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In this work, we investigate the methods to improve the performance of the swept source at 1.0 pm based on a
polygon scanner, including in-cavity parameters and booster structures out of the cavity. The three in-cavity
parameters are the cavity length, the rotating speed of the polygon scanner, and the in-cavity energy. With
the decrease of cavity length, the spectrum bandwidth becomes wider and the duty cycle becomes higher.
With the increase of the rotating speed of the polygon, the spectrum bandwidth becomes narrower, and the duty
cycle becomes lower but the repetition rate becomes higher. With more energy in-cavity, the spectrum bandwidth
becomes wider and the duty cycle becomes higher. The booster structures include the buffered structure, sec-
ondary amplifier, and dual-semiconductor optical amplifier configuration, which are used to increase the sweep

frequency to 86 kHz, the output power to 18 mW, and the tuning bandwidth to 131 nm, respectively.
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1. INTRODUCTION

Swept sources have long been widely used in biomedical imag-
ing, especially for swept-source optical coherence tomography
(SSOCT) [1-3]. Typical short cavity swept sources consist of
a broadband gain medium, a wavelength-selection filter, and
an optical coupler (OC) used as feedback and output. While
the performance of these kinds of swept sources is limited by
the cavity length [4], one way to overcome this problem is to
shorten the cavity length; micro-electromechanical systems
(MEMS) technology has been used on swept sources, including
MEMS Fabry—Perot tunable filters, MEMS mirrors with grating
filters, and MEMS vertical-cavity surface-emitting lasers
(VCSELs) [5-7]. Another way is a swept source based on
Fourier domain mode locking (FDML) technology, by intro-
ducinga several-kilometer single-mode fiber (SMF) in the cavity,
meanwhile periodically driving the optical bandpass filter syn-
chronously with the optical round-trip time of the light [8].
There are mainly four central wavelength swept sources, includ-
ing 850 [9], 1050 [10-12], 1310 [4,8], and 1550 nm [13], used
in the SSOCT system. It is demonstrated that SSOCT at the

1050 nm wavelength range is best for imaging in human retina
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and choroid layers, since the absorption of water at the 1050 nm
range is lower than at the 1310 nm range, the scattering at the
1050 nm water window is reduced compared to that at
850 nm [10], and the dispersion of water near 1050 nm is zero
[14]. All these advantages mean that swept sources at 1050 nm
wavelengths play an important role in ophthalmic OCT [15,16].

Typical wavelength-selection mechanisms used in swept
sources include the polygon scanner filter and the optical
Fabry—Perot filter [17]. Polygon scanner filters are flexible in
structures, such as in telescope configurations [18] and in
Littrow [19] and Littman [20] configurations. They have other
advantages including high free spectral range (FSR), realizable
uni-directionality, and high sweep rate. In the Littrow configu-
ration, employing prisms before the polygon scanner [21] and
using multiple reflection facets of the polygon scanner and gra-
ting illuminations in one sweep [22] are methods used to de-
crease the instantaneous linewidth of the swept source; prisms
after the polygon scanner are used to demonstrate the linear
sweep over time [23].

Many efforts have been made to improve the performance of
the swept source. The parameters of a swept source directly
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determine the performance of SSOCT, such as the broad sweep
range for high axial resolution, the high repetition rate for fast
imaging speed, and the high output power for strong sensitivity.
The A-linearity wavenumber laser based on an acousto-optic
deflector filter can enhance the imaging speed by avoiding data
resampling and recalibration [24]. A swept source with an ultra-
wide tuning range at 1.3 pm has been demonstrated by com-
bining multiple semiconductor optical amplifiers (SOAs) with
different gain regions [25,26]. A wide tuning range swept
source with single SOA at 1.0 um is achieved by adjusting
the temperature of the thermoelectric (TE) cooler of the
SOA [27]. An all-optical and stable inertia-free swept source
has been demonstrated with an ultrafast sweep rate of
28 MHz at 1.0 pm [28]. By using an optical delay line to buffer
the sweeps, the swept source can achieve an ultrahigh repetition
rate [11,29]. There are two methods to achieve high output
power of a swept source; one is using a boost amplifier after
the seed laser [30], and the other is the combination of a
tapered amplifier and SOA [31], or a ytterbium-doped fiber
amplifier and SOA as the gain medium in the cavity [10].

In this paper, we investigate the methods in-cavity and out-
of-cavity to improve the performance of the swept source at
1 pm, based on a polygon scanning filter in a Littrow arrange-
ment. First, the performance of the swept source has been im-
proved by optimizing three in-cavity parameters: the cavity
length, the rotating speed of the polygon scanner, and the
energy in the cavity. Then, in order to further improve the per-
formance of the laser, booster structures out of the cavity, in-
cluding the buffered structure, booster amplifier, and dual-SOA
structure, were used to double the sweep rates to 86 kHz, in-
crease output power to 18 mW, and improve bandwidth to
131 nm, respectively.

2. EXPERIMENTAL SETUP

Figure 1 depicts the laser configuration. It comprises a broad-
bandwidth SOA (SOA-521, Superlum. Inc.), a fiber-optic cou-
pler, a polarization controller (PC), and a tunable filter. A pilot
controller (Pilot4-AC, Superlum. Inc.) is used to drive the
SOA, when the applied forward current and temperature are
201.9 mA and 425°C, respectively, and the central wavelength
of the SOA is 1020 nm. The tunable filter comprises a fiber-
optic collimator, a polygon scanner (Lincoln laser, Inc.) with 90
facets, and a diffraction grating (1200 lines/mm). In this paper,
when the polygon scanner is set at 960 /s, the real rotating
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Fig. 1. Schematic of the structure of the swept source.

speed is 480 r/s (half of the setting value). The FSR [22] of
this filter is determined by the following equation:

ESR = 2 % p * Aa * cos(6,), (1)

where p is the grating pitch, Aa is the sweep angle range, and 6,
is the incident angle corresponding to the central wavelength.
In our case, the beam width from the collimator is 2.8 mm; it is
bigger than the facet width of the polygon, so the sweep angle
range is 47 /N (double of the polygon’s facet angle). According
to Eq. (1), the FSR of this filter is 181.7 nm.

The performance of the swept source can be further im-
proved by booster structures, the repetition rate can be doubled
by the buffered structure, the output power can be enhanced by
the secondary amplifier, and the scanning bandwidth can be
broadened by adding a gain module. In our case, the seed swept
source has a 50:50 OC with a fiber length of 20 c¢m, the rotat-
ing speed of the polygon scanner is 960 r/s, and the duty cycle
is 48%.

Figure 2 shows the booster structures of the swept source.
Figure 2(a) is the buffered structure. The light from the swept
source is split by a 20:80 fiber coupler, so 20% of the light is
directly connected to one port of the 50:50 fiber coupler, and
the other 80% of the light is connected by a 2 km SMF, which
is used to delay the light by one half of the sweep period; the
combination of the original and delay pulse trains can double
the sweep rates. Since the buffered structure can decrease the
output power of the laser, a booster optical amplifier (BOA)
(BOA1137S, Thorlabs. Inc.) was used to improve the output
power of the laser. Two isolators are employed before and after
the BOA to make sure that light is uni-directional, as shown in
Fig. 2(b).

In order to get a wider tuning rage, another SOA (SOA-481,
Superlum. Inc.) is inserted into the cavity at port 2, as shown in
Fig. 2(c). A current and temperature module (Conquer, Inc.) is
used to drive the second SOA, when the applied forward cur-
rent and temperature are 200 mA and +25°C, respectively, and
the central wavelength of the second SOA is located at 950 nm.
It can extend the scanning range at short wavelength. The
combination of these SOAs with different gain regions can
overcome the limited spontaneous emission spectrum from

single SOA [25,26].
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Fig. 2. Schematic of booster structures: (a) buffered structure,
(b) secondary amplifier structure, and (c) dual-SOA structure.
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3. OPTIMAL IN-CAVITY PARAMETERS OF THE
POLYGON-BASED SWEPT SOURCE

The in-cavity parameters directly determine the performance of
a swept source; for the swept source in Fig. 1, the changeable
optical components include the fiber coupler and the speed of
the polygon, so we have OCs with different fiber lengths for
different cavity lengths, polygon scanners at different rotating
speeds for different repetition rates, and OCs with different
coupling ratios for different in-cavity energy. In this section,
we discuss the relationships between the performance of the
laser and these three in-cavity parameters.

The linewidth of the swept source is measured when it is
configured with a 50:50 OC with a fiber length of 20 cm.
Figure 3 shows the single wavelength output of the source when
the polygon scanner stops; when the wavelengths change from
1000 to 1080 nm at a 10 nm interval, the corresponding line-
widths (at 3 dB) are 0.1, 0.1, 0.06, 0.06, 0.1, 0.06, 0.08, 0.08,
and 0.16 nm, respectively.

The performance of the swept source is related to the cavity
length. Figure 4(a) shows the output spectra at different fiber
lengths. Figure 4(b) shows the oscilloscope trace. The pigtail of
the SOA is 20 cm, and the optical path of the filter is 10 cm;
when the fiber lengths of the OCs are 20, 30, and 50 c¢m, the
total cavity lengths are 70, 90, and 130 cm, respectively. When
the fiber lengths of OCs are 50, 30, and 20 cm, the spectrum
bandwidths are 78 nm (1000-1078 nm), 86 nm (994—
1080 nm), and 90 nm (994-1084 nm), and the duty cycles
are 39.6%, 43.6%, and 48%. As the rotating speed is
960 t/s, the repetition rate is 43 kHz. By decreasing the cavity
length, it will take less time for single wavelength light to build
up a laser in the cavity. Meanwhile the rotational period of the
polygon is unchanged, so the output spectrum bandwidth be-
comes wider. Since the FSR is unchanged, the duty cycle is
proportional to the spectrum bandwidth (duty cycle = spec-
trum bandwidth/ESR), so it is also increased. This can explain
the experimental results that the spectrum bandwidth and duty
cycle could be increased by decreasing the cavity length.

The rotating speed of the polygon scanner affects the per-
formance of the swept source. There are three kinds of speeds
for selection—240, 480, and 960 r/s, respectively. Figure 5(a)
shows the output spectra at different rotating speeds.
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Fig. 3. Single wavelength output of the swept source when the
polygon scanner stops.
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Fig. 4. Output of the swept source with different cavity lengths.
(@) Output spectra of the swept source. (b) Oscilloscope trace of
the swept source.

Figure 5(b) shows the oscilloscope trace. When the rotating
speeds are 240, 480, and 960 r/s, the spectrum bandwidths
are 97 nm (985-1082 nm), 96 nm (986-1082 nm), and
90 nm (994-1084 nm), the duty cycles are 54%, 53%, and
48%, and the repetition rates are 11.0, 21.7, and 43.3 kHz.
Since the repetition rate equals the rotating speed of the poly-
gon multiplied by the number of the mirror facets (repetition
rate = rotating speed * facet number), the facet number is un-
changed, so the repetition rate becomes higher with the in-
crease of the rotating speed. While a faster rotating speed
means a smaller rotational period, the time left to build up
the laser is decreased, so the spectrum bandwidth becomes nar-
rower. This can explain the experimental results that with the
increase of the rotating speed, the repetition rate becomes
higher, the spectrum bandwidth becomes narrower, and the
duty cycle becomes lower.

The energy in the cavity influences the performance of the
swept source. When the coupling ratios of OCs are 30:70
and 50:50, the percentage of light in the cavity is 70% and
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Fig. 5. Output of the swept source with different rotating speeds of
polygon mirror. (a) Output spectra of the swept source.
(b) Oscilloscope trace of the swept source.
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Fig. 6. Output of the swept source with different coupling ratios.
(a) Output spectra of the swept source. (b) Oscilloscope trace of the
swept source.

50%, respectively. Figure 6(a) shows the output spectra with dif-
ferent coupling ratios. Figure 6(b) shows the oscilloscope trace.
When the percentage of energy in-cavity decreases from 70% to
50%, the spectrum bandwidth changes from 103 nm
(985-1088 nm) to 90 nm (994-1084 nm), and the duty cycle
changes from 55% to 48%. As the rotating speed is 960 1/s, the
repetition rate is constant at 43 kHz. The swept source is sensi-
tive to its thresholding energy, so the bandwidth would be wider
with more energy in the cavity. This can explain the experimen-
tal results that with a lower percentage of light in the cavity, the
bandwidth is narrower, the duty cycle is decreased, and the rep-
etition rate is unchanged.

According to the experimental results above, the spectrum
bandwidth and duty cycle could be increased by decreasing the
cavity length. The repetition rate would become higher with
the increase of rotating speed. The spectrum bandwidth and
duty cycle could be increased by keeping a higher percentage
of light in the cavity.

4. PERFORMANCE IMPROVEMENT BY
BOOSTER STRUCTURE

The repetition rate is limited by the facet number and maxi-
mum rotating speed of the polygon; the buffered structure out
of the cavity can further increase the repetition rate of the swept
source. Figure 7(a) shows the output spectra of the laser with
buffered and without buffered. Figure 7(b) shows the oscillo-
scope trace. Compared with the laser without buffered struc-
ture, the repetition rate increases to 86 kHz and the duty cycle
increases to around 100% of the laser with the buffered
structure. The doubled repetition rate is helpful in increasing
imaging speed in SSOCT.

The booster amplifier can effectively improve the output
power of the swept source. Figure 8(a) shows the output spectra
of the laser with BOA at different injected currents. When the
currents of BOA change from 50 to 300 mA with a 50 mA
interval, the output power becomes higher. But this would
bring some distortion on its spectrum shape, compared with
the condition without BOA. This is because the gain spectra
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Fig. 7. Output of the swept source with buffered and without buf-
fered. (a) Output spectra of the swept source. (b) Oscilloscope trace of
the swept source.

between BOA and SOA are different. When the injected
current changes from 50 to 300 mW, the output power
changes from 1.4 to 18 mW); it is increased linearly with
injected current, as shown in Fig. 8(b).

The use of multiple gain media provides a great improve-
ment in the tuning range of the swept source; it would benefit
the axial resolution in SSOCT. Figure 9(a) shows the output
spectra with an inserted second SOA. Figure 9(b) shows the
oscilloscope trace. Compared with a single SOA configured
swept source, the spectrum bandwidth changes from 87 to
131 nm (945-1076 nm), the duty cycle changes from 48% to
62%, the central wavelength changes from 1041 to 1000.8 nm,
and the output power changes from 2.1 to 6.12 mW of the
swept source with two SOAs, respectively. Since the output
spectrum is not an ideal Gaussian shape, a feasible method
to solve this problem is adjusting the energy ratios of different
wavelengths of light in the cavity, for example, using an OC
with a different coupler ratio.

The booster structures out of the cavity including the
buffered structure, secondary amplifier, and dual-SOA configu-
ration could be used to further improve the performance of the
swept source on its sweep frequency up to 86 kHz, output
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Fig. 8. Injected currents changed from 50 to 300 mA. (a) Output
spectra of the laser. (b) Output power versus the injected
current.
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power up to 18 mW, and tuning bandwidth up to 131 nm,
respectively.

5. CONCLUSION

In conclusion, we investigate the methods to improve the per-
formance of the swept source at 1.0 pm based on a polygon
scanner, including in-cavity parameters and out-of-cavity
booster structures. Three in-cavity parameters—cavity length,
rotating speed of polygon mirror, and energy in-cavity, could be
adjustable to optimize the key parameters of the swept source,
the spectrum bandwidth and duty cycle could be increased by
either decreasing the cavity length or keeping more energy in
the cavity, and the repetition rate would become higher with
the increase of the rotating speed. It is useful to choose optical
components for better performance of the swept source. The
booster structures out of the cavity, including the buffered
structure, secondary amplifier, and dual-SOA configuration,
could been used to further improve the performance of the seed
swept source on its sweep frequency up to 86 kHz, output
power up to 18 mW, and tuning bandwidth up to 131 nm,
respectively. This work has an important application in improv-
ing the performance of the polygon-based swept source, which
could enhance the imaging quality of the SSOCT system.
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