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Abstract—Photonic generation of linearly chirped microwave
waveforms using a silicon-based on-chip spectral shaper is pro-
posed and demonstrated. The on-chip optical spectral shaper has a
Mach–Zehnder interferometer (MZI) structure, in which two iden-
tical linearly chirped waveguide gratings (LC-WBGs) with oppo-
site chirp rates are incorporated into the two arms. The LC-WBGs
are fabricated on two rib waveguides by linearly varying the rib
widths along the gratings to produce linear chirps. By adding an
offset waveguide to one arm of the MZI and controlling the length
of the offset waveguide, the spectral response of the shaper can be
controlled to have a symmetrical, linearly increasing, or linearly
decreasing free spectral range, which is needed for the genera-
tion of a linearly chirped microwave waveform based on spectral-
shaping and wavelength-to-time mapping. The proposed device is
fabricated using a CMOS-compatible process with 193-nm deep
ultraviolet lithography. A theoretical analysis on the chirped mi-
crowave waveform generation is performed, which is verified by
an experiment. Two linearly chirped microwave waveforms with
symmetrical and uniform chirp profiles are experimentally gener-
ated using two fabricated spectral shapers with different lengths
of the offset waveguides.

Index Terms—Chirped microwave waveform, linearly chirped
waveguide grating, microwave photonics, optical pulse shaping,
silicon photonics, wavelength-to-time mapping.

I. INTRODUCTION

IN modern radar systems, microwave pulse compression has
been widely used to increase the range resolution [1]. Partic-

ularly, a linearly chirped microwave waveform (LCMW) with
a large time-bandwidth product (TBWP) in the order of 102 or
103, is highly preferred for microwave pulse compression [2].
An LCMW is usually generated electronically using a voltage-
controlled electronic oscillator [3] or a digital waveform gener-
ator [4]. Due to the relatively low speed of electronic devices,
electronically generated LCMWs are limited in the central fre-
quency and bandwidth, usually less than a few to tens of giga-
hertz. However, for applications in advanced radar and wireless
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systems, an LCMW with a central frequency up to tens or even
hundreds of gigahertz and a bandwidth of a few gigahertz are
often required [5]. To generate an LCMW with a high central
frequency and wide bandwidth, a solution is to use photonics
[6]–[9]. Thanks to the broad bandwidth inherent to photonics,
an LCMW with a central frequency and bandwidth greater than
tens of gigahertz can be generated. For example, by heterodyne-
beating a continuous-wave optical signal with a pre-chirped op-
tical pulse [8] or a chirped pulse from a fast wavelength-swept
laser source [9] an LCMW can be generated. For example, in
[9] an LCMW with a high frequency up to tens of GHz and an
ultra-high TBWP up to 70 000 has been experimentally demon-
strated. However, this approach requires two independent laser
sources which would inevitably increase the system complexity
and cost.

Due to the flexibility and simplicity, spectral-shaping and
wavelength-to-time (SS-WTT) mapping has been considered
one of the most important photonic-assisted solutions for arbi-
trary microwave waveform generation [10]–[12]. A typical SS-
WTT mapping system consists of an ultra-short optical pulsed
source, a spectral shaper, a dispersive element, and a photode-
tector (PD). The spectral shaper is the key device which is
specifically designed to have a spectral response with a shape
that is a scaled version of the microwave waveform to be gener-
ated. For LCMW generation, the spectral shaper usually has a
spectral response with an increasing or decreasing free spectral
range (FSR). By passing an ultra-short pulse (with a flat spec-
trum) through this spectral shaper, and allowing the spectrally
shaped pulse to undergo WTT mapping in a dispersive element,
an LCMW is generated at the output of a PD. Several approaches
based on SS-WTT have been proposed recently to generate an
LCMW [13]–[17]. In [13], a spectral shaper consisting of two
superimposed linearly chirped fiber Bragg gratings (LC-FBGs)
was proposed for LCMW generation. The generated LCMW
has a central frequency of 15 GHz and a TBWP of 37.5. In [14],
a single spatially discrete FBG acting as a spectral shaper was
proposed and demonstrated for LCMW generation. The gener-
ated LCMW has a central frequency of 27.5 GHz and a TBWP of
16.8. A spectral shaper having a Mach–Zehnder interferometer
(MZI) structure incorporating an optically pumped LC-FBG in
one arm was also reported for LCMW generation [15]. The cen-
tral frequency of the generated microwave waveform is about
39.54 GHz and a TBWP of 24.5. The major limitation of the
approaches in [13]–[15] is the use of an FBG, which is highly
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sensitive to environmental changes, thus the system stability is
poor, or dedicated packaging must be made to increase the sta-
bility. In addition, the TBWPs are small which may not meet
the requirements for practical applications. In [16] and [17], a
spectral shaper was incorporated in one arm of an MZI with
its function similar to an LC-FBG was proposed. An LCMW
with a TBWP as large as 600 was generated. The stability was
improved, but the size is very large and the cost is very high.

Recently, chip-level optical spectral shapers were proposed
and demonstrated for LCMW generation [18]–[20]. In [18], a
silicon-based spectral shaper consisting of multiple cascaded
micro-ring resonators was proposed. By thermally tuning the
rings, a spectral shaper with an increasing or decreasing FSR
could be obtained. The generation of an LCMW with a central
frequency of 8 GHz was demonstrated. However, due to the
limited thermal-tuning range, the TBWP and the chirp rate of
the generated LCMW were limited. To generate an LCMW with
a large chirp rate, we have recently proposed and demonstrated
a silicon-based on-chip optical spectral shaper [19]. The optical
spectral shaper has an MZI structure in which multiple micro-
ring resonators were cascaded. By controlling the radii of the
micro-rings, the spectral response of the spectral shaper can
be controlled to have a largely increasing or decreasing FSR.
A largely chirped microwave waveform with a bandwidth of
15.55 GHz and a TBWP of 18.7 was demonstrated. The major
limitation of this approach was the limited number of the micro-
rings, making the TBWP of the generated LCMW still low. In
[20], a silicon-based integrated distributed Fabry–Pérot cavity
was used as a spectral shaper for the generation of an LCMW.
Again, due to the limited group delay, the generated LCMW has
a central frequency of 20 GHz and a small TBWP of 14.5.

Recently, we reported a novel silicon-based on-chip optical
spectral shaper for the generation of an LCMW with a large
TBWP [21]. The on-chip optical spectral shaper has an MZI
structure that incorporates two identical linearly chirped wave-
guide gratings (LC-WBGs) with opposite chirp rates in the two
arms. The LC-WBGs are fabricated on two rib waveguides and
the chirps are realized by linearly varying the rib widths along
the gratings. By adding an offset waveguide in one arm of the
MZI and ensuring the length of the offset waveguide equal to
length of LC-WBG, the spectral response of the spectral shaper
was designed to have a linearly decreasing FSR, which was
used in an experiment for generation of an LCMW with a large
TBWP.

This paper is an extension of the work in [21] to study in more
detail the operation of the waveform generation system using
an on-chip spectral shaper, both theoretically and experimen-
tally. Specifically, a theoretical analysis is performed to study
the central frequency, chirp rate and the TBWP of the gener-
ated LCMWs based on the proposed spectral shaper. Then, the
on-chip spectral shaper is fabricated and tested, and the use
of the spectral shaper for LCMW generation is experimentally
demonstrated. In the experiment, two spectral shapers with two
different spectral responses having a symmetrical and a lin-
early decreasing FSR are used, which lead to the generation of
LCMWs with symmetrical and uniform chirp profiles. The key
advantage of the proposed on-chip spectral shaper is that two

Fig. 1. Perspective view of the proposed on-chip silicon-based optical spectral
shaper. (Inset: (left) Wire waveguide and (right) Rib waveguide).

identical LC-WBGs with opposite chirp rates in the two arms
of the MZI are used which enables the system to generate an
LCMW with a high chirp rate and a large TBWP. In addition, the
use of the two LC-WBGs will also balance the losses of the two
arms, thus making the spectral shaper with a spectral response
having a high extinction ratio. Furthermore, the grating period
of the LC-WBGs is uniform and the chirp rate is changed by
varying the rib width, which is more robust than varying the
grating period to achieve the chirp.

The proposed spectral shaper is fabricated using a CMOS
compatible process with 193-nm deep ultraviolet lithography.
The LC-WBGs are measured, each with a time delay of 228 ps
and a bandwidth of 11 nm. By incorporating the LC-WBGs in
a spectral shaper and using the spectral shaper in an SS-WTT
mapping system, LCMWs are generated. Two spectral shapers
are fabricated and used in the experiment. By using a spectral
shaper with the length of the offset waveguide equal to zero,
an LCMW having a symmetrical chirp profile is generated.
The positive and negative chirp rates are, respectively, 5.4 and
−4.9 GHz/ns, and the TBWP is 359.7. By using a spectral shaper
with the length of the offset waveguide equal to the length of
the LC-WBG, an LCMW having a uniform chirp profile is
generated. The chirp rate is 1.54 GHz/ns and the TBWP is
615. This is the largest TBWP ever reported based on SS-WTT
mapping technique, to the best of our knowledge.

II. DESIGN AND MEASUREMENT

Fig. 1 illustrates the perspective view of the proposed on-chip
spectral shaper. The inset shows the fundamental structures of
the strip waveguide and rib waveguide in the chip. To ensure a
single transverse-electric (TE) mode operation, the strip wave-
guide is designed to have a width of 500 nm and a height of
220 nm, and the rib waveguide is designed to have a width of
500 nm, a height of 220 nm, and a slab thickness of 150 nm.
Both waveguides are fabricated on top of a buried oxide layer
(2 μm thick) on a silicon wafer. Fig. 2(a) presents the schematic
layout of the proposed on-chip spectral shaper, which has an
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Fig. 2. (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.

MZI structure that incorporates two identical LC-WBGs with
opposite chirp rates in its two arms. Two TE-mode grating cou-
plers [22] are employed to couple the light into or out of the
chip. The input light is split by the first compact Y-branch [23]
into two beams to travel through the LC-WBGs in the upper
and lower arms. Spectral components of the light waves of dif-
ferent wavelengths are reflected from different positions in the
LC-WBGs. By the second and third Y-branches, the reflected
light waves are collected and recombined at the fourth Y-branch.
The combined light wave is guided to the output grating coupler
for coupling out of the chip. As a result of the optical inter-
ference at the recombination, the optical spectral shaper with a
wavelength-dependent FSR is achieved. The FSR of the optical
spectral shaper is defined here as the wavelength separation be-
tween two adjacent spectral peaks. To generate an LCMW based
on the SS-WTT mapping technique, an increasing or decreas-
ing FSR is usually required. In addition, an offset waveguide is
added in the lower arm of the spectral shaper to control the length
difference between the two arms which will lead to the change
of the central frequency of the generated LCMW. By carefully
designing the LC-WBGs and the length of the offset waveguide,
the spectral response of the spectral shaper is controlled to have
a symmetrical, a uniformly increasing or decreasing FSR. To
minimize the chip footprint, the strip waveguide is mostly used
to guide the light, and to reduce the bending loss, bend waveg-
uides with a radius of 12 μm and adiabatic S-shape waveguide
bends [24] are employed to direct the light. The rib waveguides
are used in the implementation of the LC-WBG. Due to the dif-
ferent waveguide structures between the strip waveguide and the
rib waveguide, a double-layer linear taper waveguide is required
to achieve the mode transition. As shown in Fig. 2(a), there is
a taper with a length of 50 μm at each of the two ends of the
LC-WBGs. Note that at the right end of each of the LC-WBGs,
a grating coupler is used as a waveguide terminator by irradiat-
ing the transmitted light to avoid reflection. Fig. 2(b) shows the
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.

The two LC-WBGs are the key components in the proposed
on-chip spectral shaper. Fig. 3 shows the perspective view of

Fig. 3. Perspective view of the proposed LC-WBG. (Inset: Simulated funda-
mental TE mode profile of the rib waveguide with the rib width of 500 (left)
and 650 nm (right)).

Fig. 4. (a) Effective refractive index for the fundamental TE mode in the rib
waveguide at 1550 nm when the rib width is increasing. (b) Simulated spectral
and group delay responses of the LC-WBG with the rib width increasing from
500 to 550 nm.

a designed LC-WBG. The grating is realized by introducing
periodic sidewall corrugations on the slab. By keeping the grat-
ing period constant 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.
The inset in Fig. 3 shows the simulated fundamental TE mode
profile in the rib waveguide with a rib width of 500 (left) and
650 nm (right). Fig. 4(a) shows the effective refractive index
of the fundamental TE mode in the rib waveguide at 1550 nm
as the rib width increases from 400 to 700 nm, as indicated in
blue. The red curve gives the linear-fitting of the effective refrac-
tive index. As can be seen, the effective refractive index of the
waveguide is linearly increasing, especially when the rib width
increases from 500 to 590 nm. Thus, an LC-WBG is realized.
The advantage of such an LC-WBG is that the grating period is
uniform, which is more robust than varying the grating period to
implement an LC-WBG [25]. To enable the LC-WBGs to work
in the C band, the grating period is determined to be 300 nm
with a duty cycle of 50%. The length of each of the LC-WBGs
is 12.54 mm, to achieve a time delay of 223 ps. Fig. 4(b) shows
the simulated reflection spectrum (blue) and the group delay
(green) of the LC-WBG with the rib width increasing from 500
to 550 nm. The grating exhibits a time delay of 220 ps between
1530–1550 nm and thus has a dispersion value of 11 ps/nm and
a chirp rate of 1.59 nm/mm. It is worth noting that the broad
reflection bandwidth of the LC-WBG is due to the strong index
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Fig. 5. Measured spectral and group delay responses of an LC-WBG with the
rib width increasing from 500 to (a) 550, (b) 600, and (c) 650 nm.

modulation [26], which is much higher than that of a conven-
tional LC-FBG.

The device is fabricated using a CMOS-compatible technol-
ogy with 193-nm deep ultraviolet lithography at IMEC, Bel-
gium, accessed via ePIXfab. The length of an LC-WBG is
12.54 mm and the entire on-chip spectral shaper incorporating
two LC-WBGs has a size of 12.70 mm in length and 0.081 mm
in width, giving a small footprint of 1.03 mm2. First, the op-
tical performance of the LC-WBGs is evaluated. The spectral
and group delay responses of an LC-WBG are measured using
an optical vector analyzer (LUNA OVA CTe). Fig. 5(a) shows
the normalized reflection spectrum in blue and the group delay
in green of an LC-WBG with the rib width linearly increas-
ing from 500 to 550 nm. The grating exhibits a time delay
of 228 ps between 1533–1544 nm and thus has a dispersion
value of 20.7 ps/nm and a chirp rate of 0.88 nm/mm, which
agree well with the simulated results in Fig. 4(b), except that
the bandwidth becomes relatively smaller due to the inevitable
fabrication imperfections [27]. Fig. 5(b) shows the normalized
reflection spectrum and the group delay of an LC-WBG with
the rib width linearly increasing from 500 to 600 nm. The grat-
ing exhibits a time delay of 236 ps between 1534–1554 nm and
thus has a dispersion value of 11.8 ps/nm and a chirp rate of
1.59 nm/mm. Fig. 5(c) shows the normalized reflection spec-
trum and the group delay of an LC-WBG with the rib width
linearly increasing from 500 to 650 nm. The grating exhibits
a time delay of 241 ps between 1533–1562 nm and thus has a
dispersion value of 8.3 ps/nm and a chirp rate of 2.31 nm/mm.
As can be seen, it is easy to control the chirp rate of an LC-WBG
by varying the rib width.

Then, the optical performance of the fabricated on-chip spec-
tral shaper is evaluated. In the fabricated spectral shaper, the
rib width of two LC-WBGs is varied from 500 to 550 nm.
Fig. 6(a) shows the simulated spectral response of the on-chip
spectral shaper with the length of the offset waveguide equal to

Fig. 6. Simulated spectral response of an on-chip spectral shaper when the
length of the offset waveguide is equal to (a) zero, and (c) the length of the
LC-WBG. Measured spectral response of a fabricated spectral shaper when the
length of the offset waveguide is equal to (b) zero, and (d) the length of the
LC-WBG.

zero. Since the length of the offset waveguide is zero, the spec-
tral response presents a symmetrical FSR, and away from the
center the FSR is linearly increasing. Fig. 6(b) shows the mea-
sured spectral response of the fabricated spectral shaper with
the length of the offset waveguide equal to zero, and the inset
shows the zoom-in view of part of the spectral response. As
can be seen, the spectral response agrees well with that shown
in Fig. 6(a) except the different bandwidths caused by the fab-
rication imperfections. Fig. 6(c) shows the simulated spectral
response of the on-chip spectral shaper, in which the length
of the offset waveguide is set to be equal to the length of the
LC-WBG. Note that due to the waveguide structure difference
between the offset waveguide and the LC-WBG waveguide, the
lengths are the effective lengths. The spectral response presents
a linearly decreasing FSR. Fig. 6(d) shows the measured spec-
tral response of the 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 part of spectral response.
Again, the spectral response agrees well with that shown in
Fig. 6(c) except the different bandwidth caused by the fabrica-
tion imperfections. It is worth noting that the measured spectral
responses show a reduced modulation depth, which is mainly
caused by the limited resolution of the optical vector analyzer.
In addition, the insertion loss of the fabricated spectral shaper is
measured to be around 30 dB, which is mainly resulted from the
fiber-to-fiber coupling loss and the splitting loss at the Y-branch.
To ensure a full view of the spectrums, the different wavelength
ranges on the x-axis are used in Fig. 6.

III. PRINCIPLE

The fundamental principle of the SS-WTT mapping tech-
nique is illustrated in Fig. 7. An ultrashort optical pulse emitted
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Fig. 7. Schematic of a microwave waveform generation system based on
SS-WTT mapping technique.

from a mode-locked laser is first spectrally shaped by the on-
chip optical spectral shaper. Then, the spectrum-shaped optical
pulse is sent to a dispersive element to perform linear WTT map-
ping. At the output of a high-speed PD, a microwave waveform
with the shape identical to that of the shaped optical spectrum
is generated.

Mathematically, the on-chip spectral shaper incorporating
two identical LC-WBGs with the opposite chirp rates can be
modeled as a two-tap delay-line filter. The transfer function of
the spectral shaper is given by

T (λ) =
1
2
W (λ)

[
1 + cos

(
2πnef f

λ
2ΔL

)]
,

(
|λ − λ0 | ≤

Bλ

2

)
(1)

where W(λ) is the intensity reflection spectrum of the LC-
WBG, Bλ is the bandwidth of the spectral shaper where we
assume that the input ultra-short pulse has a spectral width that
is wider than the bandwidth of the spectral shaper, nef f is the
effective refractive index of the waveguide, and ΔL is the length
difference between the two arms of the MZI in the spectral
shaper, which includes the wavelength-independent path differ-
ence ΔL0 caused by the offset waveguide (since the length of
the offset waveguide is small, the dispersion can be ignored),
and the wavelength-dependent length difference introduced by
the chirp of the LC-WBG ΔL1(λ). ΔL0 can be controlled by
selecting the length of the offset waveguide, and ΔL1(λ) is de-
termined by the bandwidth and the chirp rate of the LC-WBG,
which can be calculated using ΔL1(λ) = δλ/C, where δλ (nm)
is the wavelength detuning from the center wavelength λ0 , and
C (nm/mm) is the chirp rate of the LC-WBG. Note that δλ is
positive when the reflection position is at shorter wavelength
than λ0 , and δλ is negative when the reflection position is at
longer wavelength than λ0 . Then, the transfer function T(λ) can
be rewritten as

T (λ) =
1
2
W (λ)

{
1+cos

[
2π

λ
(2nef f 0ΔL0 +2 · 2nef f 1ΔL1)

]}
(2)

where nef f 0 is the effective refractive index of the strip wave-
guide and nef f 1 is the average effective refractive index of
the rib waveguide along the grating. At 1550 nm, the effective
refractive index of the strip waveguide for the fundamental TE
mode is calculated to be 2.379, and the effective refractive index
of the rib waveguide is calculated to be 2.627. It is worth noting
that since a pair of LC-WBGs with opposite chirp rates are incor-
porated in the two arms of the MZI, the wavelength-dependent
length difference introduced by ΔL1 is doubled, which also

leads to the doubling in the chirp rate, and thus the TBWP of
the generated microwave waveform.

The spectral response presents a varying FSR due to the chirp
of the LC-WBGs. The FSR of the optical spectral shaper re-
sponse is a function of wavelength and can be expressed as

FSR =
λ2

2nef f ΔL
∼= λ2

0

2
(
nef f 0ΔL0 + 2nef f 1

δλ
C

) . (3)

According to (3), by properly selecting the parameters of the
LC-WBGs and controlling the length of the offset waveguide,
the FSR of the optical spectral shaper can be specifically con-
trolled to be systematical, linearly increasing or decreasing.

The spectrum-shaped optical pulse is then sent to the disper-
sive element and the shaped spectrum is mapped to a temporal
microwave waveform thanks to the dispersion-induced linear
WTT mapping, and then detected by the high-seed PD. Ac-
cording to the mapping relationship in [8], the converted time-
domain microwave waveform is given by

y (t) ∝ 1
2
W

(
t

Φ̈λ

) {
1 + cos

[
4π

λ2
0
× t

Φ̈λ

(
nef f 0ΔL0

+2nef f 1
δt

CΦ̈λ

)]}
(4)

where δt is the time detuning from the center of the temporal
waveform, which is given by the mapping relationship δλ →
δt/Φ̈λ, and Φ̈λ is the group velocity dispersion (GVD) of the
dispersive element. The time-domain duration of the generated
microwave waveform is determined by the window function
W (t/Φ̈λ) and is calculated by ΔT = BλΦ̈λ.

The instantaneous microwave frequency of the generated
waveform can be obtained from the phase term of (4), which is
given by

fRF (δt) =
1
2π

× dΨ
dt

=
2
λ2

0
× nef f 0ΔL0

Φ̈λ

± 4
λ2

0
× nef f 1δt

CΦ̈2
λ

.

(5)
As can be seen the generated microwave waveform is linearly

chirped. For a given dispersive element, the central frequency
of the generated chirped microwave waveform is given by

fRF (δt = 0) =
1
2π

× dΨ
dt

=
2
λ2

0
× nef f 0ΔL0

Φ̈λ

(6)

which is only determined by the length of the offset waveguide.
Thus, LCMWs with different chirp profiles (symmetrical and
uniform) can be generated by simply tuning ΔL0 .

The chirp rate of the generated microwave waveform, given
by

CR =
dfRF (δt)

dt
= ± 4

λ2
0
× nef f 1

CΦ̈2
λ

(7)

which is dependent on the chirp rate of the LC-WBG and the
GVD of the dispersive element. A positive or negative chirp rate
corresponds to a positive and negative value of ΔL0 , respec-
tively. By carefully designing the length of the offset waveguide
and choosing the chirp rate of the LC-WBG, an LCMW with
required chirp profile can be generated.
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Fig. 8. Experimental setup. MML: mode lock laser. ISO: isolator; EDFA:
erbium-doped fiber amplifier. PC: polarization controller. DCF: dispersion com-
pensating fiber. PD: photodetector. OSC: oscilloscope.

The pulse compression ratio is determined by the TBWP of
the transmitted microwave waveform. In our system, the TBWP
of the generated LCMW is given by

TBWP = CR × ΔT 2 =
4
λ2

0
× nef f 1

C
B2

λ . (8)

It is shown that the TBWP is independent of the GVD of the
dispersive element in the system but is determined by the chirp
rate and the bandwidth of the LC-WBGs.

IV. EXPERIMENT

Fig. 8 shows the experimental setup. An optical Gaussian
pulse train generated by a mode-lock laser (Pritel 1550-nm
Picosecond and Femtosecond Fiber Lasers) with a pulse du-
ration of approximately 600 fs and a repetition rate of 40 MHz
is sent to the on-chip spectral shaper via an isolator and after am-
plification by an EDFA. The spectral width of an optical pulse in
the pulse train is 12 nm, which is wider than the bandwidth of
the spectral shaper. The EDFA is used to increase the power
of the optical pulse. A polarization controller is connected be-
tween the EDFA and the spectral shaper to adjust the state of
polarization of the input signal to minimize the polarization-
dependent loss. After SS by the spectral shaper, a spectrally-
shaped optical pulse is obtained which is first amplified by a
second EDFA and then sent to a dispersion compensating fiber
(DCF) serving as a dispersive element to perform WTT map-
ping. The optical intensity envelope is then converted to a mi-
crowave signal at a PD with a bandwidth of 45 GHz (NewFocus
Model 1014), and the generated time-domain microwave signal
is monitored using a sampling oscilloscope with a bandwidth of
63 GHz (OSC, Agilent 86116A).

First, an on-chip spectral shaper with the length of the offset
waveguide equal to zero is incorporated into the SS-WTT map-
ping system to generate an LCMW with a symmetrical chirp
profile. An ultra-short optical pulse is spectrum shaped by the
spectral shaper, and is then sent to the DCF (with a GVD of
−1020 ps/nm) to perform WTT mapping to generate a chirped
microwave waveform. As shown in Fig. 9(a), an LCMW with
a symmetrical chirp profile is generated. The pulse duration
is around 10.90 ns. The spectrogram of the generated LCMW
is calculated and is shown in Fig. 9(b). Here the spectro
gram is calculated by applying a Hamming window with a width
of 1.3 ns to divide the waveform into sections. Then, the short-
time Fourier transform is applied to estimate the spectrum. As

Fig. 9. Experimental results. (a) The generated LCMW; (b) the spectrogram
and instantaneous frequency of the generated LCMW, and (c) the compressed
pulse by autocorrelation.

can be seen, the waveform is chirped with a symmetrical chirp
profile. To further confirm the chirp of the waveform, the in-
stantaneous microwave frequency based on Hilbert transform is
also calculated [28] and given by the red-dotted line in Fig. 9(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 according to (6). Such a difference is due to a small
asymmetry between the two arms of the MZI in the spectral
shaper, which is caused 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, which agrees
quite well with the theoretical predictions of 4.8 GHz/ns by (7).
On the left side of the center, the instantaneous frequency is lin-
early decreasing with a negative chirp rate of −4.9 GHz/ns. The
small difference in the chirp rates is resulted from a small asym-
metry of the two LC-WBGs in the two arms of the MZI, which
is also caused by fabrication imperfections. 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. 9(c) shows the compressed pulse with a pulse width
of 24 ps, which is obtained by calculating the autocorrelation
of the generated microwave waveform. Note that before calcu-
lating the autocorrelation, the direct-current component in the
generated LCMW is filtered out. By comparing the pulse width
of the waveforms in Fig. 9(a) and (c), a pulse compression ratio
as large as 454.2 is obtained.

Then, a second on-chip spectral shaper with the length of
the offset waveguide equal to the length of the LC-WBG is
incorporated into the SS-WTT mapping system to generate an
LCMW with a linearly increasing chirp. Note that the input op-
tical pulse is the same as the one in the first experiment. The
spectrum-shaped optical pulse is then sent to the DCF (with a
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Fig. 10. Experimental results. (a) The generated LCMW, (b) the spectrogram
and instantaneous frequency of the generated LCMW, and (c) the compressed
pulse.

GVD of −1700 ps/nm) where the spectrum is mapped to the
time domain to generate a chirped microwave waveform. As
shown in Fig. 10(a), an LCMW with a linearly increasing chirp
is generated. The pulse duration is around 20.5 ns. Fig. 10(b)
shows the spectrogram plot of the generated LCMW. To further
confirm the linear chirp, the instantaneous microwave frequency
is given by the red-dotted line. Again, the results agree well with
the spectrogram. The center frequency of the generated LCMW
is 15.8 GHz, which agrees well with the theoretical prediction
of 16.4 GHz according to (6). The LCMW has a positive chirp
rate of 1.54 GHz/ns, which also agrees well with the theoretical
prediction of 1.42 GHz/ns by (7). According to the time-domain
waveform and its carrier frequency distribution, the TBWP of
the generated LCMW is estimated to be around 615, which also
agrees well with the theoretically predicted TBWP of 612.5 by
(8). Fig. 10(c) shows the compressed pulse with a pulse width
of 32.9 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 compres-
sion ratio as large as 623.1 is obtained.

The two generated LCMWs shown in Figs. 9 and 10 have dif-
ferent chirp rates, since the dispersive element (DCF) for WTT
mapping has a different GVD. In addition, to further increase
the TBWP, we may increase the rib widths along the gratings
to increase the reflection bandwidths of the LC-WBGs. Thus,
the spectral shaper could have a wider bandwidth. However, it
is worth noting that in the theoretical analysis we assume that
the input ultra-short pulse has a wider spectral width than the
bandwidth of the spectral shaper, and Bλ is determined to be the
bandwidths of the LC-WBGs. In fact, when the bandwidth of
the spectral shaper is wider than the spectral width of the input
ultra-short pulse, Bλ would be smaller, and is determined by the
spectral width of the input ultra-short pulse.

V. DISCUSSION AND CONCLUSION

In the experiment, the WTT mapping was done using a DCF
serving as the dispersive element. In fact, the DCF can be re-
placed by an LC-WBG if the GVD of the LC-WBG is large
enough. In this case, it is feasible to integrate an optical spectral
shaper and a dispersive element on a single chip, which would
make the system much smaller. To have an LC-WBG with a
large GVD, the length should be very long, which would in-
crease the foot print. This is the difficulty imposed on the use of
an LC-WBG for WTT mapping. A possible solution is to have
an LC-WBG with a spiral layout to maximize the use of the
chirp area.

In conclusion, photonic generation of LCMWs with a large
TBWP using a silicon-based on-chip spectral shaper in an SS-
WTT mapping system was proposed and demonstrated. The
key component in the SS-WTT mapping system was an on-chip
optical spectral shaper, which was designed to have an MZI
structure incorporating two identical LC-WBGs with opposite
chirp rates in its two arms. The LC-WBGs were fabricated on
two rib waveguides and the frequency chirp was realized by
linearly varying the rib widths along the gratings. By adding
an offset waveguide in one arm of the MZI and controlling
the length of the offset waveguide, the spectral response of
the spectral shaper could be controlled to have a symmetrical,
a linearly increasing or linearly decreasing FSR. Through SS
using the on-chip spectral shaper and WTT mapping using a
dispersive element, an LCMW could be generated. Two spec-
tral shapers with two different lengths of the offset waveguides
were fabricated and applied in the experiment to generate two
LCMWs with different chirp profiles. Using an on-chip spectral
shaper with a length of the offset waveguide equal to zero, an
LCMW with a symmetrical chirp profile was generated, which
had a chirp rate of 5.4 and −4.9 GHz/ns for the positive and
negative portion of the waveform, respectively, and a TBWP
of 359.7. Using an on-chip spectral shaper with the length of
the offset waveguide equal to the length of the LC-WBG, an
LCMW with a uniform chirp profile was generated, which had
a chirp rate of 1.54 GHz/ns and a TBWP of 615. This TBWP
is the highest value ever reported using SS-WTT mapping tech-
nique. The key feature of the proposed approach was LCMWs
with a large chirp rate and the TBWP could be generated thanks
to the use of an on-chip spectral shaper incorporating a pair of
LC-WBGs with opposite chirp rates.
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