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Abstract: We demonstrate a flat broadband time-stretched swept source based on extra-cavity
spectral shaping. By adjusting the polarization-dependent gain profile and driving current of the
booster optical amplifier (BOA), extra-cavity spectral shaping is optimized to generate output with
a 1-dB bandwidth of ~100 nm, 3-dB bandwidth of ~140 nm and output power of ~21.4 mW. The
short-term and long-term stabilities are characterized. The average cross correlation of 183,485
round trips is 0.9997 with a standard deviation of 2x107>, indicating high single-shot spectral
similarity and high coherence. The noise floor of relative spectral energy jitter is —141.7 dB/Hz,
indicating a high short-term spectral energy stability. The proposed highly stable flat broadband
time-stretched swept source is applied to an optical coherence tomography (OCT) system. The
axial resolution is 10.8 um. The proposed swept source can serve as excellent light sources in
ultra-fast coherent detection systems for high precision sensing and imaging.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Broadband coherent light sources have been widely investigated and applied in many fields, such
as biomedical imaging, spectroscopy, and metrology [1-13]. Broadband time-stretched swept
source is a preferred light source for optical sensing including multiple fiber Bragg gratings
(FBGs) interrogation systems and most important high resolution swept source OCT (SS-OCT)
systems. Conventional broadband swept sources based on tunable filters including short cavity
and Fourier domain mode locked lasers have been proposed. The main bottleneck is the sweep
rate which is limited to tens of kilohertz because of the mechanical tuning mechanism [7,14-16].
Swept sources based on micro-electro-mechanical system (MEMS) filters or vertical-cavity
surface-emitting lasers (VCSEL) can achieve sweep rate at hundreds of kilohertz, but sweep rate
at megahertz remains challenging [14,16—18]. A promising method to generate megahertz or
even hundreds of megahertz swept sources is to utilize the time stretching technique, in which
different spectral components of the short pulse are spread to different temporal positions by
dispersion to form a swept signal [19,20]. The coherence of the spectral components of the
ultrashort pulse determines not only the stability of the swept signal but also the imaging range
of the OCT systems. To obtain a high axial resolution OCT image, the spectral bandwidth of the
seed laser should be sufficiently large. The engineering of such a swept source mainly focuses on
the improvement of spectral bandwidth and coherence of the broadband pulse.
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A short coherent pulse can be obtained in a mode-locked laser cavity. However, the gain
bandwidth of rare-earth-doped fibers is normally in the order of tens of nanometers only, which
makes the realization of >100 nm mode-locked laser output challenging. Spectral broadening
by utilizing the nonlinearity and dispersion management inside the laser cavity is commonly
used to enhance the mode-locked pulse bandwidth. By precisely controlling the dispersion and
nonlinearity in the cavity, many broadband mode-locked fiber lasers have been proposed and
demonstrated [2,4,6,21-31]. The 3-dB bandwidth of the spectrum can reach tens of nanometer
to even over 100nm [21,26,29] but with strong modulations on the spectrum. Additionally,
cavities with optical free-space elements are susceptible to environmental disturbance. Mamyshev
oscillator is another effective method to generate broadband pulse spectrum [32—-36]. However,
the structure of the Mamyshev oscillator is complex and the oscillator does not self-start easily
owing to the spectral filtering. Another challenge faced by the Mamyshev oscillator is the
difficulty to realize a highly coherent flat spectrum. An extra-cavity gain-managed nonlinear
fiber amplifier has been used to obtain a broadband spectrum with a 3-dB bandwidth of more
than 100nm [11,37,38]. Inside the gain-managed nonlinear fiber amplifier, the nonlinear spectral
broadening is determined by the pulse energy, dispersion, and nonlinearity, making it difficult
to simultaneously optimize all the parameters. Semiconductor optical amplifier (SOA) can
be used as an extra-cavity spectral shaping tool to broaden and flatten the spectrum. In 2018,
Kang, J. demonstrated a broadband, flat, time-stretched swept source by using an SOA outside
the laser cavity, the 3-dB bandwidth of the swept source can reach up to 100 nm [2]. However,
the spectrum has a large slope and poor spectral flatness. Thus, it remains challenging to obtain
broadband swept source with a 1-dB bandwidth of tens of or even a hundred nanometers.

In this paper, we demonstrate a high-performance time-stretched swept source with a flat
broadband spectrum, high short-term and long-term stability, and high coherence with extra-cavity
spectral shaping by optimizing the polarization and driving current of the booster SOA. This high
performance swept source is then applied to OCT imaging and achieves 183.6 MHz imaging
speed and 10.8 um axial resolution, which will find applications in ultrafast imaging systems. The
rest of the paper is organized as follows. Section II describes the experimental setup. The output
performance of the time-stretched swept source including the optical spectrum, RF spectrum,
short-term and long-term stability and the SS-OCT characterizations are demonstrated in Section
II1. Section IV concludes the paper.

2. Experimental setup

Figure 1(a) shows the schematic diagram of the time-stretch broadband swept source, which
comprises a broadband mode locked laser, a 1.49 km long single mode fiber (SMF) to stretch the
picosecond pulse to a long chirped pulse and obtain wavelength sweeping, a booster semiconductor
amplifier (BOA) to amplify the sweep signal. A nonlinear polarization rotation mode-locked
laser is used as the seed laser to generate a flat and broadband swept source by using extra-cavity
spectrum shaping. The parameters of the mode-locked laser can be found in our recent work
[4]. Note that 20% of the light is reflected by the tap-isolator wavelength division multiplexer
(TIWDM) for measurement purpose. The seed laser is launched into a SMF first instead of directly
to the booster semiconductor amplifier (BOA) because of the following reasons. First, the SMF is
used to stretch the short pulse and reduce the peak power to avoid nonlinear spectrum expansion
by self-phase modulation and other nonlinear effects, which may deteriorate the coherence of the
laser. Second, lowering the power of the seed laser can protect the BOA from damage. Third,
after the time stretching with the SMF, a BOA can compensate for the loss and achieve high output
power, which will improve the sensitivity of the SS-OCT system. A C-band BOA (BOA1004S,
Thorlabs) centered at 1550 nm with a polarization-dependent gain is utilized to reshape the swept
signal outside the cavity. By varying the polarization of the light injected into the BOA with the
polarization controller (PC), the gain profile can be adjusted according to the time-stretched swept
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signal to generate a flat broadband spectrum. The output spectra and temporal time-stretched
pulse are detected by an optical spectrum analyzer (ANDO, AQ-6315B, Optical Spectrum
Analyzer) and a real-time oscilloscope (OSC,106 Keysight, DPO759SA-X 96204Q), respectively.
For the time-average measurement of pulse spectrum, the spectra from output A (directly from
the seed fiber laser) and output B (after the BOA) are measured by an OSA, while for the real-time
spectrum measurement, the temporal time-stretch signal before and after BOA are captured by an
OSC with a bandwidth of 62 GHz and sample rate of 160 GS/s. The measurement before and
after the BOA are carried out separately. The measurement before the BOA is carried the two
dashed lines and the SMF only. The measurement after the BOA is done with the connection

indicated by the solid lines.
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Fig. 1. Schematic diagram of the broadband swept source and OCT system. (a) The
time-stretched light source and the measurement system, DCF: Dispersion compensation
fiber, PC: Polarization controller, TIWDM: Tap-isolator wavelength division multiplexer,
SMF: Single mode fiber, BOA: Booster optical amplifier, OSA: Optical spectrum analyzer,
OSC: Oscilloscope. (b) SS-OCT system, OC: Optical coupler, CIR: Circulator, VODL:
Variable optical delay line, BPD: Balanced photodetector.

Figure 1(b) shows the schematic diagram of the SS-OCT system. The system includes a
broadband swept source as shown in Fig. 1(a), a Michelson interferometer with a scanning galvo
mirror, and a high-speed acquisition system with a balanced photodetector (BPD) and real-time
oscilloscope. 1% of the seed fiber laser output is used to synchronically trigger the real-time
oscilloscope to capture the interference signals acquired by the BPD, while 99% of the seed
fiber laser output is launched into the 1.49 km SMF and then is injected into the BOA. A 50:50
optical coupler is used to divide the amplified broadband swept signal into two arms. One is the
reference arm including an optical circular and an optical mirror, while the other is the sample
arm including an optical circular, a collimator (Thorlabs, F280APC-C), the scanning mirror
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(Thorlabs, GVS102), and the sample. The interference signal is detected by a BPD (Finisar,
BPDV2150R) with 43 GHz bandwidth and acquired by a real-time oscilloscope.

3. Experimental results and discussions
3.1.  Optical spectrum, RF spectrum and the stretched pulses

To achieve a broadband swept laser based on extra-cavity amplification, the output of the seed
laser should have a broadband spectrum, which can be generated by optimizing the dispersion
and nonlinearity of the seed laser. The dispersion management is obtained by inserting a section
of dispersion compensating fiber (DCF) in the cavity to ensure that the net dispersion is near
zero. By increasing the pump power to 1.28 W and precisely adjusting the polarization state to
control the nonlinearity. Figure 2(a) shows that a broadband mode-locked laser is obtained with
a 3-dB bandwidth of 107.2 nm (blue curve on linear scale) and 1-dB bandwidth of 8.1 nm (red
curve on logarithmic scale), as measured by the OSA. An electrical spectrum analyzer (ESA,
Keysight, N9020B) is used to measure the radio frequency (RF) spectrum. Figure 2(b) shows that
the signal-to-noise ratio (SNR) of the pulse train can be as high as ~86 dB at the fundamental
repetition rate of 183.6 MHz, indicating that the seed laser is operating at the stable mode locking
state. The resolution bandwidth is 10 kHz. The output power from the seed laser is about 30 mW,
which is attenuated by a variable optical attenuation and then injected to the 1.49-km SMF. The
optical power is at ~5 mW before the BOA. Figure 2(c) shows that the picosecond pulses are
chirped to several nanoseconds long by the time stretching process owing to the large dispersion
of the long SMF. It should be noted that pulse spectrum mapped into the temporal domain is
captured by the real-time OSC. The envelope of the stretched pulse is similar to the spectral
profile of the seed laser, which shows that the time stretching process is linear and the coherence
of stretched pulse remains high.
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Fig. 2. (a) The direct output optical spectrum of the seed laser. (a) The spectrum in linear
(blue curves) and logarithmic (blue curves). (b) The RF spectrum of the mode-locked seed
laser. (c) The time stretched pulses after the SMF.

Extra-cavity amplification assisted by the BOA will generate an ultrabroad spectrum when
the gain profile of the BOA is precisely controlled with an appropriate driving current and the
polarization controller. As shown in Fig. 2(a), the intensity of the seed spectrum in the shorter
wavelength is larger than that in the longer wavelength as clearly shown by the blue curve. The
spectrum can be flattened by using a BOA. We choose a BOA with a 3-dB bandwidth of 85 nm
centered at a wavelength around 1550 nm, small gain of 27 dB, and saturation output power of
15 dBm as the amplifier. The gain profile of the BOA can be adjusted by changing the driving
current and the polarization state of the input light. To demonstrate the effect of the polarization
state of the input light on the BOA, the amplified spectra at different input polarization states
as measured by the OSA are shown in Fig. 3(a). The driving current is 500 mA. A flat and
broadband spectrum can be achieved as shown in the blue curve. As the polarization controllers
used in our experiment are based on optical fibers instead of waveplates, the polarization angles
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at the four polarization states cannot be provided. Figure 3(b) shows that the profile of the
spectrum recorded by the OSA can also be reshaped by varying the driving current of the BOA,
where the 3-dB bandwidth increases from 52.3 to 136.7 nm when the driving current increases
from 50 to 500 mA. When the driving current increases from zero, the spectrum is broadened
initially. When the driving current increases beyond ~300 mA, the bandwidth and output power
of the spectrum vary only slightly because the BOA is saturated. Figure 3(c) presents the output
power (red curves) and SNR (blue curves) of the amplified pulses at different driving currents.
The SNR increases significantly as the driving current increases from 0 to 150 mA, and then
converges slowly towards a relatively steady value of ~80dB. When the driving current is less
than 150 mA, the BOA is unable to effectively amplify the signal but it also lowers the power of
the input signal, which results in low SNR. Beyond 150 mA, the SNR remains at ~80 dB level
even if we further increase the driving current as shown by the blue curve in Fig. 3(c). From
Fig. 3(c), the output power of the amplified swept signal (red curves) increases as the driving
current increases. When the driving current reaches the damage threshold of BOA at 500 mA,
the output power of the amplified swept signal is 21.4 mW.
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Fig. 3. Amplified spectra with the BOA. (a) Spectra at different polarization states. (b)
Spectra with different driving current. (c) Output power and SNR versus driving current.

Guided by the experimental results in Fig. 3, we tune the BOA at the maximum driving current
of 500mA and adjust the polarization state of the light. The gain profile of the BOA can be
adjusted according to the time stretched swept signal to generate a flat and broadband spectrum
assisted by a PC. We note that the active layer of the booster optical amplifier has rectangular
shape with large width but small thickness, and it consists of multiple quantum well layers of
InP/InGaAsP, which increases the anisotropy [39]. Gain-saturation of the BOA also plays an
important role in flattening the spectrum. Figure 4(a) shows that a flat broadband spectrum is
obtained with a 1-dB bandwidth of 93.1 nm and a 3-dB bandwidth of 136.7 nm as shown by the
red curves on linear scale. The blue curves in Fig. 4(a) is the seed spectrum before the BOA
plotted in linear scale for comparison. To the best of our knowledge, this is the first realization
of an ultra-flat broadband time-stretched swept source with 1-dB bandwidth of nearly 100 nm.
Figure 4(b) shows the measured RF spectrum. The SNR remains high at 80 dB indicating that
the stretched swept signal is highly coherent with only small jitters after the amplification. The
result shows that the BOA can realize linear amplification without deteriorating the coherence
of the seed laser, which is important for applications such as SS-OCT systems where a highly
coherent broadband swept source is required to achieve high axial resolution and long imaging
range. The spectral shaping by the BOA flattened the waveform of the swept signal as shown
in Fig. 4(c) when compared with that in Fig. 2(c). Likewise, the real-time OSC captured the
measured waveform in Fig. 4(c).

To see the polarization characteristic of the amplification swept signal after the BOA, we have
measured the spectrum from the two output branches of the PBS. The experimental setup of the
external polarization system is shown in Fig. 5(a). A polarization controller is inserted between
the light source and the polarization beam splitter (PBS) to adjust the polarization state of the
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Fig. 4. Optimized time stretched swept source assisted by extra-cavity spectral shaping
after the BOA. (a) The flat broadband spectrum of the stretched pulse (red curves) after the
BOA and the spectrum of the seed pulse before the BOA (blue curves) for comparison. The
(b) RF spectrum and (c) time stretched pulses.

broadband pulse spectrum from the time-stretch source. Figures 5(b) and 5(c) show the spectra
of the two orthogonal polarization states from portl and port2 of the PBS, respectively. The
3-dB bandwidth from portl and port2 corresponds to 114.9 nm and 130.9 nm, respectively.
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Fig. 5. (a) Experimental setup to measure the spectra of two orthogonal polarizations of the
time-stretch source. Spectra after the PBS at one PC state: (b) Spectrum from the portl; (c)
Spectrum for the port2.

3.2. Long-term and short-term stability of the swept source

The stability of the swept signal is a key feature for practical applications. In the following, we
studied and demonstrated the long-term and short-term stabilities of the swept signal. Figure 6
shows the long-term spectral and output power stability for a duration of six hours at 30-minute
time interval. As shown in Fig. 6(a), the profile and intensity of the spectrum remain stable in the
6-hour test period without significant fluctuations. Although the BOA is polarization-dependent
and therefore sensitive to the environmental perturbations, we can still obtain a stable swept
signal when all the fiber-based components are fixed. Figure 6(b) plots the output power (blue
curves) and full-width-at-half-maximum (FWHM) (red curves) of the spectra. From Fig. 6(b),
the bandwidth of the flat broadband spectrum remains larger than 136 nm with slight fluctuations
of 1.7nm only. The corresponding output power is ~21 mW with a fluctuation of ~ 4.9 uW,
indicating high stability of the output power.



Research Article .30, No. 19/12 Sep 2022/ Optics Express 33714 |

Optics EXPRESS , NN

(a) (b)_% —— Output power | 160
= 30 —— FWHM 10
Es T E
5 120 £
£ z 20 100 S
A 20 & 15 T
= 3 80 =
240 £10 60 =
=1 =]
72}
R o
£ 1400 1500 1600 1700 0 1 2 3 4 5 6
Wavelength (nm) Time (h)

Fig. 6. Long-term stability of the spectra and output power within 6 hours. The (a) spectral
stability and (b) 3-dB spectral bandwidth (red curves) and output power (blues curves) of
the swept signal.

Apart from the long-term stability of the spectrum and output power, the short-term stability
which reflects the coherence and time jitter of the swept signal is also studied. Low coherence of a
laser is usually due to strong intensity fluctuations in the time domain, leading to low repeatability
of the spectra and temporal pulse forms. A typical example is the spectra of supercontinuum
sources. Here, we calculate the degree of similarity between the spectra from different roundtrips
to demonstrate the coherence of the laser. The cross correlation of 183,486 roundtrips is used
to estimate the spectral similarity [40,41] as shown in Fig. 7(a). To study the influence of the
BOA, the spectral similarity via the cross correlation and its histogram before the BOA are shown
in Figs. 7(a) and 7(b), respectively, and that after the BOA are shown in Figs. 8(a) and 8(b),
respectively. We used the spectrum after the first roundtrip as the reference, while the other
spectra are compared to the first one by calculating their cross correlation. From Fig. 7(a), the
cross-correlation varies between 0.99875 and 0.99947 over the 183,485 roundtrips, showing a
high degree of similarity between the spectra of the time stretched pulse before the BOA. As
shown in Fig. 8(a), after the BOA, the cross correlation varies between 0.99962 and 0.99980,
indicating a slight improvement in the spectrum similarity. This is because the slight fluctuations
of the pulse intensity is eliminated by the BOA working in saturation. The higher intensity pulse
will have lower gain while the lower intensity pulse will have higher gain. The insets in Fig. 7(a)
and Fig. 8(a) show the variation of the cross-correlations for the first 20 roundtrips. To further
study the spectral similarity, histograms of the cross-correlations of the 183,486 consecutive
pulse spectra are shown in Fig. 7(b) and Fig. 8(b), before and after the BOA, respectively. The
cross-correlation values are distributed near 1, which demonstrates that the spectra have very high
degree of similarities. Before the BOA, the ratio of standard deviation to the mean (std/mean)
of the cross-correlation was calculated to be only 0.0059%, and that after the BOA is 0.0021%,
again as a result of the BOA working in gain saturation.

The short-term stability of the spectral energy is another parameter that needs to be considered
for ultrafast imaging. Figures 7(c) and 8(c) show the spectrum energy before and after BOA,
respectively. Figure 7(c) depicts the normalized relative spectral energy during 1 ms. Before
the BOA, the energy fluctuates between 0.9864 and 1, which is larger than that after the BOA
which varies from 0.9913 to 1 as shown in Fig. 8(c). The range of energy fluctuations is only 1%
after the BOA indicating that the time stretched pulse has higher short-term stability. We also
calculate the histogram of the relative intensity fluctuation with the same 183,486 consecutive
spectra. Figure 7(c) shows the histogram before the BOA. The std/mean is 0.17%, indicating that
the short-term stability of the from the seed fiber laser spectrum energy is high. The std/mean
after the BOA is 0.10%, indicating a lower energy fluctuation because of the gain saturation
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Fig. 7. Short-term stability measurement before the BOA within 1 ms. (a) The cross
correlation of 183,486 round trips. The inset shows the cross-correlation of the first 20 round
trips. (b) The histogram of the cross correlations in (a). (c) The histogram of the spectral
energy and spectrum energy (inset) during 1 ms. (d) The relative energy jitters.
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Fig. 8. Short-term stability measurement after the BOA within 1 ms. a) The cross correlation
of 183,486 round trips. The inset shows the cross correlation of the first 20 round trips. (b)
The histogram of the cross correlations in (a). (c) The histogram of the spectral energy and
spectrum energy (inset) during 1 ms. (d) The relative energy jitters.
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effect of the BOA. The low energy jitter shows that the time stretched swept source has high
short-term stability, which has high potential for ultrafast imaging and high-speed measurements.

To gain further insight into the relative spectrum energy fluctuation, Figs. 7(d) and 8(d) measure
the relative energy jitter [42] before and after the BOA, respectively. The time duration of the
pulse train is 1 ms corresponding to 1 kHz frequency resolution. The offset frequency range is ~
91.74 MHz corresponding to half of the repetition rate of the pulse train. The low-frequency
noise are mainly induced by thermal fluctuation in the laser system and the mechanical vibration
of the laser cavity caused by the environmental disturbance [42,43]. The average intensity before
amplification is about —123.8 dB/Hz in the frequency range from 1 kHz to 1 MHz, which is larger
than that of —124.4 dB/Hz after the BOA. At high offset frequency, the noise floor manifests
as white noise resulting from the intensity noise of the quantum sources from the fiber laser,
photoelectric detector, and other optical elements in the amplification system [42,43]. The noise
floor of the relative spectrum energy jitter before the BOA is —135.9 dB/Hz determined from
1 MHz to 91.74 MHz, which is higher than that of —141.7 dB/Hz after the BOA. The low average
intensity at low offset frequency and low noise floor at high offset frequency all indicate the small
fluctuations of the spectrum energy. The lower intensity noise may be attributed to the design of
the seed laser which operates at the near-zero dispersion regime compared with other dispersion
regime [20]. Thus, the proposed compact short cavity laser with near-zero dispersion generates a
stable output pulse, which serves as the seed laser. By using extra-cavity amplification assisted
by the BOA, a stable, flat and broadband time stretched swept source is achieved, which is largely
unaffected by the intracavity perturbation and environmental disturbance [42,43] as discussed
above.

3.3. SS-OCT system with high axial resolution

The performance of the swept source determines the performance of an SS-OCT system, where
the sweep range determines the axial resolution and the sweep rate determines the imaging speed.
The proposed time stretched swept source assisted by extra-cavity amplification with the BOA
can realize a 183.6 MHz sweep rate and flat broadband sweep range with a 1-dB bandwidth
of 93.1 nm and 3-dB bandwidth of 136.7 nm, which will achieve high imaging speed and high
axial resolution in an SS-OCT system. Figure 9 shows the point spread function, sensitivity
roll-off and the multiple thin glass plates. Figure 9(a) shows the uneven interference fringes
acquired in the time domain, which need to be resampled in the frequency domain with the help
of the sweep trace. The sweep trace is fitted according to the time to wavelength mapping as
shown in Fig. 9(b), which is nonlinear because of third-order and higher order dispersion of the
long SMF. Figure 9(c) plots the frequency fluctuation versus wavelength. The swept curve is
obtained by a fifteenth-order polynomial fit of the experimental one. The frequency fluctuation
is obtained by subtracting fitting one from the experimental one. Figure 9(d) shows that the
frequency fluctuation over the swept range of ~ 20 THz is ~16 GHz, which is obtained by a full
width at half maximum (FWHM) of the histogram. The number of bins used for the histogram is
1000. The small frequency fluctuation indicates high stability of the swept curve. This highly
stable sweep trace is important for precise resampling of the interference signal without the
need to repeatedly determine the start point and fit the sweep trace. Figure 9(e) shows the
resampled signal. Then by using fast Fourier transform (FFT), the point spread function is shown
in Fig. 9(f). The axial resolution by using Gaussian fitting can be as high as 10.8 pm benefitting
from the flat broadband spectrum of the swept source, which is higher than that of the SS-OCT
systems based on a mode-locked laser [2,4-6,11]. The theoretical axial resolution is given by
8z = 2In2xho%/(;xAL) ~ 7.82 um in the air at the center wavelength of 1559.0 nm, which is
higher than the experiment result of 10.8 um [44]. The discrepancy between the theoretical and
experimental result is mainly due to the calibration error in the resampling the experimental
data from uniform time to uniform wavelength number which broadens the PSF and lowers the
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axial resolution [2,45]. An asymmetric spectrum profile may also contribute to the lower axial
resolution [46—48]. The sensitivity roll-offs of different optical path differences are shown in
Fig. 9(g). Sidelobes are observed owing to the non-Gaussian spectrum of the swept source,
which can be suppressed by window functions such as Hann, Hamming windows, and adaptive
apodization of the spectrum. A flat broadband spectrum can produce a broadband Gaussian
envelope by using window functions. The sidelobe suppression ratio can be further enhanced by
introducing a complex adaptive sidelobe reduction (CASR) filter, a deviation gating filter (DGF),
and the averaging of multiple A-scans, as reported in our previous work [5]. High imaging quality
has been demonstrated [5] with reduction of the imaging speed. In this paper, our focus is on
high-speed OCT imaging. A sidelobe suppression ratio of 20 dB and extinction ratio of < 40dB
can be used in some highspeed OCT imaging applications [1,2]. The measured sensitivity has no
obvious change from 0 to 0.45 mm. When the frequency of the interference pattern reaches the
bandwidth limit of the OSC and BPD, the PSF drops dramatically if the optical path difference
is further increased [2]. We then apply this high axial resolution OCT system to image the
glass plates with a thickness of 0.2 mm. As shown in Fig. 9(h), two pieces of the glass plates
corresponding to an imaging depth of 0.4 mm can be distinguished, which matches well with the
sensitivity roll-off curve shown in Fig. 9(g). Besides application in OCT imaging, the proposed
swept source with high speed and broadband spectrum has other applications such as microscopy
[1,2,49,50].
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Fig. 9. Performance the SS-OCT system. (a) A single shot interferogram. (b) The swept
trace of the laser. (c) The frequency fluctuation of the swept trace, FF: frequency fluctuation.
(d) The histogram of the frequency fluctuation. (e) The resampled interference signal. (f)
The axial resolution measured in air is 10.8 um. (g) The sensitivity roll-off performance at
different depths. (h) The OCT image of two pieces of the glass plates.
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4. Summary

In summary, we have demonstrated a broadband swept source with a flat broadband spectrum, high
coherence, and high stability based on extra-cavity amplification. The high coherence of the swept
signal is verified by the spectral similarity via calculating the cross correlation. The short-term
spectral energy stability is evaluated through the relative energy jitter measurement, which is
lower after the BOA benefitting from the gain saturation of the BOA. The high performance
swept source with a 1-dB bandwidth of ~93.1 nm and 3-dB bandwidth of 136.7 nm is applied
to an OCT system and achieves a high imaging speed of 183.6 MHz and high axial resolution
of 10.8 um. The proposed highly stable flat broadband time stretched swept source assisted
by extra-cavity amplification and spectral shaping has demonstrated high performance in the
SS-OCT system, which has a promising prospect in ultrafast microscopy and 3D LiDAR imaging.
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