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A tunable and dispersion-insensitive microwave photonic filter
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A tunable and dispersion-insensitive two-tap microwave photonic filter (MPF) with a complex coefficient is proposed and
demonstrated. By simply adjusting a polarization controller (PC) in one tap, the filter can be tuned over the entire free spectral
range (FSR) while keeping the shape of the filter unchanged. Because the two taps are both single-sideband (SSB) modulated,
the filter has high tolerance to fiber dispersion. The transmission response of a system with 25- or 40-km single-mode fiber
(SMF) was measured and compared with an MPF with one double sideband (DSB) modulation tap. The proposed MPF shows

much better performance for long-distance fiber transmission.
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1 Introduction

Microwave photonic filter (MPF) has attracted great inter-
ests in processing microwave or millimeter wave signals in
the optical field due to the inherent characteristics brought
by the photonic technologies, such as broad bandwidth, low
loss, light weight, and immunity to electromagnetic inter-
ference [1-3]. Previously, a great number of methods have
been explored to implement MPFs with positive, negative
or complex coefficients [1-3]. Among the three different
kinds of MPFs, the one with complex coefficients is most
attractive because the center frequency can be tuned without
changing the shape of the filter [1-3]. Generally, the com-
plex coefficient tap in an MPF is implemented by a photon-
ic microwave phase shifter. To realize the microwave phase
shifter photonically, the slow light is considered as an ex-
cellent approach [4-7], which is induced by the stimulated
Brillouin scattering in optical fiber, coherent population
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oscillation in semiconductor optical amplifiers or steep fil-
tering in optical resonators. Some tunable MPFs were also
reported based on this type of photonic microwave phase
shifter [8—10]. This technique, however, suffers severely
from the limited operational bandwidth, strict control of the
optical powers and wavelengths, or difficulties in tuning the
filter over the entire free spectral range (FSR). To realize
the full-FSR tunability, some other configurations based on
dual-parallel Mach-Zenhder modulator (MZM), optical dif-
ferentiator or programmable elements have been proposed
[11-13]. But these systems have other limitations such as
large insertion loss, bias drifting problem [11], complicated
control of wavelength and amplitude of the laser source [12],
or phase and amplitude responses of the filter [13]. In addi-
tion, the signal after filtering is always not suitable for fiber
transmission because most of the MPFs are based on double
sideband (DSB) modulation and DSB signals would under-
go serious distortion in a dispersive medium. Because the
photonic microwave signal processing is always accompa-
nied by fiber distribution of the processed signals to a re-
mote site, it is highly desirable to construct a tunable MPF
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that is dispersion-insensitive. Recently, we have proposed a
novel photonic microwave phase shifter using a polarization
modulator (PolM), an optical bandpass filter (OBPF) and a
polarizer [14]. This novel phase shifter features wideband
operation, continuously tunable phase shift from —180° to
180°, large tuning speed and compact configuration. With
the phase shifter incorporated to one tap, a two-tap MPF
was realized”. The center frequency of the filter can be
tuned over the entire FSR while keeping the shape of the
filter unchanged. But the MPF is also based on DSB modu-
lation, so the signal after filtering would undergo dispersion-
induced power penalty when transmitted in an optical fiber.

In this letter, we propose and experimentally demonstrate
a novel dispersion-insensitive two-tap MPF with a complex
coefficient. The filter can be tuned over the entire FSR
without changing the shape of the filter. Because the signal
after filtering is intrinsically single sideband (SSB), the sys-
tem is free from dispersion induced power penalty.

2 Principle

Figure 1 shows the schematic diagram of the proposed MPF,
which consists of two taps implemented in two arms. In the
upper arm, there is a laser source, a PolM, a polarization
controller (PC), a polarizer and an OBPF. The PolM is a
special phase modulator that can support both TE and TM
modes with opposite phase modulation indices. When a
linearly polarized incident lightwave from a laser source
oriented at an angle of 45° to one principal axis of the PoIM
is launched to the PolM, two complementary phase-modu-
lated signals are generated along the two principal axes. The
two orthogonally polarized signals are subsequently com-
bined at a polarizer. A PC is inserted between the PolM and
the polarizer to align the angle between the principal axis of
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the polarizer and one principal axis of the PolM. Mathe-
matically, if the electrical signal applied to the PolM is
cosmnt, the output signal from the polarizer can be written
as

E, (1) = cosaexp(jo,t + jo)[Jo(7) + JJ,(7) exp(j@, 1)
- (M exp(=jo, 0] +sinaexp(jo,)[J,(7)
= (N exp(jo, 0t (7)exp(=jo,1)], M

where @, is the angular frequency of the optical carrier, yis
the phase modulation index, ¢ is the phase difference be-
tween the signals along the two principal polarization axes
which is controlled by the DC bias of the PolM, J, is the
Bessel function of the first kind of order n, and « is the an-
gle between the principal axis of the polarizer and one prin-
cipal axis of the PolM. In eq. (1), small-signal modulation is
assumed, so the higher-order (>2) sidebands are ignored.

In the lower arm, a linearly polarized light generated by a
second laser source is intensity-modulated at an MZM bi-
ased at the quadrature point. When the modulating signal is
the same as that applied to the PolM, the output signal can
be expressed as

E\ iz ) = exp(jo,)[J(B) + J,(B) exp(jo,t)
+J_ (B)exp(=jm, D), 2)

where @, is the angular frequency of the optical carrier of
the second laser source, and £ is the modulation index of the
MZM. Then, the signals in eqs. (1) and (2) are incoherently
combined by a 50:50 coupler, and sent to an OBPF with two
steep edges. The wavelengths of the two laser sources are
set to be located at the left and right edges, respectively.
Because the edges are very steep, the +1st-order sideband in
eq. (1) and -1st-order sideband in eq. (2) are effectively re-
moved. The combined signal is given by

Power
divider

Figure 1 The schematic of the proposed microwave photonic filter. TLS: tunable laser source; PC: polarization controller; PolM: polarization modulator;
SMF: single mode fiber; PBS polarization beam splitter; PD: photodetector; VNA: vector network analyzer; MZM: Mach-Zehnder modulator.
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where 7is the time delay between the two arms.

If the signal in eq. (3) is sent to the PD for square-law
detection and let ¢ =n/2 by adjusting the DC bias of the
PolM, the AC term of the current can be written as

1(2) e Jo(B)J,(B) cos|w,, (1+7)]

+cos(a)mt+2a+§jJ0(;/)J_] ). “4)

By controlling the microwave power, we can make f=y.
Representing eq. (4) in the complex exponential form, we
obtain

[(f) oC ej’”'"[ I:ejmmf + ej(2a+n/2):|

= cos(@,7/2—a—m/4)el o e (&)

The transfer function of the entire system can be given
by

H(w)=cos(wr/2-a-mn/4)¢ (@rf2varald) (6)

As can be seen from (6), the FSR is 2n/7, and the peak
frequency is (2kn+20+7/2)/ 7. If eris tuned in the range of [0,
n], which can be implemented by adjusting the PC between
the PolM and the polarizer, the center frequency can be
changed in the full FSR. Because the FSR is governed by 7,
the tuning of the center frequency does not affect the shape
of the filter. Because the change of « does not affect the
magnitude of the filter, the tuning of the center frequency
will not introduce any variation to the peak transmittance of
the filter. In addition, the signal after filtering is an SSB
signal, so it would have high tolerance to fiber dispersion.

3 Experiment results and discussion

An experiment based on the schematic diagram shown in
Figure 1 was carried out. A multi-channel tunable laser
source (Agilent N7714A) was used to provide the two
wavelengths in the two arms. The wavelengths were
1551.140 and 1550.140 nm, respectively. The PolM (Ver-
sawave Inc.) has a bandwidth of 40 GHz and a half-wave
voltage of 3.5 V. The MZM with a bandwidth of 40 GHz
and a half-wave voltage of 3.1 V was biased at the quadra-
ture point. The OBPF (Yenista XTM-50) has two steep
edges of more than 500 dB/nm. An RF signal generated by
a 50-GHz vector network analyzer (VNA, Agilent N5245A)
with a power of 10 dBm was split by an RF power divider,
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and applied to the PolM and MZM, respectively. A PD with
a 3-dB bandwidth of 40 GHz and a responsivity of 0.65
A/W is used for optical to electrical conversion. The fre-
quency response of the entire system was measured by the
VNA.

Figure 2 shows the transmission response of the OBPF,
and the optical spectra before and after the OBPF. As can be
seen, the +1st and higher order sidebands of the polariza-
tion-modulated signals and the —Ist and lower order side-
bands of the intensity-modulated signals are suppressed by
more than 55 dB. As a result, both signals are with SSB
modulation.

Figure 3 shows the frequency response of the photonic
filter. The FSR is 22.5 MHz, corresponding to about 8.9-m
optical fiber length difference between the two arms. If a
tunable optical delay line is used in the system, the FSR can
be adjusted. By simply adjusting the PC, the center fre-
quency of the filter can be tuned over the entire FSR while
keeping the shape of the filter unchanged. In addition, more
than 50-dB rejection ratio is obtained over the tuning pro-
cess. Because the filter is tuned by a PC and the state-of-
the-art electrical polarization converter can reach a tuning

0
Optical spectrum
before filter
Response of
—201 the filter [t
€ A i
m AN — — — — — \
° i ;
g —40 1 E :
8 g -
2 i
-60 1 ' A Nl 1
I S N ot L ¥ "'.,
1 é_.-' [ Optical spectrum I"
! after filtering h
Y 1 T r ot
1550.0 1550.4 1550.8 1551.2

Wavelength (nm)

Figure 2 The optical spectra of the signals before and after the OBPF,
and the transmission response of the OBPF.
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Figure 3 The measured frequency response of the proposed filter.
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Figure 4 Frequency responses of the proposed MPF with (a) 25-km SMF transmission and (b) 40-km SMF transmission.
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Figure 5 Frequency responses of the MPF with one DSB tap and (a) 25-km SMF transmission and (b) 40-km SMF transmission.

speed of more than 40 GHz [15], the proposed microwave
photonic filter is suitable for ultra-high-speed photonic mi-
crowave signal processing. In addition, the microwave pho-
tonic filter is possibly multi-octave tunable, since the pho-
tonic microwave phase shifter can operate over 11-43
GHz[14].

Because the signal after filtering is an SSB signal, the
MPF should have high tolerance to the fiber dispersion. To
verify this, we connected a section of single-mode fiber
(SMF) with a length of 25 or 40 km between the OBPF and
the PD. Figure 4 shows the frequency responses of the MPF
with fiber transmission. As can be seen, the frequency re-
sponses of the MPF with long fiber transmission have no
evident difference with the one without fiber transmission.
The FSR is still 22.5 MHz, and no obvious disper-
sion-induced power penalty is observed. In addition, the
notch depths are still larger than 50 dB. As a comparison,
we move the optical coupler to pass the OBPF. Because the
intensity-modulated signal does not pass through the OBPF,
it has two sidebands. Figure 5 shows the frequency re-
sponses of the MPF with one DSB tap. With the 25-km
SMF and 40-km SMF fiber transmission, the frequency
responses have large noise because of the disper-
sion-induced power penalty. At the same time, the FSR of
the two frequency responses are different, i.e., 20.7 MHz for
the 25-km SMF transmission and 20.3 MHz for the 40-km

SMF transmission. The comparison adequately demon-
strates that the proposed MPF has superior performance for
long-distance fiber transmission.

4 Conclusion

A tunable and dispersion-insensitive MPF operated in the
11-43 GHz band was proposed and experimentally demon-
strated. The center frequency of the MPF could be tuned
over the entire FSR by simply adjusting a PC. More than
50-dB rejection ratio was obtained. The signal after filtering
is intrinsically single sideband (SSB), so the system is suit-
able for long-distance fiber transmission. The frequency
response of the MPF with 25-km and 40-km SMF showed
no evident difference with that without SMF. The multi-
octave tunable filter may find applications in ultra-high-
speed photonic microwave signal processing.
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