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Abstract: A tunable negative-tap photonic microwave filter using a
cladding-mode coupler together with optical injection locking of large
wavelength detuning is demonstrated. Continuous and precise tunability
of the filter is realized by physically dliding a pair of bare fibers inside the
cladding-mode coupler. Signal inversion for the negative tap is achieved
by optical injection locking of a single-mode semiconductor laser. To
couple light into and out of the cladding-mode coupler, a pair of match-
ing long-period fiber gratings is employed. The large bandwidth of the
gratings requires injection locking of an exceptionally large wavelength
detuning that has never been demonstrated before. Experimentally, injection
locking with wavelength detuning as large as 27 nm was achieved, which
corresponded to locking the 36-th side mode. Microwave filtering with a
free-spectral range tunable from 88.6 MHz to 1.57 GHz and a notch depth
larger than 35 dB was obtained.
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1. Introduction

Photonic microwave filters employ combinations of optical delay-linesfor photonic processing
of microwave signals. They possess unique characteristics of large bandwidth, high resolution,
reconfigurability, and immunity to electromagnetic interference. Incorporation of wavelength
division multiplexing enables low-noise performance due to mitigation of phase-induced inten-
sity noise (PIIN). Photonic microwave filters have been investigated for a range of applications
including antenna remoting in defense, channel selection in radioastromony, and signal pro-
cessing in radio-over-fiber communication [1-3].

Reslization of negative tap coefficients is essential to bandpass filters, according to funda-
mental signal processing theory. In order to avoid undesirable optical interference noise, several
incoherent approaches have been reported based on differential detectors [4], electro-optical
modulators with complementary arms [5, 6], and phase modulators [7, 8]. However, these ap-
proaches correspondingly involved electronic signal processing, special modulator designs, and
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carefully matched dispersive devices. As aresult, implementation of negative taps using injec-
tion locking of single-mode semiconductor lasers has remained an attractive aternative [9, 10].
Due to the mechanism of gain depletion, the free-running wavelength of an injected laser car-
riesaninverted signal that iscomplementary to theinjected signal. The regenerative signal from
thelocked laser hasto be optically filtered out subsequently to eliminate PIIN. Nonetheless, the
approach isasimple al-optical solution to realizing negative-tap photonic microwave filter.

Tunability of the photonic microwave filters has to be provided by adjustable delay mech-
anisms. A common approach employs a tunable optical source together with a dispersive ele-
ment [11-14]. The accessible delay is limited by the tuning range of the source and the disper-
sion. Recently, anovel all-fiber tunable delay line has been realized [15,16]. It is based on using
a cladding-mode coupler formed with two parallel bare fibers to physically adjust the length of
the delay line, which enables continuous, precise, and wavel ength-insensitive tuning of the de-
lay time. The coupler requires only a pair of matching long-period fiber gratings (LPFGs) to
launch the cladding mode at the input and convert it back to the core mode at the output.

In thiswork, a tunable negative-tap photonic microwave filter isinvestigated, where tunabil -
ity is enabled by a cladding-mode coupler and signal inversion for the negative tap is achieved
by optical injection locking. The LPFGs that are used in conjunction with the cladding-mode
coupler not only provide mode coupling but also act as an optical filter to eliminate unwanted
regenerative signal from the injected laser. The approach offers a compact, inexpensive, and
continuously tunable configuration for negative-tap filtering. For demonstration, negative-tap
filtering with a free-spectral range (FSR) tunable from 88.6 MHz to 1.57 GHz was obtained.

Because typical LPFGs have large resonance bandwidths of over 10 nm, the injection wave-
length has to be detuned from the free-running wavelength of the laser by alarge amount. The
required detuning is much greater than the typical mode separation of semiconductor lasers,
so that largely detuned side-mode injection locking has to be considered. Such injection is
different from the nearly degenerate injection commonly investigated in injection locking dy-
namics[10,17-19], which concerns only onelaser mode. Previous theoretical and experimental
resultsindicate that side-mode injection locking is possible when the injection compensates the
excess gain required by the side mode for lasing [20—22]. However, related applications with
single-mode lasers usually involve detuning wavelengths that rarely go beyond afew nanome-
ters or several laser mode separations [9, 23-26]. In our experiments, we demonstrate the pho-
tonic microwave filter using side-mode injection locking with wavelength detuning as large as
27 nm, which correspond to locking the 36-th side mode. The detuning is chosen for an optimal
performance of the cladding-mode coupler.

Following this introduction, the experimental setup is presented in Section 2. Experimental
results are reported in Section 3, which is followed by a conclusion in Section 4.

2. Principle of operation

The schematic of the experimental setup is shown in Fig. 1. A tunable laser (Agilent 8164B)
emitting at A; was used as the master laser. The continuous-wave emission from the master
laser was then modulated by an external amplitude modulator (Integrated Optical Component
2.5-Gbps Modulator) biased in the linear regime under an input RF signal of 11 dBm. The
modulated light was amplified by an erbium-doped fiber amplifier (Amonics AEDFA-23-B-
FA) to about 16 mW before being injected into the slave laser through a 50:50 fiber coupler
(FC1). A polarization controller was adopted to match the polarization of the injection light to
that of the slave laser modes.

The dave laser was a single-mode distributed feedback laser (Nortel LC111-18) that was
temperature-stabilized by a thermoelectric cooler. It was biased at 56 mA that was above its
threshold of 20 mA. When the injection was turned off, the free-running emission wavelength
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Fig. 1. Schematic of the tunable negative-tap photonic microwave filter. ML: master |laser;
SL: slave laser; MOD: amplitude modulator; EDFA: erbium-doped fiber amplifier; FC1,
FC2: fiber couplers; PC: polarization control; LPFG1, LPFG2: long-period fiber grat-
ings, PD: photodetector; VOA: variable optical attenuator. The red path transmits the non-
inverted signal. The blue path transmits the inverted signal. FSR is determined by the time-
delay difference that can be tuned at the cladding-mode coupler.

from the dlave laser was A = 1548 nm at a power level of 0.5 mW. The output of the slave laser
was then sent through the fiber coupler and optically filtered through a pair of LPFGs (LPFG1
and LPFG2) and a cladding-mode coupler. A second 50:50 fiber coupler (FC2) then combined
the filtered output from the slave laser with asignal from the master laser. The resultant output
was then converted into an output RF signal by a photodetector (New Focus 1014-IR).

The principle of operation of the photonic microwave filter isasfollows. Theinput RF signa
is modulated onto A;, which is injected into the slave laser through the green path in Fig. 1.
By injection locking, the slave laser output contains both the free-running wavelength Ao and
the regenerated wavelength 4;. When the injection power increases, the emission power at Ao
reduces while that at A; increases. Thus, an inverted RF signal is carried by Ag and a non-
inverted RF signal is carried by A;, which are transmitted through the green path into the blue
path. As light transmits through LPFGL1, the inverted signal at Ao is coupled from the core
mode to a cladding mode while leaving 4; unaffected in the core mode. The cladding mode at
Ao is switched to another fiber inside the cladding-mode coupler and coupled back to the core
mode by LPFG2. On the other hand, in the red path, the non-inverted RF signal at A; from the
master laser simply transmits through a fixed length of fiber. The photodetector receives both
theinverted signal in the blue path at Ao from the slave laser and the non-inverted signal in the
red path at A; from the master laser. Therefore, a negative-tap filter is realized with

C

FSR=
ngALeff ’

(€

where c is the speed of light in vacuum, ng is the group index, and ALy is the effective length
difference obtained from subtracting the red path by the the sum of the blue path and twice the
green path. The green path is counted twice because the signal has to be transmitted into and
from the slave laser. As Fig. 1 shows, the FSR can be easily tuned by varying AL through
simply sliding the bare fibers inside the cladding-mode coupler with the two translators in the
blue path. The notch depth of thefilter can be maximized by matching the amplitude of the non-
inverted signal to that of the inverted signal though fine-tuning the variable optical attenuator
in the red path.
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Fig. 2. Normalized transmission spectra (red and black) of the two LPFGs and the overall
transmission spectrum (blue), which shows that 4; remains in the core mode while g is
coupled to the cladding mode.

3. Experimental results
3.1. Cladding-mode coupling

The LPFGs were written in a B-Ge co-doped fiber (Fibercore PS1250/1500) using a CO;
laser [27, 28]. The grating was inscribed in the core for axia symmetry that allowed
polarization-independent operation [27, 28]. The pitch and the number of periods of the LPFGs
were 334.5 um and 100, respectively. The gratings provided strong coupling between the core
mode and the LPpg cladding mode at the free-running wavelength of the slave laser Ag =
1548 nm. The normalized transmission spectra of the two LPFGs are shown as the red and
black curves in Fig. 2, which revea clear resonances of more than 28.0 dB at Ap. To avoid
coupling the core mode into the cladding mode at A;, 4; = 1575 nm was chosen for maximal
core-mode transmission. Thus, A; always remained in the core mode while Ag was coupled to
the cladding mode.

The cladding-mode coupler was constructed with a pair of parallel, touching bare fibers
placed in a groove made of coated low-index silicone polydimethylsiloxane (PDMS) [15] to
allow strong evanescent-field coupling between the cladding modes of the fibers[29]. The time
delay of the blue path can be easily tuned by dliding the fibers along the groove with the help of
the trandators. The length of the groove was 57.5 mm. The normalized transmission spectrum
measured at the output of LPFG2 in relation to the input of LPFG1 through the cladding-mode
coupler is shown asthe blue curve in Fig. 2, where it is observed that Ag is transmitted through
the LPFGs and the coupler, whereas 4; is blocked with a contrast ratio of 37.5 dB. Such a
high contrast ratio rendered interference with A; in the red path negligible, thus mitigating the
undesirable PIIN at the photodetector.

3.2. Optical injection locking

The large bandwidth of LPFGs, as shown in Fig. 2, required a separation of ¢ and A; beyond
typical laser mode separations of semiconductor lasers. Side-mode injection locking of large
detuning was therefore employed. The injection power was controlled by the amplitude modu-
lator. The optical spectra of the slave laser emission when the injection power was off and on
are shown as the red and black curvesin Fig. 3, respectively. The resolution bandwidth of the
optical spectrum analyzer was 0.6 nm.
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Fig. 3. Optical spectra of the slave laser emission when the injection power was off (red)
and on (black).

When the injection power was off, a strong peak at A9 was observed together with resid-
ual emissions at the side modes. The side-mode suppression ratio (SMSR) was about 18 dB
with a mode separation of about 0.75 nm. A very weak regenerative peak at A; was merely
caused by leakage from the amplitude modulator. When the injection power was increased to
its maximum, the slave laser was progressively locked by A;. The corresponding spectrum in
Fig. 3 shows that the power level at A; was increased by 31 dB. Because of the gain depletion
effect, Ao was drastically weakened by about 20 dB. Therefore, by injection locking, signal
inversion at Ag was successfully realized. Other side modes were suppressed by the injection
simultaneously.

It isworth noting that the wavelength detuning was as large as A; — Ao = 27 nm. Theinjection
locked the 36-th side mode according to Fig. 3. To our best knowledge, the detuning demon-
strated here was the largest among related previous experiments for wavelength conversion in
single-mode lasers [26], which can be attributed to the modest SM SR of our laser. In addition,
some previous experiments suggested that locking favors injection with A; being shorter than
Ao [21]. We conducted locking experiments at 4; = 1521 nm for A; — Ap = —27 nm and found
that the required injection power for locking was increased by about 10 dB. The substantial
increment of the required power was due to the asymmetric gain spectrum of our laser, where
wavelengths shorter than Ag generally experienced less gain than those longer than Ag [20].
Therefore, A; was kept at 1575 nm in our filtering experiments.

3.3. Tunablefilter response

The normalized output of the negative-tap filter was measured as the input RF frequency was
varied. The results for different FSRs using different length differences AL are shown in
Fig. 4, where the dots are measurement datafrom an electrical spectrum analyzer and the curves
are the best-fit sinusoidal functions. There is always a notch at the zero frequency that is char-
acteristic of a negative-tap filter. By adjusting the variable optical attenuator in Fig. 1 to about
25 dB, thereceived signal amplitudes from the red and blue paths were matched at the photode-
tector. A resultant notch depth larger than 35 dB was achieved, as limited by the noise floor of
our detection electronics.

For illustration, Fig. 4(a) shows the filter responses with FSRs from 88.6 MHz to 97.6 MHz
as the effective length difference AL was varied from 233 cm to 212 cm. Precise tuning was
achieved by adjusting the mechanical translators attached to the cladding-mode coupler. Also,
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Fig. 4. Measured (dots) and calculated (curves) frequency responses of the microwave pho-

tonicfilter for FSR = (a) 97.6 MHz, 93.3 MHz, and 88.6 MHz; and (b) 1.57 GHz, 1.13 GHz,
and 0.719 GHz.
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Fig. 5. Dependence of the FSR on the length difference ALgg.
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high-frequency operation can be realized by reducing ALg. Figure 4(b) shows an FSR tunable
from 0.719 GHz to 1.57 GHz. The FSR can be increased by reducing AL until being limited
by the optical modulation bandwidth of the laser, which is typicaly on the order of 10 GHz.
Tuning of the negative-tap filter is summarized in Fig. 5, where the measured data in circles
are fit to the curve for group index ng = 1.45. Fine-tuning of the FSR is allowed by precisely
adjusting the translators. From Eq. (1), even with a modest mechanical precision of 0.2 mm
in our setup, the precision of FSR is better than 0.1% when operated at FSR = 1 GHz. The
tuning range of AL islimited by the lengths of the bare fibers that can be maneuvered, which
is typically up to a few tens of centimeters. Such precise and wide tunability offered by the
cladding-mode coupler is difficult to achieve with conventional delay-tuning approaches.

It is possible to extend the current configuration to accommodate more taps. A simple ap-
proach to realizing two negative taps is to tap out some light from the first delay path with a
fiber coupler (at aposition before LPFG1 in Fig. 1), transmit the tapped signal through a second
delay path that consists of another set of LPFG pair and cladding-mode coupler, and combine
the output signal from the second delay path with the signals from the original paths. To avoid
PIIN, apolarization controller should be inserted in the second path to ensure orthogonal polar-
ization states between the two negative taps. A variable optical attenuator can also beinserted in
the second delay path to control the magnitude of the tap coefficient. A general approach to re-
alizing N negative tapsisto employ N slave lasers of different free-running wavel engths locked
by the same master laser. The inverted signals at the N wavelengths are extracted, respectively,
by N stages of LPFG pair and cladding-mode coupler, which are connected in series through
the idle output ports of the cladding-mode couplers. The LPFG pair at each stage is designed
to operate only at the assigned signal wavelength. The output signals from the N stages and
the non-inverted signal from the master laser are finally combined to produce the filter output.
The tap coefficients can be varied independently by adjusting the polarization controllers that
control the injection locking of the slave lasers. The maximum number of negative tapsthat can
be achieved is mainly limited by the bandwidths of the LPFGs and the number of slave lasers
that can be locked effectively with a single master laser.

4. Conclusion

In summary, a tunable negative-tap photonic microwave filter is proposed, which employs a
largely detuned injection-locked laser for signal inversion and a cladding-mode coupler for
compact, precise, and continuous tuning. The use of a pair of LPFGs in conjunction with the
cladding-mode coupler enables both optical filtering and delay tuning. An experimental filter
was demonstrated with an FSR tunable from 88.6 MHz to 1.57 GHz with a notch depth larger
than 35 dB. Optical injection locking with wavelength detuning aslarge as 27 nm was achieved.
The approach isreadily extended to multiple-tap filters, as multiple path lengths can be adjusted
precisely using cladding-mode couplers.
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