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Recent developments in Kerr microcombs may pave the way to a future with fully stabilized ultralow size, weight,
and power consumption (SWaP) frequency combs. Nevertheless, Kerr microcombs are still hindered by a band-
width/repetition rate trade-off. That is, the octave bandwidth needed for self-referencing is typically realized only
with ~THz repetition rates beyond the range of standard commercial photodetectors. The carrier envelope offset fre-
quency fcgo is often likewise too high for detection. Dual-comb techniques for the measurement of THz repetition
rates have made exciting progress, but the fcpo detection problem remains largely unaddressed. In this work, utilizing a
Vernier dual-comb configuration, we demonstrate simultaneous detection of the electronically divided ~900 GHz rep-
etition rate and ~97 GHz carrier envelope offset frequency of an octave-spanning microcomb. This, in turn, could help
usher optical atomic clocks, low-noise microwave generators, and optical frequency synthesizers into various real-world
applications.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this work

must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION

Optical frequency combs are integral to the world’s most stable
clocks [1,2] and lowest-noise microwave generators [3], and they
have proven useful for myriad other applications such as optical
frequency synthesis [4], LIDAR [5], spectroscopy [6], and astron-
omy [7]. Some of the optical comb’s significance can be attributed
to its ability to bridge the optical and RF domains—that is, the
frequency of any given comb mode f,, can be written simply as

fm:m X rep+fCEO- (1)

Here, fcpo denotes the carrier envelope offset (CEO) fre-
quency, which lies between — fi, /2 and + fip/2. In many comb
generators, fr, is on the order of 10 s of GHz or less [8]. Thus, via
the frequency comb equation above, an optical frequency ( fi,)
can be represented in terms of two RF frequencies ( ., and fcro).
By appropriately controlling either f;, or fp, one can achieve
optical-to-RF or RF-to-optical frequency conversion, respec-
tively [8]. Importantly, however, this does not fully leverage the
frequency comb’s stability—for the most precise tasks, fcpo must
also be stabilized. CEO stabilization was demonstrated in 2000 via

2334-2536/23/050626-08 Journal © 2023 Optica Publishing Group

£-2f self-referencing and relied on the nonlinear broadening of a
mode-locked laser frequency comb to reach an octave span [4,9].

Opver the last decade or so, techniques for on-chip generation
of frequency combs have developed rapidly, motivated in part by
the potential for frequency comb operation in a field-deployable
low size, weight, and power consumption (SWaP) package [10].
The first on-chip £-2f self-referenced microcomb with a 16.4 GHz
repetition rate relied on nonlinear fibers to coherently broaden the
spectrum to an octave [11]. Octave-spanning combs enabling £-2f
self-referencing were a key milestone for bulk frequency combs,
and the demonstration of the first on-chip octave-spanning coher-
ent combs [12,13] in silicon nitride (SiN) microring resonators
was likewise significant. Critically, in order to achieve the stringent
requirements for f-2f self-referencing, large intracavity power
is needed. This has, in turn, generally limited on-chip octave-
spanning combs to small cavities and, therefore, repetition rates on
the order of ~1 THz.

This has led to two significant challenges: first, the repeti-
tion rate is far from being electronically detectable. Second, the
CEO frequency is often likewise not detectable. The first chal-
lenge has been overcome through standard optical division using
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a second narrowband, low-repetition rate comb to divide the
octave-spanning, high-repetition rate comb. This approach has
been demonstrated using a 22 GHz SiO; disk resonator [14,15].
Similarly, electro-optic division can be applied as well [16].
Alternatively, a “Vernier” approach featuring two narrowband
combs has also been demonstrated toward detecting ~200 GHz
repetition rates [17]. Compared to standard optical division
approaches, the Vernier dual-comb scheme uses resonators with
smaller radii, thereby reducing the system’s footprint. Additionally,
higher repetition rate solitons have higher optical power per comb
line. This can factor into obtaining higher signal-to-noise beat
notes, which are important for many comb systems, but comes at
the cost of a sparser spectrum that is less suited to spectroscopic
applications. However, the second challenge, namely the diffi-
culty of attaining a detectable CEO frequency, has not been much
addressed. A typical solution is fabricating many microresonators,
each with slightly different geometrical parameters, in hopes of at
least a few devices in a batch having a detectable CEO frequency.
This could pose a major roadblock in the eventual field deployment
of microcombs.

In this work, we demonstrate a novel method for extending the
detectable range of large CEO frequencies using dual SiN-based
microresonators. Additionally, we leverage a Vernier strategy to
detect the ~THz repetition rate of an octave-spanning micro-
comb. We compare both CEO and repetition rate results with
out-of-loop measurements using an electro-optic (EO) comb
and a stabilized fiber laser comb. While the EO and fiber combs
are highly useful for validating our microcomb system perform-
ance, they do not offer the potential to reach the same very small
footprintas the microcombs.

2. CONCEPTS

The schematics in Figs. 1(a) and 1(b) illustrate our Vernier dual
microcomb configuration consisting of a main comb (fiep1,
Jceor) and a Vernier comb ( frep2, fceo2) with large and slightly
offset (~20 GHz) repetition rates. Excited by a common pump,
the dual combs produce two detectable beats, as indicated in
Fig. 1(b). One s the difference between the repetition rates,

Sf;ep = ﬁepl - ﬁep2a (2)

detected at the first sideband. The other is the Vernier beat. As a
result of the different repetition rates, the two combs walk off from
each other and meet again at the Vernier overlap,

fVemier =n repl — (n+ 1)ﬁep27 (3)

where 7 is the number of lines away from the pump for the main
comb. We extend the Vernier approach for repetition rate detection
first introduced with narrowband ~200 GHz combs in [17] to, in
this work, ~THz octave-spanning combs. Electronic frequency
division and mixing of the two signals (8fep and ferier) can be
used to obtain a divided version of either of the repetition rates,

f;epl _ (S o — vaernier7 (4)
n+1 n+1

ﬁepZ

n

— (Sﬁep _ fVe};nier ] (5)

Figure 1(a) indicates the simplified experimental configuration
for dividing fep1 . Critically, this approach uses only low-frequency

(8fiep <20 GHz, Femier < 10 GHz) beats to arrive at the rep-
etition rate (normally undetectable) divided down into range for
electronic processing.

To measure the CEO frequency, the conventional £-2f self-
referencing scheme frequency doubles a comb line at long
wavelength via second-harmonic generation (SHG) to beat with
another comb line at short wavelength, directly obtaining fcro
[indicated by the blue lines in Fig. 1(c)]. However, the limited
bandwidth of typical photodetectors (PDs) may prevent detection
of the CEO beat when the CEO frequency is greater than a few tens
of GHz. In this paper, we develop a modified f-2f approach which
uses sum-frequency generation (SFQ), as illustrated in Figs. 1(a)
and 1(c), to translate the beat note down to detectable frequencies.
Rather than relying on simply doubling a single comb, this SFG
process generates multiple nonlinear products resulting from the
summation of a single comb line from each comb. Figure 1(c)
illustrates the SFG scheme for obtaining the modified {-2f beat.
The positions of the SFG lines near the short wavelength comb line
are related to the two closest SHG-generated frequency-doubled
lines from both main and Vernier combs [blue and orange dot-
ted lines in Fig. 1(c)]. One SFG line will be produced midway
between these two SHG lines, as a result of sum-frequency mixing
between the two fundamental frequencies giving rise to the SHG
lines (green dashed line). Other SFG lines are located at the two
sides of this middle line with an equal spacing of §f;.,, generated
by summing one comb line from the main and Vernier combs,
respectively, that are some number of lines away from the SHG
fundamental frequencies [various colors, depicted as dashed lines
in the 1 pum region (right-most part) of Fig. 1(c)]. This group of
lines significantly increases the chance of attaining a detectable
f-2f beat (hereafter termed ff_»f) as the short wavelength comb
line can beat with the nearest of the densely spaced SFG nonlinear
products. The frequency shifting of the ff_¢ beat in the SFG
scheme is thus attained by downmixing the high-frequency fcro
with NV numbers of 8f;.p, where IV is the number of lines between
the Vernier overlap position and the selected main comb line for
SEG. We note that, for simplicity and visualization, the schematic
in Fig. 1(c) shows a special case where all the illustrated beat notes
have positive signs following their definitions in this paper, and the
Vernier overlap position is the same as the comb line for conven-
tional SHG approach. However, the relation between the indicated
beat notes we are deriving later is not limited to this case.

The resulting f-2f beat can be expressed using fcro, 8fep, and
fVernier» as indicated in Fig. 1(c) [the detailed derivations can be
found in Supplement 1, V represents a division factor defined in

Eq.(S13)]:

ﬁ72f= fCEOl + fVemier — N x Sﬁep- (6)

We can sum different combinations of comb lines using a
periodically poled lithium niobate (PPLN) waveguide with a con-
version wavelength range covering the desired short wavelength
comb line (usually the short wavelength dispersive wave position
with the highest power). We note that the nonlinear products will
cover only a particular spectral band with width A fspg, and if
the short wavelength dispersive wave falls within this band, the
minimum beat frequency will not exceed §f;¢p /2 (here <10 GHz),
which guarantees a detectable ff_5r. In principle, A fspg is set
by the long-wavelength comb line powers for the SFG process,
and the conversion efficiency and phase matching bandwidth
(~0.4 nmin our experiment) of the PPLN device.
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Fig.1. Schematic of detecting the divided fceo; and divided £, using the Vernier dual-comb approach. (a) Overview of the experimental configura-
tion. (b) Combined dual-comb with highlighted spectral regions for generating and detecting 8, beat, Vernier beat, and the modified f-2f beat. (c) Zoom-
in of the spectral regions for the modified f-2f scheme using sum-frequency generation (SFG) between comb lines from the main and Vernier comb to beat
with a short wavelength comb line. The left side of the figure depicts spectral lines from each of the combs (blue and orange, respectively) in the long wave-
length (~2 pum) region of the spectrum, centered around the Vernier overlap. The solid horizontal lines at the bottom in various colors, together with the
corresponding arrows, indicate the various combinations of comb lines that can mix through SFG to produce a multiplicity of upconverted spectral com-
ponents spaced by 8., near a selected short wavelength comb line. The right side of the figure shows the short wavelength spectral region (~1 pm), zoom-
ing in on a single comb line of interest (blue solid line; in our experiment, this is the short wavelength dispersive wave from the main comb). The blue and
orange dotted lines are SHG products from either the main comb or the Vernier comb respectively, originating in the Vernier overlap region. The dashed
lines extended vertically from the solid arrows, drawn in various colors, portray the multiplicity of SFG products. Note that the separation between the blue

dotted SHG line and the blue solid comb line is equal to the carrier envelope offset frequency fcro; for the main comb.

Furthermore, we can acquire the divided CEO frequency beat
of the main comb by electronically frequency mixing and dividing
the three beats § frep, fverier- and ff_¢ using Eq. (6),

fCEOl — (ﬁ—Zf_ fVemier)
N N

Again, as with the repetition rate acquisition strategy, this
approach can allow electronic processing of detectable beats to
measure an otherwise-undetectable fcgo. The Vernier approaches
for measuring large fi, and fcro could together enable easier
comb stabilization for a variety of applications.

+ 8frep- 7)

3. EXPERIMENTAL RESULTS

Toward demonstration of this Vernier method, we utilize two
high-quality factor Si3Ny4 microring resonators on separate chips
fabricated on the same wafer for octave-spanning comb genera-
tion enabled by an ultra-smooth SizNy process described in [18].
We design the ring geometry to achieve dispersive wave emission
around 1 pmand 2 pum for the purpose of f-2f self-referencing. The
subtractive fabrication process provides a well-controlled SizNy
film thickness of 743 £ 5 nm. The ring widths are designed to be
1630 nm and 1580 nm for the main and Vernier comb, respec-
tively. The main ring with a designed radius of 25.274 pm exhibits
a free spectral range (FSR) of ~896 GHz, while the Vernier ring

with radius of 25.826 pm shows an FSR of ~876 GHz. To effec-
tively couple the octave-spanning combs with spectra spanning
from ~1 pm to ~2 pum, we adopt 620-nm-wide pulley couplers
[19], which offer good light extraction at the shorter wavelengths
of ~1 pum.

We simultaneously reach the soliton state for both micror-
ings using the rapid laser scanning method [20]. An external
cavity diode laser (ECDL) at ~1549 nm is frequency shifted by
a single-sideband modulator driven with a voltage-controlled
oscillator. The modulated pump is split into two branches and
amplified using an erbium-doped fiber amplifier (EDFA) in each
arm. We use single-mode lensed fibers for in- and outcoupling to
and from the Si3sNy chips. The estimated on-chip pump powers
for octave-spanning dual-comb generation are ~320 mW for the
main comb and ~490 mW for the Vernier comb. We correct for
the slight difference between the pump resonances by tuning the
stage temperatures controlled by thermoelectric coolers (TECs).
The complete experimental setup can be found in Supplement 1.
Figure 2(a) shows the optical spectra for main and Vernier combs
in single soliton states, measured after a coarse wavelength division
multiplexer (CWDM) to reject the strong pump. Both spectra
show octave-spanning combs. To the best of our knowledge, this
is the first demonstration of dual octave-spanning Kerr combs
simultaneously pumped by a single laser. We note that the micro-
ring geometry for the main comb is carefully designed to achieve
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(a)—(e) Optical spectrum analyzer traces. (a) Main comb (blue) and Vernier comb (orange) after CWDM filters. The three shadow regions indi-

cate the 1 pm (blue), 1.55 pm (green), and 2 pum (red) spectral components being employed. (b) Comb lines at ~1.55 pum showing the common pump and
8frep- (c) Amplified comb lines at ~2 um after the TDFA, at the 25% port of a subsequent 75:25 fiber splitter. (d) Zoom-in view of the dashed region in
(c) showing comb lines overlap at the Vernier pointat ~1956 nm. (e) SFG and short wavelength dispersive wave spectra at ~1 pm. (f)—(i) Electrical spec-
trum analyzer traces of beat notes. (f) 8, beat. (g) Vernier beat. (h) f-2fbeat. (i) Divided fceo beat.

dispersive wave emission at ~1 pwm. The Vernier comb, on the
other hand, does not need to be octave-spanning as long as the
comb covers at least one Vernier period and the longer wavelength
spectrum can cover the fundamental SFG wavelengths at ~2 um.
As a result, the resonator and pulley coupler design for efficient
shorter wavelength light generation and extraction of the Vernier
comb can be relaxed. The dispersion of the main comb results in a
short wavelength dispersive wave at ~978.67 nm. By fine-tuning
the pump frequency after soliton generation, we can reach this dis-
persive wave state, where we attain the highest power for the short
wavelength dispersive wave for the main comb. This is beneficial
for the f-2f beat detection. The dispersive wave state for the Vernier
comb is not important. The shadowed regions in Fig. 2(a) indicate
the three spectral regions for detecting the beat notes. The Vernier
overlap appears symmetrically at both sides of the pump spaced by
Mrept (here, n = 45), which are ataround ~1.3 m and ~2 pum.
We choose the one at ~2 pm to simplify our wavelength division
scheme. In our system setup, instead of using the CWDM for
pump rejection, which will introduce insertion loss ripples outside
the optical communication bands, we use WDM filters to separate
the 1 um, 1.55 pm, and 2 pm spectral components for the main
comb and combine with the Vernier comb using two fiber couplers
at1.55 umand 2 um.

Figure 2(b) shows the optical spectrum around the pump,
where the first sidebands between the dual combs are spaced by
8frep- The 2 um comb lines are sent to a thulium-doped fiber
amplifier (TDFA) (Cybel) to enhance the optical powers, followed
by a 75:25 fiber coupler. The spectrum in Fig. 2(c) shows the
amplified 2 pm comb lines measured at the 25% port. This port
is used for Vernier beat detection. The roll-off in the spectrum

below ~1900 nm and above ~2020 nm reflects the bandwidth of
our TDFA as well as the long-wavelength edge of the microcomb
spectrum. Figure 2(d) shows the zoom-in spectrum at the Vernier
overlap at ~1956 nm. The 75% port is sent to a PPLN waveguide
(Srico) with a conversion wavelength centered at ~978.4 nm for
the SFG process. The overall conversion efficiency for the PPLN,
including in- and outcoupling fibers, is measured to be ~5% /W
using a commercial tunable ECDL (Sacher) at ~2 pm. Figure 2(e)
shows the spectra of SFG (black) and the short wavelength disper-
sive wave from the main comb (blue) after combining with a fiber
coupler, where we obtain reasonable powers of ~ — 36 dBm for
SEG at ~978.66 nm and ~ — 22 dBm for the dispersive wave at
~978.67 nm. Multiple peaks are observed in the SFG spectrum.
The desired SFG line closest to the short wavelength dispersive
wave is from the summation between ~2015 nm line (long wave-
length dispersive wave) from the main comb and the ~1902 nm
line from the Vernier comb that are five FSRs away from the
SHG fundamental frequency at ~1956 nm, as the gray lines in
Fig. 2(c) indicate. The strongest peak at ~978.35 nm comes from
the SHG process of both combs at the Vernier overlap point, as
well as their sum frequency, while the other peaks are from comb
line pairings at different numbers of FSRs away from the SHG
fundamental frequency. We note that we need to align the polariza-
tions of both comb lines to the PPLN so that the desired SFG line
power is maximized. Both long and short wavelength dispersive
waves are involved in the f-2f process to help boost the power. We
further amplified the 1 um light using a semiconductor optical
amplifier (SOA) (Innolume), providing a ~13 dB gain under
our operating condition. We insert a 1-nm-wide tunable band-
pass filter (Photonwares) after the SOA to suppress the amplified
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spontaneous emission (ASE) noise. The powers after the SOA
and bandpass filter are measured to be approximately —10 dBm
(dispersive wave) and —23 dBm (SFG line closest to dispersive
wave) using an optical spectrum analyzer. The £-2f beat is detected
viaa high-speed PD (Thorlabs DXM30AF 30 GHz).

Figures 2(f)—2(h) show the detected beat notes for § fiep, fverniers
and ff_or respectively. We are able to achieve a good SNR of
~50 dB for the f-2f beat at 100 kHz resolution bandwidth (RBW).
For this comb pair, the selected comb lines for SFG correspond
to N =5, and the Vernier overlap is at » = 45. We can obtain the
divided repetition rate of our 900 GHz octave-spanning main
comb by dividing the femicr by 46 and mixing with 8f;., to get
Jrep1/46 [Eq. (4)]. To single out the CEO frequency according to
Eq. (7), we first electronically mix the ff_sr and femier beats for
their frequency difference, followed by a programmable divider
with a division factor of 5. We mix this divided beat with 8, so
that their frequency difference gives fcro1/5%19.525 GHz.
The fcpoi1/5 beat is further divided by 64 [as shown in Fig. 2(i)]
to bring it within the bandwidth of a frequency counter (Keysight
53230A).

In terms of the f-2f beat tunability using the SFG approach,
in the experiment, we can make use of ~ =% 5 SFG lines to real-
ize a wide range of ~ £ 100 GHz coverage, which significantly
increases the chance for achieving an electronically detectable £-2f
beat. The SFG coverage range is constrained mainly by the TDFA
gain bandwidth, the power of the microcomb lines at ~2 um
wavelengths, and the conversion characteristics of the PPLN
waveguide.

Next, we conduct measurements to verify the electronically
divided fep and fcgo beats obtained by the Vernier method. Both
microcombs are free-running, and their fi, and fcro are drifting
due to environmental fluctuations, pump laser frequency insta-
bility, and so on. The verification measurements aim to measure
variations in fi., and fcro and illustrate whether the results from
our Vernier approach agree with independent methods.

To verify the Vernier-processed frep, we use an EO frequency
comb, described elsewhere [21]. The EO frequency comb gener-
ator produces modulation sidebands at a frequency set by an RF
synthesizer, f5,. Here, we input two neighboring comb lines from
the main comb. The EO-generated sidebands from the two micro-
comb lines come close to overlapping at the midpoint between the
two soliton lines and produce a detectable beat f£o bear. Thus, the
repetition rate can be expressed as

where My, is the number of EO comb lines to span fiep1. The
sign of the beat can be found by shifting the EO modulation fre-
quency and observing a resulting positive or negative shift in the
beat frequency. For this measurement, we pick two comb lines
from the main comb at ~1534.8 nm and ~1541.8 nm and send
them to the frequency comb generator driven at ~16.9 GHz. The
overlapping sidebands are optically filtered and amplified before
sending to a PD. We measure the f50 pea to be 11.225 MHz with
a minus sign. Using Eq. (8), the repetition rate is calculated to be
895.54382 GHz, with M, = 53 and a synthesizer frequency of
16.897265 GHz.

To determine frep1 utilizing the Vernier approach, we divide
the Aemicr by 46 and mix it with the 8, to geta beatat fip1/46.
To reduce the frequency to within the bandwidth of our fre-
quency counter, the beat is further divided by 64, and we measure
Jrep1 /2944 at the counter. Figure 3(a) shows the repetition rate
of the main comb measured using the Vernier and EO comb
methods simultaneously using two frequency counters at 10 ms
gate time. The two methods agree very closely. We note that
we have used external trigger and gate signals, generated using
arbitrary waveform generators (AWGs, Keysight 33220A and
33600A), to precisely synchronize the counters for the measure-
ment. Furthermore, we have referenced the countersand EO comb
synthesizer to a common 10 MHz GPS-disciplined reference to
eliminate relative frequency drifting. Figure 3(b) shows A fi,1, the
difference between the repetition rate as measured by the Vernier
method and as measured by the EO comb method in Fig. 3(a). The
frequency difference is within +2 kHz, suggesting that the out-of-
loop measurement of £, agrees well with the Vernier method. The
Jrep1 is then measured using the two methods at different counter
gate times. We post-process the data to obtain A fi.,; and further
calculate the Allan deviation of A f;.;,; under various gate times, as
shown in Fig. 3(c).

We further investigate whether the accuracy of the A fi,
measurement is limited by the instruments involved in the exper-
iment. In this case, the instrument limits can come from (1) the
limited precision (originated from limited timing resolution) of the
frequency counter readings and (2) the stability of the frequency
synthesizer driving the EO comb. There are two frequency coun-
ters measuring fEo bear and frep1 /2944, where the fip1/2944 beat
with a large division factor results in a much better beat stability
and may reach the frequency counter detection limit. The orange
dashed line Fig. 3(c) shows the Allan deviation measurement of a
stable synthesizer at 304 MHz (% fi,1 /2944) using the frequency
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(a) Repetition rate traces measured by frequency counters using the Vernier method (blue) and the EO comb method (orange) taken at 10 ms gate

time. (b) Frequency difference trace between the two measurements. (c) Allan deviations of the frequency difference (blue solid line), the counter resolution
limit measured by synthesizer at 304 MHz (orange dashed line), the calculated counter limit for in-loop fiep1 (yellow dashed line), and the synthesizer limit

(purple dashed line).
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(a)—(d) Frequency traces for verification of the CEO frequency measurement. (a) foump obtained by beating the pump frequency with a Menlo

comb line. (b) fr;1 measured using the EO comb approach. (¢) fcgor measured using the Vernier method (blue) and the out-of-loop verification (orange).
Inset, zoom-in view at the dashed region. (d) Frequency difference trace between the two approaches. In (a)—(d), the gate times are 10 ms. (e) Allan devi-
ations of the frequency difference (blue solid line), the counter limit (orange dashed line), the synthesizer limit (purple dashed line), and the Menlo limit

(green dashed line).

stability of the synthesizer is better than the counter measurement
indicates, a finding confirmed by measuring the same synthesizer
on a phase noise test set (PNTS) (Microsemi 5125A) with better
measurement precision than the counter (shown in Supplement
1). When multiplied by a factor of 2944 (the divisor of fi,; for the
Vernier measurement), we get the yellow dashed line, which is very
close to the experimental data. We also analyze the contribution
of the synthesizer used to generate the EO comb in the A fi,1
measurement by estimating the Allan deviation of My, X fin
using the Allan deviation of the synthesizer measured at 304 MHz
by PNTS. The purple dashed line in Fig. 3(c) shows the resulting
synthesizer limit, which is lower than the frequency counter limit.
This suggests that the difference between the Vernier-comb-based
repetition rate measurement and the out-of-loop EO comb mea-
surement is limited by the frequency counter, which validates
our Vernier measurement. We conclude that we have successfully
divided an octave-spanning comb’s ~THz repetition rate to
detectable frequencies.

Next, we validate the CEO frequency measurement from the
Vernier approach using a similar measurement. The experimental
setup can be found in Supplement 1. The verification requires
measuring the pump frequency foump and the repetition rate of
the main comb f,; simultaneously. The pump frequency can be
measured in real time by beating the pump laser against a mode of
a stable commercial fiber-based frequency comb (Menlo Systems)
to generate fyumpbea 1he repetition rate can again be mea-
sured with an external EO comb. Given these two simultaneous
measurements, we acquire the CEO frequency through

fCEOl :ﬁump —my X ﬁepl

©)
= fimmp —my X ([Wsyn X Jsyn + fiEObeat)’

where 7, is the mode number of the pump, which is 216 in our
case. fon is the EO comb synthesizer frequency, and My, is the
EO comb mode number [see Eq. (8)]. The Menlo system has a
precisely set 250 MHz repetition rate fep Menlo and a —20 MHz

offset frequency fcEo Menlo- The pump frequency can thus be
obtained using

fgyump = MMenlo X rep,Menlo + fCEO,Menlo + _ﬁ)ump beats (10)

where the mode order Myeni, can be found through a wavemeter
measurement of the pump frequency, and the = sign is determined
by increasing or decreasing the fyump to observe the fhump bear
change.

We use three frequency counters synchronized with common
external trigger and gate signals to simultaneously measure the
divided CEO frequency fceo1/320, foumpbears a0d fEO bear- The
three counters, EO comb synthesizer, and Menlo comb are all
again synchronized to a common GPS-disciplined reference to
eliminate relative drifting. We obtain fcpo; from the Vernier
method [see Eq. (7)] and fhump and fiep1 from the verification
measurements. Figures 4(a) and 4(b) show the traces of fpump and
Jrep1» respectively, derived from the frequency counter measure-
ment upon 10 ms gate time. Figure 4(c) shows the fcpo; measured
from the Vernier method and the verification measurement, which
overlay on each other exactly (the inset shows a 1 s zoomed-in plot
of the two traces), suggesting an excellent agreement between these
two methods. The difference between these two measurements
A fceor is within £10 kHz, as shown in Fig. 4(d). We conduct
measurements at various gate times for the three frequency coun-
ters to observe the A fcpo;. The Allan deviation of A fcgo; under
different gate time is plotted in Fig. 4(e).

We investigate the instrumentation limits of our validation
measurement. Possible contributing elements include the three
frequency counters’ respective resolution limits, the stability of
the Menlo comb line against which fjump, is measured, and the
frequency synthesizer driving the EO comb with which fep: is
measured. The three frequency counters measuring fcro1/320,
Spump bears and. fEO beac are identical, implying the same resolution
limit on each measurement. However, importantly, to bring fiump
and fp1 into the bandwidth of our counters, they are downmixed
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with a Menlo comb system and an EO comb system, respectively.
By reducing the carrier frequency without reducing the frequency
fluctuations, this downmixing allows the counters to directly and
precisely measure the stability of these two signals. By contrast, the
third counter measures fcpoi1/320. This signal is brought into the
bandwidth of the counter using frequency division, which reduces
both the carrier frequency and, critically, also the frequency fluc-
tuations. As a consequence, the signal’s frequency fluctuations are
brought closer to the third counter’s resolution limit and, hence,
are not as precisely resolved as those of the other two signals. The
third counter’s resolution limit dominates the contributions of the
other two counters toward the fcgo validation measurement as a
result and is shown as the orange dashed line in Fig. 4(e). However,
compared to other contributions explained in the next paragraph,
the frequency counters do not impose the primary limit to the
frequency imprecision in our CEO frequency measurements.

We then photodetect our Menlo comb and send the repetition
rate to the PNTS, referenced to our common GPS-disciplined
clock, for stability measurement. We post-process by multiplying
the resulting absolute Allan deviation with the mode number
of the tooth nearest to our pump laser (=774, 140) to convert
to an estimated optical stability. Here we neglect the noise con-
tributed by fcEo Menlo as it is quite small by comparison, and
we cannot simultaneously measure fCEO Menlo and  fiep Menlo
with sufficient stability given our current laboratory equipment.
Finally, the EO comb frequency synthesizer contribution in the
A fcro1 measurement is analysed by calculating the Allan devia-
tion of my X My, X fon for deriving A fcror [see Eq. (9)]. We
measure the fractional Allan deviation of the synthesizer using
PNTS. Multiplying by 216 x 53 x 16.9 GHz, we obtain the
Allan deviation of the synthesizer limit plotted in Fig. 4(e) with
purple dashed line. The resulting up-scaled Allan deviations of
the synthesizer (purple dashed line) and Menlo comb line (green
dashed line) are in close agreement with one another, suggesting
they are multiplying up the common 10 MHz GPS-disciplined
reference with similar stability levels. Furthermore, they predict the
A fceo Allan deviation very well as Fig. 4(e) shows. This indicates
that the synthesizer and Menlo comb in our verification setup limit
the experiment. Thus, we conclude that our novel Vernier method
of dividing fcgo has been verified to the limits of our measurement
apparatus.

4. DISCUSSION AND CONCLUSION

In summary, we have demonstrated a dual-comb Vernier system
for frequency division of repetition rates around ~900 GHz. In
principle, we are able to divide the repetition rates of both our
combs, but most critically that of our octave-spanning main comb,
which features strong dispersive waves (especially at the short wave-
length) and is a good candidate for self-referencing. Furthermore,
using the combination of our two broadband Vernier combs, we
have demonstrated detection of a ~100 GHz fcro via SFG to
obtain a modified f-2f beat well within the bandwidth of com-
mercial PDs. We have attained a frequency-divided fcpo below
20 GHz, which is compatible with typical electronic components.
The simultaneous ability to divide down both the repetition rate
and fcpo of our main comb, both normally undetectable, suggests
that this Vernier dual-comb technique could prove to be a valuable
tool for generating fully stabilized on-chip frequency comb systems
foravariety of applications.
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Our method relies on frequency-shifting fcpor by Néfe, to
derive a modified f-2f beat. The range of NV largely depends on
the main and Vernier comb parameters (such as comb line power
at 2 pm and Vernier overlap position). The comb pair used here
allows us to detect fcpor of £ ~ 100 GHz (with V ranging from
—5 to 5). N=0 corresponds to the Vernier overlap frequency
around 1956 nm, and N = =5 corresponds to ~1902 nm and
~2015 nm on the short and long wavelength side, respectively.
To extend the fcpo detection range beyond a 200 GHz range,
one should increase the values of N, currently limited by roll-off
in the optical power spectra. For example, with modified disper-
sion engineering, one can attempt to shift the long wavelength
dispersive waves further beyond 2 pm (the comb spectrum falls off
rapidly beyond the long wavelength dispersive wave). It may also
be helpful to bring in additional fiber amplifiers (e.g., TDFA’s can
be configured for shorter wavelength operation below 1900 nm;
holmium-doped fiber amplifiers can go well beyond 2 um).
Moreover, using 2 pum single-mode fibers to deliver the longer
wavelength light to the nonlinear crystal would avoid the higher
optical loss associated with 1.55 pm single-mode fibers (which
are currently used throughout our setup). In addition, a nonlinear
crystal with higher conversion efficiency, which may be achiev-
able based on developments in low-loss waveguide technology in
thin-film lithium niobate [22,23], would also help.
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