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Abstract—Fiber Bragg gratings have been invented for over
three decades now and have been intensively employed in op-
tical communication and sensor systems. The key limitation of
a fiber Bragg grating is that once fabricated, it is hard to be
tuned or with very limited tunability via thermal or mechan-
ical tuning. Recently, great efforts have been directed into the
study of realizing Bragg gratings on silicon-on-insulator (SOI)
platform. The key advantage of Bragg gratings based on SOI is
that the gratings can be fast and electrically reconfigured with
the use of free-carrier plasma dispersion effect in silicon, which
can be employed for fast programmable photonic signal process-
ing. In this article, Bragg gratings based on SOI that are electri-
cally programmable will be reviewed and their use for advanced
programmable optical and microwave signal processing will be
discussed.

Index Terms—Bragg gratings, microwave photonics, optical
signal processing, photonic integrated circuits, silicon photonics.

I. INTRODUCTION

IBER Bragg gratings since the invention over 30 years
F ago [1] by Hill et al. have been extensively employed for
various applications such as optical filtering [2]-[4], dispersion
compensation [5], [6], distributed fiber-optic sensing [7]-[10],
and microwave photonic signal processing [11]-[14]. Among
the numerous functions that a Bragg grating can provide, signal
processing is one of the most important functions, which is
realized by using the spectral response of a Bragg grating to
introduce a frequency-dependent loss, a frequency-dependent
time delay or phase shift to an optical or microwave signal to be
processed. The major limitation of using a fiber Bragg grating to
perform signal processing is its limited reconfigurability. Once
fabricated, the spectral response can be hardly tuned or with
limited tunability via temperature or mechanical tuning.

From the beginning of this century, with the rapid devel-
opment of semiconductor technologies, especially significant
advancement in silicon photonics, Bragg gratings have been
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Fig. 1. Schematic diagram to show the structures and the reflection spectra of
a uniform, a phase-shifted, and a chirped FBG.
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brought to the on-chip integration era based on silicon photonics
[15], [16]. Different integrated Bragg gratings have been re-
ported and implemented on silicon-on-insulator (SOI) platform
[17]-[25]. The key advantage of implementing a Bragg grating
on silicon is that the grating can be electrically reconfigured,
which can be employed for programmable photonic signal
processing. In this paper, recent advances in integrated Bragg
gratings based on silicon photonics will be reviewed including
two fully reconfigurable waveguide gratings implemented on
SOI platforms and their use for advanced programmable signal
processing [26], [27].

II. FIBER BRAGG GRATINGS

A fiber Bragg grating (FBG) is a fiber-optic device that is
fabricated by modulating the refractive index of a fiber core via
UV illumination [28]. Perturbation of refractive index inspires
mode coupling between two counter-propagation modes in a
fiber core. According to different mode coupling conditions,
FBGs can be generally classified into two groups: 1) uniform and
phase-shifted FBGs, which support strong mode coupling within
very narrow bandwidth due to the uniform grating period, and 2)
chirped FBGs, where broadband mode coupling is enabled due
to the varying grating period. A schematic diagram to show the
structures and reflection spectra of a uniform, a phase-shifted
and a chirped FBG is given in Fig. 1.

FBGs have been extensively investigated since their discovery
in 1978 [1]. Thanks to the important and unique features includ-
ing flexible spectral characteristics [29], all-fiber geometry, low
insertion loss, compact size, and low cost, FBGs have widely
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(a) Perspective view of a PS-WBG in a SOI rib waveguide. (b) Schematic layout of the designed PS-WBG. (c) Image of the fabricated PS-WBG.

(d) Zoom-in view of the grating couplers and the strip waveguides. (e) Zoom-in view of taper waveguides. [33].

been used, such as in fiber-optic communications systems [30],
optical sensors [31], and photonic signal processors [32]. How-
ever, since FBGs are fiber optic devices, systems using FBGs
are not fully integrated. In addition, a FBG, once fabricated, can
be hardly tuned. For many applications, it is highly desirable
that the systems are fully integrated using photonic integrated
circuits (PICs). Bragg gratings in the systems, which should
also be electronically tunable or reconfigurable. A solution is to
implement Bragg gratings on PICs.

III. WAVEGUIDE BRAGG GRATINGS

Thanks to the compatibility with the current CMOS technol-
ogy and its potential of seamless integration with electronics,
silicon photonics offers a universal photonic integration platform
that enables integration of photonic modules and systems. One
important device in a photonic module or system is Bragg
gratings. In particular, due to the large refractive index contrast
between silicon (n~3.47) and silica (n~1.45), a silicon-based
waveguide Bragg grating usually has a strong index modulation
for broadband operation with a small footprint, which is of key
benefit to large-scale and high-density integration on a chip.

A silicon-based phase-shifted waveguide Bragg grating (PS-
WBG) was recently demonstrated [33]. The perspective view
of the device is shown Fig. 2(a). As can be seen the grating
is realized by introducing periodic sidewall corrugations to a
rib waveguide, which is different from an FBG in which the
grating is produce by changing periodically the refractive index.
A phase-shifted block, with a length corresponding to half of
the grating period, is allocated at the center of the grating, to
introduce a 7 phase shift. Fig. 2(b) shows the layout of the PS-
WBG. At the two ends of the grating, there are two grating
couplers to couple optical signals into and out of the chip. To
minimize the chip footprint and to reduce the bending loss, a
strip waveguide is mostly used to guide an optical signal from
the input grating coupler to the grating and from the grating to
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Fig. 3. (a) Measured reflection and transmission spectral responses of the
fabricated PS-WBG on arib waveguide. (b) Zoom-in view of the reflection notch
and its phase response. (¢) An input Gaussian pulse with an FWHM of 25 ps.
(d) Temporally differentiated pulses by simulation and experiment. [33].

the output grating coupler. Since the PS-WBG is realized in the
rib waveguide, a double-layer linear taper waveguide of a length
of 50 pm is incorporated for mode transition between the strip
and rib waveguides.

The PS-WBG was fabricated using a CMOS-compatible pro-
cess with 248-nm deep ultraviolet lithography. Fig. 2(c) is an
image of the fabricated PS-WBG captured by a microscope
camera. Fig. 2(d) shows a zoom-in view of the grating couplers
and the strip waveguides, and Fig. 2(e) shows a zoom-in view
of the taper waveguides for mode transition between a strip
waveguide and a rib waveguide. Optical performance evaluation
of the fabricated PS-WBG was performed. Fig. 3(a) shows the
reflection and transmission spectra of the fabricated PS-WBG.
As can be seen, a resonant transmission window is located
within the stop band in the transmission spectrum. Fig. 3(b)
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(a) Perspective view of an electrically tunable PS-WBG. (Inset: Simulated fundamental TE mode profile of the rib waveguide) (b) Cross-sectional view

of the PS-WBG. (c¢) Top view of the FP cavity. (d) Schematic layout of the PS-WBG. (e) Image of the input grating coupler. (f) Image of the electrodes. (g) Image
of the transmission and reflection grating couplers in the fabricated PS-WBG. [39].

shows the width of the reflection notch (top-to-top width) of
the fabricated PS-WBG, which is approximately 0.3 nm (or
37.5 GHz). The phase response shows a phase jump of 7 at the
Bragg wavelength, which is important for the implementation
of a temporal differentiator.

The PS-WBG was used for signal processing. Specifically,
the PS-WBG was used to implement an all-optical temporal dif-
ferentiator. As one of the basic processing blocks, an all-optical
temporal differentiator is used to perform temporal differentia-
tion of the complex envelope of an arbitrary optical waveform,
which can find applications in ultra-fast signal processing [34],
[35], pulse shaping [36], [37], and pulse coding [38]. Fig. 3(c)
shows an experimentally generated Gaussian pulse (blue-solid
line) as an input signal. An ideal Gaussian pulse (red-dashed
line) is also shown for comparison. The ripples observed at the
tails of the experimentally generated Gaussian pulse are resulted
from the limited sampling rate of the waveform generator. Since
the phase jump is m, it is a first order temporal differentiator.
Fig. 3(d) shows the temporally differentiated pulse (blue-solid
line) generated using the PS-WBG. The simulated temporally
differentiated pulse (red-dashed line) is also shown. 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 temporal 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 are mainly caused by the
limited bandwidth of the photodetector. 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, and holds a significant potential
for full system integration.

The key problem associated with a PS-WBG is that once
the grating is fabricated, it can hardly be tuned, which heavily
limits its application. For example, to make a tunable temporal
differentiator, the phase response of the PS-WBG is required
to be tuned in a large range. To address this issue, the effect
of free-carrier plasma dispersion in silicon can be employed to
realize the tuning of a grating. In addition, the tuning speed
is ultra-fast, in the order of nanoseconds, much faster than
thermal tuning, which is highly needed for ultra-fast signal
processing.

Based on this concept, an electrically tunable PS-WBG on a
silicon photonic chip was implemented, in which the cladding
layer of silica was removed in order to clearly illustrate the
internal structure of the device [39]. The insetin Fig. 4(a) shows a
simulated mode profile of the fundamental TE mode at 1550 nm.
To increase the tuning efficiency, an asymmetrical lateral PN
junction was employed to enable electrical tuning of the grating
based on the plasma dispersion effect. As shown in Fig. 4(b),
the PN junction was 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 than the
free-electron concentration. Additional p** and n™* implan-
tations, 1 ym away from the rib to minimize absorption losses,
were posed for ohmic contact formation. Fig. 4(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 were introduced to the rib. To enable the device to
work in the C band, the grating period is designed to be 310 nm
with a duty cycle of 50%, and the FP cavity, with a length L of
24.025 pm, is allocated at the center of the grating. Fig. 4(d)
shows the schematic layout of the device. Two contact windows
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(a) Measured reflection and transmission spectra of the tunable PS-WBG 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 PS-WBG 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. (f)-(i) Temporal differentiation results with the differentiation order tuned. (j) Measured group delay response
in the notch of the fabricated PS-WBG. (k) Electrical tunability of the group delay at three different wavelengths. [39], [40].

are opened on the silica pads, with 2-pm-thick aluminum layer
deposited to make the contacts.

The device was fabricated using a CMOS-compatible process
with 248-nm deep ultraviolet lithography. Fig. 4(e) is an image
of the input grating coupler in the fabricated PS-WBG, captured
by a microscope camera. At front end of the PS-WBG, there is a
taper waveguide to achieve the mode conversion and a compact-
Y branch to split the reflected light signal to the reflection grating
coupler. Fig. 4(f) is an image of the electrodes in the fabricated
PS-WBG. A bias voltage from a DC power supply is applied
via an electrical probe to the PN junction to achieve spectral
tuning. Fig. 4(g) is an image of the transmission and reflection
grating couplers in the fabricated PS-WBG. Again, there is a
taper waveguide at the rear end of the PS-WBG to achieve
mode conversion. Spectral measurement in Fig. 5(a) shows that
the notch in the reflection band has approximately 46 pm with
a Q-factor of 33,500, and an extinction ratio is 16.4 dB. DC
performance of the PS-WBG in Fig. 5(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 electrically tunable can
be employed as an electro-optic modulator. Fig. 5(d) shows
the transmission window of the PS-WBG when a reverse-bias
voltage of 8.0 V is applied, and three circles are used to indicate
the different input wavelengths. Fig. 5(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.

Fast electrical tuning speed and large tuning range make the
tunable PS-WBG very suitable for photonic processing of mi-
crowave signals such as frequency-tunable microwave filtering,
fractional-order tunable temporal differentiation, Hilbert trans-
formation and true time delay [40]. For example, by using the
fabricated tunable PS-WBG, a fractional-order tunable temporal
differentiation was implemented. Fig. 5(f)—(i) shows the tempo-
rally differentiated pulses (blue-solid line) with differentiation
orders of 1.52, 1.34, 1.15, and 0.99, respectively, when the PS-
WBG is biased at different voltages as a temporal differentiator.
The simulated output pulses with an ideal Gaussian pulse as
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[41].

an input optical signal to 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 tunable PS-WBG to perform a tunable fractional-order
differentiator. Again, the slight mismatch in the dip is mainly
caused by the limited bandwidth of the photodetector. We may
note, since the notch wavelength is shifted with different bias
voltages, the wavelength of the input optical signal is required to
be tuned, which largely increase the implementation complexity.
Therefore, a tunable fraction-order temporal differentiator with
a fixed resonance wavelength is highly needed.

In addition, due to a strong light-confinement capacity of the
optical cavity between the two reflectors (gratings) in the PS-
WBG, the PS-WBG has a strong dispersion near the center of
the notch and thus a large group delay, which could be used as an
optical true time delay line. By tuning the bias voltage, the notch
center and the phase response are tuned, which would produce
a tunable optical delay line. Fig. 5(j) illustrates the measured
group delay response in the notch in the fabricated PS-WBG.
The PS-WBG has a group delay as large as 110 ps at the notch
center. Fig. 5(k) shows the electrical tunability of the group delay
at three different wavelengths. As the bias voltage is increasing,
the group delay is changed. For example, at 1538.012 nm, shown
in the red line, as the bias voltage increases, the time delay is
firstly increased to 95 ps from 32 ps at a bias voltage of 0 V and
then is decreased to 35 ps when the bias voltage is 21 V.

The key advantage of using an electrically tunable PS-WBG
for microwave signal processing is its ultra-fast tuning speed
of a few nano-seconds. However, the main disadvantage is its
narrow bandwidth. For applications such as true time delay lines,
wide bandwidth is always required. To increase the bandwidth,
a solution is to use a linearly chirped waveguide Bragg grating
(LC-WBG) [41]. Fig. 6(a) shows the perspective view of a LC-
WBG, which is realized by introducing sidewall corrugations
on the slab, by linearly increasing the width of the rib along

TABLE I
PROPERTIES OF LC-WBGSs*

Rib Width Bandwidth Delay Dispersion Chirp Rate
(nm) (nm) (ps) (ps/nm) (nm/mm)
550 1533~1544 228 20.7 0.88
600 1534~1554 236 11.8 1.59
50 1533~1562 241 8.3 2.31

*“Each LC-WBG has a linearly increasing rib width starting from 500 nm.

the grating while keeping the grating period uniform, 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. 6(a) shows the simulated fundamental TE mode profiles
in a rib waveguide with a rib width of 500 nm (left) and 650 nm
(right).

The LC-WBG was fabricated using a CMOS-compatible
process with 193-nm deep ultraviolet lithography. Fig. 7(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. 7. The simplicity in tailoring the spectrum and
the chirp rate enables an LC-WBG to be designed in satisfying
specific requirements for applications such as an optical delay
line, which should have a broad bandwidth and a comparatively
small optical transmission loss.

However, the LC-WBG shown in Fig. 7 is not tunable. To
enable the LC-WBG to be electrically tunable, a lateral PN
junction is introduced to the grating, which is used to tune
the grating due to the plasma dispersion effect [42]. Fig. 7(a)
presents the top view of the electrically-tunable LC-WBG. To
effectively suppress the sidelobes in the reflection spectral re-
sponse, Gaussian apodization, a technique widely used to tailor
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the grating spectral response to reduce the sidelobes, is applied
to the grating, which is done by varying the corrugation depths
in a raised Gaussian profile along the rib waveguide. Fig. 7(b)
presents the cross-sectional view of the electrically-tunable LC-
WBG along the line AB in Fig. 7(a). Again, an asymmetrical
lateral PN junction was employed, which is slightly shifted to
the left from the center of the waveguide by 50 nm. Such a
shift could increase the mode overlap with the p-type doping
region to achieve a higher tuning efficiency, since the plasma
dispersion effect is more sensitive to the change of the free-hole
concentration.

The electrically-tunable LC-WBG was fabricated using the
CMOS-compatible process with 248-nm deep ultraviolet lithog-
raphy. Fig. 7(c) and (d) shows the normalized reflection spectral
and group delay responses of the LC-WBG when it is biased at
0V, +20V and —1.0 V, respectively. When the bias voltage is
zero, as shown in Fig. 7(c) and (d) in red, the grating exhibits
a time delay of 174.9 ps between 1529.14 and 1538.77 nm and
thus has a dispersion value of 18.2 ps/nm and a chirp rate of
1.328 nm/mm. Note that the grating has a comparatively large
insertion loss at the longer wavelength. This is because the light
wave with a longer wavelength needs to travel a longer distance
in the LC-WBG until it is reflected at the right location of
the LC-WBG, since the rib width is linearly increasing along
the grating. The loss includes the grating-induced loss and the
doping-induced loss. When the grating is forward biased at
—1.0 V, as shown in Fig. 7(c) and (d) in blue, the grating
exhibits a time delay of 124.10 ps between 1529.10 and 1536.00
nm and thus has a dispersion value of 17.9 ps/nm and a chirp
rate of 0.951 nm/mm. Compared to the spectrum at the zero
bias, the spectrum is slightly blue-shifted. For forward biasing,
when the bias voltage is increasing, the free-carrier injection
would decrease the refractive index due to the plasma dispersion
effect, which leads to a blue shift in the spectrum. In the mean-
while, the increased free-carrier density would also introduce
an excess absorption loss. Therefore, the blue line exhibits a

clearly changing insertion loss for different wavelengths. When
the grating is reversed biased at 420 V, as shown in Fig. 7(c)
and 7(d) in green, the grating exhibits a time delay of 182.27
ps between 1529.36 and 1540.24 nm and thus has a dispersion
value of 16.8 ps/nm and a chirp rate of 1.500 nm/mm. Again,
a red-shift in the spectrum is observed. For reverse biasing,
when the bias voltage is increasing, the free-carrier extraction
would increase the refractive index via plasma dispersion effect,
which leads to a red shift in the spectrum. Furthermore, since
the free-carrier density is decreased, the doping-induced loss is
decreased, which would alleviate the insertion loss difference
for the light wave at different wavelengths. As can be found
Fig. 7(c) and (d), the magnitude and group delay responses of
the LC-WBG could be tuned by controlling the bias voltage,
which is a potential solution to act as an electrically tunable
optical delay line. Note that the ripples in the magnitude and the
group delay responses are high, which are mainly caused by the
fabrication limitations since the line width of the corrugations
is smaller than the feature size. To reduce the ripples, advanced
fabrication process should be used, in which the feature size
should be smaller than the minimum line width of the LC-WBG.
In addition, by applying an optimized apodization to the grating
profile, the ripples could also be reduced.

Although the grating spectral response could be tuned based
on the free-carrier plasma dispersion effect in silicon, these
tuning are mainly limited to shifts of the center wavelength.
For many applications, other spectral characteristics, such as
spectral shape and phase response, are required to be tunable.
For example, with the explosive growth of data traffic, the elastic
optical network (EON) architecture is considered a promising
solution for next-generation optical networks [43]. Distinct from
that in current optical networks, the spectrum grid in an EON is
flexible. To address the need for flexible division of the optical
spectrum, a reconfigurable optical add-drop multiplexer is an
essential component, which can generate elastic optical paths by
reconfiguring its filter response [44]. A programmable grating
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filter is a strong candidate to fulfill this role. By controlling bias
voltages, the grating spectral response can be reconfigured to fit
into different applications [26].

IV. PROGRAMMABLE BRAGG GRATINGS

A programmable grating that can be flexibly reconfigured was
designed and demonstrated, as shown in Fig. 8. The grating
consists of multiple series-connected uniform Bragg grating
sections, in which the gratings are produced by creating periodic
corrugations on the rib sidewall, and a Fabry-Pérot (FP) cavity
section in the middle of the grating. Each uniform Bragg grating
section incorporates an independent lateral PN junction, and
between two neighboring sections there is an un-doped grating
to function as an electrical insulator. Distributed electrodes are
connected to the independent PN junctions. By applying a bias
voltage to a PN junction, the refractive index of the grating in
that particular section could be tuned locally based on the free
-carrier plasma dispersion effect. Thus, the entire index mod-
ulation profile of the grating could be electrically reconfigured
by field programming all the bias voltages, which enables the
grating to have diverse spectral characteristics for diverse appli-
cations.

The programmable grating was again fabricated in a CMOS-
compatible process using 248-nm deep ultraviolet lithogra-
phy. Fig. 9 shows the chip image, in which the grating has a
symmetrical configuration, consisting of two identical uniform
sub-grating sections (left and right) and a FP cavity section in
the middle. Each section has an independent PN junction for
local tuning. Three grating couplers are used to couple light
between the chip and the input and output fibers, and a compact
Y-branch is used to collect the reflected light. Fig. 9(a) shows
the microscope camera image of the fabricated programmable
grating with a length of 1.560 mm and a width of 0.196 mm.
Fig. 9(b)—(f) gives zoomed-in views of the input grating coupler
and the compact Y-branch, the transmission and reflection grat-
ing couplers, the left sub-grating section, the FP cavity section,
and the right sub-grating section, respectively. Since the local
refractive index in each particular section could be tuned by
applying a bias voltage to the PN junction across the section,

by field programming three bias voltages, the index modulation
profile of the grating can be reconfigured, and thus the grating
spectral characteristics can be tailored.

The programmable grating can be reconfigured to be differ-
ent gratings. First, a phase-shifted waveguide Bragg grating is
implemented by introducing a phase shift in the middle of a
uniform grating. For the fabricated programmable grating, the
phase shift is realized by the FP cavity. Fig. 10(a) shows the
measured reflection and transmission spectra of the fabricated
grating in the static state. As can be seen, a resonant window is
located within the stopband in the transmission spectra (in red),
which is a distinct feature of a phase-shifted Bragg grating.

Fig. 10(b) shows a zoomed-in view of the notch wavelength
shift in the reflection band when two bias voltages applied to
the PN junctions in the left and right sub-grating sections vary
synchronously. Thanks to the free-carrier plasma dispersion
effect, the free-carrier concentration in the waveguide introduces
a change in the refractive index, which leads to the shift of the
Bragg wavelength. Fig. 10(c) shows the tuning of the extinction
ratio while the notch wavelength is maintained unchanged for
different bias voltage combinations. As demonstrated in the
electrically tunable PS-WBG, it is not possible to tune the
notch extinction ratio while maintaining the notch wavelength
unchanged. In the fabricated programmable grating, by field
programming the three bias voltages, the notch wavelength
shifts induced by the PN junctions could counteract. Thus, the
notch wavelength can be preserved, while different bias voltage
combinations could lead to a different roundtrip loss, which
would result in a different notch extinction ratio.

In addition, the fabricated grating can be reconfigured as
a uniform grating, which is realized by failing the optical
confinement capability of the FP cavity, by applying a large
forward bias voltage to the right PN junction. Fig. 10(d) gives
the measured spectra of the grating when a large forward bias
voltage is applied to the right PN junction. The large forward
bias voltage enables the injection of massive free-carriers into the
waveguide, which would cause a heavy optical absorption loss
and thus disable the reflection capability of the right sub-grating.
As can be seen, there is one main peak in the reflection or a
notch in the transmission spectrum, which is a distinct feature
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Fig. 9.

Microscope camera images of the fabricated programmable grating. (a) Entire grating. (b) Input grating coupler and compact Y-branch. (¢) Transmission

and reflection grating couplers. (d) Left sub-grating section. (e) FP cavity section. (f) Right sub-grating section. [26].

of a uniform grating. In addition, by tuning the bias voltage
applied to the PN junction in the left sub-grating section, the
center wavelength of the uniform grating could be tuned, as
shown in Fig. 10(e). There is another approach to reconfigure the
fabricated grating to be a uniform grating, which is realized by
applying a large forward bias voltage to the cavity PN junction.
Fig. 10(f) gives the measured spectra of the uniform grating
when a forward bias voltage is applied to the cavity PN junction.
A large forward bias voltage enables the injection of a massive
quantity of free-carriers into the cavity to cause a heavy optical
absorption loss. Therefore, by programming voltages applied
to the PN junctions, the fabricated grating could present some
uncommon optical characteristics which are difficult to achieve
by using a conventional grating. This is a unique feature of
the programmable grating. Since the PN junctions in the left
and right sub-grating sections can be independently controlled,
the uniform sub-gratings in the two sections could be tuned
independently. Fig. 10(g) gives the measured spectra of two
uniform sub-gratings when a reverse bias voltage is applied to
the left PN junction, and a forward bias voltage is applied to
the right PN junction. Thus, the left sub-grating is red shifted
and the right sub-grating is blue shifted, which reconfigures the
fabricated grating to be two nonidentical uniform sub-gratings.
As can be seen, there are two separate main reflection peaks in
the reflection spectra. Additionally, the ability to independently
tune (and thereby shift the spectral response of) the left and right

uniform sub-gratings, enables the device to be reconfigured as a
chirped grating. Fig. 10(h) presents the measured spectra of the
chirped grating when a maximum reverse bias voltage is applied
to the left PN junction and a forward bias voltage is applied
to the right PN junction. As observed, the 3-dB bandwidth of
the spectra is increased largely, which is much larger than that
of the uniform grating. By increasing the grating length and
dividing the grating into more sections, the grating would have
a better optical performance in terms of the group delay and
chirp rate.

The programmable grating can find numerous applications.
An application example is its use for programmable signal
processing, in which three signal processing functions includ-
ing temporal differentiation, true time delay, and microwave
frequency identification have been demonstrated [26]. In fact,
a programmable microwave signal processor based on a pro-
grammable grating could perform other signal processing func-
tions such as microwave filtering, temporal integration, and
Hilbert transformation. In addition to its use in microwave signal
processing, the programmable grating could also be employed
for arbitrary microwave waveform generation. For example, it
can be used as a spectral shaper to generate a chirped microwave
waveform for radar and other imaging applications. An array
of such gratings can also be used as a beamforming network
to generate true time delays for wideband squint-free beam
steering. By increasing the number of independent sub-grating
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sections, the functionalities of the signal processor could be
further increased, and the performance could be enhanced.

V. EQUIVALENT PHASE SHIFTED BRAGG GRATINGS

The key to implement the programmable grating is to intro-
duce an accurate phase shift, which is a quarter of the Bragg
wavelength, and thus a stringent fabrication accuracy is required
to make an accurate phase shift. The major limitation in imple-
menting a phase-shifted Bragg grating on silicon is the poor

spectral accuracy due to the poor fabrication tolerance. To have
a precise spectral response, high precision lithography must be
used, but it is not available at this moment. To implement a
Bragg grating having a precise spectral response without using
high-precision lithography, a solution is to use the equivalent-
phase-shifted (EPS) grating technique [45]. An equivalent phase
shift can be achieved based on nonuniform spatial sampling of
a uniform Bragg grating. By controlling the sampling profile,
a high-precision EPS Bragg grating with different spectral re-
sponse can be achieved [46], [47]. Since the sampling period is in



YAO AND ZHANG: FULLY RECONFIGURABLE WAVEGUIDE BRAGG GRATINGS FOR PROGRAMMABLE PHOTONIC SIGNAL PROCESSING 211
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Fig. 11.

(a) Perspective view of the programmable EPS waveguide Bragg grating on a silicon photonic chip. (b) Zoom-in view of the grating structure.

(c) Cross-section view of the waveguide with doping in the grating. (d) Top-view of the designed EPS Bragg grating. (¢) Image of the entire programmable EPS
grating. (f) Image of the input grating coupler. (g) Image of the increased sampling period AL. (h) Image of transmission and reflection grating couplers. [27].

micrometer range while the grating pitch is in nanometer range,
arequirement for fabrication accuracy is reduced by three orders
of magnitude as compared with the conventional fabrication
technique. Recently, an EPS waveguide grating on silicon was
demonstrated [48], [49]. Since the sampling profile was fixed,
the spectral response was fixed and could not be tunable.

By introducing PN junctions to an EPS waveguide Bragg
grating, the grating can be made programmable. Fig. 11(a)
illustrates the schematic of a programmable EPS waveguide
Bragg grating on a silicon photonic chip [27]. Fig. 11(b) gives a
zoom-in view of the grating, which is produced by creating the
periodic corrugations on the waveguide sidewall. An equivalent
phase shift is realized by spatially sampling a uniform grating
to create an increased sampling period P + AL in the center
for the grating, where P is spatial sampling period and AL
is the sampling period increment. In the design, the sampling
period increment is selected to be AL = P/2, which leads to an
odd integer number of 7 phase shift to the odd-order channels.

Considering the sampling period P is three orders of magnitude
larger than the grating pitch A, the requirement for lithography
accuracy would be highly reduced. In addition, by manipulating
the sampling period P, a new degree of freedom in the grating
design is enabled, which offers the flexibility in producing a
grating with arbitrary spectral response. To make the grating
electrically programmable, independent lateral PN junctions are
incorporated along the grating. As shown in Fig. 11(b), in a
sampling period, two independent PN junctions are distributed
in the on-modulation grating section and off-modulation grating
section. To avoid mutual electrical coupling between neigh-
boring PN junctions, a section of undoped waveguide is used
as an electrical insulator. Fig. 11(c) shows the cross-sectional
view of the lateral PN junction along the dashed line AA’ in
Fig. 11(b). Fig. 11(d) gives the top-view of the EPS Bragg
grating. In our design, the entire device has 11 sampling periods
in total. In the whole EPS Bragg grating, all the PN junctions
in the on-modulation grating sections are connected and share
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one pair of the electrical contacts, and all the off-modulation
grating sections are connected and share another pair of the
electrical contacts. Thus, by controlling the bias voltages for the
on-modulation grating sections and the off-modulation grating
sections, the grating pitch A, the sampling length P and the
sampling period increment could be tuned, which provides full
reconfigurability of the EPS Bragg grating. The key advantages
of the programmable ESP Bragg grating include largely re-
duced requirements for fabrication accuracy and significantly
increased tuning capability.

The programmable EPS Bragg grating was fabricated in
a CMOS-compatible process using 193-nm deep ultraviolet
lithography. Fig. 11(e) is an image of the entire grating captured
by a microscope camera. Fig. 11(f) shows a zoom-in view of
the input grating coupler. Fig. 11(g) provides an image of the
increased sampling period in the center of the EPS Bragg grating.
The sampling period increment AL is chosen to make an odd
integer number of 7 phase shift in the odd-order channels.
Fig. 11(h) gives an image of the transmission and reflection
grating couplers. Compared with a conventional phase-shifted
Bragg grating, the EPS Bragg grating is markedly advantageous
in terms of implementation flexibility, repeatability, and cost-
effectiveness, which are highly suitable for mass production.
These features become more important when multiple and vari-
able phase shifts are needed. In addition, the availability of phase
shift tuning via electrically tuning the distributed PN junctions
gives a new degree of freedom in the spectrum tuning, which is
useful for programmable signal processing.

Fig. 12(a) shows the measured reflection and transmission
spectra of the fabricated EPS Bragg grating in the static state.

The red line shows the measured transmission spectrum, while
the blue line shows the measured reflection spectrum. Thanks
to the spatial sampling, the grating has a multichannel reflection
and transmission spectra. Due to the equivalent phase shift
caused by the increased sampling period, in the odd-order
channels, a passband in the transmission stopband and a notch
in the reflection passband are observed, which are the typical
spectral features of a phase-shifted Bragg grating and confirms
the effectiveness of the EPS approach in the implementation of
a phase-shifted Bragg grating. Fig. 12(b) shows the reflection
and transmission spectra of the negative-order channels. As can
be seen, only the odd-order channels have EPS-resulted spectral
features, while the even-order channels have spectral responses
that are not affected by the EPS. This is understandable because
all even-order channels would have a phase shift that is an integer
number of 27. Thanks to the strong index modulation of the
waveguide grating, the 11th channel spectral response could
still be seen. Fig. 12(c) shows the reflection and transmission
spectra of the positive order channels. The spectral responses
of the odd-order channels with EPS-resulted spectral features
are clearly seen, while the spectral responses of the even-order
channels disappear, which, again, is due to the coupling of the
even-order modes into the cladding. As a distinct feature of an
EPS Bragg grating is that multichannel phase shifts could be
introduced, which offers the possibility for simultaneous manip-
ulation of multiple wavelengths, thus increasing the capability
of the grating for programmable multichannel signal processing.
For example, an EPS Bragg grating with well controlled channel
spacing can be employed in a WDM system for advanced
multichannel signal processing [50], [51].
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By field programming the bias voltages, the grating could
be electronically reconfigured. When the two bias voltages are
simultaneously and synchronously changed from —19to +1 V,
the grating spectrum would be shifted. Fig. 12(d) shows the
measured reflection and transmission spectra of 43 channel
in the grating. For the PN junctions being reverse biased, the
spectrum is red shifted; while, for the PN junctions being forward
biased, the spectrum is blue shifted. Since the PN junctions in
the on-modulation and off modulation grating sections can be
independently controlled, the spectrum shift induced by each
junction could cancel each other. Thus, the resonant wavelength
can be maintained unchanged, while the extinction ratio and
phase jump of the reflection notch can be changed. Fig. 12(e)
shows the tuning of the extinction ratio while the notch wave-
length is maintained unchanged for different bias voltage com-
binations. By field programming the bias voltages, the notch
wavelength shifts induced by the on and off-modulation grating
sections can counteract. Thus, the notch wavelength can be kept
unchanged, while different bias voltage combinations could lead
to a different loss, which leads to a different extinction ratio. As
shown in Fig. 12(e), the extinction ratio is changed from 6.4 to
4.5 dB. Fig. 12(f) shows the phase response of the reflection
notch in the +3™ channel. As can be seen, by programming
the bias voltages, the phase jump at the notch center can be
tuned from 1.0 to 0.48. The tuning range could be increased by
independently controlling all the PN junctions in the grating.

VI. CONCLUSION

An overview of our recent work on silicon-based waveguide
Bragg gratings and the applications was presented, with an
emphasis on programmable waveguide Bragg gratings and their
use for high-speed photonic signal processing. Silicon photonics
provides an excellent platform for the grating implementations
since it leverages the mature CMOS technology with a high yield
and a low cost. Moreover, it is a promising platform to integrate
waveguide gratings with other photonic devices on a single chip.
As the performance of high-speed and high-efficient silicon
modulators and on-chip Germanium photodetectors is keeping
improving, especially hybrid solutions to heterogeneously
integrate III-V materials onto silicon photonic platform to
overcome the key challenge in producing light sources and
amplifiers, a promising prospect to realize full system-level
integration is coming.
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