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Integrated photonic ultrawideband real-time
spectrum sensing for 6G wireless networks

Yuansheng Tao 1,2,6 , Hanke Feng 1,2,6 , Yuan Fang1, Xiangzhi Xie1,2,
Yuansong Zeng2, Yifan Wu1, Tong Ge1, Yiwen Zhang 1,2, Zhaoxi Chen1,
Zihan Tao 3, Jie Xu4,5, Haowen Shu 3, Xingjun Wang3, Xianghao Yu 1 &
Cheng Wang 1,2

Real-time spectrum sensing (RT-SS) is an essential technology for the
upcoming sixth-generation (6G) networks, enabling dynamic spectrum man-
agement to support emerging integrated sensing and communication (ISAC)
applications. However, conventional electronic and photonic RT-SS solutions
face challenges in achieving ultrawide measurement range, compact size, and
low latency, simultaneously. Here, we demonstrate an integrated photonic RT-
SS system covering microwave to sub-terahertz bands on a thin-film lithium
niobate (TFLN) platform. The TFLN chip integrates a broadband electro-optic
(EO) modulator for signal loading, an EO microring filter bank for high-speed
parallel frequency-to-time mapping, and an EO comb for channel referencing.
The system achieves an analysis bandwidth of 57.5 GHz and measurable fre-
quency up to 120GHz, at a low latency of < 110 ns. The RT-SS system is further
validated through a proof-of-concept ISAC demonstration, where a radar
adaptively accesses underutilized spectral regions for high-quality ranging
under dynamic communication interferences. Our work provides a compact
solution for high-efficiency spectrum management in 6G ISAC networks.

Radio-frequency (RF) spectrum plays a fundamental role in the
development of radar sensing and wireless communications over
past decades1,2. Recently, integrated sensing and communication
(ISAC) has emerged as a pivotal concept for the upcoming sixth
generation (6G) wireless networks3, where sensing and commu-
nication functions are expected to be unified in the same system
over shared spectral bands to support various environment-aware
applications4,5, as envisioned in Fig. 1a. In this case, the inherent
competition for spectrum access between these functionalities will
lead to severe spectrum congestion problems6,7. To address this
challenge, a paradigm shift in RF spectrum management is required
to transform conventional static spectrum access (SSA) to more
advanced dynamic spectrum access (DSA), enabling cognitive radios

with more efficient spectrum sharing and utilization8,9, as illustrated
in Fig. 1b. Specifically, radar sensing (e.g., as secondary user) could
coexist with communication (primary user) over the entire spec-
trum, through dynamically recognizing and accessing underutilized
spectral bands. As such, the spectrum allocation could more flexibly
adapt to real-time communication/sensing bandwidth demands,
avoiding spectrum vacancy and enhancing spectrum utilization
efficiency.

Real-time spectrum sensing (RT-SS) is a critical enabler of this
dynamic RF spectrum access vision in 6G ISAC networks10,11, where
RT-SS modules are installed within ISAC base stations (inset of
Fig. 1a) to monitor real-time spectrum usage of the electromagnetic
environment, thereby facilitating adaptive spectrum allocation for
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radar sensing and communication services. To exploit the full pro-
spect of 6G ISAC12, the corresponding RT-SS should simultaneously
feature ultrabroad bandwidth ( > 100 GHz), low processing latency,
and high temporal resolution (both at nanosecond-level). This is
essential for utilizing all spectrum bands, from microwave to

millimeter-wave (mmWave) and even terahertz (THz), to deliver the
anticipated Tbps-rate data communications13 and millimeter-level
radar sensing14 in a spectrum-agile wireless environment in the 6G
era. Moreover, RT-SS systems should be implemented on integrated
platforms to significantly reduce size, weight, and power
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Fig. 1 | Integrated photonic real-time spectrum sensing (RT-SS) for 6G inte-
grated sensing and communications (ISAC). a An envisioned ISAC scene facili-
tated by the photonic RT-SS module for dynamic spectrum resource allocation
between radar sensing and communication channels. BS, base station. b Schematic
comparison of traditional static spectrum access (SSA) and future dynamic spec-
trum access (DSA) spectrum management schemes. Unlike the SSA scheme where
the spectrum resources are rigidly allocated to sensing and communication users
by government regulations, the DSA scheme dynamically allocates the entire
spectrum resources based on real-time spectrum usage information. For instance,
sensing acts as secondary users that adaptively access the underutilized spectral
white spaces while avoiding interferences from communication (primary user).
c Schematic diagram and operation principles of the integrated photonic RT-SS
system. Time-varying spectral information of incoming signal under test (SUT) is
broadcasted onto an optical carrier by a Mach-Zehnder modulator (i). The modu-
lated optical signal is subsequently processed in parallel by an electro-optic (EO)

microring filter bank, where eachmicroring is biased at slightly different resonance
wavelength and responsible formonitoring a specific spectral range (color coded in
insets). During the analysis time slot, denoted as T, each microring filter is EO
scanned across its responsible spectral range (iii), mapping the respective spectral
information into time-domain signals (iv). To ensure accurate frequency calibration
across different channels, an EO comb with a frequency spacing of fcomb is gener-
ated from the same optical carrier by an on-chip phase modulator (ii). This fre-
quency comb ruler is combined with the SUT path and also mapped to the time
domain. Thefinal output temporalwaveforms afterphotodetection ineach analysis
time slot consists of a referencepulse and the SUTpulses, which areused to recover
the unknown spectral contents (fSUT) of the original SUT based on the relative time
delay (Td). k is a linear frequency-to-time mapping coefficient. PM, phase mod-
ulator. MZM, Mach-Zehnder modulator. PD, photodetector. TIA, transimpedance
amplifier. ADC, analog to digital converter. DSP, digital signal processing.
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consumption (SWaP) to accommodate the widespread deployment
of ISAC base stations formassive and ubiquitous user connections15.

Conventionally, RT-SS is realized through electronic-based
approaches16, such as digital sampling17, sweeping local oscillators18,
and dispersive phase shifters19,20. However, owing to the intrinsic
bandwidth limitations of electronic devices, all these electronic RT-SS
implementations operate with measurement bandwidths below 20
GHz. Photonic RT-SS provides a promising alternative to overcome the
bandwidth limitations of their electronic counterparts21,22. Typical
photonic RT-SS systems utilize chromatic dispersion in optical fibers
to perform the frequency to time mapping (FTTM) operation for
spectral information recovery23–28, which support relatively broad
analysis bandwidths up to 46 GHz28. However, the long dispersive
fibers involved in the systems usually introduce large processing
latency ( > 100μs)23,24, fundamentally hindering the real-time analysis
ability. To reduce the latency, linearly chirped fiber Bragg gratings are
employed to achieve large dispersion in a short physical length28.
Alternatively, various dispersion-free photonic RT-SS architectures
have been proposed, such as passive fiber loops29 and frequency
shifted feedback lasers30 leveraging the Talbot effect, as well as the
spectral gating approaches31–34. However, these photonic imple-
mentations still rely on discrete optoelectronic deviceswith significant
SWaPdisadvantages and are limited to analysisbandwidths of less than
50 GHz34. Recently, integrated photonic RT-SS systems have been
attempted on silicon photonic platform, through constructing
frequency-scanning optical filters to perform FTTM-based spectrum
reconstruction35–37. However, the achieved temporal resolution is at
millisecond timescale, inherently restricted by the tuning speed of
thermal heaters, which is insufficient to capture fast-changing spectral
environment in the 6G wireless. Meanwhile, their measurement
bandwidths are usually lower than 35 GHz limited by the electro-optic
(EO) bandwidth of silicon modulators38, far from that needed for
directly analyzing mmWave/THz spectrum. In short, realizing a pho-
tonic RT-SS system that can simultaneously meet the bandwidth,
latency, temporal resolution, and integration requirements for 6G
ISAC has remained elusive.

In this Article, we fulfill this promise by demonstrating a photonic
chip-based, ultrawideband RT-SS system based on thin-film lithium
niobate (TFLN) platform. In recent years, the TFLN platform has
demonstrated large-bandwidth EO modulators39–41 for RF-to-optic
broadcasting, high-efficiency EO combs42–44 for spectral paralleliza-
tion, and low-loss, fast-tunable microring resonators45,46 for agile
spectral manipulation. Leveraging these exceptional building blocks
andwafer-scale scalability47, we address the performance limitations of
previous works, particularly unlocking the bandwidth potential of
photonic RT-SS implementation. Inourwork, EO-drivenmicrorings are
utilized as high-speed frequency-scanning filters to perform the FTTM
operation with nanosecond temporal resolution. To overcome the
limited EO tuning range of a single microring, a channelized mea-
surement architecture referenced by an EO comb ruler is proposed,
where parallelly measured spectral slices can be seamlessly stitched
together to recover the entire spectrum of ultrawideband signals.
Thanks to the collective benefits from TFLN platform and the chan-
nelized methodology, the photonic RT-SS system achieves a spectral
analysis bandwidth of 57.5 GHz and an unprecedented measurable
frequency range up to 120 GHz at a low latency of less than 110 ns,
along with an advanced frequency resolution of 350 MHz and a tem-
poral resolution of 100 ns. To showcase its real-world applicability, we
further apply the photonic RT-SS to a proof-of-concept ISAC scenario,
where the communication and radar sensing dynamically share the
same spectral resource. We propose and develop a spectro-temporal
resource allocation algorithm that can utilize the dynamic spectral
usage information provided by the RT-SS to adaptively find the opti-
mal accessible frequency bands with significantly suppressed mutual
interferences. As a result, our ISAC system achieves an 8.8-dB

enhancement of signal-to-interference-plus-noise ratio (SINR) for
radar ranging under dynamic spectral interferences from commu-
nication channels. Our work marks a significant step toward dynamic
spectrum management in 6G ISAC wireless networks.

Results
Principles of the integrated photonic RT-SS
Figure 1c illustrates the schematic and working principle of the pro-
posed TFLN photonic RT-SS system. A continuous wave (c.w.) optical
carrier is injected into the TFLN chip and subsequently split into two
optical paths. The bottom path connects to an MZM, which is used to
transfer a broadband incoming RF signal under test (SUT) to the
optical domain, as shown in inset (i). The top path connects to a
recycling phase modulator (PM), which is driven by an RF oscillator to
generate an EO frequency comb. The EO comb lines serve as frequency
references in the following channelized spectral analysis process [inset
(ii)]. The optically loaded SUT and comb references are subsequently
combined and launched into a microring filter bank, where each
microring is biased at a slightly different center wavelength and is
responsible for monitoring a certain spectral slice [inset (iii)]. The
microrings are synchronously EOmodulated by periodic ramp voltage
waveforms to implement frequency-sweep filtering.

Within each spectral channel, we align the microring resonance
and one reference comb line such that during one scanning period
(denoted as T), the microring first sweeps across the comb line and
then the SUT sidebands, resulting in respective time-domain electrical
pulses after photodetection [inset (iv)]. In this way, a linear FTTM
relationship with absolute frequency reference is established, which
ensures precise measurements with robustness against laser wave-
length fluctuations and microring resonance variations. By measuring
the time intervals between the reference pulses and the SUT pulses
using low-speed sampling electrical circuits, the unknown spectral
components canbe identified. Thanks to the Pockels effectof theTFLN
platform, the scanningperiod (T) ofmicroringfilters canbe sufficiently
short down to nanosecond level. This allows us to regard time-varying
SUT as stationary during one filter scanning duration, leading to the
implementation of the FTTM (Fourier transform) process in real time.
By continuously recording the output waveforms over many analysis
time slots, the time-varying frequency information of the entire SUT,
namely its spectrogram, can be captured. Finally, the spectrograms
measured in different spectral channels can be seamlessly stitched
together with the help of EO comb reference, completing the RT-SS
process of the full input SUT.While the system complexity and cost of
our parallel RT-SS scheme do scale with the number of channels,
similar to that in traditional channelized receiver schemes48, the
required total analog bandwidths of the receiving photodetectors,
sampling electronics, and digital processors are significantly reduced,
from tens of GHz to sub-GHz. Our parallel FTTM scheme also funda-
mentally differs from previously reported TFLN RF frequency mea-
surement systems based on frequency-to-power mapping
schemes49,50. Such schemes only recognize a single dominating fre-
quency component within a microsecond-level analysis time window
and cannot fulfill the complex spectrum reconstruction requirements
in 6G ISAC networks. A more detailed analysis of the proposed pho-
tonic RT-SS principles is provided in Supplementary Note I.

Experimental setup and device characterizations
The TFLN photonic chip-based RT-SS system with a four-channel
microring filter bank is experimentally demonstrated using a setup
shown in Fig. 2a. In our actual experiment, wemake use of both upper
and lower optical modulation sidebands in an interleaved manner, as
schematically shown in the inset of Fig. 2a. Specifically, we set the EO
comb spacing (32 GHz) to twice the scanning spectral range of each
microring filter (16 GHz). Microring 1 and microring 3 scan the upper
sidebands, referenced by the carrier and +1 order comb line,
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respectively, whereas microring 2 and microring 4 scan the lower
sidebands, referenced by the -1 and -2 order comb lines. Compared to
the simplified schematic in Fig. 1c, this interleaved configuration
requires only half the number of comb lines to achieve the same RF
spectral analysis bandwidth. It also avoids spectral measurement gaps
between adjacent scanning ranges of microring filters, ensuring
seamless spectral coverage across channels.

The integrated photonic chip is fabricated based on a 4-inch
wafer-scale TFLN technology (see “Methods”), as displayed in Fig. 2b.
The TFLN photonic chip consists of several element devices, including
a tunable optical power splitter, an MZM, a recycling PM and a four-
channel microring filter bank. Before investigating the system-level

functionalities, we first characterize the performances of these on-chip
building blocks. The on-chipMZMdemonstrates a large EO bandwidth
significantly exceeding 67 GHz (Fig. 2c) and a low half-wave voltage of
2.65 V. These performances significantly outperform previous works
using bulky LN23,28 or silicon photonic modulators37, thereby enabling
the faithful broadcasting of broadband SUT spectrum into the optical
domain with high conversion efficiency. The recycling PM is designed
with optical delay lines to efficiently produce EO combs at the desired
repetition rate of 32 GHz, as shown in Fig. 2d. A total of 15 comb lines
are generated with a 20-dB optical bandwidth of 3.84 nm. The
microring filters are designed with free spectral ranges (FSR) of 125
GHz, which in principle supports an unambiguous RF frequency
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Fig. 2 | Device characterizations and ultrawideband high-precision frequency
measurement. a Experimental setup of the TFLN photonic chip-based RT-SS sys-
tem. LD, laser diode. SUT, signal under test. PM, phase modulator. MZM, Mach-
Zehnder modulator. MSG, microwave source generator. AFG, arbitrary function
generator. EDFA, erbium-doped fiber amplifier. PD, photodetector. OSC, oscillo-
scope. DC, direct current. DSP, digital signal processing. b Microscope images of
the TFLN photonic RT-SS chip and test board. TPS, tunable power splitter. MMI,
multimode interference. c Electro-optic (EO) S21 responses of the on-chip Mach-
Zehnder modulator. dOptical spectrum of the on-chip EO frequency comb, with a
repetition rate of 32 GHz. e Left: static drop-port transmission spectra of the
microring filter bank with equal spacing of 32 GHz. Right: optical transmission

spectrum of one microring filter actively driven by a 20 Vpp ramp waveform,
indicating a 20-GHz EO frequency sweeping range. f (i) Measured electrical tem-
poral waveform traces in channel 1, corresponding to calibration input frequencies
from 6 to 14 GHz at a step of 2 GHz. (ii) Linear fitting of the RF frequencies versus
time intervals between reference pulses and SUT pulses. g Measured RF fre-
quencies versus input frequencies of single-tone SUTs from 0 to 62 GHz (i) and
from 90 to 120 GHz (ii). Insets: Statistical histograms of the frequency measure-
ment errors. RMS, rootmean square.hMeasured temporal waveforms of dual-tone
input SUTs for evaluating the frequency resolutions, using microring filters with
loaded Q factors of 3 × 105 (i) and 6 × 105 (ii), respectively.
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identification range up to half the FSR, i.e., 62.5 GHz. Themeasurement
range can be extended to a full FSR using carrier-suppressed single-
sidebandmodulation in future optimizations. By applying a 20 V peak-
to-peak ramp waveform to eachmicroring filter, an EO scanning range
(3-dB decline) of approximately 20 GHz is achieved (Methods), as
shown in Fig. 2e (right). Based on these evaluated device perfor-
mances, in the subsequent photonic RT-SS experiments, the spectral
slices of the entire SUT are set to 0-16 GHz, 16-32 GHz, 32-48 GHz, and
48-64 GHz for the four microring filter channels, respectively. The 16-
GHz slicing width is slightly narrower than the full microring scanning
range to allow partial overlaps between adjacent analysis channels for
inter-band spectrum stitching. Correspondingly, the four microring
filters are initially biased at an equal frequency spacing of 32 GHz, as
shown in Fig. 2e (left).

High-precision RF frequency identification
To evaluate the system-level performance of the TFLN photonic RT-SS
system, we first validate the RF frequency identification capabilities by
applying stationary single-tone and multiple-tone microwave SUTs.
Here the periodic scan frequency of the microring filters is set to 1
MHz. We calibrate the system by inputting single-tone RF signals with
predefined frequencies at 2 GHz steps. The calibration allows us to
obtain the FTTM functions for the four spectral analysis channels,
which will be used to estimate unknown SUT frequencies in sub-
sequent experiments. Example original temporal waveforms obtained
for channel 1 during the calibration process are shown in Fig. 2f (i). The
time intervals between the reference pulses and signal pulses are
extracted and linearly fitted to the corresponding input RF fre-
quencies, as shown in Fig. 2f (ii). The excellent FTTM linearity is
achieved due to the intrinsically linear Pockels effect of lithium nio-
bate, which ensures precise measurements with minimal signal post-
processing. The calibration results of other channels are provided in
Supplementary Note II, which all show similarly good linear relation-
ships. The calibrated system is then used to identify unknown single-
tone frequencies from 0 to 62 GHz with a step of 1 GHz. The mea-
surement results are shown in Fig. 2g (i), achieving a rootmean square
(RMS) frequency measurement error of 53.1 MHz. Thanks to the EO
combs that provide stable absolute frequency references, our photo-
nic RT-SS system can maintain these high-precision frequency mea-
surement performances in the presence of environmental
temperature fluctuations (see Supplementary Note III), which is highly
appealing in practical scenarios. The frequency range of 62-64 GHz in
channel 4 cannot be unambiguously identified, as it approaches the
half-FSR of the microring filter. Based on these results, the overall
analysis bandwidth of our photonic RT-SS system can ideally be
regarded as 62 GHz. Practically, however, the SUT spectral contents
close to the reference comb lines are also difficult to resolve, as the
FTTM-generated signal pulses overlap with the references. Our
experimental investigation, as discussed in Supplementary Note IV,
concludes that a total of 4.5 GHz bandwidth is occupied by the comb
references. Therefore, the total effective spectral analysis bandwidth
of the current system is 57.5 GHz.

Leveraging the ultrabroad bandwidth of TFLN modulators, we
show that the frequency measurement range can be further extended
to sub-THz band up to 120 GHz. In this experiment, we apply sub-THz
SUT to the on-chip MZM using a 100-GHz single-port RF probe,
whereas the EOcomb reference is replacedby anexternal tunable laser
source due to the lack of a dual-port RF probewith sufficient operating
bandwidth (see Supplementary Note V for more details). Fig. 2g (ii)
presents the frequency identification results within the 90-120 GHz
range using our TFLN photonic RT-SS system, with an RMS frequency
measurement error of 140.8 MHz. The reduced frequency measure-
ment precision is primarily attributed to random relative wavelength
fluctuations, as the reference laser and the carrier laser used for
broadcasting the SUT are independently free-running. This issue could

be addressed in the future by using broadband dual-port RF probes or
high-frequency RF packaging. The increase in measurement error also
partly arises from the degraded EO response of on-chip MZM, which
leads to a lower signal-to-noise ratio (SNR). Experimental verifications
on these measurement error analyses are provided in Supplemen-
tary Note V.

To evaluate the frequency resolution of the photonic RT-SS sys-
tem, two-tone SUTs with small frequency spacing are generated as
input. Here, we define the frequency resolution criterion as: if the
center minima between two closely-spaced SUT pulses is more than 1
dB lower than the peak values, we consider the two pulses (or the two
corresponding frequencies) resolvable. Based on this resolution cri-
terion, the measured frequency resolution for the 125-GHz microrings
is approximately 700 MHz, as shown in Fig. 2h (i). The frequency
resolution in our scan-filter based FTTM scheme is primarily deter-
mined by the Lorentzian-shaped bandpass filter linewidth of the
microring35. The obtained 700 MHz resolution aligns well with the
extracted loaded quality (Q) factor of 3 × 105 from the drop-port
transmission spectrum for themicroring. The resolution canbe further
improved by using amicroring filter with a higherQ factor. Using a 70-
GHz FSR microring with a loaded Q of 6 × 105, we obtain a frequency
resolution of 350 MHz, as shown in Fig. 2h (ii). It is worth noting that
the frequency resolution could further degrade from the filter line-
width if the microring is swept across its resonance with a duration
shorter than the cavity photon lifetime. This phenomenon will be
discussed with more details in the next section. The 1μs scanning
period used in the experiments here corresponds to a resonance
sweepingduration of about 31.5 ns (see SupplementaryNote VI), which
is significantly longer than the photon lifetime ( ~ 0.25 ns) and there-
fore will not lead to degradation of the frequency resolution. In addi-
tion, the 350 MHz frequency resolution could also be degraded when
the multi-tone SUT are located very close to the comb references
(Supplementary Note VII).

Ultrawideband real-time spectrum analysis
To showcase ultrawideband and fast spectrum reconstruction cap-
abilities beyond single-tone frequency identification, we input various
types of frequency-agile SUTs and perform joint time-frequency 2D
spectrogram analysis. In these experimental RT-SS demonstrations,
the scanning speed of the microring filters is further increased to 10
MHz, which corresponds to an analysis time slot of 100 ns, which is 4
orders of magnitude faster than previous RT-SS demonstrations using
Si photonics35,36 thanks to the fast EO tuning ofTFLNplatform.After re-
calibrating the linear FTTM functions of the four spectral channels at
the increased scanning speed (see in Supplementary Note VIII), various
SUTs are sent to the photonic RT-SS system, including linear-quadratic
composite chirp, dual quadratic chirp, dual linear chirp and frequency-
hopping signals. The SUTs are configured with a total signal duration
of 5μs, which is only limited by the available memory of the arbitrary
waveform generator (AWG) used for signal generation. Our proposed
photonic RT-SS scheme does not impose any fundamental limitation
on the measurement duration and could in principle perform unin-
terrupted monitoring of incoming RF signals. The output temporal
waveforms from the photodetector are sampled by a low-sampling-
rate (5 GSa/s) oscilloscope to recover the time-frequency power dis-
tributions (spectrograms) of the input SUTs, as shown in Fig. 3a.
Comparison with numerically calculated spectrograms of the corre-
sponding input SUTs (Supplementary Note IX) shows that the joint
time-frequency information of the four different types of SUTs is all
recovered with high spectral completeness, demonstrating the effec-
tiveness and versatility of our TFLN photonic RT-SS system. The
observable power non-uniformity across different frequencies in these
recovered spectrograms primarily stems from imperfections in the
experimental setup and equipment (see Supplementary Note IX). To
providemore detailed informationon the spectrogram reconstruction
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process, we plot the original measured voltage trace of channel 3 in
Fig. 3b as an example. It can be seen that the reference pulses appear
every 100 ns acting as labels in the temporal domain to locate each
analysis time slot. Based on these reference labels, the entire 5μs
temporal trace is divided into 50 individual 100-ns time slots. Fig-
ure 3b(ii) displays a zoom-in viewof a single analysis time slot. It can be
observed that, besides the reference pulse at the beginning, a second,
smaller reference pulse appears at the end of the scanning period due
to the finite return-to-zero time of the actual ramp driving waveform.
Nevertheless, the second reference pulse does not affect the spec-
trogram analysis process, as it falls outside the concerned temporal
region in each time slot.

We further perform time-frequency analysis for SUT in the sub-
THz spectral range, as shown in Fig. 3c. Here, a stepped frequency

signal near 100 GHz is analyzed by themodified sub-THz photonic RT-
SS scheme discussed above (Methods and Supplementary Note V for
details). To the best of our knowledge, this is the first experimental
demonstration of RT-SS in the sub-THz frequency band, which is
essential for full-band and dynamic spectral resource management in
the 6G era.

In the proposed photonic RT-SS scheme, the Fourier transform
(FT) operation is equivalently performed once every 100 ns, which
corresponds to 1 × 107 FTs per second. This 100-ns time slot also
determines the temporal resolutionof theRT-SSoperation. Toconfirm
this, a SUT containing three single-tone bursts of 100 ns duration is
generated as input, all of which are successfully captured in the
recovered spectrograms (Fig. 3d). Although the Pockels effect onTFLN
platform can allow a much higher scan speed, a rapid deterioration in
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Fig. 3 | Full-bandphotonicRT-SSon frequency-agileRF signals. aReconstructed
RF spectrograms of various input signals, including (i) composite linear and
quadratic chirp signals (4-12 GHz, channel 1), (ii) double quadratically chirped
signals (20-28 GHz, channel 2), (iii) double linearly chirped signals (36-44 GHz,
channel 3), and (iv) hopping frequency signals (52-60GHz, channel 4). b (i) Original
temporal waveform recorded at the output of channel 3 in (a). (ii) Zoom-in view of
the temporal waveform in an individual 100-ns time slot. c Reconstructed spec-
trogram of a frequency stepping signal near 100 GHz frequency. d Reconstructed
spectrogram of SUT with three transient bursts of 100-ns duration. e Measured
processing latency of the photonic RT-SS system, using an on-off keying 8-GHz sine

wave signal as input SUT. The red 'Marker' trace is synchronized with the SUT to
provide a time stamp at the burst of the 8-GHz SUT. f Schematic diagram of the
parallel RT-SS setup for measuring input SUTs with ultrawide chirping frequency
range across channel 1 and channel 2. AWG, arbitrary waveform generator. AFG,
arbitrary function generator. LD, laser diode. PM, phase modulator. MZM, Mach-
Zehnder modulator. PD, photodetector. OSC, oscilloscope. g Measured temporal
waveforms of the RT-SS system output in channel 1 (top) and channel 2 (bottom).
h Seamlessly stitched dual-channel spectrogram for a linearly chirped SUT input in
the range of 4–28 GHz.
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terms of frequency resolution is observedwhenwe further shorten the
analysis time slot (see in Supplementary Note X for more details). This
phenomenon is caused by the well-known ringing effect in high-Q
optical resonators51,52. When a high-Q resonator is excited by a fast
frequency-chirping laser source, whose frequency is linearly swept
across the resonance with a duration shorter than the cavity lifetime,
an oscillating transmission spectrum can be observed, leading to
broadened temporal pulses51. This physical process also happenswhen
a high-Q resonator is fast EO modulated, in our case. Therefore, to
maintain a reasonable frequency resolution, the temporal resolution is
ultimately set at 100 ns in our RT-SS experiments. The achieved tem-
poral resolution significantly outperforms current electronic solutions
andmeets the requirements inmost real-world applications, including
dynamic spectrum sharing in 6G ISAC scenarios53. While photonic RT-
SS systems based on the time-lens approach could achieve better
temporal resolution (several nano-seconds), they typically suffer from
large latencies ( > 100μs)23 and significant bulkiness due to the use of
longdispersivefibers, which is completely eliminated in our scheme. In
principle, themeasurement latency in our scheme is nomore than one
filter scanning period of 100 ns. To evaluate the latency performance,
we simultaneously generate an on-off keying (denoted as ‘1’ and ‘0’ in
Fig. 3e) 8-GHz sine wave signal, which is sent to the photonic RT-SS
system, and a marker sequence for referencing the time when the
signal is turned on. The output temporalwaveform fromtheRT-SS and
the marker are collected and analyzed by the same oscilloscope. To
minimize the latency, in this experiment, we remove the EDFA (and
thus its long internal fiber) and use a high-sensitivity PD (Methods).
The measurement setup and the relevant details are provided in
Supplementary Note XI. As shown in Fig. 3e, the measured analog RT-
SS processing latency is ~ 50 ns in this particular case, which could be
shorter or longer depending on the relative time of signal appearance
within one scanning period. The maximum analog-domain latency in
the current setup is 110 ns, which corresponds to the microring filter
scan period (100 ns) plus the lensed fiber delay of 10 ns. Considering
the additional electrical acquisition and digital processing latencies
needed in a real-world deployment, the total end-to-end latency can
still bemaintained towithin 140 ns based on our estimation detailed in
Supplementary Note XI.

We further demonstrate the broadband parallel RT-SS ability
across multiple channels through a proof-of-principle spectrogram
measurement of a linear chirp signal that spans from 4 GHz to 28 GHz
using both channel 1 and channel 2 (Fig. 3f). In this measurement, two
microring filters are synchronously driven by a single waveform gen-
erator to produce FTTM optical signals, followed by two high-
sensitivity PDs for parallel optical-to-electrical conversion. The dual-
channel, spectral-mapping electrical signals are simultaneously col-
lected by an oscilloscope, as shown in Fig. 3g. It can be observed that
the two channels severally capture the time-varying frequency infor-
mation in the first and second halves of the SUT duration, with partial
overlap in the middle to achieve spectrally gapless analysis. The
combined dual-channel spectrogram is shown in Fig. 3h, clearly
reconstructing the entire spectrogram of the SUT without observable
discontinuity in the frequency or time axis. The dual-channel mea-
surement result preliminarily verifies the scalability toward ultra-
wideband RT-SS through more parallel analysis channels, which could
be achieved in future work through the hybrid integration or co-
packaging of a monolithic PD array with TFLN chips.

ISAC demonstration empowered by photonic RT-SS
Building on the ultrawideband and high-speed spectral analysis cap-
ability, we finally deploy the TFLN photonic RT-SS in a proof-of-
concept ISAC scenario to demonstrate its real-world application
potential. As schematically illustrated in Fig. 4a, we demonstrate that
data communication and radar sensing functionalities can operate
simultaneously through DSA implementation within a shared spectral

resource pool (20-26 GHz), facilitated by the photonic RT-SS. On the
communication side, acting as the primary user in this ISAC system,
quadrature phase shift keying (QPSK) modulation signals with time-
varying spectrum occupancy are generated and emitted into free
space by a horn antenna, as shown in Fig. 4b. The spectrumoccupancy
of the communication signal dynamically varies in time slot of 1μs
length. On the radar sensing side (secondary user), in addition to the
typical transmitting and receiving hardware, the radar is also equipped
with photonic RT-SS to capture the spectrum usage of communication
activities, thereby enabling its dynamic access to the underutilized
spectral regions. Specifically, in each coherent processing interval
(CPI), the radarfirst implements photonicRT-SS to acquire the spectral
usage information of the communication channel. We develop a
heuristic spectro-temporal resource allocation algorithm (Methods) to
adaptively select the optimal frequency bands for radar access, as
shown in Fig. 4a [inset (ii)]. In particular, the reconstructed spectro-
gram after photonic RT-SS is first discretized into multiple small-size
spectral resource blocks. Then, the resource block group (comprising
several blocks to satisfy radar bandwidth requirement) with minimal
communication interference power will be identified through a brute-
force search process. This proposed algorithm is versatile for arbitrary
temporal resolution, frequency resolution and radar sensing band-
width budgets. Finally, the radar adjusts its operating frequency range
to the algorithm-optimized spectral bands, in which it transmits
frequency-modulated continuous wave (FMCW) waveforms to per-
form ranging measurement of a corner reflector target. In the experi-
ment, the radar CPI is considered as equal to the time-slot length of the
communication signal (1μs), with one CPI containing a single FMCW
waveform. More details about the ISAC experimental setup can be
found in the “Methods” section.

Figure 4c shows the reconstructed RF spectrogram of the com-
munication signal, clearly revealing its time-varying spectral activities.
Adopting the spectrum allocation algorithm, the optimal frequency
ranges for radar dynamic access are identified in every time slot, as
shown in Fig. 4d. Here, the blue line represents the algorithm-
optimized center frequencies for the proposed DSA scheme, while the
red line represents the traditional SSA scheme (as comparison base-
line), both considering a radar sensing bandwidth of 1 GHz. It is worth
noting that the sensing bandwidthdoes not need to be fixed at 1GHz in
the DSA implementation and can be flexibly adjusted according to
practical resolution requirements. Based on the static or dynamic
spectral allocations (Fig. 4d), the radar performs target ranging mea-
surements while coexisting with communication. The radar echoes
capturedby the antenna arede-chirpedbymixingwith the transmitted
waveform. After a fast Fourier transform process, the radar inter-
mediate frequency (IF) spectra containing target information can be
obtained, as shown in Fig. 4f (using the 2nd time slot as an example).
The SINR values of the radar IF spectra are extracted for all time slots
and plotted in Fig. 4e, which are used to evaluate radar ranging per-
formance. In the DSA scheme, the measured SINR values are all higher
than 8.8 dB, indicating high-quality target ranging measurements. On
the contrary, the SINR is severely deteriorated in the SSA scheme,
except for the third time slot which is not spectrally interfering with
communication. The comparative ranging results confirm the effec-
tiveness of the RT-SS-guided DSA implementation inmaintaining high-
performance radar operations in the presence of congested commu-
nication interferences.

In the 6G ISAC vision, the radar is also expected to perform high-
resolution imaging tasks in emerging scenes such as autonomous
driving, smart medical system, and intelligent manufacturing. To
validate the RT-SS-enabled DSA performance in imaging tasks, we
simulate 2D radar imaging results of a target with ’CityU’ logo based on
the DSA and the SSA schemes, respectively, using the same commu-
nication signals and radar waveforms as those in the ranging mea-
surement. The DSA and SSA imaging results in Fig. 4g exhibit stark
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contrast in imaging quality, confirming the effectiveness of photonic
RT-SS-based radar dynamic access in alleviating time-varying com-
munication spectral interferences. Based on these proof-of-principle
ranging and imaging demonstrations, we believe our TFLN photonic
RT-SS holds significant potential for high-efficiency dynamic sharing of
scarce spectral resources in future 6G ISAC networks.

Discussion
Leveraging the large EO modulation bandwidth and fast filter tuning
speed empowered by the Pockels effect, along with a parallel spectral
measurement scheme referenced by an EO comb, our photonic chip-
based RT-SS system achieves significantly improved overall perfor-
mances, especially in spectral analysis bandwidth, integration level,
andprocessing latency, compared toprevious electronic andphotonic
RT-SS demonstrations, as shown in Table 1. These unique features are
particularly important for ISAC applications in future 6G wireless
networks, enabling effective utilization and dynamic management of
the full spectrum resources from microwave to sub-terahertz with
significantly reduced SWaP. The total power consumption of the
photonic RT-SS system is estimated to be about 1.14 W (see

Supplementary Note XII formore details), based on the use of state-of-
the-art photonic and electronic devices for system integration. Build-
ing on the excellent scalability of the TFLN platform, the proposed RT-
SS architecture could be readily extended deeper into the THz band
(e.g., 100–300GHz) leveraging ultrawideband TFLN modulators54, a
larger-scale microring filter bank, and a reasonably broad EO comb
generator42. The spectral resolution of our photonic RT-SS system
could be further improved by adoptingmicroring filters with narrower
linewidths. Recently, TFLN microrings with ultrahigh Q factors
exceeding 29 million have been achieved through high-quality dry
etching and wider waveguide designs55. By employing such a high-Q
microring filter, a frequency resolution down to 10 MHz is possible,
which however would come at the cost of degraded temporal resolu-
tion as discussed above.

Moving forward, the TFLN photonic RT-SS core could be further
integrated and/or co-packagedwith the other peripheral photonic and
electronic components toward compact and low-cost real-world
deployment in ISAC base stations. The laser source can be integrated
into the TFLN platform using hybrid or heterogeneous integration
technologies56, potentially reducing optical coupling loss and
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Fig. 4 | Photonic RT-SS empowered proof-of-concept ISAC. a Illustration of the
ISAC experimental setup, where a radar performs target sensing operation based
on dynamic spectrum sharing with a communication system emitting frequency-
varying data streams. The radar sequentially executes (i) photonic RT-SS, (ii)
algorithm-optimized spectrum allocation, and (iii) dynamic hardware spectrum
access to coexist with communication. MCI, minimum communication inter-
ference; ANT, antenna; FMCW, frequency modulation continuous wave. TX,
transmitter. RX, receiver. b Image of the ISAC experimental setup, where two same
horn antennas transmit FMCW waveforms and receive echoes from a corner
reflector target. A third horn antenna emits communication signals, acting as
spectral interference for radar.cReconstructed time-frequency spectrogramof the

communication signal by the photonic RT-SS. d Allocated radar center frequencies
in different time slots under the RT-SS-guided dynamic spectrum access (DSA) and
the traditional static spectrum access (SSA) schemes, both considering a total radar
signal bandwidth of 1 GHz. e Extracted signal-to-interference-plus-noise ratios
(SINRs) from the de-chirped intermediate-frequency (IF) electrical spectra of radar
echoes, under the DSA and SSA schemes. f De-chirped IF spectra of the radar echo
signals in the second radar time slot in (e). Horizontal axes have been converted
from Fourier frequency into distance values for better visualization. g Comparison
of the simulated 2D radar imaging results under the (i) DSA scheme and (ii) SSA
scheme.
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eliminating the need for the optical amplifier used in the present work.
To achieve ultrawideband ( > 100 GHz) spectrum sensing required by
the 6G wireless, more microring filters (e.g., 6 channels) can be
incorporated, along with an increase in the scale of receiving PDs and
electronic hardware. In this context, a key advantage of our photonic
RT-SS scheme is that all electronic devices (ADCs/DACs) can be
implemented using low-speed CMOS circuitry, thereby allowing for
extensive hybrid integration or co-packaging with photonic circuits at
a low cost. As we preliminarily show in the dual-channel experiment,
one DAC can be used to drive the entire filter bank, since electrically
the EOmicrorings are capacitive loads that do not consume significant
static current. For the synchronization of these electronic devices, a
clock frequency of several GHz is sufficient, which is also technically
mature and cost-effective. The major challenge may lie in the inte-
gration of a large-scale PD array. Recently, modified uni-traveling
carrier photodiode (MUTC PD) heterogeneously integrated on TFLN
platform has been realized, with the integration scale up to four
channels57. A more cost-effective solution is to adopt multi-platform
hybrid integration. For example, very large-scale PD arrays (greater
than 16 channels) have already been achieved on III-V58 and silicon
photonic59 platforms, which can be optically interfaced with TFLN
photonic chip using photonic wire bonding60 techniques.

To directly capture and analyze an ultrabroad wireless spectrum,
ultrawideband receiving antenna designs like the Vivaldi antenna61 can
be used. This type of ultrawideband antenna has recently been
demonstrated on the TFLN platform and directly integrated with an
on-chip MZM62, showcasing an operating frequency range of 27-200
GHz. More importantly, benefiting from the versatility and scalability
of the TFLN photonic platform, the RT-SS module developed in this
work can be seamlessly combined with other functional microwave
photonicmodules including transmitter63, receiver62, and analog signal
processor47, towards aphotonics-drivenwirelessbase station featuring
full-spectrum utilization, ultralow SWaP, and dynamic adaptability to
complex electromagnetic environment in the 6G era.

Methods
Design and fabrication of the TFLN photonic circuit
The on-chip phasemodulator andMZmodulator are designed with an
effective modulation length of 1 cm. The widths of the signal and
ground metal strips are 50μm and 250μm, respectively. Slot-

electrode structure is utilized and simulated using High Frequency
Simulation Software (Ansys HFSS) to achieve velocity matching
between lightwave and microwave, leading to a high EO bandwidth.
The microring resonators are designed in a racetrack configuration,
with a waveguide width of 2μm and an electrode gap of 6μm to
reduce the optical propagation loss. To suppress high-order mode
excitation while minimizing the bending radius, an Euler curve is uti-
lized and simulated usingAnsys Lumerical FDTDto ensure an adiabatic
mode transition in the bending region. The effective radius of the Euler
bend is 80μm, and the length of the straight region is 180μm, yielding
a free spectral range (FSR) of approximately 125 GHz. For the assess-
ment of frequency resolution, a larger racetrackmicroring is used,with
its straight region increased to 600μm to obtain a higher loaded Q
factor, leading to a FSR of 70 GHz.

The devices are fabricated using a commercially available x-cut
LNOI 4-inch wafer (NANOLN), with a 500 nm LN thin film, a 4.7μm
buried SiO2 layer and a 500μm silicon substrate. First, SiO2 is depos-
ited onto the surface of the LN wafer as an etching hard mask using
plasma-enhanced chemical vapor deposition (PECVD). The optical
waveguides and passive devices are then patterned onto the wafer
using ultraviolet stepper lithography. Next, the exposed resist patterns
are first transferred to the SiO2 layer using a standard fluorine-based
dry etching process, and then to the LN device layer using an opti-
mized Ar+-based inductively coupled plasma reactive-ion etching
process. The LN thin film is etched with a depth of about 250 nm,
leaving a 250-nm-thick slab layer. After removal of the residual SiO2

mask and redeposition, the sample is annealed. Then, the RF electro-
des and wires/pads for electrical connections are severally fabricated
through a second, third, and fourth lithography and metal lift-off
processes. Finally, the TFLN chips are carefully cleaved for edgeoptical
coupling with a coupling loss of approximately 4-5 dB per facet.

Characterization of on-chip building blocks
For the on-chip MZM, the EO modulation bandwidth is evaluated by
the small-signal EO S21 response, which is measured by a vector net-
work analyzer (VNA, Keysight N5227B). The frequency-sweeping RF
signal is applied onto the RF electrodes through a broadband probe
(GGB Industries, 67 GHz). The modulated optical signals are captured
by a high-speedphotodetector (Finisar XPDV412xR, 100GHz) and then
sent back to the VNA. The RF cable losses, probe loss and

Table 1 | Performance comparison of the state-of-the-art electronic and photonic RT-SS systems

Technical
scheme

Integration/
Platform

Operating fre-
quency
range (GHz)

Analysis band-
width (GHz)

Latency§ (μs) Temporal
resolution (ns)

Frequency
resolution
(MHz)

Demand on high-
speed∥ electron.
devices

ISAC
demo.

Electronics18 Yes/Silicon 3.1-10.6 7.5 < 420 N/A 132 No No

Electronics19 Yes/Silicon 2-22 20 N/A** N/A 2300 No No

Photonics23 No 0-4.86 4.86 > 200 5 340 Yes No

Photonics29 No 0-0.53 0.53 < 0.2 30 30 Yes No

Photonics33 No 1-9.7 8.7 N/A 100 100 Yes No

Photonics32 No 0-12 12 N/A 500 60 Yes No

Photonics24 No 2-40 38 > 1 × 103 2 2000 Yes No

Photonics28 No 0-46 46 < 0.1 9 400 Yes No

Photonics34 No 0-50.8 50.8 N/A 500 20 Yes No

Photonics35 Yes/SOI* 2-35 33 < 1 × 103 1 × 106 15 No No

Photonics36 Yes/SOI 1-30 29 < 1 × 104 1 × 107 375 No No

Photonics
(This work)

Yes/TFLN 0-62&90-120 24†/57.5‡ < 0.11 100 350 No Yes

* SOI silicon on insulator. ** N/A Information not available or not applicable. † The bandwidth of 24 GHz is obtained in the dual-channel experiment in Fig. 3. ‡ The bandwidth of 57.5 GHz is predicted
based on the experimental results from four-channelmicroring filters, subtracting the occupied bandwidth of the comb references. § The values refer to the analog domain input-to-output latency,
not including the time required for further electrical acquisition and digital processing. ∥ High-speed ( > 1 GHz bandwidth) analog-to-digital converters (ADCs) or digital-to-analog converters (DACs)
used to constitute the RT-SS systems, excluding the equipment for generating the broadband signal under test.
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photodetector response are calibrated and de-embedded from the
measured S21 responses. Tomeasure the half-wave voltage, a kilohertz
electrical triangular waveform is generated from a function generator
(Rigol DG4162) to drive the device. The output optical signal of the
MZM is detected using a low-speed PD (New Focus 1811) and mon-
itored using an oscilloscope (Rigol DS6104). To characterize the EO
comb generation, the phase modulator is driven by a tunable micro-
wave source with an RF power of 27 dBm. The optical spectra are
measured by an optical spectrum analyzer (OSA, Yokogawa
AQ6370D). Due to the recycling configuration, the phase modulation
efficiency is maximized at periodically appearing optimal RF fre-
quencies, when the recycled optical signal remains in phase with the
driving microwave signal. In this work, the EO comb spectra at a 32-
GHz repetition rate are characterized.

To test the optical performances of the microring filter bank, a
wavelength-tunable laser source (Santec TSL-570) of 13 dBm power is
sent to the devices using a lensed fiber (mode size of 2 μm diameter),
and the optical signals from the drop ports of the microrings are col-
lected using a second lensed fiber and sent to a photodetector (New
Focus 1811). The recovered electrical signals are recorded by a data
acquisition module (NI USB-6259), which are synchronized with the
output trigger of the laser source. In this way, the transmission spectra
can be obtained in a highwavelength resolution of 0.1 pm. Tomeasure
the EO scanning range of the microring, a broadband spontaneous
emission noise source from an EDFA (Amonics) is injected into the
device, and the output optical signals at the drop port of themicroring
filters are collected using an OSA. The scanning period of the micror-
ing is set as 1 μs, which is much shorter than a single-cycle measure-
ment time (second-level) of the OSA. Hence, a flattop transmission
spectrum is obtained, which corresponds to the frequency sweeping
range of the microring filter.

Experimental setup of TFLN photonic RT-SS
In the photonic RT-SS experiments, a c.w. optical carrier of 13 dBm
power is generatedby a tunable laser source (Santec TSL-710) and then
coupled into the TFLN chip through a lensed fiber. A polarization
controller is adopted to ensure TE polarization of the injection light for
the largest EO modulation efficiency. The overall insertion loss of the
TFLNphotonic RT-SS chip is approximately 21 dB. This includes a 10dB
coupling loss (5 dB per facet), a 2 dB waveguide routing loss (0.4 dB/
cm over a total length of 5 cm), a 3 dB drop-port transmission loss of
the microring filter, and a 6 dB inherent power splitting loss from the
input/output 1 × 2 MMI for the parallel PM-MZM structure. For the
generation of reference EO comb, the recycling PM is driven by a 32
GHz sinusoidal wave, which is provided by a microwave signal gen-
erator (Agilent E8244A) and then amplified by an electrical amplifier
(Plugtech EVK-RF-A-40-G). The input signal under test (SUT) in the
frequency range of 0-32 GHz is directly generated by a 92-GSa/s arbi-
trary waveform generator (AWG, Keysight 8196A). In the frequency
range of 32-64 GHz, the SUT is first generated within 0-14 GHz by the
AWG and then upconverted through a mixer (14-65 GHz) and an RF
local oscillator (R&S SMA 100B). The generated SUT is further ampli-
fied by an electrical low-noise amplifier (SHF 807C) and combinedwith
a DC bias voltage with the help of a broadband bias-tee (SHF BT-65). A
five-pin GSGSG RF probe (GGB Industries, 50 GHz) is employed to
apply the 32 GHz local oscillation and the broadband SUT onto the
metal pads simultaneously.

A function generator (500 MSa/s, Rigol DG4162) is employed to
apply a 20 Vpp ramp voltage waveform to the EO-scanning microring
filter bank. In the experiment, we observe a slight trade-off between
the scanning speed and tuning range of each microring, as the prac-
tical output peak-to-peak voltages from the waveform generator gra-
dually decrease with higher scan frequencies. From 1 MHz to 20 MHz
scan frequency, the practical voltage will drop by 15%, even though the
panel settings are maintained at 20 Vpp. The output optical signals by

the TFLN chip containing desired spectral information of SUT, are
collected by another lensed fiber. The optical signals are amplified by
an EDFA (Amonics) to compensate the fiber coupling loss. A bandpass
optical filter (Santec OTF-930) is used after the EDFA to suppress the
out-of-band spontaneous emissionnoise. The optical signals arefinally
converted back to electrical domain by a PD with internal trans-
impedance amplifier (12 GHz, New Focus 1544), and captured by a low-
speed oscilloscope (5 GSa/s, R&S MXO44-245). The PD is reused for
serial detection across four channels. The collected temporal electrical
waveforms from the oscilloscope are off-line processed in a desktop to
obtain the joint time-frequency spectrogram. In the latency measure-
ment, the EDFA is removed from the setup due to its significant con-
tribution to latency from the long internal fiber (85 m). In this case, to
ensure effective output signal detection, a photodetector (New Focus
1811, 125 MHz) with higher sensitivity is employed with a compromise
in bandwidth. Additionally, in this latency characterization test, the
Marker function of the AWG (Keysight 8196A) is adopted, which can
provide a user-defined binary sequence that is synchronized in time
with the SUT stream. Specifically, we use the Marker sequence to label
the turn-on time for the on-off keying single-tone SUT, so that the time
interval between the input SUT and the RT-SS output can be evaluated.

In the multi-channel photonic RT-SS experiment, two microring
filters (channel 1 and channel 2) are synchronously driven by a single
function generator (Rigol DG4162). The output ramp waveform of the
function generator is split to drive the two microrings using a three-
port electrical connector, without any voltage division, since the EO
microrings are capacitive loads with no static current. The dual-port
output signals of the on-chip RT-SS system are fed into two high-
sensitivity PDs (New Focus 1811) for O/E conversion, and are then
simultaneously collected by two channels of the same oscilloscope.
The electrical cables and fibers used for connection of these two
channels are identical to avoid additional misalignment in the time
axis. The measured temporal signals of channel 1 and channel 2 are
responsible for analyzing the spectral contents in the ranges of 0-16
GHz and 16-32 GHz, respectively, which are finally combined together
to recover the entire broadband SUT.

Photonic RT-SS in sub-THz band
In the experimental demonstrations of TFLN photonic RT-SS in the
sub-THz frequency range (90-120 GHz), a c.w. optical carrier is
generated by a laser source (Santec TSL-710) to modulate the SUT
onto the optical domain. A second laser reference is produced by
another source (Santec TSL-510). The carrier and reference light
waves are coupled into the TFLN chip using a dual-channel lensed
fiber array. The wavelength of the reference laser source was tuned
to achieve various frequency spacing between the carrier laser, for
supporting the frequency measurement in different spectral range.
The SUT is first generated by an RF local oscillator (R&S SMA 100B)
and then undergoes eight-fold frequency multiplication by an elec-
trical multiplier (90-140 GHz, Millitech AMC-08-RFH00), delivering
an output RF power of 4 dBm. The output signal from the multiplier
is delivered to the on-chip electrical contact pads through ametallic
waveguide and a high-speed three-pin GSG RF probe (GGB Indus-
tries, 90-140 GHz). The on-chip MZM device is designed with
unbalanced optical paths, therefore, the null bias-point can be rea-
lized though adjusting the optical carrier wavelength. Considering
that the modulated sidebands in the 100 GHz band have weaker
power than those in the relatively low frequency range ( < 62 GHz), a
PD with higher sensitivity but lower bandwidth (125MHz, New Focus
1811) is employed to detect the output signals from the TFLN pho-
tonic chip. The periodic scan frequency of the microring filter is
configured within the 10 kHz to 100 kHz range to ensure that the
generated temporal pulses do not exceed the operating bandwidth
of the PD. For the generation of the stepped frequency signal, the
frequency sweeping function of the microwave source (R&S SMA
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100B) is adopted. The dwell time is set as 2 ms, which is the mini-
mum value supported by the instrument.

ISAC demonstration enabled by photonic RT-SS
In the proof-of-concept ISAC experiments, radar sensing and com-
munication signals dynamically share the same spectral resource pool
in the K-band (20-26 GHz), which is limited by the available RF
equipment and devices rather than the bandwidth of the proposed
photonic RT-SS. The entire ISAC setup consists of threemain parts: the
communication hardware, the radar hardware, and the photonic RT-SS
module attached to the radar to guide its dynamic spectrum access.
For the communication (primary user) hardware, a series of QPSK
modulation signals is generated by an AWG (Keysight 8196A), featur-
ing time-varying spectral occupancy with a time slot length of 1 μs and
a total signal duration of 5 μs.

Specifically, in each time slot, two independent streams of 1.5
Gbaud/sQPSK-format baseband data aremodulated on twoK-band RF
carriers. From the 1st to the 5th time slot, the dual carrier frequencies
are as follows: 21 GHz and 23GHz (time slot 1), 21GHz and 25GHz (time
slot 2), 23 GHz and 25 GHz (time slot 3), 21 GHz and 25 GHz (time slot
4), and 21GHz and 23GHz (time slot 5). In thisway, the communication
signal occupies nearly 4 GHz spectral bandwidth in each time slot, as
shown in Supplementary Fig. 10(e). The generated communication
signal is amplified by an electrical amplifier (Pasternack PE15A4021) to
30 dBm and then emitted into free space through a horn antenna with
a gain of 15 dBi.

For the radar (secondary user) hardware, a corner reflector is
employed as the ranging target. In the radar transmitter, FMCW
waveforms aregenerated using another channel of the AWG,which are
amplified by an electrical amplifier (Pasternack PE15A5054) and then
emitted to free space through ahorn antenna. In the radar receiver, the
echoes are collected by another horn antenna of the same type as the
transmitter and amplified by a low-noise amplifier (SHF S807). Then,
the echoes are mixed with the branched-out transmitted waveform to
perform de-chirping operation. The de-chirped radar echo is captured
by an oscilloscope (R&S MXO44-245). Finally, the time-domain echo
signals are processed off-line by a desktop, where an FFT process is
executed to transform the echo signals from temporal domain to
frequencydomain. Basedon the echo spectra, thedistanceof the radar
target can be calculated. In the experiment, the radar sensing band-
width for the FMCW waveform is set to 1 GHz in each time slot.

The photonic RT-SS module is attached to the radar hardware, to
guide the radar in dynamically accessing the underutilized spectral
regions by communication. The receiving antenna of radar is used in
parallel for photonic RT-SS. The collected signals from free-space are
connected to theTFLNphotonic RT-SS chip usingRF cables and ahigh-
speed probe. In a real-world ISAC network, the radar sensing operation
and RT-SS operation are supposed to execute synchronously for the
DSA implementation. This demands the radar transmitting hardware
to have high-speed waveform reconfigurability with latency shorter
than the spectral variation time of the communication sequence.
However, the AWG in our setup requires second-level time to reload a
new FMCW waveform. Therefore, in the ISAC system demonstration,
we conduct the experiment in a quasi-real-time approach. Specifically,
we first perform the photonic RT-SS to completely record the time-
varying spectral activities of communication signal over its total
duration consisting of 5 time slots (5 μs). Then, we use the dynamic
spectrum allocation algorithm to search the optimal underutilized
spectral regions by communication in every time slot, conducted off-
line in a desktop. Finally, the radar adopts the algorithm-optimized
frequency ranges to dynamically transmit FMCW waveform for target
ranging, to coexist with the communication sequence over its entire
duration (5 μs). The radar sensing and communication signals are
synchronized in time, since they are generated by two output channels
of the same AWG.

In addition to the ranging measurement, target imaging func-
tionality is also necessary for a radar in 6G ISAC networks. Therefore,
we also compare the radar imaging performances in this spectrum-
shared ISAC scenario based on simulation, under the RT-SS-guided
DSA and the traditional SSA schemes, respectively. In the radar
imaging simulation, the transmitting and receiving antennas are
both positioned at [0, 0] meters, assuming it has no actual physical
dimensions. A complex two-dimensional radar sensing target is
constructed using geometric patterns derived from a binarized
image of the ’CityU’ logo, which is mapped onto a spatial grid
spanning [-10, 10] meters. The synthesized FMCW signals in both the
DSA and SSA schemes, as well as the communication signals
(as interference for radar) generated in simulation are kept same
with those in the ranging experiment. To achieve the complete
2D imaging of the target, the antenna is rotated across 360 degrees
with discrete steps. At each angle, FMCW sensing waveforms are
emitted to the target and the reflection echoes are collected. The
received echoes are processed through de-chirping. Finally, the
processed echoes from all discrete angles are spatially accumulated
to produce a normalized two-dimensional radar image of the 2D
target.

Adaptive spectrum allocation algorithm
The proposed spectro-temporal resource allocation algorithm oper-
ates over discrete time frames of the DSA-based ISAC system, where
communication is considered as the primary task, and radar sensing is
the secondary task. In each time frame, RT-SS is first performed to
acquire a sequence of discretized spectrum occupancy data over the
entire shared spectral range of the ISAC system, revealing the inter-
ference power from communication. Here, let R(f) denotes the mea-
sured spectral power sequence by the RT-SS operation, Δf denotes the
sampled frequency step, andM denotes the total number of frequency
samples obtained in a time frame. In this way, the discretized fre-
quency samples are given by:

f = fmin, . . . , fmin + m� 1ð ÞΔf , . . . , fmin + M � 1ð ÞΔf� � ð1Þ

Suppose the required radar sensing bandwidth is Bs, which is usually
determined by the needed sensing resolution in practical applications.
The corresponding number of frequency samples required for the
radar sensing is then determined as follows:

Ms =
BsM
B

� �
ð2Þ

where the B denotes the total bandwidth of the shared spectral range
as fmax � fmin. Next, the algorithm evaluates the average interference
power level over all potential radar operating frequency bands using:

Rm =
1
Ms

Xfmin + Ms +m�2ð ÞΔf
fmin + m�1ð ÞΔf R fð Þ ð3Þ

where m 2 1, . . . ,M �Ms + 1
� �

. Then, the core of the algorithm is to
solve the following integer programming problem with a limited
search space in order to select the radar frequency band that mini-
mizes the average interference:

minm Rm

s:t: x 2 1, . . . ,M �Ms + 1
� � ð4Þ

Letm* denote the optimal solution to this problem. Note that, due to
the constrained variable space, the optimization can be efficiently
executed via a brute-force search. Finally, the optimal radar transmis-
sion frequency band can be obtained. The central frequency of the
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allocated radar spectral block is identified as:

Fc = fmin +
Ms + 2m

* � 3
� �

2
Δf ð5Þ

which corresponds to the minimal average interference level, thereby
ensuring effective and low-interference radar sensing operation.

Data availability
The data generated in this study has been deposited in the Zenodo at
(https://doi.org/10.5281/zenodo.18731695).

References
1. Jornet, J. M., Knightly, E. W. & Mittleman, D. M. Wireless commu-

nications sensing and security above 100 GHz. Nat. Commun. 14,
841 (2023).

2. Griffiths, H. et al. Radar spectrum engineering and management:
Technical and regulatory issues. Proc. IEEE 103, 85–102 (2014).

3. Liu, F. et al. Integrated sensing and communications: Toward dual-
functional wireless networks for 6g and beyond. IEEE J. Sel. areas
Commun. 40, 1728–1767 (2022).

4. Chen, X. Q. et al. Integrated sensing and communication based on
space-time-coding metasurfaces. Nat. Commun. 16, 1836
(2025).

5. Qian, N. et al. Analog parallel processor for broadband multi-
functional integrated system based on silicon photonic platform.
Light.: Sci. Appl. 14, 71 (2025).

6. Zhang, W. et al. Broadband physical layer cognitive radio with an
integrated photonic processor for blind source separation. Nat.
Commun. 14, 1107 (2023).

7. Lu, S. et al. Integrated sensing and communications: Recent
advances and ten open challenges. IEEE Internet Things J. 11,
19094–19120 (2024).

8. Alsaedi, W. K., Ahmadi, H., Khan, Z. & Grace, D. Spectrum options
and allocations for 6G: a regulatory and standardization review.
IEEE Open J. Commun. Soc. 4, 1787–1812 (2023).

9. Davis III, R., Chen, Z., Hamerly, R. & Englund, D. Rf-photonic deep
learning processor with Shannon-limited datamovement. Sci. Adv.
11, eadt3558 (2025).

10. Haykin, S., Thomson, D. J. & Reed, J. H. Spectrum sensing for
cognitive radio. Proc. IEEE 97, 849–877 (2009).

11. Polese, M. et al. Coexistence and spectrum sharing above 100GHz.
Proc. IEEE 111, 928–954 (2023).

12. Dang, S., Amin, O., Shihada, B. & Alouini, M.-S. What should 6g be?
Nat. Electron. 3, 20–29 (2020).

13. Wang, W. et al. On-chip topological beamformer for multi-link ter-
ahertz 6g to xg wireless. Nature 632, 522–527 (2024).

14. Zhu, S. et al. Integrated lithium niobate photonic millimetre-wave
radar. Nat. Photonics 19, 204–211 (2025).

15. Wang, Z. et al. Vision, application scenarios, and key technology
trends for 6 G mobile communications. Sci. China Inf. Sci. 65,
151301 (2022).

16. Entesari, K. & Sepidband, P. Spectrum sensing: Analog (or partially
analog) CMOS real-time spectrum sensing techniques. IEEE
Microw. Mag. 20, 51–73 (2019).

17. Ma, Y. et al. Sparsity independent sub-nyquist rate wideband
spectrumsensingon real-time TVwhite space. IEEE Trans. Vehicular
Technol. 66, 8784–8794 (2017).

18. Kim, N.-S. & Rabaey, J. M. A dual-resolution wavelet-based energy
detection spectrum sensing for UWB-based cognitive radios. IEEE
Trans. Circuits Syst. I: Regul. Pap. 65, 2279–2292 (2017).

19. Zhong, L., Abbasi, M., Uddin, S. M. A. & Lee, W. Broadband
frequency-domain analog processor for spectrum sensing with20
GHz scan range. IEEE Trans. Circuits Syst. II: Express Briefs 70,
1759–1763 (2023).

20. Sepidband, P. & Entesari, K. A CMOS real-time spectrum sensor
based on phasers for cognitive radios. IEEE Trans. Microw. theory
Tech. 66, 1440–1451 (2017).

21. Romero Cortés, L., Onori, D., Guillet de Chatellus, H., Burla, M. &
Azaña, J. Towards on-chip photonic-assisted radio-frequency
spectral measurement and monitoring. Optica 7, 434–447 (2020).

22. Marpaung, D., Yao, J. & Capmany, J. Integrated microwave photo-
nics. Nat. photonics 13, 80–90 (2019).

23. Konatham, S. R. et al. Real-time gap-free dynamic waveform
spectral analysis with nanosecond resolutions through analog sig-
nal processing. Nat. Commun. 11, 3309 (2020).

24. Wang, Y., Yang, S., Yang, B., Gao, Y. & Chi, H. Photonic real-time
Fourier transform via optical phase conjugation. Opt. Lett. 50,
3632–3635 (2025).

25. Azaña, J. & Zhu, X. Optical time-mapped spectrograms (i): from the
time-lens fourier transformer to the Talbot-based design. J. Light-
wave Technol. 41, 4609–4623 (2023).

26. Azaña, J., Zhu, X., Rowe, C. & Crockett, B. Optical time-mapped
spectrograms (ii): fractional Talbot designs. J. Lightwave Technol.
41, 5284–5295 (2023).

27. Ding, J., Zhu, D., Yang, Y., Pan, Z. & Pan, S. Photonics-based multi-
domain features extraction for radio frequency signals. IEEE Trans.
Microw. Theory Tech. 72, 3692–3700 (2023).

28. Zhu, X., Crockett, B., Rowe, C. M., Sun, H. & Azaña, J. Agile
manipulation of the time-frequency distribution of high-speed
electromagnetic waves. Nat. Commun. 15, 8942 (2024).

29. Li, J. et al. Low-latency short-time Fourier transform of microwave
photonics processing. J. Lightwave Technol. 41, 6149–6156 (2023).

30. Guillet de Chatellus, H., Cortés, L. R. & Azaña, J. Optical real-time
fourier transformation with kilohertz resolutions. Optica 3,
1–8 (2016).

31. Wang, H. & Dong, Y. Real-time and high-accuracy microwave fre-
quency identification based on ultra-wideband optical chirp chain
transient SBS effect. Laser Photonics Rev. 17, 2200239 (2023).

32. Zuo, P., Ma, D. & Chen, Y. Short-time fourier transform based on
stimulated brillouin scattering. J. Lightwave Technol. 40,
5052–5061 (2022).

33. Dong, W. et al. Compact photonics-assisted short-time Fourier
transform for real-time spectral analysis. J. Lightwave Technol. 42,
194–200 (2023).

34. He, H. et al. Ultrawideband dynamic microwave
frequency–amplitudemeasurement. Sci. Adv. 11, eadu5130 (2025).

35. Wang, X. et al. Wideband adaptive microwave frequency identifi-
cation using an integrated silicon photonic scanning filter. Photo-
nics Res. 7, 172–181 (2019).

36. Zhang, W., Liu, H., Cheng, Y., Hong, X. & Wang, B. High-resolution
photonic-assisted microwave frequency identification based on an
ultrahigh-q hybrid optical filter. Opt. Express 31, 42651–42666
(2023).

37. Yao, Y. et al. Highly integrated dual-modality microwave frequency
identification system. Laser Photonics Rev. 16, 2200006 (2022).

38. Tao, Y. et al. Fully on-chip microwave photonic instantaneous fre-
quency measurement system. Laser Photonics Rev. 16, 2200158
(2022).

39. Wang, C. et al. Integrated lithium niobate electro-optic modulators
operating at CMOS-compatible voltages. Nature 562, 101–104
(2018).

40. Kharel, P., Reimer, C., Luke, K., He, L. & Zhang, M. Breaking
voltage–bandwidth limits in integrated lithium niobate modulators
using micro-structured electrodes. Optica 8, 357–363 (2021).

41. Feng, H. et al. On-chip optical vector analysis based on thin-film
lithium niobate single-sideband modulators. Adv. Photonics 6,
066006–066006 (2024).

42. Yu, M. et al. Integrated femtosecond pulse generator on thin-film
lithium niobate. Nature 612, 252–258 (2022).

Article https://doi.org/10.1038/s41467-026-70389-0

Nature Communications |         (2026) 17:3666 12

https://doi.org/10.5281/zenodo.18731695
www.nature.com/naturecommunications


43. Hu, Y. et al. High-efficiency and broadband on-chip electro-optic
frequency comb generators. Nat. photonics 16, 679–685 (2022).

44. Xu, M., He, M., Zhu, Y., Yu, S. & Cai, X. Flat optical frequency comb
generator based on integrated lithium niobate modulators. J.
Lightwave Technol. 40, 339–345 (2022).

45. Zhang, M., Wang, C., Cheng, R., Shams-Ansari, A. & Lončar, M.
Monolithic ultra-high-q lithium niobatemicroring resonator.Optica
4, 1536–1537 (2017).

46. Hu, Y. et al. On-chip electro-optic frequency shifters and beam
splitters. Nature 599, 587–593 (2021).

47. Feng, H. et al. Integrated lithium niobate microwave photonic
processing engine. Nature 627, 80–87 (2024).

48. López-Risueño, G., Grajal, J. & Sanz-Osorio, A. Digital channelized
receiver based on time-frequency analysis for signal interception.
IEEE Trans. Aerosp. Electron. Syst. 41, 879–898 (2005).

49. Wang, L. et al. Integrated ultra-wideband dynamic microwave fre-
quency identification system in lithium niobate on insulator. Laser
Photonics Rev. 18, 2400332 (2024).

50. Yan, H. et al. Thin-film-lithium-niobate photonic chip for ultra-
wideband and high-precision microwave frequency measurement.
Laser Photonics Rev. 19, 2401273 (2025).

51. Li, Z., Bennett, R. & Stedman, G. Swept-frequency induced optical
cavity ringing. Opt. Commun. 86, 51–57 (1991).

52. Savchenkov, A. A., Matsko, A. B., Ilchenko, V. S. & Maleki, L. Optical
resonators with ten million finesse. Opt. Express 15, 6768–6773
(2007).

53. Liu, H. et al. Integrated sensing and communication signal pro-
cessing based on compressed sensing over unlicensed spectrum
bands. IEEE Trans. Cogn. Commun. Netw. 10, 1801–1816 (2024).

54. Zhang, Y. et al. Systematic investigation of millimeter-wave optic
modulationperformance in thin-film lithiumniobate. Photonics Res.
10, 2380–2387 (2022).

55. Zhu, X. et al. Twenty-nine million intrinsic q-factor monolithic
microresonators on thin-film lithium niobate. Photonics Res. 12,
A63–A68 (2024).

56. Han, H., Ruan, S. & Xiang, B. Heterogeneously integrated photonics
based on thin film lithiumniobate platform. Laser Photonics Rev. 19,
2400649 (2025).

57. Xie, X. et al. A 3.584 tbps coherent receiver chip on inp-linbo3
wafer-level integration platform. Light.: Sci. Appl. 14, 172 (2025).

58. Wang, W. et al. Low loss 16-channel photodetector array receiving
module with fine tuning ability. IEEE Photonics J. 14, 1–6 (2022).

59. Liu, Z. et al. 25 × 50 gbps wavelength division multiplexing silicon
photonics receiver chip based on a silicon nanowire-arrayed
waveguide grating. Photonics Res. 7, 659–663 (2019).

60. Blaicher, M. et al. Hybrid multi-chip assembly of optical commu-
nication engines by in situ 3d nano-lithography. Light.: Sci. Appl. 9,
71 (2020).

61. Eichenberger, J., Yetisir, E. & Ghalichechian, N. High-gain antipodal
Vivaldi antenna with pseudoelement and notched tapered slot
operating at (2.5 to 57) GHz. IEEE Trans. Antennas Propag. 67,
4357–4366 (2019).

62. Moller de Freitas, M. et al. Monolithically integrated ultra-wideband
photonic receiver on thin film lithium niobate. Commun. Eng. 4,
55 (2025).

63. Tao, Z. et al. Ultrabroadband on-chip photonics for full-spectrum
wireless communications. Nature 645, 80–87 (2025).

Acknowledgements
This work is supported by the Research Grants Council, University
GrantsCommittee (STG3_E-104-25-N, C.W., CityU 11204022, C.W., CityU

11204523, C.W., C1002-22Y, C.W., STG3/E-704/23-N, C.W., CityU
11212721, C.W., CityU 11213125, C.W., and JRFS2526-1S01, H.F.), Croucher
Foundation (9509005, C.W.), City University of Hong Kong (9610682,
C.W.).We thankW.-H.WongandK. ShumatCityU for their help in device
fabrication and measurement. We thank the technical support of C. F.
Yeung, S. Y. Lao, C. W. Lai and L. Ho at HKUST, Nanosystem Fabrication
Facility (NFF), for the stepper lithography and PECVD process.

Author contributions
Y.T., H.F. and C.W. conceived the idea, with the discussions from H.S.
and X.W. Y.T. proposed the system architecture and designed the
devices. H.F., Y.W. and Z.C. fabricated the devices. Y.T. and H.F. carried
out the experimental measurements and data analysis, with the assis-
tance of X.X., Y.S.Z., Y.W.Z., T.G., and Z.T. The adaptive spectrum allo-
cation algorithm was proposed by Y.F., X.Y. and J.X. The spectrogram
data analysis and the imaging simulation of the ISAC demonstrationwas
implemented by Y.F., with the guidance from X.Y. The paper was pre-
pared by Y.T. and H.F., with contributions from all authors. C.W. super-
vised the project.

Competing interests
H.F., Z.C. and C.W. are involved in developing lithium niobate technol-
ogies at RhinoptiX Technology Ltd. The remaining authors declare no
competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-70389-0.

Correspondence and requests for materials should be addressed to
Yuansheng Tao, Hanke Feng or Cheng Wang.

Peer review information Nature Communications thanks Jose Azana,
whoco-reviewedwithXinyi Zhu and theother, anonymous, reviewers for
their contribution to the peer review of this work. A peer review file is
available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. Youdonot havepermissionunder this licence toshare adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

Article https://doi.org/10.1038/s41467-026-70389-0

Nature Communications |         (2026) 17:3666 13

https://doi.org/10.1038/s41467-026-70389-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	Integrated photonic ultrawideband real-time spectrum sensing for 6G wireless networks
	Results
	Principles of the integrated photonic RT-SS
	Experimental setup and device characterizations
	High-precision RF frequency identification
	Ultrawideband real-time spectrum analysis
	ISAC demonstration empowered by photonic RT-SS

	Discussion
	Methods
	Design and fabrication of the TFLN photonic circuit
	Characterization of on-chip building blocks
	Experimental setup of TFLN photonic RT-SS
	Photonic RT-SS in sub-THz band
	ISAC demonstration enabled by photonic RT-SS
	Adaptive spectrum allocation algorithm

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




