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Dual-source swept-source optical coherence tomography (DS-SSOCT) has two individual sources with different central wave-
lengths, linewidth, and bandwidths. Because of the difference between the two sources, the individually reconstructed tomograms
from each source have different aspect ratio, which makes the comparison and integration difficult. We report a method to merge
two sets of DS-SSOCT raw data in a common spectrum, on which both data have the same spectrum density and a correct
separation. The reconstructed tomographic image can seamlessly integrate the two bands of OCT data together. The final image
has higher axial resolution and richer spectroscopic information than any of the individually reconstructed tomography image.

Optical coherence tomography (OCT) is a powerful imaging
technology for producing high-resolution cross-sectional
images of the internal microstructure of materials and/or
biological samples. It has been widely used in medical
imaging and biological testing for more than ten years [1-4].
Swept-source optical coherence tomography (SS-OCT) [5, 6]
has significant signal-to-noise ratio and speed advantages
over time-domain OCT [7-9], in which, the broadband
laser swept source plays an important role. The linewidth
and output power of the source determinate the imaging
depth and sensitivity of an SS-OCT system. The bandwidth
of the light source determine the imaging axial resolution.
At current stage, most commercial available swept sources
have a bandwidth about 100 nm corresponding to an axial
resolution around 7.4 ym in air.

In some medical applications, when spectral feature
appears at a wavelength differing from the central wavelength
of the light source or the photo sensor, it could not be
investigated by the single-band OCT system. In order to
extract more spectral information and enhance the axial
resolution, simultaneously imaging at two distinct spectral
regions has been demonstrated by time-domain [10], full-
field [11], and spectral-domain [12, 13] OCT systems.
Actually, in all the reported dual-band OCT systems, the two
sets of band data are produced from the same light source. In
time-domain OCT, as the depth information is obtained by

means of depth scanning, both the reconstructed images of
different bands have the same image dimensions. An effective
and practical method for resolution enhancement in dual-
beam time-domain OCT had been reported by Baumgartner
et al. [14]. For the spectral-domain OCT, as two bands data
produced by the same source, the imaging ranges also have
the same depth range, if the spectrum data densities of those
two bands (associated with linear CCD array, grating device)
are the same.

In SS-OCT, the swept source stimulates the OCT system
by a series of wavelengths in a time sequence; a photo
detector then collects all the responses as Fourier series com-
ponents of the testing sample. Because the detector is only
sensitive to optical power, it loses the phase information in
the reflected/back scattered signal. At any moment, the signal
detected by sensor can be written as

I(k;) = [Eo(k;) + H(k;i)Eo(ki)]

X [Eo(k;) + H(ki)Eo(ki)]*, i=1,2,3,4,...,N,

(1)

where Ey(k;) is the electrical field with iy, wavenumber
sent from the source, H(k;) represents the sample transfer
function, and I(k;) is the signal generated by the sensor.
[ ]* indicates conjugate, and N is the total number of the
wavenumbers. Assuming Piy = |Eo(k;) |2, power spectrum
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FIGURE 1: Spectrum of two swept sources, S; (k) and S, (k), with different parameters: central wavelength (k01, k02); impulse interval (AkI,

Ak2); impulse intensity (A1, A2).
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FIGURE 2: Schematic diagram of the dual-source swept-source OCT system. PC: polarization controllers, FBG: fiber Brag grating. SOA:
semiconductor optical amplifiers; WDM: wavelength division multiplex; SMF: single-mode optical fiber.

of the light source, the output of OCT system can be ex-
pressed by

Iy = PuyH? (ki) + 2P(ki) Re[H (k)] + P(k;).  (2)

Re[H] represents the real part of H. Assuming P(k;) is an
ideal source which has a constant distribution and H?(k;)
is low frequency component that could be ignored, the
processed I(k;) becomes

Iy(ki) o< Re[H (ki)]. 3)

The reconstruction of the sample in spatial domain (depth z)
is performed by an inverse Fourier transform:

h(z) = IFT[ I, (k) |. (4)

Because h(z) is the inverse Fourier transform of a real
function, it contains a mirror portion. Many works have been
done to remove this artifact [15]. The nature of these works
is actually to make the intensity signal a complex signal. At
any time moment, as (3) and (4) are the results from one

wavelength, when all the I, (k;)s with different wavenumbers
form a sequence, the internal structure of the sample can
then be extracted by

h(z) = IFT[Z,H (k)8 (ki — n)], (5)

where unit impulse function §(k; — #) is used to separate all
Fourier series components with discrete k numbers.

In SS-OCT, each wavelength independently makes its
contribution to the reconstruction as a Fourier series com-
ponent. This feature gives SS-OCT a possibility to increase
the bandwidth by combining multiple swept sources that
have different central wavelengths. Figure 1 shows two swept
sources, S1(k) and S,(k), with different parameters: central
wavelengths or wave numbers (kOI, k02); spectral-line
interval (Akl, Ak2); impulse intensity (Al, A2). Spectral-
line interval is given by the sweeping speed of the source and
sampling rate of the interface. Impulse intensity is given by
the output power of the source.

We have built a dual-source SS-OCT system, which is
illustrated in Figure 2 [16]. This OCT system consists of
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FIGURE 3: Power spectrums of (a) 1300 nm swept source; (b) 1550 nm swept source.
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FiGure 4: OCT images of a finger. (a) Reconstructed by 1300 nm swept source; (b) reconstructed by 1550 nm swept source.

two synchronized swept sources, a wavelength-division mul-
tiplexing, and a sharing common path fiber-lensed probe.
The dual swept source comprises of two extended ring cavity
semiconductor lasers and two high-speed optical narrow-
band intracavity filters with a single polygonal scanner. The
rotating polygon scanner simultaneously tunes the two wave-
lengths of two lasers synchronously. Two broadband semi-
conductor optical amplifiers (SOAs) at 1310 nm 1550 nm
central wavelengths were used as the cavity gain medium.
The inline miniature polarization controller (PC) can reduce
cavity lengths. The ratio of the output coupler of 60/40 was
used (60% of the power is coupled out) for both cavities,
while a 10% output power of 1310 nm band was connected
to a fiber Brag grating (FBG) the swept trigger signal. The
simultaneous swept laser outputs in 1310 and 1550 nm bands
were connected to two matched optical circulators and then
connected to a broadband 1310/1550 WDM that outputs two
sources into a single-mode optical fiber (SMF). The SMF was
fusion-spliced with a home-made GRIN focused lens. The
light reflected from the glass-air surface of the GRIN lens, as
a reference arm, together with the light reflected from inside
sample forms a common-path configuration [17].

The power spectrums of two swept sources are shown in
Figures 3(a) and 3(b), and two corresponding OCT images
obtained from a human finger are shown in Figures 4(a)
and 4(b). It is obvious that two OCT images have different
aspect ratios in the imaging depth. In order to merge two
OCT images together, one image has to be extended to the
same dimension as the other one. One possible way is to
find the imaging-depth ratio (IDR) of the two images by
comparing two depth ranges of lasers. For a swept source

with a Gaussian-profile spectral envelope, the depth range Az
is given by [18],

A3N,
zZ = 5
(4nAL)

(6)

where Ag is the central wavelength of the swept source, AL
is the full-width at half-maximum (FWHM) of the spectral
envelope (tuning range), N; is the number of samples within
FWHM range of the AA, and n is the group refractive index
of the sample.

It is difficult and inaccurate to determine the AA by
measuring FWHM of the spectrum, when the shape of the
spectrum is irregular rather than a Gaussian profile. For
example, if the profile slope at the half-maximum position
is very low, a small change of the amplitude may introduce
a very large change of AA value. As a matter of fact, the IDR
of the two sources based on AAs calculated by FWHM does
not reflect the real IDR of two reconstructed OCT images
due to the inaccurately measured AAs. In order to find the
real IDR of two sources, we made a simple experiment with
the DS-SSOCT system. A small mirror is placed directly in
front of the common path probe, and then the number of
the interference fringe peaks in OCT signal of each source is
counted. The ratio between two numbers represents the IDR
of two OCT images.

For the system used in our experiments, the interference
peak number from 1300 nm source is 45, and peak number
from 1550 nm source is 18. Therefore, the IDR is 2.5. To
verify this method, we have used a testing sample which
has 4-layer glass slice. The A-scan OCT images obtained by
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FIGURE 5: A-scan OCT images of a 4-layer glass sample. (a) A-scan image obtained by 1550 nm source; (b) A-scan image obtained by 1300 nm

source.
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FiGure 6: Raw SSOCT signals of finger. (a) SSOCT signal of finger obtained by 1300 nm source; (b) SSOCT signal finger obtained by 1550 nm

source.

1550 nm source and 1300 nm source are shown in Figures
5(a) and 5(b), respectively. The IDRs of four-peak positions
between Figures 5(a) and 5(b) are given by R1 = 101/41 =
2.5, R2 = 143/59 = 2.4; R3 = 193/77 = 2.5, R4 =
221/89 = 2.5. Averagely, we take the IDR as 2.5.

As mentioned above, SS-OCT has capability to increase
the bandwidth by combining multiple swept sources that
have different central wavelengths. The integrated dual-
source SS-OCT spectrum is given by

I(kc) = a1S](kc)H (kc) + a, Sy (kc)H (kc), (7)
where kc is the new k scale in the integrated discrete
spectrum, and S;(kc), Sy (kc) are scaled S (k), Sy(k), in the
newly integrated spectrum. In order to adjust contribution
of each source, the coefficients a, a, are introduced for each
source.

According to the spatial-spectral scaling property of
Fourier transform, to reduce the size in spatial domain,
the size in spectral domain must be increased. For the
DS-SSOCT described above, considering the IDR is 2.5,
the SSOCT signal obtained by 1300 nm source should be
scaled up by a factor 5, and the SSOCT signal from 1550
nm should be scaled up by a factor of 2. Here, to scale
up a spectrum by a factor s means to zero-padding s-1
zero/s between two neighboring spectral lines. Figures 6
and 7 show the SSOCT signals before and after spectrum
scale changes. In Figures 6(a) and 6(b), the spectrums of
the two SSOCT signals have different spectral densities:
160n1m/1024 points and 50 nm/480 points for 1300 source
and 1550 source, respectively. Figures 7(a) and 7(b) have

been scaled up, so they have the same spectrum density, that
is, the same wavelength difference Aw per interval Akc in the
integrated spectrum. Therefore, their reconstructed images
have the same depth dimensions. The Aw per Akc can be
easily calculated by the ending wavelength w, and starting
wavelength w; as well as the total spectral lines n; in each
source: Aw = |w, — ws|/n;. The total spectral separation
between two SSOCT signals in the integrated spectrum is
given by: n, = |wi, — w|/Aw, where wi, and w, are ending
wavelength of SSOCT from source number 1 and starting
wavelength of SSOCT from source number 2, respectively.

In the DS-SSOCT described above, for the source
number 1, 1300nm swept source, Aw = 162nm/1024
points (see Figure 3); hence, spectral lines per nm is 6.3.
The wavelength separation between two bands: 1550 nm
—1300nm = 250 nm. Considering the scale-up factor of
1300 nm source is 5, the separation spectral lines between
two source signals: 250 X 6.3 X 5 = 7875 points. Figure 8
shows the integrated spectrum of the DS-SSOCT signal
I(kc), where the al = a2 = 1, as defined in (7). The final
reconstructed OCT image is obtained by

h(z) = log(|Trunc{IFT[I(kc)]}1), (8)
where IFT[ ] denotes inverse Fourier transform, Trunc
means that, in the reconstructed OCT image, only the central
piece of (2) is kept, and all other mirror pieces are truncated
off, while log( ) is logarithm processing to nonlinearly
emphasize the subtle details.

Figure 9 shows the reconstructed OCT image from the
integrated spectrum. Two parts of the SSOCT signals are
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FiGuRre 7: Scaled SSOCT signals of Figure 6. (a) scaled SSOCT signal obtained by 1300 nm source; (b) scaled SSOCT signal obtained by

1550 nm source.
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Figure 8: Integrated SSOCT signals obtained from two swept
sources.
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FiGure 9: OCT image reconstructed from integrated spectrum.

seamlessly integrated together, which has richer spectrum
information and depth resolution than any of the individu-
ally reconstructed OCT image, since the integrated spectrum
has broader bandwidth than other individual two.

In this paper, a new method for integrating the SSOCT
signals produced by a dual-source swept-source OCT sys-
tem is proposed. The resulting OCT image based on the
integrated spectrum contains richer spectral and resolution
information than any of the individually reconstructed OCT
images. This method can be extended to multiple sources of
the synchronized swept-source OCT system.
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