Sharp tunable optical filters based on the
polarization attributes of stimulated Brillouin
scattering

Assaf Wise,"" Moshe Tur', and Avi Zadok®

!'Faculty of Engineering, Tel-Aviv University, Tel-Aviv 69978, Israel
2School of Engineering, Bar-Ilan University, Ramat-Gan 52900, Israel
*assafwise @yahoo.com

Abstract: Sharp and highly-selective tunable optical band-pass filters,
based on stimulated Brillouin scattering (SBS) amplification in standard
fibers, are described and demonstrated. Polarization pulling of the SBS-
amplified signal wave is used to increase the selectivity of the filters to 30
dB. Pump broadening via synthesized direct modulation was used to provide
a tunable, sharp and uniform amplification window: Pass-band widths of
700 MHz at half maximum and 1GHz at the —20dB points were obtained.
The central frequency, bandwidth and shape of the filter can be arbitrarily
set. Compared with scalar SBS-based filters, the polarization-enhanced
design provides a higher selectivity and an elevated depletion threshold.
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1. Introduction

Optical tunable filters are widely used for channel selection within dense wavelength division
multiplexing (DWDM) telecommunication networks [1], for the reduction of amplified
spontaneous emission noise following optical amplification [1], as well as in microwave
photonic processing setups [2]. The primary figures of merit for tunable optical filters are low
insertion loss, sharp transition between the pass-band and stop-bands, high side-lobe
suppression, and a broad tuning range. Several mature technologies are available for the
realization of passive tunable optical filters, such as fiber Bragg gratings (FBGs) [3], Fabry-
Perot etalons (FPs) [4], Mach-Zehnder interferometers and ring resonators in planar light-
guide circuits (PLCs) [5]. In such passive filters the bandwidth and spectral transmission
shape are typically fixed. In contrast, active tunable optical filters allow for adjusting not only
the transmission wavelength, but also the width and shape of the pass-band as well. In
addition, active filters may amplify the signal within the frequency range of choice.

Active tunable optical filters have been previously proposed and demonstrated based on
stimulated Brillouin scattering (SBS) in standard optical fibers [6,7]. SBS requires the lowest
activation power of all non-linear effects in silica optical fibers. In SBS, a strong pump wave
and a typically weak, counter-propagating signal wave optically interfere to generate, through
electrostriction, a traveling longitudinal acoustic wave. The acoustic wave, in turn, couples
these optical waves to each other [8]. The SBS interaction is efficient only when the
difference between the optical frequencies of the pump and signal waves is very close (within
a few tens of MHz) to a fiber-dependent parameter, the Brillouin shift Qp, which is on the
order of 27-11-10° [rad/sec] in silica fibers at room temperature and at telecommunication
wavelengths [8]. An input signal whose frequency is €y lower than that of the pump (‘Stokes
wave’), experiences SBS amplification. SBS has found numerous applications, including
distributed sensing of temperature and strain [9], fiber lasers [10], optical processing of high
frequency microwave signals [11,12] and even optical memories [13]. Over the last six years
SBS has been highlighted as the preferred mechanism in many demonstrations of variable
group delay setups [14,15], often referred to as slow and fast light.

In previous demonstrations, selective SBS amplification with an arbitrary central
frequency and a sharp pass-band of up to 2.5 GHz width was demonstrated [6,7]. The
amplification bandwidth was broadened using pump wave synthesized modulation [7]. The
central frequency, bandwidth and gain selectivity of the filters were all separately tunable.
However, the selective amplification of the filters was limited by the onset of the amplified
spontaneous emission that is associated with SBS (SBS-ASE), and use of the filters was
restricted to relatively weak signal power levels by pump depletion. In this paper, we enhance
the spectral selectivity of SBS tunable filters, and elevate their depletion threshold. The
solution path relies on the polarization attributes of SBS in standard, weakly birefringent
fibers. A vector analysis of SBS reveals that the state of polarization (SOP) of the amplified
signal is drawn towards a particular state, which is governed by the SOP of the pump [16].
That particular state could be made different from the output polarization of unamplified, out-
of-band signal components, unaffected by SBS. Based on this principle, the filters described
in this work combine a relatively modest SBS amplification within the filter pass-band,

#152142 - $15.00 USD Received 1 Aug 2011; revised 31 Aug 2011; accepted 1 Sep 2011; published 21 Oct 2011
(C) 2011 OSA 24 October 2011 / Vol. 19, No. 22 / OPTICS EXPRESS 21946



together with polarization discrimination for out-of-band rejection. A 700 MHz-wide, sharp
band-pass filter with 30 dB selectivity is demonstrated experimentally.

2. Principle of operation

Consider the Jones vector E_ (z) of a monochromatic signal of optical frequency Ogigs

sig
entering the fiber at z = 0, where z denotes the position along a fiber of length L. A broadened,
counter-propagating pump wave of power spectral density (PSD) P(o,) enters the fiber at z

= L. We denote the unit Jones vector of the pump wave as €y (2) - The same {x, y}

coordinate axes are used for both Jones vectors (as in [16]). We neglect linear losses, as well
as polarization mode dispersion effects within the spectral range of Q4 ~2m-11-10° rad/sec.

The propagation equation of E_ (z) in the undepleted pump regime is given by Eq. (1) [16]:

sig
dE, (z, o,

sig dT + ( sig) A AT r
dz ) :{ dEZ)T (Z)+%[e‘pww (Z)epumr'(z):l} Esig (Z’wsig) (1)

T(z) is the Jones matrix, which describes the linear signal propagation along the fiber up to
point z, and g(w,,) (in units of m') is given by a convolution of the pump PSD with the

inherent Lorentzian line shape of the SBS process [14,15]:

I
_ 7 7oP(@,)
ARl ree et @

Here I'p ~27:30-10° rad/sec is the SBS linewidth, and Yo is the SBS gain coefficient in units of
[W-m]™'. The evolution of the counter-propagating, undepleted pump is governed by
birefringence alone:

épump (0) = TT (Z)épump (Z) _> épump (Z) = T* (Z)épump (0) (3)

where the superscript T stands for the transpose operation, and iny [TT (Z)] =T ( Z) . Zadok

et al. [16] have shown that the SBS amplification process in a birefringent fiber is
characterized by maximum and minimum values of the signal amplitude gain, Gy.x(0y;,) and
Gmin(®y;,), Tespectively. The two gain values are complex, and they vary with the signal
frequency. For the broadened, uniform P(o,) used in this work, the absolute values of Gy

and G,;, become nearly frequency-independent within the amplification bandwidth [14,15],
(see Eq. (2). The maximum and minimum gain values are associated with a pair of orthogonal
SOPs of the signal [16]. We denote the unit Jones vectors of these SOPs at the signal input

A~ Ainmin

end of the fiber as e;;'gm and e;™ respectively. The two extreme gain values are also

associated with a pair of orthogonal SOPs of the signal output: & ™" and e . Both the

input and the output pairs of SOPs were shown to be nearly frequency independent within the
amplification bandwidth [17]. In sufficiently long, standards fibers, being weakly and
randomly birefringent, the signal SOPs associated with maximum and minimum SBS
amplification are related to those of the pump wave by [16]:

Ainmax __ A% _ . ainmin _ Al _

esig - epump (Z - 0) ’ exig - epump (Z - O) (4)
Aout max __ Ak _ . aoutmin __ Axl _
exig - epump (Z - L) > ex[g - epump (Z - L) (5)
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In Eq. (4) and (5), the superscript * L denotes the orthogonal of the conjugate. Based on Egs.
(3-5) and the fact that [TT (Z):|* =inv [T(z)} , we find that the signal SOPs of maximum and

minimum amplification at the fiber output are simply related to the corresponding input states
by the birefringence matrix T(L) :
e;};: max __ (L) ;r:gmdx’ ;7:; min — (L) ;r:gnun (6)

For low pump power values, the integrated impact of the Brillouin amplification almost
solely depends on the relative orientations of the pump and signal SOP’s along the fiber, as
determined by the fiber birefringence. Hence, it is not surprising that the relationships of Eq.
(6) do not depend on the Brillouin interaction. Yet, it is interesting to note that both
numerically and experimentally, Eqs. (4-6) also hold, at least approximately, even for strong
pumps and considerable Brillouin gains [16].

An input signal of arbitrary SOP can be decomposed along the basis of é”’ " and é Afg””" :
Wg (0) a'\zr:gmdx + b Azrr:gmm . (7)

Following SBS amplification, the output signal vector becomes:
ESBS (L) aG Aourmax + bG Aourmm . (8)

sig ﬂg ug

On the other hand, if the signal wave is subject to birefringence alone, the output vector is
instead given by:

Ebuef (L) a'\oulma,\ +b/\0urmm . (9)

sig sig sig

For long enough [16], randomly and weakly birefringent fibers, the expected magnitudes of
the maximum and minimum amplification are |Gmax|2 =exp [% g (%_g ) L] and

and

>> |Gmm s

min

|G = exp[3 g( o J = J|Gmax ? [16]. For a sufficiently strong pump |Gmax

unless a is vanishingly small, Eq. (8) describes polarization pulling of the output probe wave

Aout max

towards a particular state, ég, "™, which is determined by the pump polarization. The
/|Gmin . Equations (8) and (9) also

show that SBS introduces a difference between the output SOP of amplified signal
components, for which g(e,,) is significant, and that of unamplified components, for which

effectiveness of the pulling is governed by the ratio |Gmax

g(w,,) is negligible. It is therefore possible to further discriminate between amplified and

unamplified spectral components of a broadband signal wave, using a properly aligned
polarizer.

Let ¢,, denote the state of a polarizer placed at the signal output, z = L:

Aom‘ max ’\0141 min

pol (L) pmax sig + pmm sig (10)

Aout max Aout min

where , = are the projections of ¢, onto &7 and ;™" , respectively. At the

polarizer output, the amplitude of an out-of-band, unamplified signal component is given by:

Sig pal szg szg
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With proper alignment of the output polarizer, Af,.:ef can be set to zero, signifying the
(theoretical) complete rejection of out-of-band components. On the other hand, the amplitude
of an SBS-amplified signal component at the polarizer output is:

SBS AT Aout max AT Aout min
AL =aG (epol -e )—i—mein (e e, ) =aG,

sig pol : sig
*
= apmax (Gmax - Gm'm )

The final equality in Eq. (12) is met when Eq. (11) is set to zero. Due to the differential gain
of SBS, in-band components are retained and even amplified.
To calculate the SBS gain of the signal components we assume the signal input to be of

* *
max pmax + mein pmin

12)

unity power (|a|2 +|b|2 =1) so that:

2

2

In—band Gain = |Am

sig

1G6,.. -G

*
max min Grax >>Gnin ap max

2
|Gmax

= |apmax

lal? +1b% =1

13)

Subject to the constraint of complete out-of-band rejection ( A_fi;”ff =0 in Eq. (11)) together
with | p,. P +1p,. F=1,itis easy to show that this in-band SBS gain can become as high as

0251G,, I provided: la =l Do ’=0.5. Thus, the amplification of the polarization-assisted

SBS process, at the high pump power limit, is only 6dB lower than that of a corresponding
scalar process, when the latter is aligned for maximum gain. However, while polarization
discrimination can achieve very high rejection (theoretically infinite) for the unamplified out-
of-band components, the power transfer for these components in the scalar process is unity.
We conclude that the polarization discrimination filtering proposed in this work can achieve
much higher selectivity than its scalar counterpart.

20t

Signal Power Gain [dB]

-9.5 -1 -0.5 0 0.5 1 1.5
Frequency Offset [GHz]

Fig. 1. Simulation results for the signal power gain at the output of an SBS amplification
process, using a 3.6 km-long highly nonlinear fiber (HNLF) and a 0.7 GHz-wide, 13.5 dBm
pump. The pump is assumed to be undepleted. In the lower curve (a), the input signal's SOP
was chosen with equal projections on the states of maximum and minimum SBS amplification
(q= b:I/\/E , see text), and an output polarizer was aligned for maximal rejection of
unamplified signal components ( Poven =1 /\/_ , see text). The upper curve (b) shows the

corresponding power gain with no output polarizer, and with the input signal SOP aligned for
maximum amplification (a = 1).
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Figure 1 presents simulation results of the relative optical power transmission of the signal
wave, as a function of the frequency offset from the pass-band center. In the simulations, Eq.
(1) and (3) were directly integrated. A 3.5 km-long highly non-linear fiber (HNLF) with an
SBS gain coefficient y, = 2.9 [W-m]™! was used. The fiber was simulated as 1000 cascaded
birefringent media that are randomly oriented, with a polarization beat length of 40 m and a
polarization coupling length of 10 m [16,18]. The pump power was set to 13.5 dBm, and its
PSD was uniform within a 0.7 GHz-wide region. The pump was assumed to be undepleted.
Curve 1(b) shows the signal power gain for an SBS process with no output polarizer, and with
the signal input SOP aligned for maximum amplification (a = 1). A filtering selectivity of

G

= 16.5 dB is obtained. In curve (a), the signal input SOP was chosen so that

a=b=1/yJ2, and an output polarizer was aligned to p  =+]/\/2. The in-band
amplification of the polarization-assisted filter was lowered by 10 dB, in agreement with the
prediction of Eq. (13), where for the specific, rather modest pump power, G , cannot be

ignored and |G -G

max min

® must be used instead of |G |2. However, the polarizer helps to

significantly attenuate the out-of-band components so that the filtering selectivity is much
improved. Two observations to be noted in Fig. 1(a): (i) The slightly larger amplification
towards the pass-band edges originates from the complex nature G,,x and G, while both are
real numbers in the band center, they have different phases at the edges, resulting in somewhat

higher values for |G _Gmmr; (i) The gradual transition between the pass-band and stop-
), (Eq. (2). Lastly, the lower in-band

amplification is expected to defer the onset of depletion to higher signal power levels.

bands is due to the convolution form of g(®,

sig

3. Experiment results

The response of a tunable optical filter based on the vector properties of SBS was measured
experimentally. The measurement setup is shown in Fig. 2. Light from a distributed feedback
(DFB) laser diode was used as an SBS pump wave. The optical spectrum of the pump was
broadened through direct modulation of the DFB injection current, using the output of an
arbitrary waveform generator (see Fig. 3) [7]. Figure 4 shows a heterodyne measurement of
the pump PSD, taken through beating of the pump wave with a detuned local oscillator on a
broadband detector. The 700 MHz-wide pump wave was amplified to a power level of 13.5
dBm by an Erbium-doped fiber amplifier (EDFA), and launched into a 3.5 km-long, highly
nonlinear fiber under test (FUT) via a circulator. The fiber length and SBS gain coefficient, as
well as the pump power, matched those of the simulation of the previous section. A 1.5 nm-
wide optical band-pass filter was used to reduce the ASE of the EDFA.
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Freq. Z#’
Generator

Tunable

Laser

AWG | 77 'ZE&

RFSA |-----

Tunable
Filter

VOA PC1

Detector VOA PC2

Fig. 2. Experimental setup for measuring the power transfer function of a polarization-
enhanced SBS filter. The SBS signal wave is generated at the upper branch, using a tunable
laser that is externally modulated. The electro-optic modulator (EOM) is driven by a radio-
frequency tone in the range of 13.5-16.5 GHz, which in turn was amplitude-modulated by a 1
MHz sine wave. The optical polarization was adjusted by polarization controllers (PC). The
signal was launched into the fiber under test (FUT) through an isolator. The middle branch is
used to realize a 0.7 GHz broadband pump wave, through the direct modulation of a DFB laser
by a properly programmed arbitrary waveform generator (AWG). The pump power is amplified
and adjusted to 13.5 dBm by an EDFA and a Variable Optical Attenuator (VOA), and directed
into the FUT by a circulator. The lower branch includes a 5 GHz-wide FBG for selecting a
single sideband of the signal wave, an output polarizer and a photo-detector. The detected
signal was analyzed by a radio frequency spectrum analyzer (RESA).

Voltage [Volt]

0 0.2 0.4 0.6 0.8
Time [usec]

Fig. 3. The direct current modulation waveform used in the spectral broadening of the SBS
pump wave.
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Fig. 4. Measured PSD of the pump wave, as a function of the offset from its central frequency.

Light from a tunable laser diode was used to generate the SBS signal wave. The laser
output was double-sideband modulated using a LiNbO; Mach-Zehnder interferometer
(Electro-Optical Modulator — EOM), driven by a swept sine wave of frequency Qxr, in the
range of 2m-13.5-2n-16.5 GHz. The tunable laser carrier wavelength and the radio-frequency
(RF) modulation were chosen so that one of the sidebands scanned the SBS amplification
spectral window that was induced by the pump wave, as in Fig. 5. The modulated signal wave
was launched into the FUT from the end opposite to that of the pump input. Following
propagation through the FUT, the signal was filtered by a 5 GHz-wide fiber Bragg grating
(FBG), which retained only the side-band of interest and blocked off the carrier wavelength,
Rayleigh back-scatter of the pump wave and the other sideband. Lastly, the signal passed
through a Polarization controller (PC) and a linear polarizer. The filtered signal power at the
polarizer output was observed directly by a 125 MHz-wide photo-detector. In order to
distinguish between the signal the induced SBS-ASE, the RF sine wave at Qgr was further
amplitude modulated by a 1-MHz tone, and the detector output power was measured by an RF
spectrum analyzer (RFSA), using zero-span at 1IMHz with a resolution bandwidth of 100Hz.
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Fig. 5. The generation of the SBS signal wave. (a-b): Schematic spectrum of double-sideband
modulated tunable laser. The radio-frequency (RF) modulation waveform is a swept sine-wave
Qgr in the 27m-13.5 to 2n-16.5 GHz range. Depending on g, the upper modulation sideband
could fall within the SBS amplification spectral region induced by the pump (a), or outside that
region (b). (c): Spectrum of signal wave following propagation in the FUT and after filtering by
a 5 GHz-wide FBG, which retains the upper modulation sideband only. The additional IMHz
amplitude modulation of the carrier is not shown.

First, the optical power transmission of a scalar SBS-based filter without polarization
discrimination was characterized (as in [7]). In this set of measurements, the output polarizer
was removed, and the input SOP of the signal was adjusted using PC4 for maximum
amplification. The carrier frequency of the tunable laser was set to 15 GHz below the center
of the SBS amplification band, as induced by the pump wave. Figure 6 shows the measured
optical power gain of the sideband of interest as a function of Qgr, which was scanned around
2n-15GHz. Measurements were taken for several signal power levels in the range of —18.1 to
2.7 dBm. A maximum selectivity of 22 dB was achieved in the undepleted pump regime.
Pump depletion reduces the filter selectivity to 12.7 dB when the input signal power is raised
to 2.7 dBm.

Figure 7 shows the corresponding signal power gain at the output of a polarization-

ig

SBS-ASE [16]. Then, using PCI, gov™ was oriented at 45° with respect to the output

ig

enhanced filter. In the absence of the input signal, g7 ™ was first identified as the SOP of

polarizer (i.e. P, min :il/ V2), as discussed in the previous section. Finally, PC4 was
readjusted for maximum rejection of the unamplified signal components, thereby
implementing a:bzl/ V2. Using the polarization enhanced configuration, the filter

selectivity for the higher optical signal power level of —3.1 dBm was improved considerably,
from 16.5 dB to 30 dB. The depletion tolerance of the filter was improved as well: the same
frequency response was obtained for signal power levels of —13.1 dBm and —3.1 dBm (see
Fig. 7). The power gain within the pass-band of the polarization enhanced filter was 8 dB

*.in good agreement with the predictions of Fig. 1.

lower than |G

max
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Fig. 6. Relative sideband power gain of a scalar SBS-based filter, without polarization
enhancement. Input signal power levels: (a) =3.1 dBm, (b) —8.2 dBm and (c) —13.1 dBm. A
13.5 dBm, 0.7 GHz-wide pump signal was used (Fig. 3).

-15L
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Fig. 7. Comparison between the relative optical power gain of SBS-based tunable bandpass
filters without (a, ¢) and with (b, d) polarization enhancement, using equal pump (13.5 dBm)
and signal (3.1, —13.1 dBm) power levels. Curves (a, c) are identical to Fig. 6(a, c).

4. Discussion

In this work we have demonstrated a significant enhancement in the performance of SBS-
based tunable band-pass filters. The improvement relies on the vector properties of the SBS
amplification: the output SOP of amplified signal components is pulled towards a specific
state, whereas the SOP of unamplified signal components is unaffected by SBS. Polarization-
based discrimination, with judicious alignment of the input SOPs, provides an improvement in
the filter selectivity in the undepleted pump regime. In addition, the depletion threshold of the
filter is elevated as well. Care must be taken, though, in the application of the filter above the
depletion threshold, as the transfer of broadband Stokes waves could be different from that of
monochromatic signals. The filter bandwidth can be arbitrarily increased (up to ~10GHz [14])
by further pump broadening, at the expense of lower gains and increased vulnerability to
PMD. Finally, proper tracking and compensation of slow polarization drifts may be necessary
for the stable, long-term operation of the filters [19].
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In our experiments a 0.7 GHz-wide, polarization-enhanced filter provided a 30 dB
selectivity in amplifying input signals having a range of optical power levels, from —13.1 to
—3.1 to dBm. A scalar SBS-based filter, without polarizarion considerations, provided only 22
to 16.5 dB selectivity for the same input power levels of signal and pump. The obtained
performance is superior to that of our previous work [7], in which a power gain selectivity of
only 14 dB was achieved with a similar pump PSD and using the same fiber. The filter
selectivity can be further increased using higher pump power levels [7]. The spectral power
transmission of SBS-based tunable filters is very sharp: a 20 dB change in transmission occurs
within a 200 MHz-wide spectral region. The central frequeny of the filter can be varied
arbitrarily, and its bandwidth can be independently scaled between 30 MHz to ~10 GHz
through pump modulation. SBS pump synthesis can further allow for the flexible pre-
emphasis and spectral shaping of the filter pass-band.

SBS-based photonic filters could also be highly attractive, for example, in selecting sub-
bands of modern coherent optical communication systems, such as optical orthogonal
frequency domain multiplexing (O-OFDM) [20]. The proposed technique can also be adapted
to microwave-photonic filtering of broadband RF signals. In SBS-based microwave-photonic
filters, an optical carrier is single-sideband modulated by the RF signal of interest. The
modulation sideband undergoes frequency-selective SBS amplification as described above,
and the modified RF waveform is recovered through beating of the sideband with the optical
carrier upon detection. The RF power gain of the filter therefore scales with the optical power
gain of the modulation sideband. SBS-based RF photonic filters would provide a sharp and
aperiodic transfer function, with independently tunable central radio frequency, width and
shape. The experimental transfer function obtained in the previous section is analogous to that
of a sharp microwave-photonic filter, whose pass-band is centered at 15 GHz. Finally,
frequency-selective polarization pulling of SBS amplification was also recently employed in
the generation of an advanced modulation format [21].

In conclusion, tunable and sharp optical band-pass filters were proposed and
demonstrated, based on the insight that has been provided by the vector analysis of SBS in
randomly birefringent fibers.
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