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Abstract

The analysis of optical spectra—emission or absorption—has been arguably the most powerful approach for
discovering and understanding matter. The invention and development of many kinds of spectrometers have
equipped us with versatile yet ultra-sensitive diagnostic tools for trace gas detection, isotope analysis, and resolving
hyperfine structures of atoms and molecules. With proliferating data and information, urgent and demanding
requirements have been placed today on spectrum analysis with ever-increasing spectral bandwidth and frequency
resolution. These requirements are especially stringent for broadband laser sources that carry massive information and
for dispersive devices used in information processing systems. In addition, spectrum analyzers are expected to probe
the device's phase response where extra information is encoded. Here we demonstrate a novel vector spectrum
analyzer (VSA) that is capable of characterizing passive devices and active laser sources in one setup. Such a dual-mode
VSA can measure loss, phase response, and dispersion properties of passive devices. It also can coherently map a
broadband laser spectrum into the RF domain. The VSA features a bandwidth of 55.1 THz (1260-1640 nm), a frequency
resolution of 471 kHz, and a dynamic range of 56 dB. Meanwhile, our fiber-based VSA is compact and robust. It requires
neither high-speed modulators and photodetectors nor any active feedback control. Finally, we employ our VSA for
applications including characterization of integrated dispersive waveguides, mapping frequency comb spectra, and
coherent light detection and ranging (LIDAR). Our VSA presents an innovative approach for device analysis and laser
spectroscopy, and can play a critical role in future photonic systems and applications for sensing, communication,
imaging, and quantum information processing.

Introduction spatially or temporally’, with precisely calibrated chro-

The analysis of light and its propagation in media is
fundamental in our information society. The discovery of
light refraction and dispersion in media has resulted in the
invention of prisms and gratings that are ubiquitously
used in today’s optical systems for imaging, sensing, and
communication. Key enabling building blocks to these
applications are dispersive elements that separate light
components of different colors (i.e. frequencies) either
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matic dispersion. With these elements, modern optical
spectrum analyzers (OSA) and spectrometers can deliver
unrivaled frequency resolution, large dynamic range, and
wide spectral bandwidth of hundreds of nanometers.
Time-stretched systems” can probe ultrafast and rare
events in complex nonlinear systems.

For spectrum analysis, precise and broadband frequency-
calibration of dispersive elements is pivotal. Due to the
ultimate need for spectrometers with reduced size, weight,
cost, and power consumption, extensive efforts have been
made to create miniaturized spectrometers® > and broad-
band laser sources'>~*° based on integrated waveguides. For
these devices, frequency-calibration is particularly crucial
yet challenging since the dispersion of integrated
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waveguides can be significantly altered by the structures
and sizes’**>. Meanwhile, stationary phase approximation
for time-stretch dispersive Fourier transform®® necessitates
carefully frequency-calibrated elements that are strongly
dispersive. For these purposes, optical vector network
analyzers (OVNA) are viable tools. Analog to an electrical
VNA, an OVNA enables direct characterization of the
linear transfer function (LTF) of passive devices, therefore
allowing simultaneous measurement of transmission (i.e.
loss), phase response, and dispersion®>°. Previously
demonstrated OVNAs are based on interferometry35’37,
optical channel estimation®**®, single-sideband modula-
tion®>*°, and frequency-comb-assisted asymmetric double
sidebands™. Despite, all these methods have limited mea-
surement bandwidth of sub-terahertz to a few terahertz.
Therefore for booming demands to understand and to
engineer devices used for broadband laser sources that span
over tens of terahertz, including optical frequency

13-15 : : 16,18,19
combs °7”, parametric oscillators , quantum fre-
quency translators®*>!, supercontinu322_25, and parametric
ampliﬁers%’zg, all these methods fail.

Here we demonstrate a new paradigm of vector spec-
trum analysis that unites OVNA for passive devices and
OSA for active laser sources in one setup. Our vector
spectrum analyzer (VSA) can measure LTF and dispersion
properties of passive devices, or coherently map an optical
spectrum into the RF domain.

Results

The principle of our VSA is illustrated in Fig. la. A
continuous-wave (CW), widely chirping laser, is sent to
and transmits through a device under test (DUT), or
interferes with a light under test (LUT). During laser
chirping, for the DUT, the frequency-dependent LTF
containing its loss and phase information is photodetected
and recorded. Particularly, the phase is extracted by
interfering the light exiting the DUT with a reference
branch. For the LUT, the chirping laser beats progres-
sively with different frequency components of the optical
spectrum, and the beatnote signal is photodetected,
recorded in the RF domain, and further processed with a
digital narrow-band-pass filter offline. In either case, the
VSA outputs a time-domain trace, with each data point
corresponding to the DUT’s instantaneous response, or
the LUT’s instantaneous beatnote from interference, at a
particular frequency during laser chirping. In short, the
chirping laser coherently maps the frequency-domain
response into the time domain, which is digitally pro-
cessed to retrieve the frequency-domain response. Since
the laser cannot chirp perfectly linearly, critical to this
frequency-time mapping is precise and accurate calibra-
tion of the instantaneous laser frequency at any given
time. This requires referring the chirping laser to a cali-
brated “frequency ruler”.
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Following this principle, we construct the setup as shown
in Fig. 1b. A widely tunable, mode-hop-free, external-cavity
diode laser (ECDL, Santec TSL) is used as the chirping
laser. Cascading multiple ECDLs covering different spectral
ranges allows the extension of full spectral bandwidth,
which is 1260-1640 nm (55.1 THz) in our VSA with three
ECDLs (see Note 1 in Supplementary Materials).

The ECDL’s CW output is split into two branches. One
branch is sent to the DUT or the LUT, selected by an
optical switch. The other branch is a frequency-
calibration unit based on a fiber cavity. Such frequency
calibration involves relative- (i.e. the frequency change
relative to the starting laser frequency) and absolute-
frequency calibration (i.e. accurately measured starting
laser frequency). The absolute-frequency calibration is
performed by referring to a built-in wavelength meter
with an accuracy of 200 MHz (see Note 1 in Supple-
mentary Materials). The relative-frequency calibration is
described in the following.

Relative frequency calibration of the VSA

Figure 2 illustrates the principle of relative-frequency
calibration. We use a fiber cavity with an equidistant grid
of resonances as the frequency ruler*>*?, By counting the
number of resonances passed by the chirping laser and
multiplying the number with the fiber cavity’s free spec-
tral range (ESR, fi,), the laser frequency excursion is
calculated. Extrapolation of laser frequency between two
neighboring fiber cavity’s resonances further improves
frequency resolution, precision and accuracy, which will
be discussed later. Therefore, critical to this method is the
measurement precision of f, and compensation of fiber
dispersion to account fi, variation over the 55.1 THz
spectral range.

The experimental setup to calibrate fg, is shown in
Fig. 2a. The ECDL’s CW output is phase-modulated by an
RF signal generator to create sidebands. Though con-
sisting of multiple CW components, i.e. the carrier and
sidebands, the amplitude is constant in the time domain.
The carrier and both sidebands are together sent into the
fiber cavity with maintained polarization. The transmitted
signal through the fiber cavity is probed by a 125-MHz-
bandwidth photodetector, recorded by an oscilloscope,
digitally processed, and fed back to the RF signal gen-
erator. Based on the fiber cavity length, an initial value of
the fiber cavity’s FSR, Afy = 55.58 MHz, is estimated. The
RF driving frequency f .4 of the phase modulator is set to
fmod =N - Afy, where N is an integer (N = 3 in our case).

Since Af#f,, as shown in Fig. 2b, the carrier and both
sidebands are misaligned with the respective three reso-
nances in the frequency domain. In this case, the three
CW components experience different cavity responses
(including loss and phase). Thus, the superposition of
light fields varies accordingly, leading to a beatnote at the
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Fig. 1 Principle and architecture of the vector spectrum analyzer (VSA). a The principle of our VSA is based on a chirping CW laser that is sent to
and transmits through a device under test (DUT), or interferes with any light under test (LUT). The DUT can be any passive device, and the LUT can be
any broadband laser source. The transmission spectrum of the chirping laser through the DUT, and the beatnote signal generated from the

interference between the chirping laser and the LUT, are both time-domain traces. Together with a “frequency ruler” for calibration, the chirping laser
coherently maps the time-domain trace into the frequency domain. This trace carries the information of the DUT's loss, phase and dispersion over the
chirp bandwidth (blue). For LUT, the chirping laser beats progressively with different frequency components of the optical spectrum, thus, analyzing
the beat signal in the RF domain allows extraction of the spectral information (purple). Critical to this frequency-time mapping is precise and accurate
calibration of the instantaneous laser frequency during chirping. This requires referring the chirping laser to the frequency ruler (red). b Experimental
setup. The chirping laser unit can be a single laser, or multiple lasers that are bandwidth-cascaded. The latter allows extension of the full spectral
bandwidth by seamless stitching of individual laser traces into one trace. The chirping laser power is then split into two branches. The upper branch
is directed to the frequency-calibration unit (i.e. the “frequency ruler”), which in our case, is a phase-stable fiber cavity of 55.58 MHz FSR. The lower
branch is sent to the DUT or the LUT. For the two branches, the photodetector signals are recorded with an oscilloscope and digitally processed

offline. PD photodetector, OSC oscilloscope

output. When f, 4 is slightly varied such that f, 4 =
N - fy, is satisfied, the carrier and both sidebands can be
simultaneously aligned with the fiber cavity’s resonances,
experiencing the same cavity’s response. Thus, the
superposition of light fields of these CW components is
unaffected at the output, producing a constant current on
the photodetector.

Experimentally, the laser chirps across a resonance of
the fiber cavity, and the time-domain interference at the
fiber cavity’s output is photodetected and recorded by the
oscilloscope. The time-domain trace is then normalized to
the level of off-resonant signal power, as the transmission
spectrum of a resonance shown in Fig. 2c. When f ;=N -
St the resonance profile is modulated at the frequency
fmoa (red curves). As f, . approaches N -fi., ie,

mod — N “ fi:| — 0, the modulation amplitude decrea-
ses. When f, 4 = N - fg,, the resonance profile is unaf-
fected as a normal Lorentzian profile probed by a single
CW laser (blue curves). We simulate this modulation
behavior (left red panels) which agrees with the

experimental data (right blue panels). The modulation
amplitude is extracted with fast Fourier transformation
(FFT) as shown in Fig. 2d, where red curves represent
fmoa®N - fg, and blue curves represent f_ 4 =N - fg,.
When f,q#N - f» a binary search to minimize
[fmod — N - f1| is performed until the modulation peaks
vanish, signaling f, .4 = N - f,. For more details on the
calibration process and numerical simulations, see Note 2
in Supplementary Materials.

We apply this method to measure the fiber cavity’s f,
from 1260 to 1640 nm wavelength (55.1 THz frequency
range) with an interval of 10 nm, at an ambient tem-
perature of T, =23.5°C. The fiber cavity is made of
phase-stable fibers (PSF, described later). Figure 2e shows
that plots and analysis of frequency-dependent f, enable
extraction of the fiber dispersion using a cubic polynomial
fit (see Note 3 in Supplementary Materials). This
dispersion-calibrated fiber cavity’s resonance grid is used
as the frequency ruler in our VSA and following
experiments.
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Fig. 2 Frequency-calibration of the fiber cavity. a Experimental setup. PM phase modulator, PC polarization controller, FFT fast Fourier
Transformation. b—d Principle of the frequency-calibration process of the fiber cavity's FSR. Charts compare the differences when fmoqzN - fr, (red
arrows and curves) and frnog = N - f, (blue arrows and curves). The three red/blue arrows in Panel b mark the incident CW laser with the two
sidebands generated from it. From the experimental data (with blue background) and simulation (with red background), the differences between
frnod=N - fr and frog = N - fg; are illustrated by: 1. The envelope modulation on the time-domain trace (Panel b bottom); 2. The resonance profile
(Panel c); 3. The Fourier peaks in the RF domain via FFT (Panel d). e Measured fiber cavity's FSR variation over the 55.1 THz frequency range with fitted
dispersion. We perform the measurement at two different temperatures T and To + AT, where To = 23.5°C and AT =93 °C. f For fiber cavities made
of single-mode fibers (SMF) or phase-stable fibers (PSF), the measured cavity FSR drifts versus relative temperature change, as well as the linear fit.
g Totally 150 measurements of the fiber cavity's FSR show a standard deviation (STD) of 112.5Hz

We further characterize the temperature stability of fy,.
The fiber cavity is heated and its f, shift versus the
relative temperature change at 1490 nm is measured, as
shown in Fig. 2f. In addition, we compare two types of
fibers to construct the cavity: the normal single-mode
fiber (SMF, blue data) and phase-stable fiber (PSF, red
data). The linear fit shows that the PSF-based fiber cavity
features a temperature sensitivity of df,/dT = —262 Hz/
K, in comparison to —676 Hz/K of the SMF. The lower
dff; /dT of PSF is the reason why we use PSF instead of
SME. Correspondingly, 1 K temperature change (the level

of our ambient temperature stabilization and control)
causes ~240 MHz cumulative error of the PSF-based fiber
cavity over the entire 55.1 THz range.

We also measure the fiber cavity’s dispersion at elevated
temperature T+ AT, where AT=9.3°C. Figure 2e
shows that, the two measured fiber dispersion curves at
different temperatures are nearly identical except with a
global offset in the y-axis. This indicates that the tem-
perature change only affects f, but not fiber dispersion.
More details concerning the measurement are found in
Note 3 in Supplementary Materials. Therefore, once the
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ambient temperature is known, the f at 1490 nm can be
calculated, as well as the f . variation over frequency.

Finally, to verify the measurement reproducibility, the
S value at 1490 nm is repeatedly measured 150 times.
Figure 2g shows the occurrence histogram, with a stan-
dard deviation of 112.5 Hz.

Performance of the VSA

Here we use a dispersion-calibrated, phase-stable fiber
cavity for relative-frequency calibration. We note that
frequency comb spectrometers'>**** with a precisely
equidistant grid of frequency lines can also be used*®*.
While frequency combs have been a proven technology
for spectroscopy™® with unparalleled accuracy, they have
several limitations in the characterization of passive
devices. First, in addition to being bulky and expensive,
commercial fiber laser combs as spectrometers suffer
from limited frequency resolution due to the RF-rate
comb line spacing (typically above 100 MHz). Second, the
simultaneous injection of more than 10° comb lines can
saturate or blind the photodetector, yielding a severely
deteriorated  signal-to-noise  ratio (SNR) and
dynamic range.

Different from frequency combs, CW lasers featuring
high photon flux and ever-increasing frequency tunability
and agility are particularly advantageous for sensing®®. In
our method, after frequency-calibration by the fiber cav-
ity, the chirping CW laser behaves as a frequency comb
with a “moving” narrow-band-pass filter, where the filter
selects only one comb line each time and rejects other
lines. Therefore the nearly constant laser power during
chirping provides a flat power envelope over the entire
spectral bandwidth. Consequently our method avoids
photodetector saturation and device damage. It also
increases SNR and dynamic range.

To improve frequency resolution, the extrapolation of
instantaneous laser frequency between two neighboring
fiber cavity’s resonances is performed, which relies on the
frequency linearity of the chirping laser. Such linearity is
experimentally characterized in a parallel work® of ours,
where the chirping ECDL (Santec TSL) is referenced to a
commercial optical frequency comb. The result from
ref. >° evidences that the chirping linearity is better for a
higher chirp rate. We experimentally test different laser
chirp rates, including 20, 50, 100, and 200 nm/s. When
combined with a 55-MHz-FSR fiber cavity, the accuracy
of linear interpolation within the fiber cavity’s “dead zone”
achieves a precision better than 200 kHz for a chirp rate
exceeding 50 nm/s, which surpasses the laser linewidth.
Meanwhile, if the chirp rate is too high, such that the time
that the chirping laser sweeps across the DUT’s resonance
is comparable to the resonance lifetime, the measured
transmission curve is distorted due to the cavity’s ring-
down effect. Taking all these issues into consideration, the
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chirp rate of 50 nm/s is the most appropriate value in our
experiment. More details are elaborated in Note 4 in
Supplementary Materials.

The ultimate frequency resolution of each individual
time-domain trace is determined by the chirp range
divided by the oscilloscope’s memory depth (2 x 10%). For
the ECDL of the widest spectral range from 1480 to
1640 nm (19.8 THz), we estimate that the ultimate fre-
quency sample resolution of our VSA is around 99 kHz,
i.e. the frequency interval between two recorded neigh-
boring data points. The actual resolution can be com-
promised by the chirping laser’s linewidth. We measure
the dynamic laser linewidth using a self-delayed hetero-
dyne setup. Experimental details are elaborated in Note 5
in Supplementary Materials. Within a 100 ps time scale,
the ECDL’s dynamic linewidth at 50 nm/s chirp rate is
averaged as 471kHz. This linewidth is due to multiple
reasons, including laser intrinsic linewidth, laser chirp
nonlinearity, and the fiber delay-line’s instability in the
heterodyne setup. The measured laser dynamic linewidth
of 471 kHz sets the lower bound of our VSA’s frequency
resolution.

Finally, we compare our method for relative frequency
calibration using a fiber cavity with the commonly used
method based on an unbalanced Mach—Zehnder inter-
ferometer (UMZI)?*”*’. The transmission of a UMZI
versus frequency is a sinusoidal curve, which theoretically
could provide frequency calibration at any instant. How-
ever, it is challenging to measure the local FSR of a UMZI
with a precision better than 1 kHz. Thus, to reduce the
accumulative error, an optical frequency comb is
required47. On the other hand, practically, when the laser
chirping nonlinearity heavily distorts the sinusoidal curve,
extraction of the actual phase at arbitrary instants
becomes infeasible. In comparison, it is easier and more
reliable to obtain the center dip of a narrow resonance of
~1 MHz linewidth for a fiber cavity. These two points
mark the advantages of the fiber cavity over the UMZI for
relative frequency calibration.

Characterization of passive integrated devices

Next we demonstrate several applications using our
VSA. We first use our VSA as an OVNA to characterize
passive devices. We select two types of optical devices: an
integrated optical microresonator and a meter-long spiral
waveguide. Both devices, fabricated on silicon nitride
(SizN,, see Materials and Methods)®!, have been exten-
sively used in integrated nonlinear photonics'*'®. For
example, optical microresonators of high quality (Q) fac-
tors are central building blocks for microresonator-
soliton-based optical frequency combs (“soliton micro-
comb”)"*7*%, ultralow-threshold optical parametric oscil-
lators , and quantum frequency translators**>,
Ultralow-loss,  dispersion-flattened  waveguides are

16,18,19



Luo et al. Light: Science & Applications (2024)13:83

cornerstones for multi-octave supercontinua®*~>> and

continuous-traveling-wave optical parametric ampli-
fiers®~%, All these applications require precisely char-
acterized properties of integrated devices, such as loss,
phase, and dispersion over a bandwidth spanning more
than 100 nm.

Figure 3a shows an optical microscope image of a Si3Ny
microresonator, which is a microring side-coupled by a
bus waveguide for optical input and output®. The reso-
nance frequency w/2m and linewidth x/2m are often the
most critical parameters that reveal the waveguide’s dis-
persion, loss, and phase response. Experimentally, we
measure these two parameters of each fundamental-mode
resonance, ranging from 1260 nm (237.9 THz) to 1640 nm
(182.8 THz) wavelength. First, we extract the integrated
dispersion of the Si3N, microresonator, which is defined
as

Dint(¢) = wy — g — D1yt = Z
n=2

D,u"
n!

(1)

where ©,/2m is the uth resonance frequency relative to
the reference resonance frequency wo/2m, D;/2m is
microresonator’s FSR, D,/2n describes group velocity
dispersion (GVD), and D,,»3 are higher-order dispersion
terms. Experimentally, as shown in Fig. 3a, half of the laser
power is split for frequency calibration with the fiber
cavity, and the other half is then split into two branches.
In the lower branch, half of the light transmitted through
the DUT is directly detected by a photodetector and
recorded with an oscilloscope. The microresonator
transmission over 55.1 THz optical bandwidth (from
1260 to 1640 nm) is shown in Fig. 3b. Exact resonant
frequencies ®, are determined with dips searching on the
transmission data-trace.

Figure 3c top plots the measured Dy, profile, with each
parameter extracted from the fit using Eq. (1). We note
that, due to our 55.1 THz measurement bandwidth and
471 kHz frequency resolution, our method can measure
higher-order dispersion®” up to the fifth-order (Ds) term.
This is validated in Fig. 3c middle, where D3 and D, terms
are subtracted from Dy, and the residual dispersion is
fitted with Dsu°/120. Figure 3c bottom shows that, after
further subtraction of the D5 term, no prominent residual
dispersion is observed. Some data points deviate from the
fit due to avoided mode crossings in the microresonator®>,

Next, we fit each resonance to obtain their linewidths.
For each resonance fit>%, the intrinsic loss xq /2m, external
coupling strength k. /21, and the total (loaded) linewidth
k/21m = (Ko + Kex) /21, are extracted. Figure 3d shows
three typical resonances with fit curves (blue), including
one with visible mode split (bottom). Conventionally,
based on a single resonance profile, it is impossible to
judge whether the resonance is over-coupled (kex>ko) or
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under-coupled (Kex<K0)>>. The coupling condition can
only be revealed by phase (vector) measurement. As
shown in Fig. 3a, since the light exiting the DUT carries
an additional phase shift ¢, we interfere it with the light
from the reference upper branch to extract ¢. To
improve the signal-to-noise ratio, a delay Az caused by a
20-meter-long fiber is brought into the reference
branch. The frequency difference Af = yAr between the
two branches corresponds to the frequency of the
beatnote signal readout with the balanced photo-
detector, where y is the laser chirp rate. The extra phase
shift ¢ also applies to the beat signal, which can be
extracted with Hilbert transformation®® (see Note 6 in
Supplementary Materials). The measured and fitted
phases are shown in Fig. 3d red curves. The continuous
phase transition across the resonance in Fig. 3d top and
bottom represents under-coupling, while the phase
jump by 27 in Fig. 3d middle represents over-coupling.
From top to bottom, the fitted loss values (xo/27z, Kex/27T)
for each resonance are (23.8, 14.0), (19.9, 42.4), and
(24.7, 12.8) MHz. The complex coupling coefficient®’ in
the bottom is x./2m = 29.1 + 2.25{ MHz.

In addition to microresonators as well as other resonant
structures, our method can also characterize single-pass
waveguides. Here we apply our method to measure the
linear loss and frequency-dependent group refractive
index of integrated waveguides. Figure 4a shows an optical
microscope image of a SizgN, photonic chip containing a
spiral waveguide of Ly = 1.6394 m physical length. We use
our VSA as optical frequency-domain reflectometry
(OFDR)*® to characterize the waveguide loss and disper-
sion. The setup is shown in Fig. 4b. The laser is coupled
into the DUT, and the reflected light from the DUT is
collected by an AC-coupled photodetector through a cir-
culator. The reflected light at distance / within the wave-
guide of physical length L, has an amplitude A;. The strong
reflection signal from the waveguide front facet (i.e. / = 0)
has a constant amplitude Ao. Together these two fields A4,
and A interfere and create a beat signal of frequency Af =
2yngl/c, where ¢ is the speed of light in air, y is the laser
chirp rate, and n, is the group index. Thus, the photo-
detected beat signal is V;(t) = ApA;cos(2mAft). The
instantaneous laser chirp rate y is extracted by the relative
frequency calibration using the fiber cavity. With FFT, the
relative reflection power from different locations in the
waveguide is calculated. Figure 4c plots the OFDR signal
from the spiral waveguide. The prominent peak located at
1.6394m physical length (3.4214m optical length) is
attributed to the light reflection at the rear facet of the
chip, where the waveguide terminates. The difference in
the physical and optical lengths indicates a group index of
ng = 2.087 at 192.681 THz.

In the presence of waveguide dispersion, the optical
path length L, varies due to the frequency-dependent 7.
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Frequency (THz)

This dispersion-induced optical path variation leads to
deteriorated spatial resolution in broadband measure-
ment””. By dividing the broadband measurement data into
narrow-band segments®>®', the optical path length at
different optical frequencies can be obtained, and thus the
frequency-dependent #, over the 55.1 THz spectral range
can be extracted. With the extracted n,, the waveguide
dispersion can be de-embedded with a re-sample
algorithm®"%,

Light traveling in the waveguide experiences
attenuation following the Lambert—Beer Law I(L) =
Iy - exp(al). In Fig. 4c, the average linear loss a = —3.0
dB m ™' (physical length) is extracted by applying a first-
order polynomial fit of the power profile (red line)
within the 19.8 THz bandwidth and centered at
192.681 THz. Figure 4d shows the frequency-dependent
a (red dots) and n, (blue dots) extracted using seg-
mented OFDR algorithm®”®?, The ng is further fitted at
208.015THz, and the dispersion parameters are
extracted up to the fourth order as 1 =6955.0 fs/mm,
Br=—74.09 fs*/mm, B3=199fs*/mm, and B, =
2.4x10% fs*/mm. The loss fluctuation with varying
frequency is likely due to multi-mode interference in

the spiral waveguide®*.

In OFDR, the resolution JL, of optical path length is
determined by the laser chirp bandwidth B as dL,, =
¢/2B, with ¢ being the speed of light in vacuum. Our VSA
can provide a maximum B = 19.8 THz in a single mea-
surement, which enables dL,, = 7.6 pm. As shown in
Fig. 4c, such a fine resolution allows unambiguous dis-
crimination of scattering points in the waveguide, which
are revealed by small peaks. Thus our VSA is proved as a
useful diagnostic tool for integrated waveguides.

Characterization of a soliton spectrum

Next, we use our VSA as an OSA to characterize
broadband laser spectra. While modern OSAs can
achieve wide spectral bandwidth, they suffer from a
limited frequency resolution ranging from sub-
gigahertz to several gigahertz. This issue prohibits
OSAs from resolving fine spectral features. For exam-
ple, individual lines of mode-locked lasers or super-
continua with repetition rates in the RF domain cannot
be resolved by OSAs. Soliton microcombs with
terahertz-rate repetition rate can be useful for low-
noise terahertz generation®°®, but their precise comb
line spacing can neither be measured by normal pho-
todetectors nor OSAs.
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Here we demonstrate that our VSA can act as an OSA,
which features 55.1 THz spectral range and megahertz
frequency resolution. As an example, we measure the
repetition rate (line spacing) of a soliton microcomb. The
experimental setup is shown in Fig. 5a, where the gener-
ated soliton interferes with the chirping laser. The inter-
ference is then photodetected with a balanced photodiode
and recorded with an oscilloscope. The schematic is
depicted in Fig. 5b when the laser chirps across the entire
soliton spectrum. Every time the laser passes through a
comb line, it generates a moving beatnote. Using a digi-
tally implemented finite impulse response (FIR) band-pass
filter of 10 MHz center frequency and 3 MHz bandwidth,
the beatnote creates a pair of marker signals when the
laser frequency is +10 MHz distant from the comb line.
The polarization of the soliton spectrum is measured by
varying the laser polarization until the beat signal with
maximum intensity is observed. Since the instantaneous
laser frequency is precisely calibrated, the comb line
spacing is extracted by calculating the frequency distance
from two adjacent pairs of marker signals. With the
known laser power and measured marker signals’

intensity, the absolute power of each comb line can be
calculated. To further measure the relative power of each
comb line, we measured the output power of the chirping
laser P.(f) o |Ac(f)|* over its entire chirp range. Note
that the amplitude of the beatnote signal |A¢(f)| is pro-
portional to |Ac.(f)ALur(f)|- Therefore the amplitude of
the LUT |ALuT(f)| can be calculated.

Figure 5¢ compares the measured soliton microcomb
spectra using our VSA and a commercial OSA. Both
spectra are nearly identical, which validates our VSA
measurement. The dynamic range of our VSA is found as
56 dB, on par with modern commercial OSAs with the
finest resolution (e.g. 45-60 dB at 0.02 nm resolution for
Yokogawa OSAs). Figure 5c¢ inset evidences that our VSA
indeed provides significantly finer frequency resolution
than the OSA’s. The soliton repetition rate measured by
the VSA is (100.307 +0.002) GHz.

We emphasize that, here the frequency resolution of
our VSA as an OSA is limited by the bandwidth of FIR
band-pass filters. In digital data processing, we find that
3MHz FIR bandwidth yields the optimal resolution
bandwidth of 3 MHz. Experimentally, we verify the
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resolution bandwidth by phase-modulating a low-noise
fiber laser (NKT Koheras) to generate a pair of sidebands
of 3 MHz difference to the carrier. The carrier and the
sidebands are unambiguously resolved using our VSA (see
Note 5 in Supplementary Materials). The 3 MHz resolu-
tion bandwidth is also consistent with the uncertainty of
the measured soliton repetition rate of 100.307 GHz.

High-resolution LiDAR application

Finally, we note that the broadband, chirping, and
interferometric nature of our VSA also enables coherent
LiDAR. Frequency-modulated continuous-wave (FMCW)
LiDAR is a ranging technique based on frequency-
modulated interferometry®’, as depicted in Fig. 6a. The
chirping laser is split into two arms, with one arm to the
reference and the other to the target with a path differ-
ence of d. When the reflected signals from both arms
recombine at the photodetector, the detected beat fre-
quency is determined as Af = 2dy/c, where c is the speed
of light in air and y is the chirp rate. Thus the measure-
ment of Af in the RF domain allows distance measure-
ment of d. The ranging resolution &, i.e. the minimum
distance that the LiDAR can distinguish two nearby
objects, is limited by the chirp bandwidth B as §d = ¢/2B.
One advantage of our VSA as an FMCW LiDAR is that
our laser can provide maximum B = 19.8 THz that
enables 84 = 7.6 pm.

In our LiDAR experiment, we set the linear chirp rate of
y = 6.25 THz/s and duration of T = 0.4 s. The experi-
mental setup and data analysis procedure are found in
Note 7 in Supplementary Materials. As a demonstration,
we monitor the thermal expansion of our optical table due
to ambient temperature drift, as shown in Fig. 6¢c. The
distance difference between the target mirror and the
reference mirror on the table is d = 137.63128 mm. The

measured distance change Ad within the 500 nm range
agrees with the temperature decrease that causes the
contraction of the optical table. After subtracting the
global trend, Fig. 6b shows the histogram of the deviations
of 4625 measurements from their mean values. Our
LiDAR precision is revealed by the standard deviation of
20.3nm. Such precision is provided by the careful
relative-frequency calibration and long-term stability of
our VSA.

Discussion

In summary, we have demonstrated a dual-mode VSA
featuring 55.1 THz spectral bandwidth, 471kHz fre-
quency resolution, and 56 dB dynamic range. The VSA
can operate either as an OVNA to characterize the LTF
and dispersion property of passive devices, or as an OSA
to characterize broadband frequency comb spectra. A
comparison of our VSA with other state-of-the-art OSAs
and OVNAs is shown in Note 5 in Supplementary
Material. Our VSA can also perform LiDAR with distance
resolution of 7.6 um and precision of 20.3 nm. Meanwhile,
our VSA is fiber-based. It neither requires high-speed
modulators and photodetectors, nor any active feedback
control. Therefore the system is compact, robust, and
transportable for field-deployable applications.

There are several aspects to further improve the per-
formance of our VSA. First, the frequency accuracy can be
improved by adding a highly stable reference laser in the
system. When the ECDL scans through the reference
laser, the two lasers beat and create a marker in the time-
domain trace. The marker marks the point where the
chirping ECDL has an instantaneous frequency as the
reference laser’s frequency. Second, more ECDLs can be
added to the system, allowing further extension of the
spectral bandwidth and operation in other wavelength
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ranges, such as the visible and mid-infrared bands.
Meanwhile, even ECDLs with mode hopping can be used
in our VSA. The self-calibration and compensation of
mode hopping can be realized by adding a calibrated,
large-FSR cavity (e.g. a SizN, microresonator of terahertz-
rate FSR), in addition to the fine-tooth fiber cavity. By
measuring the resonance-to-resonance frequency and
referring to the previously calibrated local FSR of the
microresonator, the exact mode hopping range and
location can be inferred. Adding more calibrated cavities
of different FSR values to form a Vernier structure can
further enhance precision and accuracy.

Besides the characterization of passive elements and
broadband laser sources for integrated photonics, our
VSA can also be applied for time-stretched systems?,
optimized optical coherent tomography (OCT)®, linear-
ization of FMCW LiDAR®’, and resolving fine structures
in Doppler-free spectroscopy’’. Therefore, our VSA pre-
sents an innovative approach for device analysis and laser
spectroscopy, and can play a crucial role in future pho-
tonic systems and applications for sensing, communica-
tion, imaging, and quantum information processing.

Materials and methods
Device fabrication

The SizN, microresonator and meter-long spiral
waveguides are fabricated using a foundry-standard
process®. It is a subtractive process on 6-inch wafers.
First, Si3Ny and SiO, films are deposited on the thermal
wet SiO, substrate via low-pressure chemical vapor
deposition (LPCVD). Deep-ultraviolet (DUV) stepper
photolithography (248 nm KrF) is used to expose the
waveguide pattern. The pattern is subsequently trans-
ferred from the photoresist mask to the SiO, hard mask
and then to the Si3Ny layer via dry etching. Then the
etched substrate is thermally annealed in a nitrogen
atmosphere at 1200 °C to remove hydrogen contents in
SizNy. Top SiO, cladding is then deposited on the wafer,
followed by another high-temperature annealing. Finally,
contact photolithography and deep etching of SiO, and Si
are used to divide a wafer into hundreds of chips, fol-
lowed by dicing.
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