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ABSTRACT

Stimulated Brillouin scattering (SBS) offers optically tunable, narrowband gain and loss resonances, which makes it ideal for optical filtering
and signal processing applications. However, broadband filters utilizing Brillouin scattering typically necessitate multiple pump sources or
linear frequency modulated waveforms, which necessitate the use of overall high pump powers to achieve broadband and multi-band filter
configurations. To overcome the trade-off between bandwidth and power consumption, we introduce an on-chip broadband bandpass filter
scheme leveraging the SBS response and the concept of radio frequency interference. We present the MHz to GHz reconfigurable microwave
photonic filters on a chip. The bandwidth is tunable from 30 MHz to 1.2 GHz at a total pump power of only 15 dBm, corresponding to a
figure of merit (maximum bandwidth/pump power) improvement of a factor of 25 compared to previously reported work. Furthermore, the
filter exhibits frequency tuning capabilities ranging from 10 to 40 GHz (X to Ka-band) and can be configured from single- to multi-bandpass
filter responses and switched from bandpass to bandstop.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0236905

I. INTRODUCTION (YIG) filters offer extensive tuning capabilities, but their large size
prohibits use in applications where size, weight, and power (SWaP)

Radio frequency (RF) filters are essential for maintaining sig- are critical.”"

9%:81:2Z G20z AInF 82

nal integrity in microwave and RF systems. They effectively elim-
inate unwanted signals, preserving the desired signals, which is
key for various applications such as modern communication, sig-
nal processing, the Internet of Things (IoTs), radio astronomy,
and radar.' ” Conventional RF filters using surface acoustic waves
(SAWSs) are compact but face limitations at higher frequencies and
with bandwidth tunability. For example, SAW filters experience
notable attenuation beyond 3.5 GHz.°” In contrast, bulk acoustic
wave filters can operate at X-band frequencies® but face fabrication
challenges to extend their operation into millimeter-wave bands,
as well as bandwidth tunability limited to MHz. Yttrium iron garnet

APL Photon. 10, 010803 (2025); doi: 10.1063/5.0236905
© Author(s) 2025

Microwave photonic (MWP) filters represent a new approach
to tackling the challenges of bandwidth reconfigurability, fre-
quency tuning, and SWaP performance in traditional RF filter sys-
tems. They harness the advantages of photonic components, which
offer superior reconfigurability, broad tunability, and immunity to
electromagnetic interference (EMI).' "'

Notably, most advanced MWP filters rely on large, costly fiber-
optic components that are vulnerable to external distortions such
as vibrations and temperature changes, making them unsuitable
for small SWaP applications. To rival state-of-the-art RF filters,
recent advancements in photonic integrated circuits (PICs), which

10, 010803-1


https://pubs.aip.org/aip/app
https://doi.org/10.1063/5.0236905
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0236905
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0236905&domain=pdf&date_stamp=2025-January-27
https://doi.org/10.1063/5.0236905
https://orcid.org/0000-0002-4849-4172
https://orcid.org/0000-0002-1807-859X
https://orcid.org/0000-0001-8128-2780
https://orcid.org/0000-0002-5339-3085
https://orcid.org/0000-0003-3146-285X
https://orcid.org/0000-0003-4921-9727
https://orcid.org/0000-0002-9999-4038
https://orcid.org/0000-0002-5558-2592
mailto:Reena.Parihar@ee.iitd.ac.in
https://doi.org/10.1063/5.0236905

encompass processing, modulation, and photodetection within
compact footprints, have made it feasible to develop fully integrated
MWP (IMWP) chips, meeting the stringent requirements of modern
microwave systems. '

While IMWP filters have made significant strides in design and
development, achieving high extinction ratios, challenges remain
in improving resolution and thermal stability for RF sensing and
communications.'”'” For example, integrated optical microring res-
onators (MRRs) are commonly used to create compact on-chip
MWP filters that can adjust both amplitude and phase responses.'
However, these MRR-based MWP filters typically have a 3-dB band-
width of around sub-GHz,'® with a recent demonstration pushing
toward 360 MHz'"? limited by waveguide losses."* " They are also
more sensitive to temperature variations and changes in input sig-
nal power caused by the thermo-optic coefficient,”>”” and their
operational range is constrained by their free-spectral range (FSR).

MWP filters implemented using optically tapped delay lines
offer significant flexibility in tuning RF responses. However, their
ability to resolve spectra is restricted to the GHz range because of the
complex control required over the amplitude and phase of numer-
ous optical filter taps,”** and the passband-to-stopband extinction
ratio is not very high. For example, these MWP filters employ optical
comb generation, where each comb line undergoes further process-
ing on a photonics chip, but their 3-dB bandwidth is constrained to
MHz owing to the finite number of optical comb lines available.”
Similar to MRR-based MWP filters, those utilizing optically tapped
delay lines also face limitations in the operational frequency range
due to their periodic response.

To achieve high-resolution signal processing, the well-known
nonlinear optical effect stimulated Brillouin scattering (SBS) has gar-
nered renewed interest for its potential use in IMWP filters due
to their high spectral resolution following the initial demonstra-
tion of SBS in a photonic.”” SBS relies on a third-order nonlinear

Magnitud ...............................
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acousto-optic interaction,” * resulting in an exceptionally narrow
optical resonant linewidth, typically around 10 MHz, limited by the
acoustic phonon lifetime in the material. Unlike other methods, SBS
does not suffer from FSR limitations, allowing for flexibility in the
operational frequency range of the resulting MWP system. In addi-
tion, SBS in media such as optical fibers exhibits superior thermal
stability in the Brillouin frequency shift compared to MRRs, as it is
optically induced compared to relying on the structural resonance,
offering advantages such as tunability and stability during MWP
filter processing.”*’

To date, a maximum Brillouin gain of 52 dB has been achieved
in As;S; rib waveguides over centimeter scales.’’ Achieving band-
width or multi-bandpass filters with SBS-based filters is difficult
and necessitates specialized RF input waveforms, such as LFM
waveforms,” or multiple gain pumps,” introducing complexity
and reducing the power efficiency of systems, thereby limiting the
tunability of the filter bandwidth.

In this work, we present an experimental investigation of a
broadband tunable filter based on an As;S; chalcogenide chip.*
This filter achieves wide bandpass filtering capabilities by utiliz-
ing the SBS phase response generated from a single low-loss pump
and gain pump coupled with RF interferometry. The filters demon-
strated in our study exhibit reconfigurable bandwidth capabilities
spanning over 5 octaves: 30 MHz to >1 GHz, with frequency agility
ranging from 10 to 40 GHz, and can be switched from bandpass
(BPF) and bandstop (BSF) filter responses. In comparison to pre-
viously reported filters,” our design improves bandwidth by a factor
of ~3 and reduces power consumption by a factor of ~8. These
advancements signify a significant improvement in the figure of
merit (FOM), defined as the ratio of the bandwidth to the total SBS
pump power by a factor of 25 times compared to the work previously
reported.”” This improvement leverages low-power Brillouin func-
tionalities for next-generation communication systems and opens
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FIG. 1. Schematic of proposed on-chip broadband bandpass filter. (a) The output of the laser used as a probe signal, (b) the output of the programmable filter, (c) the pump
signal input at the circulator’s first port, (d) SBS Stokes and anti-Stokes response applied on the upper sideband after the pump—probe interaction, and (e) the output of the
photodetector. PM: phase modulator; P1 and P2 are pump 1 and pump 2, respectively; and Ax: separation between the peak SBS gain and loss applied on the USB.

APL Photon. 10, 010803 (2025); doi: 10.1063/5.0236905
© Author(s) 2025

10, 010803-2

9%:81:2Z G20z AInF 82


https://pubs.aip.org/aip/app

up opportunities for integrating compact RF functionalities through
hybrid photonic technologies.

Il. PRINCIPLE OF OPERATION

The proposed broadband on-chip microwave photonic band-
pass filter is achieved by cascading a phase modulator with a pro-
grammable optical filter to produce the probe signal. This probe sig-
nal subsequently interacts with the counter-propagating SBS Stokes
and anti-Stokes pump signals.”> The SBS gain and loss responses are
applied on the upper sideband (USB) of the phase-modulated signal.
Before the SBS interaction, the output of the phase-modulated signal
is passed through a programmable optical filter (POF), which is the
Finisar Waveshaper 10004, to alter the amplitude and phase of the
lower sideband (LSB) such that it forms a passband in between the
region (marked by Ax) of Stokes and anti-Stokes response as shown
in Fig. 1 (point d). Here, Ax represents the separation between the
peak SBS gain and loss applied on the USB of the modulated link.
The same effect can be realized by replacing the phase modulator
and POF with a dual parallel Mach-Zehnder modulator (DPMZM)
to vary the amplitude and phase of the lower sideband by precisely
controlling the DC bias applied to DPMZM.

Figure 1 illustrates the principle of operation diagram of the
proposed on-chip broadband filter utilizing stimulated Brillouin
scattering. In this setup, the optical carrier frequency w, is generated
using a probe laser, as shown in Fig. 1 (point a), which undergoes
phase modulation by an RF signal at frequency wgrr. This modulation
generates two sidebands that are equal in amplitude but have a phase
difference of m, which results in a DC signal after beating at the pho-
todiode. However, by introducing a phase shift or amplitude offset
to either or both sidebands, this cancellation condition can be dis-
rupted, as shown in Fig. 1 (point b). At point ¢, pump 1 and pump 2
are generated using a pump laser source passed through an intensity
modulator operated at double sideband suppressed carrier mode. At
point d, the individual gain/loss and corresponding phase charac-
teristics are applied to the upper sideband (USB) with a separation
delta x (Ax). A negative phase region is observed between the Stokes
and the anti-Stokes regions, based on the Kramers—-Kronig relation.
This introduces a phase difference between the two sidebands that
is not equal to m while maintaining nearly equal amplitudes. The
filter response can be observed at the output of the photodetector
(e-point).

Furthermore, applying a positive phase deviation to the lower
sideband of the phase-modulated link prevents cancellation in the
central region because the phase difference between the sidebands is
now less than n. Conversely, the phase difference in the regions to
the left of the anti-Stokes region and to the right of the Stokes region
remains nearly 7, ensuring effective cancellation. The filter’s magni-
tude and phase response obtained after photodetection are presented
in Fig. 1 at pointe.

The mathematical analysis of the filter response has been pre-
sented in the Appendix. The bandpass filter response is observed on
a vector network analyzer (VNA) when the input RF frequency fed
to the phase modulator is swept around wgr. The phase term ¢, is
completely controlled by the magnitude of the SBS gain and the loss
pump and the spacing between both the pumps. ¢, ¢, is applied on
the lower sideband of the phase-modulated signal and is completely
controlled by the POF depending on the desired type of magnitude
response at the VNA.

To analyze the filter passband and stopband response,
Eq. (A10) in the Appendix (mathematical analysis) can be used.
When the value of Gusp (the overall magnitude response due to
the SBS gain and loss pump imparted on USB of the phase modu-
lated link) approaches unity within the passband (marked by “Ax” in
Fig. 1), at the same time, the corresponding SBS phase response ¢,
imparted within the passband of USB causes a negative phase shift,
while the phase on the lower sideband ¢, ¢, is positive. This results
in an offset in the amplitudes of the cosine waves, which violates the
cancellation/destructive interference condition.

Similarly, at the stopbands on the blue shift of the SBS gain
response and the redshift of the SBS loss response, Gusz remains
close to unity. Although the phase of the cosine component ¢4,
on the upper sideband is slightly positive. The negative cosine term
exhibits a little positive phase, resulting in effective cancellation,
hence creating a bandstop for all frequencies.

Due to an offset in the magnitude and phase response cre-
ated by the individual SBS gain and loss response, the magnitude
response near the passband edge is greater than that observed within
the passband. It has been noted that the phase response of the filter
is flat in the passband due to the SBS phase response ¢, being flat
in the passband of USB, as well as the phase response imparted on
LSB ¢, ¢ which is also constant.

Figure 2(a) shows the simulated results obtained for the recon-
figurable bandpass filter by varying the pump frequency. The filter
can be switched from bandpass to bandstop by altering the gain and

)

a) 1200 ;/\/\r_

FIG. 2. Simulated (a) broadband recon-
figurable BPF response by tuning the
pump frequency and (b) switching from
a bandpass to a bandstop response.
Please note that each trace in 2(a) and
2(b) is translated by 20 dB.
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loss response, as shown in Fig. 2(b). From the mathematical analysis,
it has been observed that the phase response dominantly affects the
filter response and, hence, can be used to vary the gain profile, which
makes this approach power-efficient compared to tailoring the filter
magnitude response by varying the pump power. It can be observed
from the simulation that the filter exhibits significant magnitudes
near the passband edges due to the phase and magnitude offset cre-
ated by the individual SBS responses, resulting in higher magnitudes
compared to those at the passband center.

I1l. EXPERIMENTAL SETUP AND RESULTS

The proposed on-chip broadband filter is achieved by using
the SBS gain and the loss response applied on the phase-modulated
link. Figure 3 shows the schematic of the experimental setup used
to demonstrate the proposed filter. As shown in Fig. 3(a), laser
1 at frequency fc has been phase-modulated by a swept RF sig-
nal with an instantaneous frequency of fswrr. When the fswrr is
swept around the center frequency frr, this will generate two side-
bands at frequency f + frr that are equal in magnitude but are
out of phase by m radian. Laser 2 at frequency f. + frr has been
used to generate a pump after passing through the intensity mod-
ulator. An RF signal at frequency fsps has been used to modulate
laser 2 to generate pump 1 and pump 2 at frequencies f; + frr
+ fsgs. An EDFA is used to amplify the pump power, which can
be further controlled by a variable optical attenuator used after the
EDFA.

The experiment is performed using a chip 11.7 cm in length
with 15 turns (race track spiral) hybrid integrated As,S3;-Ge:SiO,
waveguide.”* The design consists of a standard As,S; rib waveguide
(with a refractive index of 2.43, a width of 2.4 pm, a thickness of 0.96
um, an etch depth of 33%, and supporting quasi-single mode opera-
tion) and a Ge:SiO, waveguide (with a core refractive index of 1.486,
a square cross section of 3 x 3 um?, and supporting single mode
operation), which extends to the end facets.” For fiber-to-chip cou-
pling, an ultra-high numerical aperture (UHNA-3) fiber is utilized
due to its low coupling and reflection losses. The coupling loss per
waveguide facet is 0.85 dB, and the propagation loss is 0.5 dB/cm,
resulting in a total loss of 10 dB. The achievement of low loss is
facilitated by vertical tapering of As,S; on germanosilicate glass.*
The measured Brillouin shift and Brillouin gain coefficient g, of the
hybrid chip were found to be ~7.8 GHz and 0.713 x 107" m W™/,

APL Photon. 10, 010803 (2025); doi: 10.1063/5.0236905
© Author(s) 2025

FIG. 3. Experimental setup of the low-
power MWP filter. PC: polarization con-
troller, VOA: variable optical attenua-
tor, EDFA: erbium-doped fiber ampli-
fier, OC: optical coupler, VNA: vector
network analyzer, OSA: optical spec-
trum analyzer, PM: phase modulator,
MZM: Mach-Zehnder modulator, POF:
programmable optical filter, and fsyre:
swept RF frequency. A photograph of the
chip on the coupling stage is also shown.

respectively. Figure 3 depicts the three-axis stage utilized for aligning
the fiber with the chip during coupling.

The pump’s interaction with the incoming probe signal in the
waveguide induces SBS gain and loss on the USB of the phase-
modulated signal. To create a bandpass filter, the separation between
the Stokes and anti-Stokes signals is maintained at delta x (Ax).
By applying the SBS Stokes and anti-Stokes responses, the phase
and amplitude of the LSB are adjusted using a programmable
optical filter at the output of the phase modulator. This achieves
the desired bandpass characteristics based on the phase response
within the passband at VNA in the region w. + wgr — & < w < w,

+ WRF + %, and bandstop in the w > w;+ wrr + % and w < w,

+ WRF — % region after the photodetection. Subsection III A dis-

cusses the results obtained using the experimental setups described

-

in Fig. 3.

A. Filter response

To achieve a filter response at 10 GHz, the frequency of laser 2 is
set to laser 1+10 GHz. Given that the measured Brillouin shift for the
As,S3 waveguide is 7.8 GHz, fsps is chosen as 7.8 GHz accordingly.
The RF signal fswrr is swept across a range from 9.5 to 10.5 GHz
to observe the complete filter response center at 10 GHz. Figure 4
illustrates the experimental and simulated magnitude response of

40
=—EXp
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i% 20
2 >204B) /303 7 MHz
S 0Ok
:‘: N
= ;
: (
s -20 L
-40
9.5 10 10.5
Frequency (GHz)

FIG. 4. Experimentally and simulated BPF response was obtained at a coupled
pump power of 15 dBm. Sim: simulation and Exp: experimental.
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the filter at a 10 GHz frequency, with a total pump power of 15 dBm.
The measured passband-to-stopband ratio of the filter exceeds 20
dB.

The magnitude response of the bandpass filter in its passband is
determined by the phase offset applied to the phase-modulated LSB
signal using the POF. Variations in this phase offset cause changes
in the filter’s roll-off, impacting the level of suppression from pass-
band to stopband. Therefore, selecting the optimal phase offset from
POF is crucial to achieve effective suppression. It is observed that
Gusp exhibits significant magnitudes near the passband edges due to
individual SBS responses, resulting in higher magnitudes compared
to those at the passband center.

B. Bandwidth tuning

The bandwidth reconfigurability of the MWP filter is achieved
by controlling the frequency separation between the Stokes and
anti-Stokes pump frequencies. The filter’s bandwidth, defined as the
3-dB bandwidth relative to the center frequency of its passband,
is measured from 30 MHz to 1.2 GHz at a total pump power of
15 dBm, significantly exceeding the individual SBS response of about
30 MHz. Figure 5(a) illustrates the magnitude response of the filter,
while Fig. 5(b) shows its corresponding phase response. This result
represents an improvement of ~3 times compared to the previously
demonstrated bandwidth of 440 MHz,* achieved using approxi-
mately one-eighth of the pump power, which improved the FOM
(the ratio of tunable bandwidth to power) by 25 times compared to
work reported in Ref. 33.

Norm Amp(dB) o
o 8 T

)
(=]

Norm Freq(MHz)

Phase(degree)

C. Central frequency tuning

The bandpass filter responses are depicted at various central
frequencies by adjusting the pump laser frequency, as depicted in
Fig. 6(a). The filter demonstrates frequency versatility ranging from
10 to 40 GHz. The lower central frequency constraint of 10 GHz is
due to the resolution capability of the POF, while the upper cen-
tral frequency limitation of 40 GHz is determined by the frequency
constraints of the VNA. Figure 6(b) shows the corresponding phase
response at different central frequencies. As illustrated in Fig. 6(a),
the filter response lacks symmetry due to the SBS phase response
corresponding to the individual gain and loss pump, as shown in
Fig. 1 (point d).

D. Switchable bandpass to bandstop response

The demonstrated filter can smoothly be tuned from a band-
pass configuration, featuring a 3 dB bandwidth of 144 MHz, to a
bandstop configuration with a 3 dB bandwidth of 280 MHz. This
transition can be achieved either by adjusting the phase of the lower
sideband using POF or by altering the gain and loss responses.
Figure 7(a) displays the BPF response achieved through optimal
phase adjustment of the LSB in the phase-modulated link using POF.
Figure 7(b) illustrates the switch to a BSF response, while Figs. 7(c)
and 7(d) depict the corresponding phase responses.

E. Multi-bandpass response

Figure 8 depicts the pump configuration utilized for generat-
ing the multi-filter response. The probe setup used to generate the

(=)}
-~

Fi 20 < R
"AGH;

FIG. 6. Center RF frequency tuning of the on-chip filter at a pump power of 15 dBm. (a) Magnitude response and (b) the corresponding phase response.
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multi-filter response is the same as that used in Fig. 3. The primary
distinction between the two setups lies in the pump configuration.
Figure 3 shows the setup employing a single RF signal at the MZM

-200 . - -
14 14.5 15 15.5 16
Freq(GHz)

to generate the pump, while Fig. 8 utilizes two RF signal generators Fig. 8.

(SG1 and SG2) to create a multi-pump setup. In addition, Fig. 8
substitutes the MZM with a DPMZM and adjusts the DC bias to
generate a lower sideband alongside the carrier. These two lower
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t

FIG. 7. Experimentally obtained
switchable bandpass to bandstop filter
response. (a) BPF magnitude response,
(b) the BSF magnitude response, (c) the
BPF phase response, and (d) the BSF
phase response.

sidebands, along with the optical carrier, serve as pumps spaced
evenly by 2 * fsps, facilitating the transfer of gain and loss responses
onto the upper sideband of the phase-modulated signals depicted in

The lower sideband generated by the DPMZM serves as pumps
Prsg1 and Pispz, while the optical carrier fed to the DPMZM acts
as the pump Ppc. It is important to note that the frequencies of

FIG. 8. Experiment setup used to gen-
erate the multi-bandpass response. SG:
signal generator; and P1, 2, and 3: pump
1,2,and 3.
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>~
both signal generators are selected such that the spacing between = z a a z %
the individual pumps Pysg1, Piss2, and Ppc is maintained at 2 * fsgs. E o : g; : g; o s
This spacing of 2 * fsgs ensures a symmetric bandpass response is B ) e ’ é ’ é o
observed at a distance of SBS from each individual pump after the w2 M =) KM M
pump-probe interaction, as illustrated in Fig. 8.

The VNA trace illustrates the bandpass filter responses at 15 “
and 30.6 GHz, depicted in Fig. 9. The first filter response is attributed g:f N N 5 N
to the transfer of anti-Stokes and Stokes responses by pumps Pisp: Q o e O T I =TSR CRI

. . G| 9RO Er S0 o T
and Pisp, respectively. Simultaneously, the second filter response g PlEOaEO0 ERCECACRS,
arises from the transfer of anti-Stokes and Stokes responses by “‘,(_: o . %2 \ir Sye % I N gl A = Sr
pumps Prsg2 and Ppc, respectively. The asymmetry in the filter = %D % Vo ‘3«'\ c Z A 5 Tkt S
response can be adjusted by altering the polarization. In addition, the . 510 =} ©
filter response can be tuned by adjusting the frequencies of the signal . N
generators (SG1 and SG2) while maintaining the pump spacing at
2" fops. 5 NN N NN NN N NN N

. . 2 = | & T T T LT

Figrrc 9 illustrates that the spacing between both bandpass fil- % 5SS % 2“; S S 2’; S :0S 5
tersis 2 * fsps, with fsps measured at 7.8 GHz for the As,S3 chip used El g 2| 2593 2398 Ng«o
in this study. The spacing between the filters can be varied by using é 2 e = N e
signal generators with more than two outputs or by employing a pro- é —§
grammable optical filter at the pump side to selectively control the s & . Ay FEEE NSNS NN
pumps generated at the output of the DP-MZM, adjusting the DC 3 5 S = SOSs S 5 = % E=g=

S = = - 22 I =22
bias differently from that used in this experiment. o -’ fg S8a2R@Lgwngg
2 — N — — N 0 <
(=
IV. DISCUSSION 8 o
E=}

To evaluate the overall performance of the proposed microwave s 55 5 8 & 5 -
photonic filter, we compare it with state-of-the-art electronic and £ =R = é =R fé BB 2
MWP filters, as shown in Table I. It has been observed that the filter = 20w 8 23 ;: S E 3 = é”" 2
design using MWP techniques performs better than the electronic s < Eé =2 a = =
one in terms of bandwidth tunability and central frequency tun- % - ) C
ing range. Following the progress and breakthroughs in fiber-based 3 2
devices, tremendous effort has been made in past decades to harness ° g .

SBS in compact, low-power, chip-scale MWP platforms. g ’§ A .

On-chip integrated silicon nanowires on oxide have the issue £ = g R
of inherent acoustic guidance, which mandates under-etched and ; S __‘2
suspended complex structures and suffers severe nonlinear optical o 9 ‘§ ‘§
losses that limit Brillouin’s gain at the optical telecommunication o § = =
wavelength. On the other hand, an SBS chip made from silicon 3 9 = =
nitride (Si3N4)“‘H has almost no nonlinear loss, but its SBS gain = = = =
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coefficients are smaller because of its inherent material properties
of a very low elasto-optic coefficient. In contrast, photonic chips
using soft chalcogenide glasses (As,S3) feature a significantly higher
elasto-optic coefficient and effectively confine both acoustic and
optical modes. This characteristic results in markedly increased Bril-
louin gain coefficients, achieving substantial SBS gain (>30 dB) even
within a smaller footprint area.”*>*°

As mentioned in Sec. I, a Brillouin gain of 52 dB has been
achieved in As,S; rib waveguides over centimeter scales.”’ Such
results have strengthened the position of the high index contrast
As,S; platform as a strong contender to realize practical SBS-based
MWP sources and filters, which are key components in integrated
microwave photonic IMWP) systems. In this work, an approach®*
to mitigate high coupling losses associated with optical fibers, which
result from their small effective mode area and back reflections,
has been employed. The use of high-index contrast germanosili-
cate, a mature platform, addresses issues related to back reflections
and fiber coupling losses, thereby enhancing non-linearity and func-
tional capabilities. This approach also facilitates the implementation
of very narrow bandwidth filtering.

The approach used in this work for creating a chip-based RF
broadband tunable filter is simpler and more power-efficient than
the one detailed in Ref. 33. This method utilizes the phase response
of stimulated Brillouin scattering combined with RF interferome-
try to achieve broad bandpass filtering with just one low-power gain
and one loss pump. In contrast, the method in Ref. 33 required mul-
tiple pumps to achieve a similar broadband response. Our technique
allows for bandwidth reconfiguration from 30 MHz to 1.2 GHz with
a total pump power of 15 dBm, which corresponds to a FOM (maxi-
mum bandwidth/pump power) of 38 MHz/mW. Meanwhile, in Ref.
33, a total pump power of 24.47 dBm was used to achieve bandwidth
reconfigurability from 30 to 440 MHz, which corresponds to a FOM
of 1.5 MHz/mW. In comparison, the work presented in this paper?’
resulted in an overall improvement of FOM by 25 times. In addition,
the central frequencies of the filter can be tuned from the X-band to
the Ka-band by adjusting the pump frequencies, making it highly
applicable for radar, satellite communications, military and defense,
and aerospace industries.

However, chalcogenide waveguides are typically limited to
realizing only the MWP filter system, while other essential compo-
nents, such as electro-optic modulators (EOMs) and photodetectors
(PDs), may need to be located off-chip. Although the compat-
ible silicon-on-insulator (SOI) platform has successfully demon-
strated heterogeneous integration of passive silicon waveguides with
chalcogenide-based Brillouin circuits,”’ integrating E-O interfaces
still presents challenges for SWaP-C* improvements. Therefore,
achieving integrated feasibility among EOMs, chalcogenide-based
Brillouin circuits, and PDs is crucial for enhancing the SWaP-C?
profile of MWP chips.”

In this work, to adjust the suppression ratio or switch between
bandpass and bandstop modes, the phase offset applied by the POF
(Finisar Waveshaper 1000A) to the lower sideband must be varied.
This adjustment process of POF takes 500 ms to stabilize. In addi-
tion, the POF used in this paper has a resolution capability of 8 GHz,
which limits the minimum achievable filter’s central frequency to
10 GHz. To achieve the ideal filter response, the phase offset applied
on the lower sideband must be increased to get a steeper filter
roll-off, although this comes at the cost of a reduced passband level.

APL Photon. 10, 010803 (2025); doi: 10.1063/5.0236905
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At lower offsets, the passband level is higher, but the roll-off is less
pronounced. An optimal phase shift can be selected based on the
specific application to fine-tune the filter’s response.

V. CONCLUSION

This paper introduces a chip-based RF tunable filter utilizing
SBS phase response and RF interferometry for achieving broad tun-
ability. This innovative approach enables broad bandpass filtering
capabilities using a single low-power gain and loss pump. Our filter
demonstrates adjustable bandwidth ranging from 30 MHz to over
1.2 GHz, covering more than five octaves with an FOM of 25 times
better than showed prior.” It allows tuning of the central frequency
from 10 to 40 GHz and supports switching between bandpass
(BPF) and bandstop (BSF) responses with a passband to stopband
selectivity exceeding 20 dB at a total pump power of 15 dBm. In com-
parison to previous studies,” our filter achieves more than a twofold
increase in bandwidth and reduces power consumption by approxi-
mately eightfold. The low-power Brillouin filters demonstrated offer
a pathway for implanting compact RF functionalities through hybrid
photonic integration technologies.*’
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APPENDIX: MATHEMATICAL ANALYSIS

The mathematical analysis of the SBS gain and loss response
and the corresponding phase response of the phase-modulated link
has been derived. The complex SBS gain Gsps(w) is given by’

gBPpLeﬁ' 1

Ay 1-2j(Aw/Tp)’ (AD)

Gsps(w) =

where Ay is the effective mode area, Ly is the effective length of
the waveguide, g, is the Brillouin gain coefficient, I's is the Brillouin
linewidth, P, is the pump power, and Aw is the frequency-detuning
in rad/s from peak SBS gain. Here, Aw = w — wo and wy is the fre-
quency where peak SBS gain occurs. The gain and phase response of
SBS can be calculated from the real and imaginary parts of Eq. (A1),
respectively.

Using small signal analysis, the output of the phase modulator
fed by an RF signal at an angular frequency wgr is given by’

Eopm(t) = Ec[]o(m)ejw”t = Ji(m)e/ ety (m)ej(“’"w”)t],
(A2)
where E. is the electric field of the optical carrier, m is the modula-
tion index of the phase modulator, and J,,(+) is the Bessel function of
nth order.
On considering the separation between the peak SBS gain
and loss applied on the USB of the phase modulated link Ax, the
combined response can be written as

G(w) = GSBs(w - %) - ngs(w + %) (A3)

By using a programmable optical filter after the phase modulator,
a constant phase shift ¢, ¢, is provided on the LSB of the phase-
modulated link, and it can be expressed in terms of the transfer
function Hrsg(w) given by Eq. (A4). In addition, after applying SBS
gain and loss response on the USB of the phase modulated link, the
transfer function is represented by Eq. (A5),

HLsg(w) = ej¢LSB Yw < we, (A4)

Hyss(w) = @ vy s We. (A5)

The electric field Eqp(t) after the application of the above-
mentioned transfer function can be written as

Eopi(t) = Ec[fo(m)ejw - Ji(m)Hisg(w, - wRF)ej(w‘_wRF)t
+ ]1(m)HU53(wc + wRF)ej(wC+pr)t:|. (A6)
On beating E,p:(t) at the photodetector of responsivity Ry, it
gives a current corresponding to the intensity of the electric field

falling at the input of the photodetector. After filtering higher order
terms as well as the DC term results in the following equation:

Ipp o< [Eqpe (£)[" = RoEope (1) Egpi (1) o< 2RoJo(m)J1 (m)E;

X {Re(eijFtHUSB(wC + pr))

— Re(e’*""Hysp(we — wrr)) - (A7)
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In addition, the gain Gusp and phase response ¢, imparted on USB
can be given by

¢USB = Im(G(wc + pr)), (AS)

Gusp = eRe(G(“’c+“)RF)). (A9)

Therefore, the photodetector’s current after the SBS response is
given by

Ipp(wrr) o< 2RoJo(m)]i (m)E:{Gusp cos (wrrt + puss)

— cos (wgrt + ¢rsp) }- (A10)
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