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Bandstop-to-Bandpass Microwave Photonic Filter
Using a Phase-Shifted Fiber Bragg Grating
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Abstract—A bandstop-to-bandpass microwave photonic filter
(MPF) using a phase-shifted fiber Bragg grating (PS-FBG) and
a dual-drive Mach-Zehnder modulator (DD-MZM) is proposed
and experimentally demonstrated. The PS-FBG has an ultra-
narrow notch in the reflection band. The DD-MZM is employed
to generate a phase-modulated or a quasi-single-sideband (QSSB)
optical signal by controlling the bias voltage. By applying the phase-
modulated or QSSB signal to the PS-FBG to suppress one sideband,
a bandpass or a bandstop MPF is implemented. The MPF can be
continuously tuned from bandstop to bandpass or vice versa by
controlling the bias voltage applied to the DD-MZM. The frequency
tuning can be simply done by tuning the wavelength of the optical
carrier. The proposed MPF is experimentally evaluated. Contin-
uous tuning from a bandstop to bandpass filter with a bandstop
rejection as high as 60 dB and frequency tuning with a frequency
tunable range as large as 10 GHz are demonstrated.

Index Terms—Bandpass filter, bandstop filter, microwave pho-
tonic filter, phase-shifted fiber Bragg grating.

1. INTRODUCTION

ICROWAVE photonic filters (MPFs) with advantages
M such as broad bandwidth and large tunability have been
extensively researched in the last few years [1]-[3]. Among
the many filtering functions, bandstop and bandpass filtering
are two major functions which are widely used for applications
such as in communications systems and warfare systems [4], [5].
Usually, an MPF, once implemented, can only perform one func-
tion. For some applications, however, it is required that an MPF
can be tuned from bandstop to bandpass or vice versa. Several
approaches have been proposed to implement a bandstop-to-
bandpass filter. For example, a bandstop-to-bandpass filter was
realized by switching the operation of a Mach—Zehnder mod-
ulator (MZM) between its maximum transmission point and
minimum transmission point [6]. A bandstop-to-bandpass filter
could also be implemented using a 2 x 1 MZM and an active
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fiber Bragg grating (FBG) pair [7]. Two wavelengths were used.
One wavelength is tuned to be identical to the central wavelength
of the FBGs, the active FBG pair serves as a Fabry—Perot res-
onator, to generate multiple taps, and thus a multi-tap delay-line
filter with a narrow passband is achieved. The other wavelength
is tuned away from the central wavelengths of the FBGs and thus
an all-pass filter is implemented. Due to a 7 phase shift between
the phase responses of the multi-tap delay line filter and the
all-pass filter, the combination of the frequency responses of the
two filters corresponding to a notch filter. Of course, if the sec-
ond wavelength is switched off, the filter is simply a bandpass
filter [7]. A bandstop-to-bandpass filter could also be imple-
mented using two optical tunable bandpass filters to perform
phase-modulation to intensity-modulation (PM-IM) conversion
with one filter in a recirculating loop to form an infinite impulse
response (IIR) bandpass filter and the other outside the loop
with no circulation to form an all-pass filter [8]. Depending on
the phase difference between the IIR bandpass and the all-pass
filters, a notch or bandpass filter can be implemented [8]. The
major limitation of the MPFs in [6]—[8] is that the filters can only
be switched from bandstop to bandpass or vice versa, but cannot
be continuously tuned with a tunable notch depth or a passband
gain. In addition, the MPFs in [6]—[8] are delay-line filters which
exhibit periodic spectral response. Due to a relative long time
delay difference between two adjacent taps, the free spectral
range (FSR) is small, which may limits the filters for wide-
band applications. To avoid having periodic spectral response,
in [9] a bandstop-to-bandpass MPF implemented based on a
phase modulator and a high-birefringence FBG-based Fabry—
Pérot filter was demonstrated. Due to PM-IM conversion in the
FBG-based Fabry—Pérot filter which was connected as a trans-
mission or reflection filter, an MPF with a passband or a notch
was realized. Again, the spectral response of the filter can only
be switched by connecting the FBG-based Fabry—Pérot filter
in transmission or reflection. In addition, the filter was not fre-
quency tunable. To implement a frequency-tunable bandstop-to-
bandpass MPF, in [10] a stimulated-Brillouin-scattering-(SBS)
based optical filter and a dual-drive Mach—Zehnder modulator
(DD-MZM) were used. By using the SBS loss and gain spec-
tra to suppress and amplify, respectively, the two sidebands of
a microwave-modulated signal generated at the output of the
DD-MZM, a bandpass or bandstop filter was implemented. The
frequency could be tuned by tuning the wavelength of the SBS
pumping source. Since an SBS process was involved, the filter
was very complicated which requires a high power pumping
source and a long fiber. In addition, the MPF has two stopbands
or passbands. In [10], to avoid having two stopbands or pass-
bands, a photodetector (PD) with a relatively narrow bandwidth
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Fig. 1. The schematic of the proposed MPF. TLS, tunable laser source; DD-
MZM, dual-drive Mach—Zehnder modulator; OC, optical circulator; PS-FBG,
phase-shifted fiber Bragg grating; PD, photodetector; PC, polarization con-
troller; VNA, vector network analyzer.

TLS

was used to eliminate the higher frequency band. Obviously, a
PD with a narrow bandwidth will limit the frequency tunable
range of the filter.

In this paper, we propose a simple approach to implement-
ing a bandstop-to-bandpass MPF using a phase-shifted fiber
Bragg grating (PS-FBG) and a DD-MZM, with only a single
stopband or passband. The DD-MZM is employed to generate
a phase-modulated or a quasi-single-sideband (QSSB) signal,
realized by controlling the bias voltage to the DD-MZM. The
PS-FBG has an ultra-narrow notch in the reflection band. By
using the notch of the PS-FBG to suppress one sideband of
the phase-modulated or the QSSB signal, a bandpass or band-
stop filter is achieved. The MPF can be tuned from stopband
to passband or vice versa by changing the bias voltage applied
to the DD-MZM to change the power ratio between the two
sidebands and the phase relationship. The frequency tuning can
be simply done by tuning the frequency of the optical carrier.
Compared with the approach in [10], the MPF has only a single
stopband or passband, thus enabling a wider frequency tunable
range. In addition, the use of a PS-FBG instead of an SBS-based
filter makes the filter greatly simplified. The proposed MPF is
experimentally evaluated. Continuous tuning of the MPF from
bandstop to bandpass with a bandstop rejection as high as 60 dB
and frequency tuning with a frequency tunable range as large as
10 GHz are demonstrated.

II. OPERATION PRINCIPLE

Fig. 1 shows the schematic of the proposed MPF. An opti-
cal carrier with a tunable frequency of f- from a tunable laser
source (TLS) is sent to a DD-MZM through a polarization con-
troller (PC). The PC is adjusted to align the polarization direction
of the optical carrier with the principal axis of the DD-MZM to
minimize the polarization-dependent loss. The DD-MZM has
dual microwave input ports connected to the two output ports
of a 90° microwave hybrid coupler (HC). A microwave signal
V.cos(2m f.t) with an amplitude voltage of V, and a frequency
of f. is sent to the DD-MZM via the HC. The optical carrier is
modulated by the input microwave signal at the DD-MZM. The
microwave-modulated signal at the output of the DD-MZM is
then sent and reflected by the PS-FBG via an optical circulator
(OC), and detected at a PD. With the assumption of small signal
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Fig. 2. The relationship between the static phase ¢ p ¢ controlled by the bias

voltage to the DD-MZM and the combined magnitude of the two sidebands.

modulation, the electrical field of the optical signal at the output
of the DD-MZM can be expressed as [11]:
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where Ej, is the amplitude of the optical carrier into the DD-
MZM, the Jy, J_1, J; are the zero- and Lfirst-order Bessel
functions of the first kind; m = 7V, / (2V ) is the modulation
index; ¢opc = mVpe /Vz pe is a static phase generated by the
bias voltage Vpc; Vi e, and V. ,pc are the half-wave voltages
of the DD-MZM at the microwave and dc frequencies, respec-
tively. From (1) we can see that the amplitude and phase of the
two first-order sidebands can be controlled by ¢p¢. Fig. 2 is
a unit circle which shows the relationship between the static
phase generated by the dc bias voltage and the combined mag-
nitude of the two sidebands, given by \/ J?, (m) + JE (m),
which is a constant and is normalized to 1. By controlling the
bias voltage, phase modulation or QSSB modulation can be
achieved. For example, when ¢p ¢ is adjusted to be 0, /2, 7
and 37 /2, four different modulations corresponding to equiv-
alent phase modulation (EPM), upper sideband with carrier
(USB+C) modulation, double sideband with suppressed car-
rier (DSB+CS) modulation, and lower sideband with carrier
(SSB+-C) modulation are, respectively, achieved. When ¢pc
has a value other than the above four values, the amplitudes
of the two sidebands are not equal, and the phase terms are
(3w /4,7/4) for opc € (0,7/2) or ppc € (3m/2,2m) in the
first and fourth quadrants, and (37 /4, 57 /4) forppe € (7/2,m)
or wpc € (m,3m/2)in the second and the third quadrants.

The microwave-modulated signal at the output of the DD-
MZM is fed to the PS-FBG via the OC. The PS-FBG is formed
by introducing a phase shift, generally 7, to a uniform FBG, to
produce an ultra-narrow notch with the central frequency fy in
the reflection spectrum [12]. Here the PS-FBG is employed as a
reflection filter and the electrical field of the reflected signal is
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where  (f) and 6 (f) are the normalized power spectrum and
phase response of the PS-FBG given by [12]
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where H(f) is the transfer function of the PS-FBG given by
[12]
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where ¢ = 1, 2 identifies two sub-gratings of the PS-FBG sepa-
rated by the phase shift pp g, L; is the corresponding sub-grating
length, * denotes the complex conjugation, y> = k* — 62, k is
the “ac” coupling coefficient defined as k = 27 fAn/(2¢) and
An is the refractive index change, & is the “dc” self-coupling
coefficient defined as 6 = n.;;2w(f — fp)/c, nesy is the ef-
fective refractive index, c is the velocity of light in vacuum, f is
the frequency of the incident lightwave, and fp is the frequency
corresponding to the Bragg wavelength of the sub-FBGs.

The optical signal reflected from the PS-FBG is sent to the
PD where the optical-to-electrical conversion is conducted. The
recovered microwave signal is given by

ie(t) o< ac{p - [Eout2(t) - Eyuio(t)]}
o { V1 (fo — fo)cos (88 + Z) - cos (2n fot + 61) }
+\/r (Jo + J) cos (25% — §) - cos (2m fot + 62)
®)
where

A= 20| " V/r (fe)do (m) Iy (m)

cos (epc/2) (9)

0= 0(fc) =00 — f) - (10)
b= 0(fc+f)—0(fc)+ 7 (11)

and ac(-) denotes the ac term of the output electrical signal,
p is the responsivity of the PD. Note that the relationship of
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Fig. 3. The principle showing the operation of the MPF as (a) a bandstop or

(b) a bandpass filter.

J_1 = —Jp is used and only the fundamental frequency of the
microwave signal is considered.

From (8) it can be seen that the microwave current at the
output of the PD consists of two terms, and the amplitude and
phase relationship between the two terms depends on the bias
voltage applied to the DD-MZM. In fact, this relationship is
resulted directly from the amplitude and phase relationship of
the microwave-modulated signal, as shown in Fig. 3(a) and (b),
in which the reflection spectrum of the PS-FBG is also shown.
Assume the top of the magnitude spectrum of the PS-FBG is
flat and the phase response in the reflection band is linear, the
two sidebands of the microwave-modulated signal are within
the reflection band and would have a phase relationship given
by

0(fc+fo)—0(fc)

0y — 0,

0(fc)—0(fc —fe)

= T.

(12)
(13)

To implement a bandstop MPF, as shown in Fig. 3(a), ¢pc
should have a value in quadrant I, as shown in Fig. 2, and
the amplitude of the lower sideband is smaller than that of
the upper sideband, which is called QSSB modulation. As can
be seen from Fig. 3(a), if the notch of the PS-FBG is used
to partially filter out the spectral component at fo + f. in the
upper sideband to make the amplitude identical to that of the
lower sideband at fo — f,, a full cancellation of the two spectral
components will be resulted due to the out of phase nature of
the two sidebands [13], and a bandstop band filter with infinite
notch depth is produced. The rejection ratio can be adjusted
since the cancellation can be controlled by adjusting the bias
voltage, which provides a better flexibility than the approach
reported in [14], where no QSSB modulation was produced.

To implement a bandpass MPF, as shown in Fig. 3(b), ¢opc
should be zero, and the DD-MZM is operating equivalently to
a phase modulator with the modulated signal of two sidebands
with identical amplitude, but a phase difference of 7. If the PS-
FBG is not used, the beating between the optical carrier and
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Fig. 4. The measured magnitude and phase responses of PS-FBG1. The inset
provides a zoom-in view of the spectrum centered at the wavelength of the notch
measured by the single sideband modulation technique.

one sideband will fully cancel the beating between the optical
carrier and the other sideband. If the PS-FBG is used, however,
the spectral component at the notch frequency, say, fo + fe,
will not be cancelled, thus bandpass filter is produced.

The frequency tuning of the bandstop or bandpass filter can
be done by simply tuning the wavelength of the optical carrier.
Thus, a bandstop-to-bandpass MPF with both tunable notch
depth and tunable frequency can be implemented.

III. EXPERIMENT

An experiment based on the configuration in Fig. 1 is per-
formed. In the experiment, we use two PS-FBGs (PS-FBG1
and PS-FBG?2) with different notch widths and different reflec-
tion bandwidths to demonstrate two MPFs with different stop-
band or passband widths and different tunable ranges. First, PS-
FBG1 is used. An optical carrier from the TLS (YOKOGAMA
AQ2200) is sent to the DD-MZM (Fujitsu, 10 GHz, V; . = 5V)
through the PC. The wavelength of the optical carrier is set at a
wavelength greater than the central wavelength of the notch of
PS-FBGI and the upper sideband falls in the notch, as shown
in Fig. 3. Fig. 4 gives the magnitude and phase responses of
PS-FBGI1 measured with an optical vector analyzer (LUNA,
OVAe-4000). The wavelength of the notch is 1550. 588 nm and
the reflection band is about 39 GHz. The linear phase response
region is about 20 GHz wide which is not perfectly symmetric
relative to the notch wavelength. The microwave tunable range
is about 6.1 GHz, a half of the right section 12.2 GHz of the
linear phase response. The inset in Fig. 4. gives a zoom-in view
of the spectrum centered at the notch wavelength measured by
the single-sideband modulation technique [15], in which a fre-
quency scanning microwave signal is modulated on an optical
carrier to generate a single-sideband optical signal. By scan-
ning the single sideband over the spectral range of the notch,
the spectrum of the PS-FBG centered at the notch is measured
with an ultra-high resolution [15]. The notch bandwidth is about
180 MHz and the rejection ratio is 18 dB.

A microwave signal from the VNA (Agilent E8364A) is ap-
plied to the DD-MZM via the HC (ARRA 9428X), with the two
output ports of the HC connected to the two RF input ports of
the DD-MZM. Note that a Bias-Tee is used to combine a dc
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Fig. 5. The measured frequency response of the MPF when PS-FBGI is
employed. The spectral response when the MPF is operating as a (a) bandstop
filter and (b) bandpass filter.

voltage with one of the microwave signals to provide the bias
voltage. The power of the microwave signal to each of the two
input ports of the DD-MZM is 6 dBm. The modulation index
is calculated to be about 0.20, thus the small signal modulation
is guaranteed. The microwave-modulated signal is sent to PS-
FBGI1 and reflected to the PD (New Focus, 25 GHz) via the OC.
The recovered microwave signal is amplified by a microwave
amplifier with a gain of 10 dB and is sent back to the VNA to
measure the spectral response. The bias voltage from a dc power
supply (KIKUSUI, 0.001 V) is tuned to control the amplitude
and phase of the two sidebands.

The MPF operating as a bandstop filter is first demonstrated.
The bias voltage is tuned such that the amplitude of the two
sidebands meets the relationship as shown in Fig. 3(a). The
frequency of the microwave signal from the VNA is swept from
0 to 10 GHz to measure the frequency response of the MPF,
and the wavelength of the optical carrier from the TLS is tuned
from 1550.596 to 1550.640 nm with a tuning step of 0.004 nm
(or equivalently 0.5 GHz) to evaluate the frequency tunability.
The frequency response is shown in Fig. 5(a), in which a deep
notch with an ultra-high rejection ratio (> 55 dB) is shown over
the entire frequency tuning range. The rejection ratio is much
higher than that of PS-FBG1 (18 dB). This is because the tuning
of the power ratio between the two sidebands by tuning the bias
voltage enables a full cancellation of the two beat signals at the
output of the PD.

Then, the MPF operating as a bandpass filter is demonstrated.
By setting ¢ p ¢ to zero, the EPM is achieved, in which the two
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sidebands have an identical amplitude and a 7 phase difference.
By applying the modulated signal to PS-FBG1, as shown in
Fig. 3(b), the upper sideband is eliminated by the notch of PS-
FBG1, and the phase-modulated signal is converted to a single-
sideband intensity-modulated signal. The entire operation cor-
responds to a bandpass filter. Again, the frequency tunability is
achieved by tuning the wavelength of the optical carrier. The
frequency response of the MPF is shown in Fig. 5(b).

Note that during the tuning process, due to the nonlinear
phase response of PS-FBG1 near the two edges of the reflection
band, the phase relationship between the two sidebands may
not be always maintained, which may lead to a poor rejection
ratio when operating as a bandstop MPF, and a lower passband
gain when operating as a bandpass MPF. Therefore, to maintain
a uniform rejection ratio or passband gain, the tunable range
is controlled within the linear region of the phase response of
PS-FBGL. For PS-FBG1, the frequency range corresponding to
a linear phase response is about 20 GHz and is not symmetric
relative to the notch wavelength. In the experiment, a section
of about 12.2 GHz is used, which leads to a frequency tunable
range of about 6.1 GHz.

The bandwidths of the notch and passband when the MPF
is operating as a bandstop and a bandpass filter are measured.
Fig. 6 shows the bandwidths when the MPF is tuned. Since PS-
FBG1 has a notch with a width of 180 MHz, the widths of the
notch and passband are around 180 MHz, with some variations
due to the non-perfect cancellation of the two sidebands due to
the non-ideal linear phase response of PS-FBG1.

The rejection ratio of the MPF operating as a bandstop filter
can also be tunable, which is done by tuning the bias voltage to
the DD-MZM to change the power ratio between the two side-
bands. If the two sidebands are not fully cancelled, the rejection
ratio would be reduced. Fig. 7 shows the measured frequency
response of the MPF operating as a stopband filter with a tun-
able rejection ratio. In the experiment, the bias voltage is tuned
at a step of 0.1 V. The inset in Fig. 7 shows the relationship
between the rejection ratio and the bias voltage change relative
to the bias voltage to achieve the highest rejection ratio.

Finally, the tuning of the MPF from bandstop to bandpass is
demonstrated, which is done again by tuning the bias voltage.
Fig. 8. shows the measured frequency response, where the MPF
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Fig. 8. The frequency response of the MPF when the filter is tuned from a

bandstop filter to a bandpass filter.

is tuned to operate from a bandstop filter with a maximum
rejection ratio of 60 dB and a bandpass filter with a maximum
ratio of the transmission peak to the sidelobe of 20 dB.

The bandwidth and the frequency tunable range of the MPF
are determined by the notch width and the reflection bandwidth
of the PS-FBG used. In a second experiment, we use a second
PS-FBG (PS-FBG2) with a narrower notch width and wider
reflection bandwidth to replace PS-FBGI1 to demonstrate an
MPF with narrower notch width and wider frequency tunable
range. Fig. 9 shows the magnitude and phase responses of PS-
FBG2. The notch width is 10 MHz with a rejection ratio of
20 dB, and the reflection bandwidth is 70 GHz, in which 40 GHz
can be used. Thus, the microwave frequency tunable range can
be as large as 20 GHz.

We first demonstrate the operation of the MPF as a bandstop
filter. To do so, the wavelength of the optical carrier from the
TLS is set at a wavelength smaller than the central wavelength
of the notch (1549.691 nm) of PS-FBG2, to take advantage
of a wider spectral range to enable greater frequency tunable
range. Fig. 10(a) shows the frequency response of the MPF as a
bandstop filter with the optical wavelength tuned from 1549.680
to 1549.610 nm with a tuning step of —-0.01 nm. Again, a high
rejection ratio (> 40 dB) over a frequency tunable range of
10 GHz is obtained. The frequency tunable range is limited by
the frequency response of the DD-MZM used in the experiment.
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Fig. 10. The measured frequency response of the MPF when using PS-FBG2.
The spectral response when the MPF is operating as a (a) bandstop filter and (b)
bandpass filter.

If a DD-MZM with a wider bandwidth is used, the frequency of
the MPF with PS-FBG2 can be tuned up to 20 GHz.

Then, we demonstrate the operation of the MPF as a band-
pass filter. Again, the bias voltage is tuned such that the two
sidebands have an identical amplitude and a 7 phase difference.
The frequency tuning is done by tuning the wavelength of the
TLS. Fig. 10(b) shows the frequency response of the MPF as a
bandpass filter with a frequency tunable range of 10 GHz.

Since PS-FBG?2 has a much a narrower notch width, the MPF
will have a much narrower notch or passband width. Fig. 11
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shows the notch and passband widths of the MPF. As can be
seen the notch widths are around 10 MHz when the filter is
tuned over the 10 GHz range. The variations in the widths are
due to again the non-ideal linear phase response of PS-FBG2,
which leads to partial cancellation of the two beat signals at the
output of the PD.

We should note that the rejection ratio of the bandstop filter
using PS-FBG?2 is poorer than the one with PS-FBGI1. There
are two factors that lead to the poorer rejection ratio. One is
that the notch width of PS-FBG2 is much narrower than that
of PS-FBG1, which makes the bandstop filter with PS-FBG2 is
more sensitive to the fluctuations of the sideband amplitude of
the QSSB optical signal. The other is that the bias voltage from
the dc power supply is tuned manually, which is not precise and
stable enough to ensure an accurate control. If a dc power supply
with a higher precision and programmable control is utilized,
an extremely high rejection ratio can be obtained for PS-FBG2
as well as PS-FBGI.

IV. DISCUSSION AND CONCLUSION

The frequency tunable range of the proposed filter was around
6 GHz (for PS-FBG1) and 10 GHz (for PS-FBG?2). If the pro-
posed filter is implemented using a PS-FBG with a wider re-
flection bandwidth, say, a chirped PS-FBG with a reflection
bandwidth of 100 GHz or greater, the tunable range will be
much greater, limited only by the bandwidths of the DD-MZM
and the PD.

In conclusion, a bandstop-to-bandpass MPF using a PS-FBG
and a DD-MZM was proposed and experimentally demon-
strated. The fundamental concept of the approach was the use
of a DD-MZM to achieve EPM or QSSB modulation by con-
trolling the bias voltage. By using a PS-FBG to fully or partially
suppress one sideband, an MPF with a stopband or a pass-
band was implemented. The proposed MPF was experimentally
demonstrated in which two different PS-FBGs, PS-FBG1 and
PS-FBG2, with different notch widths and reflection bandwidths
were employed. For PS-FBG1, an MPF with a notch width of
180 MHz and a frequency tunable range of 6 GHz was demon-
strated. For PS-FBG2, an MPF with a notch width of 10 MHz
and a frequency tunable range of 10 GHz was demonstrated. In



HAN AND YAO: BANDSTOP-TO-BANDPASS MPF USING A PS-FBG

addition, continuous tuning of the MPF from a bandstop to a
bandpass filter was also achieved.
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