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Abstract: We present a newly developed single mode fiber based swept 
source polarization sensitive optical coherence tomography system using a 
single input state at 1040 nm. Two non-polarizing fiber based beam splitters 
are combined to form a Mach-Zehnder interferometer, while two polarizing 
beam splitters are used to obtain a polarization sensitive detection. Both 
types of beam splitters solely feature conventional single mode fibers. 
Polarization control paddles are used to set and maintain the polarization 
states in the fibers of the interferometer and detection unit. By use of a 
special paddle alignment scheme we are able to eliminate any bulk optic 
wave plates and polarization maintaining fibers in the interferometer and 
detection paths while preserving the advantages of a single input state 
system that illuminates the sample with circularly polarized light. To 
demonstrate the capabilities of our system, we performed retinal 
measurements on healthy human volunteers. 
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1. Introduction 

Developed more than two decades ago OCT is nowadays widely used in medical research, 
diagnostics and many other fields [1–4]. Due to its ability to non-invasively provide high 
resolution cross-sectional data at short acquisition times, OCT is best suited for in vivo 
imaging. The combination of these characteristics with the transparency of ocular media, as 
well as its thin layer composition, paved the way to OCT’s most prominent applications in 
ophthalmology [5]. Until today, the initially developed time domain OCT technique was 
almost entirely replaced by Fourier domain (FD) techniques, mainly due to sensitivity and 
imaging speed advantages [6–8]. Nowadays two different FD-OCT techniques, spectral 
domain (SD) [9] and swept source OCT (SS-OCT) [10] are used. While the first approach 
uses a broadband light source and a spectrometer in the detection unit, the latter features a 
tunable light source in combination with a point detector. In general SS-OCT is associated 
with a higher imaging speed, currently being up to 10 times faster than SD-OCT [11]. 

Driven by its use in ophthalmology and the available light sources, the commercially 
available OCT devices mainly feature light in the 840 nm regime. In recent years other 
wavelength ranges gained more and more interest in research. Due to the water absorption 
minimum, lower scattering and therefore deeper tissue penetration the use of light centered 
around 1050 nm showed promising results especially in retinal imaging [12]. 

After its introduction OCT was not only further developed in terms of imaging speed and 
sensitivity but also functional extensions were developed. Modalities like Doppler-OCT, 
which targets information on the movement of backscattering particles [13–15], or 
polarization sensitive OCT (PS-OCT) [16–18], provide additional image contrast. The latter 
measures alterations of the polarization state of the light induced by the sample. In biological 
samples light-tissue interactions like birefringence and depolarization are responsible for 
changes of the polarization state [19]. This enables to distinguish polarization preserving, 
birefringent and depolarizing tissue by a polarization sensitive detection. 

In recent years PS-OCT showed promising results in diagnosing ocular diseases which 
involve tissue that changes the polarization state of the probing light. Especially in glaucoma 
and age related macular degeneration (AMD), PS-OCT can provide important information. 
Both of the mentioned diseases are leading causes of blindness worldwide [20,21]. 

The retinal nerve fiber layer (RNFL) is a birefringent layer of the retina [22]. During the 
progression of glaucoma, the ganglion cell axons degrade, leading to a thinning of the RNFL, 
to visual field defects, or even blindness. One measure for RNFL degradation is via its 
birefringence: The reduced RNFL thickness leads to reduced retardation between orthogonal 
polarization states, and by using PS-OCT this effect can be observed in depth resolved 
manner [23,24]. 

#210928 - $15.00 USD Received 2 May 2014; revised 24 Jun 2014; accepted 18 Jul 2014; published 28 Jul 2014
(C) 2014 OSA 1 August 2014 | Vol. 5,  No. 8 | DOI:10.1364/BOE.5.002798 | BIOMEDICAL OPTICS EXPRESS  2800



As has been shown, the retinal pigment epithelium (RPE) has depolarizing properties, 
most likely due to its melanin content [25]. This characteristic can be used to segment this 
layer using PS-OCT [26] and provide a means of quantitative evaluation of RPE lesions that 
frequently occur in AMD like drusen [27] and geographic atrophies [28]. 

Various schemes of FD PS-OCT setups were developed in the past [16,18,29,30]. Using 
bulk optics, the sample can be illuminated by a well-defined polarization state while the state 
is maintained throughout the setup. For the case of fiber based techniques polarization 
maintaining (PM) fibers can avoid unwanted polarization state transformations [31]. This 
provides a robust OCT setup with little alignment effort. However, cross coupling between 
the polarization channels at fiber connectors and splices can introduce ghost images and other 
artefacts [30,31]. These effects arise due to the refractive index difference for the orthogonal 
polarization modes traveling in the fiber. Primary image and ghost can be separated in depth 
by using long PM fibers after the leaking position. This shifts the ghost to a position where it 
does not influence the measurement. However, this increases the complexity of such a system. 
The use of normal single mode (SM) instead of PM fibers avoids these problems, however, 
implies that the polarization state of the light is not maintained. This can lead to unknown 
polarization states at the sample and along the fiber based system. PS-OCT techniques that 
probe the sample with different input polarization states, either by sequential illumination 
[29,32] or multiplexing [33,34] can circumvent the necessity of a predefined polarization state 
at the sample. Although these approaches enable the application of normal SM fibers, their 
use is traded for increased system complexity and a slower data acquisition or limited imaging 
depth. 

Using conventional SM fibers in combination with a single, predefined polarization state 
would reduce system complexity, ghosts and could decrease the fiber length without 
sacrificing acquisition speed or image depth. A hybrid PM/SM fiber based system, using a 
predefined sampling beam polarization state, has been reported [35]. Furthermore, an SM 
fiber based system providing additional polarization sensitive image contrast is available from 
Thorlabs Inc. (PSOCT-1300 Module, thorlabs.com). However, for this system no information 
on the polarization state of the sample beam is provided and it seems not to enable 
quantitative birefringence measurements. Therefore, to our knowledge, no single input state 
PS-OCT system, that provides quantitative polarization sensitive measurements, was 
published so far without any PM fibers or bulk polarizing components in the interferometer or 
detection unit. 

In this work, we introduce a fiber based PS-OCT system featuring only conventional SM 
fibers in the interferometer and the detection unit. The use of a swept source with a central 
wavelength of 1040 nm provides fast imaging and deep penetration. Illuminating the sample 
with circular polarized light is provided by polarization control paddles in the sample arm 
while further paddles are used to achieve equal reference illumination power at the detector 
inputs and to control the polarization state throughout the fiber based system. We explain the 
polarization paddle arrangement and alignment sequence, which are key elements to the 
proper functionality of the system. Furthermore, we show results of calibration measurements 
and provide imaging results obtained in the macula and the nerve head area of healthy human 
volunteers. 

2. Methods 

2.1 Polarization sensitive single mode fiber based SS-OCT setup 

Our system is based on a Mach-Zehnder interferometer. A sketch of the setup is shown in Fig. 
1. Light from a swept source (SS, Axsun Technologies, sweep rate: 100 kHz, average sweep 
speed: 18 nm/µs) with a central wavelength of 1040 nm and a sweep range of 110 nm enters 
the input of a fiber based linear polarizer (LP). Polarization control paddles (PC, FPC030, 
Thorlabs Inc.) are used to set the illumination power at the sample by manipulating the 
polarization state before the polarizer. Linear polarized light enters fiber 1 of the first SM 
fiber based non-polarizing beam splitter, BS1 (50⁄50 (R/T)), where it is split into sample and 
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reference light. The light of the sample arm travels through fiber 2 of BS1 and a circular 
polarization state at the sample is achieved by adjusting PC1. After a galvo-scanner the light 
passes a scanning telescope with a focal length ratio of 75⁄50. The position of the second 
telescope lens can be shifted along its optical axis in order to compensate refractive errors of 
the eye. After being backscattered at the sample the light travels back to BS1 (via fiber 2 of 
BS1) and BS2 (via fiber 3 of BS1 and fiber 1 of BS2 (50⁄50 (R/T))). The output fiber 3 of 
BS1 and input fiber 1 of BS2 are directly linked to each other by a fiber connector. In the 
reference arm, the light travels along the output fiber 4 of BS1 and enters a free space section. 
This section is used to account for a mismatch in optical path length and dispersion between 
sample and reference arm. In order to compensate for the double pass through the BS1 fiber 2 
in the sample arm section, an additional SM fiber is inserted into the reference arm. PC4 is 
adjusted in order to achieve equal reference power at the detector inputs (1.a, 1.b of PBS1 and 
2.a, 2.b of PBS2). Both BS2 outputs are equipped with polarization control paddles (PC2 and 
PC3) and are connected to the inputs of PBS1 and PBS2. PC2 and PC3 are used in order to 
adjust the polarization state of the light entering PBS1 and PBS2 as described in the next 
section 2.2. The PBSs split the interfered light according to their polarization axis into a 
horizontal and a vertical polarization channel. At the detectors (Thorlabs, PDB 460C) the two 
corresponding signals are combined to obtain a balanced detection. The balanced signals are 
digitized using a dual channel digitizer (AlazarTech, Inc.) with 12 bit resolution at a 
frequency of 500 MHz. 

In order to resample the signal to achieve equal spacing in k-space, an auxiliary common 
path interferometer was used to record a reference scan prior to OCT imaging. From this 
reference scan, nonlinearities of the sweep in k-space are determined, and the information is 
used to resample the OCT signals recorded thereafter. 

2.2 Polarization state alignment 

Like in our former work on PS-OCT we illuminate the sample with circular polarized light. 
This enables the measurement of backscattered intensity, retardation, and optic axis 
orientation simultaneously within a single A-scan [18]. Since SM fibers distort the 
polarization state of the light in an unpredictable way (depending on torsion, bending, etc.) the 
polarization state has to be carefully controlled by the polarization paddles. A proper 
alignment sequence for these paddles is a key to achieve correct functionality. The 
corresponding procedure to align the polarization for our novel SM fiber based SS-PS-OCT 
instrument is explained in the following. 

Linear polarized light, output by the PM fiber of the polarizer, enters the SM fiber 
interferometer. Therefore, the fibers 1 plus 2 of BS1 have to mimic a quarter-wave-plate 
(QWP) in order to obtain circular polarized light at the sample. This can be achieved by 
aligning the paddles of PC1. We checked for the circularity of the polarization state at the 
sample position by rotating a linear polarizer mounted at the sample position and monitored 
the transmitted power. The power (integrated over the spectrum) was constant to within 2% 
during rotation of the polarizer by 360°, demonstrating a well-defined circular polarization 
state at the sample. In section 3, a further calibration experiment will be presented to 
demonstrate the circular state at the sample position. In a next step, PC2 and PC3 are aligned. 
For that purpose we block the reference arm and introduce a mirror in the sample arm to 
backreflect the light into the sample arm. For the backreflected light, the combination of the 
fibers 2 of BS1, 3 of BS1, 1 of BS2, 2 of BS2 (3 of BS2) and the input fiber 1.I (2.I) of PBS 1 
(PBS2) have to work as a QWP. This means that, in absence of polarization alterations caused 
by the sample, circular polarized light reflected at the sample is converted into linear 
polarized light at the PBSs. In order to achieve this condition we adjust the paddles of PC2 
(PC3) while monitoring the outputs of PBS1 (PBS2). This is done until a minimum is found 
at one output while a power maximum is present at the respective other output. The circular 
polarized light from the sample was transformed into a linear polarized state, being parallel to 
one of the polarization axes of the PBS, by the collective action of the fibers. The power ratio 
between the two outputs of PBS 1 (and 2), defining the linearity of the polarization state, was 
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measured to be 50:1. In a final step the polarization state of the reference light is adjusted to 
provide equal reference power in all 4 detector inputs. For that purpose, we block the sample 
arm and align the paddles of PC4 to achieve equal power at both outputs of PBS1 (PBS2). 

 

Fig. 1. Schematic diagram of the single mode fiber based SS-PS-OCT setup: SS, swept source; 
FC, fiber connector; PC, polarization controller; LP, linear polarizer; BS, beam splitter; C, 
collimator; GS, galvo scanner; T, Telescope; DCG, dispersion compensation glass; M, mirror; 
RS, reference stage; PBS, polarizing beam splitter; BD, balanced detector 

The described procedure provides an SM fiber based PS-OCT system which has similar 
properties as previously reported bulk and PM-fiber based systems that also use a circular 
polarization state at the sample [18,36–38]. Accordingly, for light that has double passed the 
sample, reflectivity R, (single pass) phase retardation δ, and (relative) axis orientation θ, can 
be obtained as follows: 

 2 2
1 2( ) ~ ( ) ( )R z A z A z+  (1) 

 2

1

( )
( ) arc tan

( )

A z
z

A z
δ  

=  
 

 (2) 

 0(180 ) / 2θ ϕ ϕ= ° − Δ +  (3) 

where A1 and A2 are amplitudes as recorded by the two polarization channels, Δφ is the phase 
difference between the two channels at the same sample position, z is the depth coordinate 
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and φ0 is an axis offset. It should be mentioned that Eqs. (2) and (3) are based on the 
assumption of a constant axis orientation with depth. 

With an A-scan rate of 100 kHz and an illumination power of 2 mW we achieved a 
maximum sensitivity of 97.5 dB close to the zero delay. The roll off over 2 mm was measured 
to be 0.5 dB. The axial resolution in air was measured to be 9 µm. This setup provides various 
scan patterns and a maximum scan field of up to 40° × 40°. However, for the results presented 
in this paper we used a scan pattern of 1024 × 256 A-scans and a scan field of 25° × 25°. 

2.3 Polarization sensitive data analysis 

Polarization sensitive data evaluation was done according to concepts published in more 
detail elsewhere [18,36]. First we applied a series of standard FD-OCT post processing 
procedures (rescaling, zero padding, dispersion correction, inverse Fourier transformation and 
subtraction of the mean pattern). From the obtained amplitude and phase data we calculated 
reflectivity, retardation, optic axis orientation, Stokes vectors and degree of polarization 
uniformity (DOPU) [26]. 

For retinal imaging, additional post processing steps were performed: The polarization 
effects caused by the anterior eye segment birefringence were corrected by a software 
compensation algorithm [39]. 

RPE segmentation was performed according to DOPU values [26], which were calculated 
by Stokes vector analysis, within windows of 14 × 14 pixel (axial × lateral = 20 × 100 µm). 
Tissue showing DOPU values below a threshold of approximately 0.87 was classified as RPE. 
Both parameters, window size and threshold, were determined empirically according to the 
best visual impression. All evaluations for the different subjects were performed with the 
same window size and similar threshold values (0.85-0.90). In a next step 2D maps of retinal 
retardation and optical axis orientation were calculated [37]. In order to do so, light that has 
double passed the respective retinal layers, has to be evaluated. For this purpose we choose 
the signal backreflected from posterior retinal layers. Because of the strong reflectivity of the 
layers of the inner/outer photoreceptor segments junction (IS/OS junction) and the end tips of 
the photoreceptors (ETPR), they are well suited for this purpose. These layers are located 
directly anterior to the RPE. Using the RPE segmentation the anterior of the RPE can be 
found. Along each A-scan all retardation and axis orientation values within a band 
approximately 80 µm anterior to the RPE are averaged, thereby IS/OS junction and ETPR 
signals are considered exclusively. The respective averaged retardation and axis orientation 
values are then assigned to the corresponding transversal position. This yields 2D maps of 
retinal retardation and optical axis orientation. 

3. Results 

In order to show that the polarization alignment procedure of our fiber based PS-OCT setup is 
valid we performed measurements in a simple test sample of fixed retardance (rotatable wave 
plate). Furthermore we demonstrate the suitability of the system for in vivo retinal imaging on 
healthy human volunteers. 

3.1 Measurements on a test sample 

Based on our alignment procedure and according to theoretical considerations published 
elsewhere [18,35] retardation and axis orientation measurements should be independent of 
each other (also see Eq. (2) and (3)). As a test sample, we used a rotatable wave plate 
(retardation 67.5°), which we placed in front of a mirror into the sample arm. The retarder 
was rotated in steps of 10° for a total of 180°. At each orientation 16k A-scans were recorded. 
Retardation and axis orientation were obtained according to Eq. (2) and (3), the values were 
averaged and displayed versus the set retarder orientation. 

Figure 2 shows that the measured retardation (blue triangles) remains nearly constant 
while the retarder orientation is changed. However, a slight modulation around the expected 
value (solid blue line) can be observed. The mean retardation value of all retarder orientations 
yields a value of 69.7° with a standard deviation of 1.4°. This is in good agreement with the 
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expected retardation of 67.5°. Furthermore a linear relation between measured and set axis 
orientation values (red squares) is observed. Subtraction of the axis orientation offset and 
unwrapping yields a linear increase of the axis from 0° to 180°, as expected (green squares). 
The agreement with expected values (solid green line) is excellent. Due to the observed offset 
the measured axis orientation has to be considered a relative axis orientation. 

 

Fig. 2. Plot of measured axis orientation (scaled according to ordinate on the left) and 
retardation values (scaled according to ordinate on the right) versus set retarder orientation: 
averaged axis orientation values (red squares); unwrapped and offset subtracted axis 
orientation values (green squares); expected axis orientation values (solid green line); averaged 
retardation values (blue triangles); expected retardation values (solid blue line) 

Since our setup uses conventional SM fibers, the polarization state stability of our system 
needs to be investigated. Fiber movement can lead to polarization state changes and thereby 
corrupt the measurement. In order to minimize these disturbances, SM fibers were placed into 
foam boxes and, where necessary, fixed to stable structures. These measures should minimize 
axis orientation or retardation drifts due to temperature changes or mechanical disturbances. 
To evaluate the stability of the setup, we performed repeated measurements on the test 
sample. The baseline was determined directly after alignment of the polarization paddles 
while two further measurements were performed 6 hours and 14 days after the alignment. The 
results are shown in Table 1. A maximum deviation of measured retardation of 4.4° was 
observed after 14 days with a standard deviation of 2°. The maximum change of axis offset 
was 3° while slope and range of axis orientation remained constant. 

Tab. 1 Table of repeated measurement, baseline, 6 hours and 14 days after paddle 
alignment 

time after paddle 
alignment 

single pass 
retardation [°] axis offset [°] axis slope [-] 

mean SD 

baseline 66.9 1.6 132.1 0.99 

6 h 66.5 1.5 129.1 1.01 

14 d 70.9 2 131.6 1.00 
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3.2 Measurements in human retina 

To demonstrate the full functionality of our novel SM fiber based SS-PS-OCT system for in 
vivo retinal imaging we performed measurements in the macula and the nerve head region of 
healthy human volunteers. Three-dimensional data sets were acquired and evaluated 
according to the procedure described in section 2.3. Before the measurement full informed 
consent was obtained from all volunteers. The ethics committee of the Medical University of 
Vienna approved all measurements following the tenets of the Declaration of Helsinki. 

 

Fig. 3. PS-OCT imaging results of the macula region from a healthy human volunteer (scan 
angle 25° × 25°, scan pattern 1024 × 256 A-scans). The yellow line in (a) indicates the position 
of the corresponding B-scans in (b) to (e): (a) fundus projection image; (b) intensity B-scan on 
logarithmic gray scale; (c) retardation image (color scale 0° to 30°); (d) DOPU image (color 
scale 0 to 1); (e) overlay of segmented depolarizing structures (red) with the intensity image; 
(f) 2D en face retardation map retrieved at IS/OS and ETPR (color scale 0° to 30°); (g) 2D en 
face axis orientation map retrieved at IS/OS and ETPR (color scale −90° to + 90°) 

During measurements a movable headrest is used to align the head of the volunteer while 
a fixation target is displayed to the contralateral eye. Monitoring of the beam position is done 
with a CCD pupil camera. At an A-scan rate of 100 kHz we used an illumination power of 2 
mW at the cornea, which is within the laser safety limits for a scanning beam in this 
wavelength region [40,41]. 

Figures 3 and 4 show exemplary sets of retinal en face images and B-scans as measured 
with our instrument. The yellow line in the fundus projection image (Fig. 3(a) and Fig. 4(a)) 
indicates the position of the corresponding B-scans. 

Figure 3(a) provides an overview of the scanned region of the retina around the macula. In 
the tomographic intensity image, Fig. 3(b), the four posterior layers (external limiting 
membrane (ELM), IS/OS, ETPR and RPE) can be distinguished. While the posterior three of 
these layers show approximately similar reflectivity, additional contrast is provided in the 
cornea compensated retardation image, Fig. 3(c). In this image the RPE clearly changes the 
polarization state of the backscattered light while this is not the case for the other layers. By 
computing DOPU values the depolarizing nature of the RPE can be displayed in an even more 
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pronounced way, Fig. 3(d). The mean DOPU value in the RPE was 0.81 (range: 0.60 – 0.87) 
while the inner retinal layers showed a mean value of 0.96 (range: 0.87 – 0.99). By extracting 
pixels with a DOPU value lower than 0.87, indicating depolarizing tissue, the RPE can be 
segmented. Figure 3(e) shows the extracted low DOPU values in red, overlaid with the 
respective intensity image. 2D maps of retardation and axis orientation measured at the level 
of the photoreceptors are presented in Fig. 3(f) and 3(g). In the foveal region of (f) the 
doughnut shaped retardation pattern caused by Henle’s fiber layer can be observed [42]. 
Furthermore elevated retardation values can be seen superior and inferior of the nasal region 
on the right. These effects are caused by the nerve fiber bundles spreading from the optic 
nerve [43]. In Fig. 3(g) the radial pattern of the axis orientation can be observed which is also 
caused by the Henle fibers [42]. 

Figure 4 shows a further set of en face images and B-scans taken from another volunteer, 
showing the area around the optic disc. Similar to the first set of images, the cornea 
compensated retardation image, Fig. 4(c), provides additional image contrast and information. 
In the center of this image an increase of retardation with depth (from blue to green colors) 
can be observed in the thick part of the RNFL (topmost bright layer in the intensity image Fig. 
4(b)). The extraction of low DOPU values from Fig. 4(d) yield a satisfying image in the 
overlay with the intensity B-scan in Fig. 4(e). Occasionally slight depolarization was observed 
in the areas beneath larger blood vessels of the retina and in parts of the choroid which is also 
slightly pigmented. RPE segmentation errors caused by such effects can be handled by more 
sophisticated algorithms [44]. Furthermore the B-scans show a good penetration depth, 
enabling the visualization of the junction between choroid and sclera (see white arrows in Fig. 
4(b)). The retardation map displayed in Fig. 4(f) shows increased retardation values in the 
superior and inferior region around the optic nerve head which are caused by the thick nerve 
fiber bundles of the RNFL layer in these areas. Moreover, thin nerve fiber bundles and their 
spreading along the major blood vessels can be observed. Figure 4(g) displays the RNFL axis 
orientation en face map. The approximately radial distribution pattern of the axis orientation 
values is caused by the nerve fiber bundle distribution which radiate from the optic disc 
[43,45]. 

Retardation and DOPU B-scan images were intensity thresholded in order to exclude 
noisy areas whose polarization states are unreliable. Excluded pixels appear in grey. For all of 
the displayed 2D en face maps blood vessels and areas with low signal quality (mainly at the 
corners of the images and at the nerve head) are displayed in dark grey. The results obtained 
by polarization sensitive evaluation of data collected in the retina with our novel SM fiber 
based SS-PS-OCT setup, as shown in Fig. 3 and 4, are in good agreement with work that was 
published previously [23,24,42,46]. 
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Fig. 4. PS-OCT imaging results of the optic disc region from a healthy human volunteer (scan 
angle 25° × 25°, scan pattern 1024 × 256 A-scans). The yellow line in (a) indicates the position 
of the corresponding B-scans in (b) to (e): (a) fundus projection image; (b) intensity B-scan on 
logarithmic gray scale; (c) retardation image (color scale 0° to 40°); (d) DOPU image (color 
scale 0 to 1); (e) overlay of segmented depolarizing structures (red) with the intensity image; 
(f) 2D en face retardation map retrieved at IS/OS and ETPR (color scale 0° to 40°); (g) 2D en 
face axis orientation map retrieved at IS/OS and ETPR (color scale −90° to + 90°) 

4. Discussion and conclusion 

We developed a new SS-PS-OCT system built with conventional SM fibers in the 
interferometer and detection unit. The only remaining PM fiber in our setup is located 
between the light source and the SM fiber based interferometer. It forms the output of a fiber 
based linear polarizer, which, in combination with a polarization controller before the 
polarizer, is used as a convenient means of illumination power regulation at the sample. 
However, by using another method for power control, this PM fiber could be omitted. The use 
of conventional SM fibers in the interferometer and detection part avoids long PM fibers. 
Polarization paddles are used to set a circular polarization state for the sample illumination, to 
handle the polarization state throughout the system, and to provide equal reference power at 
the detector inputs. Aligning the polarization state with the polarization paddles needs little 
additional equipment, is reliable and can be completed in less than 30 minutes. Measurements 
in a test sample (wave plate) proved that retardation measurements and optical axis 
orientation measurements are independent of each other. This indicates that our polarization 
state alignment procedure works well. Moreover, this demonstrates the correct adjustment of 
polarization states throughout the SM fiber system and that the application of the respective 
equations to calculate retardation and axis orientation is justified. The observed results show 
low deviations from expected values which are in the same range as reported previously with 
bulk optics and PM fiber based systems [18,35]. Furthermore, repeated measurements over 
extended time periods demonstrate that our system is rather stable over time with respect to 
the set polarization states. For the measurements of axis orientation we observed an offset. 
The reason for this might be the unknown reference beam polarization state at the polarizing 
beam splitters. Deviations from a linear state oriented at 45° will introduce a phase offset, 
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associated with a corresponding axis offset. Therefore, the measured axis orientation is a 
relative value, i.e. consistent within a data set but not an absolute value with respect to the 
instrument coordinate frame. If absolute values of axis orientation are required, this axis offset 
can be accounted for by a calibration measurement. The remaining very slow retardation drift 
of the order of 1-2° per week might be further reduced by improved shielding of the SM 
fibers against environmental disturbances which also seems advisable for the use in a clinical 
setting. 

In vivo retinal measurements on healthy human volunteers nicely correlate with work that 
has been published before. Compared to PS-OCT at 840 nm improved penetration depth was 
achieved. Polarization changing tissues like the depolarizing RPE [25,45], or the birefringent 
RNFL [43,45] were identified and imaged with high quality. Using DOPU values in order to 
segment the RPE also showed satisfying results. Birefringence of Henle fibers can be 
observed in the retardation and axis orientation en face maps of the macula region [42,45]. 
The doughnut shaped retardation pattern of Henle’s fiber layer with its radial distribution of 
axis orientation values was clearly observed. In the optic nerve head area the computed en 
face maps of retardation and axis orientation show the spreading of nerve fiber bundles in 
high detail as well as the radially symmetric distribution of axis orientation values [37,43]. 
The observed 6h drift of measured retardation during the stability measurements of 0.4° (SD 
= 1.6°) is low compared to typical retardation values of up to 12° in the macula and 30° in the 
optic disc area. However, the retardation drift after 14 days of 4.0° (SD = 2.0°) suggests either 
improved shielding against environmental disturbances, a more frequent alignment check or 
numerical correction. 

Recently another fiber based single input state PS-OCT setup, partially built with SM 
fibers was reported [35]. This system is equipped with SM fibers spliced to sample and 
reference arm PM fibers of a BS. Polarization controllers along these SM fibers are adjusted 
to mimic QWPs and therefore enable to avoid any bulk optics wave plates, paving the way to 
endoscopic applications. However, a substantial part of the interferometer unit and the entire 
detection unit of that system still uses PM fibers and PM fiber components. 

To summarize, we presented, to the best of our knowledge, the first PS-OCT system that 
uses a singular circular polarization state at the sample, featuring exclusively conventional 
SM fibers in both, interferometer and detection unit. Nonetheless it shows all advantages for 
in vivo retinal imaging that a fiber based PS-OCT systems using a swept source at 1040 nm 
can provide. 
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