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Abstract: Imaging speed and range are two important parameters for optical coherence
tomography (OCT). A conventional video-rate centimeter-range OCT requires an optical
source with hundreds of kHz repetition rate and needs the support of broadband detectors and
electronics (>1 GHz). In this paper, a type of video-rate centimeter-range OCT system is
proposed and demonstrated based on dual optical frequency combs by leveraging electro-
optic modulators. The repetition rate difference between dual combs, i.e. the A-scan rate of
dual-comb OCT, can be adjusted within 0~6 MHz. By down-converting the interference
signal from optical domain to radio-frequency domain through dual comb beating, the down-
converted bandwidth of the interference signal is less than 22.5 MHz which is at least two
orders of magnitude lower than that in conventional OCT systems. A LabVIEW program is
developed for video-rate operation, and the centimeter imaging depth is proved by using 10
pieces of 1-mm thick glass stacked as the sample. The effective beating bandwidth between
two optical comb sources is 7 nm corresponding to ~108 comb lines, and the axial resolution
of the dual-comb OCT is 158 um. Dual optical frequency combs provide a promising solution
to relax the detection bandwidth requirement in fast long-range OCT systems.
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1. Introduction

Optical frequency comb is a powerful tool which activated a variety of frontier researches,
such as optical frequency metrology, optical atomic clock, optical frequency synthesizer, and
attosecond science, etc [1-8]. When two sets of optical frequency combs (comb 1 & 2) with
slight repetition rate difference mix in a photodetector (PD), dual combs will beat with each
other. Dual comb beating can be described in spectral and time domain, respectively [9]. In
spectral domain, assume the frequency of n" comb line in comb 1 & 2 are f,1 and f,» which
can be further expressed as f,1 = fo1 + Nfrep1r and fn2 = fo2 + Nfep2. Here, fo1 and fo o are the
frequency offset of combl & 2 which are determined by phase slippage between carrier and
envelope, and frep,1 and frep 2 are repetition rate of comb 1 & 2. When two combs mix, the n
comb line in comb 1 & 2 will beat with each other to generate a radio-frequency (RF) tone
with frequency of fre = fn1-fn2 = [fo1-fo2] + nJ, where J is the repetition rate difference, i.e.
frep,1-frep2 = 0. T avoid aliasing, ¢ are normally well selected to ensure the down-converted
RF bandwidth (i.e. Av) fit Av<frp/2, and a low pass filter is normally used to filter out those
RF frequencies out of Av. In time domain, a burst will be generated when pulses from comb 1
& 2 arrive at the photodiode at the same time. Because of slight repetition rate difference 4,
the burst will appear in a period of 1/6. By using a low pass filter to block frequencies of frep.1
and fep2, @ pulse train with period of 1/0 can be obtained. Similar to optical sampling
oscilloscope, dual comb beating down converts optical frequencies into RF domain, and it
makes measurement with much narrower band detectors and electronics achievable. This
advantage renders dual comb very promising in a variety of applications, such as in
spectroscopy [10-14], nonlinear and linear microscope [15-19], range measurement [20-22],
and optical coherence tomography (OCT) [23-26], etc.

OCT is a well-recognized label-free optical imaging modality for multi-dimensional tissue
architecture visualization with micrometer-scale axial resolution [27]. Currently, two major
types of OCT systems are developed, i.e. time-domain OCT (TD-OCT) and Fourier-domain
OCT (FD-OCT). In TD-OCT, different sample layers are represented by bursts directly in
time domain [28]. A burst appears when pulses reflected from sample and reference mirror
arrive at a PD at the same time. Therefore, to get a cross-sectional or axial-scan (A-scan)
image of the sample, the reference mirror has to scan periodically. The mechanical scanning
speed and range determine the A-scan rate (several kHz) and imaging depth (<3 mm) of TD-
OCT [28]. In FD-OCT, an interference fringe will be encoded in optical spectrum, and an A-
scan image can be reconstructed by conducting Fourier transform to this interference fringe
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[29]. According to different spectrum detection methods, FD-OCT has two sub-
implementations, i.e. spectral domain OCT (SD-OCT) and swept source OCT (SS-OCT). A
comprehensive review on the principles and performance of SD- and SS-OCT are covered in
[29]. Briefly, the density of the interference fringe grows monotonically with the imaging
depth. Therefore, a high resolution camera (for SD-OCT) or broadband PD (for SS-OCT)
should be equipped to resolve the dense interference fringes for large imaging depth.
Consequently, these broadband electronics should be supported by a high performance
computational platform, such as graphics processing unit (GPU) or field-programmable gate
array (FPGA), to process massive data in real time for video-rate imaging [30-32].
Broadband detectors and high performance calculation platform increase system cost, and
thus it is essential to develop a detection bandwidth reduction method for fast long-range
OCT systems.

Dual-comb beating is a promising solution to relax detection bandwidth requirement by
optical sampling and will not sacrifice imaging speed at the same time. Dual comb OCT (DC-
OCT) has similar interferogram with TD-OCT, and no reference mirror and Fourier transform
are needed anymore. Different layers underneath the sample surface reflect the pulses from
the probe comb with different time delay, which equals to generate several virtual optical
comb sources with different time offset. When those virtual combs beat with the second comb
which is served as a local oscillator (LO), a series of bursts with certain time offset will be
generated, and those bursts reflect the layer structure of the sample. The A-scan rate of DC-
OCT determines by ¢ (a high ¢ supports high imaging speed), and the imaging depth is
inversely related to the frp Of the probe comb [24].

Several types of DC-OCT have been proposed based on different comb sources, such as
fiber mode-locked laser [24], solid state mode-locked laser [25], and Fabry-Perot cavity with
electro-optic (EO) modulator [26], etc. Mode-locked lasers provide an ultrastable comb
solution since fo and fe, can be phase locked to an ultrastable RF sources [1]. Ultrastable
combs ensure broadband mutual coherence in dual comb arrangement, which paves the way
for high resolution DC-OCT. The repetition rate difference ¢ of a mode-locked laser based
dual-comb system is normally at several kHz level because of large amount of modes
(millions) and relative narrow mode spacing (normally in hundreds of MHz level) [8, 24, 25].
Several kHz ¢ is not high enough for a video-rate DC-OCT. EO modulator based frequency
comb provides another important approach for comb generation [33-36]. The mode spacing
of EO comb is determined by the driving frequency of RF signal imparted on EO modulators,
and it can achieve tens of GHz with commercial components, and thus multi-MHz ¢ is
feasible [37, 38]. Different with mode-locked laser combs, optical frequencies of EO combs
are hard to be locked, which will cause coherence degeneration at high order comb lines
because of accumulated phase noise [39, 40]. Coherence degeneration limits the mutual
coherence performance in dual-comb system and thus reduces the number of effective beating
comb lines (i.e. reduce optical bandwidth), thereby reducing the axial resolution of DC-OCT.
However, its high repetition rate is very attractive for building a larger ¢ dual-comb system
for video-rate DC-OCT with centimeter level imaging depth. In previous Fabry-Perot (FP)
cavity-based EO comb scheme, the repetition rate was determined by the driving frequency
imparted on EO devices as well as the FP cavity [26]. To flexibly adjust repetition rate, the
FP cavity can be removed to construct a type of cavity-less dual comb system with EO
modulators.

In this paper, a type of video-rate (> 24 frames/second) DC-OCT with centimeter imaging
depth was proposed and demonstrated based on cavity-less EO combs. Different with the
prevalent cavity-less dual EO combs generation schemes [37, 38], i.e. an acousto-optic
modulator (AOM) was normally used at one of the dual combs to shift the center wavelength
and the spectrum of the dual combs were broaden by the same spool of highly-nonlinear fiber
(HNLF), the comb generation scheme in this paper has similar architecture with reference
[41]. A continuous-wave (CW) source together with an intensity modulator (IM) and a low
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V. phase modulator were used to construct an EO comb generator. The pulses after EO comb
were compressed further by a nonlinear optical loop mirror (NOLM) and a nonlinear
amplified loop mirror (NALM) for spectrum broadening and high peak power operation [42,
43].

2. Experiment setup

The schematic diagram of the experimental setup is shown in Fig. 1. Both comb sources have
the same architecture except for slight repetition rate difference. A CW laser source
(TUNICS-OM) with ~300 kHz linewidth at 1554 nm was amplified to 70 mW by an erbium-
doped fiber amplifier (EDFA), and split into two equal parts for dual comb generation. For
each single comb, it consists of an EO comb generator, a NOLM, and a NALM.

EDFA1 NF1 TBPF1 CIR3
EO comb NOLM1—-@]—NALM1—E—©— » @ Galvo
generator] SMF1

Comb 1 Mirror
-0om
. ; 2
EO comb generator1 & 2 NOLM NALM (Probe) >

o) (" Sample

@. 30:60 | /D 50:50
B Ny
rpC PC EDEA Oscilloscope
40:60 OC gy

0 ; )
TBPF?
Ll
NOLmz_@)__NALmzﬂ—LO’— Y
, = SMF2 Comb 2

(Local oscillator )

LEER]

Fig. 1. Experiment setup. CW: continuous wave; PC: polarization controller; IM: intensity
modulator; PM: phase modulator; CIR: circulator; SMF: single-mode fiber; NF: notch filter.
EDFA: erbium-doped fiber amplifier; NOLM/NALM: nonlinear optical/amplifying loop
mirror; DF-HNLF: dispersion-flattened highly- nonlinear fiber; TBPF: tunable bandpass filter;
OC: optical coupler; BD: balanced detector.

For an EO comb generator, a low V, PM (EOspace, V, = 3V at 1 GHz) cascaded after an
IM (Sumitomo) was used to generate a narrow pulse train together with a spool of single-
mode fiber (SMF) [44,45]. The RF signal imparted on two sets of IM and PM at two EO
comb generators were frequency multiplied from two individual frequency tunable RF clock
sources (HP 8648C frequency range 9 kHz-3.2 GHz, HP 70311A frequency range 16.1 MHz-
3.3 GHz). Both RF clock sources were synchronized to a common 10-MHz reference signal.
The frequency of RF signal for IM in comb 1 was 8.1 GHz, while it was tunable from 8.1
GHz to 8.106 GHz for comb 2, i.e. J was tunable from 0 to 6 MHz. The frequency of RF
signal for PM was two times higher than IM in each EO comb generator to generate flat EO
comb spectrum [34-36]. All those RF frequencies were determined by the components in our
setup. After frequency multiplying and filtering, RF signal were amplified to ~18 dBm for
IMs and ~27 dBm for PMs by high power RF amplifiers (JDSU H301, MITEQ AMF-4D).
The output pulses after two EO comb generators were compressed by the same spool of 1.3-
km SMF in which two pulse train counter-propagated. The fiber length was well calculated
considering the modulation depth of the PM [44,45]. The average power after the SMF was
~2 mW for each comb, and they were amplified to 1 W by two home-built high power
EDFAs with double-cladded EDF pumped by a 10-W multi-mode 980-nm laser.

After filtering the amplified spontaneous emission (ASE) by notch filters (3 nm pass band
central at 1554 nm), i.e. NF1 and NF2 in Fig. 1, pulses were launched into NOLMs for pulse
compressing and spectrum broadening through self-phase modulation (SPM). A 40:60
coupler was used to split input light into two counter-propagating parts, and 60-m dispersion-
flattened HNLF (DF-HNLF, OFS) with dispersion slope S = 0.006 ps/nm?/km was used as the
SPM media for each NOLM. After NOLMs, NALMs were implemented as the second
nonlinear device to further compress the pulses and broadening the spectrum. Here, a 50:50
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coupler was used to split input light into two counter-propagating parts, and 40-m DF-HNLF
was used as the SPM media. 2.5 m EDF pumped by a 980-nm laser diode was inserted into
each NALM as the gain media. An in-line polarization controller (PC) was inserted into each
NOLM and NALM for polarization manipulation.

In dual comb beating and imaging part, 7-nm optical spectrum (1554.1 nm-1561.1 nm)
after each NALM was filtered out by two free-space tunable filters (Alnair BVF-100) to
ensure good mutual coherence, and the power after each filter is ~7 mW. After filtering, one
comb (probe) was launched into a sample arm consisted of a collimator, a galvo mirror, and a
scanning lens (LSMO3, Thorlabs). The effective focal length of the scanning lens is 36 mm
and its aperture is 4 mm corresponding to 17 um focal point size [46,47]. The back reflected
light from the sample would beat with the other comb (LO) when they were combined in a
50:50 coupler. The interferogram was detected by a balanced detector (BD, Thorlabs
PDB480C-AC). A high speed oscilloscope (Lecroy SDA 820Zi-B) with built-in MATLAB
was used to analyze the interferogram and verify the algorithm for imaging. Subsequently, the
algorithm was transplanted into LabVIEW platform for video-rate imaging, and the
interferogram was digitized by a data acquisition card (Alazar Tech, ATS 460). In addition, it
is worthwhile to note that averaging is normally conducted in dual comb system to enhance
detection sensitivity, while no averaging was conducted in our experiment to avoid sacrificing
the imaging speed.

3. Results and discussion

3.1 Single comb performance

10
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Fig. 2. (a): Optical spectrum of EO comb after high power EDFA with PM turned off; (b):
Time domain waveform of EO comb after high power EDFA with PM turned off; (c): Optical
spectrum of EO comb after high power EDFA with PM turned on; (d): Time domain
waveform of EO comb after high power EDFA with PM turned on.

The performance of one EO comb generator is shown in Fig. 2, while the performance of one
set of NOLM and NALM is shown in Fig. 3. When the RF signal for PM was turned off and
IM was turned on, the optical spectrum and time domain waveform measured after the home-
built EDFA are shown in Fig. 2(a) and 2(b). Here, the output power of EDFA was 1 W and
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1% of the power was coupled out by a 1:99 coupler for measurement, and the optical
spectrum was measured by an optical spectrum analyzer (OSA, Yokogawa AQ6375) and time
domain waveform was measured by a high speed oscilloscope (Lecroy SDA 820Zi-B) and a
10-GHz PD (HP 11982A). From Fig. 2(a), the home-built EDFA can amplify the ~2 mW
signal after EO comb generator to 1 W effectively with ~50 dB optical signal-to-noise ratio
(OSNR). The pulse train had 8.1 GHz repetition rate which was determined by the RF
frequency imparted on IM. When RF signal for PM was turned on, the optical spectrum was
broadened to 1.6 nm (10 dB-bandwidth), i.e. 24 comb lines were generated, as shown in Fig.
2(c). The spectrum broaden amount depends on the RF power and V, of the PM [33]. The
single pulse shape measured by an optical sampling oscilloscope (Alnair labs EYE-1000C)
with 500 GHz bandwidth is shown in Fig. 2(d), and the corresponding pulse train was shown
in the inset of Fig. 2(d). The PM and 1.3-km SMF form a time lens which compressed the
pulses effectively to 4.2 ps [44].

The transmittance of NOLM is determined by the input peak power of the pulses, and the
optimum peak power can be calculated by the formula of Ppea = n/yL(abs(1-2a)) [41,42],
where y and L are the fiber nonlinear coefficient and length of the DF-HNLF, and « is the
coupling ratio of the coupler in NOLM. In this paper, y = 10.8 W-'km™, L =60 m, and a =
0.4. Therefore, the calculated peak power for NOLM is 24.24 W. Considering the 4.2 ps pulse
width and 8.1 GHz repetition rate, the calculated optimum average power for NOLM is 824.6
mW, and thus the 1-W optical power after home built EDFA was high enough. The optical
spectrum and time domain pulse shape after NOLM are shown in Fig. 3(a) and 3(b). The
optical spectrum had 10 dB bandwidth of ~8 nm, i.e. 123 comb lines were generated. The
pulse width was 747 fs measured by an autocorrelator (Femtochrome, FR-103 MN), and the
average power after NOLM was 250 mW. The optical spectrum and time domain pulse shape
after NALM are shown in Fig. 3(c) and 3(d). The optical spectrum had 10 dB bandwidth of
~42 nm central at 1554 nm, i.e. 648 comb lines in total were eventually generated which
locate symmetrically at two sides of the central wavelength with 324 comb lines at each side.
The pulse width after NALM was 270 fs measured with the same autocorrelator, and the
average output power after NALM was 125 mW corresponding to 57 W peak power.
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Fig. 3. (a): Optical spectrum after NOLM; (b): Pulse shape after NOLM; (c): Optical spectrum
after NALM; (d): Pulse shape after NALM.

Assume the comb line at the center is zero order, then the m™ comb line at either right or
left side will generate the same RF frequency of fr = [fo1-fo,2] + md when dual comb beats. In
imaging, the m™ comb lines at different sides will be modulated by a sample in different ways
for different scattering and absorption coefficients of the sample at different optical
frequencies [48]. Therefore, the final RF tone will be averaged when both of the m®" comb
lines illuminate on the sample simultaneously, which will distort the image. To avoid
distortion, only the frequency combs at either right or left side were used in this paper. To
maintain good mutual coherence between dual combs, a 7-nm optical spectrum (1554.1 nm-
1561.1 nm) with 108 comb lines was filtered out after each NALM for dual-comb beating and
imaging demonstration. One of the filtered optical spectrum is shown in Fig. 4 and the
zoomed-in spectrum is shown at the inset where the 0.065 nm/8.1 GHz comb line spacing can
be clearly observed. The average power after filters was ~7 mW corresponding to 65 pW/line
power density.

b &
I —
A
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
v

(]
'
=

Power [dBm]
' ]
> o

1
LS
=

Power [dBm]

7
1559 1559.2 15594 1559.6 1559.8
" Wavelength [nm]

1553 1554 1555 1556 1557 1558 1559 1560 1561 1562
Wavelength [nm]

1560

Fig. 4. Optical spectrum after filter with 7-nm bandwidth from 1554.1 nm to 1561.1 nm.
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Fig. 5. Interferogram with 6-MHz repetition rate difference. (a): Without RF low pass filter;
(b): With RF low pass filter.

To verify dual comb beating, filtered pulse train after TBPF1 and 2 were combined by a
50:50 coupler and the repetition rate difference ¢ was set at the maximum value, i.e. 6 MHz.
The interferogram was captured by the 10-GHz photodetector and digitized by the high speed
oscilloscope. The interferogram is shown in Fig. 5(a). Here, the beating bursts appear in the
period of 166.67 ns (i.e. 6 MHz) which proves the effective dual comb beating. Except for the
bursts, those 8.1 GHz and 8.106 GHz pulse train form the background as shown at the inset of
Fig. 5(a). Those background pulses can be removed by using an RF low-pass filter (Mini-
Circuits, VLF-1000 + ), and the filtered beating waveform is shown in Fig. 5(b). Large ¢
brings high scan rate but should be supported by a broadband photodetector and digitizer for
video-rate operation [49].

To demonstrate long-range imaging capability of the DC-OCT with a lower bandwidth
photodetector and digitizer, ¢ was set at 210 kHz first. One output after TBPF (comb 1 here)
was launched into the sample arm as the probe beam, as shown in Fig. 1. The back-reflected
light from the sample was combined with the other comb source (i.e. the LO) by a 40:60
coupler. At the beginning, a mirror was used as the sample, and the interferogram with an RF
low-pass filter is shown in Fig. 6(a). The interferogram was digitized by the same high speed
oscilloscope but captured by a balanced detector (BD, Thorlabs PDB480C-AC) with 1.6 GHz
bandwidth. Based on the interferogram, a RF spectrum can be obtained by conducting fast
Fourier transform (FFT) to the interferogram, and the RF spectrum is shown in Fig. 6(b). The
effective bandwidth of the RF spectrum is 22.5 MHz corresponding to 107 RF comb lines,
which matches well with the number of optical comb lines. However, the RF spectrum is not
as flat as optical spectrum, and SNR degrades gradually towards the higher frequencies end in
RF domain. The reason for this phenomenon is that mutual coherence between two optical
combs is degraded by the accumulated phase noise at higher order optical comb lines [39,40].
Similar with conventional TD-OCT, the point spread function (PSF) can be quantified by
Gauss fitting the single burst in the interferogram, and the full width at half maximum
(FWHM) of the PSF is 31.6 ns.
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Fig. 6. (a): Interferogram with a mirror; (b): RF spectrum; (c): Interferogram with a 1-mm
thick glass slide; (d): Axial resolution of the DC-OCT in glass.

The mirror sample was replaced by a 1-mm thick glass slide with refractive index of ~1.5
at 1.55-um optical wavelength regime subsequently, and the interferogram of the glass
sample is shown in Fig. 6(c). The time offset of the bursts generated by two surfaces of this 1-
mm thick glass was 0.4 ps. Since the system worked at reflection mode, 1-mm thickness
corresponds to 2-mm optical path length difference (OPLD). Considering the FWHM of PSF
and the ratio of time offset and OPLD, the axial resolution (x) of DC-OCT system can thus be
quantified by 400ns/2000um = 31.6ns/x, and thus the axial resolution is 158 um as shown in
Fig. 6(d).

Figure 7 presents the interferogram with 6 slices of 1-mm thick glass stacked as the
sample as shown in left inset. Absolute value was took on the interferogram for imaging
purpose. Based on the interferogram, the depth of field (DOF) of the scanning lens was barely
enough to cover the whole 6 slices glass to provide a uniform illumination on different glass
surfaces, and the measured effective DOF is about 2~3 mm. One beating period in
interferogram corresponds to an axial scan line (A-line) in final two-dimensional (2D) image,
and an A-line was obtained by saving all the data points within one beating period in a
column of a 2D matrix. Here, the sampling rate was set as 50 MS/s to capture the
interferogram and the data points in one beating period was 238 giving that the beating period
(i.e. 1/6 = 1/(210 kHz)) was 4.76 ps. Hundreds and thousands of A-lines can be formatted into
2D images through light beam scanning, and 500 A-scan lines were used here. The imaging
algorithm was verified in MALTAB platform at this step, and the imaging result is shown in
the right inset of Fig. 7. Based on the interferogram and image, different glass layers can be
clearly distinguished which proves the imaging capability of the proposed DC-OCT system.
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Fig. 7. Interferogram and image of 6 slice of glass with DC-OCT. left inset: sample; right
inset: OCT image.

To achieve video-rate imaging speed, the imaging algorithm was transplanted from
MATLAB into LabVIEW platform. The high speed oscilloscope was replaced by a standard
personal computer (Dual core, Dell) in which a data acquisition card (Alazar Tech, ATS 460)
with 65 MHz analog band width and 125 MS/s sampling rate was inserted to digitize the
interferogram after the BD. The trigger signal for data acquisition card was generated by
frequency mixing two RF signal that were coupled out from IMs’ driving signal by two —13
dB RF directional couplers (Krytar). A voltage comparator was used to convert the sinusoidal
mixing signal to duty cycle tunable square wave trigger signal. To avoid buffer overflow of
the data acquisition card, the repetition rate difference ¢ was reduce to 120 kHz for video-rate
imaging. Video-rate centimeter-range imaging capability of the proposed DC-OCT was
illustrated by the supplementary video (see Visualization 1) where 10 slices of 1-mm thick
glass were stacked as the sample. In addition, the dynamic process of inserting and removing
a glass slide (the second glass slide) is shown in Visualization 2. An image with 10 slice of
glass and an A-line waveform are shown in Fig. 8(a) and Fig. 8(b). Here, the scanning lens
focused most of the optical power in some certain surfaces for limited DOF. Small DOF
dimmed the out-of-focus surfaces when low power light (~2mW) was illuminated on the
sample as shown in Fig. 8, or saturated the in-focus surfaces when high illumination power
was used (~6 mW) as shown in video. To improve image quality further, either a scanning
lens with relative large DOF can be used for long range imaging (though it will sacrifice the
lateral resolution) or the light beam can be dynamically focused on the sample with a small
DOF scanning lens [25,32,50].


https://figshare.com/s/fb4e308f50a3614baf4f
https://figshare.com/s/149461afa74b4b2272a6
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Fig. 8. (a): Image with 10 slices of 1-mm thick glass; (b) Time domain waveform of an A-line.
4. Conclusion

In summary, we demonstrate a type of video-rate DC-OCT system with centimeter level
imaging depth based on EO modulators. For single comb source, it has 125 mW average
output power, ~8.1 GHz repetition rate, 270 fs pulse width, and 42 nm 10-dB optical
spectrum bandwidth. For dual comb arrangement, 7-nm optical spectrum was filtered out
from each single comb for dual-comb beating, and the repetition rate difference J can be
adjusted within 0~6 MHz by tuning the RF frequency imparted in IMs. A LabVIEW program
was developed for video-rate operation, and 10 slices of 1-mm thickness glass were stacked
as the sample for centimeter imaging depth demonstration. Dual-comb beating provides an
effective solution to lower down the detection bandwidth in fast long-range OCT systems. It
is worthwhile to note that dual-comb beating can also be realized with a single frequency
comb by switching its repetition rate rapidly [51].
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