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Abstract—A dual-passband microwave photonic filter (MPF)
implemented based on phase-modulation to intensity-modulation
(PM-IM) conversion using a phase modulator and an equivalent
phase-shifted fiber Bragg grating (EPS-FBG) is proposed and
experimentally demonstrated. The key component in the system
is the EPS-FBG, which is designed and fabricated based on
the equivalent phase-shift technique. The unique feature of the
EPS-FBG is that equivalent phase shifts are introduced to both of
the 1 channels, leading to a notch in each of the two channels.
Thus, by implementing PM-IM conversion in the two channels,
two passbands are produced. The central frequency of each
passband is determined by the wavelength different between the
notch and the optical carrier. In the design and fabrication, two
phase shifts are introduced to the EPS-FBG to decrease the shape
factor, which is defined as the ratio between the 20- and 3-dB
bandwidths. In addition, a stimulated Brillouin scattering (SBS)
assisted filter is incorporated in the system for carrier suppression
to increase the spurious-free dynamic range (SFDR) and decrease
the noise figure (NF) of the MPF. An experiment is performed. A
dual passband filter with a 3-dB bandwidth and a shape factor
of 167.3 MHz and 3.8, and 143.3 MHz and 3.3 for the 1 and
2 passband is achieved. The frequency tunable ranges of the
1 and 2 passbands are 5.4 and 7.4 GHz, respectively, with the
magnitude variations of about 0.5 dB during the turning. Due
to the SBS-assisted filter, the SFDRs are increased by 7 dB and the
NFs are decreased by 10 dB.

Index Terms—Dual passband, equivalent phase shift (EPS), fiber
Bragg grating (FBG), microwave photonic filter (MPF).

I. INTRODUCTION

O VER THE past few decades, microwave filters with
dual passbands have attracted great interests due to the

increasing demand for multiband/multifunctional microwave
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systems that support various modern services. Such systems
require microwave circuits and components that can handle sev-
eral different frequency bands [1]–[3]. Various dual-passband
microwave filters have been reported recently. A dual-passband
microwave filter can be implemented using two resonators,
such as stepped-impedance resonators, stub-loaded open-loop
resonators, and E-shaped resonators [4]–[6]. A dual-passband
microwavefilter can also be achieved by using a single resonator,
such as a ring resonator, a patch resonator, and a quadruple-mode
resonator [7]–[9]. However, most of the dual-passband mi-
crowave filters have two fixed passbands. Recently, a dual-pass-
band microwave filter with two tunable passbands is proposed
for selectable multimode or multiband applications that have
different operating frequencies [10], [11]. However, the fre-
quency tunable range is only about 0.5 GHz. On the other
hand, microwave filters implemented based on photonics have
been extensively researched in the last 20 years because of
their advantageous features, such as high frequency and large
frequency tunable range [12], [13]. A microwave photonic filter
(MPF) can be realized based on a delay-line structure with a
finite impulse response (FIR) [14]–[16]. Due to the discrete
number of taps, the spectral response is periodic with multiple
passbands. To achieve an MPF with a single passband, one
simple solution is to use stimulated Brillouin scattering (SBS)
in which the Brillouin gain is employed to selectively amplify
the sideband of a single-sideband modulated optical signal [17].
Recently, a simpler approach to achieving a single passband
MPF was reported in which a phase-modulated optical signal is
converted to an intensity-modulated signal by suppressing one
sideband and amplifying the other sideband based on the SBS
effect using a dual-sideband suppressed-carrier pump [18]. A
single-passband MPF can also be obtained using an optical
filter to suppress one of the sidebands of a phase-modulated
signal. The optical filters include two cascaded fiber Bragg
gratings (FBGs), a ring resonator, or a phase-shifted fiber Bragg
grating (PS-FBG) [19]–[22]. Due to the wide bandwidth of
a ring resonator, an MPF based on a ring resonator has a
wide passband, which is in the range of several gigahertz
[21]. On the other hand, by using a PS-FBG, an MPF with
a much narrower passband can be achieved [22]. The MPFs
proposed above have a single passband or multiple periodic
passbands, and they cannot be used for applications where
two independently tunable passbands are needed.
In this paper, we propose and experimentally demonstrate,

for the first time to the best of our knowledge, an MPF with two
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independently tunable passbands based on phase-modulation to
intensity-modulation (PM-IM) conversion using a phase modu-
lator (PM) and an equivalent phase-shifted fiber Bragg grating
(EPS-FBG). The key component in the proposed filter is the
EPS-FBG, which is designed and fabricated by using the equiv-
alent phase-shift technique [23]–[25]. The EPS-FBG has mul-
tiple channels due to the spatial sampling of the grating struc-
ture. Equivalent phase shifts introduced to the 1 channels are
realized through changing the sampling function. Therefore, the
fabrication of an EPS-FBG is significantly simplified since the
control of the spatial sampling is in a micrometer scale; while
the control of the phase shift in the fabrication of a true PS-FBG
is in a nanometer scale. In the design, two phase shifts are
introduced into both of the 1 channels to produce an ultra-
narrow and flat-bottom notch in each channel. A bandpass filter
is achieved due to the PM-IM conversion by filtering one side-
band of a phase-modulated signal. In the proposed approach,
the PM-IM conversion is performed at the 1 channels, thus
two independently tunable passbands are generated. Since two
phase shifts are introduced to achieve flat-bottom notchs, the

resulted passbands have small shape factors. Here, the shape
factor is defined as the ratio between the 20- and 3-dB band-
widths. In addition, an SBS-assisted filter is employed to sup-
press the powers of the optical carriers, thus the spurious-free
dynamic ranges (SFDRs) for the two passbands are increased
and the noise figures (NFs) are reduced. In the experiment, the
bandwidth and shape factor of the 1 passband are 167.3 MHz
and 3.8, and those of the 2 passband are 143.4 MHz and 3.3.
The 1 and 2 passband have frequency tunable ranges of 5.4
and 7.4 GHz, respectively. The variations of the magnitude over
the tunable ranges are maintained within 0.5 dB. Due to the
SBS-assisted filter, the SFDRs of the two passband filters are
increased by 7 dB, and the NFs of the two passband filters are
decreased by 10 dB.

II. PRINCIPLE

The configuration of the proposed MPF is shown in Fig. 1.
Two light waves generated from two tunable laser sources
(TLSs) are sent to a PM via two polarization controllers (PCs)
to align the polarization directions of the lightwaves with the
principal axis of the PM. The PM is driven by a sinusoidal mi-
crowave signal with a tunable frequency generated by a vector
network analyzer (VNA). The two phase-modulated signals
are amplified by an erbium-doped fiber amplifier (EDFA1) and
sent to an EPS-FBG via an optical circulator (OC1) for PM-IM
conversion. One sideband of each of the phase-modulated
signal is removed by the notch in each of the passbands. Thus,
PM-IM conversion is implemented. The two single-sideband
optical signals are then sent to a SBS-assisted filter to suppress
the powers of the optical carriers. The SBS-assisted filter is
implemented using two OCs, a section of dispersion-shifted
fiber (DSF) and a PC (PC3). The signal at the output of the
SBS-assisted filter is amplified by a second EDFA (EDFA2)
and then detected at a photodetector (PD). The frequency
response of the dual-passband filter is measured by feeding the
detected signal to the VNA.

Fig. 1. Schematic of the proposed dual-passband MPF. Tunable laser source:
TLS, polarization controller: PC, phase modulator: PM, erbium-doped fiber am-
plifier: EDFA, equivalent phase-shifted fiber Bragg grating: EPS-FBG, optical
circulator: OC, dispersion-shifted fiber: DSF, photodetector: PD, vector network
analyzer: VNA.

The key component in the dual-passband MPF is the EPS-
FBG, which is realized through sampling to introduce equiv-
alent phase shifts to the 1 channels. Mathematically, the
index modulation of an EPS-FBG along the -direction (axial
direction) is given by [23]–[25]

(1)

where is the period of the grating, is the spatial sampling
function, is the Fourier coefficient of the channel, is
the sampling period of a uniform sampling function, and is
the increase of sampling period at . As can be seen, the amount
of phase shift introduced to the channel at is given by

(2)

In the design, the channels are selected for their rela-
tively large Fourier coefficient. According to (2), when is
selected to be , a phase shift is introduced to the 1
channels. Therefore, there is a notch in each of the 1 chan-
nels. Note that by employing the sampling technique, in the fab-
rication of the EPS-FBG, only micrometer scale accuracy and
a uniform phase mask is required. It is much simpler than the
conventional method to achieve a PS-FBG where a true phase
shift is introduced that requires nanometer scale accuracy or a
PS phase mask with a high cost.
When the notch induced by a single phase shift is employed

to suppress one of the sidebands of a phase-modulated optical
signal for PM-IM conversion, a Lorentz-shaped passbandwould
be generated, and the shape factor of the filter is large [22].
The shape factor is a figure-of-merit that indicates the speed of
the filter response falling from the passband to the stopband. A
small shape factor indicates a good selectivity. To obtain a small
shape factor, two phase shifts are introduced to the EPS-FBG
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Fig. 2. Simulated reflection spectrum of an EPS-FBG with two phase shifts.

Fig. 3. Illustration of the generation of the two passbands.

to obtain two adjacent notches such that the overall notch has
a relatively flat bottom [24]. The two phase shifts are intro-
duced at the /4 and 3 /4 periods, where is the number of
total sampling periods. The simulated reflection spectrum of an
EPS-FBG with two phase shifts is shown in Fig. 2. As can be
seen, the notches are flatter than that of an EPS-FBG with only
a single phase shift [24].
The wavelengths of the optical carriers from TLS1 and TLS2

are tuned to locate at the 1 channels of the EPS-FBG, as
shown in Fig. 3. When one sideband of a phase-modulated
signal is suppressed by the notch in the 1 channel, a pass-
band with a central frequency of , the frequency difference
between the optical carrier and the notch in 1 channel, will
be produced due to the PM-IM conversion. Similarly, when
one sideband of a phase-modulated signal is suppressed by the
notch in the 1 channel, a passband with a central frequency
of , the frequency difference between the optical carrier and
the notch in the 1 channel, will also be produced. Therefore,
there will be two passbands with the central frequencies of
and . The central frequencies of the passbands can be tuned
by shifting the wavelengths of the TLSs independently.
The SBS-assisted filter in the system is employed to sup-

press the optical carriers [26].When the lightwaves pass through
the DSF, and the powers of the optical carriers are above the
threshold of the SBS, Stokes waves are generated, which are

Fig. 4. (a) Measured reflection spectrum of the EPS-FBG. (b) Zoom-in view
of the reflection spectrum and phase response of the 1 channel. (c) Zoom-in
view of the reflection spectrum and phase response of the 1 channel.

traveling along the DSF in an opposite direction of the optical
carriers. Note that, under small-signal modulation condition, the
powers of the sidebands are below the threshold of the SBS,
thus SBS occurs only at the optical carriers and the sidebands
are kept unchanged. The Stokes waves go through PC3, which
is used to adjust the polarization state of the Stokes waves and
then they are launched into the DSF via OC2. As the Stokes
waves consecutively circulate in the ring, the optical carriers
are suppressed. When the optical power at the input of the PD
is constant, the suppression of the optical carriers will increase
the gain of the system [27]. The SFDRs and NFs of the system
are given as

(3a)

(3b)
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Fig. 5. (a) Frequency response of the dual-passband MPF. (b) Frequency re-
sponse and phase response of the 1 passband. (c) Frequency response and
phase response of the 2 passband.

where is the linearly extrapolated input power in dBm,
where the fundamental and third-order intermodulation output
powers would be equal, is the value of the noise floor, is
the gain of the system, and the constant value of 174 dBm is
the thermal noise power in a 1-Hz bandwidth at a noise temper-
ature of 290 K. As shown in (3), an increase in the system gain
will lead to an increase in the SFDRs and a decrease in the NFs
simultaneously.

III. EXPERIMENT AND RESULTS

The EPS-FBG is fabricated by the equivalent phase-shift
technique. The grating is imprinted into a hydrogen-loaded
photosensitive fiber through a uniform phase masks by scan-
ning a 244-nm UV beam from a frequency-doubled argon ion
laser. The sampling structure of the EPS-FBG is calculated

Fig. 6. (a) The 1 passband is kept unchanged, and the 2 passband is tuned.
(b) The 2 passband is kept unchanged, and the 1 passband is tuned.

and loaded to a computer to control the movement of a trans-
lation stage and an optical shutter [25]. In the fabrication, the
sampling period of the EPS-FBG is 0.4 mm, and there are
totally 80 sampling periods. The phase shifts are introduced to
the EPS-FBG by increasing the periods of the 20 and 60
samples by half the sampling period, which is 0.2 mm. The
spectral response of the EPS-FBG is measured by an optical
vector analyzer (OVA). As shown in Fig. 4(a), the EPS-FBG
has multiple reflection bands due to the spatial sampling and
there are phase shifts in both of the 1 channels. The zoom-in
views of the 1 channels are given in Fig. 4(b) and (c).
The bandwidths of the 1 and 1 channels are about 24
and 30 GHz, respectively. The bandwidth difference between
the 1 channels is mainly caused by the asymmetry during
the fabrication process. The reflection bandwidths and notch
bandwidths of the 1 channels can be controlled through
changing the maximum modulation index and the length of the
EPS-FBG [24].
The fabricated EPS-FBG is then incorporated in the MPF

system, as shown in Fig. 1. Two lightwaves from two TLSs (An-
ritsu MG9638A, and Yokogawa AQ2201) both with the powers
of 5 dBm are sent to the PM (JDSU, 20 GHz) via their respec-
tive PCs (PC1 and PC2). A microwave signal from a VNA (Ag-
ilent E8364A, 50 GHz) is applied to the PM via the RF port.
The phase-modulated signals are sent to the EPS-FBG via OC1
after amplified by EDFA1, and the output power from EDFA1
is 15 dBm. The optical signals reflected from the EPS-FBG are
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Fig. 7. The 3-dB bandwidth and the shape factor of the: (a) 1 passband and
(b) 2 passband at different frequencies.

then routed by OC1 to an SBS-assisted filter for optical carrier
suppression. The SBS-assisted filter includes two OCs (OC1
and OC2), a section of DSF of 9 km, and a PC (PC3). After the
optical signals are amplified by EDFA2 with an output power of
0 dBm, they are sent to the PD (Nortel Networks, 3-dB band-
width of 10 GHz, and responsivity of 0.83 A/ W) for optical-to-
electrical conversion. The generated electrical signal from the
PD is sent back to the VNA for frequency response measure-
ment. The wavelengths of optical carriers from the TLSs are
controlled to be at the 1 channels, respectively. The PM-IM
conversion is realized at the 1 channels by using the respec-
tive notches to suppress one of the respective sidebands. Thus,
two passbands are produced, as shown in Fig. 5(a). The zoom-in
views of the two passbands are given in Fig. 5(b) and (c). The
1 passband obtained by the PM-IM conversion in the 1
channel has a 3-dB bandwidth of 165 MHz and a shape factor
of 4.1. The 2 passband achieved by the PM-IM conversion in
the 1 channel has a 3-dB bandwidth of 143MHz and a shape
factor of 2.9. Linear phase responses are achieved in the two
passbands, as also shown in Fig. 5(b) and (c). The insertion loss
of the MPF is 18.7 dB.
The frequency tunability of the MPF is then investigated.

Firstly, the 1 passband with a central frequency of about 1 GHz
is kept unchanged, and the 2 passband is tuned. As can be
seen, the central frequency of the 2 passband is shifted from
1.5 to 7.4 GHz, realized by tuning the wavelength of the TLS2,
as shown in Fig. 6(a). The 2 passbandwith a central frequency
of about 0.2 GHz is then kept unchanged, and the 1 passband is
tuned. As can be seen, the central frequency of the 1 passband

Fig. 8. Frequency and magnitude variations of the: (a) 1 passband and (b)
2 passband in 1.5 h. The measurements are taken with a 10-min interval.

is shifted from 0.8 to 5.4 GHz, realized by tuning the wave-
length of TLS1, as shown in Fig. 6(b). As can be seen, there are
small magnitude variations during the frequency tuning, which
are about 0.5 dB.
The 3-dB bandwidths and shape factors of the two passbands

at different frequencies are also measured and given in Fig. 7.
As can be seen, the average 3-dB bandwidth of the 1 passband
is 167.3 MHz, and the variations are within 13 MHz. The av-
erage shape factor is 3.8, and the variations are within 0.3. The
average 3-dB bandwidth of the 2 passband is 143.4 MHz, and
the variations are within 7 MHz. The average shape factor is
3.3, and the variations are within 0.3 . Since there are two
phase shifts in each of the 1 channels, the shape factors are
decreased significantly compared with the use of a PS-FBGwith
only a single phase shift, as reported in [22], in which the
shape factors are 7.5 and 10. In addition, the small magnitude
and bandwidth variations at different frequencies are important
for applications where the loss or bandwidth is required to be
constant.
The stability of the MPF is also studied. To do so, the MPF is

allowed to operate at room temperature for 1.5 h. Fig. 8 shows
the central frequencies and magnitudes of the two passbands
measured with a 10-min interval. The frequency and magni-
tude variations of the 1 passband are within 16 MHz and
0.5 dB, respectively. The frequency and magnitude variations

of the 2 passband are within 9 MHz and 0.5 dB, respec-
tively. The frequency stability of the MPF depends mainly on
the wavelength stability of the TLSs and the EPS-FBG. To have
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Fig. 9. Optical spectrum of the: (a) 1 phase-modulated signal and (b) 2
phase-modulated signal without (black-solid line) and with (blue-dashed line)
the SBS-assisted filter.

a better frequency stability, TLSs with better wavelength sta-
bility should be used. In addition, the EPS-FBG should be well
packaged with temperature control such that the effect of the en-
vironment disturbance on the stability will be significantly re-
duced.
The performance improvement due to the incorporation of

the SBS-assisted filter is also studied. To do so, we measure the
optical spectrums and the SFDRs of the dual-passband MPF
without and with the SBS-assisted filter. We first disconnect
PC3 with port 1 of OC2, thus the SBS-assisted filter is no longer
operating in the MPF. The optical spectrums of the two phase-
modulated signals are shown in Fig. 9(a) and (b). PC3 is then
connected with port 1 of OC2, and the SBS-assisted filter starts
operating in the MPF. The Stokes waves consecutively circu-
late in the ring and the optical carriers are greatly suppressed.
The optical spectrums of the two phase-modulated signals are
also shown in Fig. 9(a) and (b). As can be seen from Fig. 9, the
optical carriers are both suppressed by about 10 dB. The side-
bands are almost unchanged since the powers of the sidebands
are kept below the threshold of the SBS in the experiment, and
no SBS effects are produced for the sidebands.
The SFDRs of the MPF for the two passbands are measured

and given in Fig. 10. The measured SFDRs of the 1 and 2
passbands are 82.9 dB Hz and 83.2 dB Hz , respectively,
when the SBS-assisted filter is not incorporated in the system.
After connecting PC3with port 1 of OC2, the optical carriers are
suppressed greatly, and when the optical power at the input of

Fig. 10. Measured fundamental output power and third-order distortion power
for the: (a) 1 passband and (b) 2 passband without and with the SBS-assisted
filter.

the PD is kept the same as that without carrier suppression, the
gain of the system is improved by about 10 dB. The measured
SFDRs of the 1 and 2 passbands are then 89.8 dB Hz
and 90.6 dB Hz , respectively, which are improved by about
7 dB.
According to (3b), the NFs will also be decreased by 10 dB

from 72 to 62 dB. Note that, in the experiment, the noise floor
is 130 dBm/Hz, restricted by the EDFAs and the TLSs used
in the experiment. If the EDFAs are removed from the system,
and TLSs with narrower linewidths and higher powers are used,
a lower noise floor can be achieved [28], [29]. Thus, the SFDRs
will be increased and the NFs will be reduced.

IV. CONCLUSION

An MPF with two independently tunable passbands was
proposed and experimentally demonstrated based on PM-IM
conversion using a PM and an EPS-FBG. The key component
in the proposed MPF was the EPS-FBG, which was designed
and fabricated based on the equivalent phase-shift technique
through spatial sampling. Two phase shifts were introduced to
the EPS-FBG to decrease the shape factors. Through PM-IM
conversion, an MPF with two passbands was achieved. The
two passband of the MPF could be tuned independently. In the
experiment, the frequency tunable ranges of the two passbands
were measured to be 5.4 and 7.4 GHz. The magnitude re-
sponses, bandwidths, and shape factors during the tuning were
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maintained almost unchanged. To improve the performance of
the MPF including increasing the SFDRs and reducing the NFs,
an approach to suppressing the optical carriers by incorporating
an SBS-assisted filter was employed. In the experiment, the
SFDRs were increased by 7 dB, and the NFs were decreased by
10 dB thanks to the use of the SBS-assisted filter. The stability
of the MPF was also studied. Under room temperature, the
frequency and magnitude variations of the 1 passband and 2
passband in 1.5 h were within 16 MHz, 0.5 dB, 9 MHz,
and 0.5 dB, respectively.
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