the phase response is more important than
the magnitude response. The magnitude response of an ideal
temporal differentiator is given by |ω − ω0 |n , which may not be
exactly satisfied by using an MRR. The phase jump provided
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Fig. 8. Experimental results for differentiation order tuning. (a) Measured
phase response of the second channel with the power of the pump light in-
creased, and measured differentiated output pulses from the photonic fractional
differentiator at the second channel with the pump light wave power of (b) 0,
(c) 21.7, (d) 25, (e) 28.7, and (f) 31 dBm.

by an MRR is critical for the implementation of a temporal dif-
ferentiator. When the phase jump is tuned by tuning the power
of the pump light, a temporal differentiator with a tunable dif-
ferentiation order is achieved.

Fig. 8 shows the measured differentiated pulses at the out-
put of the second channel for a probe light at 1532.006 nm
and a pumping light at 1536.280 nm. The pump light wave-
length is selected at one resonance wavelength of the second
MRR. Fig. 8(a) shows the measured phase response of the
second channel with the pumping power increased from 0 to
31 dBm. As can be seen, with the increase of the pump power,
the phase jump becomes smaller, which is resulted from the
increase in the internal loss in the MRR due to the TPA-induced
nonlinear effect. Fig. 8(b)–(f) shows the corresponding tempo-
rally differentiated pulse (blue-solid line). Differentiated pulses
with differentiation orders of 1.24, 1.13, 1.07, 1.00, and 0.97
are generated. The simulated pulses with an ideal input Gaus-
sian pulse and an ideal differentiator with the same orders are
also shown (red-dashed line) for comparison. As can be seen
the experimentally generated pulses are close to the simulated
pulses, which confirms the effectiveness of the use of the device
to perform a tunable fractional-order differentiator. The RMSEs
of the differentiators with fractional orders of 1.24, 1.13, 1.07,

Fig. 9. Experimental results for differentiation order tuning: (a) Measured
phase response of the second channel with the power of the pumping light
increased, and the measured differentiated output pulses from the differentiator
at the fifth channel with the pumping power at (b) 0, (c) 21.7, (d) 25, (e) 28.7,
and (f) 31 dBm.

1.00 and 0.97 are also calculated, which are 3.4%, 3.6%, 3.8%,
3.0% and 2.4%, respectively.

Fig. 9 shows the measured differentiated pulses at the output
of the fifth channel for a probe light wavelength at 1533.438 nm
and a pumping light wavelength at 1537.498 nm. The pumping
light wavelength is selected at one resonance wavelength of the
fifth MRR. Fig. 9(a) shows the measured phase response of
the second channel with the pumping power increased from 0
to 31 dBm. Fig. 9(b)–(f) shows the corresponding temporally
differentiated pulse (blue-solid line). Differentiated pulses with
differentiation orders of 1.05, 0.96, 0.92, 0.86, and 0.73 are
generated. The RMSEs of the differentiators with fractional
orders of 1.05, 0.96, 0.92, 0.86 and 0.73 are again calculated,
which are 3.2%, 3.2%, 2.6%, 2.2% and 2.1%, respectively. The
experimental results in Figs. 8 and 9 confirm that the tuning
of a sub-differentiator can be done by selecting the pumping
wavelength.

Then, we verify that when one channel is pumped, the other
channel is not affected. To do so, we send two probe light waves
at two wavelengths at 1532.006 and 1533.438 nm corresponding
to two resonant wavelengths of the second and the fifth channels.
A dispersion compensating fiber (DCF) is added to the setup in
Fig. 7 to temporally separate the outputs from the two channels
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Fig. 10. Experimental results for independent tunability. Measured differen-
tiated output pulses from the differentiator at the second and the fifth channels
with the pumping light wavelength at (a) 1537.498 nm corresponding a resonant
wavelength of the fifth channel, and (b) 1535.920 nm corresponding a resonant
wavelength of the second channel.

due to the dispersion-induced time delay between the two probe
lights, for the purpose of waveform observation.

First, the wavelength of the pumping light is selected at one
resonance wavelength of the fifth MRR. Fig. 10(a) shows the
measured differentiated pulses at the output of the differentia-
tor. The pulses on the left correspond to the output from the
fifth channel and on the right correspond to the output from the
second channel. The magnitude difference between the differen-
tiated pulses from the two channels is resulted from the different
amplitude resonance of the two channels. When the pumping
wavelength is selected at 1537.498 nm corresponding a resonant
wavelength of the fifth channel and the pumping power is in-
creased from 0 to 31 dBm, the order of the differentiated pulse at
the output fifth channel is changed while the order of the differ-
entiated pulse at the second channel is maintained unchanged.
Second, the wavelength of the pumping light is selected at one
resonance wavelength of the second MRR. When the pumping
wavelength is selected at 1535.920 nm corresponding a reso-
nant wavelength of the second channel and the pumping power
is increased from 0 to 31 dBm, the order of the differentiated
pulse at the output of the second channel is changed while the
order of the differentiated pulse at the fifth channel is maintained
unchanged. The experimental results in Fig. 10 confirm that the
differentiation order of each sub-differentiator in the proposed

integrated on-chip multi-channel differentiator is independently
tuned.

V. CONCLUSION

An on-chip independently tunable multi-channel fractional-
order temporal differentiator was designed, fabricated and ex-
perimentally demonstrated. The proposed differentiator has a
symmetric MZI structure, in which multiple MRRs were cas-
caded. By controlling the radii of the MRRs, a multi-channel
response with identical wavelength spacing was achieved. The
differentiation order tuning of an MRR was achieved by op-
tically pumping the MRR. Due to the nonlinear thermo-optic
effect, the phase response of the MRR could be changed by
tuning the power of the pumping light at one resonant wave-
length of the MRR. A five-channel temporal differentiator was
fabricated using a CMOS-compatible process with 193 nm deep
ultraviolet lithography. Spectral measurement showed that the
temporal differentiator had a spectra response with five channels
with an identical channel spacing of 0.49 nm and each channel
has a bandwidth of 0.032 nm. The use of the five-channel tempo-
ral differentiator to perform multi-channel differentiation with
independently tunable differentiation order was demonstrated.

The key feature of the proposed temporal differentiator is that
a WDM signal at multiple wavelengths can be simultaneously
differentiated and the fractional order of each individual channel
can be independently tuned, which gives much more flexibility
in WDM signal processing.
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