Journal of

B1omed1cal Optlcs

SPIEDigitalLibrary.org/jbo

All fiber optics circular-state swept
source polarization-sensitive optical
coherence tomography

Hermann Lin
Meng-Chun Kao
Chih-Ming Lai
Jyun-Cin Huang
Wen-Chuan Kuo



Journal of Biomedical Optics 19(2), 021110 (February 2014)

All fiber optics circular-state swept source
polarization-sensitive optical coherence tomography

Hermann Lin,® Meng-Chun Kao,” Chih-Ming Lai,° Jyun-Cin Huang,” and Wen-Chuan Kuo"4

*National Kaohsiung Normal University, Department of Optoelectronics & Communication Engineering, Kaohsiung 802, Taiwan
PNational Yang-Ming University, Institute of Biophotonics, Taipei 112, Taiwan

“‘Ming-Chuan University, Department of Electronic Engineering, Taoyuan 333, Taiwan

dNational Yang-Ming University, Biophotonics & Molecular Imaging Research Center, Taipei 112, Taiwan

Abstract. A swept source (SS)-based circular-state (CS) polarization-sensitive optical coherence tomography (PS-
OCT) constructed entirely with polarization-maintaining fiber optics components is proposed with the experimental
verification. By means of the proposed calibration scheme, bulk quarter-wave plates can be replaced by fiber optics
polarization controllers to, therefore, realize an all-fiber optics CS SSPS-OCT. We also present a numerical
dispersion compensation method, which can not only enhance the axial resolution, but also improve the sig-
nal-to-noise ratio of the images. We demonstrate that this compact and portable CS SSPS-OCT system with an
accuracy comparable to bulk optics systems requires less stringent lens alignment and can possibly serve as a
technology to realize PS-OCT instrument for clinical applications (e.g., endoscopy). The largest deviations in
the phase retardation (PR) and fast-axis (FA) angle due to sample probe in the linear scanning and a rotation
angle smaller than 65 deg were of the same order as those in stationary probe setups. The influence of fiber bending
on the measured PR and FA is also investigated. The largest deviations of the PR were 3.5 deg and the measured FA
change by ~12 to 21 deg. Finally, in vivo imaging of the human fingertip and nail was successfully demonstrated
with a linear Scanning probe. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.19.2.021110]
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1 Introduction

Optical coherence tomography (OCT) is a depth-resolved,
high-resolution, noninvasive imaging technique that employs
low-coherence interferometry to record the intensity of light
backscattered from a turbid sample. The OCT technique was
originally meant for imaging human retinas,’ but its applications
have since been widely expanded to encompass medical treat-
ments and characterization of materials. In comparison with
the conventional OCT, which entails merely depth-resolved
structural images, the polarization-sensitive OCT (PS-OCT)
can yield far more information on the phase retardation (PR)
and fast-axis (FA) orientation of birefringence within the
samples.”™®

Over the past two decades, several approaches have been
devised to gather depth-resolved birefringence data with PS-
OCT. In Ref. 7, Yamanari et al. performed various analyses
of the PS-OCT techniques proposed. Most of these, whether
in the time domain or the Fourier domain (FD), first utilize a
bulk optics lens for the construction of the PS-OCT before
catering to the fiber optics deployment by means of flexible
light-circuit layout. Such conventional fiber-based PS-OCT sys-
tems typically employ either the Mueller matrix or the Stokes
vector to discern the changes in polarization on the Poincaré
sphere.®'? Bulk optics-type PS-OCTs with circularly polarized
incident light have also been widely reported in the literature.
Such systems enable the simultaneous measurement and imag-
ing of the backscattered intensity, PR, and FA with only a single
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A-scan per transverse measurement location, thereby vastly
reducing the measurement time and sensitivity to sample move-
ments. Recently, several polarization-maintaining (PM) fiber-
based FD PS-OCTs have been demonstrated for birefringence
measurement.'>~!7 In these instances, either multiple input states
are again required or a single linearly polarized state will need to
be used with the sample arm equipped with a quarter-wave plate
(QWP) in free space to produce circularly polarized incident
light. However, a bulk optics system consisting of a sample
arm with free space is patently unwieldy as far as endoscopic
applications are concerned.

In this study, we propose a circular-state (CS) swept source
(SS) PS-OCT. By means of the proposed calibration scheme,
bulk optics QWPs can be replaced by fiber optics polarization
controllers (PC) to, therefore, realize an all fiber optics CS
SSPS-OCT, which can thereafter serve as a technology for real-
izing PS-OCT instruments for clinical applications. The fiber
optics components we used were all sourced directly from
the market of fiber optics communications, except for the labo-
ratory-made fiber optics PC acting as QWPs. We also present a
numerical dispersion compensation method, which can simulta-
neously compensate for the dispersion mismatch between the
two arms of the interferometer. An automatic iterative optimi-
zation method for dispersion compensation in the CS SSPS-
OCT images is also presented. The method can not only enhance
the axial resolution but also improve the signal-to-noise ratio
(SNR) of the CS SSPS-OCT. For performance verification of
the proposed CS SSPS-OCT, a Berek’s polarization compensa-
tor (BPC) placed in front of a mirror was used as a standard
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sample. Considering the sample arm, fiber probe is in motion
during acquisition of an image (i.e., for endoscopy based appli-
cations using linear and rotary scanning probe), we then inves-
tigated the influence of the measured PR and FA due to probe
with a linear motion, twist angles, and bends before demonstrat-
ing in vivo images of the human fingertip and nail.

2 Method

2.1 Principles and Setup

The schematic of the proposed CS SSPS-OCT is shown in
Fig. 1. The light source was a 16 kHz swept laser with a center
wavelength at 1325 nm, an average output of 10 mW, and 3-dB
spectral bandwidth of 100 nm. A fraction of the laser power was
coupled to the input ports of a Mach—Zehnder interferometer
(MZI), which was used to resample the interference signals
in real time for equal spacing in the frequency prior to the appli-
cation of the fast Fourier transform algorithm. A fiber optics PC-
1 in between a light source and a fiber optics polarizer fused
with fiber pigtails was used to maximize the output power of
the linearly polarized light. The extinction ratio of the PC
was greater than 30 dB, more than sufficient for obtaining a
purely linear state of polarization. Next to the polarizer, a
PM fiber optics circulator was used to guide the light to a
fiber optics Michelson interferometer to circulate the reflected
light from the interferometer to a fiber optics polarization
beam splitter (PBS). A PM fiber coupler with a coupling
ratio of 50/50 was arranged to split the light power into the
two fiber arms of the interferometer, 50% for the reference
arm and 50% for the sensing arm.

The SS light source was polarized at the FA of the PM fiber
in accordance with the laboratory coordinate vector x. After
propagating through the PC-1 and circulator, the linearly polar-
ized light was split at the PM coupler and then propagated along
the x-axis of the PM delay fibers of both arms. In the traditional
bulk optics-type CS PS-OCT,>* a QWP oriented at 45 deg to
the X-axis is frequently employed in the sensing arm to generate
a circularly polarized incident light. In this article, our proposed
scheme utilizes the PC-2 as a fiber optics QWP to generate

circularly polarized lights via proper polarization control.
Thus, the sensing arm of our proposed CS SSPS-OCT was con-
structed with a low birefringence fiber as a leading fiber to main-
tain the CS of the incident light, a gradient index lens, and a
45 deg prism mirror to guide and focus the light upon the sam-
ples to be measured. Two-dimensional (2-D) OCT imaging was
performed by linearly scanning the sensing probe with a trans-
lational motorized stage. In the reference arm, we properly
adjusted PC-3 to act as a QWP oriented at 22.5 deg to the x-
axis. Next to the PC-3, the fiber collimator was integrated
with a fiber mirror as the end mirror of the reference arm to
reflect the light back to the PC-3. The light reflected from
the measured sample and the end mirror of the reference arm
to the PC-2 and PC-3, respectively, would be converted into
two linearly orthogonal modes, which would then propagate
through the respective axes of the PM delay fiber back to the
PM coupler. Thus, the linearly orthogonal modes would inter-
fere with each corresponding mode if the respective coherent
condition was fulfilled. These orthogonal interference signals
were polarization-maintained all the way from the coupler to
the beam splitter via the circulator due to the use of the PM
fiber pigtailed devices. Herein, the reflected light propagating
backward through the PM coupler and PM circulator would
exhibit a phase shift of # and be guided to the two PBS,
which then split the interference beams onto two balanced pho-
todetectors (BD1 and BD2). The balanced detection would dou-
ble the signal and minimize the common excess noise. Finally,
the fringe signals (including the horizontal and vertical polari-
zation channels) from the OCT interferometer, and the output of
the MZI were simultaneously recorded by a high speed analog-
to-digital (A/D) converter operating at 100 M samples/s with
the 14-bit resolution (AlazarTech, Model ATS9440).

2.2 Signal Processing

Figure 2 shows a flow chart for the post-processing steps. First,
each individual record from the sample signal was resampled
to an equidistant spacing in the frequency. Subsequently, the
fringe signal was obtained by subtracting the background signal
from the reference arm. (The sample arm was blocked at the
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Fig. 1 Schematic layout of the circular-state (CS) swept source polarization-sensitive optical coherence tomography (SSPS-OCT) system constructed
entirely from fiber optics components. MZI, Mach-Zehnder interferometer; PC, polarization controller; PM, polarization-maintaining; PBS, polariza-
tion beam splitter; BD, balanced detector; A/D converter, analog-to-digital converter.
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Fig. 2 Flow chart of the CS SSPS-OCT dispersion compensation procedure.
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Fig. 3 Coherence functions of the CS SSPS-OCT. (a) Black trace shows the raw data in the horizontal polarization channel. The red, blue, and green
traces were obtained after the reference subtraction, reference subtraction in addition to apodization, and reference subtraction in addition to apod-
ization and dispersion compensation, respectively. (b) Coherence functions in the horizontal and vertical polarization channels of the raw data.
(c) Coherence functions in the horizontal and vertical polarization channels after the reference subtraction in addition to apodization and dispersion
compensation. (d) CS SSPS-OCT images of a 1951 USAF resolution test chart.
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beginning of the OCT scan, after which this fringe was sub-
tracted from every fringe signal captured during the imaging.)
After apodization'® to calibrate the spectrum sidelobes, we
applied numerical compensation for the dispersion mismatch
between the two arms of the interferometer. For clarification,
the A-scan signal obtained by inverse Fourier transform of
the acquired fringe data can be expressed as

FTI[S, (k)] = Si(z) = V/Ry(2) sin[8(z)] exp(ip). (1)

FTUS, (k)] = S,(2) = V/R,(z) cos[5(z)] exp(idhy). (2)

where x and y denote the horizontal and the vertical polarization
channels, respectively. R,(z) is the sample reflectivity, while
both the sin[5(z)] and cos[5(z)] terms are retardation moduli
modulated by the birefringence of the measured samples. The
phase difference (i.e., A¢ = ¢, — ¢,) between the two fringes
contains information on the FA angle (i.e., 8) of the birefrin-
gence within the measured samples
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Fig. 4 Depth-dependent decay in the CS SSPS-OCT.
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Dispersion arises from the frequency dependence of the
propagation constant on the material in the interferometer
arms. For optimal resolution in OCT imaging, the dispersion
mismatch between the reference and sample arms must be com-
pensated. If the light in the sample arm of the OCT system prop-
agates through a length of dispersive material that is not matched
by a similar material in the reference path, a frequency-depen-
dent phase shift will result, meaning that the fringes will be
multiplied by a nonlinear phase prior to Fourier transforming
in both Egs. (1) and (2) and thus result in a loss of the axial
resolution. In PS-OCT with a free space bulk system, the
dispersion mismatch between the sample and reference arms
can be easily compensated by using identical lengths of
identical optical materials. In our all fiber optics CS SSPS-
OCT, we present a numerical dispersion compensation method
to remove the k-dependent nonlinear phase. The compensated
signal S¢ (k) is calculated from multiplying the signal S, ,(k)
by a phase correction term

Si,y(k) = S(k)Sx,y(k) eXP[_i‘Px.y(k)]’ “4)

\Px,y(k) = al(k - ko) + Clz(k - ko)z + Cl3(k - k0)3 + ...,
&)

where W, , (k) is the phase correction function. The phase cor-
rection function will cancel out the group velocity dispersion,
third-order dispersion, and high-order dispersions in the inter-
ference signal. Finally, the axial depth scan S,(z) can be
obtained by performing Fourier transformation on the compen-
sated signal. In order to determine the optimal phase correction
function, the algorithm automatically adjusted for a,,as,...
and high-order coefficients in Eq. (5) to maximize the sharpness
metric function'® encompassed in by the Nelder—Mead simplex
method.?” The sharpness function measures the concentration of
the signal and is given as

J185,(2)[*dz
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Fig. 5 (a) Retardation measurements for linearity verification with standard deviations. (b) Measurements of the retardation and fast-axis (FA) angle as a

function of the set orientation of the FA.
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The integration range for the sharpness function is set to be
the depth near the interface between the air and the sample at
which the magnitude of the interference signal is usually the
largest.

Since, there exists a different propagation velocity in the two
orthogonal modes of the PM fiber, the phase shifts cannot cancel
out each other if there is a length difference between the PM
fibers in the reference arm and the sample arm. In this case,
the resulting coherence functions of the two polarization detec-
tion channels are not at the same depth position. This mismatch
also destroys the image resolution. Thus, in the next step, the
PM fiber length mismatch was compensated by automatically
adjusting the a; coefficients of either the horizontal or the ver-
tical polarization channels only. It is iteratively adapted until the
integration between S¢(z) and S5 (z) reaches maxima, implying
that the two coherence functions of the vertical and horizontal
components are exactly depth matched. The integration function
is calculated as

Integration — / 18 (2) 2185 (2) d. ™

Once the optimal phase correction function had been
obtained, the correction function could be applied to each A-
line scan to reconstruct a 2-D image. After compensation, the
amplitude (A,, A,) and phase (¢,, ¢,) of the interference signals
were used to calculate the reflectivity (R), the PR (6), and the
FA (0) as prescribed for the traditional bulk optics-type CS PS-
OCT.>*$

3 Results and Discussions

3.1 System Characterization

In this section, we proceed to perform a number of characteri-
zation experiments by using the CS SSPS-OCT to measure a
BPC placed in front of a mirror as a standard sample to verify
the system performance. Before using our CS SSPS-OCT to
capture the birefringence data, we proposed three calibration
steps for adjusting the polarization states of the PC to mirror
the same conditions in conventional bulk optics PS-OCT.

Step 1: Terminate the reflected light at the fiber optics probe in the
sensing arm and then adjust the PC-3 to balance the reflective
light power until it arrives equally at the BD1 and BD2. This
process can produce two polarized linearly orthogonal modes
with equal power as the reference beams in the interferometer.

Step 2: Terminate the reflected light in the reference arm and then
adjust the PC-2 to convert the light propagating forward along
the x-axis into the y-axis after reflection from the mirror. The
extinction ratio of BD2 divided by BD1 will have to be
adjusted to more than 20 dB, at which it can be assumed to
have met the condition of a QWP with an incident azimuth
angle of 45 deg to generate circularly polarized light.

Step 3: Based on the conditions obtained from the second step,
place the BPC in front of the mirror at the sensor arm, adjust
the compensator as a QWP, and rotate the compensator’s azi-
muth orientation continuously from O deg to 360 deg. At the
same time, adjust the PC-2 to find the smallest variation in the
extinction ratio so that the values can be estimated directly
from the readouts of the power meters. This step is assumed
to produce a purely circularly polarized light so that the PR
measurements will prove irrelevant to the FA orientation
and vice versa. After the three calibration steps have been
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completed, the CS SSPS-OCT will be ready to measure the
R, PR, and FA orientation of the light reflected from within
the measured samples by an A-scan.

Figure 3(a) shows the coherence function in the horizontal
polarization channel of the CS SSPS-OCT system at a depth
of around 900 um, which is the optical path length difference
between the sample and reference arms. Although we have
increased the length of the PM fiber (between the reference
and sample arms) to about 2 m in order to remove the cross
talk between the two polarized orthogonal modes emerging
from imperfect fiber points and components, some undesirable
noises larger than the depth of 2.5 mm nonetheless still exist.
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Fig. 6 Measurements of the retardation and FA angle when probe in
(a) a linear motion, (b) with rotation angles, and (c) with bends.
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After the reference subtraction, these fixed noises were notice-
ably suppressed. One can also observe the broad sidelobes of the
signals suppressed by apodization using a hamming window.
Figure 3(b) shows the coherence functions of both the horizontal
and vertical polarization channels after apodization processing
but before the numerical compensation of the dispersion. One
can see that the resolution was about 35 um; besides, the
two coherence functions appeared at different depth positions.
After the compensation procedure, these two peaks appeared at
exactly the same depth position as shown in Fig. 3(c). The axial
resolution for our measured results at this location was 16 ym, in
sound agreement with the theoretical value. This dispersion
compensation procedure also resulted in a 5 dB improvement
on the SNR of the CS SSPS-OCT, which can be proved by com-
paring Figs. 3(b) and 3(c). As for confirmation of the lateral res-
olution, we used a 1951 USAF resolution test chart (Edmund
Optics) as the standard resolution test sample. The pattern con-
sists of a group of three bars with dimensions ranging from large
to small. As shown in Fig. 3(d), 2-D OCT imaging was per-
formed by linearly scanning the sensing probe. The largest
bar that the imager was unable to discern constituted the limi-
tation of its resolving power, confirming that the lateral resolu-
tion of our probe was around 15.6 um.

To test the system sensitivity for reflectivity measurement as
a function of the ranging depth, a mirror and an attenuator (neu-
tral density filter) were used to mimic a sample. Figure 4 shows
the depth-dependent decay (logarithmic scale) for the mirror at
different depths, where the measured SNR in dB was calculated
to be 20 times the base 10 logarithm of the ratio of the A-scan
peak height to the mean noise floor. Adding the calibrated 65-dB
value for the sample arm attenuation to the system SNR, we

(a)
Epidermis {

Dermis I

achieved a sensitivity of >95 dB for the peaks within
2.5 mm. The axial resolution measured at 2.5 mm degraded
to 23 um in air.

For verification of the birefringence measurements, a BPC
was set at various tilt angles for the retardation set step, increas-
ing from O to 180 deg at 15-deg intervals. Measurements were
repeated five times in every step of the retardation setting. The
measured PR, as shown in Fig. 5(a), indicated that the good lin-
earity was accompanied by small standard deviations in the dia-
gram. Based on the three calibration steps, if the theoretical
criteria of the PS-OCT mentioned in the last section are fulfilled
by the PC, the PR measurements become irrelevant to the FA
orientations. The trial measurements were performed to verify
this assumption. The PR measurements were repeated for a
set retardation close to 45 deg at each FA orientation step,
increasing from O to 180 deg at 30-deg intervals. The experi-
mental results in Fig. 5(b) indicated that the PR measurements
were irrelevant to the FA orientations, thereby proving that the
PC-2 and PC-3 exhibited equal effects from the bulk optics
QWPs. The experimental results, as shown in Figs. 5(a) and
5(b), suggested that the measured PR and FA orientations
were in agreement with the set values and exhibited a good lin-
ear response with small standard deviations. The PR measure-
ment in this calibrated test plate indicated that the average
systematic error was 1.5 deg, and that the largest deviations
were 2.9 deg near 6 = 0 and 90 deg. Based on other reports
using the same test plate, Roth et al.>! extracted the birefrin-
gence properties through illumination of the sample with at
least three separate polarization states during consecutive
acquisitions of the same A-scan. The experiment revealed an
average error of 7.5 deg in the BPCs’ PR measurements. In

Fig. 7 In vivo CS SSPS-OCT images of a human fingertip. (a) Reflectivity image. (b) Retardation image. (c) Image of the FA orientation. White arrows

denote the sweat glands.
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relation to the FA measurement, the mean absolute deviation of
3.2 deg and largest deviation of 7.6 deg obtained using our
approach were smaller than the 9.4 and 15.3 deg reported in
other articles.®!

3.2 Effect of Sample Arm Fiber Probe with a Linear
Motion, Twist Angles, and Bends

While we have shown that our all fiber optics CS SSPS-OCT
system works well with a stationary setup, considering that
the sample arm fiber probe is in motion during acquisition of
an image (i.e., for endoscopy based applications using linear
and rotary scanning probe), we then investigated the influence
of the measured PR and FA due to probe with a linear motion,
twist angles, and bends. To investigate this effect, we performed
experiments in which a BPC in front of a mirror was once again
used as the test sample. First, the probe was linearly scanned
from 0 to 6 mm with the translation stage at a velocity of
2 mm/s. Second, in order to simulate a rotary scanning
probe suffering from the fiber-twisting effect, we fixed a length
of probe fiber to a rotation stage which then continuously rotated
the fiber within 65 deg at a velocity of 18 deg /s. Finally, we
fixed a length of probe fiber to a translation stage and then
bended the probe horizontally within 60 deg. Thereafter, we
analyzed the changes in the PR and FA when the probe has a

linear motion, twist angles, and bends, as shown in Figs. 6(a),
6(b) and 6(c), respectively. Measurements of the linear motion
indicated that the largest deviation of PR and FA were 3.2 and
7.1 deg, respectively, when the linear scanning speed was
2 mm/s and the scanning range was within 6 mm. Changes
in the PR and FA due to the twist stress were smaller than
2.1 and 5.5 deg, respectively, when the fiber’s rotation range
was smaller than 65 deg at a velocity of 18 deg /s. The largest
deviations of the PR due to probe bending (i.e., the bending
angles smaller than 60 deg) were 3.5 deg, however, the mea-
sured FA changed by ~12 to 21 deg.

3.3 In Vivo Biological Imaging

Figure 7 is an in vivo image of a human fingertip, in which the
reflectivity image [Fig. 7(a)] reveals several structures, including
the dermis and epidermis of this skin region. The retardation
image [Fig. 7(b)] displays the PR values in color coding
from O (blue) to 90 deg (red). If the sample was nonbirefringent,
no PR was observed (0 deg, blue). A value of 90 deg (red) cor-
responded to a phase lag of a quarter wavelength between the
two orthogonal polarization directions due to birefringence.
Also, images of the FA orientation [Fig. 7(c)] were displayed
as color-coded from 0 deg (blue) to 180 deg (red). The dermis
layers in the human fingertip were birefringent due to the
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160
140
120
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60
40

Fig. 8 In vivo CS SSPS-OCT images of a human nail fold. (a) Reflectivity image: a, epidermis; b, dermis; c, cuticle; d, nail plate; and e, nail bed.
(b) Retardation image. (c) Image of the FA orientation. White arrows denote the birefringent layers.
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presence of collagen, whereas the sweat gland (white arrows)
was not birefringent or exhibited just a slightly increasing PR
[Fig. 7(b)] with the depth and a well-defined FA [Fig. 7(c)].
Finally, we demonstrate an in vivo measurement of a human
nail. Figure 8 shows the R image (a), PR plot (b), and FA ori-
entation (c). We can easily identify the birefringent effects
within the dermis as well as the birefringent lower half of
the nail plate (white arrows).

However, the interpretation of FA maps as that of Figs. 7(c)
and 8(c) deserves some care. Equations. (1) to (3), which we
used to derive the FA as a function of PR, are based on the
assumption that the sample consists of only one birefringent
layer for a constant FA. Therefore, the true-axis orientation
can only be determined for the first birefringent layer in the sam-
ple. In the future, a more sophisticated method, such as model-
ing specimens as stacked, multiple layered retarders with an
arbitrary FA for each layer, has to be used.?>? As the result,
cumulative effects of overlying layers were removed and differ-
ential FA orientation was measured.>*

4 Conclusion

In summary, by means of the proposed calibration process, the
all-fiber optics CS SSPS-OCT was able to characterize the R,
PR, and FA of the light reflected from within the measured sam-
ples with only a single A-scan. The less stringent requirement on
the lens alignment in this scheme is an additional advantage.
This compact and portable system harbors tremendous promise
as a technology for realizing PS-OCT instrument for clinical
endoscopy applications. Some undesirable noise interferograms
caused by cross talk between the two polarized orthogonal
modes can be removed by increasing the length of the PM
delay fibers. The dispersion mismatch between the two arms
of the interferometer, and the polarization mode dispersion
caused by the PM fiber length mismatch of the sample and refer-
ence arms can likewise be successfully resolved by means of the
proposed dispersion compensation algorithm. One can obtain an
optimal axial resolution of ~16 ym and ~5 dB improvement in
the SNR, compared to the signal with no dispersion compensa-
tion. However, additional dispersion determining and compen-
sation procedures should be included in the image processing
having a weak birefringent fiber in interferometer arms; this
also requires further adjustment of the polarization state of
the PC. This calibration step only needs to be performed
once before the actual imaging.

The verification of the PR measurements indicated that the
measured diagrams exhibited good linear responses accompa-
nied by small standard deviations and good repeatability in
every PR setting step. The measured FA orientations are in
agreement with the set values and exhibited a good linear
response with small standard deviations as well. The measure-
ment accuracies are similar to the performances of the previous
references using bulk optic structures. In a linear scanning range
smaller than 6 mm, the largest deviations of the PR and FA were
3 and 7 deg, respectively. When the probe fiber had a twisting
angle smaller than 65 deg, the largest deviation of PR and FA
were 2.1 and 5.5 deg, respectively. Both deviations were of the
same order as those in the stationary probe setup. The proposed
scheme has successfully accomplished in vivo imaging of
human fingertip and nail using all fiber optics-type SSPS-
OCT with a linear scanning probe. However, although based
on the result of the bending test shown in Fig. 6(c), the largest
deviations of the PR were only 3.5 deg, and the measured FA
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changed by ~12 to 21 deg. This indicates that the endoscopy
based applications that measure only PR should work well
with our proposed scheme. Applications requiring quantitative
FA measurement would need an additional modification of the
calibration processing, such as prescribed methods in Refs. 15
and 25. The other drawback is that the operation bandwidths of
fiber optics components restrict the effective bandwidth of the
light sources in the PS-OCT and may thus limit the axial
resolutions.
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