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ABSTRACT

Spectral-domain optical coherence tomography is a pervasive, non-invasive, in vivo biomedical imaging platform that currently utilizes
incoherent broadband superluminescent diodes to generate interferograms from which depth and structural information are extracted.
Advancements in laser frequency microcombs have enabled the chip-scale broadband generation of discrete frequency sources, with prior
soliton and chaotic comb states examined in discrete spectral-domain optical coherence tomography at 1.3 um. In this work, we demon-
strate coherence tomography through SizN4 microresonator laser frequency microcombs at 1 ym, achieving imaging qualities on-par with
or exceeding the equivalent commercial optical coherence tomography system. We characterize the noise performance of our frequency
comb states and additionally show that inherent comb line amplitude fluctuations in a chaotic state and the resultant tomograms can be

compensated via multi-scan averaging.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/).

. INTRODUCTION

Optical coherence tomography (OCT), developed by Huang
et al. in 1991,' has become a crucial pervasive technique for non-
invasive imaging of biological tissue in vivo, with applications in
ophthalmology,” * intravascular imaging,” and brain imaging.
Improvements in frequency domain OCT (FD-OCT) methodol-
ogy, such as the advent of spectral-domain OCT (SD-OCT) and
swept-source OCT (SS-OCT), have led to much higher sensitivi-
ties and acquisition speeds, exceeding those of time domain OCT
(TD-OCT).” "~ Uniquely, the implementation of discrete frequency
light sources to replace the standard continuous spectrum super-
luminescent diodes and supercontinuum-generation sources'* for
imaging has been theoretically and experimentally demonstrated to
improve depth sensitivity, dramatically reducing the rate of sensi-
tivity falloff above 0.5 mm compared to conventional continuous
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light sources, which experience a 19 dB sensitivity falloff from
0.5 to ~3.5 mm."” In addition, discrete frequency sources allow
reduced interpixel crosstalk and lower tissue power exposure,
with little to no impact on the resulting tomogram axial resolution.

Periodicity added to the tomogram inherent with this technique
allows optical domain subsampling to significantly extend the OCT
imaging range.'® One promising discrete frequency light source
is the laser frequency microcomb, specifically generated via high
quality factor nonlinear microresonator structures through the opti-
cal Kerr effect and other nonlinear processes within a resonant
structure. These chip-scale combs are driven by a continuous-
wave laser source, with the comb free spectral range determined
predominantly by the microresonator radius. Implemented in
CMOS-compatible photonic foundry lines, these laser frequency
microcombs allow significant miniaturization and cost reduction
with high yields and tight process control through the semiconduc-
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tor technology ecosystem and instrumentation. With precise disper-
sion engineering of the microresonator waveguide, the microcombs’

spectral bandwidth can reach and even excee

d an octave, allow-

ing for carrier envelope phase and optical frequency stabilization
through f-2f interferometry.””"’ Further improvements in nanofab-
rication technology have allowed for even longer cavity lifetimes
and higher Q factors, drastically reducing the power threshold for
microcomb generation.”"*” These microcombs have been generated,

for example, on multiple chip-scale platforms
1

.. i 1. 27.35-5 . e 5
silicon nitride,”””” " aluminum nitride,’

diamonds,’* and AlGaAs.””

crystalline fluorides,

:1: 19,33,34
such as silica,

52,53
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Broadband
ource

In this work, we demonstrate, for the first time to the authors’
knowledge, laser frequency microcomb-based 1 ym OCT imaging
with 5.65 + 1.7 um axial resolution exceeding the instrument-
measured 20 pm resolution of the same commercial Telesto
IT optical coherence tomography system utilized. We characterize
the free spectral range (FSR), bandwidth, and relative intensity noise
(RIN) of several different microcombs to ascertain their viability
as discrete OCT light sources. A custom spectrometer is utilized
to surpass the instrument-limited axial resolution. We image sev-
eral example samples and examine the multi-scan averaging scaling
between our frequency microcombs and superluminescent diodes
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FIG. 1. Characteristics of the laser frequency microcomb resonator for optical coherence tomography imaging. (a) Microresonator laser frequency microcomb chips nanofab-
ricated at LiGenTec with FSRs varying from 50 GHz to 1 THz. The resonator shown in the bottom right is used for 95 GHz OCT imaging. Scale bars from left and clockwise:
500, 250, 100 um. (b) Overview of SD-OCT and system diagram. A pump laser (Sacher Lasertechnik P-1060-0420-01112) is amplified by an ytterbium-doped fiber amplifier
(YDFA) and coupled into the SiN microresonator chip via lensed fibers. 1% of the output is tapped into an optical spectrum analyzer (OSA) and a power meter (PM), while
the remaining 99% passes through a grating to filter out the pump so as not to saturate the downstream optical components and spectrometer. After passing through a
circulator, the comb state enters the OCT probe optics and interacts with the imaging target. Reflected light passes back through the circulator to either the internal Telesto I
spectrometer or the custom-built UCLA spectrometer (see the supplementary material). A schematic of the general operating principle of SD-OCT is presented in the bottom
left subpanel, where a broadband source is sent through a Michaelson interferometer, with one arm containing relevant optics and the imaging target. The interference pattern
is diffracted onto a spectrometer, and the interferogram is recorded. (c) Swept-wavelength interferometry (SWI) of the aforementioned microresonator resonances. Inset:
Zoomed-in of a single resonance. (d) Simulated GVD vs wavelength. Inset: Measured GVD at —39.9 fs2/mm utilizing the aforementioned SWI metrology.
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(SLDs). We further provide quantitative analysis of our laser micro-
comb tomograms through indices of maximum tissue contrast index
(mTCI)™ in conjunction with intensity ratio (IR), tissue signal ratio
(TSR), and quality index (QI)°’ to verify the advantages of our dis-
crete frequency SD-OCT system over SLD-based commercial OCT
systems.

Il. MICRORESONATOR AND FREQUENCY
MICROCOMB GENERATION

We designed the 1-uym-wavelength microresonators on the
low-pressure chemical vapor deposition stoichiometric silicon
nitride platform. Our frequency microcomb resonators, as shown in
Fig. 1(a), have free-spectral ranges (FSRs) of 54, 95, 200, 500 GHz,
and 1 THz, with anomalous group velocity dispersion (GVD) engi-
neered via the waveguide cross-sectional area. Microresonator GVD
is simulated and optimized in COMSOL via an axisymmetric finite
element method to reduce simulation time with ring width varia-
tion to fine-tune the dispersion parameter. The simulated refractive
index data are then exported to MATLAB to calculate the dis-
persion parameter and for further analysis. Once the desired dis-
persion has been achieved, the device is simulated in Lumerical
using the frequency-difference time domain method to optimize
the coupling between the bus and ring at the desired pump fre-
quency, using the bus-to-ring gap as the optimizing variable. Once
a suitable ring gap is found, chiplets are created for fabrication
using Python with variations in ring width and coupling gap to
account for fabrication errors by the foundry. The microcombs
are fabricated at LiGenTec. The microcombs, initiated by nonlin-
ear frequency conversion via non-degenerate four-wave mixing and
self- and cross-phase modulation within the cavity,"” enable opti-
cal gain at nearby optical modes to the pumped resonant mode and
cascade to form a variety of microcomb states, from modulation
instability to chaotic combs,’>?32220:35394145 Lreather combs,’
and soliton states.””***”* Comb generation is initiated by sweep-
ing the pump laser frequency from the effective blue- to red-detuned
side of the pumped cavity resonance until the desired comb state is
generated.

The experimental setup for microcomb generation is illus-
trated in the top panel of Fig. 1(b). Utilizing swept wavelength
interferometry,”” the 95 GHz resonator is characterized as having
anomalous GVD, as shown in Figs. 1(c) and 1(d). To optimize
the OCT measurements, the comb states are specifically chosen to
tune the desired imaging parameters. For optimal tomograms, the
comb lines should have approximately the same intensities so as
to produce the widest possible spectral bandwidth and to reduce
the need for post-processing involving comb line normalization.'®
In addition, any set of comb lines that have a significantly higher
intensity than the surrounding lines can add non-uniformity and
noise in the form of markedly brighter pixels and risk saturat-
ing the spectrometer, degrading the resulting OCT image. Avoided
mode crossings can also result in tomogram degradation in a similar
manner since these comb line pixel intensities are reduced rela-
tive to other brightly reflecting pixels, effectively cutting them out
of the resulting tomogram. Optimization of these qualitative para-
meters is broadly applicable to the frequency comb states, with the
comb bandwidth and microresonator free spectral range being key
quantitative parameters for discrete frequency OCT, controlling,
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TABLE |I. Selected frequency comb FSR and corresponding theoretical maximum
imaging depth in the tissue and the air. The bold row is from this work.

Imaging depth

Frequency comb

free spectral range (GHz) Inair (mm) In tissue (n = 1.4) (mm)
1000 0.075 0.05

200 0.37 0.27

95 0.94 0.67

54 14 1.0

27 2.7 1.9

TABLE II. Selected frequency comb spectral bandwidth and corresponding theoreti-
cal axial resolution estimate. The bold row is from this work.

Axial resolution central
central wavelength = 1064 nm

Spectral bandwidth full

width half maximum (nm) Inair (um) Intissue (n = 1.4) (um)
30 27 12

80 6.2 4.5

100 5.0 3.5

200 2.5 1.8

300 1.6 1.1

respectively, the axial resolution and imaging depth. For example,
the axial resolution is determined via

_2In(2)A2

HAABW (1)

where A, is the light source center wavelength and AAgw represents
the frequency microcomb light source bandwidth.®

The microcomb bandwidth is determined predominantly by
the (small) anomalous GVD magnitude of the resonator at the pump
wavelength. The maximum imaging depth is likewise obtained via

/\2

4785) (2)

Zmax =
where §; is the spectrometer sampling interval. When the spectrom-
eter sampling interval is perfectly matched to the comb line spacing,
the imaging depth increases as the FSR decreases. From both expres-
sions, we see that a general trade-off between imaging depth and
axial resolution arises—as FSR decreases (larger imaging depth), the
spectral bandwidth of the resultant comb typically decreases, which
leads to poorer axial resolution. As a result, the maximum imaging
depth and axial resolution have an inverse relationship, as illustrated
in Tables I and II.

In addition, the coupling between different transverse mode
families in the multimode waveguide resonator results in avoided
mode crossings, adding a periodic amplitude modulation that occurs
more frequently as the FSR decreases.”®' Figure 2 shows the gen-
erated laser microcomb states and their corresponding measured
relative intensity noise (RIN). For the 54 GHz microresonator comb,
several aberrations from avoided-mode crossings are present in
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FIG. 2. Selected chaotic comb spectra with multiple FSRs. (a)—(d), 54, 95, 200 GHz, and 1 THz comb spectra, respectively, with corresponding relative intensity noise (RIN)
measurements on the right column. An ideal comb state should have a smooth envelope with a broad spectrum while maintaining a small free spectral range for increased
imaging depth. A high RIN denotes significant intensity fluctuations, which adversely affect the image clarity of a single tomogram.

Fig. 2(a), which can deteriorate the resulting tomogram, and its rela-
tively narrow bandwidth can limit the axial resolution. The 200 GHz
microresonator comb in Fig. 2(c) is smoother with a broader band-
width and provides high axial resolution; however, the high FSR
reduces the imaging depth to values that are relatively low for
effective clinical usage in an OCT system. The 1 THz microcomb
spectrum in Fig. 2(d) has similar attributes, with a broader comb
bandwidth, but the larger FSR reduces the imaging depth outside of
practical OCT applications other than very thin tissue samples.

In contrast, the 95 GHz microcomb spectrum—as illustrated in
Fig. 2(b)—only has a few avoided-mode crossings, and its balanced
FSR and comb spectral bandwidth of ~80 nm allow for an acceptable
trade-off for the in-tissue imaging depth at 500 ym and a theoretical
axial resolution in the air of 6.2 ym. Based on these factors and the
accessible comb states, we chose the laser microcomb with 95 GHz
FSR to optimize tomogram clarity and resolution without sacrific-
ing much imaging depth. In comparison, the commercial SLD has a
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center wavelength of 1064 nm with a 3 dB bandwidth of 90 nm. We
also have the option of choosing between a chaotic comb state and
a dispersive Kerr soliton. While the chaotic state allows for a wider
flat peak due to the more available nonlinear dynamical routes for
a chaotic microcomb formation,’® additional comb line amplitude
noise is introduced, which might lead to a smaller signal-to-noise
ratio (SNR) in the tomogram.' "’

Conversely, the dispersive Kerr soliton has an envelope fol-
lowing a hyperbolic secant squared profile and has a smaller 3 dB
optical bandwidth compared to the chaotic comb state. The soliton
state has fewer individual comb line amplitude fluctuations due to
the inherent phase- and mode-locking.””** A chaotic comb state is
still preferred since by taking multiple scans, the effects of individual
comb line fluctuations can be nearly eliminated by averaging tomo-
grams together (Sec. IV below), overcoming the primary drawback
of the chaotic comb state. In this work, we average ten scans per
completed tomogram.
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I1l. SOFTWARE PROCESSING

To ascertain the OCT system’s axial resolution, we take the
tomogram of a reflector and fit the resulting Gaussian peak as shown
in Fig. 3(a). With the full-width half-maximum of the resulting fit,
we calculate the system axial resolution utilizing the specific comb
state. To obtain this measurement, we utilize a beam splitter as our
reflector and find an effective axial resolution of 5.65 + 1.7 um, which
well matches the theoretical in-air estimate of 6.2 ym, shown earlier
in Table II. We term this the effective axial resolution since the fitting
is performed post-processing.

The software processing flow for microcomb OCT imaging is
shown in Fig. 3(b). Prior to post-processing, a calibration is per-
formed to correct the nonlinear mapping of the spectrometer grating
as well as the wavevector phase variation from residual dispersion in
the reference and target arms.*> We define the detected spectrum for
a single reflector with reflectivity r, as

Lot (k) = ilmm(k)@ T+ 27 cos (2KkAz + Dy(K))).  (3)

After taking two measurements of the simple reflector slightly sepa-
rated from one another, the phase component can be extracted using
the Hilbert transform, which, therefore, determines the wavenumber
correction vector and residual dispersion using

Ap(n) = ¢1(n) = ¢2(n), (6)

where k is the wavevector; z;, 22, and z; are the first, second, and
starting distances, respectively; and ¢ ;18 the correction. This cor-
rection can then be applied in the processing stack to improve
tomogram clarity. Subsequently, several processing steps are applied
to cleanly extract the tomograms from the interferograms measured
by our frequency microcomb OCT subsystem and improve their
quality. First, we perform a background noise subtraction and then
apply a Gaussian filter in the form of a moving average window to
the interferogram to spectrally shape the data to match a Gaussian
function more closely and reduce noise.”**” A window width that
is too wide or narrow washes out any internal structure and leaves
only the strong reflecting surfaces visible. It must be manually tuned
to find the appropriate width, as shown in Figs. 3(c1)-3(c3). Next,
apodization is applied to the spectrum in the form of a Hann win-
dow to preserve the bandwidth of the interferogram and drive down
the noise floor.

Furthermore, as shown in Figs. 3(d1) and 3(e), the utilization of
a Blackman window instead of a Hann window has little qualitative
effect on the resulting tomogram, indicating our bandwidth is well-
preserved and not apodization limited. Furthermore, in processing
the tomograms, we note that the phase corrections calculated dur-
ing the calibration step are applied via a spline interpolation. The

é1(n) = 2k(z1 - 20) + b, (4) fast Fogrler transform is app(!lge((ﬁig to the final set of 1nterf§r0grams
to obtain the final tomogram.” " Figures 3(d1) and 3(d2) illustrate
the effect of averaging the 95 GHz chaotic microcomb B-scan over
$2(n) = 2k(z2 — z5) + da, ) ten tomograms. The same configuration and target position are kept
a
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FIG. 3. Volumetric frequency microcomb OCT imaging, post-processing, source spectrum correction, and multi-scan averaging. (a) Measurement of the axial resolution of
the system, with Gaussian fitting in red. The full-width half-maximum of the Gaussian fit illustrates an axial resolution of 5.65 + 1.7 um. (b) Post-processing steps for optimal
OCT image results. (c4)—(c3) Effect of source spectrum correction via a Gaussian moving window with widths of 40, 3, and 7 applied to a tape stack tomogram. (d;)—(d)
Effect of multi-scan averaging to reduce the chaotic comb A-scan noise and improve SNR applied to orange peel tomogram. (€) Ten-averaged OCT image utilizing Blackman

apodization for bandwidth improvement instead of the Hann window.
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for each B-scan. We observe that the effect of spurious saturated
A-scans is reduced, which previously appeared as vertical arti-
facts from a chaotic microcomb source, improving the final output
imaging tomogram.

IV. OCT IMAGES AND IMAGE QUALITY
QUANTIFICATION

With the generated microcombs, we obtain frequency micro-
comb OCT images of three example subsystems: a tape stack, an
orange peel, and a pig retina, to test the OCT imaging capabili-
ties. This is illustrated in Fig. 4. All samples in this work have an
A-scan rate of 76-kHz and utilize Blackman apodization. All fre-
quency comb OCT tomograms are the result of ten averaged scans,
except for the volumetric scan, which is a single scan. B-scans are
acquired in sets and passed through a series of post-processing
steps,”’ with the resulting tomograms averaged to increase the SNR.
First, we image a six-layer stack of painter Scotch tape using the
built-in Telesto-II SLD as a reference and a 95 GHz frequency comb
for direct comparison, utilizing a custom-built spectrometer (see the
supplementary material). We hold all other experimental variables
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constant except for the Fourier transform post-processing of the fre-
quency comb-driven tomogram. Qualitatively, both the frequency
comb tomogram [Fig. 4(a)] and the SLD tomogram [Fig. 4(b)] can
be observed to be nearly identical, with all features of the tape
stack present in both. The edges between each tape layer are clear
and distinct, and the layer of painter’s tape on the bottom of the
stack can also be observed. The inset in each figure represents the
post-processed interferograms used to create the images. The inter-
ferogram for the SLD-lit source has a smooth Gaussian-envelope
over multiple B-scans, which naturally lends itself to a clean Fourier
transform to view the image. The interferogram for the frequency
comb after post-processing is also fairly Gaussian but has spuri-
ous frequencies and also contains noticeable gaps, a result of the
avoided mode crossings within the comb state and a fiber Bragg
grating to remove the pump to avoid saturation of the spectrometer.
Fortunately, because the overall interferogram is still roughly Gaus-
sian and multiple scans are averaged together, the tomogram results
are still clear and qualitatively on-par with those of the SLD-driven
tomogram. The chaotic Kerr comb tomogram visually has a higher
amount of speckle noise than the SLD equivalent scan, arising from
the semi-coherent nature of the individual comb lines themselves.
This speckle noise could potentially be reduced by utilizing higher

Axial (ﬁm)

comb line
saturation

2 4
Lateral (mm)

FIG. 4. Laser microcomb OCT tomogram results. (a) 95 GHz frequency-comb lit OCT image of a tape stack based on our UCLA spectrometer. Inset: overlaid interferograms
used to generate the OCT image. (b) For comparison, a SLD-lit OCT image of a tape stack based on our UCLA spectrometer. Inset: overlaid interferograms used to generate
the OCT image. The tomograms in (a) and (b) are remarkably similar and capture all features of the tape stack, including the staircase-shaped stack edge. (c) Pig retinal
OCT image utilizing the 54 GHz frequency microcomb and Telesto spectrometer. (d) 95 GHz microcomb-lit OCT image of orange peel utilizing our UCLA spectrometer. (e)
95 GHz frequency-comb-lit volume scan of the strawberry surface based on our UCLA spectrometer. The image is brightened for clarity. (f) Single B-scan of the strawberry

in (e). The color bar shows intensity for (e) and (f) in arbitrary units.

APL Photon. 9, 086105 (2024); doi: 10.1063/5.0215574
© Author(s) 2024

9, 086105-6

¥2:04:90 920z Asenuer €


https://pubs.aip.org/aip/app
https://doi.org/10.60893/figshare.app.c.7382005

power amplified spontaneous emission from the pump laser com-
bined with the frequency comb, which is an interesting direction for
further study.

Figure 4(c) next shows the pig retina OCT B-scan for tissue
imaging demonstration. We utilized a 54 GHz laser microcomb and
the Telesto spectrometer for this measurement. When using the
Telesto II spectrometer, light from the SLD is added to the comb
light due to the design of the commercial system. This results in a
tomogram that is a combined result of the comb state and the SLD.
Tissue structure is visible, and blood vessels can be seen with high
contrast, enabling tissue analysis and diagnosis. For an example tar-
get with a less regular structure, we also imaged an orange peel with
the comb source as illustrated in Fig. 4(d) using the custom UCLA
spectrometer. The contours of the peel surface and areas with oils
are also clearly visible and are identifiable by the localized bright
spots. More visual artifacts exist in this scan in the form of vertical
lines, a manifestation of comb line noise in the comb state or individ-
ual comb line spectrometer saturation. This effect can be mitigated
by utilizing a more stable comb state or increasing the number of
averaged tomograms, as noted in Sec. I'V below.

Moreover, we perform a volume scan on another sample
(a strawberry) to demonstrate the ability to take volumetric data, as
shown in Fig. 4(e). We show only a subsection of the overall vol-
ume scan for clarity. Surface features such as strawberry seeds are
identifiable. We also note the ambiguity range and imaging replica,
which are inherent to a discrete-frequency microcomb OCT. Opti-
mizing the distance between the target and the objective to keep
the target completely in the frame can mitigate some of the volume
scan reflections in the right-most third of the volume, and averag-
ing over multiple volumetric scans could reveal additional structure.
Figure 4(f) shows a single B-scan of the strawberry to aid in the
visualization of the ambiguity range and repetitive nature of the
comb-based tomogram.

For a tomogram to be considered high quality, a strong distinc-
tion between highly reflecting structural pixels vs weakly reflecting
or transparent pixels should be apparent. We utilize the recently
developed maximum tissue contrast (mTCI) and quality index (QI)
metrics over the region occupied by the target.””*" mTCI is a quan-
titative method of tomogram assessment based on the ratio of
background and foreground pixels in an image, interpreted from a
histogram of pixel intensities.”® The quantity is defined as

N3 - N

mTCI = s
N, — N;

™)

where N; is the mainlobe peak of the background pixels, N is the
intersection of the background and foreground pixel lobes, and N; is
the saturation point.”® A larger mTCI score generally depicts a better
contrast in the obtained images. From the tomograms of Figs. 3(a)
and 3(b), we find a mTCI of 5.2 for the frequency comb tomogram
and 2.6 for the SLD tomogram.

In conjunction, we calculate the quality index, QI, of both
images. This is obtained by taking the intensity ratio (akin to a
signal-to-noise ratio),

_ h(Nsat) - h(Nlow)

IR
h(Nlow)

, ®)
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and multiplying by the tissue signal ratio (TSR),

N. .
sat h i
TSR = %() 9)
Noogeo h(;)

so that QI = IR x TSR, where Nsat, Nnoises Nipy, and N,y are the
points where the intensity values represent the 99th percentile, 75th
percentile, 1st percentile, and mean of noise and saturation, respec-
tively. Here, h(n) is the intensity histogram corresponding to the
tomogram in question.”” The noise threshold is chosen to discrimi-
nate against most of the pixels that may be interpreted as noise and
only include pixels that most likely represent the relevant signal. We
find a QI of 26.2 for the frequency comb tomogram [Fig. 3(a)] and
4.5 for the SLD tomogram [Fig. 3(b)]. Details regarding the algo-
rithms and calculations of both mTCI and QI, as well as their relative
significance as a performance score, are noted in the supplementary
material 1.

V. CONCLUSION

In this work, we demonstrated a laser frequency microcomb-
based 1-ym OCT imaging subsystem. We show that the resolution
achieved is comparable to or exceeds that of the equivalent commer-
cially available system. The broader optical spectrum of the chaotic
microcomb provides higher axial resolution, and through tomogram
averaging, the influence of random comb line intensity fluctuations
is reduced, thus enabling a less distorted and clearer tomogram.
With the comb state properly chosen and appropriate tuning of the
OCT system, our scans show tomograms with little distortion or
additional noise from the frequency microcomb, with images sim-
ilar to the commercially available system. In fact, the previously
developed tomogram quantification metrics mTCI and QI indicate
equivalent or superior tomograms when compared to conventional
SLD-based counterparts. However, mTCI and QI are not perfect
metrics since both make the key assumption that all brightly reflect-
ing pixels are indicative of the imaged structure. This means that
tomograms with a non-negligible amount of high-amplitude noise,
such as that arising from spectrometer saturation by an individual
comb line, could result in an inflated mTCI and QI score (see the
supplementary material 1). With these considerations in mind, these
two metrics can be applied appropriately when tomograms do not
have sizable noise of this nature.

We further demonstrate the axial resolution matching or sur-
passing that of the original Telesto II OCT instrument, which has an
instrument-specified 20 ym axial resolution. We surpassed the orig-
inal instrument specification with our frequency microcomb OCT
in combination with a necessary custom-built spectrometer with a
larger bandwidth for an achieved axial resolution of 5.65 + 1.7 ym.
Current axial resolution measurements match the theoretical esti-
mate of 6.2 ym and could be reduced further by increasing the
comb bandwidth. Table IIT outlines several comparable works to
this paper, with this work in bold. Our source matches or is supe-
rior to many of these sources, only surpassed by those that are not
chip-scale.

This work also highlights an advantage of the frequency comb
OCT over SLD-based imaging in that multiple microresonators
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TABLE lIl. Selected works for comparison of OCT source performance. The bold row is from this work.

Center wavelength ~ Axial resolution

References Source type Chip-scale (nm) in air (ym)
Telesto II Superluminescent diode Yes 1064 20

67 Superluminescent diode Yes 840 15

68 Supercontinuum No 775 2.0

60 Chaotic Kerr comb Yes 1311.66 18

14 Supercontinuum Yes 1300 7.28

15 Frequency comb No 840 5

62 Soliton frequency comb Yes 1300 6

This work Chaotic Kerr comb Yes 1064 5.65

providing various comb characteristics can be nanofabricated in-
parallel on a semiconductor chip with high repeatability. This
provides control over the trade-off between axial resolution and
imaging depth by switching between different microcombs on the
same chip for imaging. In addition, low-power, turnkey operation of
frequency combs has been developed, simplifying the driving elec-
tronics needed for practical implementation into OCT systems.*”
With self-coupling systems to automate the coupling process to the
specific resonator, these two parameters could be configured on-
the-fly by selecting different resonators for more useful and clearer
tomograms in ophthalmic applications at different depths. How-
ever, as previously mentioned, due to the chaotic nature of the comb
state, multiple tomograms must be averaged together to achieve
decent imaging results. This slows down the effective tomogram
acquisition rate by the number of tomograms being averaged, which
for this work slows our speed to only 10% of the actual B-scan
imaging rate. To address this, future research is directed toward
operating frequency combs in the soliton regime, eliminating the
need to average multiple tomograms to achieve decent imaging
results. The axial resolution and imaging depth trade-off is another
limitation the frequency comb-based implementation suffers from,
and several techniques have been developed that are able to recon-
struct the undersampled data.”” "> In addition, a novel method to
address the trade-off between imaging depth and resolution is being
developed to operate in conjunction with the soliton state. The
observed axial resolution, in conjunction with a CMOS-compatible
and highly manufacturable microcomb structure, demonstrates
the potential of a chip-scale platform for unique diagnostic
tomography.

SUPPLEMENTARY MATERIAL

The supplementary material contains in-depth information on
the definitions and use of mTCI and QI. It also contains further
explanations of the axial resolution analysis and the custom-built
spectrometer.
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