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Optical Spectral Shaping and Wavelength-to-Time
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Abstract—In this paper, we propose and demonstrate an ap-
proach to optically generating chirped microwave pulses with
tunable chirp profile based on optical spectral shaping using a
Sagnac loop filter incorporating a chirped fiber Bragg grating
(CFBG) and linear wavelength-to-time mapping in a dispersive
element. In the proposed approach, the optical power spectrum
of an ultrashort optical pulse is shaped by a CFBG-incorporated
Sagnac loop mirror that has a reflection spectral response with a
linearly increasing or decreasing free spectral range. The spec-
trum-shaped optical pulse is then sent to a dispersive element to
perform the linear wavelength-to-time mapping. A chirped mi-
crowave pulse with the pulse shape identical to that of the shaped
spectrum is obtained at the output of a high-speed photodector.
The central frequency and the chirp profile of the generated
chirped microwave pulse can be controlled by simply tuning the
time delay in the Sagnac loop mirror. A simple mathematical
model to describe the chirped microwave pulse generation is
developed. Numerical simulations and a proof-of-principle exper-
iment are implemented to verify the proposed approach.

Index Terms—Chirped microwave pulse, dispersion, fiber Bragg
grating (FBG), optical pulse shaping, Sagnac loop mirror, wave-
length-to-time mapping.

I. INTRODUCTION

ICROWAVE pulse compression has been extensively
M employed in modern radar systems, where the trans-
mitted signals are usually frequency-chirped or phase-modu-
lated to increase the time-bandwidth product (TBWP), leading
to an increased radar range resolution and detection distance [1].
Chirped microwave pulses are conventionally generated in the
electrical domain based on electronic circuitry [2], [3] but with
the limitations of small TBWP and low central frequency. At
the current stage of development of a radar system, the cen-
tral frequency up to tens or even hundreds of GHz is often re-
quired [1]. As a promising alternative, photonic generation of
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microwave pulses has been an active topic, thanks to the broad
bandwidth and high speed offered by optics. Various approaches
to generating microwave and millimeter-wave waveforms with
arbitrary pulse shape in the optical domain have been proposed,
such as those based on frequency-domain pulse shaping [4]-[6],
temporal pulse shaping (TPS) [7]-[9], and direct space-to-time
mapping [10]-[14]. Recently, an all-optical method to generate
linearly chirped microwave pulses based on the interference of
two chromatically dispersed optical pulses in a Mach--Zehnder
interferometer was demonstrated [15]. The optical pulses are
obtained by passing a broadband ultrashort pulse through two
chirped fiber Bragg gratings (CFBGs) with different chirp rates.
The beating of the two time-delayed dispersed optical pulses
leads to the generation of a chirped microwave pulse.

Optical spectral shaping followed by wavelength-to-time
mapping in a dispersive element has also been demonstrated
to be a promising technique to generate arbitrary microwave
waveforms [16]-[23], in which a temporal microwave pulse
with a shape identical to the shaped spectrum can be generated.
In an optical spectral shaping system, a spatial light modulator
(SLM) [19]-[21] or a fiber-optic spectral filter [22], [23] is
usually used to shape the optical spectrum of an ultrashort
pulse. The key advantage of the SLM-based technique is the
high degree of controllability and real-time updatability. The
major difficulty associated with the SLM-based technique is
that the spectral shaping is implemented in free space, which
requires fiber-to-space and space-to-fiber coupling, making the
system bulky, lossy, and complicated. An all-fiber filter could
be used to realize optical spectrum shaping to take advantage
of the features such as low loss, small size, and high potential
for integration.

Photonic generation of chirped microwave pulses based on
spectral shaping using a fiber-optic filter and wavelength-to-
time mapping in a dispersive element have been recently demon-
strated [24]-[27]. By using an optical filter with a uniform free
spectral range (FSR), along with a dispersive device having both
the first- and second-order dispersions, chirped microwave or
millimeter-wave pulses were generated, thanks to the nonlinear
wavelength-to-time mapping in the higher-order dispersive ele-
ment, such as a nonlinearly CFBG [24], [25] or a higher-order
dispersive fiber [26]. Chirped microwave pulses can also be gen-
erated based on spectral shaping using an optical filter with a
varying FSR, followed by linear wavelength-to-time mapping.
An optical filter with varying FSR was recently demonstrated
by using two superimposed CFBGs in a single fiber [27]. Since
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the two CFBGs need to be written in a single fiber, the fabri-
cated process is complicated. In addition, the longitudinal offset
between the two CFBGs is fixed once the two CFBGs are fab-
ricated; therefore, the central frequency and the chirp profile of
the generated chirped microwave pulse cannot be tuned.

In this paper, we propose and demonstrate a simple approach
to optically generating chirped microwave pulses based on
spectral shaping using a novel optical filter with a varying
FSR and wavelength-to-time mapping in a linear dispersive
element. The spectral filter is a CFBG-incorporated Sagnac
loop mirror having a spectral response with linearly increasing
or decreasing FSR. A linearly chirped microwave pulse can be
generated after the linear wavelength-to-time mapping.

A Sagnac loop mirror incorporating a uniform FBG with a
constant FSR has been proposed for applications such as in a
multiwavelength fiber laser [28]. To the best of our knowledge,
however, this is the first time that a CFBG-incorporated Sagnac
loop mirror with a varying FSR is employed to generate chirped
microwave pulses. Since only one linearly CFBG is needed, the
proposed filter, compared with the approach in [27], has the ad-
vantages of simpler configuration and lower insertion loss. In
addition, by tuning the time delay in the Sagnac loop mirror,
the central frequency and the sign of chirp rate of the generated
chirped microwave pulses can be controlled.

II. PRINCIPLE

It is known that a dispersive element, such as a length
of dispersive fiber or a CFBG, can be modeled as a linear
time-invariant system with a transfer function given by
H(w) = |H(w)|exp[—j®(w)]. When a transform-limited
ultrashort optical pulse z(t) is sent to the dispersion element,
under first-order dispersion approximation, the output dis-
persed pulse y(t) can be obtained according to the so-called
time-domain Fraunhofer diffraction [17]

't
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where X (w) = ﬁ [(t)] is the Fourier transform of the input
pulse x(t), and ® = d?®(w)/dw?|, =, is the first-order dis-
persion coefficient of the dispersive element. It is shown in (1)
that the output temporal pulse envelope is proportional to the
spectrum envelope of the input pulse with a phase factor and,
therefore, the dispersion-induced linear frequency-to-time map-
ping is obtained. The mapping relationship is given by w =
(2m/®,)t or A = (1/1®y)t, where @, (ps?) or @5 (ps/nm) is
the first-order dispersion coefficient (®, = (A\2/c)®y).
Therefore, the TPS can be performed in the frequency
domain, which is easy to implement using an optical spectral
filter. The schematic diagram of the proposed system for
microwave pulse generation based on optical spectral shaping
and frequency-to-time mapping is shown in Fig. 1(a). A trans-
form-limited broadband ultrashort optical pulse generated by
a pulsed optical source is first spectrum shaped by an optical
spectral filter. The filter is designed to have a spectral response
identical to the shape of the target microwave pulse to be
generated. The spectrum-shaped optical pulse is then sent to
a dispersive element to perform the linear wavelength-to-time
mapping. At the output of a high-speed photodector (PD), a
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Fig. 1. (a) Schematic diagram showing a microwave pulse generation system
based on optical spectral shaping and dispersion-induced wavelength-to-time
mapping. (b) All-fiber optical spectral filter based on CFBG-incorporated
Sagnac loop mirror. FC: fiber coupler; TDL: tunable delay-line; CFBG: chirped
fiber Bragg grating; PC: polarization controller.

microwave pulse with the shape identical to that of the shaped
optical spectrum is obtained.

To generate a linearly chirped microwave pulse, the optical
spectral filter should have a linearly increasing or decreasing
FSR. In this paper, we introduce an all-fiber optical spectral
filter with a linearly varying FSR, which is based on a Sagnac
loop mirror with a linearly CFBG incorporated in the fiber loop.
Fig. 1(b) shows the schematic of the proposed optical spec-
tral filter based on an all-fiber Sagnac loop mirror. The Sagnac
loop mirror is constructed from a fused 3-dB fiber coupler (FC)
spliced to the terminals of the CFBG, which is located approxi-
mately at the middle point of the fiber loop. A tunable delay-line
(TDL) is located in the fiber loop to finely tune the time-delay
difference between two fiber lengths L and Ls. A polarization
controller is also placed in the loop to adjust the fringe visibility
of the interference pattern at the output of the loop. A three-port
optical circulator is used to direct the ultrashort pulse into the
loop mirror and to output the spectrum-shaped pulse for wave-
length-to-time mapping.

Mathematically, the FBG-incorporated Sagnac loop mirror
can be modeled as a two-tap delay-line filter. For an all-fiber
optical pulse shaping system, it is more convenient to describe
the filter response as a function of wavelength. Then, the inten-
sity transfer function of the Sagnac loop mirror is expressed as

() = JW ()

Jrvees (Zeaan)], (w2 2) o

where W () is the intensity reflection spectrum of the CFBG
with a bandwidth By, and n. is the effective refractive index
of the fiber core. AL = L; — Ly is the fiber length difference,
with Ly and Lo measured from the center of the CFBG to the
FC along the clockwise and counterclockwise paths as shown
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in Fig. 1(b). The fiber length difference AL comes from two
sources: the wavelength-independent path difference ALg and
the wavelength-dependent fiber length difference introduced
by the chirp of the CFBG AL(\). ALq can be controlled to
be either a positive or a negative value by tuning the TDL in
the fiber loop. AL()\) is determined by the bandwidth and
the chirp parameter of the CFBG and can be calculated using
AL(X) = 6)\/C, where 6\ (nm) is the wavelength detuning
from the center wavelength Ao, and C' (nm/cm) is the chirp
parameter of the CFBG. Then the filter transfer function T'(\)
can be rewritten as

T()) = %W(/\) [1 + cos (‘i”jex (ALO + %))} )

0

Since a linearly CFBG is located in the fiber loop, the optical
signals with different wavelengths will be reflected from dif-
ferent positions in the CFBG. As a result, an optical spectral
filter with a wavelength-dependent FSR is obtained. In other
words, an interference fringe pattern is generated within the
bandwidth of the CFBG, with a varying FSR due to the chirp
of the CFBG. In our analysis, the FSR of the optical spectral
filter response, defined as the wavelength separation between
two adjacent fringes, is a function of the wavelength A\ and can
be expressed as

A2 AZ

FSR = =~ :
2ne ALl 2n, |22 + AL

“4)

According to (4), by properly choosing the parameters of the
CFBG and by controlling the TDL in the fiber loop, the FSR
of the Sagnac loop-mirror-based optical spectral filter can be
controlled. For simplicity, we assume that the input ultrashort
optical pulse is a Dirac delta function. Therefore, the intensity
spectrum of the shaped optical pulse at the output of the Sagnac
loop mirror is identical to the transfer function of the optical
spectral filter in (3).

After the spectrum-shaped optical pulse propagates through
the dispersive element and is detected by the high-seed PD, the
shaped spectrum is mapped into a temporal microwave pulse
as T'(\) — y(t), thanks to the dispersion-induced linear wave-
length-to-time mapping. According to the mapping relationship
in (1), the converted time-domain waveform is given by

1 t 4 ot
- — 1 <t AL -
y(t)(XZW(@A){ +C°S[A3<I>At( °+O<1>A>H
5)

where 60t is the time detuning from the center of the tem-
poral waveform, which is given by the mapping relationship
A — 6t/®y. The time-domain pulse duration of the gener-
ated microwave pulse is determined by the window function
W (t/®,) and is calculated by AT = B,®,. Considering that
the pulsewidth of the input ultrashort optical pulse is not zero,
the detected pulse envelope should be modified by an envelope

r(t)
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where r(t) is the pulse envelope after the input pulse
passing through the dispersive element. Assuming that the
input ultrashort optical pulse has a Gaussian envelope as
g(t) o< exp(—t%/t2), where t; is the half pulsewidth at 1/e
maximum. Then, the envelope of output pulse from a dispersive
element will maintain the Gaussian shape but with a broadened
pulsewidth of o, /to [29]. Actually, the envelope r(t) is a
scaled version of the spectrum envelope of the input pulse,
which is mapped to the time domain, thanks to the disper-
sion-induced frequency-to-time mapping in the CFBG [17].

The instantaneous microwave carrier frequency of the gen-
erated waveform can be obtained from the phase term of (6),
which is expressed as

1 d¥ 2n.|AL 2n, - Ot
frr(ot) = = AL 2nelabol | 2ne 0
Ab, T OA®2

2 dt M

It is shown that the generated microwave pulse is linearly
chirped. For a given dispersive element, the central RF carrier
frequency of the generated chirped microwave pulse, defined
by frr(6t)|st=o, is only determined by the absolute value
of wavelength-independent fiber length difference ALg. In
other words, a chirped microwave pulse with a symmetrical,
linearly increasing, or decreasing chirp can be generated by
simply tuning A L. The chirp rate of the generated microwave
pulse, defined by Rrr = dfrr(6t)/d6t = £2n./(CA3P3),
is only dependant upon the chirp parameter of the CFBG. The
positive sign and negative sign of the chirp rate correspond to
the positive and negative value of A Ly, respectively. Therefore,
by appropriately controlling the TDL and choosing the chirp
parameter of the CFBG, a linearly chirped microwave pulse
with a high central frequency and a tunable chirp profile can be
generated.

The pulse compression ratio is determined by the TBWP of
the transmitted microwave pulse. In our system, the TBWP of
the generated chirped microwave pulse is estimated by

TBWP = RppAT? = 4%0 2 8)
0
where [ is the length of the CFBG. It is shown that the TBWP
is independent of the dispersion in the system but is solely de-
termined by the parameters of the CFBG. For a CFBG with a
given chirp parameter, for example, a longer grating leads to a
larger TBWP.

In a pulsed radar system, chirped pulse compression is im-
plemented through matched filtering at the receiver end. Math-
ematically, the matched filtering operation is identical to an au-
tocorrelation operation given by

A(t) = y(t) xy(—t) = / y(t+7)-y(rdr O

where * denotes the convolution operation.

III. RESULTS AND DISCUSSION

Numerical simulations and a proof-of-concept experiment
are carried out to verify the proposed approach. In the sim-
ulations, a transform-limited ultrashort Gaussian pulse with
a full-width at half-maximum (FWHM) of 500 fs and with
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Fig.2. Simulation results. The intensity spectra of the shaped optical pulse with
(a) asymmetrical FSR (AL, = 0), (c) anincreasing FSR (AL, = —9.7 mm),
and (e) adecreasing FSR (AL, = 6.9 mm). The generated time-domain wave-
forms with (b) a symmetrical chirp rate and a zero central frequency, (d) a nega-
tive chirp rate and a central frequency of 22.3 GHz, and (f) a positive chirp rate
and a central frequency of 16.1 GHz.

a central wavelength of 1558 nm is used as the input optical
pulse. The CFBG has a length of 1 cm with a chirp rate of
2.0 nm/cm. A proper Gaussian apodization is applied to the
CFBG in the simulations. The optical spectral response of the
CFBG-incorporated Sagnac loop mirror is calculated according
to (3). Different values of ALg are chosen by tuning the TDL
in the fiber loop, leading to the optical spectral response with
a symmetrical, monotonically increasing, or monotonically
decreasing FSR, as shown in Fig. 2(a), (c), and (e). After the
linear wavelength-to-time mapping in a 30.8-km single-mode
fiber (SMF) (®y = 538 ps/nm), time-domain waveforms
with different central frequencies are generated, as shown in
Fig. 2(b), (d), and (f). The chirp rates of generated microwave
waveforms are +0.023 GHz/ps, which matches well with the
theoretical prediction by (7). Note that the calculated time-do-
main waveforms have a poorer modulation depth compared
with the shaped optical spectra, especially for the cases of small
FSR [Figs. 2(c) and (d)]. This is mainly caused by the disper-
sion mismatch for the specific FSR in the wavelength-to-time
mapping process [24].

An experimental demonstration based on the setup shown in
Fig. 3 is then implemented to verify the proposed approach for
chirped microwave pulse generation. In the experiment, we use
a transform-limited ultrashort Gaussian pulse generated from a
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Fig. 4. The optical spectra of (a) input ultrashort pulse and (b) the fabricated
CFBG (reflection).

passively mode-locked laser with a FWHM of 550 fs. The cen-
tral wavelength of the pulse is 1558.3 nm, and the 3-dB spectral
bandwidth is 8 nm, as shown in Fig. 4(a). The input pulse is
sent to the CFBG-incorporated Sagnac loop mirror. The CFBG
is fabricated using a frequency-doubled argon-ion laser oper-
ating at 244 nm. The CFBG has a length of 1 cm with a chirp
rate of 2.0 nm/cm. To ensure that the light waves are fully re-
flected by the CFBG in the fiber loop, the fabricated CFBG has
a strong reflection as high as 98%. The center Bragg wavelength
of the CFBG is 1558.1 nm, which is selected to match the center
wavelength of the ultrashort optical pulse. The reflection spec-
trum of the fabricated CFBG is also shown in Fig. 4(b). The ex-
perimental results are measured both in the frequency domain
using an optical spectrum analyzer (OSA) with a wavelength
resolution of 0.01 nm and in the time domain using a sampling
oscilloscope with a bandwidth of 63 GHz.

In the experiment, we first choose the fiber loop to have a
positive length difference of ALy = 9.2 mm by controlling
the TDL. Fig. 5(a) shows the measured spectral response of the
CFBG-incorporated Sagnac loop mirror. It is shown that an op-
tical spectral filter with a decreasing FSR is obtained, which is
then used to spectrally shape the spectrum of the input ultra-
short optical pulse. It is worth noting that the measured reflec-
tion spectra have a reduced modulation depth. This is mainly
caused by the limited resolution of the OSA.

The spectrum of the shaped optical pulse is then mapped
to a chirped temporal waveform, thanks to the linear wave-
length-to-time mapping in a 30.8-km SMF (&, = 538 ps/nm).
A positively chirped microwave pulse is experimentally gen-
erated, as shown in Fig. 5(b). The dotted line shows the ideal
Gaussian pulse envelope. The FWHM of the generated pulse
envelope is around 1150 ps. The circles in Fig. 5(c) show the
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Fig. 5. Experimental results. (a) Spectral response of the Sagnac loop mirror
with a decreasing FSR. (b) Generated waveform with a positive chirp rate
(dotted line: ideal Gaussian envelope). (c) Instantaneous RF frequency (solid
line: linear fitting, circle: obtained from experimental result). (d) Compressed
pulse by autocorrelation.

instantaneous microwave carrier frequencies within the main
pulsewidth, calculated from the experimental result by Hilbert
transform [30]. It is shown that a linearly increasing carrier
frequency is obtained with a central frequency of 20.2 GHz
and a positive chirp rate of 0.02 GHz/ps, which agree well
with the theoretical predictions by (7). A linear fitting curve
is also shown in Fig. 5(c) to illustrate the linear frequency
chirping. According to the time-domain waveform and its
carrier frequency distribution, the TBWP of the generated
chirped microwave pulse is estimated to be around 44.8, which
agrees well with the theoretically predicted TBWP of 49.4 by
(8). Fig. 5(d) shows the compressed pulse with an FWHM of
21 ps, which is obtained by calculating the autocorrelation of
the generated microwave pulse according to (9). By comparing
the FWHMs of the waveforms in Figs. 5(b) and (d), a pulse
compression ratio as large as 54.7 is obtained.

Then the tuning of the chirp profile is demonstrated. In the
experiment, the Sagnac loop mirror with a reflection spectrum
having an increasing FSR is also achieved when we choose
the fiber loop to have a negative length difference of ALy =
—11.3 mm by tuning the TDL in the loop. A linearly chirped
microwave pulse with a higher central frequency of 24.5 GHz
and a negative chirp rate of —0.022 GHz/ps is then experi-
mentally generated after the wavelength-to-time mapping in the
30.8-km SMF. The experimental results are shown in Fig. 6.
The TBWP of the generated chirped microwave pulse is es-
timated to be around 41, which is close to the value of the
first generated chirped pulse. In fact, the TBWP is only deter-
mined by the parameters of the CFBG according to (8). Fig. 6(d)
shows the autocorrelation result. A compression ratio of 56.5 is
achieved. Compared with the autocorrelation result for a chirped
microwave with the same chirp profile but an ideal Gaussian en-
velope, as shown in the inset of Fig. 6(d), although the width of
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Fig. 6. Experimental results. (a) Spectral response of the Sagnac loop mirror
with an increasing FSR. (b) Generated waveform with a negative chirp rate
(dotted line: ideal Gaussian envelope). (c) Instantaneous RF frequency (solid
line: linear fitting, circle: obtained from experimental result). (d) Compressed
pulse by autocorrelation.

the autocorrelation waveform is maintained unchanged, high-
level sidelobes are observed in the experiment, which are re-
sulted from the non-Gaussian-like envelope of the generated
waveform. One possible solution to eliminate the autocorrela-
tion sidelobes is to use a CFBG with a Gaussian-shape reflec-
tion spectrum, to ensure the spectrum of the shaped optical pulse
to also have a Gaussian envelope, leading to the generation of
a temporal waveform with a Gaussian envelope after the linear
wavelength-to-time mapping.

IV. CONCLUSION

We have proposed and experimentally demonstrated a new
approach to optically generating linearly chirped microwave
pulses based on optical spectral shaping and linear wave-
length-to-time mapping. The key component in the proposed
system is the CFBG-incorporated Sagnac loop mirror, which
has a spectral response with an increasing or decreasing FSR,
employed to act as the optical spectral filter to shape the spec-
trum of the input ultrashort optical pulse. By using a linear
dispersive element, such as a length of SMF in our experimental
demonstration, to perform the linear wavelength-to-time map-
ping, a linearly chirped microwave pulse with a high central
frequency and tunable chirp profile was generated. The pro-
posed approach has the advantage of simpler design, which can
find applications in high-speed communications and modern
radar systems.
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