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On-Chip Stimulated Brillouin Scattering to Linearize
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Abstract—Microwave photonics offers great potential for wide-
band systems, but link linearity remains limited and must be
overcome to have the dynamic range required for many appli-
cations. Here, we propose and demonstrate the linearization of a
Dual-Parallel Mach-Zehnder Modulator by frequency-selectively
controlling the phase and amplitude of the carrier utilizing a dual-
pump, narrowband stimulated Brillouin scattering scheme. Mea-
surements using a single-mode fiber and chalcogenide waveguides
on a chip are presented. As a result, a suppression of third-order
distortion terms of 27 dB is experimentally obtained, and a spurious
free dynamic range improvement of 9 dB using fiber and 4.5 dB
using a chalcogenide chip, respectively. On-chip measurements
enable the possibility of a fully integrated system, significantly
reducing the overall footprint.

Index Terms—Brillouin scattering, integrated optics, lineari-
zation, microwave photonics, nonlinear optics.

I. INTRODUCTION

M ICROWAVE photonic links (MPLs) are broadly used in
applications such as radar systems, wireless communi-

cations, and satellite links [1], [2]. These systems exploit the
inherent advantages of photonics, including wide bandwidth,
immunity to electromagnetic interference, and low propagation
loss in optical waveguides [3]. However, one of the primary
limitations of MPLs lies in their susceptibility to non-linear
distortions, which degrade signal quality and overall system
performance [4]. Among these distortions, third-order intermod-
ulation distortion (IMD3) terms are especially problematic, as
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they can interfere with the desired signal and reduce the spurious
free dynamic range (SFDR) of the system. The electro-optic
modulator, a critical component of MPLs, is often the dominant
source of IMD3 terms, making its linearization a key focus for
performance improvement.

Various strategies have been developed to address the chal-
lenges of non-linear distortions in MPLs, ranging from advanced
modulation schemes to optical signal processing techniques [5],
[6]. Early efforts focused on employing additional electro-optic
modulators, arranged in series or parallel, to generate comple-
mentary IMD3 terms, which could cancel the distortions intro-
duced by the primary modulator at the photodetector (PD) [7].
Another effective technique involves optical spectrum process-
ing, where the optical carrier band (OCB) and optical sidebands
(OSB) are selectively tuned to suppress IMD3 terms [8], [9].
Initially demonstrated for intensity modulation, this method
showed that applying a phase shift to the optical carrier could
suppress IMD3 terms in standard MZMs. Later developments
extended the approach to phase modulators (PMs), which offer
advantages such as lower loss and simplicity but require more
intricate optical spectrum processing to manage both phase and
amplitude of the sidebands.

More complex modulators such as Dual-Parallel Mach-
Zenhder Modulator (DPMZMs) have been studied for lineariza-
tion. The techniques include optimizing the power balance be-
tween electrical drive signals [10], fine-tuning input and output
optical splitting ratios [11], and adjusting the operating points of
single-drive configurations [12]. Additional techniques involve
active control of the RF input through carefully designed electri-
cal phase shifters [13], leveraging complementary IMD3 terms
within individual modulators [14] or using secondary DPMZMs
arranged in polarization-multiplexed configurations [15]. Lastly,
combining a DPMZM and optical processing techniques is
another way to address the challenge posed by IMD3 terms and
improve the MPL linearity [16]. This method aims to enhance
linearity by selectively manipulating the amplitude and phase
of the optical carrier. However, this technique has stringent
requirements for the optical processing function, i.e. it needs
to be narrowband to affect only the optical carrier and not
the sidebands and needs to be able to control amplitude and
phase. Programmable filters used to manipulate the amplitude
and phase of the carrier are bulky systems and have a mini-
mum bandwidth of 10 GHz, which limits the lower modulation
frequencies that are close to the carrier. Furthermore, optical
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Fig. 1. (a) Schematic of the presented MPL using optical SBS spectrum processing for the linearization of a DPMZM. (b) Conceptual illustration of a chip-scale
integrated SBS processor for a DPMZM linearization. PC, polarization controller; MZM, Mach-Zehnder modulator; DPMZM, dual-parallel Mach-Zehnder
modulator; EDFA, erbium-doper fiber amplifier; PD, photodetector.

processing would ideally be achieved on a photonic chip to
reduce overall space, cost, and power consumption.

Stimulated Brillouin Scattering (SBS) is ideal for this optical
processing application due to its extremely narrow linewidth
(around 30 MHz) [17], [18] and compatibility with chip-scale in-
tegration [19], [20]. SBS manifests itself as narrow gain and loss
resonances when an optical pump wave is counter-propagated
to an optical signal wave in a highly nonlinear waveguide [21].
By using two pump waves, the gain and loss resonances can be
combined to precisely control the phase and amplitude of the
optical carrier, enabling gain-transparent phase shifting. Initial
demonstrations of this technique were performed in optical
fibers [22], [23], and recent advancements have successfully
implemented it using photonic chips [24].

In this work, we demonstrate the linearization of a DPMZM
using SBS-based optical carrier processing, first induced by
4.46 km long single-mode fiber (SMF) spool, and then on a
photonic chip with a 11.7 cm long chalcogenide waveguide. Us-
ing two individual counter-propagating pumps enables precise
control of the amplitude and phase of the carrier via the induced
SBS response. In the experimental results section, measurements
for linearization effect over a 10 GHz bandwidth are shown,
from around 2 GHz to 12 GHz, suppressing the IMD3 terms
by over 25 dB, and measured SFDRs of up to 93.5 dB· Hz2/3

and 88.13 dB· Hz2/3 in optical fiber and the chip, respectively.
The paper is outlined as follows: Section II introduces the
theoretical operation principle of the technique used, Section III
presents experimental results, first in fiber and then in a photonic
chip, and finally Section IV provides some conclusions and
discussion.

II. OPERATION PRINCIPLE

The proposed MPL is shown in Fig. 1(a). It is composed of
a DPMZM, where the MZMs in both arms are in a push-pull
configuration. After modulation of the optical signal, we will
use two SBS responses (pump 1 and pump 2) for processing the
amplitude and phase of the optical carrier. For this modulation,
we can find a pair of amplitude and phase values that, applied
in the carrier band, will linearize the MPL upon photodetec-
tion. Fig. 1(b) shows a conceptual illustration of a chip-scale
integrated SBS processor for this application, including a het-
erogeneous integration of an As 2 S3 waveguide and other

components such as modulators and tunable filters. This fully
integrated system perfectly defines the long-term objective of
this work, which aims to demonstrate that the use of Brillouin
scattering can be useful to linearize a DPMZM, thus integrating
the complete microwave photonic link. For the demonstrations,
discrete elements and an integrated As2S3 waveguide have been
used.

SBS is an optical nonlinearity that has gained interest for use in
integrated MWP filters with fine spectral resolution [25]. This ef-
fect, driven by a third-order nonlinear acousto-optic interaction,
features a narrow optical resonance linewidth (tens of MHz) due
to the long phonon lifetime. SBS offers high spectral resolution
and operates without a free spectral range (FSR), enabling a
wide operational range. Additionally, the thermal stability of the
Brillouin frequency shift can be much better than in a microring
resonator (MRR).

The application of SBS as a phase-shifting mechanism [22],
relies on counter-propagating a single sideband (SSB) modu-
lated signal with two pump waves, where frequencies of the two
pumps are symmetrically up and down-shifted with respect to
the carrier frequency, close to the Brillouin frequency shift ΩB .
This results in a gain-transparent phase shift, as the two pumps
are symmetric in frequency and power. The pump located at the
left of the carrier will induce a loss response, while the pump
located to the right of the carrier will induce a gain response on
the carrier. Since the distance between the carrier and each pump
is the same, and they have also the same power, the amplitudes
of the loss and gain responses will have exactly the same transfer
functions but with opposite signs, so they will counteract each
other. In the case of the phase of each response, being contrary,
they will add together resulting in a greater phase shift on the
carrier.

The technique we apply, shown in Fig. 2(a), is based on the one
mentioned above, but we use non-symmetrical pumps. Pump 1
acts as an SBS Stokes wave, and induces a loss resonance on
the carrier, while Pump 2 acts as an SBS pump wave, inducing
a gain resonance on the carrier. In this case, each pump will
have a different frequency offset from the carrier, Ω1 and Ω2,
and also different pump powers. This asymmetry results in the
total amplitude response depending on the strength of the gain
or loss induced by each pump, and a phase that will be the sum
of the phases of the two SBS responses. In this way, by adjusting
the frequency and power of each pump separately, we get more
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Fig. 2. (a) Operation principle for the SBS-based linearization method. (b) Optical spectrum after processing. (c) Simulated RF spectrum before and after
linearization.

degrees of freedom to achieve the amplitude and phase shift
needed to process the optical carrier.

SBS can be described in terms of its frequency response
|HSBS(Δω)|ej∠HSBS with

|HSBS(Δω)| = exp

[
G

2

(ΓB/2)
2

Δω2 + (ΓB/2)2

]
(1)

∠HSBS(Δω) = −G

2
ΓB

Δω/2

Δω2 + (ΓB/2)2
(2)

where ΓB is the Brillouin linewidth and the G parameter is
proportional to the SBS pump power as following

G =
gB

Aao
PpLeff = GBPpLeff, (3)

where gB is the Brillouin gain coefficient in m/W (or GB in m −1

W−1),Aao is the acousto-optic effective area, andPp is the pump
power. Lastly, Leff = (1− e−αMLM)/αM is the effective length
of the medium where SBS takes place, αM is the attenuation
coefficient of the medium and LM is the medium length. Values
of G > 0 corresponds to SBS gain centered at frequency Ωp −
ΩB, while G < 0 corresponds to SBS loss centred at frequency
Ωp +ΩB.

For simplicity in the equations, we use Aejα as the amplitude
and phase of both SBS responses that are applied to the carrier.

In the proposed scheme in Fig. 1, we consider that both MZMs
are modulated with a two-tone signal with angular frequencies
ω1 and ω2 and amplitude VRF, expressed as

Vin(t) = VRF(sinω1t+ sinω2t). (4)

We can define the optical field at the output of a MZM as follows

EMZMi
(t) = Ein(t)

[
ejφiej

πVin(t)
Vπ + e−j

πVin(t)
Vπ

]
, (5)

where m is the modulation index, φi is the bias point of each
MZM and Ein(t) =

√
Pine

jωct. Pin and ωc correspond to the
power and frequency of the optical carrier. Then, the output

optical field of the DPMZM Eout(t) after the 3 dB coupler, is
defined as

Eout(t) =

√
2

2

[
ejφ3EMZM1

(t) + EMZM2
(t)

]
(6)

being MZM1 and MZM2 the upper and lower Mach-Zehnder
of the DPMZM and φ3 is the phase induced by the third bias.
Using the Jacobi-Anger expansion, we can develop (4) with

ejm sin(ω1t) =

+∞∑
n=−∞

Jn(m)ejnω1t

ejm sin(ω2t) =

+∞∑
k=−∞

Jk(m)ejkω2t

e−jm sin(ω1t) =

+∞∑
n=−∞

(−1)nJn(m)ejnω1t

e−jm sin(ω2t) =

+∞∑
k=−∞

(−1)kJk(m)ejkω2t (7)

where Jn(m) refers to the n-th Bessel function of the first
kind. The power of higher-order sidebands is quite small with a
small RF input signal, so we only consider zero to second-order
sidebands.

The output optical spectrum of the DPMZM is illustrated in
Fig. 2(b), including the OCB, the ±1 OSB and the ±2 OSB.
There are three pairs of main contributors to the IMD3. The first
one is the beating of the optical carrier ωc and ωc ± (2ω1,2 −
ω2,1). The second one is the beating between ±1 OSB of ωc ±
ω1,2 and ±2 OSB of ωc ± 2ω1,2. The third beating product is
betweenωc ± (ω1,2 − ω2,1) andωc ± ω1,2. The sum of the three
beating products is the main part of the IMD3 terms.

Writing (4) as EMZMi
(t) = Ein(t)[e

jφiS+(t) + S−(t)] and
considering only zero to second order sidebands, S+(t) and
S−(t) after processing by the SBS response can be expressed
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as

S±(t) = AejαJ0(m)J0(m)

+AejαJ−1(m)J1(m)
[
e−j(ω1−ω2)t + ej(ω1−ω2)t

]

± J0(m)J1(m)
(
ejω1t + ejω2t

)

± J−1(m)J2(m)
[
ej(2ω1−ω2)t + e−j(ω1−2ω2)t

]

± J−1(m)J0(m)
(
e−jω1t + e−jω2t

)

± J−2(m)J1(m)
[
e−j(2ω1−ω2)t + ej(ω1−2ω2)t

]

+ J0(m)J2(m)
(
ej2ω1t + ej2ω2t

)
+ J1(m)J1(m)ej(ω1+ω2)t

+ J−2(m)J0(m)
(
e−j2ω1t + e−j2ω2t

)
+ J−1(m)J−1(m)e−j(ω1+ω2)t, (8)

where Aejα is the amplitude and phase of the combination of
the SBS gain and loss response applied to the OCB.

By using Taylor series expansion to the third order in m, the
output photo-current of the photodetector, can be written as

IPD(t) = RPD|Eout(t)|2

= I1 sin (ω1,2t) + I3 sin (2ω1,2t− ω2,1t), (9)

where RPD is the responsivity of the photodetector and I1 and
I3 are the coefficients for fundamental and IMD3 frequencies,
respectively. After small signal approximation and using φ1 =
φ2 = π/2 and φ3 = 0 for the for the biases of the DPMZM, we
can write both coefficients as

I1 = − 8
√
2mRPDPinA cosα, (10)

I3 =
√
2m3RPDPin (1 + 3A cosα) . (11)

From (10) shows that the IMD3 terms can be canceled by finding
an amplitude A and a phase α applied to the OCB that satisfy
1 + 3A cosα = 0. Note that under that condition the amplitude
of the fundamental tones I1 drops by 4.77 dB as A cosα = 1/3
in (9).

To verify the theoretical results, we simulated the MPL with
a gain of A = 5 dB and a phase shift of α = 96◦ applied to the
OCB, so the SBS gain is considered to linearize the response. For
simulation, we used an input optical power Pin = 15 dBm, an
input RF power PRF = 5 dBm, an RF half-wave voltage Vπ =
4 V, the responsivity of the photodetector RPD = 0.45 A/W and
link losses ofL = 15 dB. Fig. 2(c) shows the RF spectrum before
linearization, where we obtain a 25.1 dB power ratio between
fundamental and IMD3 tones. After linearization, we observe
that the IMD3 components are suppressed by 44.9 dB, with a
small reduction in the fundamental tones.

In a real scenario, the amplitude and phase may vary which
makes it challenging to find the exact combination of values for
the SBS processing. Fig. 3 shows the solution values between
0 and 1 for condition 1 + 3A cosα. We can see that we can
have a couple of degrees of error considering that values around
zero still greatly reduce the IMD3 components. Additionally, to

Fig. 3. Solutions in the range [0,1] for the multiplying factor in the IMD3
coefficient for different values of the amplitude and phase applied to the optical
carrier.

achieve greater control of this system, a single laser source is
needed for both pump and probe sides to prevent relative drift,
along with precise control over sideband position and power
using tunable radio frequency sources.

III. EXPERIMENTAL RESULTS

A. Single-Mode Fiber Experiment

The first demonstration was conducted using a single mode
fiber (SMF) spool as a medium to generate the SBS response.
The setup is shown in Fig. 4(a). A tunable DFB semiconductor
laser diode (TeraXion PureSpectrum LM) was used, operating
at 1550 nm with an output power of 18 dBm. A 3-dB coupler
was used to split the laser power between the two branches of
the setup. The upper branch generates a dual sideband modu-
lation with the DPMZM (Sumitomo T· SBXH1.5.20PD-ADC),
amplified by an erbium-doped fiber amplifier (EDFA1) before
being transmitted through the fiber. The lower branch generates
Pumps 1 and 2, by splitting the branch into two parallel paths
with an MZM (Covega) in each arm, driven by separate signal
generators (SG1 and SG2). The MZM outputs are filtered by
optical bandpass filters (OBPF, Yenista XTM-50, and Alnair
Labs BVF-300CL) to isolate single sidebands, creating RF
tones that act as pumps. Both resulting tones are combined and
amplified before counter-propagating through the fiber or the
chip with the modulated carrier. Then, the output signal from
the fiber, that is, the processed signal with the SBS responses, is
photodetected.

Before linearizing the two-tone signal, we characterized the
SBS responses using pumps driven by SG1 and SG2 to obtain
a filter with the same features as we did for the simulation. In
this case, the goal is to achieve around 5 dB gain and 96◦ degree
phase shift to the carrier. To do so, we used the DPMZM as a
single sideband (SSB) generator and a vector network analyzer
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Fig. 4. (a) Experimental setup for the fiber experiment. (b) Measurement of the
SBS gain and loss amplitude response and the combination of both applied for
linearization. (c) Measurement of the SBS gain and loss phase response and the
total phase applied for linearization. PC, polarization controller; DPMZM, dual-
parallel Mach-Zehnder modulator; MZM, Mach-Zehnder modulator; SG, signal
generator; EDFA, erbium-doped fiber amplifier; OBPF, optical band-pass filter;
SMF, single-mode fiber; PD, photodetector; ESA, electrical spectrum analyzer.

(VNA) to measure the frequency response generated in the SMF.
Fig. 4(b) and (c) show the measured SBS amplitude and phase
responses generated by each pump, and the resulting response
when both pumps are applied. The frequency and power of the
two SBS pumps were exclusively controlled through the RF
signal generators (SG). The signal generator used for the gain
response was set to a frequency of 10.869 GHz with a 6.2 dBm
pump power launched into the fiber. This power is measured
right at the fiber input. For the loss response, the pump frequency
was adjusted to 10.845 GHz with 3.8 dBm pump power. The fiber
parameters are LM = 4.46 km, αM = 0.2 dB/cm, gB = 2.0×
10−11 m/W and Aao ≈ 78 μm2. Using the same carrier laser
to generate both the pump and probe signals ensures that any
drift in the laser wavelength affects both equally, significantly
improving system stability.

Once we know the necessary parameters for achieving the
desired gain and phase shift at the pump side, the linearization
experiment is performed to verify the proposed method, based on
the schematic in Fig. 4(a). Here we demonstrate the lineariza-
tion of a DPMZM at two different RF frequencies 12 GHz
and 2 GHz. In the first case, a two-tone signal with a central
frequency of 12.53 GHz and a tone separation 100 MHz is gener-
ated by signal generators (HP 8673H SSG) and used to drive the
DPMZM. For the second case, we used a central frequency of
2.05 GHz to demonstrate the operation at very low frequencies.
In this system, the lower frequency limit (1.7 GHz) is set by the
coupler used for feeding the RF signals, while the upper fre-
quency limit (21.738 GHz) is due to the loss response generated
by Pump 2 at 10.869 GHz. The processed optical signal by the

Fig. 5. (a) Measured electrical spectrum without linearization. (b) Linearized
spectrum at 12.52 and (c) 2.05 GHz using fiber. (d) Measured SFDR of the MPL
without and with linearization at 12.52 and (e) 2.05 GHz using fiber.

previous SBS response is then sent to a photodetector (Finisar
HPDV2120R) and measured in an electric spectrum analyzer
(ESA). The previous technique [16] was limited to a minimum
modulation frequency of 5 GHz due to the wide bandwidth of
the optical spectral shaper used. This method allows modulation
at lower frequencies as the Brillouin linewidth is ΓB ≈ 60 MHz.

The measured spectrum without the SBS processing is shown
in Fig. 5(a), i.e., with SG1 and SG2 turned off. Results of
linearized power spectra are shown in Fig. 5(b) and (c) at 12.53
and 2.05 GHz respectively, showing a suppression of 27 dB in
both frequency bands compared to the unprocessed spectrum.
SFDR measurements are shown in Fig. 5(d) and (e) for both
frequencies, where we achieve values of 93.5 and 92 dB· Hz2/3.
This means an improvement of around 9 dB.

B. Chalcogenide Chip Experiment

We then replaced the fiber with a 11.7-cm-long chalcogenide
(As 2 S3) spiral rib waveguide, with a cross-section of 2.6 μm
× 960 nm, 33% etch depth, and 0.4 dB/cm propagation loss.
Vertical tapers were used to transition from the chalcogenide
waveguide to Germanosilicate waveguides at both ends of the
chip; these Germanosilicate waveguides minimize the refractive
index mismatch between the chip and optical fiber and reduce
the backreflection [26]. Whereas the waveguide is optically
multi-moded, we ensure that light is coupled into the quasitrans-
verse electric (TE) mode by minimizing the overall loss. The
acoustic mode is guided in the waveguide core via total internal
reflection due to a contrast in the acoustic impedance. The light
was coupled into the chip using ultra-high numerical aperture
(UHNA-3) fiber, with index matching fluid between the fiber
and chip interface to maximize coupling efficiency and further
reduce back-reflection.
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TABLE I
PERFORMANCE COMPARISON WITH THE STATE-OF-THE-ART LINEARIZATION TECHNIQUES USING OPTICAL PROCESSING

Fig. 6. (a) Experimental setup for the on-chip SBS linearization experiment. (b) Photo of the chalcogenide chip mounted on a coupling stage with a zoom-in on
the spiral rib waveguides. PC, polarization controller; DPMZM, dual-parallel Mach-Zehnder modulator; MZM, Mach-Zehnder modulator; SG, signal generator;
EDFA, erbium-doped fiber amplifier; OBPF, optical band-pass filter; SMF, single-mode fiber; PD, photodetector; ESA, electrical spectrum analyzer.

Fig. 7. (a) Measurement of the on-chip SBS gain and loss amplitude response
and the combination of both applied for linearization. (b) Measurement of
the on-chip SBS gain and loss phase response and the total phase applied for
linearization.

The setup used is shown in Fig. 6(a) and (b) shows detailed
photographs of the chip layout (which contains spirals with
different lengths) and the coupling station used for the mea-
surements.

For the chalcogenide chip, the Brillouin frequency shift is
ΩB = 7.72 GHz. Fig. 7(a) and (b) show the characterized SBS
responses in amplitude and phase. In this case, we can achieve
around 4.5 dB gain and 92° phase shift due to the higher losses
of the chip. The signal generator used for the gain response
was set to a frequency of 7.738 GHz with a 30.4 dBm pump
power launched into the facet of the waveguide. For the loss
response, the pump frequency was adjusted to 7.69 GHz with
28.2 dBm pump power. The waveguide parameters are LM =
11.7 cm, αM = 0.2 dB/cm and GB = 344 m −1 W−1.

Very similar suppression values are obtained in the chip,
shown in Fig. 8(a) and (b). Total insertion losses of the chip
are 11.5 dB, resulting in a higher noise floor due to the need

Fig. 8. (a) Linearized spectrum at 12.52 and (b) 2.05 GHz using the chalco-
genide (ch.) chip. (c) Measured SFDR of the MPL without and with linearization
at 12.52 and (d) 2.05 GHz the ch. chip.

for additional amplification to compensate for the loss. SFDR
measurements are shown in Fig. 8(c) and (d), with improvements
of around 4.5 dB and SFDR values of 88.13 and 87.71 dB·Hz2/3.

IV. CONCLUSION

Our results, showing more than 25 dB suppression of IMD3
components, demonstrate the possibility of linearizing the re-
sponse of a DPMZM using SBS as a very narrow response for
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processing the optical carrier only, and hence allowing for the
sidebands to be close to the carrier. Furthermore, our measure-
ments using a chalcogenide chip are an important step toward
fully integrating the system into a single chip, further reducing
losses and footprint [27], and improving the received power and
noise floor level, and hence SFDR.

Compared to other similar approaches (Table I), our results in
terms of IMD3 suppression show the best result for a DPMZM
using optical processing, and similar results to some performed
for phase modulation. Regarding SFDR, we obtain low values
compared to the rest of the works due to the link performance, but
we obtain good values in terms of total improvement, compared
with some of the on-chip processing demonstrations.

Brillouin-based photonic processing for MWP faces persis-
tent challenges, primarily due to amplification noise that signif-
icantly degrades the signal. Developing low-noise or noise-free
Brillouin signal processing remains a fundamental goal. Efforts
have been made to investigate the integration of SBS onto
CMOS-compatible silicon platforms, showing a phase shifter
directly in a suspended silicon waveguide, which together with
the availability of silicon modulators could be the basis of a
monolithic approach [28]. While this strategy shows promise,
silicon faces inherent limitations, such as suboptimal electro-
optic modulator performance and nonlinear absorption, which
restrict its effectiveness in certain applications. Recent demon-
strations of SBS in other platforms like lithium niobate [29],
thin-film lithium niobate [30] or silicon nitride [31], with supe-
rior acousto-optic coupling and electromechanical transduction
efficiency, as well as the heterogeneous integration of chalco-
genide glasses like As2S3 [18], offer promising pathways.
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