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Abstract—A tilted fiber Bragg grating (TFBG) as an optical
spectral shaper to generate a chirped microwave waveform in
a spectral-shaping and wavelength-to-time (SS-WTT) mapping
system is proposed and demonstrated. The key component in
the system is the TFBG, which has multiple resonant peaks with
linearly increasing spacing in its transmission spectrum. By incor-
porating a TFBG into an SS-WTT system, a chirped microwave
waveform is generated with the chirp rate determined by the tilt
angle of the TFBG. A proof-of-concept experiment is carried out.
Two TFBGs with tilt angles of 10° and 4° are fabricated and
employed to generate two chirped microwave waveforms with
chirp rates of 0.00700 and 0.05956 GHz/ps, respectively.

Index Terms—Chirped microwave waveform generation, tilted
fiber Bragg gratings (TFBGs), wavelength-to-time mapping.

I. INTRODUCTION

HOTONIC generation of chirped microwave wave-

forms has been a topic of interest recently. Chirped
microwave waveforms can find many important applications
such as modern radar, ultrafast wired and wireless commu-
nications, medical imaging and modern instrumentation [1].
The key advantages of using photonic techniques for chirped
microwave waveform generation are the ultrafast speed and
broad bandwidth, which cannot be realized using currently
available electronic techniques. Numerous photonically as-
sisted techniques have been proposed recently to generate
chirped microwave waveforms [2]-[5]. Among them, chirped
microwave waveform generation based on pure fiber optics of-
fers advantages such as smaller size, lower loss, better stability
and higher potential for integration.

Optical spectral-shaping and wavelength-to-time (SS-WTT)
mapping is an important technique which has been recently em-
ployed to generate chirped microwave waveforms [4], [5]. In an
SS-WTT mapping system, chirped microwave waveform gen-
eration is implemented by shaping the spectrum of an ultra-
short optical pulse with a spectral filter that has a increasing
or decreasing free spectral range (FSR) and then the spectrum-
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Fig. 1. Schematic of the chirped microwave waveform generator using a
TFBG. PD: Photodetector. MLL: Mode-locked laser. TFBG: tilted fiber Bragg
grating.

shaped pulse is linearly mapped to the time domain in a disper-
sive element [4]. Due to the linear wavelength-to-time mapping,
a chirped microwave waveform with a shape that is a scaled
version of the shaped spectrum is generated [4]. The key de-
vice in an SS-WTT system for a chirped microwave waveform
generation is the spectral filter, which should have a spectrum
with increasing or decreasing FSR. Such a spectral filter can be
achieved using superimposed FBGs [6] or a Sagnac-loop mirror
incorporating a chirped fiber Bragg grating [7].

In this letter, we proposed to generate a chirped microwave
waveform based on SS-WTT mapping using a tilted fiber Bragg
grating (TFBG) as the optical spectral filter. The key feature
of the TFBG is that there are multiple cladding-mode resonant
peaks with approximately increasing or decreasing spacing in its
transmission spectrum. Compared to other types of resonant fil-
ters with varying FSR [6], [7], the TFBG has several advantages
such as ease of fabrication, very small insertion loss, wide band-
width and relatively little temperature sensitivity [8]. In addi-
tion, there is some flexibility in shaping the amplitude envelope
of the resonant peaks by varying the tilt angle. Two TFBGs with
tilt angles of 10° and 4° are fabricated and employed to gen-
erate two chirped microwave waveforms with two chirp rates
0f 0.00700 and 0.05956 GHz/ps, respectively.

II. PRINCIPLE AND SYSTEM CONFIGURATION

The schematic of the proposed chirped microwave waveform
generator using a TFBG is shown in Fig. 1. A transform-lim-
ited ultrashort optical pulse from a mode locked laser (MLL) is
sent to the TFBG that is working in the transmission mode. The
TFBG is used to shape the power spectrum of the input optical
pulse to have a spectrum that has linearly increasing wavelength
spacing for the cladding mode resonant wavelengths. After the
TFBG, a dispersive element with a linear group delay response
is used to perform the dispersion-induced wavelength-to-time
mapping. A microwave waveform with its shape that is a scaled
version of the shaped optical power spectrum is then generated
at the output of a photodetector (PD).
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Fig. 2. Effective refractive indices of the LP modes of a TFBG. A zoom-in
view of the indices is shown in the inset.

The key component in the system is the TFBG. It is different
from a regular FBG, a TFBG has a transmission spectrum with
the longest wavelength resonance corresponding to the reflec-
tion of the core mode and the shorter wavelength resonances
corresponding to the contra-propagating coupling between the
core mode and the cladding modes. The resonant wavelength in
transmission is given by

Ay

— 1
cosf’ M

Aclad,i = ("eff,clad,i + neﬂ,core)

where nef core and Nefr c1aa,¢ are the effective refractive indices
of the core mode and the #th cladding mode, respectively, A, is
the nominal grating period and # is the tilt angle. Since Neg core
is almost kept constant within the related wavelength band, the
wavelength spacing is given by

Ay
cosf’

2

AXciad,iit1 = (Neft clad,it1 — Peff clad,i)

As can be seen from (2), the relationship between the
wavelength spacing and the wavelength is determined by the
effective refractive index of cladding modes. The effective
refractive index of the linear polarization (LP) modes are
calculated and shown in Fig. 2. Since the coupling coefficient
of the LP,,,, (m > 4) mode in a TFBG is very small and
can be neglected, only the effective refractive indexes of the
LP,,, (m < 3) modes are considered [9]. The transmission
spectrum of a TFBG is formed based on the coupling between
the four series of the LP modes and the core mode. Fig. 2 shows
that each notch response is determined by two LP modes which
have almost the same effective refractive index. Therefore, the
wavelength spacing can be approximately calculated based
on the half value of the effective refractive index difference
between two neighboring LP modes (e.g., LPg s and LPg 37
which are approximately half separated by LPy s¢).

Fig. 3 shows the simulated relationship between the wave-
length spacing and the wavelength. In the simulation, the tilt
angle of the TFBG is 10° and the Bragg wavelength is 1600 nm.
The wavelength spacing is not linearly decreasing within the
whole wavelength band. However, it is linearly decreasing
within a small wavelength range. As shown in the inset of
Fig. 3, the wavelength spacing is linearly decreasing from
1550 nm to 1570 nm which covers the bandwidth of the MLL
used for the experiment). Since we have the mapping relation
between the time and wavelength ¢ = A x ®, the instantaneous
frequency f is given by f = 1/At = 1/(® x AX), where Al
is the time spacing, d is the chromatic dispersion (ps/nm) and
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Fig.3. Wavelength spacing versus wavelength and the simulated instantaneous
frequency versus time. The insets show the zoom-in views of the two curves.

A is the wavelength spacing. The dispersive element in the
simulation has a value of chromatic dispersion of 38.53 ps/nm.
The instantaneous frequency is calculated and shown in Fig. 3.
As can be seen from the zoom-in view, the instantaneous
frequency mapped from the wavelength domain from 1550
to 1570 nm is approximately linear. Thus, an approximately
linearly chirped microwave waveform is generated using a
TFBG in an SS-WTT mapping system.

III. EXPERIMENT

An experiment based on the setup shown in Fig. 1 is then
carried out. An ultrashort pulse with a pulse-width of 550 fs, a
full-width at half-maximum (FWHM) bandwidth of 8 nm and a
central wavelength of 1558.6 nm generated by the MLL is sent
to the TFBG.

First, a TFBG with a tilt angle of 10° is employed. The trans-
mission spectrum of the TFBG is shown in Fig. 4(a). The Bragg
wavelength is about 1603.1 nm. The fabrication of a TFBG was
described in [10]. Fig. 4(a) shows that the wavelength spacing
between two neighboring resonant wavelengths is almost lin-
early decreasing with the increase of wavelength with a de-
creasing slope of —0.01005 nm/nm. In addition, as can be seen
from the inset of Fig. 4(a), the wavelength resonance is formed
by two closely spaced notch responses due to the coupling be-
tween the LP modes with core mode. The experimental results
confirm the theoretical analysis in Section II. The TFBG is then
used to shape the power spectrum of the input optical pulse.
The wavelength spacing at the central wavelength of the shaped
power spectrum is 1.09 nm. The spectrum-shaped optical pulse
is then directed into a 2.3 km single mode fiber (SMF) with
a chromatic dispersion value of 38.53 ps/nm. After the disper-
sion-induced linear frequency-to-time mapping in the SMF, the
spectrum-shaped power spectrum is mapped to the time domain.
A chirped microwave waveform is thus experimentally gener-
ated, as shown in Fig. 4(b). The instantaneous frequency within
the main waveform lobe is also shown in Fig. 4(b). As can be
seen the instantaneous frequency is increasing approximately
linearly with time with a central frequency of 24.21 GHz and
a chirp rate of 0.00700 GHz/ps. Based on (1), the theoretically
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Fig. 4. (a) Transmission spectrum of the TFBG with a 4° tilt angle used in the
experiment. The dotted line shows the wavelength spacing between two neigh-
boring resonant wavelengths as a function of optical wavelength. (b) Experi-
mental result: the generated linearly chirped microwave waveform (solid blue
line) and the instantaneous frequency (red dots). Solid red line is the linear fit-
ting of the instantaneous frequency.
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Fig. 5. (a) Transmission spectrum of the TFBG with a 4° tilt angle used in the
experiment. The dotted line shows the wavelength spacing between two neigh-
boring resonant wavelengths as a function of optical wavelength. (b) Experi-
mental result: the generated linearly chirped microwave waveform (solid blue
line) and the instantaneous frequency (red dots). Solid red line is the linear fit-
ting of the instantaneous frequency.

calculated central frequency is 23.80 GHz and the chirp rate is
0.0062 GHz/ps. An excellent agreement is reached.

Then, in the second experiment, a TFBG with a different tilt
angle of 4° is incorporated into the system. The transmission
spectrum of the 4° TFBG is shown in Fig. 5(a). The wavelength
spacing at the central wavelength of the shaped power spec-
trum is 0.442 nm. The Bragg wavelength is about 1567.0 nm
that is close to the central wavelength of the MLL. Similar
to the theoretical results in Fig. 3, the measured wavelength
spacing between two neighboring resonant wavelengths is
rapidly decreasing when the wavelength gets close to the Bragg
wavelength. Fig. 5(b) shows the measured microwave wave-
form. The central frequency is 57.76 GHz and the chirp rate is
0.05956 GHz/ps. The chirp rate of the generated microwave
waveform in the second experiment is about 8.5 times higher
than that in the first experiment using the 10° TFBG.

IV. DiscussioN

As shown in Fig. 5, since the Bragg wavelength of the TFBG
falls in the spectral range of the MLL, the right part of the gen-
erated chirped microwave waveform is not as good as the left
part. A phase mask with a larger period may be used to shift
the Bragg wavelength out of the spectral range of the MLL. In
addition, once a TFBG is fabricated, its transmission spectrum
is hard to be largely tuned. Therefore, it is difficult to change
the chirp rate of the generated microwave waveform by tuning
the TFBG mechanically or thermally. However, as can be seen
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from Fig. 3, the wavelength spacing along the wavelength is
continuously decreasing, it is possible to tune the chirp rate of
the generated chirped microwave waveform at a high speed by
tuning the wavelength of a wavelength-tunable MLL [11].

The temporal duration of the two generated chirped mi-
crowave waveforms is about 300 ps. The pulse width can be
increased by increasing the bandwidth of the MLL or increasing
the dispersion value of the dispersive element. As shown in
Fig. 3, when the spectral width of the MLL is largely increased,
the generated chirped microwave waveform will not be linearly
chirped. There exists a trade-off between the pulse duration and
the linearity of the generated chirped microwave waveform. On
the other hand, increasing the dispersion value of the dispersive
element will result in an increase in the pulse duration, but the
central frequency will decrease accordingly.

V. CONCLUSION

A novel approach to generating a linearly chirped microwave
waveform based on SS-WTT mapping using a TFBG as a spec-
tral filter was proposed and experimentally demonstrated.
The key component in the proposed system was the TFBG.
Since a TFBG has a transmission spectrum with linearly in-
creasing wavelength spacing for the cladding mode resonant
wavelengths, the incorporation of the TFBG into a SS-WTT
mapping system can generate a linearly chirped microwave
waveform. In the experiment, two TFBGs with tilt angles of
10° and 4° were fabricated and employed to generate two
chirped microwave waveforms with chirp rates of 0.00700 and
0.05956 GHz/ps, respectively.
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