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Measuring microcombs in amplitude and phase provides
unique insight into the nonlinear cavity dynamics, but spec-
tral phase measurements are experimentally challenging.
Here, we report a linear heterodyne technique assisted by
electro-optic downconversion that enables differential phase
measurement of such spectra with unprecedented sensitiv-
ity (—50 dBm) and bandwidth coverage (>110 nm in the
telecommunications range). We validate the technique with
a series of measurements, including single-cavity and pho-
tonic molecule microcombs. © 2022 Optica Publishing Group

https://doi.org/10.1364/0OL.460913

Microresonator-based Kerr frequency combs (microcombs)
have attracted great attention as an optical source and wit-
nessed significant research progress in the last decade. They
enable applications ranging from spectroscopy to optical fre-
quency synthesis [1]. Stable microcombs can be generated in
various forms including dissipative solitons [2], Turing rolls [3],
dark-pulses [4], or soliton crystals [5]. In addition, the cavity
can be engineered to display higher order dispersion, resulting
in the emission of dispersive waves [6]; and multiple cavities
can be linearly coupled to each other, resulting in unique coher-
ent states [7,8]. Investigating the complex temporal shape of
these waveforms provides insight into the nonlinear dynamics,
but the measurement using conventional techniques [9] such as
frequency-resolved optical gating or spectral phase interferom-
etry for direct electric-field reconstruction is challenging. The
pulse waveforms coming out of the cavity have usually very low
energy due to the inherently large repetition rate. In addition,
some microcomb waveforms are not transform-limited [4,7],
which reduces the efficiency for nonlinear gating.

A common strategy implemented in the context of micro-
comb spectral phase measurements is to equalize the phase of
the microcomb with a pulse shaper until a transform-limited
pulse is inferred from an intensity autocorrelation measure-
ment [10,11]. This technique played an instrumental role in
unraveling the chaotic dynamics in microcombs [10] and the
discovery of dark-pulse Kerr combs [4] and soliton crystals [5].
Background-free intensity autocorrelation measurements with
high repetition rate pulses require an optical amplifier to boost
the signal power and induce sufficient second-harmonic power
in the intensity autocorrelator. As a result, the spectral phase

measurement is limited to the gain bandwidth of the amplifier
or the bandwidth of the pulse shaper, whichever is narrower. An
alternative diagnostic tool using dual comb interferometry was
reported in [12,13]. This is a linear technique, first proposed in
the context of frequency comb complex measurements in [14],
which can also enable extremely fast acquisition rates [15]. Dual-
comb interferometry allowed for retrieving experimentally the
pathway to soliton formation. One drawback of this technique is
that it relies on electric-field cross correlation and thus requires
a well-calibrated reference comb.

A linear broadband technique named stepped heterodyne has
been successfully implemented for measuring the phase differ-
ence between consecutive lines in electro-optic frequency combs
[16] and mode-locked lasers [17,18]. The idea lies in beating the
signal waveform with a continuous-wave laser that is tuned in
a stepwise manner across the signal comb lines. The phase of
the consecutive lines is embedded in the downconverted radio
frequency beat notes [16]. Here, we adapt this technique for the
complex measurement of microcombs. This represents a great
challenge as the repetition rate easily exceeds the bandwidth
of the state-of-the-art photodetectors. We circumvent this issue
by combining the technique with electro-optic downconversion
[19].

The experimental setup for the measurement of the spectral
amplitude and phase is illustrated in Fig. 1(a), where the former
is directly measured on an optical spectrum analyzer (OSA).
Basically, the differential phase is recovered by subtracting the
phase of beating signals between the reference laser (ECDL?2)
and the sidebands of the comb lines. We used an electro-optic
phase modulator (PM) to generate the sidebands [Fig. 1(b) blue
spectrum] that enables direct referencing of the microcomb line
spacing to a microwave frequency. The RF modulation fre-
quency (fpy) is varied to adjust the closest sideband spacing
at the center within the detectable range. The phase modulation
of the comb generates harmonics at f,, + nfpy(n € Z); where u
represents the microcomb mode number and 7 the electro-optic
sideband number. The modulated microcomb field can be rep-
resented as Re(X,, 3, J.(B)exp(j(2af, t + n(2afpyt + ¢) + ¢, +
¢,))). Here, f,, is the frequency of the uth comb line with static
phase ¢, and J_,(8) = (-1)"J,(8) is the nth order Bessel func-
tion of the first kind at modulation index . The phase of the
RF signal is ¢ and the phase noise of the optical carrier of the



https://orcid.org/0000-0002-0535-2406
https://orcid.org/0000-0003-2257-7057
https://orcid.org/0000-0001-8269-1033
https://orcid.org/0000-0002-3504-2118
https://doi.org/10.1364/OL.460913

0 05 1 15
RF frequency (GHz)

L
(o)
z
3 Il
é (AU \\HJ\.\.MH\MH I
g LT
£ e Iy
1500 1520 1540 1560 1580 1600 1620 1640 1563 1564
Wavelength (nm) Wavelength (nm) )
R brer Guss + 05
A 1 A
¢u+¢s+2¢'=¢u+1+¢s_2¢'
- A ! A -
A <« &> A
< fem > < :Av >
z o Ho  utDo, (1D (1+1)
< rep > )

Fig. 1. (a) Experimental setup for wideband differential phase
measurement of microcombs based on electro-optic modulated
stepped heterodyne spectroscopy. The inset shows the RF beating
spectrum when the reference laser is positioned at 1557.2395 nm.
The third peak acts as a reference signal for the phase difference
calculation between the pair of comb modes. The frequency comb
power is stabilized via a proportional integral derivative (PID) con-
troller acting on the frequency of the pump laser (not shown). A
tunable fiber Bragg grating (FBG) notch filter is used to suppress
the pump power which otherwise saturates the photo-detector. (b)
Single soliton comb (red) and electro-optic phase modulated comb
(blue). Zoom (right) into both spectra. The spacing of the second-
order sidebands is Av<1.6 GHz and cannot be distinguished by
the optical spectrum analyzer (OSA) resolution. The power of side-
bands is related to the Bessel function. (¢) Schematic spectrum of
the phase modulated comb modes u and u + 1 with a reference
laser (green) positioned between the second-order sidebands. The
phase of different comb modes is labeled. The highlighted lines at
the center contribute to the three distinct downconverted beat notes
shown in the inset in panel (a).

frequency comb is ¢,(f). The sidebands preserve the phase sig-
nature of the comb lines with an additional innocuous RF phase
offset ny. Figure 1(c) is the schematic of two comb lines and
corresponding sidebands. The phase associated with the comb
modes, sideband, and reference laser (green) are labeled. It is
assumed that the optical phase noise of the comb is correlated
among the comb lines. The reference laser is detuned by ¢ fre-
quency from the second-order sideband of the ¢ + 1 mode. The
static phase of the mode u is ¢, and for p+1 is ¢,.;. The
phase noise of the reference laser is ¢,,(f). The phase noise
terms (¢, ¢,.;) vanish from the differential phase as these terms
are common to both the beating signals. With the electro-optic
downconversion, the microcomb mode spacing f,., can directly
relate to the fp;, and a beat note (Av) of the nth order sidebands
between the adjacent microcomb modes by f,,, = 1 X fpy £ Av
[20].

In the measurement, the second-order sidebands of the sta-
ble frequency comb are heterodyned with the reference laser.
The first two RF peaks in Fig. 1(a) illustrate the resulting beat

notes observed on an electrical spectrum analyzer (ESA). As
the differential phase measurement is done on a pair of comb
lines at a time, the reference laser is stepped at the f,, of the
comb. The reference laser position is not critical, as long as it
is within the accuracy of Av/2. The optical mixing translates
the phase difference between the adjacent optical spectrum to
an easily measurable low-frequency RF signal. The beat sig-
nals have power proportional to the product of the reference
laser and the sideband power. As such, the high-power reference
laser allows resolving the beat notes of weak comb line powers
without resorting to an optical amplifier.

In the differential phase calculation, an RF signal of frequency
Av is required as the reference. It is obtained from the beating
of the nearest second sidebands in the photodetector [Fig. 1(a),
third peak in the ESA plot]. However, it requires the optical
signal to possess an intensity modulation (IM) of envelope fre-
quency Av. This is not the case with the phase-modulated signal.
Therefore, we sent a fraction of the modulated spectrum to an
optical programmable filter (OPF) used as a periodic narrow
bandpass filter centered in between the comb lines (not shown
in the schematic).

A real-time scope (RTS) was used for the acquisition of the
heterodyne signal detected by a photodiode of bandwidth (1.6
GHz) >Av. The RTS acquires a ten microsecond interval of a
beating signal. We record the RTS signal each time the refer-
ence laser is stepped to the next comb lines pair. The Fourier
processing of the recorded signal results in three non-trivial
RF components at Av —§, 8, and Av. The product of the first
two components generates an RF signal of frequency Av whose
phase is @1 — ¢, — 4 + ¥, With complete cancellation of
the phase noise of both the comb source and reference laser. The
synthesized RF signal is multiplied with the conjugate of the
extracted Av signal. This enables the extraction of the phase dif-
ference ¢, — ¢, — 4y — ¢ + Vs Here, the constant phase
offset ¢,,, from the reference signal is attributed to the beat-
ing of all the second-order sidebands passing through the OPF.
The phase offsets ¢,., and 4y merely result in a linear phase
term and temporal shift in the reconstructed signal. However,
the measured differential phase includes both the inherent comb
phase profile and the accumulated dispersion of the fiber assem-
blies at the output port of the microresonator. We calibrated
this residual dispersive phase (¥,,,) with the aid of a swept-
wavelength interferometer [24]. The device under test includes
the components immediately outside the chip up to the input
to the PM. Finally, the phase difference of the comb lines with
a constant offset was calculated by subtracting the measured
differential phase with the phase difference of the assemblies.
Integration of the phase differences A¢ results in the relative
phase of each comb line upon an otherwise irrelevant linear
phase term. This causes a temporal shift when reconstructing
the pulse. The intensity profile (Fig. 2 insets) was inferred from
the complex optical spectrum as |3, y/P,e*>™"*u |2 where
P, is the power and ¢,, is the reconstructed phase of the comb
mode p.

A crucial aspect of this technique is that it can accurately
retrieve the phase profile at extremely low power levels. Remark-
ably, there is no optical amplifier in the heterodyne setup,
allowing for measuring extremely broad microcombs. These fea-
tures are exemplified with microcombs generated in two different
low loss silicon nitride (Si;N,) microresonator configurations:
a single ring with anamolous dispersion and coupled cavity
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Fig. 2. Spectral and temporal (inset) characterization of the microcombs (red simulation and blue measurement). The pulse intensity
profiles in the insets are the recovered waveforms coupled out of the cavity including the pump mode [pump power is attenuated by the FBG
in panels (a) and (b)]. The measured differential phase corresponds to the spectrum inside the cavity except at the pump frequency. Spectral
intensity profile: (a) single soliton comb (f,,, 99.8867 GHz); (b) multisoliton comb (f,., 99.9011 GHz); the discrepancy in the repetition rate
of the combs from the same device is attributed to the different pump detuning and coupling power variation [21]; (c) coupled cavity comb
(frep 100.799 GHz). Measured spectral phase difference after subtracting the setup dispersion: (d) single soliton comb; (¢) multisoliton comb;
(f) coupled cavity comb. The phase offset at the pump frequency is a combined effect of the self-organization in the soliton formation [22]
and superimposed pump field at the through port [23]. The phase contribution of the latter interaction can be compensated from the comb
spectral amplitude as reported in [4], and thus recovers the accurate intracavity time-domain waveform, or simply by extracting the spectrum

from the drop-port [23].

rings with normal dispersion. The microresonators were fab-
ricated via a subtractive processing method reported in [25].
The frequency comb was measured at the through port for
both cases. We consider a soliton microcomb generation in
the single-cavity microresonator of free spectral range (FSR)
~100 GHz. The same device was used to generate a soliton
crystal and multi-soliton consisting of two circulating solitons.
The frequency comb is initialized by the thermal kicking tech-
nique [26] and proceeds to a single soliton state through a
slow forward frequency tuning [27]. To generate the comb in
the coupled cavity, an auxiliary resonance is first slightly blue-
detuned from the main cavity resonance by applying a voltage
to a heater circuit. The microcomb is then deterministically
generated by blue tuning the pump laser into the main cavity
resonance [7].

Numerical simulations of the different comb states were
conducted with the Ikeda map to analyze the spectrum and
differential phase profiles (Fig. 2, red profiles). For the simu-
lation, some parameters were measured and have the following
values: extrinsic coupling rate «,, = 14 X 10° Hz; intrinsic loss
rate k;, = 13 X 10° Hz; and dispersion 3, = —65 ps’km™'. For
the photonic molecule frequency comb simulation, we followed
Ref. [7], where the Raman term is turned off because it plays
a negligible effect. The FSRs for the two rings are 100.8 GHz
and 99.83 GHz, respectively. The main cavity has internal loss
rate k;, = 38 x 10° Hz and coupling rate ., = 32 X 10° Hz. The
coupling-induced mode splitting is 607 MHz and dispersion 100
ps*km™'.

The measurement results (blue) validated with the simu-
lations for three different microcomb states are illustrated in
Fig. 2. The spectrum of the single FSR soliton comb at a pump
wavelength 1557.147 nm with on-chip power ~ 20.5 dBm is
shown in Fig. 2(a). The power at the blue side edge of the
spectrum is < — 50 dBm. The spectrum is blue-detuned by
~1.7 THz relative to the soliton spectral maximum due to the
Raman self-frequency shift [28]. The RF clock to the PM was
set to 24.58 GHz, yielding Av = 1.5667 GHz spacing between
second-order sidebands from the adjacent modes. The spectral
phase difference after correcting the setup dispersion is shown

in Fig. 2(b). The phase difference at the pump location is shifted
by approximately 0.57.

Figure 2(c) shows the simulated (red) and measured (blue)
spectral profile of a multisoliton comb. The frequency comb
has a repetition rate of 99.9011 GHz. It has a spectral modu-
lation where one comb line in every five becomes attenuated.
This 5-FSR modulation in the comb envelope indicates two
intracavity pulses of relative time difference ~2 ps [Fig. 2(c)
inset]. The A¢ of the comb line pairs are aligned, except for
the weaker comb lines which have a relative phase difference
of m [Fig. 2(d)]. At the pump location, it has also A¢ ~ 0.57
as in the single cavity microcomb. The discrepancy between
simulation (red) and measurement (blue) is likely due to uncer-
tainties in the Raman coefficient in silicon nitride and the fact
that our simulations do not include a wavelength dependent
coupling coeflicient. The phase difference is deviating from the
simulated trend beyond 1600 nm wavelength [Figs. 2(b) and
2 (d)]. It may be related to the wavelength dependent power
coupling.

The microcomb coming out of the photonic molecule is shown
in Fig. 2(e). The comb spectrum was acquired from the power
coupled out of the bus waveguide. The cavity was pumped at
1569.67 nm with an on-chip optical power of 13 dBm. The
microcomb has a repetition rate of 100.799 GHz. Unlike the flat
A¢ in the single-cavity microcomb, the coupled cavity micro-
comb has non-uniform A¢ [Fig. 2(f)]. The equivalent pulse
coupled out of the cavity is shown in the inset of Fig. 2(e).
The waveform of the coupled cavity microcomb is not transfer-
limited. Indeed, it is a chirped pulse with asymmetric damping
oscillation at both sides of the pulse [Fig. 2(e) inset] in line with
the measurements and predictions of [7].

The proposed technique is, in principle, not limited by the
repetition rate of the comb. Figure 3 demonstrates the char-
acterization of a 2-FSR comb having 199.7843-GHz comb
spacing. The RF frequency and modulation depth of the PM
were adjusted such that the sidebands at the center are stronger
and within the detectable frequency range. In this measurement,
we increased the 24.78-GHz RF power applied to the PM. This
in turn generates higher-order sidebands. For the heterodyning,
we optimized the fourth-order sideband from the neighboring



—
[

Intensity ~—

Power [20 dB/div]

A® [1/2 rad/div]
£
f
Pt
g
o%
?
6)C)

1500 1520 1540 1560 1580 1600 1620
Wavelength (nm)

Fig. 3. Complex spectral and temporal characterization of a
2-FSR soliton microcomb. The modulation depth of the PM is
adjusted to bring the fourth-order sidebands within the range of
the photodetector. The pump laser source is located at 1557.180
nm. (a) Spectrum of the microcomb of a repetition rate 199.7843
GHz. Insets are the reconstructed temporal intensity and phase pro-
files (left simulation and right measurement). (b) Phase difference
measurement of the comb modes.

comb modes. Figure 3(b) is the calculated differential phase
of the 2-FSR comb. The accuracy of the measured differential
phase values is estimated as 0.2 rad, and the resulting phase
error can thus be expected to grow by 0.2 times the square root
of the number of summed differential phases. The reconstructed
temporal intensity and phase profiles in Fig. 3(a) insets show
good agreement between simulation (left) and measurement
(right).

In summary, we have demonstrated broadband complex spec-
tral characterization of microcombs using stepped heterodyne
interferometry combined with electro-optic downconversion. It
requires no optical amplifier to boost the comb lines power,
which allows for retrieving comb states over a bandwidth >110
nm, only limited by the tuning range of the stepped lasers. The
technique is linear and can also measure the phase difference of
extremely weak power lines. We have validated the technique
with a number of microcomb states produced in silicon nitride
microresonators.
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