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Stimulated Brillouin scattering (SBS) in optical fibers has long been used in frequency-selective optical signal
processing, including in the realization of microwave-photonic (MWP) filters. In this work, we report a significant
enhancement in the selectivity of SBS-based MWP filters. Filters having a single passband of 250 MHz–1 GHz
bandwidth are demonstrated, with selectivity of up to 44 dB. The selectivity of the filters is better than that
of the corresponding previous arrangements by about 15 dB. The shape factor of the filters, defined as the ratio
between their −20 dB bandwidth and their −3 dB bandwidth, is between 1.35 and 1.5. The central transmission
frequency, bandwidth, and spectral shape of the passband are all independently adjusted. Performance enhance-
ment is based on two advances, comparedwith previous demonstrations of tunable SBS-basedMWP filters: (a) the
polarization attributes of SBS in standard, weakly birefringent fibers are used to discriminate between in-band and
out-of-band components and (b) a sharp and uniform power spectral density of the SBS pump waves is syn-
thesized through external modulation of an optical carrier by broadband, frequency-swept waveforms. The sig-
nal-to-noise ratio of filtered radio-frequency waveforms and the linear dynamic range of the filters are estimated
analytically and quantified experimentally. Lastly, a figure of merit for the performance of the filters is proposed
and discussed. The filters are applicable to radio-over-fiber transmission systems. © 2014 Chinese Laser Press

OCIS codes: (060.4370) Nonlinear optics, fibers; (060.5625) Radio frequency photonics; (290.5900) Scatter-
ing, stimulated Brillouin.
http://dx.doi.org/10.1364/PRJ.2.000B18

1. INTRODUCTION
Over the past three decades, microwave photonics (MWP) has
been an area of much academic interest. In MWP, a radio-
frequency (RF) signal modulates an optical carrier, and the
modulation sidebands are processed using optical means.
At the output end of the MWP system, the optical signal is
detected to recover a modified RF waveform [1,2]. One impor-
tant application of MWP is the transmission of RF signals over
long distances using optical fibers, known as radio-over-fiber
(RoF) [3–5]. RoF is used to extend the reach and coverage of
wireless communication networks. The filtering of RF wave-
forms in the optical domain is often considered as part of RoF
systems.

In the most commonly employed architecture of MWP fil-
ters [6–12], multiple RF-modulated optical signals propagate
along paths of different delays and attenuation, and recom-
bine upon detection. The realization of sharp MWP band-pass
filters (BPFs) using these delay-and-sum architectures re-
quires a large number of paths and remains challenging. In
addition, the frequency response of delay-and-sum filters is
inherently periodic, with multiple passbands. Filters having
only a single passband would be advantageous in many
RoF receivers. Other MWP filter architectures include the

use of spatial light modulators [13], modulation of broadband
amplified spontaneous-emission (ASE) sources in conjunc-
tion with dispersive elements [14], and more.

Alternatively, several other MWP filter realizations rely on
nonlinear optical propagation effects such as stimulated Bril-
louin scattering (SBS). In SBS, a relatively intense pump wave
amplifies a counterpropagating signal wave that is detuned in
frequency by the Brillouin shift [15]. SBS amplification is sim-
ply implemented in standard fibers at room temperature, has a
low power threshold of several milliwatts [15], and is highly
frequency selective: its gain bandwidth is on the order of only
30 MHz [15]. SBS is therefore an attractive platform for fiber-
optic sensing and signal processing applications. Examples in-
clude distributed fiber-optic sensing of temperature and strain
variations [16–18], SBS-induced slow light [19], as well as tun-
able optical and MWP filtering [9,20–22]. SBS-based MWP
BPFs are characterized by uniform transmission windows,
strong out-of-band rejection, and bandwidths and central
transmission frequencies that are independently reconfigura-
ble [22]. Their frequency response is advantageously aperi-
odic. The selectivity of previously reported, broadened
SBS-based MWP filters has been on the order of 30 dB [22].
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Herein, we report a significant improvement in the perfor-
mance of SBS-basedMWP filters. A selectivity of up to 44 dB is
experimentally demonstrated. The frequency response of the
filters is very sharp: out-of-band rejection of over 30 dB is
achieved within a transition bandwidth of less than
100 MHz at both edges of the passband. The shape factor
of the filters, defined as the ratio of their −20 dB bandwidths
and their −3 dB bandwidths, is between 1.35 and 1.5. The
width of the passband is varied between 250 MHz and
1 GHz. The arbitrary and independent tuning of the central
transmission frequency and of the shape of the passband is
demonstrated as well.

The improvement in selectivity is obtained based on the
polarization attributes of SBS in standard, weakly birefringent
fibers [23,24]. One RF-modulation sideband is selectively
amplified by a tailored, broadened SBS process, while an
optical carrier is retained in a separate fiber path. The state
of polarization (SOP) of out-of-band, unamplified spectral
components within the sideband is set as orthogonal to that
of the carrier; hence the reconstruction of corresponding
radio frequencies upon detection is suppressed. The SOP of
SBS-amplified spectral contents, on the other hand, is pulled
and rotated [23,24], allowing for the recovery of correspond-
ing radio frequencies at the detector output. SBS-based polari-
zation pulling was previously employed in the demonstration
of optical BPFs [25], in high-resolution optical spectral analy-
sis [26–28], in the generation of advanced RF-modulation
formats [29], in millimeter-wave frequency multiplication
[30], in the generation of high-quality millimeter and THz
waves [31], and in narrowband MWP BPFs [32].

The sharp transition between passbands and stopbands is
due to the abrupt spectral edges of the SBS gain line, which
are achieved in turn through the external modulation of the
pump wave by linear frequency-modulated (LFM) waveforms.
External modulation-based synthesis provides a simple
mapping between the power spectral density (PSD) of the
electrical modulating waveform and that of the generated
optical sideband. LFM waveforms, in particular, are simple
to generate, and their PSDs are sharp and uniform [33].
Consequently, a broadened SBS pump with a uniform PSD
is obtained. External modulation by random bit sequences
had been used in pump broadening for SBS-based filters
[21]; however, the resulting PSD was characterized by compa-
ratively gradual edges.

The effects of SBS pump depletion and of the ASE associ-
ated with SBS are addressed both analytically and experimen-
tally. The power levels of both the SBS pump and signal are
optimized for maximum signal-to-noise ratio (SNR) of filtered
waveforms, and for maximum linear dynamic range (LDR).
Practical upper bounds for selectivity, SNR and LDR are
obtained. Lastly, a figure of merit for SBS-based MWP BPFs
is proposed, in terms of the product of their selectivity and
SNR. The upper bound on this figure of merit scales with
the available pump power, and decreases with the bandwidth
squared.

The remainder of the paper is organized as follows:
Section 2 presents the principle of the proposed filters. The
experimental setup and results are described in Section 3.
Finally, a detailed discussion of the results and conclusions
are provided in Sections 4 and 5. Preliminary results of this
work were briefly presented in [28].

2. PRINCIPLE OF OPERATION
Figure 1 illustrates the working principle of polarization-
enhanced, SBS-based MWP BPFs. An optical carrier of fre-
quency νcar is used in the generation of the SBS pump wave.
The pump is modulated in a suppressed-carrier, single-
sideband format, by a broadband waveform of central radio
frequency f 0 and bandwidth B. Only the upper modulation
sideband is retained. The sideband, which is centered at an
optical frequency of νcar � f 0, introduces an SBS amplification
window of bandwidth B. The gain window is centered at an
optical frequency of νcar � f 0 − νB where νB is the Brillouin
shift in a fiber medium.

An input RF waveform is used to modulate light from the
same carrier. The spectral extent of one modulation sideband
is in partial overlap with the SBS amplification window (see
Fig. 1). The signal and pump waves counterpropagate in a sec-
tion of fiber. Those in-band spectral components of the signal
sideband are amplified by SBS, and their SOP is rotated with
respect to that of out-of-band components [24]. Both amplifi-
cation and polarization rotation are used to discriminate be-
tween in-band and out-of-band components of the output
signal. The interference of the signal sidebands and the carrier
recovers a filtered RF waveform. The central transmission ra-
dio frequency of the filter is jνB − f 0j, and its bandwidth is B
(see Fig. 1).

The principle of polarization-assisted, frequency-selective
SBS amplification has been detailed before [24–28], and
will be repeated here only briefly. SBS gain in standard,
birefringent fibers is highly polarization-dependent [23,24].
For a given SOP of the input pump, two orthogonal input
signal SOPs can be identified, which provide the maximum
and minimum signal power amplifications. These two states

Fig. 1. Schematic illustration of the working principle of polariza-
tion-enhanced, SBS-based MWP BPFs. f sig, variable radio frequency
of the signal input modulation. MZM, Mach–Zehnder modulator;
TLS, tunable laser source; PD, photodetector. Insets illustrate the fol-
lowing: A, PSD of the pump wave and the SBS gain window; B, PSD of
the signal wave before the SBS amplification; C, PSD of the signal
wave after the SBS amplification; D, PSD of the signal combined with
the optical carrier prior to detection.
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are mapped to a pair of orthogonal SOPs of the amplified sig-
nal at the output end of the fiber, whose unit Jones vectors are
noted here as êoutmax and êoutmin. For sufficiently long, randomly
and weakly birefringent fibers, and in the undepleted pump
regime [15], the corresponding maximum and minimum com-
plex amplitude gain values are given by [24]

Gmax�νsig� � exp
�
1
3
g�νsig�Leff

�
;

Gmin�νsig� � exp
�
1
6
g�νsig�Leff

�
: (1)

Here νsig is the optical frequency of the signal, g�νsig� is the
complex coefficient of Brillouin amplitude gain, which is de-
termined by the PSD of the pump wave, and Leff is the effec-
tive length of the fiber. When the pump PSD is substantially
broader than the inherent Brillouin gain linewidth of 30 MHz,
the real part of g�νsig�, which governs the signal power gain,
is proportional to the pump PSD with an offset of νB [22].
For most practical cases Gmax�νsig� ≫ Gmin�νsig�. Hence the
SOP of the amplified signal is drawn toward that of êoutmax

[24–28].
The filtered RF waveform is reconstructed through the in-

terference of the processed, output signal sideband with the
optical carrier, of SOP êoutcar. The output RF power scales with
the projection of the signal output SOP onto êoutcar . The carrier
SOP is therefore analogous to the transmission axis of an out-
put polarizer. Judicious alignment of êoutcar could inhibit the
reconstruction of radio frequencies that correspond to unam-
plified optical spectral components of the signal sideband,
whereas those within the SBS gain bandwidth are partially re-
covered. Optimal discrimination between in-band and out-of-
band components is obtained when the following two condi-
tions are met [25–28]: (a) êoutcar is aligned with equal projections
on both êoutmax and êoutmin and (b) the SOP of out-of-band spectral
components of the signal sideband, at the output end of fiber,
is orthogonal to êoutcar. Subject to these alignments, the RF
power gain of the signal due to SBS is proportional to the fol-
lowing quantity:

jGpol�νsig�j2 �
1
4
jGmax�νsig� − Gmin�νsig�j2!

Gmax≫1

1
4
jGmax�νsig�j2:

(2)

The in-band power gain is asymptotically 6 dB weaker than
that of a corresponding so-called scalar process, in which
the input signal is aligned for a maximum power gain of
jGmax�νsig�j2. However, the rejection of the unamplified
spectral components following interference with the
optical carrier is theoretically infinite (since Gmax�νsig�≈
Gmin�νsig� ≈ 1), whereas in the scalar processes, out-of-band
components propagate through the fiber unattenuated. In
the above analysis, it has been assumed that polarization
mode dispersion is negligible within the spectral extent of
signal and pump waves.

SBS amplification is accompanied by the generation of
noise due to ASE. SBS-ASE is known to be polarized along
êoutmax [23,24]. The optical power of SBS-ASE can be estimated
by

PASE � hνcar · Fn · jGmaxj2 · Δf ; (3)

where hνcar � 1.28 · 10−19 J for a wavelength of 1550 nm, Fn is
the noise figure of SBS amplification (typically on the order of
150 [34]), and Δf ≤ B is the measurement bandwidth of inter-
est. In Eq. (3) it is assumed that the SBS amplification is
approximately constant within Δf .

SBS-ASE degrades the SNR of filtered signals. The RF noise
at the filter output is dominated by the beating between SBS-
ASE and the optical carrier. Subject to the polarization align-
ments leading to Eq. (2), at the high-gain limit and for an
undepleted pump, the ratio between the electrical power of
the output signal and the electrical power of the noise photo-
current may be approximated by

SNR � Psig · jGpolj2 · Pcar
1
2 hvcar · Fn · jGmaxj2 · Δf · Pcar

!
Gmax≫1

Psig

2hvcar · Fn · Δf
:

(4)

Here, Psig denotes the input optical power of the signal side-
band and Pcar denotes the optical power of the carrier at the
receiver. Note the 45° angle between the SOPs of SBS-ASE
and the optical carrier, which leads to the factor of 1/2 in
the denominator of Eq. (4). The SNR could be improved fur-
ther in the depleted pump regime [35]; however, the linearity
of the filter would be compromised.

The LDR of the filter is defined as the ratio between the
highest signal input power for which the filter response re-
mains linear and the lowest input power that can be detected
above the noise floor at the filter output. The LDR is restricted
by SBS-ASE from below, and by pump depletion from above.

3. EXPERIMENTAL SETUP AND RESULTS
Figure 2 shows the experimental setup for the demonstration
of polarization-enhanced, SBS-based MWP BPFs. The output
of a tunable laser source is split into two branches using a 90/
10 directional coupler. Light at the 10% arm (signal branch,
blue) is modulated by a RF sine wave in double-sideband,
suppressed-carrier format, and serves as a signal wave (see
illustration in inset B of Fig. 1). The modulation frequency
is generated by a vector network analyzer (VNA) and
swept to obtain the frequency response of the filter. The
output of the 90% arm is split again using a 50/50 coupler.
The unmodulated optical carrier is retained in the middle
branch (reconstruction branch, gray) for subsequent coher-
ent, polarization-sensitive detection of the signal wave.

Light in the upper branch (pump branch, green) is used as
a SBS pump wave. The optical spectrum of the pump is

Fig. 2. Experimental setup for the demonstration of SBS-based,
polarization-enhanced MWP BPFs. FBG, fiber Bragg grating.
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broadened through external modulation by a RF LFM wave-
form, in suppressed-carrier format. LFM waveforms with a
central frequency of 1 GHz and duration of 2.5 μs are gener-
ated using an arbitrary waveform generator (AWG), mixed
with a RF local oscillator (LO) of frequency 6.75 GHz, and up-
converted to a central frequency of f 0 � 7.75 GHz. The value
of f 0 was chosen for convenience, due to equipment con-
straints. A narrowband fiber Bragg grating is used to retain
only the upper modulation sideband (illustration in inset A
of Fig. 1), which is then amplified using an erbium-doped fiber
amplifier (EDFA) and serves as a broadened SBS pump.

The pump wave and the modulation sideband of the signal
wave are launched into opposite ends of a 1-km-long highly
nonlinear fiber (HNLF), with νB ∼ 9.65 GHz. The propagation
time through the HNLF (5 μs) is shorter than the coherence
time of the light source, but longer than the duration of the
LFM waveforms used in the pump modulation. Therefore,
the signal wave is subject to SBS amplification by the entire
duration of the pump wave, and the pump modulation does
not affect the latency of the filtering process. Following propa-
gation in the HNLF, the modulation sidebands of the signal
wave are mixed together with the optical carrier from the
reconstruction branch, on a broadband photodetector (PD)
(Fig. 1, insets C and D). The reconstructed RF tone is analyzed
by the VNA.

The multiple polarization controllers (PCs) in the setup are
aligned in accord with the considerations of the previous sec-
tion. The launch SOP of the pump wave is chosen arbitrarily,
and held fixed for the entire experiment. For initial calibra-
tion, the input signal wave is disconnected, and the interfer-
ence between the carrier and SBS-ASE is observed. The
SOP of SBS-ASE is known to be aligned with êoutmax [23,24]. First
êoutcar is aligned with êoutmax by setting PC 3 to maximum interfer-
ence of SBS-ASE and the carrier wave, and the detected RF
power is noted. Next, êoutcar is readjusted through PC 3 until the
power of the interference term between SBS-ASE and carrier
is reduced by 50% [see the first condition in the discussion
preceding Eq. (2)]. Lastly, an out-of-band signal wave is
reintroduced, and PC 2 is used to adjust its input SOP until
the interference between unamplified signal components
and the carrier vanishes [see second condition leading to
Eq. (2)].

Figure 3 shows the normalized frequency response of the
MWP BPF (black solid). The measurement conditions were
as follows: overall pump power of 21.3 dBm, pump bandwidth
of 500 MHz, and input power of the signal modulation side-
band of −32 dBm. The central frequency of the MWP BPF
was jνB − f 0j � 1.9 GHz, as expected. The full width at half-
maximum of the passband was about 330 MHz, and its full
width at the −30 dB points was 510 MHz. A rejection ratio
of 30 dB was already reached over a transition bandwidth
of less than 100 MHz on each side of the passband. The rejec-
tion ratio of out-of-band components was 44 dB, and the
variations of the in-band transfer function were �1.75 dB.
The shape factor of the filter, defined as the ratio of its
−20 dB bandwidth and its −3 dB bandwidth, is 1.45. The
simulated filter response (red dashed) was calculated based
on heterodyne measurements of the pump PSD, which deter-
mines g�νsig�, and using Eqs. (1) and (2). Good agreement
between the shapes of simulated and experimental filters is

evident. Limitations on the experimental selectivity, which
do not manifest in these simulations, are addressed later.

The central frequency of the filter could be tuned through
adjustment of the LO frequency (see Fig. 2). Figure 4 shows
the normalized frequency responses of MWP BPFs with cen-
tral frequencies of 1.65 GHz (green), 1.9 GHz (red), and
2.15 GHz (blue). The 500 MHz tuning range of the central fre-
quency is limited by the operational bandwidths of available
RF amplifiers and filters used in the generation of LFM
sequences and in driving the modulator. These limitations
are not fundamental.

The bandwidth of the filter could also be tuned arbitrarily
and independently by changing the sweeping range of the LFM
waveform used for the pump broadening. Figure 5 shows the
normalized frequency responses of MWP BPFs, obtained us-
ing pump bandwidths of 250 MHz (blue), 500 MHz (red), and
1 GHz (green). The overall pump power levels used were 18.7,
21.3, and 23 dBm, respectively. The shape factor of the filters
is between 1.35 and 1.5. Finally, multiplication of the LFM
waveform by an arbitrary amplitude envelope function allows
for full control over the spectral shape of the filter. Three
examples of MWP filters with arbitrary magnitude transfer
functions are shown in Fig. 6.

Next, bounds on the selectivity, output SNR, and LDR were
experimentally characterized. Although interference can
provide, at least in principle, an infinite rejection of out-
of-band components, the practical selectivity of the obtained
MWP BPFs is limited by a residual optical carrier in
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the signal branch, which is not entirely suppressed by the
modulator bias. The output SOP of the out-of-band, unampli-
fied signal sideband is parallel to that of the residual carrier
(Fig. 2, blue path), which leads to nonzero interference at the
PD output. Figure 7 shows the selectivity of a 500-MHz-wide
filter as a function of the overall input pump power. The input
optical power of the signal sideband was −32 dBm. As ex-
pected, the selectivity improves with increasing pump power,
until the onset of depletion at a pump power level of 20.5 dBm.
The selectivity approaches an asymptotic value of 44 dB.

The SNR of the filter was quantified by measuring the out-
put RF spectrum, with a CW input signal fixed at the center
frequency of a 500-MHz-wide BPF, using different pump
power levels (see Fig. 8). The input optical power of the signal
sideband was optimized at each pump power level for maxi-
mum output power, below the onset of pump depletion. The
amplified output tone was accompanied by a pedestal of noise
due to SBS-ASE (see inset). The overall noise power was cal-
culated by integrating the PSD of the PD output over the entire
filter passband (with the signal tone excluded). The SNR ini-
tially increases with pump power as anticipated, and reaches a
maximum value of 14.8 dB.

The LDR of the polarization-assisted SBS amplification
process was measured by fixing a CW input signal at the
central transmission frequency of the filter, and varying its in-
put optical power level. The MWP filter was 500 MHz wide,
and the pump power level was 21.3 dBm. Figure 9 shows that
the output RF power scales linearly with the optical power
of the input sideband tone, for input optical power levels
between −59 and −31 dBm. The LDR of the filter is therefore
28 dB wide. Signals weaker than −59 dBm are lost in SBS-

ASE, whereas signals stronger than −31 dBm saturate the
amplification process.

4. DISCUSSION
Broadband and tunable SBS-based MWP BPFs were demon-
strated, with selectivity of up to 44 dB and shape factor of
1.35–1.5. Compared with earlier corresponding demonstra-
tions, the selectivity is improved by 10–15 dB. The selectivity
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as a function of the SBS pump power. The inset shows an example of
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enhancement was achieved using the polarization attributes
of SBS in standard fibers. Unlike our earlier works involving
SBS polarization pulling in signal processing and analysis [25–
27], here the input and output waveforms were of actual radio
frequencies rather than optical ones. The rejection of out-of-
band components was inherently obtained through the inter-
ference of the optical carrier and sideband at the PD, which
serves as an effective output polarizer.

Another advance was the synthesis of the pump PSD using
external modulation by LFM waveforms. Numerous tech-
niques for the spectral shaping of SBS pump waves appear
in the literature (see a review in [19] and references therein).
Examples include the use of multiple, equally spaced comb
lines [36–39], and tailored direct or external modulation of
a single pump carrier [21,40–42]. The bandwidth of SBS
processes based on multiple comb lines is usually restricted
to 200 MHz or less. Spectral broadening using external modu-
lation is much simpler to synthesize than the direct modula-
tion schemes we had used previously, which involved thermal
and carrier-related chirp mechanisms within the pump laser
diode [22,25]. External modulation using frequency-swept
waveforms results in good spectral uniformity and particu-
larly sharp edges.

The pump power that is necessary to achieve a given signal
amplification factor increases with the filter bandwidth. In
principle, intense pump waveforms might be distorted by Kerr
nonlinearity in propagation through the HNLF. However, the
pump waveforms used in our experiments consist of only a
single frequency-modulated sideband without an optical car-
rier, and are therefore of constant magnitude, at least ideally.
Hence Kerr nonlinearity is expected to introduce little distor-
tion of the pump waves, even for relatively high power levels.
No degradation in shape factor or uniformity of the filters was
observed with increasing pump power levels.

The proposed filter configuration suffers from several in-
herent drawbacks. First, the scheme requires monitoring of
environmental polarization drifts. In addition, the beating
between carrier and sideband, which propagate in different
physical paths, results in a reconstructed RF tone whose
phase is environmentally drifting as well. These deficiencies
can be alleviated with the realization of SBS-based MWP fil-
ters in integrated photonic devices on nonlinear glass,
which was reported recently [43]. Next, as shown in the ex-
periments, the SNR of filtered waveforms is limited by SBS-
ASE. SNR values on the order of 15 dB were obtained for a
500-MHz-wide filter, in agreement with the prediction of
Eq. (4). The obtained SNR might be inadequate for some
applications, but could be well sufficient for others. For ex-
ample, LFM radar waveforms at the output of SBS-based
MWP BPFs were compressed with good sidelobe suppres-
sion [22]. Last, the LDR of the filter is limited by SBS-
ASE from below and by pump depletion from above. Note
that the measured LDR of 28 dB represents only an upper
bound, as it only relates to the process of converting an op-
tical RF-modulated sideband back to a RF waveform
through SBS processing and detection. The initial electro-
optic modulation, which is common to most MWP setups,
is an inherently nonlinear process as well, which is suscep-
tible to harmonic distortions and intermodulations [44].
However, modulation nonlinearities can be mitigated using
elaborate modulator designs [45].

The experimentally observed LDR was narrower than ex-
pected. SBS gain saturation begins when the output optical
power of an amplified signal tone of frequency νsig is about
10 dB below that of the input pump. In broadband SBS proc-
esses such as discussed here, only those spectral components
of the pump wave within ΓB ∼ 30 MHz of νsig � νB contribute
to the process. The upper limit of the experimental LDR, ob-
served at an input signal power level of −31 dBm, agrees well
with these considerations. On the other hand, the lower limit
of the LDR, which is set by SBS-ASE, was higher than ex-
pected. The optical power of SBS-ASE within the measure-
ment resolution of 3 MHz can be estimated as −70 dBm,
whereas the lower limit to the LDR was met at an input signal
power level of −59 dBm. Further work is needed to resolve
this discrepancy.

The selectivity of the filters is limited by a residual optical
carrier wave in the sideband branch of the signal wave. In the
experiments, the power of the residual carrier was suppressed
by a factor of x∼ − 30 dB relative to that of the intended car-
rier wave. The photodetected RF power of out-of-band com-
ponents scales with 4xPsig, where the factor of 4 is due to the
contribution of two modulation sidebands, while the RF
power of in-band components scales with �1∕4�jGmaxj2Psig.
For a small-signal maximum SBS power gain of 30 dB, a se-
lectivity of about 48 dB could be expected. This estimate
matches well with experiments.

Finally, we note that a high power of the input signal would
improve the output SNR, but on the other hand might also lead
to pump depletion, and hence limited gain and selectivity.
Therefore, in choosing the signal input power, a trade-off
exists between selectivity and noise considerations. This
trade-off can be expressed, at least roughly, in terms of a
figure of merit that quantifies the quality of the filter, subject
to the constraints of available pump power resources and
required bandwidth. The product of SNR multiplied by the
selectivity (denoted as SL) is given by

SNR × SL ≈
Psig

2hνcar · Fn · B
×
jGmaxj2
16 · x

; (5)

where large gain is assumed. This figure of merit is higher than
that of a corresponding scalar SBS filtering process by a factor
of 1∕�32x�, which equals approximately 15 dB in our case.

Equation (5) seems to suggest that the performance of the
filter can be improved with the use of a stronger input signal.
However, as mentioned above, the amplified signal power
PsigjGmaxj2 is restricted to a fraction D ∼ 0.1 of the pump
power that falls within the Brillouin linewidth ΓB. We may
therefore substitute

SNR × SL ≈
1

2hν · Fn · B
×

1
16 · x

× D
PpumpΓB

B

� DΓB

32hν · Fn · x
Ppump

B2 ≡ C
Ppump

B2 : (6)

This result indicates that the figure of merit of the filter
degrades quadratically with its bandwidth, and that it is re-
stricted by the available overall pump power Ppump. Given
our experimental parameters, the constant C in Eq. (6) can
be estimated as 5 · 1024, in units of �Hz2∕W�. The SNR × SL fig-
ure of merit of a 500-MHz-wide filter, with a pump power of
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21.3 dBm, for example, is expected to be 63 dB. The experi-
mentally obtained value was 58 dB.

5. CONCLUSION
In conclusion, in this work we reported a significant enhance-
ment in the response of MWP BPFs based on SBS, thoroughly
quantified their performance, and discussed their limitations.
The highly selective filters can be instrumental in all-optical
signal processing within MWP systems, such as in the separa-
tion of multiple bands in ultrawideband RoF links [46].
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