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bstract. We propose high-speed spectral domain
olarization-sensitive optical coherence tomography �SD-
S-OCT� using a single camera and a 1�2 optical switch
t the 1.3-�m region. The PS-low coherence interferom-
ter used in the system is constructed using free-space op-
ics. The reflected horizontal and vertical polarization
ight rays are delivered via an optical switch to a single
pectrometer by turns. Therefore, our system costs less to
uild than those that use dual spectrometers, and the pro-
esses of timing and triggering are simpler from the view-
oints of both hardware and software. Our SD-PS-OCT
as a sensitivity of 101.5 dB, an axial resolution of
.2 �m, and an acquisition speed of 23,496 A-scans per
econd. We obtain the intensity, phase retardation, and
ast axis orientation images of a rat tail tendon ex vivo.
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Polarization-sensitive optical coherence tomography �PS-
CT� is an optical imaging technique that can provide not
nly cross sectional images with a high resolution approach-
ng that of conventional histology, but also polarization infor-

ation such as Stokes parameters, Jones and Mueller matri-
es, phase retardation, fast axis orientation, and the degree of
olarization.1–4 A number of medical applications using PS-
CT have been reported, such as dermatology, ophthalmol-
gy, and gynecology.5–7

Recent developments in PS-OCT have focused on fre-
uency domain implementations using either a spectrometer
spectral-domain OCT �SD-OCT�� or a frequency-swept laser
ource �swept-source OCT �SS-OCT�� because of the sensi-

Tel: 82-2-940-2883; Fax: 82-2-941-2883; E-mail: bmk515@korea.ac.kr
ournal of Biomedical Optics 010501-
tivity and imaging speed advantages over conventional time-
domain OCT.8–10 Earlier versions of the SD-PS-OCT system
required two spectrometers to detect two orthogonal states of
light split by a polarization beamsplitter �PBS�.11 However,
this approach has disadvantages such as additional costs,
larger-sized apparatuses, and hardware- and software-related
difficulties with regard to trigger time control. To overcome
these problems, several groups have proposed using a single
camera in the 800-nm region.12–14 Baumann et al.12 and Cense
et al.13 demonstrated that two orthogonal states of light could
be detected, side by side, using a single camera with
2048 pixels, half of which detected the horizontal component,
while the other half detected the vertical component. They
used dispersive grating at different incident angles for the two
components �or a specialized Wollaston prism�. This is a rela-
tively low-cost configuration, where the trigger control is sim-
plified. However, if the two orthogonally polarized light rays
reach the detector array at slightly different angles, the two
spectra may not match exactly, which results in distorted
spectra and differences of the full bandwidth associated with
the rays.12,14 Fan et al.14 also presented a single-spectrometer
SD-PS-OCT configuration based on the full range of complex
domain method for separating the vertical and horizontal po-
larization beam components. They used whole pixels of the
camera for each polarization to avoid the spectral distortion
between the two orthogonal components. To separate the two
orthogonal components, they used different optical path-
length differences for the vertically and horizontally polarized
light. Complex conjugate mirror images were eliminated us-
ing a constant frequency modulation of the reference mirror.
However, this method requires long calculation time because
of the need for several postprocessing steps such as averaging,
interpolation, full range complex image processing, and im-
age shifting after data acquisition.14

In this work, we demonstrate a simple design for enabling
the application of SD-PS-OCT to the 1.3-�m region using a
single line-scan InGaAs camera with 1024 pixels and an op-
tical switch. We obtained the intensity, phase retardation, and
fast axis orientation images of a rat tail tendon ex vivo.

A schematic of our system is shown in Fig. 1�a�. The
polarization-sensitive low coherence interferometer used in
the system is based on the original free-space PS-OCT
system.1 A superluminescent diode �SLD� at 1310 nm
�DenseLight Semiconductors Incorporated, Singapore� with a
full-width-half-maximum ���� of 170 nm, which corre-
sponds to a theoretical axial resolution of 4.4 �m in air, and a
power of 25 mW, was used. Light from the SLD passes
through the polarization controller �PC1� and PBS1 to pro-
duce horizontally polarized light with maximum optical
power. The polarized light is split into the sample and refer-
ence arms. In the reference arm, light passes through a
quarter-wave plate �QWP1� oriented at 22.5 deg with respect
to the horizontal axis, so that after double pass, the reflected
light from the stationary mirror is in a 45 deg linear polarized
state. In the sample arm, after passing through the QWP2
oriented at 45 deg to the horizontal plane, the light is circu-
larly polarized when incident on the sample. The circularly
polarized light reflected from the 2-D galvanometer passes
through the telescope constructed with two convex lenses and
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n objective lens �NA=0.26, Mitutoyo, Japan� with a long
orking distance of 30.5 mm, as shown in the upper right

orner of Fig. 1�a�. This telescope is used to maintain a flat
mage plane while scanning. The lateral resolution of our sys-
em is approximately 14 �m. Recombined light from the ref-
rence and sample arms is split into two orthogonally polar-
zed states by PBS2. The horizontal and vertical polarization
ight rays are then delivered to the 2�1 optical switch �Bos-
on Applied Technologies, Incorporated, Woburna, Massachu-
etts�, which transmits each polarized component toward a
ingle spectrometer by turns. The optical switch is made of
lectro-optic material; it is a solid-state switch operating in
ree-space architecture without any moving parts. The inser-
ion loss is minimal and an ultrahigh switching frequency can
e achieved ��1 MHz�. The spectrometer is composed
f a transmission diffraction grating �1145 lines /mm, Wa-

ig. 1 �a� Schematic of our PS-OCT system using a single spectrom-
ter and a 1�2 optical switch. �b� Timing diagrams to synchronize
he line-scan camera with the optical switch. The synchronized line
rigger �red� for the line-scan camera with the driving signal for the
ptical switch �blue�. �Color online only.�

ig. 2 The vertical �black� and horizontal �red� plane spectra after
eing resampled into the k-domain by a method of the linear interpo-

ation. �Color online only.�
ournal of Biomedical Optics 010501-
satch Photonics, Logan, Utah�, achromatic doublet lens
�f =70 mm, Thorlabs Incorporated, Newton, New Jersey�, and
InGaAs line-scan camera �Goodrich Corporation�. The cam-
era has 1024 pixels, a resolution of 14 bits, and a maximum
line rate of 46.992 klines /s.

To synchronize the camera with the optical switch and the
2-D galvanometer, an analog output board with four channels
�PCI-6711, National Instruments, Austin, Texas� was used.
Figure 1�b� shows that: 1. a TTL signal of 46.992 kHz �red� is
required for line trigger of the camera, and 2. a TTL signal of
23.496 kHz �blue� is needed to drive the optical switch.
When the channel for the optical switch generates 5 V, the
vertically polarized light is transmitted to the spectrometer.
On the other hand, when the channel for the optical switch
generates 0 V, the spectrometer detects the horizontally po-
larized light. Therefore, an A-scan speed of our system is half
the speed of the camera. The other two channels of the analog
output board generate triangular signals to control the 2-D
galvanometer. While B-scanning, the galvanometer was
moved by a step so that the two orthogonal signals could be
obtained from the same location.

After digitization with a frame grabber �PCIe-1427, Na-
tional Instruments, Austin, Texas�, the orthogonal datasets are
rescaled, respectively, using the linear interpolation method,
because the spectral domain data must be sampled as a func-
tion of the wavenumber �k�. Figure 2 shows the raw spectra of
the vertically polarized light �black� and the horizontally po-
larized light �red� after resampling into the k-domain when
light from the sample arm is blocked. Both spectra with an
exact same bandwidth can be detected. Therefore, it should be
noted that no software corrections were required. We used
PC2 and PC3 to maximize the spectrometer’s efficiency and
to correct the distorted spectra of two orthogonal light rays,
because the efficiency of the grating and the camera depend to
some extent on polarization states. After inverse Fourier trans-
form, we can obtain the total reflected intensity, the phase
retardation, and the fast orientation axis images by using
equations in the previous paper.11,12

The interval between image pixels in the axial direction of
an OCT image should be smaller than half the theoretical
axial resolution to satisfy the Nyquist sampling theorem.15

Therefore, the spectrum full bandwidth ��full� detected by the
spectrometer should be defined by �full�� ·�� / �2· In 2�.15

Using our SLD, �full has to be as broad as 385 nm to achieve
the theoretical axial resolution. However, a broader �full re-
sults in a low depth range, because a 1024-pixel camera is a
state of the art product. Instead, we chose a �full value of

Fig. 3 Ex vivo PS-OCT images of the rat tail tendon obtained using
Jones matrix formalism. �a� Intensity, �b� phase retardation with gray-
scale from 0 �black� to � /2 �white�, and �c� fast axis orientation with
grayscale from −� /2 �black� to � /2 �white�.
January/February 2010 � Vol. 15�1�2
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14 nm, because a depth range of at least 2.0 mm is needed
n most biological tissues. The axial resolution was measured
o be 8.2 �m in air. The interval value between image pixels
n the axial direction was 3.9 �m. This value is much greater
han half the theoretical axial resolution, which is the main
ource of the broadening of the axial resolution. An InGaAs
ine-scan camera with a greater number of pixels can over-
ome this problem. The sensitivity of the system was approxi-
ately 101.5 dB for an optical path difference of close to

ero when the exposure time was 16.96 �s. We could observe
decrease of approximately 10 dB within a depth range of

.5 mm because of the depth-dependent sensitivity roll-off.10

To test the accuracy of the SD-PS-OCT system, we in-
erted a QWP into the sample arm between the objective lens
nd the sample mirror. When we rotated the QWP in steps of
0 deg, from 0 to 180 deg, we were able to measure the re-
ardation with a constant value of 86.65�1.04 deg, which
hows that the SD-PS-OCT system is stable.

To demonstrate the system’s performance in biological tis-
ue, we obtained ex vivo images of a rat tail tendon. Figures
�a�, 3�b�, and 3�c� show the intensity, phase retardation, and
ast axis orientation images, respectively. The images are con-
tructed with 512 A-lines separated by 5 �m in the lateral
irection. We reconstructed 3-D volume images �Videos 1 and
� from the intensity and phase retardation datasets using
mira 4.1 �Mercury Computer Systems, Chelmsford, MA�.

In conclusion, we have developed a new PS-OCT system
ased on the spectral domain method at the 1.3-�m region.

ideo 1 Intensity 3-D volume movie of the rat tail tendon. Each 3-D
mage has 512 �x axis��512 �z axis��512 �y axis� voxels �MPEG, 3.9

B�. �URL: http://dx.doi.org/10.1117/1.3277668.1�.

ideo 2 Phase retardation 3-D volume movie of the rat tail tendon.
ach 3-D image has 512 �x axis� �512�z axis��512 �y axis� voxels
ournal of Biomedical Optics 010501-
We used a high-speed InGaAs line-scan camera and an optical
switch to detect the two orthogonal polarizations of light with
a single spectrometer. Because we detected the vertically and
horizontally polarized light by turns, the line rate of our SD-
PS-OCT is half the speed �23.496 klines /s� of the line-scan
camera. The axial resolution, depth range, and sensitivity of
our system are 8.2 �m, 2.0 mm, and 101.5 dB, respectively.
To demonstrate the system’s performance in biological tissue,
we obtained the intensity, phase retardation, and fast axis ori-
entation images of a rat tail tendon.
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