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Abstract— A photonic approach to linearly chirped microwave
waveform generation with an extended temporal duration
is proposed and experimentally demonstrated. The linearly
chirped microwave waveform generation is realized based on
spectral-shaping and wavelength-to-time mapping, in which a
Fabry-Perot (FP) interferometer with a linearly increasing or
decreasing free spectral range is used to as a spectral shaper, and
the wavelength-to-time mapping is realized using a recirculating
dispersive loop with a large equivalent dispersion coefficient
realized by allowing the spectrally shaped optical pulse to
travel in the dispersive loop multiple times. The generation
of two linearly chirped microwave waveforms at two different
frequency bands with two temporal durations of 25 and 42 ns
and a time-bandwidth product (TBWP) of 210 is experimentally
demonstrated.

Index Terms— Chirped waveform generation, fiber Bragg
grating, microwave photonics, time-bandwidth product (TBWP),
wavelength-to-time mapping.

I. INTRODUCTION
ARGE time-bandwidth product (TBWP) microwave

waveforms can find numerous applications in
radar [1], [2], spread-spectrum communications [3],
microwave computed tomography [4], and modern

instrumentation. For example, in a radar system, a linearly
chirped microwave waveform that has a large TBWP can
be used to improve the range resolution. Linearly chirped
microwave waveforms are commonly generated by electronic
means by which the temporal duration can be long. However,
due to the limited speed of electronic circuits, the bandwidth
and the central frequency of a linearly chirped microwave
waveform generated electronically are usually limited to a few
gigahertz [5]-[7]. A linearly chirped microwave waveform
with a bandwidth and central frequency as high as tens or
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hundreds of GHz is needed to improve the spatial resolution
in a modern radar system.

Recently, numerous photonic techniques have been pro-
posed and demonstrated to the generation of large TBWP
microwave waveforms [8], such as space-to-time pulse
shaping [9]-[11], spectral-shaping and wavelength-to-time
mapping [12]-[19], temporal pulse shaping [20], optical het-
erodyne [21], and using a microwave photonic filter [22] or an
optoelectronic oscillator (OEO) [23]. A space-to-time pulse-
shaping system is usually implemented with a spatial light
modulator (SLM), which provides flexibility in updating in
real time the pattern on the SLM and enables the generation
of an arbitrary microwave waveform. The major limitations
of using an SLM are the relatively high loss and large
size [9], [10]. Although the SLM in a space-to-time pulse-
shaping system can be replaced by an arrayed waveguide
grating, the duration of the generated waveform is still limited,
in a range of tens of picoseconds, due to the relatively small
channel number of an arrayed waveguide grating, developed
usually for wavelength-division multiplexing (WDM) commu-
nications applications [11]. Microwave waveform generation
by temporal pulse shaping, using a microwave photonic filter,
or an OEQ, also has the limitation of small temporal duration.
Microwave waveforms generated by optically heterodyning
two optical waveforms from two laser sources have poor
phase-noise performance [21] since the optical waveforms
from two free-running laser sources are not phase correlated,
or a sophisticated optical phase-locked loop (OPLL) should be
used to lock the phase terms of the two laser sources, making
the system complicated and costly.

On the other hand, a spectral-shaping and wavelength-to-
time mapping waveform generation system is usually simpler,
more flexible, and more cost effective as compared with the
systems based on other techniques. In spectral-shaping and
wavelength-to-time mapping, the spectral shaper, which is
an optical filter designed with a specific spectral response,
is used to change the spectrum of an ultra-short pulse. The
spectrum of the spectrally shaped pulse can be mapped to
the time domain by using a dispersive element, to generate
a temporal waveform with a shape that is identical to the
spectrum of the spectrally shaped pulse. Hence, to generate
a linearly chirped microwave waveform, the optical filter
should have a spectral response with a free spectral range
that is linearly increasing or decreasing. In [12], a fiber-optic
spectral shaper with a Michelson interferometer structure that

0018-9480 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



1948

uses two linearly chirped fiber Bragg gratings (LCFBGs) as
two optical reflectors was demonstrated for linearly chirped
microwave waveform generation. Due to the wavelength-
dependent arm length difference of the Michelson interferome-
ter, a linearly decreasing free spectral range is achieved, which
is used for linearly chirped microwave waveform generation.
In addition to the operation as two reflectors, the LCFBGs
also function jointly as a dispersive element that can perform
linear wavelength-to-time mapping. A TBWP of around 15
for the generated linearly chirped microwave waveform was
achieved. In [13], two LCFBGs with different chirp rates
that are fabricated and superimposed in a fiber to function
as a spectral shaper. The two LCFBGs are used to constitute
a Fabry—Perot (FP) cavity that has a linearly decreasing or
increasing free spectral range due to the wavelength-dependent
cavity length. A linearly chirped microwave waveform with a
TBWP of 37.5 was achieved using the spectral shaper. In [14],
a spectral shaper implemented using a Sagnac loop mirror
with an LCFBG in the loop was reported. Again, the free
spectral range of the spectral shaper is linearly decreasing
or increasing due to the wavelength-dependent loop length.
The TBWP of the experimentally generated linearly chirped
microwave waveform was 44.8. In [15] , a tilted fiber Bragg
grating (TFBG) fabricated in an erbium/ytterbium co-doped
fiber was used as a spectral shaper, of which the spectral
response can be tuned by optically pumping the TFBG. A lin-
early chirped microwave waveform with a tunable chirp rate
from 1.8 to 7 GHz/ns was experimentally generated. In [16],
a reconfigurable waveform generator with a bandwidth up to
60 GHz was realized using a silicon photonic chip. However,
the waveforms generated in [15] and [16] are limited to have a
temporal duration of 1 ns with a TBWP of less than 60. In [17],
microwave waveform generation based on spectral-shaping
and wavelength-to-time mapping was proposed, in which
an electrically stabilized Mach—Zehnder interferometer (MZI)
was used to spectrally shape the spectrum of a short optical
pulse and a dispersion compensating fiber (DCF) was used
to perform wavelength-to-time mapping. A linearly chirped
microwave waveform with a temporal duration of 16 ns and a
TBWP of 589 were achieved. Using a similar scheme, a TBWP
of 600 was achieved thanks to the use of a photodiode with a
large bandwidth of over 175 GHz [18]. However, the temporal
duration of only 15 ns was still small for many applications.
In [19], a linearly chirped microwave waveform with an
arbitrarily long temporal duration was achieved by stitching
a series of individual linearly chirped microwave waveforms
with different initial phases. In the system in [19], an indi-
vidual linearly chirped microwave waveform was generated
based on spectral-shaping and wavelength-to-time mapping, in
which a programmable optical filter and two modulators were
employed. The system is very complicated. In addition, the
temporal duration of an individual linearly chirped microwave
waveform was only 5 ns, which was again limited by the
small dispersion of the dispersive device for wavelength-
to-time mapping. Although the techniques in [12]-[19] can
be used to generate a wideband linearly chirped microwave
waveform at a high carrier frequency of over tens of GHz,
the temporal duration is small, which is fundamentally limited
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Fig. 1. Schematic diagram of the microwave waveform generation system.
Synchronization: Syn; mode-locked laser: MLL; arbitrary waveform genera-
tor: AWG; Mach—Zehnder modulator: MZM; optical circulator: OC; linearly
chirped fiber Bragg grating: LCFBG; attenuator: ATT; erbium-doped fiber
amplifier: EDFA; photodetector: PD.

by the achievable maximum time delay of the dispersive
device used for wavelength-to-time mapping. For example, the
maximum time delay of an LCFBG is only a few nanoseconds,
limited by its physical length [24]. Although a DCF with a
length of tens of kilometers can achieve a larger dispersion,
the high insertion loss needs to be compensated by a fiber
amplifier, such as a distributed Raman amplifier, making the
system very complicated [25]. For many applications, a simple
and cost-effective approach to generate a microsecond or sub-
millisecond long microwave waveform is needed.

In this paper, a microwave waveform generator to generate
a linearly chirped microwave waveform with an extended
temporal duration by a repetitive multi-time use of an LCFBG
in a fiber-optic recirculating loop is proposed and experi-
mentally demonstrated. In our recent work reported in [26],
a simple experiment was performed to prove the concept.
In this paper, a comprehensive analysis is provided, which
is then verified by more detailed experiments. In addition to
the increase in the temporal duration, we also demonstrate
that the central frequency of the generated linearly chirped
microwave waveform can be tuned. In the proposed system,
the spectral shaper is an FP interferometer incorporating two
LCFBGs with complementary chirps to constitute an FP cavity
with a linearly decreasing or increasing free spectral range.
The spectrum of an ultra-short optical pulse is shaped by the
FP interferometer. The pulse is then directed into a dispersive
loop consisting of a third LCFBG. Since the optical pulse
is temporally stretched multiple times when reflected by the
third LCFBG multiple times, a linearly chirped microwave
waveform with an extended temporal duration that exceeds the
physical length of the third LCFBG can be generated. Note
that although a similar dispersive loop has been used in [24],
it is for a different application where fast signal sampling is
implemented.

This paper is organized as follows. The operation principle
of the proposed system is theoretically analyzed in Section II.
An experiment to verify the operation of the proposed system
is reported in Section III. A conclusion is drawn in Section IV.

II. PRINCIPLE

Fig. 1 shows the schematic diagram of the microwave wave-
form generation system. An ultra-short optical pulse train is
generated by a mode-locked laser (MLL) source. A repetition-
rate-reduction module consisting of a Mach—Zehnder modu-
lator (MZM) and an arbitrary waveform generator (AWG) is
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used to realize the repetition rate reduction of the pulse train
to avoid the overlapping of adjacent pulses when temporally
stretched by the LCFBG in the dispersive loop. A gate signal
is generated by an AWG with a repetition rate equal to that
of the repetition-rate-reduced pulse train. The pulse train is
then sent via an optical circulator (OC1) to an FP interferom-
eter formed by two complementary LCFBGs (LCFBG1 and
LCFBG2), which is used as the spectral shaper. An erbium-
doped fiber amplifier (EDFA1) is employed after the MZM
to compensate for the loss of the repetition-rate-reduction
module. The pulse train is then launched into a dispersive
loop, in which a third LCFBG (LCFBG3) is incorporated via
a second optical circulator (OC2). In the dispersive loop, a
second EDFA (EDFA2) is employed to provide an optical
gain, followed by an attenuator (ATT) to balance the gain
to be slightly less than 1 to avoid lasing. The temporally
stretched pulse is finally detected by a photodetector via a
2 x 2 optical coupler. A linearly chirped microwave waveform
with an extended temporal duration is obtained at the output
of the photodetector.

Assuming that the dispersion coefficients of LCFBGI1 and
LCFBG2 are, respectively, ®; and —®; when looking into
from the second port of OC1, the cavity length of the FP inter-
ferometer for a light wave with an angular frequency of w is
given by [24]

2ct (w) —ds 2c¢D1 (0w — wy) 0
Neff Neff

where 7 (w) is the time delay caused by LCFBGI and
LCFBG?2 for a lightwave with an angular frequency of w
resonating in the FP interferometer; c is the light velocity in
vacuum; nefr is the effective refractive index of the optical
fiber; and w; denote the lowest optical angular frequencies
within the reflection bands of LCFBG1 and LCFBG2.

The free spectral range of the FP interferometer can then
be calculated by

L(w)=d+

2zc e @)
2netL (@) negrd + 2D (0 — @)

Since both LCFBG1 and LCFBG2 are fabricated with low
reflectivities, the reflection spectrum of the FP interferome-
ter should have an interference pattern within the reflection
spectrum of LCFBG1 and LCFBG2. A simulated spectrum
of an FP interferometer formed by two identical LCFBGs,
with an identical reflectivity of 10% and a bandwidth of 4 nm
centering at 1551 nm, is given in Fig. 2. For comparison,
an ideal linearly chirped sinusoidal function is also shown
(in log scale). It can be seen that such an FP interferometer has
a spectral response that is similar to the shape of a sinusoidal
function with an increasing period (or free spectral range)
given by (2). The spectral response of the FP interferometer
can thus be written as

. 2
R (w) = sin (—a) + (0)
WFSR
. 2nesrd . . 5
= sin — 40105 | 0 +4DP10° + ¢ 3)
c

where ¢ is an initial phase that will be interpreted as
a microwave phase in the generated waveform. It can be
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Fig. 2. Simulated reflection spectrum of an FP interferometer formed
by two LCFBGs with complementary dispersion (solid line). The central
wavelength and bandwidth of the two LCFBGs are 1551 and 4 nm. They
are fabricated to have a uniform reflectivity of 10% and physically separated
by 2 mm. The dotted line is an ideal linearly chirped microwave waveform.

seen from (2) and (3) that the free spectral range of the
FP interferometer is linearly increasing or decreasing, depend-
ing on the sign of C'I')l.

After spectral shaping by the FP interferometer and amplifi-
cation by EDFA1, the spectrally shaped pulse is directed into
the dispersive loop via the optical coupler. It has been theoreti-
cally proven in [27] that the dispersive loop has an equivalent
dispersion coefficient of N®3 thanks to the multi-time use
of LCFBG3, where (133 and N are the dispersion coefficient
of LCFBG3 and the round-trip number that the optical pulse
travels in the loop, respectively. If the gain of EDFA2 can be
controlled to fully compensate for the round-trip loss of the
dispersive loop, N can be an extremely large number, which
would result in a very large equivalent dispersion coefficient,
hence, allowing a highly extended temporal duration for the
generated linearly chirped microwave waveform.

When the pulse recirculates in the loop, wavelength-to-time
mapping is performed. After N round trips, the electrical field
at the output of the dispersive loop is given by [8]

t2) X (w)

where X (w) = G (w) - R (w) is the optical spectrum of the
pulse after being spectrally shaped by the FP interferometer,
and G (w) is the spectrum of a pulse from the MLL. In our
case, the bandwidth of the pulse from the MLL is significantly
larger than that of the optical spectral shaper, we can let
G (w) = 1 for simplicity. In addition, the phase term in (4)
will be eliminated by photo-detecting at a photodetector.
Substituting (3) into (4), we get

1
y (1) = exp (j NG 4)

N(D3 w=t/N('I')3

. 2nesed — 4c(.I.)1a)s 4(‘1.)1 5
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which precisely represents a linearly chirped microwave wave-
form with an instantaneous frequency of

4d,

nefrd — 2cfl51ws ;
nNzéIS% '

Fo= ﬂCNdS3

(6)

The first term of (6) determines the central frequency of
the linearly chirped microwave waveform, while the second
term corresponds to the linear frequency chirping. The central
frequency of the linearly chirped microwave waveform can
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Fig. 3.

Photograph of the experimental setup.

be changed by adjusting the spacing between LCFBG1 and
LCFBG2.

In our system, the optical bandwidth is limited by the
FP interferometer. Thus, it is required in (4) that

t
s = N (-I-)S =w @)
where w; denotes the upper frequency limit of the reflection
bands of LCFBGI1 and LCFBG2. The temporal duration of
the linearly chirped microwave waveform can then be deduced
from (7),
At = NO3Aw (8)

where Aw = w;—w; is the bandwidth of the FP interferometer.
Substituting (7) into (6), the bandwidth of the generated
waveform is derived, which is given by

Af = % ©)]
T ND3
Multiplying (8) and (9), we get the TBWP,
40, Aw?
TBWP = — (10)

It is seen that the TBWP of the linearly chirped microwave
waveform is a constant even when the temporal duration is
extended since the bandwidth of the waveform is reduced
when the waveform is temporally extended. The product
between the two remains constant. This conclusion is true for
linear temporal stretching. However, the use of the dispersive
loop allows us to generate a linearly chirped microwave
waveform with a time duration that is N times as long as the
one without a dispersive loop, and the TBWP can be controlled
to be large by designing an FP interferometer with a wider
bandwidth.

The central frequency of the generated linearly chirped
microwave waveform can be tuned by adjusting the physical
spacing between LCFBG1 and LCFBG2. A greater spacing
corresponds to a higher central frequency. On the other hand,
the bandwidth of the linearly chirped microwave waveform
can be increased if the two LCFBGs in the FP interferometer
are designed to have larger dispersion coefficients, which
leads to an FP interferometer with a faster varying free
spectral range.

III. EXPERIMENT

The linearly chirped microwave waveform generation sys-
tem shown in Fig. 1 is then implemented. Fig. 3 gives a
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Fig. 4. Reflection spectra of the FP interferometers with a physical spacing
between LCFBG1 and LCFBG2 of: (a) 2 mm and (b) 2 cm.

photograph of the experimental setup. An ultra-short optical
pulse train is generated by an MLL (PriTel FFL-1550-20).
The repetition rate and the central wavelength of the pulse
train are 20 MHz and 1551.5 nm, respectively. The 3-dB
spectral bandwidth of an individual pulse is 6 nm with a
transform limited temporal width of 550 fs. The gate signal
with a repetition rate of 1.18 MHz or a repetition period of
850 ns produced by the AWG (Tektronix AWG7102) provides
a 50-ns-long time window to reduce the repetition rate of the
pulse train from 20 to 1.18 MHz. The MZM is configured
to operate as an optical switch, by biasing it at its minimum
transmission point (switch off) and the maximum transmission
point (switch on), corresponding to the gate is close and open,
respectively. Note that if the MLL has a smaller repetition
rate, the AWG and the MZM will not be needed and the
system can be simplified. LCFBG1 and LCFBG2 forming
the FP interferometer are fabricated to have a bandwidth
of 4 nm centered at 1551.5 nm and a dispersion coeffi-
cient of +25 ps®/rad. Two grating pairs with two different
physical separations of 2 mm and 2 cm between LCFBGI
and LCFBG2 are fabricated to generate linearly chirped
microwave waveforms with two different central frequencies.
The reflection spectra of the two FP interferometers are shown
in Fig. 4(a) and (b). A linearly increasing free spectral range
is observed for both FP interferometers. The FP interferometer
with a larger physical separation, i.e., longer FP interferometer
cavity, has a smaller free spectral range that can be used
for the generation of a linearly chirped microwave wave-
form with a higher central frequency. In the reflection spec-
tra shown in Fig. 4(a) and (b), strong amplitude ripples are
observed, especially for the smaller the free spectral range end.
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Fig. 5. Generated linearly chirped microwave waveforms using the FP inter-
ferometer with a physical spacing between the two LCFBGS of 2 mm
with: (a) three and (b) five round trips.

The ripples are introduced by the limited wavelength sampling
interval of the optical vector analyzer (LUNA Technologies)
used to measure the spectra of the FP interferometers. The
wavelength sampling interval is 2.4 pm, while the smallest
free spectral range is 13 pm. LCFBG3 in the dispersive loop
is fabricated to have a 4-nm reflection bandwidth with a center
wavelength of 1551.5 nm and an in-band dispersion coefficient
of —3188 ps?/rad. Thanks to the multi-time use of LCFBG3
in the loop, a large equivalent dispersion coefficient can be
achieved. For example, if the pulse is recirculating in the loop
for five round trips, the equivalent dispersion coefficient would
be as large as 15940 ps/nm. A photodetector (New Focus 1414,
20-GHz bandwidth) is used to detect the temporally stretched
optical pulse to get a microwave waveform.

It should be noted that two EDFAs are used in the system.
The first EDFA is required by the repetition-rate-reduction
module to compensate for the insertion loss in the module.
Since only 1 out of 17 pulses is selected by the MZM,
the reduction in the repetition rate would introduce 12.3-dB
insertion loss. If the insertion loss of the MZM of 5 dB is
included, the total insertion loss is 17.3 dB. If the pulse train
generated by the MLL has a longer repetition period, the first
EDFA and the MZM will not be needed, and the system will
be simplified. The insertion loss of the FP interferometer is
7.5 dB. The second EDFA is also required to compensate for
the round-trip loss, to allow the pulse to recirculate for more
round trips in the dispersive loop.

The linearly chirped microwave waveform generated at
the photodetector is monitored by an oscilloscope (Agilent
DSO-X 93204A). First, we use the FP interferometer with
a separation of d = 2 mm as the optical spectral shaper.
Fig. 5 shows two linearly chirped microwave waveforms after
the pulse recirculates for three and five round trips in the loop.
The linearly chirped microwave waveforms have decreas-
ing periods, indicating a frequency up-chirp. Compared with
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Fig. 6. Spectrograms of the linearly chirped microwave waveforms
for: (a) three and (b) five round trips. The color scale represents the normalized
amplitude of the spectrogram.

a single-time use of LCFBG3 that would generate a lin-
early chirped microwave waveform with a duration of less
than 10 ns, extended temporal durations of around 25 and
42 ns are obtained for the two linearly chirped microwave
waveforms. It should be noted that the waveforms should have
temporal durations of 30 and 50 ns calculated theoretically
based on (8). The differences in the temporal durations are
due to the errors in the fabrication of the LCFBGs, which
would cause a reflection band mismatch between the LCFBGs.
The amplitude ripples shown in the linearly chirped microwave
waveform spectra are resulted from the ripples in the spectrum
of an MLL pulse, the non-flat gain spectra of the EDFAs, and
the ripples in the reflection spectra of the LCFBGs. There
ripples can be mitigated by adding an optical gain-flattening
filter in the dispersive loop.

The spectrograms of the generated linearly chirped
microwave waveforms shown in Fig. 5 are calculated and
shown in Fig. 6. Linearly increasing instantaneous frequen-
cies can be observed for the two generated linearly chirped
microwave waveforms, which indicate a good linearity of the
frequency chirping of the waveforms. The two linearly chirped
microwave waveforms have bandwidths of 8.4 and 5.0 GHz
with an identical TBWP of around 210. However, the tem-
poral durations are extended thanks to the greater equivalent
dispersion coefficient of the dispersive loop. According to (10),
the theoretical TBWP of the system is estimated to be 315.
Since wavelength-to-time mapping is only performed to part
of the spectrum (82%, in our case) shown in Fig. 4 due to the
mismatch between the reflection bandwidths of the LCFBGs,
the temporal durations and bandwidths of the linearly chirped
microwave waveforms are reduced.

In a radar receiver, a linearly chirped microwave waveform
is compressed by a matched filter to improve the range res-
olution. The calculated correlation results between a linearly
chirped microwave waveform and its reference are presented
in Fig. 7(a) and (b). The widths of the correlation peaks are
100 and 160 ps for the two linearly chirped microwave
waveforms after three and five round trips, which correspond
to two suppression ratios of 250 and 262, respectively.

To generate a linearly chirped microwave waveform at a
different frequency band, a second FP interferometer with a
physical separation of d = 2 cm is then employed as the opti-
cal spectral shaper. The linearly chirped microwave waveform
for five round trips are shown in Fig. 8(a). A 45-ns-long lin-
early chirped microwave waveform is achieved. The minimum
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FP interferometer with a spacing of 2 cm after the optical pulse recirculates for
five round trips and (b) corresponding spectrogram. The color scale represents
the normalized amplitude of the spectrogram.

frequency is 1.5 GHz instead of around dc for the linearly
chirped microwave waveform shown in Fig. 5. However,
strong attenuation can be observed for the high-frequency
components due to a lower responsivity of the photodetector
at a higher frequency band. The spectrogram in Fig. 8(b)
indicates a TBWP of only 180, which is also caused by
the lower responsivity of the photodetector at the higher
frequency band. The calculated autocorrelation of the linearly
chirped microwave waveform shows a width of the correlation
peak of 358 ps. A compression ratio of 125 is achieved
for the 45-ns long linearly chirped microwave waveforms.
It should be noted that amplitude ripples in the spectra of the
linearly chirped microwave waveforms shown in Figs. 5 and 8
are observed. The ripples are caused due to the lasing in
the dispersive loop since the gains at certain wavelengths
are near the lasing threshold. To reduce the ripples, in the
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dispersive loop, a gain-flattening filter may be used to flatten
the gain spectrum of the EDFA so that the lasing can be
suppressed.

The stability of the proposed linearly chirped microwave
waveform generator is also studied. We first investigate the
short-term stability. To do so, two linearly chirped microwave
waveforms that are separated in time by 60 cycles (45 us)
are sampled and compared. The linearly chirped microwave
waveforms have very similar shapes, including the ampli-
tude ripples and the phase responses, indicating good sta-
bility and repeatability of the operation of the system. The
cross-correlation between the two linearly chirped microwave
waveforms is also calculated, which is identical to the auto-
correlation of one of the linearly chirped microwave wave-
forms. This again demonstrates a stable and repeatable opera-
tion of the system. The long-term stability is strongly affected
by the ambient temperature change, as the FP interferometer
is temperature sensitive. By using a temperature control unit,
the long-term stability can be improved.

IV. CONCLUSION

An approach to the generation of a linearly chirped
microwave waveform with an extended temporal duration
implemented by an FP interferometer for spectral shaping
and a dispersive loop for wavelength-to-time mapping was
proposed and experimentally demonstrated. Long temporal
duration for the generated linearly chirped microwave wave-
form was enabled by multi-time use of an LCFBG in a
dispersive to perform wavelength-to-time mapping. Two lin-
early chirped microwave waveforms with two temporal widths
of 25 and 42 ns were generated at two different frequency
bands. A further increase in the temporal durations of the
linearly chirped microwave waveforms is possible by allowing
the optical pulse recirculate for more round trips in the
loop. The TBWPs of the two linearly chirped microwave
waveforms were both 210 and the extension of the temporal
duration of a linearly chirped microwave waveform will not
increase the TBWP for a given FP interferometer. To increase
the TBWP, an FP interferometer with two LCFBGs having
larger dispersion coefficients may be used. For example, if
two LCFBGs with two opposite dispersion coefficients of
+3188 ps? are used to constitute the FP interferometer and
a photodetector with a bandwidth of over 100 GHz is used
to perform photodetection [18], a linearly chirped microwave
waveform with a TBWP as large as 4200 can be generated.
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