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Tunable Single Bandpass Microwave Photonic Filter
With an Improved Dynamic Range
Xiuyou Han, Member, IEEE, Enming Xu, and Jianping Yao, Fellow, IEEE

Abstract— A tunable single bandpass microwave photonic
filter (MPF) with an improved spurious free dynamic
range (SFDR) using a dual-parallel Mach–Zehnder modula-
tor (DP-MZM) and a phase-shifted fiber Bragg grating (PS-FBG)
is proposed and experimentally demonstrated. The DP-MZM
is employed to generate an equivalent phase-modulated (EPM)
signal with an adjustable optical carrier to sideband ratio. The
PS-FBG is used as an optical notch filter to remove one sideband
of the EPM signal to convert the EPM signal to a single-sideband
intensity-modulated signal. At the output of a photodetector, a
microwave signal is detected. The entire operation is equivalent to
a single passband MPF. The tunability is achieved by tuning the
wavelength the optical carrier. The SFDR of the MPF is improved
due to the gain enhancement by a partial suppression of the
optical carrier. An experiment is performed. A single bandpass
MPF with a passband width of 150 MHz and a frequency-
tunable range of ∼5.5 GHz with an improved SFDR by 11 dB
is demonstrated.

Index Terms— Microwave photonic filter, single bandpass filter,
dynamic range.

I. INTRODUCTION

M ICROWAVE photonic filters (MPFs) have been inten-
sively investigated in the past few years thanks to the

key advantages such as wide tunable range, flexible tunability
and good reconfigurability [1]–[3]. Among the different types
of MPFs, single bandpass MPFs are one of the most impor-
tant types of MPFs which can find applications in modern
radar, communications, and warfare systems. Usually, a delay-
line MPF with discrete time delays has a spectral response
that is periodic (the period is equal to the free spectral
range) [4]. To achieve an MPF with a single passband, one
may use a broadband optical source sliced by a Mach-Zehnder
interferometer (MZI) [5]. Due to the continuous nature of
the optical spectrum, an MPF with a single passband can
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be realized. However, the noise figure of the MPF is very
large and the dynamic range is small due to the strong
relative intensity noise (RIN) of the broadband optical source.
On the other hand, a single bandpass MPF can be implemented
in the coherent regime using a phase modulator (PM) and
an ultra-narrow optical notch filter, where a tunable laser
source (TLS) with a low RIN is utilized. By using the
notch of the optical notch filter to remove one sideband
of the phase-modulated signal, the phase-modulated signal
is converted to a single-sideband (SSB) intensity-modulated
signal. At the output of a photodetector (PD), a microwave
signal is detected. The entire operation is equivalent to a single
passband MPF with the center frequency tunable by tuning
the wavelength of the optical carrier. The optical notch filter
can be a ring resonator [6] or a phase-shifted fiber Bragg
grating (PS-FBG) [7]. Although a TLS is used in the MPF,
the spurious free dynamic range (SFDR) is still limited due
the low gain of the MPF. In [8] we demonstrated a single
bandpass MPF with an improved dynamic range using a
stimulated Brillouin scattering (SBS)-assisted adaptive filter.
By partially suppressing the optical carrier, the gain of
the MPF is improved, which leads to the improvement of
the SFDR. The major limitation of the approach in [8] is the
large size. To trigger the SBS effect, a long fiber loop in the
SBS-based optical filter is needed. In addition, the input optical
power is also very high, which increases the complexity of
the MPF.

In this letter, we propose and experimentally demonstrate a
single bandpass MPF with an improved dynamic range using
a dual-parallel Mach-Zehnder modulator (DP-MZM) and
a PS-FBG. A DP-MZM has an MZI structure with two MZMs
in the two arms and a phase shifter in the lower arm.
The DP-MZM is utilized to generate an equivalent phase-
modulated (EPM) signal with an adjustable optical carrier
power by controlling the DC bias voltage applied to the
internal MZM in the upper arm. The EPM signal with
a partially suppressed optical carrier at the output of the
DP-MZM is amplified by an erbium-doped fiber ampli-
fier (EDFA) and sent to the PS-FBG via an optical
circulator (OC), where one sideband of the EPM signal is
removed and the EPM signal is converted to an SSB intensity-
modulated signal. The operation is called phase-modulation to
intensity-modulation (PM-IM) conversion. Upon detection at
a photodetector (PD), a microwave signal is generated and
the entire operation is equivalent to a single bandpass MPF
with the central frequency of the passband determined by
wavelength difference between the optical carrier and notch
wavelength. Due to the partial suppression of the optical
carrier, the carrier to sideband ratio (CSR) is decreased. If the
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Fig. 1. (a) Schematic of the proposed MPF. (b) Principle to generate EPM
signal with an adjustable optical carrier power. (c) Principle to achieve an MPF
with a single bandpass. TLS, tunable laser source; PC, polarization controller;
DP-MZM, dual-parallel Mach-Zehnder modulator; PS, phase shifter; EDFA,
erbium-doped fiber amplifier; OC, optical circulator; PS-FBG, phase-shifted
fiber Bragg grating; PD, photodetector; VNA, vector network analyzer.

optical power at the input of the PD is maintained unchanged
by amplifying the EPM signal using the EDFA, the gain of
the MPF is enhanced, which results in the improvement of
the SFDR. An experiment is performed. A single bandpass
MPF with a passband width of 150 MHz and a frequency-
tunable range of about 5.5 GHz with an improved SFDR
by 11 dB is demonstrated.

II. OPERATION PRINCIPLE

Figure 1(a) shows the schematic diagram of the proposed
MPF. The spectral relationship between the optical carrier
and the sidebands is shown in Fig. 1(b). As can be seen
from Fig. 1(a), an optical carrier with a tunable frequency
of fC from a TLS is sent to a DP-MZM via a polarization
controller (PC). The PC is used to align the polarization
direction of the optical carrier with the principal axis of
the DP-MZM to minimize the polarization-dependent loss.
The DP-MZM, as shown in Fig. 1(b), consists of two sub-
MZMs (MZM1 and MZM2) in the upper and the lower arms
of the DP-MZM and a phase shifter (PS) also in the lower
arm. For the upper arm, no microwave signal is applied to
MZM1 and only a DC voltage VDC1 is applied, which is used
to tune the output power of the optical carrier from MZM1.

For the lower arm, a microwave signal Ve cos(2π fet) from a
vector network analyzer (VNA) with an amplitude of Ve and
a frequency of fe is applied to MZM2 to modulate the optical
carrier. By controlling the DC bias voltage VDC2, MZM2
is operating at the minimum transmission point to imple-
ment carrier-suppressed double-sideband (CS-DSB) modula-
tion. The PS, to which a DC voltage VDC3 is applied, is used
to generate a phase shift of θ3 to the two sidebands of the
CS-DSB signal. At the output of the DP-MZM, the optical
signals from the two arms are combined. If the phase shift
introduced by the PS is π /2, the optical signal at the output
of the DP-MZM is equivalent to a phase-modulated signal,
but with an adjusted carrier power or CSR. The optical signal
at the output of the DP-MZM is amplified by an EDFA, and
then sent to a PS-FBG. The PS-FBG has a narrow notch in the
reflection band, which is used to remove one sideband. After
photodetection at a PD, a microwave signal is generated which
is sent back to the VNA to measure the frequency response
of the MPF.

The electrical field of the optical signal from the DP-MZM
can be expressed as [9]

E1(t) = 1

2
E0e j2π fC t cos θ1

+ 1

4
E0e j2π fCt

{
e j [m cos(2π fet)+θ2]

+ e− j [m cos(2π fet)+θ2]

}
e jθ3 (1)

where E0 is the electrical field amplitude of the input optical
carrier, θi = πVDCi/Vπ i (i = 1, 2, 3) is the phase shift
generated by the DC bias voltage VDCi , Vπ i is the half wave
voltage of MZM1, MZM2, and the PS at DC; m = πVe/Vπe

is the modulation index, and Vπe is the half-wave voltage at
the microwave frequency fe. By the Jacobi-Anger expansion,
(1) can be rewritten as

E1(t) ≈ 1

2
E0e j2π fC t cos θ1 + 1

2
E0e j2π fCt

×
⎡
⎣ J0(m) cos θ2

− J1(m)e− j2π fet sin θ2

− J1(m)e j2π fet sin θ2

⎤
⎦ e jθ3 (2)

where J0, J1 are the 0 and 1st-order Bessel function of the
first kind. When deriving (2), only the 0- and ±1st-order
components are considered. When MZM2 is biased to suppress
the optical carrier, the phase shift θ2 should be π /2. When the
phase shift θ3 is equal to π /2, (2) can be written as

E1(t) = 1

2
E0

[
cos θ1e j2π fC t − J1(m)e j2π( fC− fe)t e jπ/2

− J1(m)e j2π( fC+ fe)t e jπ/2

]
(3)

As can be seen that the output signal has an expression that
is equivalent to that of a phase-modulated signal [10] except
that the amplitude of the optical carrier J0(m) is replaced by
cosθ1. Here, we call the signal an EPM signal. The power
of the optical carrier can be easily adjusted by changing the
DC bias voltage VDC1 applied to MZM1, while the powers of
the two sidebands are maintained unchanged.

A phase-modulated signal will only generate a DC if
directly detected at a PD due to the out of phase nature of
the beat signals between the optical carrier and the two side-
bands [10]. However, the PS-FBG in the MPF can be used to
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remove one sideband (say, the +1st sideband, fC + fe), by
locating the sideband in the narrow notch of the PS-FBG to
achieve PM-IM conversion, as shown in Fig. 1(c). Because of
the narrow notch of the PS-FBG, the removal of the sideband
only occurs over a small frequency range. The entire operation
is equivalent to a bandpass MPF with a central frequency equal
to the frequency difference between the optical carrier and
the notch of the PS-FBG. Therefore, the central frequency
of the passband can be tuned by changing the wavelength of
the optical carrier from the TLS.

In addition to the frequency tunability, an MPF is also
required to have a large dynamic range. The dynamic range is
characterized by its SFDR, which can be defined as the range
of the power of an input signal over which the output funda-
mental signal is above the output noise floor and all spurious
signals are less than or equal to the output noise floor [11].
When the 3rd-order distortion is considered, the SFDR is 2/3
of the distance between the noise floor and the output 3rd-order
intercept point (OIP3). Thus, when the fundamental curve
and the 3rd-order distortion curve, or equivalently the OIP3,
are moving up by an amount, the SFDR would be increased
by 2/3 of that amount.

In the proposed MPF, the CSR of the EPM signal can be
flexibly tuned due to the independently controllable power of
the optical carrier by controlling the DC bias voltage VDC1.
If there is no DC voltage applied to MZM1, the value of
| cos θ1| is equal to 1 and the DP-MZM operates as a regular
phase modulator. When a DC bias voltage VDC1 is applied to
control the CSR to be 0 dB [12] while maintaining the optical
power at the input of the PD unchanged, the gain of the MPF
will be maximized. Since the gain is increased, at the output
of the PD, the powers of the recovered fundamental and the
3rd-order distortions are correspondingly increased and the
OIP3 is moved up. Therefore, the SFDR of the MPF is
efficiently increased.

III. EXPERIMENT AND RESULTS

An experiment based on the configuration in Fig. 1(a)
is performed. A light wave from the TLS (YOKOGAMA
AQ2200) with a power of 10 dBm is sent to the DP-MZM
(JDSU, 10 GHz) through the PC. The bias voltages from the
DC power supply (KIKUSUI, 0.001 V) are tuned to control the
DC bias voltages to MZM1, MZM2 and the PS. A microwave
signal from the VNA (Agilent E8364A) is applied to
MZM2 via the RF port. MZM2 is biased to operate in the
CS-DSB state by controlling VDC2. A phase shift of π /2 to the
sidebands of the CS-DSB signal is generated via the PS by
controlling VDC3. The CSR of the EPM signal is tuned by
controlling VDC1 applied to MZM1. After being amplified
by the EDFA (Nortel, FA17UFAC), the EPM signal is sent to
the PS-FBG via the OC and reflected to the PD (New Focus,
20 GHz). The output electrical signal from the PD is sent back
to the VNA for frequency response measurement.

The two key devices in the proposed MPF are the DP-MZM
and the PS-FBG. The DP-MZM is used to generate the EPM
signal with an adjustable optical carrier power and the PS-FBG
is used to implement PM-IM conversion. Fig. 2(a) shows the
spectra of the EPM signal at the output of the DP-MZM with

Fig. 2. (a) Optical spectra of the EPM signal at the output of the DP-MZM
with different VDC1. (b) The measured magnitude and phase responses of the
PS-FBG.

different VDC1 applied to MZM1 when MZM2 is biased to
operate in the CS-DSB state. It can be seen that the power of
the optical carrier can be tuned by controlling VDC1. As shown
in the inset in Fig. 2(a), the CSR can be controlled to be 0 dB.
Fig. 2(b) shows the magnitude and phase responses of the
PS-FBG in reflection and a zoom-in view of the spectrum
centered at the notch. The notch wavelength is 1550.455 nm,
the 3-dB notch bandwidth is about 180 MHz, and the rejec-
tion ratio is about 18 dB. To implement PM-IM conversion,
the two sidebands of the EPM signal should be within the
linear phase response range of the PS-FBG to maintain their
phase relationship [7]. The linear phase response range of the
PS-FBG is about 20 GHz and is not fully symmetrical. The
right section relative to the notch has a linear region of about
11 GHz, while left section relative to the notch has a linear
region of about 9 GHz.

The tunability of the proposed single passband MPF is
first investigated. The DC bias voltages to the DP-MZM
are controlled to be VDC2 = 5.10 V to achieve CS-DSB
modulation at MZM2, VDC3 = 2.65 V to achieve a phase
shift of θ3 = π /2 at the PS, and VDC1 = 0 V to generate an
EPM signal. The microwave signal from the VNA is swept
from 0 to 5.5 GHz. The wavelength of the light wave from
the TLS is tuned from 1550.460 to 1550.490 nm with a step
of 0.005 nm. The measured frequency response of the MPF is
shown in Fig. 3. As can be seen, the central frequency of the
passband is tuned from 0.7 GHz to 4.56 GHz and the 3-dB
bandwidth is about 150 MHz, and this value is maintained
with negligible changes during the tuning process. This is
another advantage of using this approach over a delay-line
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Fig. 3. Spectral response of the MPF. (a) Frequency tuning and
(b) 3-dB bandwidth.

Fig. 4. The measured microwave powers of the fundamental and the IMD3
terms for (a) the optical carrier without suppression, and (b) the optical carrier
partially suppressed with a CSR of 0 dB.

MPF where the tuning will usually change the shape of the
spectral response.

Then, the improvement in the dynamic range is studied.
To do so, we control the CSR of the generate EPM signal by
tuning the DC bias voltage applied to MZM1. Two cases are
studied here. First, the power of the optical carrier is controlled
at its maximum value by letting VDC1 = 0 V. In this case, the
DP-MZM is operating as a regular phase modulator. Then,
the power of the optical carrier is controlled to make the
CSR equal to 0 dB. For both cases, the optical power into
the PD is fixed at 1 dBm which is achieved by controlling the
gain of the EDFA. A two-tone microwave signal at 2.45 and
2.46 GHz is applied to the MPF. The output fundamental and
the third-order intermodulation (IMD3) terms are measured
when the power of the two-tone signal is increased from
−3 to 4 dBm and the results are shown in Fig. 4. With
no optical carrier suppression, the SFDR is measured to be
80.5 dB·Hz2/3 for a noise floor of −140 dBm/Hz. When the
optical carrier is partially suppressed, the SFDR is measured
to be 91.5 dB·Hz2/3 for the same noise floor. As can be seen,
an improvement in SFDR by 11 dB is achieved.

IV. CONCLUSION

A tunable single bandpass MPF with an improved SFDR
using a DP-MZM and a PS-FBG has been proposed and
demonstrated. The fundamental concept of the approach to
achieve an improved SFDR was to partially supress the optical
carrier to increase the gain of the MPF, which was realized in
the proposed approach by using the DP-MZM to generate an
EPM signal with the power of the optical carrier controlled
by the DC bias voltage to MZM1 to make the CSR be 0 dB
while maintaining the optical power at the input of the PD
unchanged by increasing the gain of the EDFA. In addition,
by using the notch of the PS-FBG to remove one sideband
of the EPM signal, PM-IM conversion was obtained, which
led to an MPF with a single passband. An experiment was
performed. A frequency-tunable single passband MPF with a
frequency tunable range of 5.5 GHz and a constant bandwidth
of 150 MHz during the tuning was demonstrated. The SFDR
was improved by 11 dB. In the proposed MPF, the SFDR
was increased by increasing the gain of the MPF. The IMD3
terms still exist. If we employ a technique to simultaneously
increase the gain and to eliminate the IMD3 terms [13], [14],
the SFDR can be further increased.
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