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Abstract—Flat-top sharp optical filters of gigahertz bandwidth
are realized using stimulated Brillouin scattering (SBS). Pump
chirp control of the SBS process enables versatile programming
of the filter shape and bandwidth. The operating wavelength of
the filters is tunable, and their frequency response is inherently
aperiodic. Full widths at half maximum of 1.3–2.5 GHz are
demonstrated, with a filtering selectivity up to 30 dB and an rms
ripple of 0.5–1 dB. The filters are used to convert double side-
band to single sideband (SSB) modulations for 1-GHz-wide linear-
frequency-modulated (LFM) signals of arbitrary radio-frequency
carrier. Such SSB modulation is highly instrumental for photonic
implementations of true time delay, for example, in antenna beam-
forming. The peak-side-lobe ratio of the processed LFM signal
was −32 dB; its main lobe was broadened by only 4%. The inte-
grated side-lobe ratio, which is limited by noise from spontaneous
Brillouin scattering, was better than 21 dB, which is a sufficient
value for most systems. The technique results in a large modula-
tion index and does not lead to harmonic distortions.

Index Terms—Microwave photonics, optical modulation for-
mats, optical signal processing, optical tunable filters, stimulated
Brillouin scattering (SBS).

I. INTRODUCTION

S TIMULATED Brillouin scattering (SBS) in optical fibers
is potentially a powerful mechanism for dynamic active

optical processing of both digital and analog signals. The highly
selective gain and loss spectra associated with SBS, together
with its low threshold power in standard fibers and robustness
and simplicity of operation, were found to be attractive for
numerous applications. Most notably, the use of SBS in op-
tically controlled variable group-delay setups was intensively
researched over the past two years [1]–[5]. These implemen-
tations, which are known as SBS-induced “slow light,” take
advantage of the large gradients in the optical phase response of
the probe signal in order to introduce an effective group delay.
Through proper modulation of the pump laser, the ∼30-MHz-
wide inherent usable bandwidth of SBS can be broadened, and
the extent of distortion suffered by the delayed signal may be
reduced [2], [4]–[6].
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Several-gigahertz-wide optical filters can be used for channel
selection in dense-wavelength-division-multiplexing networks
and processing of microwave-photonic signals [7]. On many oc-
casions, a near-uniform magnitude frequency response within a
well-defined passband of the optical filter is required in order
to minimize signal amplitude distortion and enhance selectivity.
Preferable features of such “flat-top” filters include tunable cen-
tral wavelength, adjustable bandwidth, and aperiodic passband.
Several technologies have been proposed and commercial-
ized in realizing these filters, including thin-film Fabry–Pérot
resonators, fiber Bragg gratings (FBGs) and Mach–Zender
interferometers, (MZIs) [8]. With all three technologies,
gigahertz-wide filters of large free spectral range are increas-
ingly difficult to implement, and bandwidth reconfiguration
is rather limited [8], [9]. On the other hand, broadened SBS
processes facilitate optical filtering with a tunable wavelength,
an inherently aperiodic response, and a built-in gain. SBS
processes were previously used in tens-of-megahertz-wide
frequency-selective optical amplifiers and filters [10], [11],
carrier suppression in analog optical links [12], and variable
phase elements in realizing delay-and-sum optical filters with
complex weights [13].

In this paper, we demonstrate and apply gigahertz-wide
optically reconfigurable flat-top optical filters using the SBS
process. The shape of the filters is obtained by controlling
the pump modulation parameters, which also determine its
bandwidth. Moreover, the functionality of the SBS setup may
be easily program-switched from magnitude filtering to that of
a variable group delay and, perhaps, other types of optical filters
as well. In a previous study [14], an external binary phase-shift-
keying modulation of the pump laser was used to obtain such
filters. The scheme required a pseudorandom bit sequence at
several gigabits per second in order to achieve a bandwidth of
several gigahertz. In this paper, we present a simpler implemen-
tation, which has the potential for more degrees of freedom,
based on a carefully synthesized direct modulation of the pump-
laser injection current. A similar modulation tailoring proce-
dure was successfully applied in broadening and increasing
the delay-bandwidth product of SBS-induced variable delay
lines [3]–[6], [15]–[19].

Following the design and characterization of the SBS-
induced flat-top filters, we demonstrate, for the first time, their
application in generating single-sideband (SSB) modulated
signals of arbitrary radio-frequency (RF) carriers. The SSB
modulation of gigahertz-wide signals is a key ingredient in
microwave photonic true time delay elements (e.g., in optical
antenna beam-forming in radar systems). In addition, we show
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that 1-GHz-wide linear-frequency-modulated (LFM) signals,
which are typical of radar systems, are successfully processed
by the proposed SBS filters.

The remainder of this paper is organized as follows. The
synthesis procedure of the pump direct modulation waveform
is described in Section II, which also extends the theoretical
background of previous experimental work [5], [20]. Measure-
ments of the flat-top filter response are shown in Section III,
followed by the application of the filter in the SSB modulation
in Section IV. The SSB modulation of LFM signals is presented
in Section V, and a discussion is given in Section VI.

II. SYNTHESIS OF PUMP DIRECT MODULATION

Let Esig,in(ωs) and Esig,out(ωs) denote the probe optical
field at the input and output of the SBS gain medium, respec-
tively, as a function of the optical frequency ωs. The input and
output fields are related by the SBS complex gain function
g(ωs) [21]

Esig,out(ωs) = Esig,in(ωs) exp [g(ωs)L/2] , (1)

where L is the fiber effective length. The real part of g(ωs)
determines the intensity gain of the probe signal, whereas the
imaginary part controls its phase response. For a continuous-
wave (CW) pump laser of optical frequency ωp0 and power Ip0,
g(ωs) is of Lorentzian shape [21]

gCW(ωs) =
g0Ip0

1 − j(ωs − ωp0 + ΩB)/γB
(2)

where g0, ΩB/2π ≈ 11 GHz, and γB/π ≈ 30 MHz denote the
line center SBS power-gain coefficient, SBS frequency shift,
and SBS frequency full width at half maximum, respectively.
When the pump wave is modulated to obtain a broadened power
spectral density Ip(ωp), gCW(ωs) is modified according to [4]

g(ωs) =
∫

g0Ip(ωp)
1 − j(ωs − ωp + ΩB)/γB

dωp. (3)

If the spectral width of the pump spectrum is much wider than
γB, the real part of g(ωs) may be approximated by

Re [g(ωs)] ∝ Ip(ωs + ΩB). (4)

The imaginary part of g(ωs) can be calculated from its real part
through the Kramers–Kronig relation [4]

Im [g(ωs)] =
2
π

∞∫
−∞

ω′
s Re [g (ω′

s)]
ω′2

s − ω2
s

dω′
s. (5)

Using (1), (4), and (5), the SBS complex frequency response of
the probe signal can be determined for a given arbitrary pump
spectrum Ip(ωp). For the implementation of a flat-top filter,
the modulation format of the pump laser should be designed
to obtain a uniform power spectrum within a frequency band of
width ∆ω and sharp transition edges.

The spectrum of the pump-laser diode is broadened and
manipulated using direct modulation of the injection current.

A direct modulation of a distributed-feedback (DFB) laser
affects its instantaneous optical frequency through three sep-
arate mechanisms: transient, adiabatic, and thermal chirp
[22], [23]. Transient chirp is associated with the mutual feed-
back of photon and carrier densities, following a step transition
of the current [24]. The typical time constants are on the order
of 100 ps, so that the transient chirp may be neglected for
direct modulation at megahertz rates used in this paper. The
adiabatic chirp describes the frequency variations ∆νa(t) that
are introduced by the current-related changes of the equilibrium
carrier density. The adiabatic-chirp contribution immediately
follows the instantaneous injection current ∆i(t)

∆νa(t) = Ca · ∆i(t), (6)

where Ca is typically on the order of 0.1–1 GHz/mA [22], [25].
The frequency variations associated with thermal chirp
∆νth(t) are proportional to the instantaneous temperature
of the laser active region, which modifies both its refractive
index and physical length [23]. The thermal chirp is slower
to evolve, and its dynamics are determined by the thermal
conductivity and capacitance of the various structural layers. In
a previous study [25], [26], a simplified semiempirical model
for the thermal chirp was established in terms of a convolution
integral, in which its impulse response hth(t) is characterized
by a weighted series of time constants τn, n = {1, . . . , N}

∆νth(t) = ∆i(t) ⊗ hth(t)

hth(t) = −
N∑

n=1

Cn,th exp (−t/τn) . (7)

For modulation rates in the megahertz range, two time
constants are sufficient to describe hth(t), with typical values
for DFB lasers at 1550 nm on the order of the following:
τ1 ∼ 10−20 ns, τ2 ∼ 100−200 ns, and Ci,th ∼ 0.1−
0.5 GHz/mA, where i = 1, 2 [25]. With prior knowledge
of the various adiabatic and thermal chirp parameters, ∆i(t)
can be designed through numerical simulations of (6) and (7)
to obtain a desired spectral dependence of Ip(ωp) [5], [26].

The current modulating function was chosen to be of
the form

∆i(t) =∆iD(t) + ∆iN (t)

=∆i·4
(

t mod T

T
−
√

t mod T

T

)
+ ∆iN (t) (8)

where ∆i and T denote the magnitude and the period of
a deterministic modulation term ∆iD(t), and ∆iN (t) repre-
sents a random modulation component of Gaussian statistics,
bandwidth BN , and rms magnitude σN . The top of Fig. 1
shows ∆iD(t), and the bottom of the figure shows the cor-
responding frequency variation ∆ν(t) = ∆νth(t) + ∆νa(t).
Although the two curves are generally similar, the thermal
chirp-induced differences are significant in tailoring a highly
flattened pump spectrum. The instantaneous optical-frequency
shift oscillates between min[∆ν(t)] and max[∆ν(t)], which
coincide with min[∆iD(t)] and max[∆iD(t)], respectively.
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Fig. 1. (Top) Deterministic component of the direct-modulation current
of the pump laser ∆iD(t) (8), ∆i = 7.6 mA, and T = 550 ns. (Center)
Corresponding relative output power. (Bottom) Simulated instantaneous op-
tical frequency variations. Ca = 0.25 GHz/mA, C1,th = 0.15 GHz/mA,
C2,th = 0.48 GHz/mA, and τ1,2 = 20, 200 ns.

Fig. 2. Simulated spectra of a DFB laser, which is modulated by ∆i(t) of
(8). ∆i = 7.6 mA, T = 550 ns, and BN = 20 MHz. σN = 0.4 mA, 0.8 mA,
1.6 mA, and 2.4 mA (in increasing the order of curve width).

As a consequence, the instantaneous optical frequency is min-
imal when the intensity of the pump laser is minimal and vice
versa (see the center of Fig. 1). In order to compensate for that
amplitude modulation imbalance, ∆iD(t) is designed to “spend
more time” in the vicinity of its minimum. The random modula-
tion term ∆iN (t) is added to further reduce the spectral fluctu-
ation of Ip(ωp) within ∆ω/2π = max[∆ν(t)] − min[∆ν(t)].
Fig. 2 shows examples of the simulated pump spectrum for
different values of σN . As shown in the figure, increasing σN

improves the spectral uniformity of the pump, at the expense
of spectral transition sharpness. Based on that tradeoff, an
intermediate value was chosen for the experiments.

The pump power spectrum was measured by beating the
modulated laser with a second CW laser on a detector and
observing the result with an RF spectrum analyzer. Fig. 3 shows
an example of the simulated and measured spectra. A uniform
power spectral density has been achieved in agreement with the
simulation. The rms variations of the power spectral density are
∼0.5 dB over a 1.5-GHz bandwidth. Fig. 4 shows examples of

Fig. 3. (Dashed) Measured and (solid) simulated spectra of a DFB laser,
which is modulated by ∆i(t) of (8). ∆i = 7.6 mA, T = 550 ns, BN =
20 MHz, and σN = 1.6 mA.

Fig. 4. Measured spectra of a DFB laser, which is modulated by
∆i(t) of (8), using different modulation parameters. For all spectra,
T = 550 ns, and BN = 20 MHz. Dotted: ∆i = 5.6 mA, and σN = 1.2 mA.
Dashed: ∆i = 7.6 mA, and σN = 1.6 mA. Solid: ∆i = 10.5 mA, and
σN = 2.3 mA.

Fig. 5. VNA measurement setup for the SBS gain and phase response.

the measured spectra for different combinations of ∆i and σN ,
illustrating the ability to control the spectral width.

III. FREQUENCY-RESPONSE MEASUREMENTS

OF FLAT-TOP FILTERS

The gain and phase responses of the SBS process were
measured using a vector network analyzer (VNA) (Fig. 5) [27].
The pump signal was that of the DFB laser of the previous sec-
tion, which was directly modulated by a properly programmed
arbitrary waveform generator and amplified by a high power
fiber amplifier. A circulator directed the pump signal into
20 km of dispersion shifted fiber (DSF). A stable tunable laser,



ZADOK et al.: GHz-WIDE OPTICALLY RECONFIGURABLE FILTERS USING STIMULATED BRILLOUIN SCATTERING 2171

Fig. 6. SBS probe power gain versus frequency using 20 km of DSF. (Bottom
to top) ∆i = 7.6 mA, T = 550 ns, BN = 20 MHz, σN = 1.6 mA, and
P = 17, 18, 19, 20, 20.5 dBm.

Fig. 7. SBS probe power gain versus frequency using 3.5 km of HNLF.
(Bottom to top) ∆i = 7.6 mA, T = 550 ns, BN = 20 MHz, σN = 1.6 mA,
and P = 17, 18, 19, 20, 20.5 dBm.

which was connected to an SSB LiNbO3 MZI modulator, was
used as a probe signal source. Using the VNA, the upshifted
modulation sideband scanned the broadened SBS gain curve
over a 2–8-GHz range, while the probe carrier frequency was
adjusted to fall below this curve. The VNA detected the beating
between carrier and sideband, and the magnitude and phase
of the RF signal with the pump turned OFF were taken as
reference values. Deviations from the reference values with the
pump turned ON represented the SBS frequency response [27].
The measurements were taken for different combinations of the
pump modulation parameters and power levels.

Fig. 6 shows the SBS probe power gain of the filter as a
function of frequency for different levels of the pump power
P . The modulation parameters were the same as those in
Fig. 3. A uniform power gain within an amplified passband is
observed as expected, with a 0.5-dB rms ripple over a 1-GHz
bandwidth. The 3- and 20-dB full widths were 1.85 and
3.6 GHz, respectively. Higher pump power levels increased
the in-band amplification, reaching 23 dB for 20.5-dBm pump
while retaining the spectral shape of the filter. Fig. 7 shows
the probe power gain obtained with the same modulation pa-
rameters, when the DSF was replaced by a 3.5-km-long highly
nonlinear fiber (HNLF). The nonlinear coefficient of the HNLF
and its loss coefficient were γ = 10.5 (W · km)−1 and α =
0.9 dB/km, respectively. The maximum gain was 30 dB, which

Fig. 8. SBS probe power gain versus frequency using 20 km of DSF. For
all curves, T = 550 ns, and BN = 20 MHz. Dotted: ∆i = 5.6 mA, σN =
1.2 mA, and P = 18 dBm. Dashed: ∆i = 7.6 mA, σN = 1.6 mA, and P =
19 dBm. Solid: ∆i = 10.5 mA, σN = 2.3 mA, and P = 20.5 dBm.

Fig. 9. (Dashed) Measured and (solid) calculated phase response of SBS-
induced filter using 20 km of DSF. ∆i = 7.6 mA, T = 550 ns, BN =
20 MHz, σN = 1.6 mA, and P = 19 dBm. Note that, following the tradition
of the filtering community, a delay τ induces a negatively sloped phase −jωsτ .

was obtained for a pump power level of 20.5 dBm. Bandwidth
adjustment is demonstrated in Fig. 8, using the combinations
of modulation parameters in Fig. 4. The full 3-dB bandwidths
were 1.3, 1.85, and 2.55 GHz.

An example of the phase response is shown in Fig. 9, together
with a calculated prediction, based on the measured gain and
the Kramers–Kronig relations (5). Although the phase response
is generally linear, some dispersion is observed, as in previous
studies [14]. The phase distortion is the result of the high
flatness and sharp spectral edges of the power gain of the filter.
Highly linear phase was achieved in broadened SBS-based
delay lines [5], at the expense of more gradual transitions of
the gain spectrum.

IV. SSB MODULATION USING FLAT-TOP SBS FILTERS

Photonic true time delays are commonly based on dispersive
elements, such as chirped FBG in conjunction with tunable
lasers [28]–[32], in which a dispersion-induced RF fading
would prohibit the use of double side-band (DSB) modulation
[29], [31]. Most implementations of SSB modulators are based
on an LiNbO3 MZI with multiple electrical input ports [33], in
which the modulation index is limited by harmonic distortion
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Fig. 10. Setup for the SSB modulation of LFM signals.

Fig. 11. Measured spectra of the probe signal, which is modulated by the
LFM pulses, TLFM = 2 µs, B = 1 GHz, and f0 = 2.4 GHz, at the output of
3.5-km HNLF. Solid: Pump ON. ∆i = 7.6 mA, T = 550 ns, BN = 20 MHz,
σN = 1.6 mA, and P = 20 dBm. Dashed: Pump OFF.

[34]. In this section, the high frequency selectivity of the SBS
filter was used to convert a gigahertz-wide, DSB modulated
optical signal into its corresponding SSB modulated format.

The setup for SSB modulation is shown in Fig. 10. The
generation of the pump signal was the same as in the previous
section. The probe laser was DSB modulated by an LFM signal
of bandwidth B = 1 GHz and duration TLFM = 2 µs (B ·
TLFM � 1), riding on an RF carrier f0

VLFM(t) ∝ cos
[
2πf0t + (πB/TLFM)t2

]
· rect(t/TLFM).

(9)

The instantaneous frequency varies linearly in between f0 ±
B/2 through the pulse duration −TLFM/2 ≤ t ≤ TLFM/2.
With a proper subsequent processing, the detected pulse can be
compressed to a temporal width of ∼1/B [35], [36], yielding
a high range resolution in a radar system while alleviating the
need for transmitting short high power pulses.

The wavelength of the probe laser was chosen so that one of
its modulation sidebands overlapped the gain band of the SBS
filter, whereas the carrier and the other sideband were outside
this frequency region. The spectrum of the probe output signal
was measured by beating it with a reference CW laser and
connecting the detected heterodyne signal to an RF spectrum
analyzer (see Fig. 10).

The probe output spectrum is shown in Fig. 11. With the
pump signal turned OFF, the probe laser is DSB modulated.

Fig. 12. Impulse response of LFM pulses, TLFM = 20 µs, B = 1 GHz,
and f0 = 5 GHz. Solid: Ideal pulse. Dashed: Simulated ideal pulse with
additive noise, and OSNR = 10 dB. Diamond symbols: Measured pulse, SSB-
modulated using SBS filter, at the output of 3.5-km HNLF. Parameters: ∆i =
7.6 mA, T = 550 ns, BN = 20 MHz, σN = 1.6 mA, and P = 19 dBm.

When the 20-dBm pump was turned ON, one sideband was
amplified by 27 dB, whereas the carrier and the other sideband
remained unaffected. The obtained probe signal became SSB-
modulated with a much higher index. Unlike the MZI-based
SSB modulators, the increase in modulation index was not
accompanied by harmonic distortion. Due to the high selectivity
of the filter, an SSB modulation was achieved, even though the
RF carrier frequency was relatively low f0 = 2.4 GHz. The
technique is suitable for an arbitrary RF carrier frequency.

The selective amplification is accompanied by noise from
spontaneous Brillouin scattering, which is also shown in
Fig. 11. The noise spectral shape and width follow those of
the filter magnitude response. Due to the high noise figure of
Brillouin amplification [37], [38], the optical signal-to-noise
ratio (OSNR) within the LFM bandwidth B was only 10 dB.
The measured OSNR corresponds to a noise figure of ∼150,
which is in agreement with the values in the literature [37], [38].

V. PROCESSING OF LFM SIGNALS

We show next that the filtered LFM signals, when properly
processed, can yield useful results, even in the presence of
the observed noise. The LFM signal was detected following
propagation in the fiber, and the resulting waveform was down-
converted to an intermediate frequency (IF) of 1 GHz and
sampled by a 4-GHz-wide real-time digital oscilloscope. The
compressed form of the sampled LFM waveform, or its impulse
response hLFM(t), was obtained by correlating with an ideal
LFM signal and filtering by an apodizing Hamming window
[35]. The RF carrier of the LFM signal was changed to f0 =
5 GHz due to the limitations of the mixer used in the down
conversion, and its duration was extended to TLFM = 20 µs in
order to improve the impulse-response quality (see Section VI).

Fig. 12 shows the compressed impulse response of the de-
tected LFM pulse, following the SSB modulation using the
SBS process parameters of the previous section. The pump
power level was 19 dBm, and the measured power gain of the
amplified sideband was 21 dB. The simulated impulse response
of an LFM pulse with an additive noise, having an OSNR of
10 dB, is provided for comparison, alongside that of an ideal
LFM pulse.
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The figures of merit of the LFM signal impulse response are
the width of its main lobe, which restricts the horizontal de-
tection resolution, the relative peak-side-lobe (PSL) ratio, and
the integrated side lobe ratio (ISLR), which is defined by [35]

ISLR =
∫

main lobe

|hLFM(t)|2 dt

/ ∫
outside main lobe

|hLFM(t)|2 dt.

(10)

The PSL ratio of the detected pulse was −32 dB, and the
−20-dB full width of the main lobe was only 4% broader than
that of an ideal pulse. The ISLR of the experimental impulse
response, which is limited by noise from spontaneous Brillouin
scattering [37], [38] was 21 dB. A similar value was obtained in
the simulation of an LFM pulse in the presence of noise having
an equal power.

VI. DISCUSSION

In this paper, the unique versatility of pump chirp control in
SBS was utilized to obtain gigahertz-wide sharp optical filters.
The operating wavelength, bandwidth, and gain selectivity of
the filters are all tunable through the choice of the pump-signal
parameters. Full 3-dB bandwidths in the range of 1.3–2.5 GHz
were demonstrated, with a selectivity up to 30 dB. In addition,
the functionality of the filter may be program-switched from
a flat-top shape to a variable group-delay line and, possibly, a
variety of other forms in future works.

The pump spectrum is controlled using a relatively slow
direct modulation (∼2 MHz), which only required a wave-
form generator operating at 100 Msamples/s in order to
induce a filter with a passband several gigahertz wide.
When the sampling rate of the generator was reduced below
100 Msamples/s, the uniformity and selectivity of the filter were
somewhat compromised. Moreover, with more powerful pump
and deeper modulation [4], even larger passbands should be
possible. Compared with an external modulation of the pump
laser [14], the direct modulation is simpler to implement. The
modulating waveform was designed using a detailed model
for the laser chirp dynamics [25], [26]. The model allows for
the synthesis of deterministic modulating waveforms, which
provide a larger number of degrees of freedom than purely
stochastic modulation, which was used in previous works [14].

A novel application of the SBS filtering process in SSB mod-
ulation of analog signals was proposed and demonstrated. An
SSB modulation of 1-GHz-wide LFM signals having arbitrary
carrier frequency was achieved, with an increased modulation
index, no harmonic distortion, low PSL, and marginal main-
lobe broadening. This SSB modulation technique is suitable for
incorporation in microwave photonic true time delay schemes
of broadband signals. The linearity of the modulation is of par-
ticular importance in the application of optical beam-forming,
since intermodulations between higher harmonics of incoming
pulses may manifest as false targets upon detection [31], [39].

Spontaneous Brillouin scattering increases the background
noise of the LFM-pulse impulse response. However, the ratio
of the peak of the compressed signal to the noise level can
be arbitrarily increased using longer pulse duration TLFM. In

some microwave applications, the ISLR is the important figure
of merit. While it does not improve with the pulse duration,
our experiment yielded a value larger than 21 dB for the
1-GHz-wide signals, which is more than adequate for most
applications.
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