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bstract. A continuously tunable, coherence-free micro-
ave photonic notch filter is proposed and demonstrated ex-
erimentally. This filter is based on two polarization beam-
plitters with a high-birefringence linearly chirped fiber Bragg
rating used as the tunable component. High stability is ob-

ained. The polarization-maintaining structure is free from
he random optical interference problem. By adjusting the
perating wavelength, more than 5 GHz free-spectral-range

unability with 40-dB notch rejection is achieved. © 2009 Soci-
ty of Photo-Optical Instrumentation Engineers.
DOI: 10.1117/1.3059623�

ubject terms: microwave photonic filter; notch filter; continuously
unable; linearly chirped fiber Bragg grating; polarization
eamsplitter; coherence free.
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Introduction

rocessing microwave and millimeter wave signals in the
ptical domain using microwave photonic filters �MPFs�
as attracted considerable interest due to the advantages of
igh time-bandwidth product, immunity to electromagnetic
nterference �EMI�, tunability, and low loss.1,2 To achieve
icrowave signal processing by optical means, various

chemes of optical signal division, delay, and summing
ave been proposed. Incoherent summing of optical signals
s more attractive in practice than a coherent approach be-
ause the former is insensitive to polarization fluctuation
aused by environmental perturbation. To satisfy the re-
uirement of incoherent summing, either the laser coher-
nce time must be shorter than the optical delay time, or the
tate of polarization �SOP� of the optical signals must be
rthogonal. For the first approach, a laser array3 or a sliced
ideband source4 is used, but these increase the complexity
f the system. If a single-wavelength laser source is used,
ither a long time delay line is required,5 which restricts the
ree spectral range �FSR�, or the optical mixing effect is
sed,6 which increases the system cost. The second ap-

091-3286/2009/$25.00 © 2009 SPIE
ptical Engineering 010502-
proach was demonstrated in Ref. 7; however, it has only
step tuning ability. Continuous tunability was achieved in
an MPF that consisted of a high-birefringence linearly
chirped fiber Bragg grating �Hi-Bi LCFBG�, a polarization
beamsplitter �PBS�, and a Hi-Bi coupler.8 However, in Ref.
8 the FSR tuning range induced by applying uniform
strength to the grating is relative by small. Also, the notch
rejection may be affected for this configuration, with a
LCFBG inside a fiber loop, because the limited reflectivity
of the grating causes signal crosstalk. Further, the Hi-Bi
fiber coupler also induces 6-dB power losses.

In this paper, we propose a continuously tunable MPF
that uses a Hi-Bi LCFBG as the variable time delay ele-
ment. Two PBSs are used to split and combine the optical
signals; this avoids the power loss of a Hi-Bi coupler and
increases the stability dramatically. By using a polarization-
maintaining structure, the filter is free from the problem of
random optical interference. The FSR tunability is achieved
by adjusting the optical path length of the upper arm
through changing the operating wavelength; this avoids
mechanical movement. The time delay difference induced
by this approach is much larger compared with Ref. 6. FSR
tunability of 5 GHz and 40 dB of notch rejection are ob-
tained.

2 Filter Configuration and Principle of Operation

Figure 1 shows the experimental setup for the proposed
MPF. A continuous lightwave from a tunable laser source
�TLS� is modulated by a Mach-Zehnder modulator �MZM�,
which is driven by an rf signal from a network analyzer.
The output of the MZM is fed to a half waveplate, which
is used to excite two orthogonal and equal power linear
SOP components along the slow and fast axes of the
polarization-maintaining fiber �PMF�. These two compo-
nents are then split by PBS I. The component along the
slow axis goes to the upper arm, gets reflected by a Hi-Bi
LCFBG, and reaches PBS II. The component along the fast
axis propagates in the lower arm and goes to PBS II di-
rectly.

For a chirped grating, the strongest mode coupling oc-
curs at the Bragg wavelength �B, which is the center wave-
length of the input light that can be back-reflected from the
grating. The Bragg wavelength is a function of grating
pitch ��z�:

Half
Waveplate
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Photodetector

PM
Circulator

Input RF

Network
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Hi-Bi
LCFBG

PBS I

PBS II

1 2

3
3
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Fig. 1 Schematic of the experimental setup: TLS; tunable laser
source; MZM, Mach-Zehnder modulator; PBS, polarization beam-
splitter; LCFBG, linearly chirped fiber Bragg grating.
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B = 2neff��z� , �1�

here neff is the effective refractive index of the fiber. A
inearly chirped grating has a variable pitch that is a linear
unction of distance along the grating so that the Bragg
avelength and reflection location along the grating forms
linear relation. A Hi-Bi LCFBG acts like two gratings

orresponding to the two orthogonal polarization axes with
he same pitch function. We use only the LCFBG along the
low axis. The reason for using the Hi-Bi grating here is to
aintain the linear SOP. When the two components reach
BS II, they are recombined and output from port 1. Since

he connection of PBS II is just the reverse of that of PBS
, the two components at PBS II port 1 are orthogonal.
hus, incoherent summing is achieved at the photodetector
nd no power loss occurs during the combination.

The MPF is a two-tap transversal filter, and its normal-
zed transfer function is

H�f�� = �cos��f�T�� , �2�

here f is the rf frequency, and �T is the total time delay
ifference between the two arms.

Let the fiber lengths of the upper and lower arms be L1
without including the length of the Hi-Bi LCFBG� and L2,
nd let the distance from the grating input to the reflection
oint be Lg. We can express �T as

T =
�L1 + 2Lg�ns − L2nf

c
, �3�

here ns and nf are the effective refractive indices of the
low and fast axes of the PMF. Since ns�nf �ng, Eq. �3�
ecomes

T � �Lng/c + 2Lgng/c = �0 + �g, �4�

here �L=L1−L2 is the fixed difference between arm
engths; �0=�Lng /c and �g=2Lgng /c are the fixed and tun-
ble time delay differences, respectively; and ng is the av-
rage refractive index. In Eqs. �3� and �4�, the time delay
ifference caused by the birefringence of the fiber pigtails
f port 1 of the two PBSs is omitted because the pigtail
ength is only tens of centimeters. The FSR of the filter is
escribed by

ig. 2 Relation between fixed difference between arm lengths and
SR tuning range.
ptical Engineering 010502-
FSR =
1

�T
=

1

�0 + �g
. �5�

From Eqs. �4� and �5�, we can see that the FSR can be
tuned by adjusting �g through changing the operating wave-
length because Lg is a linear function of wavelength. The
FSR tuning range also depends on the fixed arm length
difference �L or �0. Figure 2 shows the calculated relation
between �L and FSR tuning range when Lg is 10 cm.

3 Experimental Results and Discussion

The Hi-Bi LCFBG used in the experiments was fabricated
by exposing a hydrogen-loaded PMF to a 244-nm UV laser
beam through a linearly chirped phase mask with a length
of 10 cm. Figure 3 shows the measured reflection spectra
for the fast and slow axes, respectively. In our experiments,
the slow axis of the Hi-Bi LCFBG is used with an operat-
ing wavelength ranging from 1554.1 to 1555.2 nm. The
grating short-wavelength port is connected with PM circu-
lator port 2, so the shorter operating wavelength corre-
sponds to a higher FSR.

The measured frequency response of the proposed filter
�shown in Fig. 4� agrees well with the theoretical calcula-
tion. When the fixed arm length difference �L is 3.1 cm,
the measured FSR at operating wavelengths 1554.1,
1554.5, 1555, and 1555.2 nm are 6.65, 2.88, 1.67, and
1.48 GHz, respectively. More than a 5-GHz FSR tuning
range is achieved. As indicated by Fig. 2, the FSR tuning

Fig. 3 Hi-Bi LCFBG reflection spectra.

Fig. 4 Measured frequency response when the fixed arm length
difference is 3.1 cm.
January 2009/Vol. 48�1�2
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ange is also determined by �L. If we add a polarization-
aintaining time delay line in one of the arms for adjusting

0, FSR tunability can be extended further.
The frequency response of the proposed filter is stable

ecause the polarization-maintaining structure greatly re-
uces the SOP fluctuation caused by environmental pertur-
ation. Another major reason is the application of PBSs. A
BS has a high extinction ratio between ports 2 and 3, e.g.,
0 dB in our case. By using the PBSs as beamsplitting and
ombining components, the crosstalk between the slow and
ast axes at the second PBS port 1 is suppressed. Figure
�a� shows the results of measurements for 1 h with inter-
als of 10 s between each measurement when the operating

(a)

(b)

ig. 5 Stability measurement over 1 h with 10-s intervals for �a� the
roposed filter structure and �b� the structure using a PM coupler to
eplace PBS II.
ptical Engineering 010502-
wavelength is 1555.2 nm. Very good stability can be seen.
The fluctuation of the peaks is less than 1 dB and the
notches are all greater than 40 dB. For comparison, similar
measurements were carried out with PBS II replaced by a
PM coupler �extinction ratio 21 dB�. In this case, Fig. 5�b�
shows that the peak variation is about 3.5 dB and notches
range from 25 to 50 dB. The small FSR in Fig. 5�b� is due
to the pigtails of PM coupler, which increase the fixed arm
length difference.

4 Conclution

In this letter, we demonstrated a continuously tunable mi-
crowave photonic notch filter that is based on two PBSs
and a Hi-Bi linearly chirped fiber Bragg grating as tuning
element. The PM structure is free from the problem of ran-
dom optical interference and has very stable frequency re-
sponse. A 1-h measurement with intervals of 10 s shows
only 1 dB of fluctuation. Experimental results demonstrate
wide-range FSR tunability with very deep notches in excess
of 40 dB.
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