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We propose a continuously tunable, dual free spectral range (FSR) photonic microwave notch filter configura-
tion using a high-birefringence linearly chirped fiber Bragg grating (Hi-Bi LCFBG) that is connected in a Sa-
gnac loop using a Hi-Bi coupler. The configuration employs double sideband modulation and can generate two
FSRs simultaneously. The larger FSR corresponds to the differential time delay of the Hi-Bi LCFBG and the
Hi-Bi pigtails of the coupler; the smaller FSR corresponds to the time delay between the arms of the Sagnac
loop. Measured results demonstrate dual FSR, a large notch rejection, and that the FSR is easily tunable by
tuning the LCFBG. We also present the filter transfer function for the design. Experimental results agree well
with the theoretical analysis. © 2006 Optical Society of America

OCIS codes: 350.2460, 350.4010, 060.2310.

1. INTRODUCTION

There are many advantages of microwave signal trans-
mission and processing directly in the optical domain
such as large time-bandwidth products, immunity to elec-
tromagnetic interference, reduced size and weight, and
low and constant electrical loss. Many filters and signal
processing structures using fiber Bragg gratings (FBG)
have been reported in the literature.'? A very useful com-
ponent in rf systems is a tunable notch filter with a high
resolution. To achieve microwave signal processing by op-
tical means, optically incoherent summing of two light
beams should be achieved. This requires low coherence
sources, which can accommodate a large free spectral
range?”4 (FSR); however, these optical sources will reduce
the available bandwidth of a photonic microwave system.
Many filters and signal processing structures were pro-
posed in Refs. 1 and 5. Recently, an optically incoherent
operation using high birefrigence (Hi-Bi) FBGs in a trans-
versal filter has been reported,® but this design is re-
stricted to step tuning. A continuously tunable design us-
ing a Hi-Bi chirped grating has also been reported’;
unfortunately, it needs a polarization beam splitter, which
has a poor signal-to-noise ratio (SNR). Most significantly,
the notch filter designs reported so far provide only one
value of the FSR at a given instant of time.

We propose here a continuously tunable photonic mi-
crowave notch filter configuration. The filter uses a Sag-
nac loop containing a Hi-Bi linearly chirped FBG
(LCFBG). The Hi-Bi LCFBG is connected between two
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arms of a polarization maintaining (PM) 2 X2 50:50 fiber
coupler. The filter provides two values of FSR simulta-
neously. The larger FSR corresponds to the differential
group delay (DGD) of the Hi-Bi LCFBG and the Hi-Bi pig-
tails of the coupler, while the smaller one is caused by the
Sagnac loop interferometer. Measured experimental re-
sults demonstrate the dual-FSR property as well as the
tunability of the FSR.

2. FILTER CONFIGURATION AND
OPERATION PRINCIPLE

The experimental setup for the proposed microwave filter
is shown in Fig. 1. An rf signal (40 MHz to 10 GHz) drives
an electro-optic amplitude modulator (EOM) with PM pig-
tails at both the output and the input ports, which modu-
lates the output of a laser with a linewidth of 100 MHz.
The output of the EOM is launched into a \/4 wave plate,
which changes the input state of polarization (SOP). The
signal passes through an isolator and then, through a
3 dB Hi-Bi coupler, it is coupled into a Sagnac loop, which
includes a Hi-Bi LCFBG. The slow and fast axes of the
LCFBG are aligned with the slow and fast axes, respec-
tively, of the pigtails of the 3 dB Hi-Bi coupler. The wave
plate is adjusted to excite the two orthogonal SOPs of the
Hi-Bi LCFBG equally. The output of the Sagnac loop is
fed into a photodetector, which is followed by a network
analyzer. With this design, the detected signal is expected
to exhibit two FSRs.

© 2006 Optical Society of America



Ning et al.

Hi-Bi chirped FBG

4 L,
A4 L= -
Laser — EOM |— Waveplate . >
Isolator coupler
Network
Analyzer Photodetector

Fig. 1. Experimental setup.

The larger FSR is induced by the DGD of the Hi-Bi
LCFBG and the Hi-Bi pigtails of the coupler. The Hi-Bi
LCFBG has two almost identical stop bands correspond-
ing to the two orthogonal polarization axes, fast and slow.
For a given signal wavelength, which is in the common
bandwidth of the two stop bands, after the signal is re-
flected by the grating, a certain amount of DGD occurs be-
tween the fast and slow axes.

The smaller FSR is caused by the Sagnac loop interfer-
ometer. The path difference between the two arms of the
Sagnac loop interferometer consists of two contributions:
one is the length difference between L; and Ly (which
causes fixed time delay), and the other comes from the
chirped grating. The fixed time delays for the fast and
slow axes due to the length difference can be expressed as
ATSO=2ﬁle2—2,381L1 and ATﬂ)=2Bf‘1L2—2ﬁf1L1, where

ﬁslz(aﬂs/aw”w:moa Bf‘lz(aﬁf/awﬂm:wo’ and Bs(a)) or Bf(a))
is the propagation constant for the corresponding axis.
The time delay caused by the chirped grating for a signal
incident on the short wavelength port is
(2negz/c)-d pA)\,S where n.g is the effective refractive in-
dex for the grating, z is the position of reflection on the
chirped grating depending on the Bragg wavelength Ap,
dp=(2neﬁ‘/c)(d)\D/d2)_l, and AN\ is the chirped wavelength
depending on the modulation frequency w,,. For simplic-
ity, in this part we assume that the grating parameters
N etc., are approximately the same for the two orthogo-
nal axes. Similarly, the time delay caused by the chirped
grating for a signal incident on the long wavelength port
is [2n¢(l-2)/c]+d, AN, where [ is the length of the Hi-Bi
LCFBG. This smaller FSR superimposes on the larger
one described earlier.

The transfer function for the microwave filter, when the
signal SOP is completely aligned with the fast or slow
axis, can be expressed as

2

RM
|Hs(f)(wm)| =

2
| 2nepz
expy —J c +2Bs1(fl)Ll W,

. 2neff(l - Z)
+expy —J f + 2ﬁ51(/q)L2 w,,
(1)

where R is the responsivity of the photodetector and M is
a magnitude factor. When the SOPs corresponding to the

cos(d pwfn)\2/4rrc)
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fast and slow axes are excited equally, the transfer func-
tion can be shown to be

H(wy,)| = |H(0,) + H{w,,)|
RM?

cos(d w2, \*/4mc)

ATdf"'ATdO
exp| —Jj )
ATdf"'ATdO
+exp| —j Era— L
2neffz
expy —J +2BnL4 |0,
c

2l — 2)
+expi —Jj f+2,8ﬂL2 W, (. (2)

In Eq. (2), the magnitude of the filter response function
consists of a product of two factors: (i) cos(dpwi)\2/ 41c)
and (i) [cos[w,,(A7,/2)]cos[w,,(A7/2)]|, where Ary=A7y
+A7g0. A7y denotes the DGD owing to the Hi-Bi LCFBG;
A7y is the DGD owing to the pigtails of the Hi-Bi coupler
and is equal to DGD per meter for the PM fiber
(~1.67 ps/m) multiplied by (2L,-2Ly). Ar=Amy
+[2ne4(l-2)]/c—2nqgz/c. The second factor clearly shows
that the filter is capable of generating two FSRs simulta-
neously. Further, Eq. (1) shows that if the input SOP is
aligned to the fast or the slow axis of the Hi-Bi LCFBG,
the filter becomes a single FSR filter, similar to those in
Refs. 4 and 9; this FSR value can be switched between
two values corresponding to one of the two orthogonal
axes.

X

X

3. EXPERIMENTAL RESULTS AND
DISCUSSION

The Hi-Bi LCFBG was written by exposing a hydrogen-
loaded Hi-Bi fiber to a 244 nm laser beam through a lin-
early chirped phase mask. The Hi-Bi LCFBG has a 10%
apodization area at both sides of the grating to suppress
the ripple of group delay in the bandwidth. The length of
the grating is ~7 cm. The reflectivities for the fast and
slow axes are shown in Fig. 2. The figure clearly shows
that the reflection spectra for the fast and slow axes are
almost identical with 0.4 nm wavelength separation. The
3 dB bandwidth for each stop band is ~1.504 nm. The
measured DGD for the Hi-Bi LCFBG is shown in Fig. 3.
The DGD value is ~196 ps in the overlap bandwidth. The
lengths of arm 1 (L;) and arm 2 (Ly) are 2.329 and 0.6 m,
respectively. Therefore, the DGD owing to the Hi-Bi pig-
tails, A7y, is ~6 ps. The total DGD (A7,) is ~202 ps,
which corresponds to a calculated value of 2.475 GHz for
the first notch frequency for the larger FSR. Figure 4(a)
shows the measured response of the filter demonstrating
two simultaneous values of FSR, with the first notch fre-
quency of the envelope at ~2.45 GHz. The larger FSR,
which is measured by disconnecting arm 2 of the Sagnac
interference loop and shown in Fig. 4(b), is approximately
2X2.49 GHz. When arm 2 in Fig. 1 is disconnected, one
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Fig. 2. Hi-Bi LCFBG reflectivity for the fast axis and the slow
axis.
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Fig. 3. Measured DGD for Hi-Bi LCFBG.

still gets two optically uncorrelated signals at the photo-
detector corresponding to the slow and fast axes of the
Hi-Bi pigtails and the Hi-Bi LCFBG. These two signals
interfere to form the filter response. The measured re-
sults for the larger FSR agree well with the calculated re-
sult.

Figure 4(c) shows the measured filter response ex-
panded at ~5 GHz, clearly showing the smaller FSR. A
FSR of 57.86 MHz and a notch rejection of more than
30 dB are obtained. The estimated time delay Ar is
~17,290 ps corresponding to the lengths of arms 1 and 2
mentioned earlier; this corresponds to a FSR of
57.84 MHz. The discrepancy between the measured and
calculated FSR values is less than 1%. The coherence
time for the laser source is ~10 ns, which is smaller than
A7. Therefore, the filter operation is free from the problem
of optical coherence, and the response of the filter is very
stable.

The FSRs can be tuned by linearly tuning the chirped
grating with a beam.° Figures 5(a)-5(c) show the mea-
sured filter responses when the operation of the grating is
shifted to a wavelength shorter by 0.1 nm. The first notch
frequency of the envelope is ~2.41 GHz [Fig. 5(a)l, the
larger FSR is approximately 2 X 2.44 GHz [Fig. 5(b)], and
the smaller FSR is 57.53 MHz [Fig. 5(c)].

Measured and calculated FSR values for different
shifts in the operating wavelength of the FBG are shown

Ning et al.

in Fig. 6. Our experimental results agree well with the
calculated results based on theory. For the calculated re-
sults for the smaller FSR, the time delay is 17,290 ps, and
the equation used is FSR,,,=10%/[17,290-(2x/1.504)
X700] (MHz). The calculated larger FSR is 2
X 2.475 GHz corresponding to a DGD of 202 ps. If one
uses multiple laser sources, the present filter design can
be extended to a higher number of taps. Also, a filter with
tunable tap weights can be realized by using a tunable
Hi-Bi coupler instead of the 3 dB Hi-Bi coupler.
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Fig. 4. (a) Measured filter response showing two simultaneous

FSRs. (b) Filter response for the larger FSR measured by discon-
necting arm 2 of the Sagnac loop. (¢) Measured filter response en-
larged ~5 GHz.
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Fig. 5. (a) Measured filter response showing two simultaneous
FSRs when the operation of the grating is shifted to a wave-
length shorter by 0.1 nm. (b) Filter response for the larger FSR,
measured by disconnecting arm 2 of the Sagnac loop, when the
operation of the grating is shifted to a wavelength shorter by
0.1 nm. (¢) Measured filter response enlarged at ~5 GHz when
the operation of the grating is shifted to a wavelength shorter by
0.1 nm.

4. CONCLUSION

A novel, continuously tunable, photonic microwave notch
filter configuration, yielding two simultaneous values of
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Fig. 6. Measured and calculated (solid line) larger and smaller
FSR versus shift in the operating wavelength of the Hi-Bi
LCFBG.

the FSR, has been proposed and demonstrated. The con-
figuration uses a Hi-Bi LCFBG in a Sagnac loop. Mea-
sured results are presented to show tunabilty of the FSR
and good agreement with the calculated FSR values. The
proposed configuration can also be switched to a single
FSR filter; moreover, this FSR value can be switched be-
tween two values.
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