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A complex-coefficient microwave photonic filter with continuous tunability is proposed and demonstrated,
which has a compact structure and stable performance without splitting the optical path and tuning the polari-
zation state. By only controlling the DC biases of the modulator, the amplitudes and the phases of the filter taps
can both be tuned. The phase difference between the two filter taps covers a full 360° range from 10 GHz
to 32 GHz. Frequency responses of the proposed filter are measured within 10–20 GHz with different center
frequencies.
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A microwave photonic filter (MPF) can find potential
applications in microwave signal processing, communica-
tion, radar, and so on, due to its inherent advantages of
wideband, tunability, reconfigurability, and immunity
to electromagnetic interference[1–3]. To avoid optical inter-
ference and overcome the impact of the environment
vibration, various MPFs implemented in the incoherent
regime have been proposed[1–18]. In Refs. [4–6], the tap
coefficients of these filters are all positive. However, an
all-positive-coefficient MPF is a low-pass filter. To achieve
the band-pass filtering function, MPFs with negative co-
efficients[7–10] and complex coefficients[11–16] are proposed.
The tunability of these negative-coefficient MPFs is real-
ized by changing the time delay differences between the
filter taps, resulting in performance deterioration, such
as undesirable changes of the free spectral range (FSR)
and the filtering shape. Complex-coefficient MPFs are
able to maintain the FSR when the center frequency is
changed, so they have the most potential for applications
among the MPFs with different coefficients. The principle
to achieve the complex coefficients is to introduce phase
shifts between different taps, which can be realized by
single-sideband (SSB) modulation[11], polarization modu-
lation[12], a wideband 90° hybrid coupler (HC)[13], a
dual-parallel Mach–Zehnder modulator (DPMZM)[14], or
a programmable wavelength processor[15]. However, these
schemes use two or more optical sources, making the sys-
tem costly and complex. For example, in Refs. [13] and
[14], both of them are two-tap filters with one tap having
a real positive coefficient and the other tap having a com-
plex coefficient. Each tap needs one laser source and one
modulator. Reference [16] proposed a complex-coefficient
MPF based on polarization modulation with one single
optical source. Such a structure is less complex. By con-
trolling a polarization controller (PC), phase offset of
the recovered microwave signals between the two taps

covers a full 360° range so that the filter is tunable over
the full FSR. However, due to polarization state being sen-
sitive to the environment, the phase shift is not very stable
in the schemes[16–18] by tuning the PC to shift the phase.
Meanwhile, since the PC is controlled manually and not
easy to adjust, the accuracy and the speed of phase tuning
are low. Reference [19] proposed a microwave photonic
phase shifter (MPPS) by using a DPMZM and a tunable
optical band-pass filter (TOBPF). Instead of by control-
ling a PC, the radio frequency (RF) phase shift is realized
by simply tuning the bias voltage of the modulator. A con-
tinuous phase shift with good stability and small power
variation is achieved within a wide bandwidth.

In this Letter, we propose and demonstrate a two-tap
MPF, with each tap having a complex coefficient, which
is simple, easily tunable, and stable. The complex coeffi-
cients are based on two MPPSs[19], which can be realized
by a dual-polarization quadrature phase shift keying
(DP-QPSK) modulator and an optical band-pass filter
(OBPF). After the RF modulation and removing one side-
band by the OBPF, two SSB signals with orthogonal
polarizations are generated. The detection of the two
orthogonally polarized SSB signals at the photodetector
(PD) is incoherent. Thus, two independently tunable
RF phase shifters based on Ref. [19] are obtained with
one single modulator, forming the two filter taps. Instead
of splitting the optical path to introduce different time
delays to the two filter taps, a tunable differential group
delay element (TDGDE) is used without splitting the
optical path. By only controlling the DC biases of the
DP-QPSK modulator to change the phase shift difference
between the filter taps, the center frequency of the pro-
posed MPF is tunable over the full FSR without affecting
the FSR. Meanwhile, the FSR can be changed by tuning
the time delay between the two taps, which can be realized
by adjusting the TDGDE to change the time delay
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between the two taps. The proposed scheme utilizes only
one optical source and one modulator. Without splitting
the optical path and tuning the polarization state, the
structure is more compact and more stable compared with
the schemes[16–18] by tuning the PC to shift the RF phase. A
proof-of-concept experiment is conducted. Experimental
results show that the proposed filter has good stability
and continuous tunability.
Figure 1(a) shows the structure of the proposed tunable

complex-coefficient MPF. The optical carrier (OC) emit-
ted by a laser diode (LD) is launched into the DP-QPSK
modulator. The detailed structure of the DP-QPSK
modulator is shown in the dash box in Fig. 1(a). It inte-
grates two parallel quadrature phase shift keying (QPSK)
modulators, whose polarization states are orthogonal po-
larizations[20]. The OC is split in half into the two QPSK
modulators. Figure 1(b) shows the detailed structure of
the QPSK modulator. Each QPSK modulator has two
parallel Mach–Zehnder modulators (MZM1 and MZM2)
to modulate the input microwave signal and a third
MZM (MZM3) to shift the optical signal phase. An RF
signal generated by a vector network analyzer (VNA) is
separated into two branches with equal power after the
HC. The RF signals in the two branches are modulated
by the lower MZMs (MZM2) of the two QPSK modula-
tors, respectively. The two MZMs driven by the RF signal
are biased at the minimum transmission point (MITP) to
conduct the carrier-suppressed dual-sideband (CS-DSB)
modulation. The other two MZMs without a driven signal
are biased at the maximum transmission point (MATP) to
let the OC pass through. Each QPSKmodulator outputs a
CS-DSB+OC signal, as shown in Fig. 1(b). By controlling
the DC bias of MZM3, the phase difference between the
CS-DSB signal and the OC can be tuned. The signals from
the two QPSK modulators are mapped orthogonally in
two polarizations. Suppose the OC and two RF signals
are expressed as expðjωctÞ and Vm cosðωmt þ ϕiÞði ¼ 1; 2Þ,
respectively, where ωc is the angular frequency of the
OC, and Vm, ωm, and ϕi are the magnitude, angular fre-
quency, and phase of the RF signal, respectively. The
output optical field of the DP-QPSK modulator is
expressed as[17]

�Ex

Ey

�
¼ 1���

2
p expðjωctÞ

×

"
cos½β cosðωmt þ ϕ1Þ þ φ1∕2� þ cosðφ2∕2Þ expðjφ3Þ
cos½β cosðωmt þ ϕ2Þ þ φ4∕2� þ cosðφ5∕2Þ expðjφ6Þ

#
;

(1)

where Ex and Ey are the signals in the two principal
axes of the DP-QPSK modulator, respectively, β ¼
πVm∕V π is the modulation index, V π is the half-wave
voltage of the sub-MZM at microwave frequency, and φl ¼
πVl∕V π−bias ðl ¼ 1; 2; 3; 4; 5; 6Þ is the static phase shift
controlled by the DC bias. Among them, φ3 and φ6 are
the phase differences between the CS-DSB signal and
the OC, Vl is the bias voltage, and V π−bias is the static
half-wave voltage of the sub-MZM at DC. Tune the bias

voltages to achieve φ1 ¼ φ4 ¼ π. Applying the Jacobi–Anger expansion and considering small signal modulation only,
Eq. (1) can be expanded as
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where J1ðβÞ is the first-order Bessel function of the first kind.
An OBPF is used to remove one RF modulation sideband. At the output of the OBPF, two SSB signals with orthogo-

nal polarizations are generated, as
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Fig. 1. (a) Proposed tunable MPF. LD, laser diode; VNA, vector
network analyzer; DP-QPSK modulator, dual-polarization
quadrature phase shift keying modulator; HC, hybrid coupler;
OBPF, optical band-pass filter; TDGDE, tunable differential
group delay element; PD, photodetector; 90° PR, 90° polariza-
tion rotator. (b) The detailed structure of the QPSK modulator.
MZM, Mach–Zehnder modulator.
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When the signals in Eq. (3) are injected into the PD,
two electrical currents are obtained:

iRF1ðtÞ ∝ J1ðβÞ cosðφ2∕2Þ cosðωmt þ ϕ1 − φ3Þ; (4)

iRF2ðtÞ ∝ J1ðβÞ cosðφ5∕2Þ cosðωmt þ ϕ2 − φ6Þ: (5)

Since φl ¼ πVl∕V π−bias ðl ¼ 2; 3; 5; 6Þ can be tuned
from 0 to 2π by controlling the DC bias of the sub-
MZM, the two recovered RF signals can realize a full
360° phase shift, and the powers of them can be changed.
The signals after the OBPF propagate through a

TDGDE. The principal axes of the TDGDE and the
DP-QPSK modulator are aligned to each other. TDGDE
introduces different time delays to Ex and Ey. The two
SSB signals are detected at the PD in the incoherent
regime. The recovered RF signal after the PD is a summa-
tion of iRF1ðtÞ and iRF2ðtÞ, as

iðtÞ ¼ iRF1ðtÞ þ iRF2ðtÞ

∝
X2
n¼1

an cos½ωmt þ θn þ ωmðn − 1ÞT �; (6)

where an ∝ J1ðβÞ cosðφl∕2Þ ðl ¼ 2; 5Þ is the output power
in the nth tap, which can be changed by controlling the
DC bias of the corresponding sub-MZM; θn ¼ ϕi − φl ði ¼
1; 2; l ¼ 3; 6Þ is the RF phase shift in the nth tap, which
can be shifted from 0 to 2π by controlling the DC bias of
the third MZM (MZM3); T is the differential time delay
between Ex and Ey.
The transfer function of the proposed two-tap MPF is

expressed as

H ðωmÞ ∝ a1 þ a2 expðjωmTÞ expðjΔθÞ; (7)

where Δθ is the phase shift difference between the two
recovered RF signals.
Compared with the transfer function of conventional

two-tap positive-coefficient MPF[21], which is

H 0ðωmÞ ∝ a1 þ a2 expðjωmTÞ; (8)

the proposed filter in Eq. (7) has a complex coefficient.
The frequency response of the proposed MPF can be
rewritten as

Hðf Þ ¼ H 0ðf þ Δθ∕2πTÞ; (9)

where f is the frequency of the RF signal; Δθ∕2πT is the
change of the center frequency, which can be tuned by
controlling the DC bias of the DP-QPSK modulator.
The proposed filter is tunable over the full FSR, since

the phase shift covers a full 360° range. Moreover, by tun-
ing the DGD of the TDGDE, the FSR can be changed.
The two-tap filter shown in Fig. 1 can be extended to a
multi-tap filter by adding more optical sources and
modulators. A system with N optical paths formed by
the proposed structure will generate 2 × N taps.

Based on the setup shown in Fig. 1, a proof-of-concept
experiment is implemented.An 8.0 dBmOCat∼1550.0 nm
emitting from a tunable laser source (TLS) is fed to the
DP-QPSK modulator (Fujitsu FTM7977HQA). The line-
width of the OC is ∼100 kHz. A −25 dBm RF signal with
the frequency of 20 GHz generated by the VNA (Agilent
8722ES) is amplified by a broadband electrical amplifier
(OA4MVM3), which has a wide frequency range from
30 kHz to 45 GHz and a gain of 27 dB. The amplified
RF signal is divided in half into two branches by a 0° power
divider. We define the bias voltages of each sub-MZM as
X1, X2, X3, Y1, Y2, and Y3, where X and Y represent
the X axes and Y axes, 1, 2, 3 represent MZM1, MZM2,
and MZM3 of the QPSK modulator in the X axes and
Y axes[22]. One branch of the amplified RF signal is used
to drive the lower MZM (MZM2) of the QPSK modulator
in the X axes. When X1, X2, Y1, Y2 are all biased at the
MITP, the DP-QPSK modulator outputs a CS-DSB sig-
nal, as the black curve shown in Fig. 2(a). When X1 is
changed to bias at the MATP, the DP-QPSK modulator
generates a CS−DSBþOC signal, as the red curve shown
in Fig. 2(a). The OC is eliminated more than 40 dB. The
CS−DSBþOC signal is sent to a waveshaper (Finisar

8.1 dB

4.7 dB

40 dB

(a)

(b)

Fig. 2. (a) Measured optical spectra of the CS-DSB and
CS−DSBþOC signal. (b) Measured optical spectra before and
after the OBPF, as well as the transfer function of the OBPF.
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Waveshaper 4000 s), which is a polarization-independent
and programmable optical spectrum processor[23,24]. The
waveshaper is used as an OBPF to eliminate the upper
frequency sideband. Figure 2(b) shows the measured
optical spectra before and after the OBPF, as well as
the transfer function of the OBPF.
We measure the phase shift property of the MPPS by

only using the QPSK modulator in the X axes. The
obtained optical SSB signal after the OBPF, as the blue
curve shown in Fig. 2(b), is amplified by an erbium-doped
fiber amplifier (EDFA, Conquer KG-EDFA-P). The out-
put power of the EDFA is about 3.1 dBm. The amplified
optical signal is detected by a PD (Optilab PD30). The
power frequency response and phase frequency response
of the recovered RF signal can be measured by sending
it back to the VNA. The phase shifts of the RF signal
within 10–32 GHz are recorded from −180° to 180° with
the step of 45° by tuning the voltage of X3, as shown in
Fig. 3(a). It indicates that the RF phase shift is uncon-
cerned with the frequency. The frequency response of
the MPPS is almost flat over a wide bandwidth. The mini-
mum frequency is limited by the slope property of the
OBPF, and the maximum frequency is limited by the
PD. Figure 3(b) shows that the relative power variation
is within �1 dB for different phase shifts. The phase
shifter shows a good stability performance over a wide
bandwidth. Figure 4 shows the phase shift and the relative
power variation of the RF signal at the frequency of
20 GHz over the sweeping time of 200 s. Results show that
the MPPS has good long-term stability. The phase shift
property of the MPPS by only using the QPSK modulator
in the Y axes is also measured with the same procedure.
Results also show good phase shift performance, which is
consistent with the above results. Therefore, it is possible
to implement a complex-coefficient MPF based on these
two tunable MPPSs.

When X1, Y1 are biased at the MATP, X2, Y2 are
biased at the MITP, and the RF signals in the two
branches are applied to the lower MZMs (MZM2) of
the two QPSK modulators, respectively; two MPPSs
are realized using one DP-QPSK modulator and one
polarization-independent OBPF. Since the modulated sig-
nal generated by the two QPSK modulators is polarized
orthogonally, these two phase shifters are independently
tunable by controlling the corresponding DC biases.
In order to implement a two-tap MPF, a TDGDE is used
after the OBPF to introduce different time delays to the
two orthogonally polarized SSB signals. Lack of an avail-
able TDGDE, we use a polarization maintaining fiber
(PMF) with the length of ∼300 m to accomplish a validat-
ing experiment. The principal axes of the PMF and the
DP-QPSK modulator are aligned to each other by adjust-
ing the PC. After the alignment, the polarization state is
fixed, and there is no need to tune the PC. The two
orthogonally polarized SSB signals go through different
time delays and then interfere at the PD in the incoherent
regime. The frequency response of the obtained two-tap
MPF is measured by the VNA. Because the two recovered
RF signals at each tap are equivalent, and both of them
can achieve a full 360° phase shift, we only need to change
their phase difference to realize the center frequency tun-
ing. We adjust the bias voltage of X3 to shift the RF
phase. Figure 5 shows the measured frequency responses
of the proposed filter from 10 GHz to 20 GHz. By tuning
the voltage of X3 from−4 V toþ8 V with steps of 4 V, the
frequency responses with different center frequencies
are obtained, as shown in Fig. 5(a). The FSR is main-
tained at 2.1 GHz when the center frequency is tuned.
Figure 5(b) shows the frequency responses within
20 min with intervals of 2 min. Results show good long-
term stability for the center frequency and shape of the
proposed MPF. Figure 6 shows the position changes for
two adjacent notches of the filter by tuning the voltage

-4.62 V
-2.64 V
-0.70 V
1.25 V

5.20 V
7.18 V
9.10 V

11.04 V
(a)

(b)

Fig. 3. (a) Phase shift of the recovered RF signal over the
frequency range of 10–32 GHz. (b) Relative power variation
for different phase shifts.

(a)

(b)

Fig. 4. Measured (a) phase shift and (b) relative power variation
of the RF signal at the frequency of 20 GHz over the sweeping
time of 200 s.
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of X3 from−7.5 V toþ8 V with steps of 0.5 V. It indicates
that the center frequency of the proposed MPF is contin-
uously tunable over the full FSR. The change of the notch
position is nearly linear with the change of the bias volt-
age, which agrees well with the theoretical analysis. The
imperfection of the linearity is due to the frequency inter-
val of the measured frequency response being 0.025 GHz.
In conclusion, we propose and demonstrate a continu-

ously tunable complex-coefficient MPF based on a DP-
QPSK modulator and an OBPF. This structure uses a
TDGDE to introduce relative time delay between two
filter taps, which makes it compact and stable without
splitting the optical path and tuning the polarization
state. By controlling the DC biases of the DP-QPSK

modulator, the center frequency of the proposed MPF
is tunable without affecting the FSR. Frequency responses
of the proposed MPF are measured within 10–20 GHz
with an FSR of 2.1 GHz. Experimental results show good
long-term stability for the center frequency and shape of
the proposed MPF.
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Science Foundation of China (NSFC) (Nos. 61690195,
61575028, 61605015, 61622102, 61821001, and 61801038).
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FSR=2.1 GHz

Fig. 6. Measured notch positions of the proposed filter with
different bias voltages.

~2.1
GHz

(a)

(b)

Fig. 5. Measured frequency responses of the proposed MPF
(a) with different bias voltages of X3 and (b) at different times
with the same bias voltages.
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