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Abstract—We propose and demonstrate a new and simple
method for achieving continuously tunable microwave frequency
multiplication using an unbalanced temporal pulse shaping (TPS)
system incorporating two linearly chirped fiber Bragg gratings
(LCFBGs) written in erbium/ytterbium co-doped fibers. By op-
tically pumping the LCFBGs with different pumping power, the
dispersion of the LCFBGs is tuned. The incorporation of the
LCFBGs in an unbalanced TPS system would enable the genera-
tion of a frequency tunable microwave waveform. The operation
of the system is discussed which is then verified by an experi-
ment. Continuously tunable microwave frequency multiplication
with a multiplication factor from 5.14 to 11.9 is experimentally
demonstrated. The impact of the ripples in the magnitude and
group delay responses of the LCFBGs on the performance of the
microwave generation is also studied.

Index Terms—Frequency multiplication, linearly chirped fiber
Bragg grating (LCFBG), real-time Fourier transform, temporal
pulse shaping (TPS).

I. INTRODUCTION

M ICROWAVE signal synthesis in the optical domain is
an interesting topic which can find many applications

such as in radar, communications, and microwave tomography
[1]–[3]. In the past few years, numerous techniques have been
proposed [4]–[7]. In [4], microwave frequency division or mul-
tiplication was demonstrated through dispersively stretching or
compressing a highly chirped optical pulse that is modulated
by a microwave signal. The achievable maximum microwave
frequency is limited by the dispersion-induced power penalty
due to the use of optical double-sideband (DSB) modulation.
In [5], optical single-sideband (SSB) modulation is used; the
limitation in [4] is, thus, eliminated. However, the implemen-
tation of the SSB modulation requires the use of a dual-port
intensity modulator and a broadband 90 hybrid, which may
increase the complexity of the system. Recently, an approach
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to achieving frequency multiplication based on a general tem-
poral self-imaging effect has been proposed [6]. The frequency
upshifting of the microwave signal from 10 to 50 GHz was
demonstrated. The limitation of this method is that the multipli-
cation factor can only be tuned to specific values since the fo-
cused image of the microwave drive signal can only be obtained
under specific dispersion conditions called integer Talbot con-
ditions. In [7], continuously tunable frequency multiplication
was achieved by using an unbalanced temporal pulse shaping
(TPS) system consisting of two dispersive elements. The tuning
was demonstrated by tuning the dispersion of the dispersive
elements in the system. In the experimental demonstration, a
6.1 km dispersion compensating fiber was used as the first dis-
persive element and a length of a single-mode fiber (SMF) as
the second dispersive element. By changing the length of the
second dispersive element, the tunability of the multiplication
was demonstrated. The problem associated with this technique
is that the length of the SMF should be changed to achieve fre-
quency tuning which is hard to implement for fast and contin-
uous frequency tuning. In addition, the lengths of the two fibers
are long in order to have large dispersion, which makes the
system bulky with poor stability.
In this paper, we propose and experimentally demonstrate an

approach to achieving continuously tunable frequency multipli-
cation using an unbalanced TPS system incorporating two lin-
early chirped fiber Bragg gratings (LCFBGs) written in erbium/
ytterbium (Er/Yb) co-doped fibers. Compared with an LCFBG
written in a regular photosensitive fiber, the dispersion of an
LCFBG written in an Er/Yb co-doped fiber can be tuned by op-
tically pumping the LCFBG [8], [9]. The incorporation of two
Er/Yb co-doped LCFBGs in an unbalanced TPS system would
enable the all-optical and continuous tuning of the multiplica-
tion factor. The key significance of the approach compared with
the one in [7] is that the microwave frequency can be continu-
ously tunable. In addition, the Er/Yb co-doped LCFBGs have
much shorter lengths of a few centimeters, which makes the
system more compact with better stability.
It is different from a typical TPS system where the two dis-

persive elements have complementary dispersion. Here, in the
unbalanced TPS system, the Er/Yb co-doped LCFBGs are de-
signed to have opposite dispersion, but nonidentical in mag-
nitude. Thus, the entire system can be considered as a typical
TPS system with two dispersive elements having complemen-
tary dispersion for real-time Fourier transformation (FT) [10]
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Fig. 1. Unbalanced TPS system proposed to achieve continuously tunable frequency multiplication. The LCFBGs are optically pumped to change the dispersion.

followed by a residual dispersive element to achieve a second
real-time FT. The operation of the system is discussed which
is then verified by an experiment. Continuously tunable mi-
crowave frequency multiplication with a multiplication factor
from 5.14 to 11.9 is experimentally demonstrated. The impact
of the ripples in the magnitude and group delay responses of
the LCFBGs on the performance of the microwave generation
is also studied.

II. PRINCIPLE

The proposed unbalanced TPS system for microwave
generation with continuously tunable frequency is shown in
Fig. 1. The system consists of a mode-locked laser (MLL),
two LCFBGs written in Er/Yb co-doped fibers pumped by
two 980-nm laser diodes (LDs), two optical circulators, a
Mach–Zehnder modulator (MZM), and a high-speed pho-
todetector (PD). A microwave drive signal generated by an
arbitrary waveform generator (AWG) is applied to the MZM.
The generated microwave signal is monitored by a sampling
oscilloscope.
An LCFBG can be modeled as a linear time-invariant system

with a transfer function given by

(1)

where (in square picoseconds) is the dispersion of the th
LCFBG, and . In the proposed unbalanced TPS
system, the values of dispersion of the two LCFBGs should
satisfy , and . In fact, the unbalance TPS
system can be seen as a typical balanced TPS system with two
complementary dispersive elements followed by a third dis-
persive element with a residual dispersion of .
The transfer function of the residual dispersive element is
given by . It is known that a
DSB modulated signal will experience power penalty if the
signal is traveling in a dispersive element. To eliminate the
dispersion-induced power penalty [4], in our proposed system,
the MZM is dc-biased at the minimum transmission point to
suppress the optical carrier. Under the small-signal-modulation
condition, the intensity modulation function of the MZM can

be written as , where is
the first-order Bessel function of the first kind, is the phase
modulation index, and is the angular frequency of the
microwave drive signal applied to the MZM [7], [11]. If the
complementary dispersion in the typical TPS system is large
enough, i.e., , where is the pulse width of the
input optical pulse to LCFBG1, the signal at the output of
the typical TPS system is given by [12]

(2)

where is the Fourier transform of denotes the
convolution operation, and . Based on (2), it
can be seen that two time-delayed replicas of the input pulse
are generated at the output of the typical TPS system. By prop-
agating the signal through the residual dispersive element,
a frequency multiplied microwave signal is generated. Assume
that the dispersion of the residual dispersive element satisfies the
condition given by ; then, the signal at the output
of the residual dispersive element is a Fourier-transformed ver-
sion of , which is given by [10]

(3)

where is the Fourier transform of the input pulse . The
signal at the output of the PD is

(4)

where is the responsivity of the PD, is
a time-independent constant, and is the output
pulse width. As can be seen from (4), a microwave signal with
a frequency of
is generated at the output of the unbalanced TPS system. Thus,
the frequency multiplication factor of the proposed system is

(5)
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From (5), we can conclude that frequency multiplication factor
of the system is determined by the dispersion of the first LCFBG
and the residual dispersion .
By optically pumping an LCFBG that is written in an Er/Yb

co-doped fiber, the refractive index of the fiber would change
[8]. Mathematically, the change of the refractive index as a func-
tion of the power change along the fiber is given by

(6)

where is the refractive index and is the temperature,
is the index temperature coefficient, is the outer

radius of the fiber, is the heat transfer coefficient between
the fiber and the surrounding medium, is the fraction of
the absorbed pumping power turned to heat, and is
the pumping power distribution along the fiber. It can be un-
derstood from (6) that the refractive index of the fiber would
change along the fiber depending on the pumping power dis-
tribution. If the pumping power has a high power decay rate
such that the power is zero at the other end, the refractive index
near the pumping port is changed while the refractive index
at the other port is kept unchanged. The Bragg wavelength in
relation with the refractive index is given by ,
where is the refractive index along the fiber and is the
period of the grating. If the refractive index along the fiber is
changed due to the nonuniform distribution of the pumping
power, the dispersion profile of the LCFBG is changed. For
example, if an LCFBG is pumped from the long-period end,
the wavelength of the reflection edge will be shifted to a longer
wavelength, and the total reflection bandwidth is increased. On
the other hand, if an LCFBG is pumped from the short-period
end, the reflection bandwidth is decreased. By considering the
relationship between the dispersion and the group-delay slope
given by

(7)

where is the central wavelength of the reflection spectrum,
is the speed of light in vacuum, and is the group-
delay slope in the reflection bandwidth, we can see that by in-
creasing the reflection bandwidth, the group-delay slope is re-
duced, thus leading to a decreased dispersion.

III. EXPERIMENT AND DISCUSSIONS

The proposed technique based on the setup shown in Fig. 1
is experimentally demonstrated. Two LCFBGs are fabricated
and are connected before and after the MZM. In the experi-
ment, since only a 980-nm pump source is available, only an
LCFBGwritten in an Er/Yb co-doped fiber is optically pumped,
which is LCFBG2, and LCFBG1 is written in a regular photo-
sensitive fiber and is not pumped. Thus, the frequency tuning
is done by pumping LCFBG2 only. A 3-GHz sinusoidal signal
generated by the AWG is applied to the MZM via the RF port.
The temporally stretched optical pulse from LCFBG1 is then
modulated by the 3-GHz sinusoidal microwave signal at the
MZM. To avoid dispersion-induced power penalty, the MZM
is biased at the minimum transmission point. The modulated
signal is then sent to LCFBG2, and the reflected optical signal

Fig. 2. Modulated signal at the output of the MZM observed by the sampling
oscilloscope.

is detected by a high-speed PD, with the electrical waveform
monitored by a sampling oscilloscope. Note that the MLL, the
AWG, and the sampling oscilloscope are synchronized. The
bandwidth of LCFBG1 is 0.8 nm and its value of dispersion is

ps . The bandwidth of LCFBG2 is 0.5 nm
and its value of dispersion is ps if it is pumped.
An ultrashort Gaussian pulse with a full-width at half-max-

imum bandwidth of 8 nm, centered at 1558 nm is generated
by the MLL and is sent to LCFBG1 via the first optical circu-
lator. After reflecting from LCFBG1, the optical pulse is tem-
porally stretched and the time duration of the pulse is increased
to ps, where is the 3 dB band-
width of LCFBG2 which is 0.8 nm or equivalently 100 GHz.
The temporally stretched pulse is modulated at the MZM by the
3-GHz microwave drive signal. Since the MZM is biased at the
minimum transmission point, the output signal from theMZM is
frequency doubled. Considering the duration of the input optical
pulse to the MZM is 1150 ps and the frequency doubling oper-
ation at the MZM, the signal at the output of the MZM should
contain seven microwave cycles. Fig. 2 shows the experimen-
tally generated signal with photodetection from the output of
the MZM, observed by the sampling oscilloscope. As can be
seen, the time duration of the modulated signal is 1150 ps and
the number of microwave cycles is 7.
The optical pulse at the output of the MZM is then sent to

LCFBG2 via the second optical circulator. LCFBG2 is written
in an Er/Yb co-doped fiber and is pumped by a 980-nm LD from
the long-period end. As discussed in Section II, by pumping
an LCFBG from the long-period end, the wavelength at the
spectrum edge will be shifted to a longer wavelength. As a
result, the group-delay slope in the reflection band is decreased
and the dispersion is decreased consequently. Fig. 3(a) and (b)
shows the reflection spectra and the group delay responses of
the LCFBG2 pumped by the 980-nm LD at different pumping
powers. Since LCFBG2 is pumped from the long-period end,
by increasing the pump power, the reflection bandwidth is in-
creased, the group-delay slope is decreased, and thus based on
(7) the dispersion is decreased. On the other hand, if LCFBG2
is pumped from the short-period end, the dispersion would
be increased by increasing the pumping power. Therefore,
by continuously tuning the pumping power to change the
dispersion of LCFBG2, the frequency multiplication factor
would be changed continuously. In the experiment, since
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Fig. 3. (a) Magnitude and (b) group delay responses of the Er/Yb co-doped
LCFBG pumped with a 980-nm LD at different power levels. The inset in (a)
gives a zoom-in view of the magnitude response near the long reflection edge.

the dispersion of LCFBG1 is constant, and the dispersion of
LCFBG2 is increased, the multiplication factor is decreased.
In the demonstration, the pumping power is increased from 29
to 139 mW, and the dispersion of the LCFBG2 is reduced from
9704 to 7583.74 ps , as shown in Fig. 3(b). Based on (5), the
multiplication factor is, thus, reduced from 12.8 to 5.88. Note
that the bandwidth of LCFBG2 is changed when it is pumped,
as can be seen from Fig. 3(a), where the bandwidth is increased
from 0.5 to 0.78 nm when the pumping power is increased
from 0 to 139 mW. The number of microwave cycles within
the pulse is determined by the overall bandwidths of LCFBG1
and LCFBG2. If the overall bandwidth is 0.5 nm, the number
of cycles in the modulated signal would be 5. Note that the
bandwidth of LCFBG1 is 0.8 nm and the effective bandwidth
of LCFBG2 is increased if pumped, the number of cycles in the
modulated signal will also be increased.
Fig. 4 shows the experimentally generated microwave wave-

forms by pumping LCFBG2 at different pumping power levels.
In the experiment, the pumping power is increased from 29 to
139 mW (the injection current to the LD is increased from 50
to 180 mA), the microwave frequency is reduced from 35.71
to 15.34 GHz, and the multiplication factor is reduced from
11.9 to 5.14. Note that the number of microwave cycles in the
pulse is increased because of the increase of the bandwidth of
LCFBG2 when it is pumped.

Fig. 4. Generated microwave waveforms when LCFBG2 is pumped with
pumping powers of 29, 62, 113, and 139 mW and corresponding frequencies
of (a) 35.71, (b) 28.57, (c) 19.23, and (d) 15.43 GHz.

To avoid the change of the pulse width, we stretch LCFBG2
to make its long reflection edge aligned with the long reflec-
tion edge of LCFBG1. Then, when it is pumped, the overall
bandwidth is fixed at 0.5 nm with no change. The generated
microwave waveforms are shown in Fig. 5. By increasing the
pumping power from 38 to 139 mW (the injection current to
the LD is increased from 60 to 180 mA), the microwave fre-
quency is decreased from 35 to 15.38 GHz, and the multipli-
cation factor is reduced from 11.66 to 5.13. A summary is
provided in Table I, with both the theoretical and experimental
values provided.
The frequency tunable range in the proposed system depends

on the values of dispersion of LCFBG1 and LCFBG2, which
can be increased if four pumping LDs are employed. In this case,
two pumping LDs are employed to pump one LCFBG from the
two ends. For example, if the values of dispersion and the band-
widths of LCFBG1 and LCFBG2 are 13200 and 10560 ps , and
0.5 and 0.65 nm, respectively, and if LCFBG2 is pumped from
the two ends, its value of dispersion can be tuned from 8075.28
to 13728 ps , and consequently, the multiplication factor can be
tuned continuously from 5 to 44.
To evaluate how the generated waveforms are close to the

theoretical waveforms given by (4), a simulation is performed
to compare the simulated waveforms with the waveforms gen-
erated in the experiment. Fig. 6 shows the simulated and exper-
imentally generated microwave waveforms for LCFBG2 being
pumped at two power levels of 62 and 87mW. In the simulation,
the reflection spectra of the two LCFBGs are the actual spectra
of the LCFBGs used in the experiment. As can be seen, the sim-
ulated and the experimentally generated waveforms match quite
well. The small discrepancy between the simulated and the ex-
perimentally generated waveforms is mainly resulted from the
limited bandwidths of the MZM and the PD.
The key components in the proposed system for microwave

waveform generation are the two LCFBGs. An ideal LCFBG
would exhibit a constant magnitude response and a linear group
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Fig. 5. Generated microwave waveforms when LCFBG2 is pumped with
pumping powers of 38, 62, 87, 113, 122, and 139 mW, and corresponding fre-
quencies of (a) 35, (b) 27.27, (c) 22.22, (d) 18.51, (e) 17.24, and (f) 15.38 GHz.

TABLE I
SUMMARY OF THE KEY PARAMETERS FOR THE THEORETICAL WAVEFORMS

AND THE WAVEFORMS GENERATED EXPERIMENTALLY

delay response with no ripples. In a practical LCFBG, however,
ripples in the magnitude and group delay responses would al-
ways exist, which may affect the performance for microwave
waveform generation. To evaluate the impact due to the mag-
nitude and group delay ripples on the generated waveforms,
a second simulation is performed. Since the period of the rip-
ples depends on the phase mask used for writing the LCFBGs,
for a specific phase mask, the period of the ripples is constant,
but the amplitudes of the magnitude and group delay ripples

Fig. 6. Comparison of the waveforms generated experimentally and the wave-
forms obtained based on simulation for LCFBG2 being pumped at (a) 62 and
(b) 113 mW.

Fig. 7. Simulation of the generated microwave waveforms for the LCFBGs
with magnitude ripples only. The period of the magnitude ripples is set at 60 pm
and the amplitude of the ripples is set at two values of (a) 0.4 dB and (b) 0.8 dB.

Fig. 8. Simulation of the generated microwave waveforms for the LCFBGs
with group delay ripples only. The period of the group delay ripples is set to
20 pm and the amplitude of the ripples is set at two values of (a) 30 ps and
(b) 60 ps.

may change depending on the writing technique. A usual way
to reduce the ripples is to apply apodization and back scanning
during the fabrication process. In this simulation, the period of
the ripples is considered constant and the amplitudes of the mag-
nitude and group delay ripples are set at different values.
First, we assume that the LCFBGs have an ideal group delay

response and the ripples only exist in the magnitude response.
Fig. 7(a) and (b) shows the simulated waveforms for the magni-
tude ripples having a period of 60 pm and an amplitude at two
values of 0.4 and 0.8 dB, respectively. As can be seen, the mag-
nitude ripples of the LCFBGs would cause distortions to the
generated waveforms, and the distortions are increased when
the amplitude of the magnitude ripples is increased.
Then, the impact of group delay ripples on the generated

waveforms is studied. In the simulation, a constant magnitude
response is considered. Again, the period of the ripples is set
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at a fixed value, which is 20 pm. Fig. 8(a) and (b) shows wave-
forms for the group delay ripples with an amplitude of 30 and 60
ps, respectively. As can be seen, the group delay ripples would
also cause distortions to the generated waveforms, and the dis-
tortions become stronger when the amplitude of the ripples is
increased. In reality, we have both ripples in the magnitude and
group delay (Kramer–Kronig relations) which makes the situa-
tion worse. To reduce both the magnitude and group delay rip-
ples, we may apply apodization during the fabrication of the
LCFBGs.

IV. CONCLUSION

A novel method for achieving tunable microwave frequency
multiplication based on an unbalanced TPS system using two
LCFBGs written in Er/Yb co-doped fibers was proposed and
demonstrated. The key significance of the proposed technique
is the tuning of the frequency multiplication factor through op-
tical pumping of the LCFBGs. A theoretical analysis was pro-
vided which was verified by an experiment. Microwave wave-
form generation with a tunable frequency multiplication factor
from 5.13 to 11.9 was experimentally demonstrated. The im-
pact of the ripples of the LCFBGs on the performance of the
system was also studied. The results showed that both the mag-
nitude and group delay ripples would lead to distortions to the
generated waveforms. A solution to reduce the ripples is to
apply apodization in the fabrication of the LCFBGs. The pro-
posed technique has potential applications in radar, communi-
cations, and microwave tomography where high frequency and
frequency-tunable microwave waveforms are needed.
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