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Abstract All-optical circuits for signal processing could
be a promising solution to overcome the speed bottleneck
of electronics. For the photonics industry, silicon becomes
a competitive material of choice in the field of integrated
optics for designing and implementing high-speed and
compact photonic devices. To further increase the integra-
tion density, it is a critical challenge to manipulate light on
scales much smaller than the wavelength for the dielectric
waveguides due to the diffraction limitation. Surface
plasmon-polaritons (SPPs), which break the diffraction
limitation, are receiving increasing attentions in recent
years. This paper compares the advantages and disadvan-
tages between electronic devices and optical devices taking
differentiator as an example, and proposes an optical
parametric amplifier (OPA) using silicon-based hybrid
plasmonic waveguide.

Keywords silicon based, surface plasmons, microring
resonator, differentiator, optical parametric amplifier (OPA)

1 Introduction

Over time, a gradual transition from electrical to optical
technology can be seen in the interconnect market, since
the limitations of copper as an interconnect medium in
term of its loss, dispersion, crosstalk, and fundamental
speed are becoming increasingly obvious when the
interconnect densities increase [1,2]. Optical interconnects
has gained its applications from high-performance com-
puting, date centers, down to mobile-to-server intercon-
nects and desktop computers. Silicon photonics becomes a
competitive candidate thanks to its unique combination of

low fabrication costs, compact size, performance enhance-
ments resulting from electronic-photonic integration, and
compatibility with complementary metal oxide semicon-
ductor (CMOS) technology [2,3]. To achieve miniaturiza-
tion and high-speed performance of the devices, silicon
microring resonators are playing a significant role in recent
years, due to its ultra-compact size, periodic linear high-Q
filter effect, and capability of forming strong optical field
inside the ring [4–9]. Many applications have been studied,
including optically tunable optical delay line [4], all-
optical modulation format conversion [5,6], generation of
ultra-wideband monocycle pulses [7], all-optical temporal
differentiator [8], all-optical integrator [9], etc.
However, the guiding mode size of conventional

dielectric waveguide is limited to the same level of the
transmission wavelength, thus limiting further decreasing
of the device size and therefore the integration density. To
overcome the limitations, plasmonic waveguides support-
ing surface plasmon-polariton (SPP) mode are proposed.
Due to the coupling of the electromagnetic wave and
electron gas, the electromagnetic wave is localized at the
interface between metal and dielectric layers, confining the
mode into subwavelength region and breaking the
diffraction limitation [10]. Many kinds of silicon-based
plasmonic waveguides have been introduced, such as
conductor-gap-dielectric (CGD) hybrid waveguide [11],
wedge waveguide [12], groove waveguide [13], slot
waveguide in the form of rectangular nanogaps in thin
metal films [14], and hybrid plasmonic waveguide formed
by a cylindrical dielectric nanowire coupled to a metal
surface [15]. However, the propagation loss increases
largely when the waveguide size decreases to several tens
of nanometers. Step-structure hybrid plasmonic (SHP)
waveguide shows unique properties [16], where nano-scale
mode size and ultra-low loss can be realized simulta-
neously. Based on the SHP waveguide, an ultra-broadband
optical parametric amplifier (OPA) was introduced [17].
In this paper, we focus on the high-speed and compact
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silicon devices and silicon-based plasmonic devices,
including an 80-Gb/s optical differentiator using compact
silicon ring resonator, and an ultra-broadband OPA with
above 1 μm operational bandwidth using nano-scale SHP
waveguide. To start, we compare the advantages and
disadvantages between electronic devices and optical
devices taking differentiator as an example.

2 Comparison between electronic and
optical differentiators

After years of development, electronics has been matured in
signal processing, information communication, etc. With
CMOS as a successful technology for producing electro-
nics, the densities of the electronic circuits increase
significantly. However, the integration of modern electronic
devices for information processing and sensing is rapidly
approaching its fundamental speed and bandwidth limita-
tions known as Moore’s law. Optical technology could
bring several major advantages over the electrical counter-
part. It reduces the electromagnetic interference, cable
length and cable weight, and may also allow increased
complexity in device design through optical interconnects
and optimized cooling, resulting in substantial energy
savings [1]. The optical operation speed and bandwidth
could be several orders of magnitude over electronics. The
major problem for optical devices is the lack of integration
and miniaturization, which are relatively lagging behind
those achievable in modern electronics [18]. For this
reason, research on optical integration has received
tremendous interest in recent years.

Optical differentiator, as a basic building block for
mathematical and logical operations, has received con-
siderable attention recently due to its potential applications
in ultrafast all-optical information processing and comput-
ing, optical pulse shaping and coding, ultra-wideband
microwave signal generation, higher-order Hermite-Gaus-
sian waveforms generation and processing, direct phase
reconstruction of arbitrary optical signals, and high-speed
analog computing. Therefore, we take differentiators to
investigate the differences between electrical and optical
circuits. Different optical differentiators have been pro-
posed, such as Mach-Zehnder interferometer [19], fiber
grating [20], as well as semiconductor optical amplifier
(SOA) [21]. We proposed and experimentally demon-
strated a temporal differentiator in optical field using a
silicon microring resonator with a radius of 20 μm
(Fig. 1(a)). The microring resonator operates near the
critical coupling region, and can take the first order
derivative of the optical field. The performance of this
optical differentiator was tested using signals with typical
shapes such as Gaussian, sinusoidal and square-like pulses
at data rates of 10 and 5 Gb/s [8]. Furthermore, we recently
demonstrated 80-Gb/s optical differentiation of picose-
conds (ps) pulses. In analog computing to solve differential
equation using electronic differentiator, one usually takes
procedures shown in Fig. 1(b). The analog signal is
sampled through an analog-to-digital (A/D) converter after
filtered by a low pass filter to be a digital signal. Then the
digital signal is input into a digital signal processing (DSP)
chip where the digital differentiation procedure is
accomplished. After processing, the digital signal is
reconstructed to analog signal through a digital-to-analog

Fig. 1 Two schemes to realize optical and electronic differentiators. (a) Optical differentiator using a single silicon ring resonator;
(b) realization of electronic differentiator using digital signal processing
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(D/A) converter. Finally, one gets the analog differential
signal after filtering.
Speed of the electronic differentiator is mainly limited

by the processing speed of the A/D converter, DSP chip
and D/A converter. To our knowledge, the fastest
components have the following performances: A/D
converter (MAX109) has a sampling speed of 2.2 GS/s,
D/A converter (MAX5881) has a reconstruction speed of
4.3 GS/s, and DSP chip has 1.2 GHz clock rate. The power
consumption varies from several mW to several W.
We make a comparison of these two types of

differentiators with respect to complexity, line width,
power, and speed as shown in Table 1. It can be seen that
the electronic device can integrate many function blocks in
one chip, while the optical processing device in silicon
photonics is less complex with a single function on one
chip. The line width of electronic device is about tens of
nanometers while that of optical devices is more than
100 nm. The range of power consumption is comparable to
each other, varying from several mW to several W.
However, the maximum processing speed of optical
devices outperforms electronic devices by 3 orders of
magnitude, which can achieve several Tb/s.

3 All-optical differentiator based on
compact silicon microring resonator

In this section, we introduce an 80-Gb/s optical differ-
entiator. Figures 2(a) and 2(b) show the scanning electron
microscope (SEM) pictures of a fabricated single coupled
microring resonator. A ring is evanescently coupled to a
single straight waveguide. The device is fabricated on a
semiconductor-on-insulator (SOI) wafer with a 250-nm-
thick silicon slab on top of a 3 μm silica buffer layer,
employing E-beam lithography, reactive ion etching and
wet chemistry. The cross section of the silicon waveguide
is 450 nm�250 nm. Wet chemistry for oxidizing 20 Å of
silicon surface is carried out to reduce the surface
roughness to reduce the loss. The transfer function of the
microring resonator can be expressed as [8]

TðωÞ ¼ so
si

¼
jðω –ω0Þ þ 1

τi
– 1

τe

jðω –ω0Þ þ 1
τi
þ 1

τe

, (1)

where ω0 is the resonance frequency, τ is the reciprocal of
photon lifetime as 1/τ = 1/τi + 1/τe, 1/τi is the power decay

rate due to the intrinsic loss and 1/τe is the power coupling
loss to the straight waveguide from the ring. Under the
condition that the microring resonator works at the critical
coupling region (τi = τe) and the frequency detuning is
much less than the 3-dB bandwidth of the microring
resonator, Eq. (1) can be approximated as [8]

TðωÞ ¼ so
si

¼ jτðω –ω0Þ: (2)

Equation (2) is a typical function of first-order differ-
entiator. The measured transmission spectrum of the
silicon microring is shown in Fig. 2(c). The notch depth
at the resonance is about 25 dB, implying that the ring
resonator works close to the critical coupling condition,
and the 3-dB bandwidth is 2.5 nm at the resonance
frequency of 1551.7 nm.
Experiment for 80-Gb/s signal differentiator is carried

out based on the measurement setup in Fig. 2(e).
Figure 2(d) is the vertical coupling setup for light coupling
between the fiber and the silicon waveguide, which
possesses about 20-dB power loss. Inset (iii) in Fig. 2(e)
shows the experimental results of 80-Gb/s signal differ-
entiator. A 10-GHz radio frequency (RF) clock from a
pulse pattern generator (PPG ANRITSE MP1763C) is
amplified and used as an electrical driver of a pico-second-
pulse generator (u2t tunable mode-locked semiconductor
laser (TMLL) 1550), which works in active mode locking
state. The output of the TMLL 1550 is pico-second pulse
train with a repetition frequency of 10 GHz and a full width
half maximum (FWHM) of 2.7 ps measured by a 500 GHz
optical sampling oscilloscope (Alnair Lab EYE-2000C) as
shown in the inset (i). The 10-GHz pico-second pulses are
amplified with an erbium-doped fiber amplifier (EDFA)
and input to an optical multiplexer (OMUX), where three-
stages of multiplexing are employed, to generate an
80-Gb/s optical time division multiplexing (OTDM)
signal, as shown in the inset (ii). After amplification, the
80-Gb/s OTDM signal is fed into the silicon microring
resonator through the vertical coupling set. The signal is
amplified with another EDFA after the microring resonator.
Lastly, the signals are recorded using a 500-GHz optical
sampling oscilloscope. Inset (iii) shows the experimental
result of the differentiated 80-Gb/s OTDM signal. The
shape differences between the pulses of the 80-Gb/s
OTDM signal are mainly caused by the imperfect
attenuations and time delays in the three propagation
paths within OMUX. The phenomenon of non-return-to-
zero in the middle of the two lobes of the experimental
result is induced by the limited bandwidth of the 500G-
oscilloscope (resolution of 1 ps). The asymmetry of the
two lobes is mainly caused by the third order dispersion of
the microring resonator at the resonance wavelength, and
the comparable bandwidth of the ps-pulse (1.5 nm) to the
operation bandwidth of the ring resonator (2.5 nm). The
speed of the differentiator is mainly limited by the 3-dB
bandwidth of the microring resonator. By introducing a

Table 1 Comparison of electronic devices and optical devices

electronic
processing

optical processing in
silicon photonics

complexity (number of units) high low

line width 10’s nm > 100 nm

power mW–W mW–W

speed Gb/s Gb/s–Tb/s
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low-Q factor microring resonator operating near the critical
coupling region, the differentiator can be utilized for the
signal with hundreds of Gb/s date rate.
One possible important application of the silicon-based

high-speed optical differentiator is the ultra-high-speed
integrated all-optical analog computing, e.g., solving
ordinary differential equations (ODE), as shown in
Fig. 3. Using the multi-mode interferece as a subtracter
and silicon ring resonator as a high-speed differentiator, an
integrated silicon based analog all-optical computing for
sovling first-order linear ODE can be realized.

4 Ultra-broadband optical parametric
amplifier employing nanoscale plasmonic
waveguide

Silicon-based optical signal processing breaks the speed
and bandwidth limitations of modern electronic devices.
However, a major problem with using electromagnetic
waves as information carrier in optical signal processing is
the low level of integration and miniaturization, which is

due to the diffraction limit of light in dielectric media.
SPPs, which break the diffraction limitation, are capable of
confining the light into subwavelength. Thus, silicon-based
plasmonic devices show great promise for miniaturization
and improvement of the spatial resolution of optically
integrated devices [19]. For conventional silicon-based
plasmonic waveguide, the propagation loss increases
largely when the size of the waveguide decreases to

Fig. 2 80-Gb/s optical differentiator. (a,b) SEM pictures of fabrication silicon microring resonator with radius of 20 µm; (c) measured
transmission spectrum of ring resonator; (d) vertical coupling setup for fiber to silicon waveguide light coupling; (e) experimental setup for
80-Gb/s signal differentiator. Inset (i) inputted 10-GHz optical ps-signal; inset (ii) generated 80-GHz OTDM signal before differentiation;
inset (iii) red solid curve: the measured differential results of the 80-GHz OTDM signal; blue dotted curve: simulated curve after an ideal
differentiator of 80-GHz OTDM signal

Fig. 3 Integrated analog all-optical computing scheme for real-
time solving of first-order linear ODE using silicon ring resonator
based ultra-fast optical differentiator

Yikai SU et al. High-speed, compact silicon and hybrid plasmonic waveguides for signal processing 267



several tens of nanometers. We recently proposed an SHP
waveguide as shown in Fig. 4(a) that exhibits better trade-
off between the field confinement and the propagation loss.
Figure 4(b) shows the mode profiles of the SHP waveguide
with a waveguide width of 200 nm. The mode size of the
SHP waveguide is ~ 1�10–3 μm. The SHP waveguide can
be a competitive candidate for ultra-compact high-speed
optical signal processing devices. An ultra-broadband OPA
is proposed through detailed simulations based on SHP
waveguide by applying highly nonlinear polymer poly
(methyl methacrylate) functionalized with DR1 films
(polymethyl methacrylate (PMMA)-DR1). Figure 4(c)
depicts the calculated group-velocity-delay (GVD) values
of the propagating mode for waveguide widths of 100, 200
and 300 nm, respectively. It is clear that the waveguides
show a normal GVD from wavelength of 1000 to 2000 nm,
due to the large silicon material dispersion near the
wavelength of 1.55 μm. Thus, PMMA-DR1 with negative
nonlinear index is introduced to satisfy the phase-matching
condition. The performances of the OPA are analyzed with
different waveguide widths, lengths and pump powers as
shown in Figs. 4(d), 4(e) and 4(f), respectively. It is also
indicated that with the length≥300 μm, the signal net gain
near lp becomes below 0 dB, due to the large propagation
loss of the long waveguide length. With a single pump
power of 1W, the optical amplifier which occupies nano-
scale area (~ 1�10–3 μm2) is able to provide an on/off gain
over a wavelength range of above 1 μm within the

communications band, thus significantly enhance the
optical signal processing capabilities of all-silicon nano-
photonic integrated circuits with a peak signal net gain of
above 25 dB.

5 Conclusion

Silicon microring resonator shows its unique properties for
high-speed signal processing such as solving ordinary
differential equations. Compact 80-Gb/s all-optical tem-
poral differentiator based on the resonator is demonstrated.
In addition, plasmonic nanostructures capable of guiding
light beyond the diffraction limitation are particularly
useful for future design and development of highly
integrated and efficient high-speed optical signal proces-
sing. SHP waveguide shows good trade-off between the
propagation loss and mode size, and a 1-μm-broadband
OPA with net power gain of above 25 dB is proposed by
utilizing highly nonlinear polymer.
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