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Abstract—A novel approach to generating a chirped microwave
waveform with continuously tunable chirp rate based on a
temporal interferometer incorporating an optically pumped
linearly chirped fiber Bragg grating (LCFBG) is proposed and
demonstrated. The temporal interferometer is realized using
a Mach–Zehnder interferometer (MZI) that incorporates an
LCFBG and a dispersion compensating fiber to generate a tem-
poral interference pattern with an instantaneous frequency that is
linearly proportional to time. A linearly chirped microwave wave-
form with its shape that is identical to the temporal interference
pattern is generated at the output of a photodetector. The tuning
of the chirp rate of the generated waveform is realized by optically
pumping the LCFBG that is written in an erbium–ytterbium
co-doped fiber with different pumping powers. The key advan-
tage of using optical pumping over external thermal tuning or
mechanical tuning to tune the dispersion of the LCFBG is that the
dispersion can be tuned at a high speed and controlled remotely.
Moreover, the undesirable birefringence effects existing in the
mechanical tuning technique can also be avoided. A theoretical
analysis is performed that is verified by numerical simulations and
an experiment. A linearly chirped microwave waveform with a
tunable chirp rate from 79 to 64 GHz/ns by changing the injection
current to the pumping laser diode from 0 to 100 mA is generated.
The experimental results also show that the central frequency of
the generated chirped microwave waveform can be changed by
tuning the longitudinal offset of the MZI.

Index Terms—Chirped microwave waveform generation, er-
bium–ytterbium (Er/Yb) co-doped fiber, fiber Bragg grating
(FBG), linearly chirped fiber Bragg grating (LCFBG), temporal
interferometry.

I. INTRODUCTION

P HOTONIC generation of chirped microwave waveforms
has been a topic of interest recently, which can find many

important applications such as modern radar, ultra-fast wired
and wireless communications, medical imaging, and modern in-
strumentation [1]. In a radar system, for example, the range res-
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olution can be improved while maintaining a large detection dis-
tance due to the use of a chirped microwave waveform to achieve
pulse compression [2]. Although a chirped microwave wave-
form can be generated in the electrical domain, the central fre-
quency and bandwidth are usually small due to the limited sam-
pling rate of the currently available digital electronics. For many
applications, however, a chirped microwave waveform with a
central frequency up to tens or even hundreds of gigahertz and
a bandwidth up to tens of gigahertz is required [3]. The key ad-
vantages of using photonic techniques for chirped microwave
waveform generation are the ultrafast speed and broad band-
width that can meet the high-frequency and broad-bandwidth
requirements. Numerous photonically assisted techniques have
been proposed recently to generate chirped microwave wave-
forms based on either free-space optics or fiber optics [4]–[7].
Compared with free-space optics, waveform generation based
on pure fiber optics offers 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 that has been recently em-
ployed to generate chirped microwave waveforms [6], [7]. In
an SS-WTT mapping system, a chirped microwave waveform
is generated by shaping the spectrum of an ultrashort optical
pulse using a spectral filter with an increasing or decreasing free
spectral range (FSR), followed by wavelength-to-time mapping
in a dispersive element [6]. 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 [6]. The key
device in an SS-WTT system for a chirped microwave wave-
form generation is the spectral filter, which should have a spec-
tral response with an increasing or decreasing FSR. Such a spec-
tral filter can be implemented using two superimposed linearly
chirped fiber Bragg gratings (LCFBGs) with a spatial offset be-
tween the two LCFBGs [8], or a spatially discrete fiber Bragg
grating (FBG) [9]. The major limitation of these techniques is
that the generated waveform is not tunable since the spectral re-
sponse of the spectral filter is hard to be tuned once the filter is
constructed. Recently, we demonstrated a chirped microwave
waveform generator using a spectral filter that consists of a
Sagnac-loop mirror incorporating an LCFBG [10]. The center
frequency and the sign of the chirp rate could be tunable, but the
absolute value of the chirp rate is kept constant. Recently, a pho-
tonic approach to generating a high-frequency microwave pulse
with tunable chirp rate based on nonlinear wavelength-to-time
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mapping using a dispersive fiber with the third-order dispersion
was proposed. The major limitation of this technique is that the
central frequency of the generated microwave pulse is largely
changed when its chirp rate is tuned [11].

In this paper, a novel approach to generating a chirped mi-
crowave waveform with continuously tunable chirp rate based
on temporal interferometry is proposed and experimentally
demonstrated. The chirp rate and central frequency of the
generated microwave waveform can be tuned separately. The
proposed chirped microwave waveform generation system
is similar to the SS-WTT mapping system reported in [10],
but the key difference is that an optically pumped LCFBG is
employed in a Mach–Zehnder interferometer (MZI) serving
as the spectral filter. The spectral response of the MZI has an
increasing or decreasing FSR, which is tunable by pumping
the LCFBG. After wavelength-to-time mapping in a dispersion
compensating fiber (DCF), a temporal interference pattern
with an instantaneous frequency that is linearly increasing with
time is generated. The detection of the temporal interference
pattern at a photodetector would generate a linearly chirped
microwave waveform. The optically pumped LCFBG is written
in an erbium–ytterbium (Er/Yb) co-doped fiber. By pumping
the LCFBG with different pumping power, the group-delay
response will be changed, leading to the change of the FSR
of the spectral response. The key advantage of using optical
tuning over an external thermal [12] or mechanical tuning [13]
to tune the dispersion of the LCFBG is that the dispersion can
be tuned at a high speed and controlled remotely. In addition,
the undesirable birefringence effects existing in the mechanical
tuning technique can also be avoided. Some preliminary results
have been presented in [14]. In this paper, the proposed system
is investigated in detail. A theoretical analysis is presented,
which is verified by numerical simulations and an experiment.
A linearly chirped microwave waveform with a tunable chirp
rate from 79 to 64 GHz/ns by changing the injection current to
the pumping laser diode from 0 to 100 mA is experimentally
demonstrated. The tuning of the central frequency of the gen-
erated chirped microwave waveform by tuning the longitudinal
offset of the MZI is also experimentally demonstrated.

II. PRINCIPLE

The fundamental principle of the proposed technique is il-
lustrated in Fig. 1. An ultrashort transform-limited optical pulse
emitted from a mode-locked laser (MLL) is directed into the two
arms of an MZI. The optical pulse passing through the upper arm
(arm 1) is time stretched by the LCFBG in the arm and then the
DCF at the output of the MZI. The optical pulse directed into the
lower arm (arm 2) is only experiencing a time delay in the arm
and then stretched by the DCF. The two time-stretched optical
pulses are combined to generate a temporal interference pattern
with an increasing or decreasing FSR. Using an opto-electronic
converter, the temporal interference pattern is converted to a
chirped microwave waveform.

The key component in the system is the LCFBG, which is
inscribed in an Er/Yb co-doped fiber. When the LCFBG is op-
tically pumped from the red end, i.e., the end with a longest pe-
riod, the temperature at the red end would increase, which would

Fig. 1. Temporal interferometer for a chirped microwave waveform genera-
tion. An LCFBG is incorporated in arm 1 of the interferometer, and a DCF is
used to stretch the two pulse from the interferometer. Linearly chirped fiber
Bragg grating: LCFBG, delay line: DL, dispersion compensating fiber: DCF,
opto-electronic converter: O/E.

broaden the reflection spectrum as a consequence of the increase
in the core refractive index [15]. Therefore, the absolute value
of the dispersion of the LCFBG is decreased due to the optical
pumping. By tuning the injection current to the pumping laser
diode, the dispersion of the LCFBG can be continuously tuned
[16].

The transform-limited Gaussian pulse from the MLL
can be expressed as , where is
the half pulsewidth at maximum. Its Fourier trans-
form is given by , where

denotes the angular frequency. The transfer func-
tions of the LCFBG and the DCF are given, respec-
tively, by and

, where and
are the group velocity dispersion (GVD) of the LCFBG and the
DCF, respectively, and denotes the magnitude response
of the LCFBG in reflection.

In arm 1, the ultrashort optical pulse is temporally stretched
and spectrally dispersed by passing through the LCFBG. Mean-
while, the optical pulse is also spectrally filtered by the LCFBG.
The temporally stretched and spectrally filtered pulse is further
stretched by the DCF. When the condition is
satisfied, where , the input optical pulse

is approximately real-time Fourier transformed [17]. As
shown in Fig. 1, the electrical field of the optical signal
from arm 1 at the output of the DCF is given by

(1)

where is the time measured relative to the average
time delay where and de-
note the average time delays of the light, in arm 1 of the MZI
and the DCF, respectively, and is a time-independent con-
stant, which represents the attenuation in arm 1.

In arm 2, the input optical pulse is first time delayed by an op-
tical fiber delay line. The time-delayed optical pulse is then tem-
porally stretched and spectrally dispersed by passing through
the DCF. When the condition is satisfied,
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the electrical field of the optical signal from arm 2 at the
output of the DCF can be expressed by

(2)

where is the time measured relative to the av-
erage time delay where and

denote the average time delays of the light in arm 2 of
the MZI and the DCF, respectively, and is a time-indepen-
dent constant.

The two optical pulses from the two arms are combined at the
output the DCF, where the electrical field can be written
as

(3)

If the optical signal at the output of the DCF is applied to a
photodetector, we have the output current, given by

(4)

where is the photo responsivity of the photodetector. Note
that, according to the basic principle of an MZI, when
is satisfied, the fringe visibility of the generated chirped
microwave waveform is maximized. In addition, since the
bandwidth of the LCFBG is much smaller than the bandwidth
of the ultrashort optical pulse, the pulsewidth of the generated
chirped microwave waveform is mainly determined by the term

, which represents the wavelength-to-time
mapping of the magnitude response of the LCFBG. It can be
seen from (4) that when the bandwidth of the input pulse is
larger than that of the LCFBG, the time duration of the gen-
erated microwave waveform is determined by the bandwidth
of the LCFBG. On the other hand, when the bandwidth of the
input pulse is smaller than that of the LCFBG, the time duration
of the generated microwave waveform is determined by the
bandwidth of the input pulse.

It can also be seen from (4) that the chirped mi-
crowave waveform is mainly determined by the term

. Thus, the phase
of the chirped microwave waveform is given by

(5)

From (5), the instantaneous carrier frequency of the generated
chirped microwave waveform can be

(6)

It can be seen from (6) that the instantaneous microwave car-
rier frequency of the generated microwave waveform is linearly
proportional to time, therefore it is linearly chirped. In addi-
tion, the term
denotes the central frequency of the chirped microwave
waveform, which can be rewritten as

(7)

Since the second term at the right-hand side of (7) represents
an extremely high-frequency term that cannot be detected by
a photodetector in general and the frequency of a microwave
waveform should be kept positive, we have

(8)

From (8), it can be seen that by tuning the average time-delay
difference between the two interference arms using a tunable
delay line, the central frequency of the generated chirped mi-
crowave waveform can be changed.

In addition, when the sign of the average time-delay differ-
ence between arm 1 and arm 2 is reversed, the sign of the chirp
rate of the generated microwave waveform is also changed.
Based on (6), the chirp rate of the generated microwave wave-
form can be written as

(9)

From (9), it is obvious that the chirp rate can be continuously
tuned by changing the dispersion of the LCFBG. Therefore, by
appropriately designing the longitudinal offset and the disper-
sion of the LCFBG, a linearly chirped microwave waveform
with a high central frequency and a large and continuously tun-
able chirp rate can be generated.

III. NUMERICAL SIMULATIONS

Numerical simulations are performed to verify the theoretical
analysis and to demonstrate the photonic generation of a chirped
microwave waveform with a continuously tunable chirp rate by
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Fig. 2. (a) Index modulation of the designed LCFBG and (b) its reflection and
group-delay spectra.

changing the pumping power to the LCFBG and a tunable cen-
tral frequency by changing the time delay via the tunable delay
line. In the simulations, a transform-limited ultrashort Gaussian
pulse with a half pulsewidth at maximum of 202.35 fs and
with a central wavelength of 1558.6 nm is used as the input
optical pulse. A DCF with a dispersion value of 1210.1 ps /rad
is employed in the simulation.

A. Effect of the Longitudinal Offset

In the first simulation, we study the tuning of the central
frequency of the chirped waveform by tuning the optical path
difference. An LCFBG is designed by using the discrete layer
peeling algorithm [18]. Fig. 2(a) shows the index modulation
profile of the designed LCFBG with a length of 12 cm. As shown
in Fig. 2(b), the LCFBG has a bandwidth of 0.5 nm and a dis-
persion value of 1768.2 ps /rad.

For a light wave with a central wavelength that is identical
to the central wavelength of the LCFBG directed into the MZI,
the optical path difference between the two arms can be written
as , where and
are the optical paths of the light passing through arm 1 and
arm 2, respectively. Different values of the longitudinal offset
are chosen by tuning the tunable delay line in the MZI, leading
to a generated chirped microwave waveform with a symmet-
rical, monotonically increasing, or monotonically decreasing in-
stantaneous microwave frequency, as shown in Fig. 3(a)–(c).
The chirp rates of the generated microwave waveforms are also
shown in Fig. 3(a)–(c), which match well with the theoretical
prediction (i.e., 78.08 GHz/ns) given by (9). It can be concluded
that the central frequency of the generated microwave waveform
can be tuned by changing the longitudinal offset. Note that the

Fig. 3. Simulated output microwave waveforms with different longitudinal
offset �� between the two arms of the MZI and different value of disper-
sion �� of the LCFBG. (a) �� � �����	 ps /rad, �� � 
 cm.
(b) �� � �����	 ps /rad, �� � � cm. (c) �� � �����	 ps /rad,
�� � �� cm. (d) �� � ���	�� ps /rad, �� � �� cm.

simulations are implemented based on the equations presented
in Section II along with the designed grating shown in Fig. 2.

B. Influence of the Dispersion of the LCFBG

We then study the change of the dispersion value of the
LCFBG on the chirp rate of the generated waveform. A second
LCFBG with a bandwidth of 0.5 nm and a value of dispersion of
1162.8 ps /rad is designed based on the discrete layer peeling
algorithm. As shown in Fig. 3(d), when the dispersion value of
the LCFBG is changed from 1768.2 to 1162.8 ps /rad, the chirp
rate of the generated chirped microwave waveform is changed
from 77.68 to 64.34 GHz/ns. The theoretical prediction
of the chirped microwave waveform by (9) is 65.17 GHz/ns,
which agrees well with the simulated result. It is worth noting
that the chirp rate can be further decreased based on an LCFBG
with a smaller value of dispersion. In addition, the dispersion
can be increased by optically pumping the LCFBG from the
blue end (i.e., the shorter wavelength end), the chirp rate can
then be increased.

As shown in Fig. 3(c), the dispersion is equal to
2978.3 ps /rad and the LCFBG has a bandwidth of 0.5 nm.
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Fig. 4. Experimental setup of a chirped pulse generation system. Linearly
chirped fiber Bragg grating: LCFBG, dispersion compensating fiber: DCF,
opto-electronic converter: O/E, mode-locked laser: MLL, optical circulator:
OC, laser diode: LD, wavelength division multiplexing: WDM, attenuator:
ATT, delay line: DL, photodetector: PD, oscilloscope: OSC.

From (4), the calculated temporal width of the generated
chirped microwave waveform is equal to 1163.4 ps, which
agrees well with the numerical result of 1168.6 ps. From
Fig. 3(d), the temporal width becomes 930.2 ps when the value
of dispersion is decreased to 2372.9 ps /rad. The calcu-
lated result is 926.9 ps. Again, a good agreement is achieved
between the numerical and theoretical results.

From the simulation results shown in Fig. 3, it can be con-
cluded that a linearly chirped microwave waveform with a high
central frequency and a large and continuously tunable chirp
rate can be generated by tuning the dispersion of the LCFBG.
In addition, the central wavelength of the generated chirped mi-
crowave waveform can be changed by tuning the longitudinal
offset of the MZI.

IV. EXPERIMENT

Fig. 4 shows the experimental setup of the chirped microwave
waveform generation system based on an MZI incorporating an
LCFBG written in an Er/Yb co-doped fiber. The MZI is con-
structed using two 3-dB 1 2 optical couplers. An LCFBG in-
scribed in an Er/Yb co-doped fiber is incorporated into the upper
arm (arm 1) of the MZI via an optical circulator (OC). A laser
diode with a lasing wavelength of 980 nm is used to pump the
LCFBG via a wavelength division multiplexing (WDM) cou-
pler. The group-delay response of the LCFBG can be tuned by
optically pumping the LCFBG with different pumping power
[16]. A tunable delay line located in the lower arm (arm 2) is
used to tune the time-delay difference between the two arms. A
tunable optical attenuator is used to adjust the attenuations be-
tween the two arms, to adjust and maximize the fringe visibility
of the interference pattern at the output of the MZI.

In the experiment, an ultrashort pulse with a half pulsewidth
at maximum of 202.35 fs, a full-width at half-maximum
(FWHM) bandwidth of 8 nm, and a central wavelength of
1558.6 nm generated by a MLL is sent to the MZI. The pulse
train from the MLL has a repetition rate of 48.6 MHz. Note that
the repetition rate cannot be too high to avoid the overlapping
of two neighboring waveforms at the output of the generation
system. The LCFBG has a length of 8 cm, which is fabricated
with a UV beam-scanning technique using a linearly chirped

Fig. 5. Reflection and group-delay responses of the LCFBG inscribed in an
Er/Yb co-doped fiber with (dotted line) and without (solid line) optical pumping.

phase mask with a chirp rate of 0.09 nm/cm. The fiber used
to fabricate the LCFBG is a hydrogen-loaded Er/Yb co-doped
fiber. The dispersion value of the DCF connected after the MZI
is about 1210.1 ps /rad. A chirped microwave waveform with
a shape that is identical to the temporal interference pattern
of the MZI is then generated at the output of a high-speed
photodetector. The waveform is observed by a high-speed
sampling oscilloscope (OSC, Agilent 86116A).

Fig. 5 shows the reflection and group-delay responses of the
fabricated LCFBG with a central wavelength of 1558.5 nm.
When the injection current of the pumping laser diode is 0 mA,
the absolute value of the dispersion of the LCFBG is about
1768.2 ps /rad. When the LCFBG is pumped from the red end
by a 980-nm laser diode with an injection current of 100 mA
(i.e., 101 mW), the absolute value of the dispersion is decreased
to about 1162.8 ps /rad. On the other hand, as mentioned in
Section II, in an Er/Yb co-doped fiber, the core refractive index
would change as a consequence of the variation of the pumping
power. When the LCFBG is pumped from the red end, as shown
in Fig. 5, the wavelength reflected at the red end is increased to
broaden the bandwidth of the reflection spectrum.

In the first experiment, the longitudinal offset is tuned to be
about 4 cm, which is large enough to shift the waveform with a
zero instantaneous microwave carrier frequency out of the main
lobe. The generated chirped microwave waveforms are shown
in Fig. 6(a) and (b). The instantaneous frequencies of the gener-
ated microwave waveforms are also shown in Fig. 6(a) and (b)
(as dotted lines), which are obtained by calculating the recip-
rocal of the spacing of adjacent peaks. Linear curve fitting for
the measured instantaneous frequencies is also performed, and
shown in Fig. 6(a) and (b) (as dashed lines). For both cases in
which the LCFBG is not or is pumped, a linearly chirped mi-
crowave waveform is generated, but with different chirp rates.
Without pumping, the instantaneous frequency is linearly de-
creasing from 55 to 11 GHz within the waveform mainlobe,
with an equivalent frequency chirp rate of 79 GHz/ns, which
agrees well with the theoretical result of 78.08 GHz/ns. Ac-
cording to the experimental results, a time-bandwidth product
(TBWP) of 24.5 is achieved for the waveform. In Fig. 6(a),
the central frequency of the generated microwave waveform is
about 39.54 GHz, which again agrees well with the theoretical
result of 44.8 GHz by (8). When the LCFBG is pumped by
the 980-nm laser diode with an injection current of 100 mA, a
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Fig. 6. Experimental result (�� � � cm): the generated linearly chirped mi-
crowave waveform �solid � red line (in online version)� and the instantaneous
frequency [blue dots (in online version)]. (a) Without pumping. (b) With optical
pumping. Dashed line: linear curve fitting of the instantaneous frequency.

chirped microwave waveform with a chirp rate of 64 GHz/ns is
generated. Again, a good agreement between the experimental
and theoretical results is reached. The instantaneous frequency
is linearly decreasing from 65 to 11 GHz within the waveform
mainlobe. A TBWP of 45.56 is achieved.

As shown in Fig. 5, when the injection current of the
pumping laser diode is 0 mA, the dispersion is equal to
2978.3 ps /rad and the LCFBG has a bandwidth of 0.52 nm.
From (4), the calculated temporal width of the generated
chirped microwave waveform is equal to 1209.9 ps, which
agrees well with the experimental result of 1216.4 ps, as is
shown in Fig. 6(a). From Fig. 6(b), the temporal width be-
comes 1278.9 ps when the dispersion is decreased to
2372.9 ps /rad and the bandwidth of the LCFBG is equal to
0.69 nm. The calculated result is 1279.1 ps. Again, an excellent
agreement is achieved between the experimental and theoretical
results.

In the second experiment, the longitudinal offset between
the two arms of the MZI is tuned to be about zero. As shown in
Fig. 7, the generated chirped microwave waveform has a sym-
metrical and linearly changing microwave carrier frequency,
which agrees well with the simulated results. Moreover, the
resulted chirp rate of the microwave waveform with and without
optical pumping again agrees well with the theoretical results.

Note that the chirp rate can be further decreased by increasing
the injection current to the pump laser diode. It is worth noting
that the amplitude of the chirped microwave waveform is not
constant within the mainlobe, instead, the amplitude is de-
creasing when the microwave frequency is increasing, as shown
in Fig. 6(a) and (b). The main reason that leads to the amplitude
decrease is due to the limited bandwidth (i.e., 53 GHz) of the

Fig. 7. Experimental results (�� � � cm): the generated linearly chirped
microwave waveform �solid�red line (in online version)� and the instantaneous
frequency [blue dots (in online version)]. (a) Without pumping. (b) With optical
pumping. Dashed line: linear curve fitting of the instantaneous frequency.

photodetector. For the waveforms shown in Fig. 7, since the
carrier frequency is always smaller than 50 GHz in the main
lobe, the amplitude of the chirped microwave waveform is
almost constant in the main lobe. If a photodetector with a
broader bandwidth is employed, we should be able to generate
a chirped microwave waveform with more constant amplitude
in Fig. 6.

Note also that the stability of the generated chirped mi-
crowave waveforms is limited due to the use of an MZI
structure, which is sensitive to environmental changes. A
simple solution is to package the system with temperature
and variation control. An ultimate solution is to replace the
fiber-based MZI by an integrated MZI incorporating a linearly
chirped waveguide grating inscribed in a doped waveguide.

V. CONCLUSION

We have proposed and demonstrated a novel method to
generate a chirped microwave waveform with a continu-
ously tunable chirp rate based on a temporal interferometer
incorporating an optically pumped LCFBG. The temporal
interferometer has an MZI structure incorporating an optically
pumped LCFBG written in an Er/Yb co-doped fiber. A linearly
chirped microwave waveform was generated at the output of
the photodetector. By pumping the LCFBG, the interference
pattern would have an increasing or decreasing FSR, which
would lead to the change of the chirp rate of the chirped mi-
crowave waveform. An LCFBG written in an Er/Yb co-doped
fiber was fabricated. The incorporation of the LCFBG in the
proposed chirped microwave waveform generation system to
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generate a chirped microwave waveform was demonstrated.
The experimental results showed that a chirped microwave
waveform with a tunable chirp rate from 79 to 64 GHz/ns could
be generated by changing the injection current to the pumping
laser diode from 0 to 100 mA. The central frequency of the
generated chirped microwave waveform could be changed
by tuning the longitudinal offset of the MZI, which was also
verified by the experiments.
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