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Abstract—Integrated microwave photonics is an emerging field 

in which photonic integrated technologies are employed to realize 
on-chip integration of microwave photonic systems with the aim 
to enrich the functionalities and enhance the system performance. 
Silicon photonics, as one of the various photonic integrated 
technology platforms, has attracted worldwide attention to 
achieve microwave photonic system integration for its 
compatibility with the current CMOS technology and its potential 
of seamless integration with electronics. In this article, an 
overview about our recent work on silicon-based integrated 
microwave photonics is presented with an emphasis on 
silicon-based on-chip photonic arbitrary microwave waveform 
generation and microwave signals processing.  
 

Index Terms— microwave photonics, silicon photonics, 
integrated photonics, photonic generation and processing of 
microwave signals 

I. INTRODUCTION 
ICROWAVE photonics is a field that studies the 
interactions between microwave and optical waves for 

the generation, processing, control and distribution of 
microwave signals by means of photonics [1-6]. The key 
motivation of using photonics for microwave applications is the 
wide bandwidth and low loss offered by modern photonics, 
which makes the implementation of certain important functions 
possible while in the electrical domain the same functions may 
not be realizable or the systems become extremely complicated 
and costly. In the past few years, there has been an increasing 
effort in researching microwave photonic techniques for 
different applications. Among the applications, photonic 
generation of arbitrary microwave waveforms [7] and photonic 
processing of microwave signals [8-9] are two important topics 
and have been extensively studied.  

Microwave waveforms with a large time-bandwidth product 
(TBWP) offer great potential for applications in 
communication systems to increase data transmission rate 
[10-11] and in modern radar systems to enhance the range 
resolution [12]. Two types of microwave waveforms, 
frequency chirped and phase coded, are widely used. In the 
past, microwave waveforms were generated in the electrical 
domain using digital electronics [13-14]. However, the time 
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jitter, the limited speed and the nonlinearity of currently 
available digital-to-analog (DAC) converters set a limitation on 
the sampling rate, which inhibits from generating microwave 
waveforms at a high frequency with a large TBWP. To 
circumvent the obstacles, the generation of microwave 
waveforms in the optical domain has been considered a 
potential solution, which brings the inherent advantages of 
broad bandwidth and low loss offered by photonics to the 
microwave systems. In addition, the large flexibility in 
frequency tuning and system reconfiguration provides 
additional advantages. In the past few years, numerous 
approaches to the generation of frequency chirped and phase 
coded microwave waveforms based on photonics have been 
proposed and demonstrated [15–27]. 

Photonic processing of microwave signals has also been a 
topic of interest and has been intensively investigated in the last 
few years. Compared with the conventional microwave signal 
processing techniques based on digital or analog electronic 
circuits, photonic-assisted signal processing solutions provide a 
much higher speed, wider bandwidth and greater tuning range. 
Various techniques have been proposed and demonstrated. 
These signal processors include microwave filters [28], 
photonic temporal differentiators and integrators [29], Hilbert 
transformers [30], microwave mixers [31], and microwave 
phase shifters [32]. However, most of the signal processors 
were realized based on discrete components. For example, a 
photonic temporal differentiator, performing temporal 
differentiation of the complex envelope of an arbitrary optical 
signal, was demonstrated using a fiber Bragg grating (FBG) 
[29] for ultra-short pulse generation [33] and ultra-short pulse 
characterization [34]. Since the differentiator was implemented 
based on discrete components, the system was large and the 
stability was poor. For many applications, however, it is highly 
desirable that the signal processors are implemented using 
photonic integrated circuits (PICs). 

A few demonstrations based on PICs have been recently 
reported [35], based on either silicon photonics [36-39] or III-V 
photonics [40-42]. For silicon-based PICs, the large refractive 
index contrast between silicon (n~3.47) and silica (n~1.45), and 
their optical transparency in the 1.55 μm wavelength window 
enable ultra-compact device dimensions, making it suitable for 
large-scale and high-density integration on a chip. In addition, 
the compatibility of silicon photonics with the current CMOS 
technology and its potential of seamless integration with 
electronics enable low-cost development of devices and 
systems with high volume production.  
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In this paper, we will discuss a few demonstrations based on 
silicon photonics for microwave waveform generation and 
microwave signal processing. Specifically, photonic generation 
of linearly chirped microwave waveforms (LCMWs) based on 
spectral shaping and wavelength-to-time (SS-WTT) mapping 
will be presented. Two silicon-based on-chip spectral shapers 
are designed, fabricated and characterized, and the use of the 
spectral shapers in an SS-WTT mapping system for LCMW 
generation will be discussed. Photonic processing of 
microwave signals will also be presented. A silicon-based 
phase-shifted waveguide Bragg grating (PS-WBG) as a single 
channel temporal differentiator and a silicon-based multiple 
cascaded microring resonators (MRRs) as a multiple channel 
temporal differentiator are designed, fabricated and 
demonstrated. In addition, a silicon-based electrically tunable 
sidewall-Bragg-grating Fabry-Perot filter (SBG-FPF) as a 
reconfigurable signal processor to achieve different signal 
processing functions is also presented. 

The paper is organized as follows. In Section II, photonic 
generation of microwave waveforms based on SS-WTT 
mapping is described, followed by two demonstrations using 
silicon-based spectral shapers to perform spectral shaping for 
LCMW generation. In Section III, photonic temporal 
differentiation is described, followed by two demonstrations to 
implement a single channel and multiple channel temporal 
differentiation with independently tunable differentiation 
orders. In addition, a silicon-based electrically tunable 
SBG-FPF reconfigurable for multi-function signal processing 
is discussed. In Section IV, a conclusion is drawn. 

II. PHOTONIC GENERATION OF MICROWAVE WAVEFORMS  
Among the different types of microwave waveforms, 

LCMWs are widely used for radar and communications 
systems and have been widely studied. In general, an LCMW 
can be generated by beating two complementarily parabolically 
phase-modulated optical pulses [17-18] or simply two linearly 
chirped optical pulses with different chirp rates [19-21]. An 
LCMW can also be generated based on direct space-to-time 
(DST) mapping [22- 23], and SS-WTT mapping [24-27]. 
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Fig. 1. Schematic of a microwave waveform generation system based on 
SS-WTT mapping technique. 

 
If two optical wavelengths are complementarily phase 

modulated by a parabolic microwave waveform [17-18] or two 
linearly chirped optical pulses with different chirp rates [19-21] 
are applied to a photodetector (PD), an LCMW is generated.  

In a DST mapping system, an ultrashort optical pulse is 
launched into an optical pulse shaper to generate a pulse burst 
with increasing or decreasing temporal spacing. After detection 
at a PD, an LCMW with its chirp rate determined by the profile 
of the temporal spacing is generated [22-23].  

An LCWM can also be generated based on SS-WTT 
mapping. Fig. 1 shows a typical SS-WTT mapping system, 

which consists of an ultrashort optical pulse source, an optical 
spectral shaper, a dispersive element, and a high-speed PD. An 
ultrashort optical pulse is spectrally shaped by the optical 
spectral shaper. The spectrum-shaped optical pulse is then sent 
to the dispersive element to perform linear WTT mapping. At 
the output of the high-speed PD, a microwave waveform with 
the shape identical to that of the shaped optical spectrum is 
generated. For LCMW generation, the optical spectral shaper 
should have a spectral response with an increasing or 
decreasing free spectral range (FSR). The approach based on 
SS-WTT mapping provides large flexibility, since the spectral 
response of the spectral shaper can be easily reconfigured. For 
example, in [27], a spectral shaper having a Mach-Zehnder 
interferometer (MZI) structure incorporating an optically 
pumped linearly chirped fiber Bragg grating (LC-FBG) written 
in an erbium-ytterbium co-doped fiber in one arm was 
demonstrated for chirp-rate tunable LCMW generation. By 
optically pumping the LC-FBG with a different pumping 
power, the chirp rate of the generated LCMW was tuned. In the 
demonstration, an LCMW with a tunable chirp rate from 79 to 
64 GHz/ns was generated.  

The key component in an SS-WTT mapping system is the 
spectral shaper. The spectral shapers in most of the approaches 
reported in the past were implemented based on either 
free-space optics [24] or fiber optics [25-27]. Thus the size is 
large and the stability is poor. To have a spectral shaper with a 
small size and a good stability, integrated solutions should be 
adopted. For example, in [38] an on-chip spectral shaper 
implemented based on silicon photonics was demonstrated. 
The spectral shaper was designed to have multiple cascaded 
MRRs. By thermally tuning the MRRs, a spectral shaper with 
an increasing or decreasing FSR is obtained. The generation of 
an LCMW with a chirp rate of 8 GHz/ns was demonstrated. 
Thermal tuning enables the reconfigurability of the system for 
arbitrary microwave waveform generation. However, due to the 
limited tuning range, the chirp rate of the generated LCMWs is 
limited.  
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Fig. 2. Perspective view of a silicon-based on-chip spectral shaper consisting of 
five MRRs. 
 

To generate an LCMW with a large chirp rate, recently we 
have designed and demonstrated two optical spectral shapers 
based on silicon photonics, both are fabricated using a 
CMOS-compatible technology with 193-nm deep ultraviolet 
lithography. 

The first spectral shaper consists of multiple cascaded MRRs 
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with largely different radii, as shown in Fig. 2. The small 
footprint of an MRR makes it highly suitable for high-density 
integration, and thus is being extensively researched recently 
[43]. The spectral shaper has an MZI structure incorporating 
multiple cascaded MRRs [44]. As can be seen, an incident light 
beam is split by the first adiabatic 3-dB coupler [45] into two 
beams that travel through the upper and lower arms of the MZI. 
Each ring will selectively transfer the optical power at its 
resonance wavelength from the through-port waveguide to its 
drop-port waveguide. The different colors of the rings shown in 
Fig. 2 indicate that each ring is designed to have a different 
radius and therefore a different resonant wavelength. The 
spacing between two neighboring rings 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 [46], are added to accommodate to the 
change of the rings. The resonant wavelengths from the both 
waveguides will be recombined at the first adiabatic 3-dB 
coupler and constructively interfere as reflected signals. The 
non-resonant wavelengths are recombined at the second 
adiabatic 3-dB coupler at the transmission port. In order to 
achieve a maximum reflection power, each ring is designed to 
work in the critical coupling condition. By carefully designing 
the ring radii, at the reflection port, the reflection peaks with a 
linearly increasing spacing can be achieved.  
 

1560.8
-60

-56

-52

-48

-44

-40

Po
w

er
 (d

Bm
)

1560 1560.4
Wavelength (nm)

(a)

-56

-52

-48

-44

-40

1548.8 1549.2 1549.6 1550
-60

(b)

 
Fig. 3. Measured spectral response of an on-chip spectral shaper consisting of 
(a) four cascaded MRRs and (b) five cascaded MRRs. 
 

Fig. 3(a) shows the spectral response at the reflection port of 
an on-chip spectral shaper consisting of four MRRs and Fig. 
3(b) shows the spectral response of an on-chip spectral shaper 
consisting of five MRRs. As can be seen, the spacing between 
the neighboring peaks is linearly increasing, which is required 
for LCMW generation. Fig. 4(a) shows the experimentally 
generated LCMW using the four-ring spectral shaper in the 
SS-WTT mapping system, and Fig. 4(b) shows the spectrogram 
of the generated LCMW, which illustrates the time distribution 
of the microwave frequency components. The colors indicate 
the relative spectral intensity of the frequency components. 
Low-frequency contents below 5 GHz are not shown in the 
spectrogram. As can be seen the generated LCMW has a 
bandwidth of 8.5 GHz and a chirp rate of 12.2 GHz/ns. Fig. 4(c) 
shows the experimentally generated LCMW using the five-ring 
pulse shaper, and the spectrogram is shown in Fig. 4(d). As can 
be seen, the generated LCMW has a bandwidth of 15.5 GHz 
and a chirp rate of 17.2 GHz/ns. Small differences between the 
spectral response of the spectral shaper and its corresponding 
generated LCMW are observed, which are mainly due to the 

limited bandwidth of the PD. Due to the limited bandwidth of 
the PD, the high frequency components are attenuated.  
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Fig. 4 (a) Generated LCMW and (b) its spectrogram when using an on-chip 
spectral shaper consisting of four cascaded MRRs. (c) Generated LCMW and 
(d) its spectrogram when using on-chip spectral shaper consisting of five 
cascaded MRRs. 
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Fig. 5. Perspective view of the silicon-based on-chip optical spectral shaper 
incorporating LC-WBGs. (Inset: (Left) Wire waveguide and (Right) Rib 
waveguide). 

 
Compared with the work in [38], the distinct feature of this 

optical spectral shaper is that the MRRs are designed to have 
largely different radii for the generation of an LCMW with a 
much higher chirp rate. Thanks to the S-shape waveguide bends 
in the MZI arms, the MRRs can be accommodated into the two 
arms smoothly, which gives the advantages in incorporating 
more different rings and increasing the compactness of the 
device. In addition, the spectral shaper works in the reflection 
mode, thus the reflection port and the input port can share a 
common grating coupler, which could further reduce the 
footprint. However, due to a limited number of MRRs, the 
generated LCMW has a TBWP as small as 18.7. For practical 
applications where large pulse compression is required, an 
LCMW with a much greater TBWP is needed.  

The second spectral shaper is designed to have a greater 
TBWP [47-48]. Fig. 5 illustrates the perspective view of the 
second spectral shaper. The inset shows the structures of the 
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strip waveguide and rib waveguide used in the chip. Fig. 6(a) 
presents the schematic layout of the spectral shaper, which has 
an MZI structure that incorporates two identical LC-WBGs 
with opposite chirp rates in its two arms. An input light wave is 
split by a compact Y-branch [49] into two beams to travel 
through the LC-WBGs in the upper and lower arms. Spectral 
components of the light waves of different wavelengths are 
reflected from different positions in the LC-WBGs. By the 
second and the third Y-branches, the reflected light waves are 
collected and recombined at the fourth Y-branch. The 
combined light wave is guided to an output grating coupler to 
couple the light out of the chip. When recombined, due to the 
optical interference, the optical spectral shaper has a spectral 
response with a wavelength-dependent FSR, which is required 
to generate an LCMW. The central frequency of the generated 
LCMW can be controlled by using an offset waveguide added 
in the lower arm of the spectral shaper to control the length 
difference between the two arms. By designing the LC-WBGs 
and choosing the length of the offset waveguide, the spectral 
response of the spectral shaper can be controlled to have a 
symmetrical, a uniformly increasing or decreasing FSR, which 
is required for LCMW generation. Fig. 6(b) shows the image of 
a fabricated spectral shaper captured by a microscope camera. 
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Fig. 6. (a) Schematic layout of the designed on-chip spectral shaper; (b) Image 
of the fabricated spectral shaper with the length of the offset waveguide equal to 
the length of the LC-WBG captured by a microscope camera.  
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Fig. 7. Perspective view of an LC-WBG. (Inset: Simulated fundamental TE 
mode profile of the rib waveguide with the rib width of 500 nm (left) and 650 
nm (right)). 
 

The two LC-WBGs are the key components in the spectral 
shaper. Fig. 7 shows the perspective view of a designed 
LC-WBG. Different from the work in [50], the grating is 

realized by introducing periodic sidewall corrugations on the 
slab. By keeping the grating period uniform and linearly 
increasing the width of the rib along the grating, a linear chirp is 
produced since the effective refractive index is linearly 
increasing as the rib width increases in a definite range. The 
inset in Fig. 7 shows the simulated fundamental TE mode 
profile in the rib waveguide with a rib width of 500 nm (left) 
and 650 nm (right).  
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Fig. 8. Measured spectral and group delay responses of an LC-WBG with the 
rib width linearly increasing from 500 to (a) 550 nm, (b) 600 nm, and (c) 650 
nm. 
 

Fig. 8(a), (b) and (c) show the measured reflection spectrum 
in blue and the group delay in green of the fabricated LC-WBG 
with the rib width linearly increasing from 500 to 550 nm, 500 
to 600 nm, and 500 to 650 nm, respectively. As can be seen, by 
controlling the rib width, it is convenient to tailor the reflection 
response and the chirp rate of an LC-WBG. Table I presents the 
reflection bandwidth, time delay, dispersion and chirp rate of 
each of the LC-WBGs in Fig. 8. The easiness in tailoring the 
spectrum and the chirp rate enables the LC-WBG to have large 
flexibility in satisfying the specific demands such as dispersion 
engineering. It is worth noting that all the reflection spectrums 
in Fig. 8 are normalized. The insertion loss for the three 
LC-WBGs is around 23 dB, most of which is induced by the 
coupling loss of the grating coupler and the splitting loss of the 
compact Y-branch. By optimizing the design of the grating 
coupler, the insertion loss of the LC-WBG could be largely 
reduced. 

The advantage of achieving the chirp by varying the rib 

TABLE I 
PROPERTIES OF LC-WBGS* 

Rib Width 
(nm) 

Bandwidth 
(nm) 

Delay 
(ps) 

Dispersion 
(ps/nm) 

Chirp Rate 
(nm/mm) 

550 1533~1544  228 20.7 0.88 
600 1534~1554 236 11.8 1.59 
650 1533~1562 241 8.3 2.31 

* Each LC-WBG has a linearly increasing rib width starting from 500 nm.  
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width is that the grating period is uniform, which is more robust 
than varying the grating period [51]. The reflection spectrum 
and the chirp rate can be tailored in a simple way of controlling 
the rib width. In addition, the LC-WBG is able to work as an 
optical delay line, which is a key device in the applications such 
as data buffering in optical switches [52] and optical 
beamforming in phased-array antennas [53]. Furthermore, 
compared with other integrated delay lines comprising of 
MRRs or photonic crystal waveguides [54], such an LC-WBG 
provides a broader bandwidth and a comparatively smaller 
optical transmission loss. More importantly, such an LC-WBG 
is capable of functioning as a dispersive element in an SS-WTT 
mapping system. Thus, it is feasible to integrate an optical 
spectral shaper and a dispersive element on a single chip, which 
is a significant step further to implement a fully integrated 
SS-WTT mapping system. 
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Fig. 9. Measured spectral response of a fabricated spectral shaper when the 
length of the offset waveguide is equal to (a) zero, and (b) the length of the 
LC-WBG. 
 

By incorporating a pair of LC-WBGs with the rib width 
linearly increasing from 500 to 550 nm, a spectral shaper is 
implemented. Fig. 9(a) shows the measured spectral response 
of a fabricated spectral shaper with the length of the offset 
waveguide equal to zero, and the inset shows the zoom-in view 
of a small segment of the spectral response. As can be seen, the 
spectral response presents a symmetrical FSR, and the FSR is 
linearly increasing on both sides. Fig. 9(b) shows the measured 
spectral response of a fabricated spectral shaper with the length 

of the offset waveguide equal to the length of the LC-WBG and 
the inset shows the zoom-in view of a small segment of the 
spectral response. The spectral response presents a linearly 
decreasing FSR. Both of the fabricated spectral shapers exhibit 
a linearly varying FSR, which fully meet the requirements of a 
spectral shaper imposed by the SS-WTT mapping technique. 

By incorporating the on-chip spectral shaper with the length 
of the offset waveguide equal to zero into an SS-WTT mapping 
system, an LCMW with a symmetrical chirp profile is 
generated. Fig. 10(a) shows an LCMW which has a 
symmetrical chirp profile. The pulse duration is around 10.90 
ns. Fig. 10(b) shows the spectrogram of the generated LCMW, 
in which the waveform is linearly chirped with a symmetrical 
chirp profile. To further evaluate the chirp of the waveform, the 
instantaneous microwave frequency is also calculated based on 
the Hilbert transform [55] and presented by the red-dotted line 
in Fig. 10(b), which agrees well with the spectrogram. The 
central frequency of the generated symmetrically chirped 
microwave waveform is 1.2 GHz, which is different from the 
theoretical prediction of 0 GHz. This difference is resulted from 
a slight asymmetry between the two arms of the MZI structure 
in the spectral shaper induced by fabrication imperfections. On 
the right side of the center, the instantaneous frequency is 
linearly increasing with a positive chirp rate of 5.4 GHz/ns, 
while on the left side of the center, the instantaneous frequency 
is linearly decreasing with a negative chirp rate of -4.9 GHz/ns. 
This small difference in the chirp rates is resulted from the 
small asymmetry between the two LC-WBGs in the two arms 
of the MZI, induced by fabrication imperfections again. 
According to the time-domain waveform and its carrier 
frequency distribution, the TBWP of the generated LCMW is 
estimated to be around 359.7. Fig. 10(c) shows the compressed 
pulse with a pulse width of 24 ps, which is obtained by 
calculating the autocorrelation of the generated microwave 
waveform. By comparing the pulse width of the waveforms in 
Fig. 10(a) and (c), a pulse compression ratio as large as 454.2 is 
obtained. 
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Fig. 10. Experimental results of on-chip spectral shaper with the length of the offset waveguide equal to zero: (a) the generated LCMW, (b) the spectrogram and 
instantaneous frequency of the generated LCMW, and (c) the compressed pulse; Experimental results of on-chip spectral shaper with the length of the offset 
waveguide equal to the length of the LC-WBG: (d) the generated LCMW, (e) the spectrogram and instantaneous frequency, and (f) the compressed pulse. 
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By incorporating the on-chip spectral shaper with the length 
of the offset waveguide equal to the length of the LC-WBG into 
the SS-WTT mapping system, an LCMW with a monotonically 
and linearly increasing chirp is generated. Fig. 10(d) shows an 
experimentally generated LCMW with a linearly increasing 
chirp. The pulse duration is around 20.5 ns. Fig. 10(e) shows 
the spectrogram plot of the generated LCMW and the 
instantaneous microwave frequency in the red-dotted line. 
Again, the results match well. The center frequency of the 
generated LCMW is 15.8 GHz, which agrees well with the 
theoretical prediction of 16.4 GHz. The LCMW has a positive 
chirp rate of 1.54 GHz/ns. According to the time-domain 
waveform and its carrier frequency distribution, the TBWP of 
the generated LCMW is estimated to be around 615. Fig. 10(f) 
shows the compressed pulse with a pulse width of 32.9 ps. By 
comparing the pulse width of the waveforms in Fig. 10(d) and 
(f), a pulse compression ratio as large as 623.1 is obtained. 

The key feature of the spectral shaper is that an LCMW with 
a large chirp rate and a large TBWP can be generated, which is 
achieved by incorporating a pair of LC-WBGs with large and 
opposite chirp rates in the spectral shaper. In addition, it is 
interesting to observe from the experimental results in Fig. 10 
that as the length of the offset waveguide in the spectral shaper 
is varied from zero to the length of the LC-WBG, the central 
frequency of the generated LCMWs is changed from 1.2 to 15.8 
GHz. The offset waveguide with different lengths leads to a 
different central frequency of the generated LCMW, which will 
bring benefit to the generation of an LCMW with a tunable 
central frequency, chirp rate and TBWP. 
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Fig. 11. Measured spectral response of a fabricated spectral shaper with the rib 
waveguide width in the LC-WBGs linearly increasing from 500 to 600 nm 
when the length of the offset waveguide is equal to zero. (The dashed line is the 
input optical pulse spectrum with the different center wavelength from a 
tunable MLL.) 
 

We also evaluate the generation of an LCMW with a tunable 
central frequency by changing the center wavelength of the 
input ultra-short pulse. In the experiment, a spectral shaper 
incorporating a pair of LC-WBGs with the rib waveguide width 
linearly increasing from 500 to 600 nm is incorporated into the 
SS-WTT mapping system. Fig. 11 shows the measured spectral 
response of the spectral shaper with the length of the offset 
waveguide equal to zero, and the dashed line presents the input 
optical pulse spectrum with the different center wavelength 
from a tunable MLL. As can be seen, the spectral response 
presents a symmetrical FSR, and the FSR is linearly increasing 
on both sides. Due to the strong index modulation in the 
waveguide gratings [56], the reflection bandwidths of the 
LC-WBGs are very broad, which leads to a broader working 
bandwidth of the spectral shaper than the input optical pulse 
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Fig. 12. Experimental results using an on-chip spectral shaper with the length of the offset waveguide equal to zero when the center wavelength of the input optical 
pulse is 1541.5 nm, 1544.7 nm, and 1548.2 nm, respectively: (a) the generated LCMW, (b) the spectrogram, and (c) the compressed pulse; (d) the generated 
LCMW, (e) the spectrogram, and (f) the compressed; (g) the generated LCMW, (h) the spectrogram, and (i) the compressed pulse. 

 



JQE-134195-2015-final 7 

spectra width. Thus, by locating the center wavelength of the 
input pulse at different positions along the gratings, the path 
difference between the two arms of the MZI is different, which 
is equivalent to varying the length of the offset waveguide. 
Therefore, by tuning the central wavelength of the input optical 
pulse, the central frequency of the generated LCMW is tuned 

Fig. 12 illustrates the experimentally generated LCMWs 
when the center wavelength of the input optical pulse is tuned at 
1541.5 nm, 1544.7 nm, and 1548.2 nm. It is clear to see that as 
the center wavelength of the input optical pulse is changed, the 
central frequency of the generated LCMWs is changed. In 
addition, the chirp profile of the generated LCMW is varied 
from a linearly increasing chirp profile, to a symmetrical chirp 
profile, to a linearly decreasing chirp profile. Table II lists the 
chirp rates, TBWPs and compression ratios of the generated 
LCMWs.  

Thanks to the strong index modulation in the waveguide 
gratings, the broad bandwidth of the LC-WBGs enables the 
spectral shaper to have a broader spectral width than the input 
optical pulse. Thus, by varying the center wavelength of the 
input optical pulse, the central frequency of the generated 
LCMW could be tuned. In addition, by taking advantage of 
plasma dispersion effect in silicon [57], it is appealing to realize 
an electrically tunable LC-WBG and thus an electrically 
tunable spectral shaper. Then, it is feasible to integrate an 
electrically tunable optical spectral shaper and an electrically 
tunable dispersive element on a single chip, which offers full 
reconfigurability of the system in terms of central frequency 
and chirp rate tuning of the generated LCMW. 

III. PHOTONIC PROCESSING OF MICROWAVE SIGNALS  
Processing microwave signals in the optical domain by 

taking advantage of the low loss and large bandwidth offered 
by modern photonics has been a topic of interest in recent years, 
and numerous processing solutions have been proposed and 
demonstrated, including microwave filtering, differentiation, 
integration, Hilbert transformation, and microwave mixing. As 
one of the basic signal processing blocks, a photonic temporal 
differentiator is used to perform temporal differentiation of the 
complex envelope of an arbitrary optical signal. In general, a 
photonic temporal differentiator can be realized using an 
optical device that has a transfer function given by 0[ ( )]nj ω ω−

, where n is the differentiation order, ω is the optical frequency 
and ω0 is the optical carrier frequency. When the differentiation 
order n is not one, the processor is generalized to be a 
fractional-order photonic temporal differentiator [58-59]. 
Different schemes to implement a photonic temporal 
differentiator have been proposed, mainly based on fiber-optics 

[60-61]. Again, to reduce the size and enhance the stability, 
integrated solutions are highly needed. Recently we have 
designed and demonstrated two temporal differentiators based 
on silicon photonics, with one for single channel operation [62] 
and the other for multiple channel operation [63]. The two 
temporal differentiators are fabricated using a 
CMOS-compatible technology with 248-nm and 193-nm deep 
ultraviolet lithography, respectively. 

First, a photonic temporal differentiator implemented using a 
PS-WBG in a single-mode ridge waveguide is discussed [62]. 
The silicon-based PS-WBG is designed to have a wide 
reflection notch by creating deep corrugations on the sidewalls 
of the ridge. Fig. 13(a) shows the reflection and transmission 
spectra of the PS-WBG. It can be seen there is a resonant 
transmission window within the stop band in the transmission 
spectrum. In order to implement the optical differentiator, the 
gratings are deliberately designed to have a wide reflection 
notch by increasing the depth of the corrugations. Fig. 13(b) 
shows the width of the reflection notch (top-to-top width) of the 
fabricated PS-WBG is approximately 0.3 nm (or 37.5 GHz), 
and the phase response shows there is a phase jump of π at the 
Bragg wavelength.  
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Fig. 13. (a) Measured reflection and transmission spectral responses of the 
fabricated PS-WBG on a ridge waveguide with a designed corrugation width of 
125 nm. (b) Zoom-in view of the reflection notch and its phase response. 

 
Fig. 14(a) shows the input Gaussian pulse (blue-solid line) 

and a simulated Gaussian pulse (red-dashed line) for 
comparison. The ripples observed at the tails of the measured 
Gaussian pulse are resulted from the limited sampling rate of a 
real-time oscilloscope. Fig. 14(b) shows the corresponding 
temporally differentiated pulse (blue-solid line) generated 
using the PS-WBG and the simulated temporally differentiated 
pulse (red-dashed line). As can be seen the experimentally 
generated pulse is close to the simulated pulse, which confirms 
effectiveness of the use of the PS-WBG to perform a first-order 
differentiation. Same ripples are observed in the experimentally 
generated pulse, and the dip in the center of the experimentally 
differentiated pulse is not as deep as the simulated pulse, which 
is mainly caused by the limited bandwidth of the PD.  

The key advantage when using a silicon-based PS-WBG to 
realize a photonic temporal differentiation is that the PS-WBG 
has a compact size and a higher fabrication tolerance. However, 
an untunable differentiation order places an obstacle for 
widespread applications. In addition, 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 communications, has been widely used 

TABLE II 
PROPERTIES OF THE GENERATED LCMWS 

Generated 
LCMWs 

Chirp Rate 
(GHz/ns)* 

TBWP Compression 
Ratio 

Fig. 11(a) + 4.9  238 250 
Fig.11(d) -4.4, +4.8 107 132 
Fig. 11(g) -4.9 229 260 
*The plus sign represents a linearly increasing chirp profile, while the minus 

sign represents a linearly decreasing chirp profile.  
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in the present optical communications networks [64]. For 
ultrafast signal processing and characterization in a WDM 
network, a photonic temporal differentiator that is capable of 
performing temporal differentiation of multiple channel signals 
carried by multiple wavelengths is required. In the 
silicon-based PS-WBG temporal differentiator, the channel 
number is always one. 
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Fig. 14. (a) An input Gaussian pulse with an FWHM of 25 ps, and (b) the 
temporally differentiated pulses by simulation and experiment.  

 
To overcome the issues such as the tunability of 

differentiation order and the channel number, a multiple 
channel fractional-order temporal differentiator with 
independently tunable differentiation orders was proposed [63]. 
The structure of the multiple channel differentiator is the same 
as that shown in Fig. 2 except the radii of the MRRs are 
particularly selected to make the channels fit the WDM grid 
and the device works in the transmission mode. By controlling 
the radii of the MRRs, a multiple channel spectral response 
with uniform channel spacing is achieved, which is used to 
function as a multiple channel temporal differentiator with 
multiple sub-differentiators.  
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Fig. 15 Measured spectral response of the five-channel fractional-order 
temporal differentiator; Inset: measured phase response of the five-channel 
fractional-order temporal differentiator. 
 

Fig. 15 shows the spectral response of a five-channel 
fractional-order temporal differentiator with a channel spacing 
of 0.49 nm. The inset presents the phase response for each of 
the five channels. Taking the third channel as an example, the 
channel has a bandwidth of 0.032 nm or 4 GHz, which can be 
used for the implementation of a photonic differentiator with an 
operation bandwidth of 4 GHz. Furthermore, the differentiation 
order of each sub-differentiator is independently tunable by 

optically pumping the corresponding MRR, which leads to the 
phase change in the spectral response due to the two-photon 
absorption (TPA) induced nonlinear effect [65]. Based on the 
3-dB bandwidth of the third channel, the Q-factor of the MRR 
is calculated to be 54 10× . A high Q-factor ensures an MRR to 
have a strong capacity in light confinement, which enables 
relatively low power pumping of the MRR to introduce the 
required phase response change. Meanwhile, a high Q-factor 
makes an MRR to have a relatively small bandwidth. Thus, a 
trade-off is imposed between the operation bandwidth and the 
required pumping power. 
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Fig. 16. Experimental results for differentiation order tuning. (a) Measured 
phase response of the second channel with the power of the pump light 
increased, and measured differentiated output pulses from the photonic 
fractional differentiator at the second channel with the pump light wave power 
of (b) 0 dBm, (c) 21.7 dBm, (d) 25 dBm, (e) 28.7 dBm, and (f) 31 dBm. 
 

When a pumping light wave is fed into the specific MRR, the 
TPA-induced nonlinear effect could lead to a change in the 
phase response of the MRR. By varying the power level of the 
pumping light, the phase response is changed. Thus, the 
differentiation order of this MRR as a temporal differentiator is 
tuned. Fig. 16 shows the experimental result of the 
differentiation order tuning on the second channel. A single 
probe Gaussian pulse, of which the central wavelength is 
aligned to the center of second channel, is applied to the chip. 
With an optical coupler, a pump light wave is launched into the 
chip, too. The wavelength of the pumping light is different from 
the wavelength of the probe light, but is located at one resonant 
wavelength of the MRR to increase the light confinement. Fig. 
16(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 light power, the phase jump 
becomes smaller, which is resulted from the increase in the 
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internal loss in the MRR due to the TPA-induced nonlinear 
effect. Fig. 16(b)-16(f) show the corresponding temporally 
differentiated pulses (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 
Gaussian pulse and an ideal differentiator with the same orders 
are also shown (red-dashed line) for comparison, which 
confirms the effectiveness of the use of the device to perform a 
tunable fractional-order differentiator. 

Since the spacing between the neighboring MRRs are far 
enough to avoid the mutual interference, the differentiation 
order of each ring can be independently tuned without the 
influence on the neighboring MRRs. Fig. 17 shows the 
experimental result of independent tuning of the differentiation 
order on the fifth channel, while the differentiation order of the 
second channel is not affected. Two probe light waves are sent 
to the chip at two resonant wavelengths of the second and the 
fifth channels. The measured differentiated pulses at the output 
of the differentiator are shown in Fig. 17. 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 differentiated pulses from 
the two channels is resulted from the different amplitude 
resonances of the two channels. When the pumping wavelength 
is selected corresponding to another resonant wavelength of the 
fifth channel and the power is increased from 0 to 31 dBm, the 
order of the differentiated pulse at the output fifth channel is 
changed while the order of the differentiated pulse at the second 
channel maintains unchanged, which confirms that the 
differentiation order of each sub-differentiator in this integrated 
on-chip multiple channel differentiator is independently tuned. 
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Fig. 17. Experimental results for independent tunability of the differentiation 
order.  
 

The key feature of this multiple channel 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 more flexibility in WDM signal processing.  

However, the tunability of the differentiation order is 
achieved via TPA-induced thermal optics. The response time as 
slow as micro-seconds would limit the tuning speed. To boost 
the tuning speed, plasma dispersion effect in silicon is a strong 

candidate for the realization of tunability. In [66], we 
demonstrated a silicon-based on-chip electrically tunable 
SBG-FPF. Fig. 18(a) illustrates the perspective view of the 
SBG-FPF, in which the cladding layer of silica is removed in 
order to clearly illustrate the internal structure of the device. 
The inset in Fig. 18(a) shows a simulated mode profile of the 
fundamental TE mode at 1550 nm. To increase the tuning 
efficiency, an asymmetrical lateral PN junction is employed to 
enable electrical tuning of the grating based on the plasma 
dispersion effect. As shown in Fig. 18(b), the PN junction is 
slightly shifted to the left from the center of the waveguide by 
50 nm, to increase the mode overlap with the p-type doping 
region, since the plasma dispersion effect is more sensitive to 
the change of the free-hole concentration. Additional p++ and 
n++ implantations, 1 μm away from the rib to minimize 
absorption losses, are posed for ohmic contact formation. Fig. 
18(c) provides the top view of the grating structure on the rib 
and the Fabry-Perot (FP) cavity. The periodic sidewall 
corrugations with a depth of 75 nm are introduced to the rib. To 
enable the device to work in the C band, the grating period Λ is 
designed to be 310 nm with a duty cycle of 50%. The total 
length of the grating is 1240 μm, and the FP cavity, with a 
length L of 24.025 μm, is allocated at the center of the grating. 
Fig. 18(d) shows the schematic layout of the device. Two 
contact windows are opened on the silica pads, with 2-μm-thick 
aluminum layer deposited to make the contacts. The device is 
fabricated using a CMOS-compatible process with 248-nm 
deep ultraviolet lithography. 
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Fig. 18. (a) Perspective view of the proposed SBG-FPF. (Inset: Simulated 
fundamental TE mode profile of the rib waveguide) (b) Cross-sectional view of 
proposed SBG-FPF. (c) Top view of the FP cavity. (d) Schematic layout of the 
proposed SBG-FPF. 
 

Spectral measurement in Fig. 19(a) shows that the notch in 
the reflection band has approximately 46 pm with a Q-factor of 



JQE-134195-2015-final 10 

33,500, and an extinction ratio is 16.4 dB. DC performance of 
the SBG-FPF in Fig. 19(b) and (c) shows that the average 
central wavelength shift rates for a forward and reverse bias are 
-1.15 nm/V and 4.2 pm/V, respectively. Since the 
light-confining resonating structure of the FP cavity can 
enhance the effect of refractive index change, the SBG-FPF can 
be employed as an electro-optic modulator. Fig. 19(d) shows 
the transmission window of the SBG-FPF when a reverse-bias 
voltage of 8.0 V is applied, and three circles are used to indicate 
the different input wavelengths. Fig. 19(e) shows the 
electro-optic frequency response for the three different input 
wavelengths. As can be seen, the maximum 3-dB modulation 
bandwidth is 5.6 GHz, and with the wavelength of the input 
light further away from the resonance wavelength, the 
measured 3-dB modulation bandwidth is becoming larger.  
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Fig. 19. (a) Measured reflection and transmission spectra of the SBG-FPF with 
a zero bias voltage applied. (b) Wavelength shift of the transmission spectrum 
when forward biased. (c) Wavelength shift of the transmission spectrum when 
reverse biased (Inset: Zoom-in view of the wavelength shift of the transmission 
window). (d) Measured transmission window of the SBG-FPF when reverse 
biased with a voltage of 8.0 V. (e) Measured frequency responses for three 
different wavelengths when the reverse bias voltage is 8.0 V. 
 

Fast electrical tuning speed and large tuning range make the 
SBG-FPF very suitable for photonic processing of microwave 
signals such as frequency-tunable microwave filtering, 
fractional-order tunable temporal differentiation, Hilbert 
transformation and microwave phase shifting. For example, by 
using the SBG-FPF as an optical notch filter to filter out one 

sideband of a phase modulated optical signal, a bandpass 
microwave filter can be implemented. In addition, by using the 
SBG-FPF, a fractional-order tunable temporal differentiator 
can be implemented.  

IV. CONCLUSION 
An overview about the recent work on silicon-based 

integrated microwave photonics was presented, with an 
emphasis on silicon-based on-chip photonic microwave 
waveform generation and on-chip photonic microwave signal 
processing. Silicon photonics provides an excellent platform 
for the integration of microwave photonic functionalities and 
systems since it leverages the mature CMOS technology with a 
high yield and a low cost. As the performances of high-speed 
and high-efficient silicon modulators [67-68] and on-chip 
Germanium photodetectors [69-70] are improving, especially 
hybrid solutions to heterogeneously integrate III-V materials 
onto silicon photonic platform to overcome the challenge in 
producing light sources and amplifiers [71-72], a promising 
prospect to realize a full system-level integration of microwave 
photonic functionalities and systems on a single chip is coming.  
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