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In conventional polarization-sensitive optical coherence tomography (PS-OCT), phase retar-
dation is obtained by the amplitude of P and S polarization only, and the fast axis angle is
obtained by the phase di®erence in P and S polarizations via Hilbert transformation. In this
paper, we proposed a modi¯ed PS-OCT setup in which the phase retardation and fast axis angle
are simply expressed as the function of the amplitude of P and S polarization and their di®erential
signal. Due to the common-path feature between the two channels of P and S polarization, the
°uctuation in the measurement of phase retardation and fast axis angle caused by excess noise
and phase noise from the laser source can be reduced by the di®erential signal of P and S
polarization via a modi¯ed balance detector. Thus, the signal of phase retardation and fast angle
axis in the deep layer of a porcine sample can be improved.

Keywords: PS-OCT; modi¯ed balanced detector; Hilbert transformation.

1. Introduction

Linear birefringence is one of the optical properties
of an anisotropic medium, which causes di®erent
phase velocities to P and S polarized light when
propagating in the medium. The phase retardation
� between P and S polarized light and the fast axis
angle ’ are de¯ned as the linear birefringence par-
ameters of an anisotropic medium.1�3 Most bio-
logical tissues show anisotropic properties, and their
fast axis angles are more randomly distributed, thus
the birefringence is highly sensitive to their localized
fast axis angles. In order to reduce this e®ect, the
use of circularly polarized light is suggested for
sample detection. In conventional polarization-sen-
sitive optical coherence tomography (PS-OCT), � is
obtained by the ratio of the amplitudes of P and S
polarization,2,3 and then ’ is determined by the
phase di®erence between P and S polarization via
Hilbert transformation.3 Also, in conventional PS-
OCT, two quarter-wave plates (QWPs) are used in
the reference and sample arms. A QWP in the
reference arm provides equal reference power in two
orthogonal polarization states, and another QWP in
the sample arm ensures a circularly polarized light
incident to the sample. In this paper, we propose a
modi¯ed PS-OCT in which a di®erential-phase
decoder method4�7 is used while QWP is not used in
either reference or sample arms (see Fig. 1). Thus,
the polarization states in the reference and sample
arms are both circular, and the symmetry between
them is good without using additional QWP. The
dispersion e®ect caused by QWP in the use of low
coherence source is also reduced. According to our
previous studies on di®erential-phase detection,4�8

three independent amplitude signals are generated:
P and S polarizations and an additional di®erential
signal obtained by a di®erential ampli¯er (DA).

Because the two input channels (P and S polariz-
ations) into the DA are common-path in the optical
setup, the di®erential signal is detected like a
balanced detector, which is the so-called modi¯ed
balanced detector. Accordingly, the detection signal
is improved by using the modi¯ed balanced
detector.4,8�10 In this paper, the performance on
measuring � and ’ was tested by a Berek's polar-
ization compensator, and the feasibility of obtaining
the tomographic images of � and ’ was shown. In
addition, an improved performance on phase re-
tardation signal at deep layer of porcine tendon was
also demonstrated.

Fig. 1. Experimental setup. SLD, superluminescent diode;
HWP, half-wave plate; PBS, polarizing beam splitter; QWP,
quarter-wave plate; BS, beam splitter; RM, reference mirror; L,
microscope objective (NA ¼ 0.40, 20X); S, sample; D, photo
detector; DA, di®erential ampli¯er.
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2. Method

The modi¯ed PS-OCT setup is shown in Fig. 1. It
consists of a low coherence source, superluminescent
diode (BWC-SLD11, B&W) output collimated
beam (the output power is 1.1mW) with the center
wavelength �0 ¼ 830 nm and a bandwidth of
�� ¼ 25 nm. After passing through a half-wave
plate (HWP), polarizing beam splitter (PBS1) and
a quarter-wave plate (QWP), in which the fast axis
is oriented at 45� to the horizontal, a circularly
polarized light is output and equally split into a
reference and a sample beams by a nonpolarizing
beam splitter (BS). After re°ection at the sample,
the backpropagating light is in an elliptical polar-
ization state, including information on the phase
retardation between P and S polarization state and
the fast axis angle of the sample. After recombina-
tion with the reference beam at the BS, both the
sample beam components (P2 þ S2) and reference
beam components (P1 þ S1) are split by a PBS2
forward to P-polarized (P1 þ P2) and S-polarized
detection channels (S1 þ S2). In addition, the
di®erential signal between P and S channels is
obtained by a DA (Model DA1855A, LeCory) in the
same time, in which the phase di®erence between
reference and sample are re°ected on the amplitude of
the di®erential signal. In this setup, the HWP, PBS1
and QWP also play as an optical isolator module to
prevent the laser from damage. In order to axially
scan the sample, the reference mirror (RM) con-
trolled by a stepping motor (a step resolution is 0.1
�m) is translated along z-axis at a constant speed of
1mm/s, which is able to provide a stable Doppler
frequency shift at 2.4096 kHz. According to the
modi¯ed PS-OCT setup, the electric ¯eld of the
re°ection beam in reference arm would be:

ER ¼ Rm

2

� �
1=2

E0
1
i

� �
expð�i2klrÞ; ð1Þ

which is a circularly polarized light. Here Rm is the
intensity re°ectivity fromRM,E0 is the amplitude of
the electric ¯eld, k is the wave number and lr is the
optical path length between BS andRM.Meanwhile,
the re°ection beam after the sample, the electric ¯eld
at BS is:

ES ¼ JsJs
RsðdÞ
2

� �
1=2

E0
1
i

� �
expð�i2klsÞ; ð2Þ

which describes a circularly polarized light that is
backscattering upon an anisotropic medium. In the

above equation, RsðdÞ is the intensity re°ectivity
from the sample at depth d, ls is the optical path
length between BS and sample surface and Js is the
well-known Jones matrix of an anisotropic sample.11

After recombination of the reference and sample
beam with respective to Eqs. (1) and (2), the output
amplitudes of heterodyne signals in P and S channels
are:

jIP j ¼ �P0½RmRsðdÞ�1=2 exp � 2�lðln 2Þ1=2
l!

� �2� �

� ½1� sinð2�Þ sinð2’Þ�1=2; ð3Þ

jISj ¼ �P0½RmRsðdÞ�1=2 exp � 2�lðln 2Þ1=2
l!

� �2� �

� ½1þ sinð2�Þ sinð2’Þ�1=2; ð4Þ

respectively. Here, � is quantum e±ciency of photo
detectors;P0 is the initial powerwhich is proportional
to jE0j2; �l ¼ ls � lr is the path length di®erence
between sample and reference arms, and l! is the
coherence length of the low coherence source; � and’
are the phase retardation and fast axis angle to the
anisotropic medium. In addition, the output ampli-
tude of their di®erential signal from DA is:

j�Ij ¼ jIP � IS j
¼ 2�P0½RmRsðdÞ�1=2

� exp � 2�lðln 2Þ1=2
l!

� �2� �
sinð�Þ: ð5Þ

The re°ectivity of total intensity R and phase
retardation � can be extracted from Eqs. (3)�(5)

R / jIP j2 þ jISj2; ð6Þ

� ¼ sin�1 j�Ij
½2ðjIP j2 þ jIS j2Þ�1=2

� �
: ð7Þ

� is directly dependent of�I andR. Another relation
obtained from Eqs. (3) and (4) is

sinð2’Þ sinð2�Þ ¼ ðjISj2 � jIP j2Þ=ðjIP j2 þ jISj2Þ:
ð8Þ

After we combined Eqs. (7) and (8), the fast axis
angle ’ can be also determined by IP , IS and �I

’ ¼ 1

2
sin�1 jISj2 � jIP j2

j�Ij½2ðjIP j2 þ jIS j2Þ � j�Ij2�1=2
� �

:

ð9Þ
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According to Eqs. (7) and (9), the expected dynamic
range of � and ’ are 0� � � � 90� and
�45� � ’ � 45�, respectively. However, the dyna-
mical range of ’ becomes half in comparison with
conventional PS-OCT.

3. Results

Figure 2 shows the stability of the measured � within
4min, when the sampling frequency is 10Hz. The
extra � was produced by using a Berek's polarization
compensator (New Focus, Model 5540) in the sample
arm. This compensator allows a variable � at ¯xed ’
in a wide range of wavelengths. The standard devi-
ation in the measurement is 0:35�, which shows good
stability of measuring �.

Moreover, the system's performancewas tested by
Berek's polarization compensator while � and ’ can
be changed independently. The results were shown in
Fig. 3(a), in which the � of the Berek's polarization
compensator was manually varied from 0� to 180� in
step of 15� and its’was held at ¯xed value of 0�. The
dot points indicate that the measurement of � which
are in good agreement with expected curve (solid
line). The mean absolute deviation of � in Fig. 3(a) is
�2:9� to all data points. Figure 3(b) shows the
measurements of’when the’ ofBerek's polarization
compensator was manually varied from �45� to 45�
by a step of 5� whereas the �was set at 90� during the
measurement.However, themean absolute deviation
between given and measured ’ is �8:6�, which was
caused by the reasons of imperfect polarization optics
and inaccurate calibration of the compensator from
the manufacture.3 Our measurement results are
similar to the previous results by using conventional
PS-OCT.3

In order to validate the feasibility of the modi¯ed
PS-OCT, a porcine tendon was measured. Figure 4
show the tomographic images of (a) the normalized
intensity re°ectivity, (b) phase retardation � (in
degree), and (c) fast axis angle ’ (in degree). The
images of the phase retardation and fast axis angle
clearly show the structure of collagen ¯ber in por-
cine tendon from the surface to 450�m in depth.
Furthermore, in order to demonstrate the ability of
reducing phase noise in modi¯ed PS-OCT, the
conventional PS-OCT was also setup in this ex-
periment.3 It is noted that only two channels (P and
S channels) were obtained by the conventional PS-
OCT, and the � value were obtained only by the
amplitude of P and S channels. Figure 5 shows theFig. 2. The stability of phase retardation.

(a)

(b)

Fig. 3. Measurement of the change of the phase retardation
(a) and fast axis angle (b) by the Berek's polarization com-
pensator. The solid lines present the expected curves.
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change and °uctuation of � along the depth of a
porcine tendon by using conventional PS-OCT
(black solid line) and the modi¯ed PS-OCT (red
solid line), respectively. The pro¯les along the depth
of the sample clearly show less °uctuation in the
measurement of phase retardation in modi¯ed PS-
OCT than that in conventional one. The modi¯ed
PS-OCT using three polarization output channels
simultaneously to obtain � indeed shows an
improvement on measurement of � at deep layer
where a low signal level was resulted.

4. Discussion and Conclusion

A modi¯ed PS-OCT which simultaneously outputs
three channels of the P and S polarizations and their
di®erence signal was proposed. According to Eqs. (7)
and (9), the phase retardation � and fast axis angle ’
can be directly obtained by the three output ampli-
tudes of heterodyne signals. The system performance

(a) (b) (c)

Fig. 4. The tomographic image of a porcine tendon sample shown in: (a) Intensity re°ectivity; (b) Phase retardation; (c) Fast axis
angle.

Fig. 5. The phase retardation pro¯le along the optical axis in
the measurement of a porcine tendon sample. The PS-OCT
with modi¯ed balance detector (red line) and the conventional
PS-OCT (black line).

PS-OCT Using a Modi¯ed Balance Detector
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on the measurement of � and ’ was also validated by
Berek's polarization compensator and the measured
values of � and ’ in Fig. 3 are in good agreement with
expected values. However, the dynamic range of ’ in
the conventional setup is twice larger than that in the
modi¯ed PS-OCT theoretically. In the output chan-
nel of �I, the excess noise and phase noise are
reduced by using the DA, which belongs to amodi¯ed
balanced detector and in conjunction with the
common-path con¯guration of P and S channels. As
results, � and ’ which are dependent on j�Ij can be
obtained with high signal-to-noise ratio. In addition,
a good stability of � (0.35� in standard deviation
within 4min of repeated measurements) was
demonstrated in Fig. 2, while � at deep layer of
showing less °uctuation than conventional PS-OCT
was also demonstrated in Fig. 5. It is no doubt that
themodi¯ed PS-OCT can be extended into frequency
domain by using a swept source, and an improvement
on phase noise in � and ’ is anticipated as well.
Meanwhile, an identical objective in the reference
arm is suggestd,12 which is based on optical sym-
metry for reducing the wave aberration from low
coherence source.
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