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Abstract: With the aim of applying complex master/slave interferometry (CMSI) to polarization-
sensitive optical coherence tomography (PS-OCT) for birefringent tomographic measurements
of biological tissue, we present the impact of temperature instability on an all-fiber-based
depth-encoded PS-OCT system and the practicality of temperature control for birefringence
measurements. In our PS-OCT system, two orthogonally polarized interrogating beams were
separated to a depth of approximately 1 mm using a 5-meter long polarization-maintaining fiber
(PMF) as a passive delay unit, which is susceptible to temperature instability. The variation in
resolution and delay due to temperature change of PMF were investigated. Furthermore, it is
shown that tomographic birefringence can be measured under temperature-controlled operation
utilizing the advantages of CMSI. We found that changes to the location of generated masks
caused by an emerging temperature drift between the channels can be corrected with our presented
characterization.

1. Introduction

Optical coherence tomography (OCT) is a non-destructive imaging technique capable of delivering
depth-resolved images of translucent tissue. Since its first report in 1991 [1], OCT has evolved
into the de facto technology in ophthalmic imaging, and more recently into other medical imaging
sub-fields [2]. Since the first polarization-sensitive OCT (PS-OCT) [3] was reported, various
types of PS-OCT have been proposed and applied in a wide range of fields. In particular,
the visualization of birefringence and collagen alignment enabled by PS-OCT [4, 5] can help
assess additional tissue contrast when compared to standard OCT. For instance, the sclera,
retinal nerve fiber layer, and corneal stroma display birefringent properties in the eye, hence
the application to ophthalmology including anterior and posterior eye imaging [6—14] has been
attempted as well as the early applications of OCT. But also apart from the eye, PS-OCT has
been applied in many biomedical fields including skin imaging [15-18], dental imaging [19,20],
anterior and posterior eye imaging [6—14], as well as the characterization of atherosclerotic
plaque inside blood vessels [21-23]. Recent applications also include the investigation of
bronchial airways [24-31], such as pre-clinical studies for retinal disorders. Besides clinical
applications, for biologists studying the reproductive capabilities of cells, this information can
offer insights into the dynamics by tracking the changes in birefringence over time [32-36]. The
functional extension to polarimetry that enables the applications listed above explores one of
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the conditions for interference: that of matching the polarization state of the light waves in the
two interferometer arms. PS-OCT detects two orthogonal polarization states from the sample
separately. This method allows to conclude about the polarization properties of the tissue, i.e.,
double pass phase retardation (DPPR) and the orientation of the optical axis. The most common
implementation of PS-OCT probes the sample with a single, circularly-polarized state [3]. This
is often realized using bulk polarization optics and free space propagation, as it is necessary
to ensure a stable polarization state over time, which is not possible when using single-mode
fibers [37]. To preserve the orientation of polarization, polarization-maintaining fibers (PMF)
can be used [38] to provide passive polarization multiplexing. However, PMF-based PS-OCT
systems present their own set of challenges, such as polarization-mode dispersion (PMD) and the
birefringence properties of the incorporated PMF. In this study, a swept source PS-OCT system
based on multiple-input state configuration was constructed as an all-fiber-optic-based system for
translation and adaptation to numerous applications, including endoscopy. The system employs
passive polarization multiplexing by encoding different polarization states at different depths
within a single A-scan [39]. In order to separate the two orthogonal depth-resolved interrogating
polarization channels, we use PMF for the passive delay unit in a similar way to that reported
by Wang et al. [40], which removes the need for spatial alignment of the system. In addition,
the complex master/slave interferometry (CMSI) procedure [41] was applied as a dispersion
compensation method to resolve the resolution degradation caused by both the unmatched fiber
length between the reference and sample arms and the PMD due to the several meter long PMF.
This approach does not require additional components to separate the channels from the PMF,
however, it assumes that environmental parameters such as temperature and mechanical stress are
stable enough to ensure consistent channel separation. In particular, the temperature-dependent
length of the PMF can affect the proper dispersion setting of CMSI and lead to OCT image
degradation. Furthermore, changes in the optical path difference (OPD) can impede detection of
object surfaces, which will impact in the estimation of the DPPR and orientation. This paper
presents the temperature dependence of the PMF used to separate the channels and its impact
on the performance of an all-fiber based PS-OCT system with CMSI applied. In particular, we
analyze the variation of the axial resolution and the depth distance difference between passively
multiplexed channels, and its impact on the dispersion behavior of the setup when varying the
temperature.

2. Method

In order to separate the two orthogonal interrogating polarization states, these are multiplexed
in two depth-resolved channels in the OCT signal. While this approach does not require any
additional components to separate the channels apart from a PMF, it assumes that the environmental
parameters (temperature, mechanical stress etc) are stable enough to ensure consistent channel
separation. The findings related to the PMF temperature-dependent performance are applied to
obtain OCT images of a plastic hair comb with birefringent features, followed by a biological
sample. The experimental setup is a fiber-based PS-OCT system that employed the method of
Wang et al. [40] and is schematically illustrated in Fig.1. Light from a swept source (Axsun,
central wavelength of 1360 nm, tuning range of ~ 100 nm) with a sweep rate of 100 kHz, was
split up into a sample and reference arm. In the sample arm, a 5 m long PMF generated two
orthogonal polarization modes for the interrogating beam separated from each other by a delay
distance determined by PMD. The distance of the delayed polarization channel corresponds to
(ny —ny) - L, where n; and n; are the effective refractive indices of orthogonal polarization
axes in the PMF for the different polarization modes, and L denotes the length of the PMF. This
delay due to the PMD and birefringence properties of the PMF enables the detection of two
polarization modes that are multiplexed into different optical path differences. The reference arm
was adjusted to have the same optical path as the sample arm by using a single mode (SM) fiber
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of the same length as the PMF. The interference signal was divided into vertically polarized (V
channel) and horizontally polarized (H channel) beams by a polarization fiber coupler, and each
was detected by balanced detector units (PDB435C-AC with 350 MHz bandwidth (800-1700
nm), Thorlabs). These signals are digitized using a high speed digitizer (Alazar ATS9360, 12-bit,
1.8 GS/s). This detection unit consists of two in-fiber polarization controllers which can be used,
in conjunction with the fiber-based polarization beam splitters, to ensure the selection of two
orthogonal polarization states from the sample arm. The calibration was performed according to
the procedure indicated in [40] using a calibration port prior to performing the measurements.
Each orthogonal polarization state was separated into non-delayed and delayed signals by the
effect of PMD, resulting in a total of four channels (PM1-V, PM2-V, PM1-H, and PM2-H) being
detected by the detection unit.

sample

BD-V

BD-H

b) PM1-H

PM1-v

Fig. 1. a) A sketch of the PS-OCT setup. Along with the setup, the polarization state of
the light is shown in four different positions, numbered accordingly. SS swept source,
S1-4 splitter 1-4, PC1-5 polarization controller 1-5, PMF polarization maintaining fiber,
SM single mode fiber, cal calibration port, FPBS fiber based polarization beam-splitter,
BD-V,H Balanced detection in vertical and horizontal channels, P-In input polarization
state, PM1,2 polarization states corresponding to fast and slow axes in PMF. b) An
example of a single A-scan obtained with the setup. The vertical and horizontal channels
are visualized in blue and red, accordingly. In both channels the two depth resolved
signals are measured, here showed in fully drawn and dashed lines according to a). ¢)
As the PMF is temperature sensitive, it has been attached to a 3D-printed spool which
is put in thermal contact to a stabilized heating plate (Thorlabs PTC1), such that the
temperature of the PMF can be kept constant irrespective of the ambient temperature.

Our system is characterized by the application of CMSI [43] to achieve SS-OCT without the
need for dispersion compensation and resampling [42]. In the CMSI, the frequency demodu-
lation operation, which corresponds to the A-scan signal, was computed by a simple matrix
calculation that relates the synthesised masks of a calibrated "master"-set of matrices with the
raw signal. This way, the A-scan representation of a depth-resolved scattering map is retrieved
that directly assigns the interference fringes, including dispersion imbalance and wavenumber
nonlinearity. Moreover, the number of data points and range of the A-scan can be changed
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arbitrarily. Consequently, this formalism allows for significant reduction in computation time if
information from a few depths only is needed, such as in the case of generating a few en-face
OCT images only [41,43-45]. This requires a "master stage" that measures the channeled
spectra from interference fringes with different OPD values beforehand. In the master stage,
replicas of the interferometric signal at arbtitrary depths called “masks” are synthesized by the
wavelength-dependent phase gradient "g(1)" and the intercept phase "h(1)" are obtained to
enable the matrix operation (i.e. “slave stage”) such as those described above. The processing is
carried out for both channels of V and H by calling out the relevant masks in the corresponding
depth ranges. Within our experiments, the master/slave operation was performed by applying
different masks to the non-delayed (PM1-V and PM1-H) and delayed (PM2-V and PM2-H)
signals, each with a different depth range depending on the PMD. To investigate the effect of
the aforementioned temperature changes, master/slave operations were processed for different
temperature settings of the PMF. The polarization-sensitive detection was achieved using fiber
based PS-OCT with CMSI as described above.

The detected four channel signals do not directly provide the birefringence and rotation in the
sample, but rather of the entire setup including fiber optics. To eliminate the effect of polarization
rotation of the optics and obtain only the internal polarization state of the sample, the detected
matrices are multiplied by the inverse of the Jones matrix from the sample surface to the detector.
The Jones matrix inside the sample can be obtained as the eigenvalues of the product of these
matrices. By this eigendecomposition, the DPPR can be correctly recovered from the argument of
the ratio of these two eigenvalues [40,46,47]. The Eigen-decomposition of the matrix calculations
was applied as shown in [40]. We retrieved the Jones matrices of a sample for every single
encodable depth, which ultimately enables the calculation of DPPR and diattenuation. The
depth-resolved sample orientation « corresponds to the azimuthal angle of elliptical polarization.
A general Jones matrix of the linear birefringence can be described as [48]

a b B cos(a) -—sin(a)\ [exp(—=il/2) 0 cos(a) sin(a) n
c d - sin(a)  cos(a) 0 exp(il/2)| \-sin(a) cos(a@)
cos(1/2) +icos(Ra)sin(1/2) —isin(1/2)sin(2a)
- —isin(1/2)sin(2a) cos(l/2) —icos(2a)sin(1/2)

with [ being the DPPR. Using this formalism, the angle of orientation can be calculated as

1
a= EArg[Im(da* +bc™) + Im(ab* + dc™)] 2)

The detector units were calibrated following the procedure described in [40]. Both detectors
have two channels to enable equal balanced detection. After the procedure, the sample DPPR
can be determined correctly, because the fiber optics from S2 to FPBS1 (also from S3 to FPBS2)
becomes a pure wave retarder with horizontal optic axis. This calibration was done by injecting
linearly polarized light from the SS laser into the calibration port of Fig.1 and adjusting PC4 and
PCS5 until the signal intensity received at BD-V is at its maximum and simultaneously at BD-H is
at its minimum. The best contrast is achieved when there is the same signal in both channels,
which corresponds to coupling at 45 degrees with respect to the primary axes of the PMF. Any
mechanical movement of the optical fiber, and changes in the ambient conditions will influence
the polarization state, therefore it is worth calibrating at every start up.

We retrieved OCT images with DPPR distribution of a sample by detecting the sample surface.
Under the assumption that the surface reflection yields a higher signal than the sample at different
axial positions, setting a threshold can be applied to automatically acquire the surface values.
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From the viewpoint of continuous birefringent observation of a sample for long periods of time,
the surface positioning errors and degradation in CMSI operation due to fluctuations in PMF
length or PMD delays caused by temperature changes can be a major problem.

3. Results

In preliminary experiments, we have identified that the major fluctuations are due to the
temperature dependence of the PMF parameters. The PMF used in our system is of the Panda
type, which means the birefringence is stress induced. Along the direction of the fiber there
are two rods embedded in the cladding with a higher thermal expansion coefficient than the
surrounding glass. When the ambient temperature increases the induced tension reduces, thus
making the PMF less birefringent while increasing its effective length due to heat expansion.
This fluctuation may affect not only the fiber length but also the delay due to PMD. Therefore, we
experimentally investigated the effect of temperature change on the fiber-based PS-OCT system
by controlling the temperature of the PMF with a thermostat as shown in Fig.1 c). The effect
of ambient temperature changes in the PMF to the PS-OCT setup is presented in the following
section. In our experiments, we ensured that both channels lay within the axial range allowed by
the k-clock of the light source. This way, we could ensure that the variations are solely due to
changes of the PMF temperature. We found the setup to be invariant to changes with respect to
time.

In a next step, the axial resolution of both channels were measured - the undelayed channel
(channel 1) and delayed channel (channel 2) - at temperatures ranging from 12.5 °C to 42.5 °C.
The normalized intensity was plotted logarithmically for both cases. The results can be seen in
Fig.2.

Channel 1 Channel 2

Temperature

o
N

0.01

0.001

1E-4 ,\
| ,

1 L
-0.02 0.00 0.02 -0.02 0.00 0.02
Z-axis / mm Z-axis / mm

Normalized Intensity

Fig. 2. Logarithmic representation of the axial resolution in both channels to illustrate
the variation of axial resolution with ambient temperatures of solely the PMF.

From these graphs, we can deduce the overall picture that the pedestals of the peaks are rising
with increasing temperature. Furthermore, the effect varies from channel 1 to channel 2. To
further analyze this behavior, the FWHM of each peak was evaluated and plotted as a function of
temperature. The result can be seen in Fig.3.
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Fig. 3. Evaluated FWHM as a function of temperature for the delayed and undelayed
channel.

An increased amount of unbalanced dispersion to the setup with increasing temperature leads
to a broadening of about 0.2 pm in the FWHM of both channels when varying the temperature
by 30 °C. Using CMSI, the dispersion of the system was measured for varying temperatures. We
found that the PMD is decreasing at higher temperatures, illustrated by the red curve in Fig.4.
While varying the temperature, we encountered an additional implication. When the PMF is
heated up, its effective length increases. This dependence changes the "g" and "h" functions of the
system such that the peaks, to which the formalism initially was applied to, will not only deviate
from their initial shape, but also from their axial position. Consequently, not only changes in the
group velocity dispersion of the fiber occur, but also drifts in the OPD as well as the separation
between the 2 channels need to be considered with temperature variation. In the resulting A-scan
image, this will appear as a drift of one of the multiplexed images. The magnitude of the drift
and the corresponding peak position of both channels were investigated and are plotted with
respect to temperature change in Fig.4.

4.0 T T T T T T T T
9—o—o__
35} [*) °~o\g\
o °\o\° 41.040

3.0F AN o
£ — o
€ 25} \°*°‘°\o\ o E
~ Q. [ 2Ny
] Q 41.035 -
8 20r \\ o \0 >
© 9 \ \ o
% 15F AN ® ° a
g - o o o)

1.0 F—@— Peak position channel 1 \0 \o 41.030

—— Peak position channel 2 AN
0.5 F—9— Delay \ NG
‘3\0—9/“/ K
0.0 . A A A " .

10 15 20 25 30 35 40 45
Temperature / °C

Fig. 4. Axial drift with respect to temperature. The delay between the channels is
plotted on the right y-axis.

As shown in Fig.4, the variation in the peak positions leads to a drift of more than 2 mm by a
temperature change of 30 °C. This drift is relatively large and can cause the A-scan signals of each
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corresponding channel to deviate significantly from the accurate "g" and "h" coverage obtained
in the master stage in the CMSI algorithm, leading to a highly distorted or not appropriate OCT
image. The delay between the channels varies with temperature. Due to the PMD, the ratio
of drift to temperature change also varies nonlinearly. In practice, precise knowledge of the
OPD, the variation in delay dispersion with temperature change in PMF and accurate temperature
control are required when using a fiber based PS-OCT system over a long period of time.

To see the impact of temperature variation in an OCT image with depth-resolved DPPR and

orientation distributions, a plastic hair comb with birefringence characteristics was investigated
as shown in Fig.5.
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Fig. 5. Retardation and orientation distributions of a plastic hair comb. (a) photograph
of the sample and measurement area (dotted line), (b) and (c) 3D distributions of the
DPPR and orientation of the plastic hair comb at a PMF temperature of 20 °C. (d) and (e)
same distributions at a PMF temperature of 25 °C. (f), (g), (h) and (i) non-delayed OCT
image (channel 1) obtained by [PM1-H|? + [PM1-V|3, delayed OCT-image (channel
2) obtained by [PM2-H|? + [PM1-V|2, DPPR distribution and orientation distribution,

respectively at a PMF temperature of 20 °C, (j), (k), () and (m) same tomographic
distributions at a temperature of 25 °C.

B-scans were performed while locking the temperature of the PMF at 20°C and 25°C,
respectively. This margin corresponds to possible fluctuations in ambient room temperature.
The measurements were performed in the region marked in Fig.5 (a), the area where the comb
teeth begin to elongate due to the extrusion of the polymer in the manufacturing process. Fig.5
(b), (c) and (f)-(i) show the OCT images and birefringence analysis results at 20 °C. For an
accurate comparison, the identical series of measurements are provided for a temperature of
25 °Cin Fig.5 (d), (e) and (j)-(m). The results were obtained by detecting changes due to drift
and correcting the surface position to calculate the polarization. The observed signal drifted
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for variations in temperature and was within the range predicted in Fig.4. The observed drift
was not large enough to cause major degradation in CMSI applications. However, even small
changes may have a significant impact on the calculation of birefringence in our PS-OCT and
can lead to different results. This is because the detection of the sample surface is essential
for determining polarization DPPR and orientation [40]. If the shift is not taken into account,
appropriate polarization distribution would not be obtained by fallacies in the surface detection.
Therefore, the detection of the surface position needed to be corrected with regards to temperature
changes. The phase distributions of the OCT signals were obtained by applying the k-clock
provided by the SS and the CMSI method. The DPPR distributions are displayed in Fig.5 (b), (d),
(h) and (1), indicating experimentally that this system can measure retardation and orientation
distribution properly with accurate PMF temperature control and compensation of the drift.

The orientation can be seen in Fig.5 (c), (e), (i) and (m). Here, it was observed that the
entire slopes and values varied more significantly with temperature variation than the DPPR
distributions, as indicated in Fig. 6.
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Fig. 6. Average distribution slopes along the depth direction of the DPPR at 20°C and
25°C and (b) averaging orientation slopes at 20°C and 25°C.

One possible explanation for this difference could be that the DPPR of the polarization
multiplexing method removes the effect of birefringence in the optical fiber from the sample
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surface to the detectors, whereas the orientation was calculated directly as a cumulative azimuthal
angle of elliptical polarization from the observed Jones matrix, which is considered to be more
sensitive to changes in the surroundings of the fiber system caused by temperature variation. In a
next step, the impact of ambient temperature fluctuations of the PMF were investigated when
imaging a biological sample. In this experiment, raw chicken sternum cartilage containing water
and collagen was used as a sample. Fig.7 displays three-dimensional tomographic retardation
and orientation distributions of cartilage. For the DPPR distribution, the overall trend appeared
to be similar, although small local errors could be observed in the measurement.

500 500 500

400 400 400

| § 300 & 300 & 300
1 O (¢} o
7] 172 1]

§< 200 < 200 < 200

Fig. 7. Volumetric retardation and orientation distributions of chicken sternum cartilage
distributions of chicken sternum cartilage, (a) DPPR (left) and orientation (right) with
the PMF set at 20 °C, (b) same distributions set at 25 °C. The size of the volume
was 0.52 mm(W) x 0.52 mm(D) x 1.1 mm(H), corresponding to the resolution of
200(W)x200(D)x500(H) voxel. In the data displayed, an OCT signal strength of -35
dB or less with respect to the maximum intensity was omitted from the calculations.

Differences originating from the variations in temperature changes and systematic errors due
to repeated measurements of wet and soft biological samples over a long period of time need to
be carefully distinguished at this point. In addition to comparing overall trends, cross-sectional
images of B-scans and C-scans are shown in Fig.8.
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Fig. 8. B-scan images at the 100th pixel position of the volumetric C-scan distributions
from Fig.7. (a), (e) non-delayed OCT image; (b), (f) delayed OCT image; (c), (g) DPPR
and (d), (h) orientation of the biological sample. The measurements were performed at
a PMF temperature of 25 °C and 20 °C, respectively.

In the presented B- and C-scans, the DPPR distribution appeared to have a tendency to increase
the phase delay along the depth direction at both temperatures. To guarantee stable temperature
operation, the measurements were taken about 10 minutes apart from each other. This, however,
can lead to slight misalignments of the biological sample containing moisture. Furthermore, the
shift of the lens focus position was caused by the drift of the OPD. As a consequence, the precise
detection of the surface position for the DPPR calculation can be compromised. When taking
these uncertainties into account, there is little difference in the DPPR distribution. The results
were reproducible among multiple sets of consecutive measurements. On the other hand, it could
be confirmed that the gradient of orientation was reversed by temperature change, as indicated
in Fig.8 (d), (h). This shows a definite difference when compared to the variation in DPPR.
The fluctuation in orientation values need to be considered in the same manner as elaborated in
the results of the plastic hair comb measurements in Fig.5. Therefore, the external factors and
systematic errors altering the polarization state, such as fiber temperature and physical distortions,
need to be carefully taken into account before visualizing the orientation.

4. Conclusion

We report on the first characterization of temperature effects in a PS-OCT system that uses a
PMF as a passive delay unit. The resulting degradation of imaging performance in all-fiber based
PS-OCT setups is demonstrated. Variations in the temperature lead to a change in effective fiber
length of the PMF which causes a drift in the system and changes the OPD. In addition to that, it
was demonstrated that the polarization mode dispersion decreases with increasing temperature,
which leads to a broadening in the detection of both delayed and undelayed channel accuracy.
Using a temperature controller, as well as the k-clock provided by the light source, we successfully
stabilised variations arising from changes in temperature and characterized them. The reported
behavior seems to be stable with regards to changes over time. For imaging the retardation
and orientation, we first investigated a plastic hair comb displaying birefringent features while
varying the PMF temperature. Apart from the described shift, no significant changes could be
identified in neither the DPPR, nor the orientation of the sample. Next, a biological sample
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was investigated in the same manner as the plastic hair comb. While no changes in the DPPR
could be identified, the orientation did vary with temperature change. We believe the cause of
the latter could be due to temporal changes in the sample under investigation, however further
measurements are required to fully confirm this cause. We hope that these findings can be highly
beneficial for future depth-encoded, fiber-based PS-OCT setups as this approach represents a
simpler, more compact and robust solution than bulk components, making it feasible for potential
clinical imaging applications.
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