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An integrated wavemeter based on fully-stabilized
resonant electro-optic frequency comb
Rui Niu1,2,3,6, Shuai Wan1,2,3,6, Wenjian Li4, Pi-Yu Wang1,2,3, Fang-Wen Sun 1,2,3, Fang Bo4✉, Junqiu Liu 3,5,

Guang-Can Guo1,2,3 & Chun-Hua Dong 1,2,3✉

Optical frequency combs provide a powerful tool for precise measurement of the optical

frequency, holding significant importance in fields such as spectroscopy, optical commu-

nication and optical clock. The frequency stability of the comb line determines the precision

of the frequency measurement, but the delicate interplay between high precision, low power

consumption and integration still needs to be optimized. To this aim, here we demonstrate a

frequency measurement scheme based on a fully stabilized electro-optic comb, in which the

pump laser frequency and repetition rate are independently locked to the atomic transition

and microwave signal. The measurement precision of the demonstrated wavemeter can

reach sub-kHz-level, and the parallel measurement of multiple wavelengths can be per-

formed. Therefore, by combining the technical scheme reported here with advanced inte-

grated functional devices, our system is expected to provide a feasible solution for chip-scale

frequency precision measurement and reference.
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Determination of laser frequency with high resolution
is important in spectroscopy, metrology, and
communications1–7. Traditionally, measurements have

been conducted using grating and interferometer-based spectro-
meters, but more recently these measurements have been made
using optical frequency combs (OFCs)8,9. However, traditional
platforms based on fiber combs are bulky with a small repetition
rate. When measuring frequency, the uncertainty of the repetition
rate is amplified N times and transferred to the uncertainty of the
frequency measurement, where N is the relative mode number of
the closest comb line to the measured signal10,11. Therefore, the
most direct way to reduce frequency measurement uncertainty is
to employ the OFC with a higher repetition frequency.

In recent years, advancements in microfabrication technology have
enabled precise dispersion engineering and ultra-low propagation
loss, leading to the rapid development of integrated dissipative Kerr
solitons (DKSs)10,12–18. Compared to traditional fiber combs, DKSs
have a repetition rate that is increased by hundreds or thousands of
times, which can effectively reduce the uncertainty of frequency
measurement19,20. However, a fully frequency-stabilized DKS
requires the stabilization of the repetition rate (frep) as well as one of
the carrier-envelope-offset frequencies (fceo) and the pump frequency
(fp) because of fp= nfrep+ fceo. Due to the intracavity complex
nonlinear dynamics, stabilizing these parameters is challenging, as
they are interdependent and coupled together21. To stabilize these
key parameters, precise control over the pump laser power, pump
laser frequency, and laser-cavity detuning is required to achieve fre-
quency stabilization. This typically involves the use of auxiliary fiber
comb systems and multiple locking loops, significantly increasing the
difficulty and complexity of the system integration2,3,22.

In addition to DKSs, another approach for generating on-chip
OFCs that relies on the electro-optic (EO) modulation has
recently emerged23–28. The repetition rate of the EO comb is
uniquely defined by the modulation frequency. Conventionally,
EO combs are generated by modulating continuous light with a
series of discrete phase and amplitude modulators29. Since light
passes through each modulator only once, the EO modulation
strength is relatively weak and the span of the generated EO comb
is typically only a few nanometers30,31. Benefiting from recent
technological advancements in the lithium niobate on insulator
(LNOI) platform32–39, the light in the high-quality factor (Q) on-
chip lithium niobate (LN) microresonators can circulate and pass
through the EO modulation area multiple times, resulting in a
significant improvement in the modulation strength. The

cascaded sideband generation process effectively generates
numerous comb lines with modulation frequency intervals, sig-
nificantly expanding the span of the EO comb. Moreover, the
generation of the EO comb does not need a pump threshold,
complex trigger, or stabilization schemes, considerably reducing
the requirements on the pump laser source and control equip-
ment. Thus, EO combs offer a compelling alternative for chip-
scale frequency precision measurement.

Here, we demonstrate a high-precision on-chip wavemeter
based on the LNOI platform. The repetition rate of the EO comb
is around 19.5 GHz with a comb spanning approximately 40 nm.
The pump laser around 1560 nm is stabilized by the atomic
transition of 87Rb with the help of the periodically poled lithium
niobate (PPLN) waveguide40. On the basis of this fully stabilized
EO comb, the frequency precision of the wavemeter is obtained at
about sub-kHz. This represents an improvement of three orders
of magnitude compared to prior work employing the dual-comb
technique19. In addition, we measure the wavelengths of four
lasers simultaneously, demonstrating the ability to measure
multiple wavelengths in parallel. Our work indicates that the
wavemeter based on EO comb has the potential to far exceed that
of commercial tabletop wavemeters, providing a competitive
pathway towards future chip-scale frequency precision
measurement.

Results
Schematic and device fabrication. The schematic of the high-
precision wavemeter is illustrated in Fig. 1a. The pump laser is
coupled into the microring resonator and generates the EO comb
when the driven radio frequency (RF) matches the free spectral
range (FSR) of the microring. As shown in Fig. 1b, the frequency
of the comb lines can be expressed as fμ= fp+ μfrep, where μ is
the relative mode number with respect to the pump resonance
mode. frep is the repetition rate and referenced by the rubidium
maser-referenced frequency, and fp is the frequency of the pump
laser and stabilized by the atomic transition. Here, fμ can be fully
determined and used as a reliable frequency reference. When the
target laser is combined with the stabilized EO comb, the beating
signal Δf is obtained and the frequency of the target laser can be
expressed as fm= fp+ μfrep ± Δf−Ω, where the Ω is the mod-
ulation frequency of the acousto-optic modulator (AOM).
Therefore, a shift of the frep induces a shift in the Δf by a factor of
μ. We can obtain the absolute value of μ, as ∣μ∣= ∣∂Δf/∂frep∣ by
measuring the shift of Δf with varying the frep. With changing the

Fig. 1 The schematic and operating principle of the wavemeter. a The schematic of the chip-scale wavemeter circuit. The electro-optic (EO) comb is
generated in a lithium niobate (LN) resonator using the stabilized pump laser. The target laser is combined with the stabilized EO comb to validate the
performance of the EO comb for frequency measurement. b The operating principle of the wavemeter. Through detecting the beat frequency (Δf) between
the target laser and the adjacent comb line and analyzing the relative mode number μ of the adjacent comb line and the sign before the Δf, the frequency of
the target laser fm= fp+ μfrep ±Δf can be obtained. c Optical micrograph of the LN microring resonator. S(G) denotes the signal (ground) electrode.
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modulation frequency of AOM, fm is decreased in our experi-
ment. Then, the sign before Δf and the relative mode number μ
can be deduced by the drift of the beating signal, leading to the
determination of the fm20. If the Δf increases with the decrease of
the fm, the sign before Δf is negative. Otherwise, the sign before Δf
is positive. Furthermore, if the sign before Δf is different from the
sign of ∂Δf/∂frep, the sign of μ is positive. On the contrary, the
sign of μ is negative.

The device employed for generating EO combs is fabricated
from a commercial x-cut 600-nm LNOI wafer (NANOLN). The
wafer is made up of 600-nm-thick x-cut LN, 2-μm-thick wet
oxidation silicon dioxide (SiO2), and 500-μm-thick silicon.
Electron-beam lithography is used to pattern the device with
hydrogen-silsesquioxane (HSQ) resist. Following the develop-
ment of the pattern, the LN film is partially etched by argon-ion-
based reactive ion etching in an inductively coupled plasma (ICP)
etcher to form a 330-nm-depth trapezoidal waveguide cross-
section with a remaining slab of 270 nm. The device is then
cleaned by buffered HF solution and RCA1 cleaning solution. The
microwave electrodes are patterned using laser direct writing and
the metal (15 nm of chromium, 300 nm of gold) is transferred
using thermal evaporation and the bilayer lift-off process. Finally,
the facet of the chip was diced to enable good fiber-to-chip light
coupling. The optical micrograph of our device is shown in
Fig. 1c. The air-cladded LN microring resonator with a top width
of 1.4 μm and a sidewall angle of around 60∘ has an FSR of
around 19.5 GHz. The fiber-to-chip coupling loss in the
communication band is approximately 6 dB per facet.

Experimental setup and EO comb characterization. We carry
out the experiments with the setup shown in Fig. 2a. A portion of
the pump laser (Toptica CTL 1550) is frequency-doubled through
the PPLN and passes through the atomic gas cell to obtain the
saturation absorption spectrum. Then, the frequency-doubled
laser is locked to the atomic transition line through the
Pound–Drever–Hall (PDH) locking41. When the pump laser is
stabilized, one fundamental TE mode around 1560.48 nm in the
LN cavity is tuned by external temperature control to match the
frequency of the locked pump laser. The linewidth of the reso-
nance mode used in the experiment is approximately 149MHz,
corresponding to a loaded Q of 1.29 × 106. An RF signal around
19.503 GHz, matching the FSR of the microresonator, is used to
drive the microwave electrode. The EO comb is generated with
the spans of 40 nm from 1540 to 1580 nm, as shown in Fig. 2b.
The on-chip pump power is 2 mW and the RF driven power is
33 dBm, respectively. Figure 2c illustrates the electrical spectrum

of the detected 19.503 GHz RF signal, corresponding to the
repetition rate of the EO comb. By tuning the modulation fre-
quency of the RF signal and recording the corresponding repe-
tition rate, it can be seen that the repetition rate and the
modulation frequency are exactly the same, as shown in Fig. 2d,
which indicates that the repetition rate is fully determined by the
RF modulation signal23,24.

Stability characterization. To characterize the frequency stability
of the fully stabilized EO comb, we further test the Allan devia-
tion of the repetition rate, the pump laser, and the comb line. As
shown in Fig. 3a, due to the excellent stability provided by the
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Fig. 2 Experimental setup and electro-optic (EO) comb performance. a Schematic of the experimental setup. The pump laser frequency is locked to the
atomic transition line of 87Rb via a periodically poled lithium niobate (PPLN) frequency doubler. The driving RF signal of the EO comb comes from a
rubidium-clock-referenced RF source. PBS: polarization beam splitter, AOM: acousto-optic modulator, PD: photodetector, ESA: electronic spectrum
analyzer. b The typical optical spectrum of the EO comb. The on-chip pump power is 2 mW and the driven RF power is 33 dBm. c The electrical spectrum
with a microwave signal of 19.503 GHz, corresponds to the repetition rate of the EO comb. d Measured repetition rate versus the modulation frequency.
The two frequencies are identical, indicating that the repetition rate is completely determined by the modulation frequency.
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Fig. 3 Performance of the wavemeter. a The Allan deviation of the
repetition rate of the EO comb. The frequency stability of the repetition rate
reaches 0.4 Hz at 1 s of measurement time. b The Allan deviation of the
pump laser frequency for unlocked (hollow green circles) and locked state
(solid blue circles). At a measurement time of 1 s, the frequency stability is
improved from 30 kHz to 0.9 kHz. The Allan deviation of one comb line
(μ= 50) (hollow red circles) and the ULE cavity-referenced laser (hollow
black circles). At a measurement time of 1 s, the frequency stability of the
locked comb line reaches 0.9 kHz, and the stability reaches 0.2 kHz at 512 s
of measurement time, indicating a sub-kHz-level frequency measurement
precision. Error bars represent a 68% confidence interval.
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rubidium clock, the frequency stability of the repetition rate
reaches 0.4 Hz at 1 s of measurement time. Moreover, the stability
improves over the long term, which can reach 9 mHz at 1024 s of
measurement time. To characterize the stability of the pump
laser, we introduce another laser that is referenced to the same
atomic transition of 87Rb through another rubidium cell. The
Allan deviation of the single laser can be obtained by dividing the
Allan deviation of the beat frequency of these two lasers by

ffiffiffi

2
p

.
Figure 3b shows the frequency stability of the pump laser, which
is also significantly improved after locking to the atomic transi-
tion. The stability at 1 s of measurement time is improved from
30 kHz in the unlocked (free-running) state to 0.9 kHz in the
locked state, which is about three orders of magnitude higher
than the repetition rate. Therefore, the frequency stability of the
comb lines is mainly determined by the frequency stability of the
pump laser3, where maximal ∣μ∣ is only around 120 in our
experiment.

To obtain the Allan deviation of the comb line, we introduce a
reference laser that is referenced to a reference cavity with a
finesse of 1000 and a linewidth of 1.5 MHz. The Allan deviation
of the comb line (hollow red circles in Fig. 3b) is obtained by
measuring the Allan deviation of the beat frequency between the
comb line (μ= 50) and the reference laser, where removing the
Allan deviation of the reference laser (hollow black circles in
Fig. 3b). It can be seen that the Allan deviation of the comb line is
nearly identical to that of the pump laser, and the effect of the
Allan deviation of the repetition rate is extremely small.
Therefore, the Allan deviation for other comb lines could be
deduced with a similar level, indicating a kHz-level frequency
measurement precision (0.9 kHz at 1 s measurement time). For
longer measurement time, the stability can reach 0.2 kHz at 512 s
of measurement time, and the corresponding measurement
precision could reach the sub-kHz level.

Operation of wavemeter. To demonstrate the operation process
and performance of the high-precision wavemeter, we launch
four target lasers and simultaneously measure their wavelengths
based on this fully stabilized EO comb. These target lasers are
locked to the reference cavity (finesse of 1000 and linewidth of
1.5 MHz). One target laser operates at around 1552 nm, and the
other three target lasers are the modulated lasers including two
sidebands, which are generated by the electro-optic phase mod-
ulator laser and around 1564 nm. These target lasers are com-
bined with the fiber beam splitter and mixed with the fully
stabilized EO comb for wavelength measurement. The beating
signal between the comb line and the target laser is detected using
a photodetector with a bandwidth of 12.5 GHz and recorded on
the real-time spectrum analyzer (Rohde & Schwarz, FSVR). Fig-
ure 4 shows the real-time evolution of the beat note between the
four probe lasers and the adjacent comb lines over a 20-s period.
Initially, the modulation frequency of the AOM is switched from

100MHz to 90MHz, causing Δf to shift accordingly. Subse-
quently, the repetition rate frep is gradually tuned from
19.5005 GHz to 19.5025 GHz, spanning 2MHz. As indicated in
the box in Fig. 4, the Δf changes by− 49.95 MHz when varying
the repetition rate, corresponding to the slope− 49.95MHz/
2MHz=− 24.98. Therefore, the absolute value of integer μ can
be determined as ∣μ∣= 25. Based on the behavior of Δf, we can
deduce that the sign before Δf is negative and μ=− 25 as
mentioned before. Consequently, the accurate frequency of this
target laser can be determined by the atomic transition, the μ, frep,
and Δf. For other target lasers shown in Fig. 4, we can determine
their accurate frequency by the same analysis process. The
accuracy of the wavemeter depends on the atomic transition,
which is obtained at about 1 kHz at 1 s as mentioned before. The
demonstrated high-precision wavemeter enables the parallel
measurement of multiple wavelengths.

Conclusions
In conclusion, we successfully demonstrate an on-chip wavemeter
with frequency measurement precision at sub-kHz level. Due to
the generation mechanism of the EO comb, the pump laser fre-
quency and repetition rate can be stabilized by locking to atomic
transition after frequency doubling and driving the electrodes
with an atomic-referenced RF source, respectively. This elim-
inates the need for the additional reference laser and f− 2f self-
reference technique for the system, providing a considerable
simplification in technology and equipment. Simultaneous multi-
wavelength measurement holds significant applicative value in
fields such as real-time spectral analysis and high-capacity optical
communication testing. It serves to mitigate the inherent asyn-
chrony associated with time-division measurements in spectro-
scopy and enables rapid and precise measurement of multi-
channel wavelengths. The fully stabilized EO comb-based system
permits the parallel measurement of multiple wavelengths and
has a measurement precision that can reach a sub-kHz level with
sufficient integration time.

Here, the measurement precision of the system is mainly
limited by the frequency stability of the pump laser. To improve
the performance of the system, it can be further optimized the
frequency stability of the pump laser, for example, locking the
pump laser to both the atomic transition and the reference
cavity42. Moreover, the span and the conversion efficiency of the
EO comb can also be improved by increasing the Q of the
microresonator and using a coupled-resonator structure25,32.
Particularly, the microresonator-based DKSs offer a broader
bandwidth43,44. Combining the respective advantages of the DKSs
and EO combs, the wavelength detection range of the wavemeter
can be greatly broadened. Additionally, components within our
system, such as frequency doublers and shifters, also hold pro-
mise for integration3,15,45–49. These foreseeable developments
provide a promising avenue for compact, low-cost, and broad-
band frequency precision measurements.

Methods
Stabilization and calibration. The frequency of the comb line
is determined by fμ= fp+ μfrep, which means that the stabiliza-
tion of the EO comb involves the stabilizing frequency of the
pump laser and the repetition rate. We have employed a PDH
frequency stabilization technique to lock the frequency of the
pump laser (Toptica CTL 1550) to the D2 transition of 87Rb
(fatom= 384.2281152033(77) THz)50. The Rb cell used is a pure
cell, and its temperature is set to room temperature. The fre-
quency of the pump laser is doubled through the PPLN wave-
guide, and the temperature of the PPLN is controlled using a
proportion-integral-derivative (PID) servo. The doubled pump

Fig. 4 Demonstration of the multi-wavelength measurements. Real-time
evolution of the beat frequency between target lasers and the comb lines
during the operation of the wavemeter. Firstly, the modulation frequency of
the AOM is switched from 100MHz to 90MHz. Then, frep is tuned from
19.5005 GHz to 19.5025 GHz within 10 s.
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laser frequency is accurately referenced to the atomic transition
by providing feedback to control the current and PZT
voltage of the pump laser. Then, we can get the fp= fatom/2=
192.1140576017(39) THz.

The repetition rate of the EO comb is uniquely determined by
the RF signal (Rohde and Schwarz, SMB 100A), which is
synchronized with the rubidium clock and amplified using a
microwave amplifier. The absolute frequency of the target laser is
calculated using fm= fp+ μfrep ± Δf−Ω, where frep is defined by
the RF signal, and Δf is measured using a real-time spectrum
analyzer (Rohde & Schwarz, FSVR), which is synchronized with
the same rubidium clock. To verify the relationship between the
RF signal and frep, we have respectively measured their phase
noise using a phase noise analyzer (Rohde & Schwarz, FSWP).
The results are shown in Fig. 5, confirming that the phase noise of
the RF signal and the repetition rate are at the same level. Based
on the μ=−25 and the negative Δf, we deduce that the absolute
frequency of one target laser is 191.6258278847(39) THz. Other
frequencies of the target lasers can be calibrated as the same
methods.

Data availability
All data generated or analyzed during this study are available within the paper. Further
source data will be made available on request.

Code availability
The code and the algorithm used in this study are available from the corresponding
author upon reasonable request.
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