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A tunable microwave photonic filter with complex coeffi-
cient based on slicing spectrum and stimulated Brillouin

scattering®

WU Xiao-jun (2% 7) and ZHANG Ai-ling (7K 52 %) **

Key Lab. on Film Electronics and Communication Devices of Tianjin, Communication Devices and Technology Engineer-

ing Research Center, Ministry of Education of China, Tianjin University of Technology, Tianjin 300384, China

(Received 23 April 2012)

O Tianjin University of Technology and Springer-Verlag Berlin Heidelberg 2012

In this paper, we propose a method to realize microwave photonic filter (MPF) with complex coefticient, whose central

frequency £, and 3 dB bandwidth are tunable. The complex coefficient is realized by multi-wavelength optical source and

stimulated Brillouin scattering (SBS). The central frequency of the filter is tuned by adjusting the phase shift caused by SBS

without changing its frequency response. The frequency selectivity of filter can be improved through increasing the band-

width of broadband optical source (BOS) or decreasing wavelength separation to increase the taps of MPF. The mainlobe-
to-sidelobe suppression ratio (MSSR) of the filter is affected by the weight of each tap. When the length of fiber is 0.5544 m
in birefringence fiber loop mirror (FLM), the MSSR is improved by 18.55 dB compared with that without the weight controlling.
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Microwave photonic signal processing is attractive because
of its very low loss, high time-bandwidth product capabilities
and immunity to electromagnetic interference (EMI)!'-L.
However, the positive nature of its coefficients can only achieve
low-pass filter. In order to realize the band-pass filter, nega-
tive coefficient or complex coefficient must be used. For nega-
tive coefficient filter, the frequency response is changed when
the central frequency is tuned. For complex-coefficient filter
with a phase shift of ¢ which is independent of the radio fre-
quency (RF) of f, , the frequency response of filter keeps un-
changed when the central frequency is tuned®.
Complex-coefficient microwave photonic filters (MPFs)
realized by different all-optical RF phase shift techniques have
been reported recently, such as phase-shifted fiber Bragg grat-
ingstl, two intensity modulators!; a dual-parallel Mach-
Zehnder modulator (DPMZM) with a tunable optical band-
pass filer (TBPF)P), a phase modulator with a frequency dis-
criminator’®, semiconductor optical amplifiers (SOAs), sili-
con-on-insulator (SOI) micro-ring resonators® and stimulated
Brillouin scattering (SBS)®-121. Using these techniques, com-
plex coefficient caused by SBS is easy to be controlled by
the pump power of SBS. In this paper, we propose a tunable
MPF with complex coefficient also based on SBS. The mul-

tiple taps of MPF are realized by splicing a broadband opti-
cal source (BOS). The tunability, frequency selectivity and
the mainlobe-to-sidelobe suppression ratio (MSSR) of the
MPF are analyzed.

According to the frequency shifting property of Fourier
transform, in order to tune the central frequency of a filter
without changing its basic delay and shape, the frequency re-
sponse of the filter should satisfy the following relation:

H(Q2)= Y h(n)e ™

n=-w

H(Q-0,)= 3 h(nye @7 )
where /(n) is the amplitude of the nth tap, and 7 is the basic
delay of the filter. In other words, in order to tune the central
frequency of the MPF, a phase shift of 72 T'should be added
on each tap.

The schematic diagram of the proposed tunable MPF with
complex coefficient is demonstrated in Fig.1. It consists of
three parts: multi-wavelength optical source, the part for pro-
cessing SBS signal and the part for controlling weight of each
tap.

A multi-wavelength optical source is obtained by splic-
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ing a BOS using Mach-Zehnder interferemeter (MZI). Then
it is launched into the SBS signal processing part, and then
divided into two paths by a 3 dB coupler. The upper path is
modulated by an optical single-sideband (OSSB) modulator
with E__(f)=cos(27nf, .#). The lower path is modulated by a
Mach-Zehnder electro-optic modulator (MZ-EOM) in order
to generate a double-sideband suppressed carrier (DSB-SC)
signall’®!. A circulator is used to counter-propagate the DSB-
SC signal with the OSSB-modulated carrier in standard
single-mode fiber (SMF). DSB-SC signal acts as pump wave
and Stokes wave of SBS to provide gain and loss for the
OSSB signal in SMF. A phase shift ¢ is only produced on the
optical carrier, not on the upper-sideband, due to the narrow
bandwidth of the SBS gain. The phase shift only on the opti-
cal carrier can be directly translated to the conveyed RF signal,
and results in the complex coefficient of MPF.

‘

£

{a) Multi-wavelength () Weight of each

light source (b} 8BS signal processing tap contralling

Fig.1 Schematic diagram of the proposed complex-co-
efficient MPF

When optical source only has a single frequency with
electrical field as E,(f) = ™, the optical field at the output
of the OSSB modulator is given by

EOSSB (t) — A() ejzn.fcﬂt +A+lej27[(.fcu+.fkr)t , (2)

where 4 and A4, are the amplitudes of the optical carrier and
upper-sideband, respectively.

The optical field at the output of SBS signal processing
part is given by

Ewl (t) — AO ejgco ejﬂoejz"ﬂot +A+lej‘9+c1 eﬂ"(/io‘*‘fkr)f s (3)

where 0, and 0, are the phase delays of £, and f, + f; in-
duced by the fiber’s dispersion, respectively. The RF signal
on the fiber at the output of SBS signal processing part is
proportional to

Ep = E (1) Ey (1) o€ Ay, -COSQT fropl +6, ., =6, —9) » (4)

where we ignore the direct current part, and only consider
the RF signal centered at the modulation frequency.

From Eq.(4), the phase-shift modification on the optical
carrier is directly translated to the conveyed RF signal, and
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the phase shift ¢ is independent of the RF frequency of £, .
For multi-wavelength optical source, the RF signal on the
fiber at the output of SBS signal processing part is written as

M-1
ERF (t) oc z})m Cos(znfRFt+9+clm _HCOM _¢m) 2 (5)

m=0

where P is the optical power of each carrier, 6, and 6,
are the phase delays of £, andf + f,.induced by the opti-
cal fiber’s dispersion, respectively. ¢ _is the phase shift caused
by SBS on the carrier at £, . The phase difference between
the carrier and corresponding upper-sideband is expressed

by only considering the first three terms of Taylor expansion as

H+clm
ﬂlznfRFL+ﬁ2(2nfRF)2L/2_m.2nfRF.T’ (6)

where f3 and B, are the first-order dispersion and second-
order dispersion of SMF at frequency f, (m=0), respectively.
T=D L +AAis the basic delay of the filter, which is
proportional to the group velocity dispersive (GVD) coeffi-
cient D of SMF, the wavelength separation AA of the multi-
wavelength optical source and the length L of SMF.

-6 =

cOm

The first two terms of Eq.(6) are constant phases caused
by dispersion of SMF, which are set to zero for simplicity as

-, = m*2nf, * T. ()

+clm

Based on Ref.[9], the phase shift caused by SBS can be
expressed as

¢, =meaw-T, (®)

where @), is a parameter depending on the pump power of
SBS"I, In Eq.(8), the phase shift at frequency £, (m=0) is
set to zero for simplicity.

The frequency response of the complex-coefficient MPF
can be obtained by substituting Eqs.(7) and (8) into Eq.(5)
and conducting Fourier transform on Eq.(5):

M-l . et
H(fRF) o ZPm efjrz ol e Ji2n fygmT ] (9)

m=0

Comparing Eqgs.(1) and (8), the phase shift ¢ caused by
SBS can tune the central frequency of the MPF, which can
be adjusted by the power of BOS and EDFA for a given fre-
quency separation''?. Using this technique, a tuning range of
+FSR/2 of MPF is achieved with the same frequency response
when the phase shift is tunable within +£180°, where F'SR
means the value of free spectral range. The frequency re-
sponses of the five-tap complex-coefficient filter with +90°
phase shift are shown in Fig.2. The parameters used in Fig.2
are A, = 1548.1 nm, AA =125 nm, D = 17 ps/(km'nm), and
L=20 km.

In order to improve the filter’s selectivity, the filter should
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Fig.2 Tunability of MPF with five complex-coefficient taps

have a greater quality factor Q. Two methods, i.e., reducing
the wavelength separation of the multi-wavelength optical
source, increasing the operation bandwidth of BOS, can im-
prove the factor Q. Fig.3(a) shows the trends of Q versus the
wavelength separation with 5 nm BOS bandwidth, and the
inset depicts the frequency response of MPF. When the wave-
length separation AA reduces from 1.25 nm to 0.24 nm, the
number of taps M of MPF changes from 5 to 21, and the quality
factor Q is raised by around 4.256 times. At the same time, the
central frequency £, is tuned from 2.3529 GHz to 12.2549 GHz,
and the 3 dB bandwidth of MPF is also tuned with a small
range.

Fig.3(b) shows the trends of O versus the bandwidth of
BOS with wavelength separation AA=1.25 nm, and the inset
is the corresponding frequency response of MPF. When the
operation bandwidth of BOS changes from 5 nm to 67.5 nm,
the number of taps M of MPF changes from 5 to 55, and the
quality factor Q is raised by around 13.125 times. At the same
time, 3 dB bandwidth of MPF is reduced from 420 MHz to
32 MHz, and the sidebands of MPF are also restrained a lot.
Moreover, the central frequency £, and F'SR of the MPF re-
main constant when the bandwidth of BOS is changed.

In order to achieve high MSSR, a high-birefringence fi-
ber loop mirror (FLM) is used to control the weights of taps.
The transmission spectrum of the high-birefringence FLM is
approximately a periodic function of the wavelength!'* as:
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2nAn. d
Y =0.5[1-cos(————

s (10)
where d is the length of birefringent fiber, and An =8.65% 10*is
the fiber’s group birefringence at the wavelength of A=1550 nm.

As shown in Fig.4(a), highly birefringent photonic crys-
tal fibers (HiBi-PCFs) with different lengths are used to real-
ize the taps controlling of 21-tap complex-coefficient MPF.
Fig.4(b), (c) and (d) show the spectra of multi-wavelength
optical source after the FLM with different lengths of HiBi-
PCF, which correspond to weight of taps’ distribution of
MPF. Here the bandwidth of BOS is from 1547 nm to 1552
nm. The filter’s MSSR is raised from -15.39 dB to -33.94 dB
when the length of HiBi-PCF changes fromd =0 mto d =
0.5544 m. From Fig.4(a), the 3 dB bandwidth of filter is affected
by the spectra of FLM. In practice, according the specific
requirements of the MPF, we can use different fiber lengths
(for different d) or different fiber properties (for different Ang)
to achieve a compromise between 3 dB bandwidth and the
filer’s MSSR to get good performance of the complex-coeffi-
cient MPF.

In summary, a tunable MPF with complex coefficient is
proposed by combining the sliced broadband source and SBS
interaction. From the analysis and simulation, the filter’s
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Fig.4 Frequency response of the MPF in FLM and spectra of multi-wavelength optical source after FLM with different
lengths of HiBi-PCF

coefficient becomes complex by introducing a phase shift
caused by SBS. The filter is tunable by changing the pump
power of SBS without changing its frequency response. The
frequency selectivity of the filter can be improved by increas-
ing the bandwidth of BOS or decreasing the wavelength sepa-
ration of carriers. The MSSR of the filter is increased by
introducing an FLM to change the weight of each tap.
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