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Microwave photonics, with its advanced high-frequency signal processing
capabilities, is expected to play a crucial role in next-generation wireless
communications and radar systems. The realization of highly integrated, high-
performance, and multifunctional microwave photonic links will pave the way
for its widespread deployment in practical applications, which is a significant
challenge. Here, leveraging thin-film lithium niobate intensity modulator and
programmable cascaded microring resonators, we demonstrate a tunable
microwave photonic notch filter that simultaneously achieves high level of
integration along with high dynamic range, high link gain, low noise figure, and
ultra-high rejection ratio. Additionally, this programmable on-chip system is
multifunctional, allowing for the dual-band notch filter and the suppression of
the high-power interference signal. This work demonstrates the potential
applications of the thin-film lithium niobate platform in the field of high-
performance integrated microwave photonic filtering and signal processing,
facilitating the advancement of microwave photonic system towards practical

applications.

Traditional radio frequency (RF) filtering technologies are increasingly
insufficient to meet the demands of future communication systems,
which require large bandwidth, programmability, multifunctionality,
and reductions in volume, weight, and power consumption'. Inte-
grated microwave photonic (MWP) filters exploit the inherent broad-
band and flexible tuning characteristics of photonic components,
combined with existing photonic integration technologies, to forge a
new path for RF signal processing’”. In recent years, significant
advancements have been made in integrated MWP circuits. However,
these studies often struggle to simultaneously achieve high
integration®, multifunctionality’™, and excellent RF metrics*™, which
are critical for practical RF applications.

In MWP systems, electro-optic modulators are responsible for
faithful RF-to-optical conversion, and nearly all challenges stem from

the modulator. The widely demonstrated MWP filters based on silicon-
on-insulator (SOI)*° or silicon nitride??® microring resonators, as
well as those utilizing the stimulated Brillouin scattering (SBS) effect in
waveguides” ™, typically make use of commercial external lithium
niobate modulators or compact SOI chip-based modulators for
electro-optic conversion. The aforementioned approaches have lim-
itations because commercial external lithium niobate modulators
present challenges for high level of integration due to their large size,
and the large half-wave voltage also limits link gain. Although silicon
photonics technology has enabled the integration of modulation® ¢
and MWP functions on the same photonic chip with reduced footprint,
the typically higher drive voltages required by silicon modulators
present challenges for linearity and power handling, which are pro-
blems particularly for MWP applications.
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Thin-film lithium niobate (TFLN), with its strong and linear
electro-optic effect and low waveguide propagation loss”, represents
an ideal platform for high-performance modulators®* and other
optical components*®™*®, Therefore, TFLN is an ideal platform for fab-
ricating integrated MWP circuits, as it provides excellent electro-optic
performance and supports a variety of components***°. However, to
date, there has yet to be a demonstration of integrating TFLN mod-
ulators and programmable optical structures on the same chip to
achieve multifunctional MWP circuits.

In this work, we demonstrate a highly reconfigurable TFLN MWP
circuit with three distinct functionalities in a compact footprint. By
integrating an intensity modulator and cascaded programmable
microring resonators on a single chip, we have achieved a tunable
notch filter with high rejection ratio, enhanced the spurious free
dynamic range (SFDR) by suppressing third-order intermodulation
distortion (IMD3), and suppressed the high-power interference signals
that are very close in frequency to the signal of interest.

The notch filter can be tuned over a frequency range of
20GHz and can switch between single-band and dual-band
operation while maintaining a rejection ratio beyond 60 dB. The
linearization method suppresses IMD3 by 34 dB, increasing the
SFDR of the notch filter to 110 dB in 1 Hz. Additionally, high-power
interference signals that are very close in frequency to the signal
of interest can be suppressed by 56 dB. Our demonstration illus-
trates the feasibility of achieving multifunctional and high-
performance MWP circuits in a compact footprint, contributing

a

to the application of integrated MWP technology in future com-
munication systems.

Results

Multifunctional microwave photonic circuit

The structural diagram of the chip is shown in Fig. 1a. It consists of a
TFLN intensity modulator and four cascaded programmable micror-
ings. The intensity modulator converts the RF signal into the optical
domain, and the modulation sidebands are processed by Mach-
Zehnder Interferometer (MZI)-assisted microrings, whose coupling
coefficient and resonant wavelength can be adjusted via thermal phase
shifters. This forms the basis of our multifunctional capability. Figure
1b shows a microscope image of the chip and the experimental setup.
The chip employs edge coupling structure, with light coupled in and
out via lensed fibers. The insertion loss is 14 dB, which can be reduced
by designing a specialized taper structure®.

We load the RF signal onto the modulator electrodes using a GSG
structure RF probe and control the cascaded microrings with a 26-
channel DC probe array. Figure 1c is a false-color optical image of the
chip. The modulator electrode is 1 cm long and adopts a slot electrode
structure, with a Vir of 3.5V at 5 GHz. The characterization method for
RF Vrris provided in Supplementary Information I. The coupling region
of the microrings consists of a 3dB directional coupler and an MZI,
with heaters (gray) on the MZI arms acting as phase shifters. By pre-
cisely controlling the voltage applied to the heaters on the MZI arms,
each microring can be set to a specific coupling state. Heaters in the
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Fig. 1 | Multifunctional and high-Performance integrated microwave photonic
circuit based on TFLN. a Structure of the integrated TFLN microwave photonics
chip, which consists of an intensity modulator and four cascaded Mach-Zehnder
Interferometer-assisted microrings. b Microscope image of the chip and the
experimental setup. ¢ False color image of the chip. d Dual-band notch filter with a

rejection ratio of 60 dB. e An ultra-high dynamic range notch filter with a rejection
ratio of 80 dB and a SFDR of 110 dB in 1 Hz. f Suppression of large interference
signal with a suppression ratio of 56 dB. MMI multi-mode interferometer, DC
directional coupler, NiCr Nickel Chromium.

Nature Communications | (2025)16:2281


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57441-1

a RF in
& @ = e e RF out
Laser .6. @i—fﬁ@,— =T = \—’@;~ = = ®_|>_D
[EV i =
PC EDFA PD
b
LSB USB ocC ' uc
We w We v We- Wy We (.UC+(.U1 ¢ We- Wy W~y We wc+ W1 wc+w2 @
Cc 0 d o : :
-10 Notch filter 0 Dual-band notch filter
_20 Vo ""““““".'\’.’v iy
-30
o -40
e
= -50
N
» -60
-70
-80
90 70} f, f'f" 60dB f,f, 2"
_ . . . 80dB _ ) ) ) )
100 5 10 15 20 80 5 10 15 20
Frequency (GHz) Frequency (GHz)

Fig. 2 | Operation scheme of the tunable microwave photonic notch filter.

a Experimental setup of programmable microwave photonic circuit, where red line
represent optical path and green line represent electrical path. b Optical spectrum
at different stage when a sweep signal is the RF input. ¢ A high link gain, ultra-high

rejection ratio notch filter tunable from 1.5 GHz to 21.5 GHz. d Tunable dual-band
notch filter. LSB lower sideband, USB upper sideband, OC over-coupled, UC under-
coupled.

racetrack region of the microrings are used to change the resonance
positions. Detailed theoretical analysis and performance character-
ization of the programmable cascaded microrings can be found in
Supplementary Information II.

We have achieved three distinct functionalities based on this cir-
cuit. The first functionality is a dual-band notch filter that can simul-
taneously filter out any two unwanted signals with a rejection ratio of
up to 60 dB, as shown in Fig. 1d. The second functionality is an ultra-
high dynamic range notch filter that improves the SFDR to 110 dB in
1 Hz while maintaining an 80 dB rejection ratio, as shown in Fig. 1e. The
third functionality can suppress high-power interference signal with
frequency close to the signal of interest, as illustrated in Fig. 1f.

Tunable notch filter

The schematic of the entire MWP link setup is shown in Fig. 2a. We
demonstrate ultra-high extinction MWP notch filter through phase and
amplitude shaping of two modulated sidebands using two ring reso-
nances with different coupling states”. Key for this filter operation is to
symmetrically position two ring resonances with respect to the optical
carrier, where one resonance is in the overcoupling state and the other
in the undercoupling state. Both resonances need to have the same
extinction. Upon photodetection, the signal frequencies at the center
of these resonances will create destructive RF interference leading to
an ultra-high filter extinction. In experiments, we use a sweep signal
generated by a vector network analyzer (VNA) as the RF input. Fig-
ure 2b illustrates the spectra at different nodes. After the optical car-
rier passes through the intensity modulator, two in-phase modulation
sidebands are generated, as shown at Node II. The spectrum after
processing by the two microrings is depicted at Node IIl. It can be
observed that the resonance positions of the two microrings are

symmetric with respect to the optical carrier, and their suppression
ratios are identical. The difference lies in the coupling states, with one
microring in the undercoupled state with 0 phase shift and the other
microring in the overcoupled state with  phase shift. This meets the
condition for destructive interference, leading to the ultra-high rejec-
tion ratio. Meanwhile, other parts of the modulation sidebands that are
not processed by the microrings still add constructively, ensuring high
link gain for the system.

Figure 2c presents the tunable notch filter response with the
modulator operating at the quadrature point. The maximum link gain
is =7 dB, with a suppression ratio of up to 80 dB and a 3-dB bandwidth
of 1.3 GHz. This filter can be continuously tuned from 1.5 GHz to
21.5 GHz, as the tuning range is limited by the microrings’ Free Spectral
Range (FSR) of 44 GHz. Additionally, when the modulator is set to
operate at the null point and the other two microrings are turned on,
the output spectrum is as shown at Node V. Based on the same working
principle mentioned earlier, we achieved a tunable dual-band notch
filter that can operate at two frequencies, f; and f5, or can be tuned to a
series of alternative frequency pairs such as f;" and f,’, or ;" and f,”,
with a maximum link gain of 0 dB and a rejection ratio of up to 60 dB,
as shown in Fig. 2d.

In this experiment, the choice of bias point directly affects the link
gain and noise figure due to the use of an intensity modulator for
electro-optic conversion'. However, since we placed the Erbium-
Doped Fiber Amplifier (EDFA) directly before the photodetector (PD),
the low bias technique could not optimize the noise figure, and it
remained stable around 35 dB regardless of the bias voltage changes.
We employed a bias tee to control the bias point, and detailed analyses
of link gain and noise figure at different bias voltages are provided in
Supplementary Information III
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Fig. 3 | Ultra-high dynamic range RF notch filter. a The corresponding positions
of the optical carrier (red) and the microrings response (blue) when linearization is
achieved. Inset: Spectrum at node 4 in Fig. 2a. b Filtering results of the 18 GHz RF
signal: the red line represents the output without filter, while the blue line repre-

sents the output with filter. ¢ The RF output of the two-tone test: compared to the

RF input power (dBm)

Frequency (GHz)

output without linearization (red), the output with linearization (blue) reduces
IMD3 by 34 dB. d The measured SFDR at RF frequency of 5 GHz: the SFDR without
linearization (red) is 101 dB, while with linearization (blue) it is improved to 110 dB
in 1Hz. e IMD3 suppression and SFDR at different frequencies.

Linearization for high dynamic range

When two RF signals of different frequencies are input into the MWP
system, intermodulation distortion (IMD) occurs, limiting the system’s
dynamic range. We utilize the response of microrings to shape the
optical carrier, thereby suppressing the third-order intermodulation
distortion (IMD3) and improving the spurious-free dynamic range
(SFDR). The relative positions between the optical carrier and the
microring resonance peaks when achieving the ultra-high dynamic
range notch filter are shown in Fig. 3a. This result was obtained from an
optical spectrum analyzer (OSA), which corresponds to the spectrum
at Node IV in Fig. 2a.

The responses of overcoupled and undercoupled microrings with
identical suppression ratios are symmetrically distributed around the
optical carrier, enabling the filtering function. The filtering result is
shown in Fig. 3b, where the red curve represents the RF output without
filtering and the blue curve represents the filtered RF output. Con-
currently, a third overcoupled microring is employed to process the
optical carrier. Under specific conditions, we successfully suppressed
the IMD3. (see Supplementary Information IV).

In the linearization demonstration, we utilized a two-tone signal
generated by two signal generators as input, with the modulator
operating at the quadrature point. Figure 3c illustrates the RF output
from the two-tone test. It can be seen that after linearization, IMD3 is
suppressed by 34 dB. From Fig. 3d, it is evident that with a noise power
spectral density of -146.5 dBm/Hz in the system, the SFDR was 101 dB
in 1Hz without linearization, and it improved to 110 dB in 1Hz after
linearization. Additionally, it can be observed that after linearization,
the slope of the IMD terms has changed due to the severe suppression
of IMD3, as previously insignificant fifth-order intermodulation signals

start to affect the output results. To further characterize the perfor-
mance of our proposed linearization scheme, we extended our tests of
IMD3 suppression and SFDR at different frequencies, as shown in
Fig. 3e. The results demonstrate successful linearization and
IMD3 suppression at each frequency point. Detailed experimental
results are provided in Supplementary Information IV.

Large interference signal suppression

In practical applications, the RF receiving front-end may encounter
interference from high-power RF signals. When the frequency of the
signal of interest and the interfering signal are very close, a filter with
ultra-high resolution is needed to eliminate the interference. However,
achieving extremely high-resolution MWP filters is a significant chal-
lenge. Here, we propose a method to suppress high-power inter-
ference signals. Figure 4a presents the experimental setup for
demonstrating large interference signal suppression.

Figure 4b shows the RF and optical spectrum at different nodes.
When a high-power RF signal is input, high-order modulation side-
bands, as shown at Node II, are generated. We utilize the response of
the microrings to process these high-order sidebands, as illustrated by
the spectrum at Node lll. By precisely controlling the microring for
shaping higher-order sidebands, the high-power interference signal
can be suppressed under specific conditions (see Supplementary
Information V). The low-power signal of interest remains unaffected
because it does not generate high-order modulation sidebands.

In this demonstration, the modulator operates at the quadrature
point, with the input power of the interference signal set at 23 dBm and
the input power of the signal of interest at -24 dBm. The frequency
spacing between the two signals is 5MHz, an exceptionally narrow
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of the large signal (blue). d The RF output after suppression of the large signal
(blue). The signal of interest (red) remains unaffected. e Suppression of modulated
large interference signal.

Table 1 | Performance comparison of integrated MWP circuits

Year Material Integration Optical Function Tuning Resolution Performance Gain (dB) Noise SFDR
platform level processing number range (GHz) (MHz) enhancement figure (dB) (dB Hz*?)

2020% Si Passive SBS 1 4-10 315) No -17.3 56.7 93.5
2021 Si MD, Passive, PD  MRR 2 3-25 360 No -28.2 51.2 99.7
2022% Si3Ng Passive DI-MRR 6 5-20 400 SFDR, NF 10 15 16
20227 Si Passive SBS 1 8-14 24 No -3.6 52.5 93.6
2023" Si MD, Passive, PD  MRR 2 5-30 220 No =27 47 92.3
2023* Si+As,S3 MD, Passive SBS 2 2.5-15 37 No -35 57.5 80

This work  TFLN MD, Passive MRRs 3 1.5-21.5 1300/5 SFDR -7.2 34.7 110

MD modulator, PD photodetector, SBS stimulated Brillouin scattering, MRR microring resonator, DI double injection, SFDR spurious-free dynamic, NF noise figure rang.

spacing that nearly no existing MWP circuits are capable of dis-
criminating. The RF output without suppression is shown in Fig. 4c,
and the RF output after suppression is shown in Fig. 4d. It can be
observed that only the high-power signal is suppressed, with a sup-
pression ratio of 56 dB. Note that this large-signal suppression
mechanism is based on higher-order modulation effects, that requires
a minimum input RF signal strength for proper operation (see Sup-
plementary information for the detailed theoretical analysis). For our
particular TFLN modulator, the minimum RF signal strength that can
be effectively suppressed was calculated to be 20.2 dBm.

To better simulate real-world radar system scenarios and demon-
strate the system’s robustness, we have extended our experiments to
test the suppression of modulated high-power interference signals. An
arbitrary waveform generator was used to produce multi-tone signals to
simulate modulation. The generated multi-tone signal had a center
frequency of 2 GHz, which was considered the carrier. Eight equidistant
signals spaced at 10 MHz on both sides of the carrier were generated as

modulation sidebands, with their power levels set 30 dB lower than that
of the carrier. Figure 4e illustrates the RF output before and after sup-
pression, where the red curve represents the RF output without sup-
pression and the blue curve shows the RF output after suppression. It
can be observed that high-power interference signals are suppressed by
41dB, while lower-power signals experience less suppression.

Discussion

Table 1 summarizes the performance of state-of-the-art integrated
MWP circuits. In the past 3 years, research on MWP circuits based on
SOl platforms has successfully integrated modulators with
microrings”*® or SBS spiral lines®®. However, these works have
neglected improvements in RF performance, with system dynamic
ranges often below 100dB Hz¥?. Additionally, the relatively low
electro-optic conversion efficiency of SOl modulators limits system
link gain and noise figure. Although our previous research on the SisN,
platform achieved improvements in RF performance and
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multifunctionality*, the demonstration still relied on off-chip mod-
ulators, and the integration level remains to be enhanced. In contrast,
our current work demonstrates high degree of integration, advanced
functionality, and high RF performance metrics for the first time via a
novel TFLN platform that consists of high speed modulator and a
network of ring resonators. To date, no investigation of enhancement
of RF performance metrics of MWP subsystem ever reported in TFLN.
Naturally, our work shed light into the limit of performance that can be
achieved in such novel systems.

Drawing on previous work, there are multiple strategies we can
employ to further enhance the system’s performance. Firstly, the high
edge-coupling loss currently hinders the noise figure from matching
that achieved in prior research®. In future work, we can address this by
designing tapers to reduce the coupling loss between the fiber and the
TFLN waveguide. Secondly, we currently rely on an external EDFA to
achieve high link gain, and its placement directly before the PD prevents
us from applying the low-bias method to improve the noise figure. A
potential solution in future research could be the development of a
TFLN waveguide amplifier’>, Furthermore, the SFDR of the demon-
strated circuit has yet to reach the levels reported in our earlier work*.
We plan to leverage the electro-optic effect to more precisely control
the microring response, enabling further improvements in linearization
performance. Additionally, while on-chip integration of PD has been
demonstrated on the SOI platform”'¥, we are also exploring strategies
to advance the integration level on the TFLN platform.

In summary, we have designed and fabricated a programmable
MWP circuit based on TFLN intensity modulator and cascaded
microrings. Our experimental demonstrations highlight its multi-
functionality, including high link gain, ultra-high dynamic range, ultra-
high rejection ratio notch filter, as well as dual-band notch filter and
suppression of large interference signals. This work marks the first
demonstration of a multifunctional MWP circuit on the TFLN platform,
and the improvement strategies outlined above provide a clear path-
way toward achieving even higher performance. These advancements
represent a significant breakthrough for the application of MWP
technology in real-world communication and radar systems.

Methods

Device fabrication

The MWP circuit is fabricated from commercially available x-cut
lithium niobate on insulator (LNOI) wafer (NANOLN), consisting of a
500 nm thick LN thin film, a 4.7 um thick buried SiO, layer, and a
500 um thick silicon substrate. Firstly, SiO, is deposited on the surface
of a 4-inch LNOI wafer as an etching hard mask using plasma-enhanced
chemical vapor deposition (PECVD). Various functional devices are
patterned on the entire wafer using an ASML UV Stepper lithography
system die-by-die with a resolution of 500 nm. Next, the exposed resist
patterns are transferred first to the SiO, layer using a standard fluorine-
based dry etching process, and then to the LN device layer using an
optimized Ar* based inductively coupled plasma reactive-ion etching
process. The etching depth of the LN layer is 250 nm, leaving a 250 nm-
thick slab. After the removal of the residual SiO, mask and redeposi-
tion, an annealing process is carried out. Following the deposition of
the SiO, cladding using PECVD, the microwave electrodes, heater, and
wires/pads are fabricated through the second, third, and fourth
lithography and lift-off processes, respectively.

Details of experiments

We use a laser (Teraxion) with relative-intensity noise below -160 dBc/
Hz as the optical carrier. After passing through a polarization con-
troller, polarization beam splitter, and polarization rotator, 16.8 dBm
of TE mode light is coupled into the TFLN chip. In the tunable filtering
experiment, a sweep signal generated by VNA (Keysight 5007A) drives
the intensity modulator. The optical signal output from the chip is
amplified by a low-noise EDFA (Amonics) and then sent to a PD (APIC

40 GHz) and the converted RF signal is measured with a VNA to obtain
the S,; curve.

In the linearization experiment, we use a two-tone RF signal with a
center frequency of 5 GHz and a space of 10 MHz as the RF input, gen-
erated by two signal generators (Wiltron 69147A and HP 8672A). The RF
signal output from the PD is analyzed using an RFSA (Keysight N9OOOB).

In the large interference signal suppression experiment, the RF
signal generated by a signal generator is amplified by an RF amplifier
(ZVA-213-S+) to drive the intensity modulator. The RF output is mea-
sured with an RFSA (Keysight N90OOB).

All the aforementioned experiments require the chip to operate in
specific states. We use a multi-channel power supply with a precision of
0.001V to accurately apply voltage to each heater. Additionally, a
thermo electric cooler is employed to control the temperature,
ensuring more stable operation.

Data availability

The data that support the plots within this paper and the supple-
mentary materials are available at https://doi.org/10.5281/zenodo.
14065933.
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