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A swept-source optical coherence tomography (SSOCT) system based on a high-speed scanning
laser source at center wavelength of 1320nm and scanning rate of 20 kHz is developed. The
axial resolution is enhanced to 8.3µm by reshaping the spectrum in frequency domain using a
window function and a wave number calibration method based on a Mach-Zender Interferometer
(MZI) integrated in the SSOCT system. The imaging speed and depth range are 0.04 s per frame
and 3.9mm, respectively. The peak sensitivity of the SSOCT system is calibrated to be 112dB.
With the developed SSOCT system, optical coherence tomography (OCT) images of human
finger tissue are obtained which enable us to view the sweat duct (SD), stratum corneum(SC)
and epidermis (ED), demonstrating the feasibility of the SSOCT system for in vivo biomedical
imaging.
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1. Introduction

Optical coherence tomography (OCT)1 is an
advanced biomedical imaging modality capable of
providing micrometer scale cross-sectional images
of biology tissue noninvasively. Because of its
advantages of noninvasion, non-contact, and high
resolution, OCT has found wide applications in
biomedicine.2–5

Imaging speed is an important technical aspect
of OCT. In the early OCT embodiment, which is
called time-domain OCT (TDOCT), depth ranging

is provided by linearly scanning the optical path
length difference between the reference and the sam-
ple arm. The mechanical scanning results in the
relatively slow imaging speed of TDOCT (approx-
imately 2 kHz A-line rate).6 Fercher et al. presents
the Fourier domain OCT (FDOCT) based on spec-
tral interferometry which has two embodiments, one
is called spectral domain OCT (SDOCT), the other is
called swept-source OCT (SSOCT).7,8,10 FDOCT is
the main approach to enhance imaging speed.
The measurement speed of FDOCT is improved
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dramatically by replacing the mechanical scanning
with a wavelength-resolving detection scheme using
a high-speed spectrometer or a high-speed tun-
able laser source in SDOCT and SSOCT, respec-
tively. However, the state-of-the-art spectrometers
are hampering further improvements with (1) the
limited spectral resolution and wavelength range
of the spectrometer, (2) the limited sensitivity
and dynamic range of the CCD used in the spec-
trometer, and (3) higher device cost. Alternatively,
SSOCT which uses a wavelength tunable laser and
standard photo detector can also reach a high imag-
ing speed without the limitations of the SDOCT.
Another major advantage of FDOCT over TDOCT
is its sensitivity, which has been proven both theo-
retically and experimentally.9,11 However, FDOCT
has its intrinsic drawbacks, that is, auto-correlation
term and mirror term exist in the interference
spectrum. Auto-correlation term exists at the zero
optical length difference which results in the degra-
dation of the signal-to-noise ratio (SNR) in the
whole image. Recently, researchers have presented
a series of methods to address these problems.16–20

Axial resolution is another important feature of
OCT. The resolution of OCT is directly dependent
on the bandwidth and spectrum shape of the light
source. The non-Gaussian spectrum shape of the
source will bring a lower axial resolution. Further-
more, the axial resolution of SSOCT system is
affected by the acquisition mode of the interference
spectrum signal. Because the wave number of the
swept source is not linearly swept with time and
the acquisition rate is constant with time, the sam-
pled data of the interference spectrum signal is not
equidistance in wave number space. A Fast Fourier
transform of these data will cause a degradation of
the axial resolution. So calibration of the sampled

Fig. 1. Schematic of SSOCT system set-up. PLC: polarization controller. RM: reference mirror, MZI: Mach-Zender interfero-
meter, BPD: balanced photo detector.

data21 is necessary to ensure a high axial resolu-
tion. In recent publications, several approaches for
frequency calibration of SSOCT have been demon-
strated. These methods include the simultaneous
frequency monitoring method,13 the frequency even
clock method,14 data interpolation method and a
fast calibration method based on nearest neighbor
check algorithm.15

In this paper, an SSOCT system based on
high-speed swept-source and Michelson interfero-
meter is demonstrated. To prevent the degrada-
tion of axial resolution because of the non-Gaussian
output spectrum of the swept source, a method
based on window function to make the spectrum
reshaping in the frequency domain is adopted. To
ensure the system axial resolution, a wave num-
ber calibration method based on MZI integrated in
the SSOCT system is introduced. To eliminate the
auto-correlation term in the interference spectrum,
both the common rejection of balanced detection
and the software method of subtracting the mean
value are used. Some high-speed optical coherence
tomographic images of finger pad organism using
the SSOCT system are obtained successfully.

2. System and Method

2.1. System description

A schematic of the SSOCT experimental set-up is
shown in Fig. 1. A high-speed scanning laser source
(HSL-2000, Santec Inc.) centered at 1320 nm with
an FWHM (full-width at half-maximum) band-
width of 107 nm is used as the light source. Ten
percent of the output of the light source is intro-
duced into the MZI through fiber coupler 1 with
couple ratio of 10/90. The other part of the
light passes through the 50/50 fiber coupler 2
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and 3, respectively, into the reference arm and
sample arm. The sample arm is constituted by
a fiber collimator, an achromatic lens of 40 mm
focal length, and an electrical motorized transla-
tion stages. The reference arm has a polarization
controller, a fiber collimator, focusing lens and a
reference mirror (RM). After the recombination of
the beams returning from sample and reference
arm, the OCT interference spectrum signal is split
into two beams by coupler 2 and 3. A balanced
photo detector (BPD) detects the two beams of
interference spectrum signal and converts the differ-
ential signal into voltage signal. One analog input
channel of the data acquisition card (PCI-5122, NI)
digitizes the OCT voltage signal. The output sig-
nal of the MZI is acquired by the second input
channel of the DAQ card synchronously. The sam-
pled data is transferred to the computer memory
through the PCI bus. Post-processing of the sam-
pled data involves background signal subtraction,
spectrum reshaping in frequency domain, and inter-
ference spectrum signal calibration in wave num-
ber space, followed by Fourier transformation. The
processed interference spectrum signal is Fourier
transformed through a VC++ routine by a personal
computer, yielding a complex signal with depth-
resolved amplitude and phase information for the
sample. The amplitude of the signal provides stan-
dard OCT information about the sample structure.
After the image reconstruction process, the tomo-
graphy images of biological tissue samples are
displayed on a monitor.12

2.2. System principle and parameters

The interference spectrum signal can be given by
Eq. (1):

I(k) = S(k)
[
1 + 2

∫ ∞

0
a(z) cos(2knz)dz +

∫∫ ∞

0
a(z)

× a(z′)exp[−i2kn(z − z′)]dzdz′
]

(1)

where S(k) represents the intensity spectrum distri-
bution of the light source, a(z) the amplitude of the
back scattering profile of the sample. k(t) = 2π/λ(t)
is the wave number which is varied in time by
tuning of the laser. Here, I(k) is called spectral
density function. As shown in Fig. 2, the power
spectral density is the Fourier transform of the cor-
responding auto-correlation function according to
the Wiener-Khinchine theorem, i.e., the interference

Fig. 2. Principle schematic of Fourier-domain optical coher-
ence tomography.

spectrum signal is related to the reflection profile
via the Fourier transform relation. A Fast Fourier
transform (FFT) is performed from the sampled
interference data to construct an axial scan. The
result of FFT can be given by Eq. (2):

FT−1[I(k)] = FT−1[S(k)] ⊗
{

[δ(z)] + [a(z)

+ a(−z)] +
1
4
AC[a(z) + a(−z)]

}
(2)

In Eq. (2), auto-correlation term of the RM and
the sample are the first and third term, respec-
tively. These two terms are generally called auto-
correlation term. The second term provides direct
information on the positions of scattering layers in
sample.

For a swept laser source with a Gaussian spec-
tral envelope, the axial resolution of SSOCT system
is given by7

δz =
2 ln 2

π

λ2
0

n∆λ
(3)

where δz and ∆λ are the full-width at half-
maximum (FWHM) of the spectral envelope, and n
is the group refractive index of the sample. Accord-
ing to the practical system parameter, the theory
axial resolution is 7.2 µm in air.

The maximum depth range achieved by a
SSOCT system is given by8

∆z =
λ2

0

4n∆λ
Ns (4)

where λ0 is the center wavelength and Ns is the
number of samples within FWHM range ∆λ of the
spectrum. According to the practical system para-
meter, the depth range is 3.9 mm in air.
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2.3. Interference spectrum
calibration

From Eq. (2), wave number k and axial coordinate
z is a pair of Fourier transform. However, the sam-
pled raw interference data is not equidistant in wave
number space due to the non-linearity of the wave
number scan in the swept source. Direct FFT from
these raw data will cause a degradation of axial res-
olution. A MZI-based calibration method is adopted
in the SSOCT system. According to the maximum
value equation in interference fringe,

∆k × d = 2π (5)

where ∆k is the wave number interval of the series
of maximum points and d is the optical path length
difference of two arms of the MZI. From Eq. (5), the
wave number k of the maximum values is equally
spaced at ∆k when the optical path difference d is
constant. When the MZI signal and OCT interfer-
ence spectrum signal are acquired simultaneously,
the maximum values of the MZI signal can calibrate
the OCT interference spectrum and achieve a series
of data equally distributed in wave number space.

2.4. Spectrum reshaping

The envelope shape of interference spectrum can
affect the system resolution and side lobes.22

Because of the imperfections in the characteriza-
tion of the semiconductor optical amplifier (SOA)
used in the light source, the laser source used in
the system presents a non-Gaussian spectrum shape
that may result in side lobes and broadened PSF.
Reshaping of the spectrum can restrain side lobes
and enhance axial resolution and image quality. A
method based on window function is introduced
in the SSOCT system to reshape the spectrum.
The interference spectrum signal is multiplexed to
an appropriate window function in the frequency
domain to ensure system resolution and SNR. The
window function is given in Eq. (6):

w(k) =
1

∆k

(
1
2

+
1
2

cos
πk

∆k

)
(6)

where ∆k is the wave number range of the laser
source.

2.5. Removal of the
auto-correlation term

Since the auto-correlation term exists at the zero
optical path length difference where the best SNR

can be achieved, to prevent from aliasing, the OCT
signal should be removed away from this area. In
our system, both hardware and software methods
are adopted to make the best use of the zero opti-
cal path area. A BPD which can remove direct cur-
rent signal common-mode noise is used to detect
the OCT interference spectrum signal. Because of
the system structure using two 50/50 couplers, the
optical power is not equal at the two input ports
of the balanced detector. For further subtraction of
background signal, an average value of a sequence
of A-Scans (i.e., a B-Scan) is calculated by software,
the average value is subtracted from each A-line
data to remove the remaining background signal.

3. Experiments and Results

To characterize the system performance, the axial
point spread function was investigated by measur-
ing the A-line profile of a partially reflecting mirror
sample (95% reflectivity). In the experiment, a Han-
ning window function is used to reshape the spec-
trum in spectral domain. A Gaussian envelope of
the interference spectrum can be obtained success-
fully through the spectrum reshaping method.

Based on MZI calibration and spectrum
reshaping method, the system axial resolution is
measured compared to that of direct FFT from non-
calibrated data. The experiment result is shown in
Fig. 3. The dashed line represents non-calibrated
result whose FWHM value is broadened because
of the raw data with non-equidistance wave num-
ber. From the solid line, we can get the practical
axial resolution of the SSOCT system. The practical

Fig. 3. A representative of point spread function measured
using a mirror as sample.
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resolution of 8.3 µm is approximate to the theore-
tical value with Gaussian spectrum of 7.2 µm based
on the 107 nm FWHM bandwidth of the swept
source. Small side lobes are the visible results from
the interference calibration error and the departure
of spectral shape of the light source from Gaussian.

To measure the practical depth range of the
SSOCT system, a multilayer cover glass is used as
the sample. The refractive index of the cover glass
is 1.5, and according to Eq. (4), the depth range in
glass is 2.44 mm. The experiment result is shown
in Fig. 4. It can be seen that there are 14 layers
in the image and the thickness of every cover glass
is 0.175 mm, and then the practical depth range is
2.45 mm from calculation, which is in accordance
with the theoretical value.

Figure 5 depicts an A-line profile of a −57 dB
partial reflector placed as the sample in the SSOCT
system. From the measured SNR of 55 dB, the sen-
sitivity of the system is experimentally determined
to be 112 dB.

Fig. 4. Structural image of multilayer cover glass in OCT.

Fig. 5. Sensitivity measured with a partial reflector.

(a)

(b)

Fig. 6. Optical coherence tomography images of some dif-
ferent tissues taken by the SSOCT system.

To demonstrate the feasibility of the SSOCT
system, some images of different biological tissues
are presented in Fig. 6. The images shown are
acquired with A-Scan rate of 20 kHz. The sampling
rate was 100 M samples/s to acquire the images.
The axial resolution is 8.3 µm in air, corresponding
to 7 µm in tissue, and the lateral resolution is 12 µm.
In the experiment, the auto-correlation term was
suppressed sufficiently by dual balancing detection
and background subtraction. Figure 6(a) shows an
OCT image of the in vivo human finger skin. Figure
6(b) shows an OCT image of the in vivo human skin
in the nail (N) fold region. Several structural fea-
tures are visible in the images including finger print,
sweat duct (SD), stratum corneum (SC), the der-
mal epidermal junction (DEJ), the epidermis (ED),
and the nail (N). The white bar in these images rep-
resents 0.5 mm. The time needed to acquire data for
one whole image is about 0.04 s. Meanwhile, some
other OCT images of orange flesh and onion are
acquired by the SSOCT system with evident tissue
features.

4. Conclusion

In summary, an SSOCT system developed in the
laboratory based on a high-speed scanning laser
source is demonstrated. To improve the axial
resolution, spectrum reshaping method and MZI
calibration method are introduced in the SSOCT
system. The achieved axial resolution of 8.3 µm is an
approximate to the theoretical value. To make the
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best utilization of the high SNR area of zero optical
path length, both hardware method based on BPD
and software subtraction method are employed.
The OCT images of biological tissues are obtained,
which demonstrate the feasibility of the SSOCT
system.
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