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In fiber-based optical coherence tomography (OCT), the in-
terference fringes suffer from the fading effect due to misalign-
ment of the light polarization states between the reference and
sample arms, resulting in sensitivity degradation and image
intensity variation. We theoretically and experimentally ana-
lyzed the relation between the misalignment and the fading
coefficient. Assuming that the variation of the light polariza-
tion in single-mode fiber (SMF) was a random process, we
statistically quantified the fading effect. Furthermore, in
OCT configuration based on the Michelson interferometer,
we reported an interesting observation that the polarization
states of light traveling a round-trip in SMF are not evenly
distributed on the Poincare sphere. Based on this observation,
we demonstrated the existence of an optimal output polariza-
tion state of the reference arm tomitigate the fading effect.We
demonstrated that in an optimal setup, the statistical average
signal-to-noise ratio could be 3.5 dB higher than a setup with-
out proper polarization management. © 2017 Optical Society
of America

OCIS codes: (170.4500) Optical coherence tomography; (060.2430)

Fibers, single-mode; (170.3880) Medical and biological imaging.
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Flexible fiber-optic-based imaging probes, including a hand-
held scanning head, medical-compatible endoscopes, and intra-
vascular catheters have significantly broadened the clinical
application scope of optical coherence tomography (OCT), en-
abling high-resolution imaging of several regions in the human
body. A typical fiber-optic probe contains a single-mode fiber
(SMF) cable of several meters’ length, to deliver the probing
light to the region of interest and return the light backscattered
from the tissue structures. SMF provides OCT probes with a
high degree of flexibility. Furthermore, circumferential or linear
scanning can be achieved with an actuator at the proximal end,
such as an optical rotary junction and pull-back translation
stage, by mechanically conveying the scanning motion
from the proximal end to the imaging spot through the probe
structure [1].

Light propagating in SMF is supported by two orthogonal
polarization modes [2]. Due to the asymmetries of fiber geom-
etry and stress, such as elliptical cross-sections, bending and
twisting, the light of two polarization modes travels at different
phase velocities, resulting in the presence of fiber birefringence.
Thus, in OCT probes, the polarization states of light at the out-
put of SMF are unpredictable and very sensitive to probemotion
[3]. The scanning and flexing of the OCT probes results in var-
iations in the polarization states of light from the sample arm [3].
When the polarization states of light from the sample are
misaligned with those of the reference arm, the interference
fringes would fade out, leading to intensity variations and
signal-to-noise ratio (SNR) degradation in OCT images [4].

Early OCT devices used Faraday rotators to compensate for
the birefringence of the round-trip SMF [5], which is impos-
sible to be integrated into a miniature probe. Polarization
diversity detection (PDD), usually using two sets of detectors,
respectively, aligned with two orthogonal polarization direc-
tions, can thereby eliminate the fringe fading effect [4].
However, the PDD scheme of current polarization sensitive
OCT (PS-OCT) increases the system complexity and cost.
Particularly for spectral-domain OCT systems, PDD needs
two pixel-aligned, synchronized spectrometers, tremendously
increasing the cost of the entire setup. Besides the PDD ap-
proach, common path probe is free of the fading problem [6],
which relies on the advance of micro-optics to integrate the
reference reflector into the probe distal end.

In this Letter, from the statistical view, we characterized the
intensity fluctuation and average SNR loss induced by the
fringe fading of the sample arm polarization randomization.
By taking advantage of an interesting observation that the out-
put polarization states of a round-trip sample arm SMF are not
uniformly distributed on the Poincare sphere [7], an optimum
polarization state of reference arm can be found for the
Michelson-type OCT configuration. From our analysis, we also
suggested that the light source with a low degree of polarization
(DOP) such as a supercontinuum source, or light source with
long fiber, should be carefully managed to achieve the optimal
SNR, which is consistent with previous observations [8]. We
demonstrated that our optimal polarization management, using
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two additional polarizers, could statistically provide a 1.5 times
increase in fringe amplitude, corresponding to 3.5 dB increase
in system sensitivity.

Figure 1(a) shows the scheme of a fiber-coupler based OCT
setup. Assuming a fully polarized light source and neglecting
the polarization mode dispersion (PMD), we have jref �
JoutJTrefJrefJinjs and jsam � JoutJTsamJtisJsamJinjs, where the
superscriptT stands for transpose operation. js, jref , and jsam
are the Jones vectors of the input light, the parts of the output
light from the reference arm and sample arm, respectively. Jin,
Jref , Jsam, and Jout are the single-trip Jones matrices of the
four-fiber tails of the coupler, labeled in Fig. 1(a). Jtis is the
round-trip Jones matrix of the tissue. According to [9],
Jtis �

R
χ�z���ei2knoz0�; �0ei2knez ��T dz, where χ�z� is the scatter-

ing profile along the depth z. In the context of a non-PS-OCT,
the tissue is assumed to be non-birefringent. Taking
no � ne � n, Jtis is degenerated to an identity matrix with a
factor F � R

χ�z�ei2knzdz. The detected complex fringe f �k�
after background subtraction can be written as

f �k� � j†ref jsam � �JoutJTrefJrefJinjs�†�JoutJTsam�F �k�I�JsamJinjs�
� j†ref jmirrorF �k�; (1)

where jmirror is the Jones vector of the light polarization state
when the sample is a single reflector. The superscript † is
the conjugate transpose. The measured depth profile can be
obtained by the inverse Fourier transform of F �k�. j†ref jmirror is
a complex number; thus, Eq. (1) can be written in the form of

f �k� � P exp�iψ�F �k�: (2)
From Eq. (2), the polarization state misalignment between

the reference and sample arms adds a fading coefficient P and

a phase ψ to the complex interference fringe. Transforming the
Jones vectors jref and jsam to their Stokes representations sref ,
and smirror, we found

P � cos�A∕2�; (3)
where A is the angle between sref and smirror on the Poincare
sphere, indicated in Fig. 1(b). It is more straightforward to
interpret the fading effect by the misalignment angle A in
the Stokes representation, shown in Figs. 1(b)–1(e) with several
specific cases: no fading [Fig. 1(c)], half-fading [Fig. 1(d)], and
full fading [Fig. 1(e)].

The reference arm is usually stationary, making sref a fixed
point on the Poincare sphere. While in a flexible probe system,
smirror is constantly changing during the scanning. For different
A-lines, the fading coefficient P is random. From the statistical
view, the statistical distribution of P determines the average
SNR loss induced by the fading effect.

A white light Michelson-type interferometer with PDD
shown in Fig. 2(a) was built to study SMF-induced polarization
randomization. Light from a supercontinuum source was
modified to be circular polarized after passing through a polar-
izer (P1) and a quarter-wave plate (QWP), and then was
divided into two beams, focused into the reference and sample
arms, respectively. Each arm contained an identical 1.5 m long
SMF cable and a back-reflector to balance the material
dispersion between the two arms. By inserting a 45° polarizer
(P2) before the reference arm fiber, the birefringence effect of
the reference arm was eliminated. To simulate a flexing probe, a
three-paddle polarization controller (PC, Thorlabs, FPC030)
was used to randomly twist and bend the sample arm SMF.
The interference fringes at two orthogonal polarization direc-
tions, Fx�k� and Fy�k�, were recorded by two carefully aligned
customized spectrometers, responding to a wavelength band of
680–900 nm. Borrowed from the PMD measurement meth-
odology of PS-OCT [10], the Jones vector jmirror�k� along
the wavelength of the round-trip sample light can be measured
as �H�Fx�k�� H�Fy�k�� �T , where H�·� is the Hilbert transfor-
mation. To mimic the output of a non-PS-OCT, we directly

Fig. 1. (a) Schematic of a fiber-coupler based OCT setup. (b) Stokes
representation of the misalignment of the reference and sample polari-
zation states on the Poincare sphere. (c)–(e) Three fading cases with
different A, where A is the angle between the polarization states of
reference sref and sample smirror (a mirror) on the Poincare sphere. Fx
and Fy were simulated fringes obtained from two spectrometers (SP X
and SP Y), Fx � Fy was a simulation of fringe if using a single spec-
trometer (Single SP). SP, spectrometer; PBS, polarizing beam splitter.

Fig. 2. (a) Setup for the measurement of the round-trip SMF polari-
zation randomization. (b) Measured fading coefficient P against
cos�A∕2�; (c) measured DOP distribution. (d) Measured DGD dis-
tribution and theoretical Rayleigh PDF. QWP, quarter-wave plate;
P1-2, polarizers; BS, beam splitter; PBS, polarizing beam splitter;
L1-6, lenses; M1-3, mirrors; SP, spectrometer; PC, polarization con-
troller; SMF, single mode fiber; DOP, degree of polarization; DGD,
differential group delay.
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added the fringes from two spectrometers, F nops�k� �
Fx�k� � Fy�k�. The fading coefficient P was measured as
the ratio between the peak amplitude of F �F nops�k�� and
the summation of peak amplitudes of F �Fx�k��, F �Fy�k��,
where F �·� is the Fourier transformation.

We recorded 200 fringes with randomly different positions of
the PC paddles. Figure 2(b) is the measured fading coefficient P
against the value of cos�A∕2�, whereA is themisalignment angle
between vectors sref and smirror on the Poincare sphere. Though
the overall measured points were regressing well to the theoreti-
cal linear relation [red line in Fig. 2(b)], it was noticed that
disagreement existed in some individual points. One reason
for this deviation may be the PMD effect of the fiber, which
means the smirror were varying at different wavelengths. Thus,
the fading coefficient P was varying along the k-space. We used
the DOP to characterize the PMD effect over the entire
spectrum. In the Stokes representation, the DOP is defined
as DOP � P

k �s1�k� � s2�k� � s3�k��∕
P

ks0�k�. From the
DOP color-encoded measurement points [Fig. 2(b)], a lower
DOP resulted in larger deviation. In Fig. 2(c), we counted
the distribution of DOP of the 200 measurements. The mea-
sured DOP was high (close to 1) in most cases. Therefore, it
is acceptable to ignore the PMD effect in the theoretical analysis
and numerical simulation. To further quantify the PMD effect
and the birefringence of the round-trip sample arm fiber, we
modeled this fiber as a pure retarder [11] and reconstructed
the Jones matrix Jsam of a particular wavelength (860 nm in this
calculation). ByDGD � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
det�d �Jsam�∕dλ�

p
(where det is the

determinant of a matrix), we measured the differential group
delay (DGD) and plotted its distribution in Fig. 2(d). The mean
DGDwasmeasured to be 9.9 fs, and the distribution was a good
fit (p value � 0.46 with χ2 test) to a Rayleigh distribution,
which is the theoretical probability density function (PDF) of
DGD [11]. The PMDmeasurement is necessary to confirm that
the birefringence of 1.5 m fiber was large enough to fully
randomize the output light polarization state. In addition, as pre-
viously reported [8], the PMD effect results in a variation of the
fading coefficient P in k-space, inducing amplitude and phase
modulations on the fringe, which degrades the axial point spread
function.

As reported in the literature [7,11,12], an interesting obser-
vation was that the output polarization states of the round-trip
light from a SMF cable were not evenly distributed on the
Poincare sphere, which can be observed in Fig. 3(a), where
the k-space-average polarization states of the 200 measured
fringes were plotted on the Poincare sphere. We can see
that the polarization states tended to concentrate to the
point � −0.54 −0.23 −0.8 �T . To further study this observa-
tion, we numerically simulated the process of monochromatic
light traveling a round-trip in a piece of SMF fiber. The fiber
was modeled using a randomly generated Jones matrix following
[13]. Based on 5000 runs of simulation, two statements were
concluded. (1) For round-trip SMF with an arbitrary input
polarization state, � s1 s2 s3 �T in Stokes representation,
the highest probability output polarization state will be
� s1 s2 −s3 �T and, in contrast, the lowest probability point
will be � −s1 −s2 s3 �T . (2) The probability of the output
polarization state would be mono-decreasing with its angle to
� s1 s2 −s3 �T on the Poincare sphere.

Based on the above observation and Eq. (3), there exists an
optimal output reference polarization state maximizing the

average SNR of the fringes. We noted the optimal reference
polarization state as sORPS (Stokes vector of optimal reference
polarization state). Based on our analysis, sORPS should be equal
to � s1 s2 −s3 �T , given that � s1 s2 s3 �T is the input state.
We took three cases to illuminate and evaluate this optimiza-
tion. For each case, the angle between sref and sORPS on the
Poincare sphere, noted as Aref , was 0°, 90°, and 180°, respec-
tively. We estimated the PDF of the fading coefficient P in each
case using the kernel density estimation method. Based on the
5000 runs of numerical simulation, without regard to the PMD
effect, using the “box” kernel, the empirical PDFs of P in each
case were plotted in Figs. 3(b)–3(d) with green lines, with the
mean and variance labeled by their sides. In the optimal case
[Fig. 3(b)], the average SNR is 3.97 dB higher than the worst
case [Fig. 3(d)].

To verify the results of the numerical simulation, we used
the previously measured 200 Stokes vectors to test the empirical
PDFs. In our setup, the sample arm input polarization state was
expected to be right circular polarized, which fell at �V point
on the Poincare sphere. Therefore, the optimum reference
output polarization state should be left circular polarized, at
−V point on the Poincare sphere. Due to an imperfection
of the optical components and optics alignment, there
obviously existed an error. The sORPS was measured to be
� −0.54 −0.23 −0.8 �T . To match the three simulation cases,
we calculated the angles between the measured Stokes vectors
and the three polarization states of � −0.54 −0.23 −0.8 �T
(Aref � 0°), � 0.58 0.58 −0.56 �T (Aref � 90°), and
� 0.54 0.23 0.8 �T (Aref � 180°). We plotted the histo-
grams together with respect to empirical PDFs, shown in
Figs. 3(b)–3(d).

However, not all light sources are fully polarized. An ex-
treme example is supercontinuum sources, which inherently
generate light by a random process, thereby producing unpo-
larized light. Other cases such as superluminescent diodes
(SLDs) produce substantially polarized light. Meanwhile, many
light source manipulations would depolarize the light, such as
the light combination of an SLD array, or simply passing the
light through a long piece of SMF.

Fully unpolarized light source can be modeled as a combi-
nation of two cross-polarized beams without statistical correla-
tion between each other [14]. We assume that jref and jmirror are
the corresponding arbitrary Jones vectors if the source is
switched to fully polarized, given that the cross-polarization
state of a Jones vector j is �anti-diagf−1; 1g� · j�, where

Fig. 3. (a) Normalized polarization states distributed on the
Poincare sphere of a piece of round-trip SMF. The input polarization
state was sinput. Most output polarization states were distributed close
to sORPS. (b)–(d) Empirical PDFs based on a numerical simulation and
corresponding measured histograms of the fading coefficient P, respec-
tively, when Aref � 0°, 90°, and 180°. Aref is the angle between the
reference output sref and sORPS.
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anti-diagf·g is an anti-diagonal matrix. Superscript* is the con-
jugate operator. Therefore, for OCT using unpolarized light,
Eq. (1) can be re-written as

f upo�k� �
j†ref jsam

2
�

��
0 −1

1 0

�
j�ref

�†�� 0 −1

1 0

�
j�sam

�

2

� j†ref jsam
2

� j†sam jref
2

� R� j†ref jmirror�F �k�; (4)

where R�·� is the real part. f upo�k� is the detected complex
fringes after background subtraction. We cannot find a concise
representation for the fading coefficient Pupo in Stokes. From
Pupo � R�j†ref jmirror�, we can see that the probability distribution
ofPupo is also affected by the jref ,meaning thatwe can change the
distribution of Pupo by changing the reference SMF. However,
there is no obvious configuration to maximize Pupo. Specifically,
no matter how we configure jref , the distribution of Pupo is
always nearly central-symmetric with a mean around 0.5.

We built up a beam splitter-based single-spectrometer OCT
system to demonstrate the proposed optimal polarization man-
agement. Shown in Fig. 4(a), the light source was a supercon-
tinuum source centered at 800 nm. A free-space beam splitter
was used for convenient management of the polarization states.
Two polarizers were inserted into the input port (P1) and the
reference port (P2). Based on our analysis, if the input polariza-
tion state sin is linearly polarized, the optimal reference
output polarization state sORPS should be equal to sin. Thus,
the optimization can be achieved by aligning the optic axes
of the two polarizers, P1 and P2, forcing sref � sin � sORPS.

We recorded 1024 fringes, while randomly changing the PC
in the sample arm. To make a comparison, we also recorded
fringes under two other configurations. One was a sub-optimal
configuration where the angle of the two polarizers were around
45°, corresponding toAref � 90°; the other used an unpolarized
source achieved by removing the two polarizers (P1 and P2). In
all of these recordings, the light intensity illuminated on the de-
tectors from the sample and reference arms was adjusted to be
identical. The measured normalized fading coefficients are
shown in the histograms in Fig. 4(b). Conforming with our pre-
diction, aligning sref to sORPS resulted in the highest average
SNR, and the optimal average amplitude was 1.5 times higher
than an unpolarized source OCTwithout any polarizationman-
agement, corresponding to a 3.5 dB sensitivity improvement.

In this Letter, we quantified the polarization randomization-
induced SNR loss in fiber-based OCT and proposed a polari-
zation management method to mitigate the SNR loss. Based on
our analysis, we suggested the development of broadband fiber
couplers integrating two inline polarizers, one at the input tail
and one at the output tail, for the construction of a robust,
high-SNR, low-cost, and flexible OCT system.
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