Optics Communications 284 (2011) 3497-3503

journal homepage: www.elsevier.com/locate/optcom

Contents lists available at ScienceDirect

Optics Communications

OpTICS
COMMUNICATIONS

White light interferometric detection of unpolarized light for complete Stokesmetric

optical coherence tomography

Xue Liu **, Shih C. Tseng ?, Renu Tripathi *¢, Alexander Heifetz ¢,

Subramanian Krishnamurthy ¢, M.S. Shahriar *°

2 Department of Electrical Engineering and Computer Science, Northwestern University, Evanston, IL 60208, United States
b Department of Physics and Astronomy, Northwestern University, Evanston, IL 60208, United States

€ CREOSA, Department of Physics & Pre-Engineering, Delaware State University, Dover, DE 19901, United States

4 Nuclear Engineering Division, Argonne National Laboratory, Argonne, IL 60439, United States

ARTICLE INFO ABSTRACT

Article history:

Received 29 June 2010
Accepted 18 March 2011
Available online 6 April 2011

Keywords:

Optical coherence tomography
Polarization sensitive

Mueller matrix
Interferometric detection

investigated.

Optical coherence tomography (OCT) relies on interference between a polarized reference and the target
reflection. Thus, it has generally been impossible to detect any unpolarized part in the signal. Here, we
demonstrate a scheme that overcomes this limitation. Using a combination of heterodyning and filtering, we
realize a polarization-sensitive OCT system capable of measuring the full Stokes vector, including the
depolarized part. Based on such a system, we perform full Stokesmetric imaging of different layers in a porcine
tendon sample. The complete 4x4 backscattering Muellermetric images of one layer are acquired and

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Optical coherence tomography (OCT) is a relatively new technol-
ogy for non-invasive biological imaging and non-destructive eva-
luation of materials [1-4]. The OCT techniques are based on low
coherence interferometry (LCI) depth-scanning of the sample in the
time domain [5]. The coherence length of the broadband light source
determines the axial resolution of the OCT system. Currently, the OCT
systems are able to discriminate the reflectivity of different depths
within a sample typically at a micron-scale resolution [6-9].

Many biological tissues, such as tendon, bone, and tooth, exhibit
birefringence because of their linear or fibrous structure, which alters
the polarization state of light propagating in them [10,11]. For the
purpose of acquiring the polarimetric signatures of biological tissues,
several polarization-sensitive OCT (PSOCT) systems have been devel-
oped in recent years [ 12-17]. For example, de Boer et al. used the PSOCT
system to generate images of thermally damaged tissue [12,13].
Hitzenberger et al. used the PSOCT to detect the phase retardation and
fast axis orientation in chicken myocardium [14]. Everett et al. applied
the PSOCT to the measurement of the birefringence of porcine myocar-
dium [15]. Gang Yao et al. reported a PSOCT system aiming to yield the
full set of Mueller matrix images of biological tissues and turbid media
[16,17]. However, the PSOCT systems described in the refs. 16,17 are not
capable of capturing the unpolarized part of the light reflected from the
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sample. Because of the coherent-detection scheme in their OCT system,
an incorrect Degree of Polarization (DOP) of unity for the reflected light
is measured for the solid sample. In order to calculate the DOP of light
backscattered by liquid media, the authors assume that the total amount
of light returned by the sample remains the same as the depth is varied.
Although this assumption is not explicitly stated in the paper, it is the
only plausible explanation for the results presented. The DOP of different
layers, normalized to the DOP of the surface layer, is not the true DOP,
since there is no evidence that the total amount of light reflected remains
unchanged at various depths. Furthermore, even if this were the case for
this particular sample, it does not represent a technique of general
validity nor utility. What is needed is an ability to measure DOP without
resorting to a depth scan and without having to make assumptions about
the constancy of the total return signal from various depths.

To illustrate this inadequacy, consider the Poincare sphere shown
in Fig. 1. The Poincare vector P is defined as P = Qg + Uit + V¥,
where @, @i and ¥ are the unit vectors of the three axes in the Poincare
space. Q denotes the intensity difference between vertical and
horizontal linear polarizations; U stands for the intensity difference
between linear polarizations at +45° and —45°, and V represents the
intensity difference between left and right circular polarizations. In
the Poincare space, we can define another vector, called the Poincare-
Stokes vector, denoted as §p. This vector is parallel to 13, but has a
length equal to the total intensity, I. The difference in the length
between |§p‘ and ‘13 ‘ characterizes the degree of depolarization. In the
experiments of ref.'s 12-17, the system can only measure the magni-
tude and direction of P. A system capable of performing complete
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Fig. 1. Poincare-Stokes vector (§p) and Poincare vector (ﬁ) representations in the
Poincare space.

polarimetric imaging must be able to measure |§p‘ in addition to P.
Explicitly, in some cases the reflected light from the sample is partially
polarized. The information carried by the unpolarized light, represented
by the gap between the surfaces of the Poincare sphere and the intensity
sphere of radius ‘§p , is missed by the PSOCT's. This incapability results in
incomplete information in the measurement of the Mueller matrix in ref.'s
16 and 17.

In this paper, we demonstrate theoretically and experimentally
the first PSOCT system capable of capturing the full Stokesmetric
information of the sample reflection with the interferometry of
unpolarized light using a combination of heterodyning and filtering
techniques. We also apply such a PSOCT system to perform Stokes-
metric imaging of different layers in a pork tendon sample. The full
4x 4 Muellermetric images of one particular layer in the sample are
investigated with the PSOCT system.

2. Configuration of the PSOCT system

Fig. 2 depicts the configuration of the heterodyned polarization-
sensitive OCT system. A collimated beam from a broadband super-
luminescent diode (SLD) at a central wavelength of 845 nm is used as
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Table 1

Intensities for different polarization states.
I, = %(ZGby)2+(2ac)2
I = %(Zabx)er(Zac)z
=5 ((V2abe)" + (vaac)” + (Vaab,)” + (vV2ac)") + (Vaaby) (vaab,) cosiy
o= 5 ((V2abe)" + (vaae)” + (Vaaby)" + (v2ac)") = (V2ab) (V2ab, ) cos,
= 5 ((Vaab)” + (Vaac)” + (Vaaby)” + (vaac)”) + (Vaaby) (v2ab, ) siny
I = %((\/iabx)z + (Vaae)” + (vaan,)* + (\/iac)2>—(\/§abx)(\f2aby) sin,

the light source. The linear polarizer (LP) selects a purely linear input
state of the beam before being launched into the acousto-optic
modulator (AOM). The unshifted beam at central frequency w, and the
first order diffraction at central frequency ®, are coupled into the two
arms of a modified Michelson interferometer as the incident sample
beam and the reference beam, respectively. A half-wave plate (HWP),
followed by a quarter-wave plate (QWP) is placed on each arm of the
Michelson interferometer to control the polarization state of the light.
The probe beam is focused by a lens onto the sample mounted on a
two-dimensional motorized translation stage, which can be driven for
vertical and horizontal scans by computer programs. The back-
scattered light from the sample recombines with the reference beam
at a non-polarizing beam splitter (BS1). Only when the optical path
difference between the two arms is within the coherence length of the
SLD source do the two beams produce a beat note at the central
frequency w=w,—, [18]. Thus, by moving M2 axially on the
translation stage, one can select backscattered light from different
depth layers of the sample to heterodyne with the reference beam. A
photodetector is placed after BS1. The detected signal is sent into a
high pass filter (HPF) followed by a mixer and a low pass filter (LPF).

3. Theory

In this section we present a mathematical description of the
heterodyned PSOCT system measurement of the Stokes vector of
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Fig. 2. Schematic diagram of the heterodyned PSOCT system. SLD: superluminescent diode; LP: linear polarizer; AOM: acousto-optic modulator; HWP: half wave plate; QWP: quarter
wave plate; BS: beam splitter; M: mirror; DET: detector; HPF: high-pass filter; LPF: low-pass filter.
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Fig. 3. Generating light of different degrees of depolarization. PBS: Polarization Beam
Splitter; BS: Beam Splitter M: Mirror, PZT: Piezo Transducer.

depolarized reflection from the sample. The electric field of the
reference beam, which for generality we describe as elliptically
polarized, is represented by

E, = (a% + a, exp (i5,)7 ) exp (io,)B(0) (1)

where a, and a, are the amplitudes of the electric fields in the x- and
y-directions, respectively. 6, denotes the phase difference between
the two components. @, is up-shifted 40 MHz by the AOM from
the central frequency of the SLD in the current experimental setup.
B(t) represents the short coherence time of the laser source. For
a broadband source such as the SLD, this can be expressed as 3(t) =
exp(i¢(t)) and has the following property [19]:

(BOP(t—=T)) = exp(—YIT]) 2)

Here, the angular bracket denotes time averaging and y~!

represents the coherence time of the source. For a pulsed source, (3(t)
represents the pulse envelope, leading to a characteristic correlation
time of the order of the pulse width.

The back-scattered light from the sample, with an unknown
polarization state, is expressed by the superposition of two separate
components as follows,

-

Eq(t) = [(bk + by exp(is,)9) + (cexp(ive (') + cexp(ivg (£))7)] (3)
x exp(ioyt') exp(iy (1)) B(t')

where t'=t—T7y with 74 being the time difference between the
sample and reference arms. The first part of this expression denotes
the polarized light, with b, and by, representing the amplitudes of the
electric field in the x- and y- directions, respectively and 6, denoting
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the phase difference between the two components. The second part
denotes the depolarized component of backscattered object light, for
which the mean amplitudes of electric field in the x- and y-directions
are equal, denoted as c. 6(t") and &, (t') represent the randomly
changing phases of the two components, which have a property
similar to that of 3(t). Specifically,

<exp<i8¢(t)> exp(—i8¢(t—7))> = exp(—'yph'\) [p=cxorcy] (4)

so that vy, represents the bandwidth of depolarization. ¢;(t) denotes
the relative phase fluctuation of the object beam with respect to
the reference beam, due to the environment of the experiment, for
example. Here, we have ignored the reflected light at frequency w,
since the heterodyning process readily eliminates it.

According to Eq. (3), the maximum heterodyned signal for a
specific layer occurs when the light reflected by the layer traverses
the same optical path length as the light in the reference arm, i.e.,
74=0. In such a case, the total intensity of the signal seen by the
detector, denoted as I’, can be written as

E, + E,

> =a+ b+ aﬁ + bf, + 2¢% + (2a,b, cos(ot—oy(t)))

2a,b, cos(wt—@y(t) + Sa—Sb)> + (2a,c cos(t—064,(t)—@y(t)))

+

< (5)
+ <2ayc cos(mt + ﬁa—SLy(t)—(pb(t))> + (2b,€ COS(—b, (1))
+

2b,c cos (sb —ﬁcy(t))>

where o=, — wy is the central frequency of the heterodyned signal.
The angular brackets imply time-averaging over the detection process.
Since @y (t), () and 8¢y (t) are randomly varying phases, the last two
termsin Eq. (5) averages to 0 provided the detection bandwidth is much
smaller than the depolarization bandwidth -y,

To measure the Stokes vector of the reflected object beam, we
process the detected signal through the following filtering steps. First,
we use the HPF to extract the beat note at frequency w by filtering out
the DC signal and noise. We assume that the low frequency cutoff for
the HPF occurs at a frequency much larger than the bandwidth of any
low-frequency system noise. The signal after the HPF becomes

I' = 2a,b, cos (0t—@y(t)) + 2a,c cos(wt—d(t))
+ 2a,b, cos(wt—@,(t) + 5,—5y) + 2a,c cos (wt + SQfSCy(t))
(6)

The signal is then squared by a mixer, which results in new DC
components as well as sinusoidal signals at frequency 2w The DC part
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Fig. 4. Theoretical and experimentally measured Stokes parameters for lights of different degrees of depolarization using the heterodyned PSOCT system. 4 stands for the theoretical

value, & stands for the measured value.
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Table 2
The DOP and proportion of polarization components of Stokes vector for different
layers.

DOP (%) 1Q%/P (%) U/ (%) VI (%)
Layer [ 68.73 8.12 5.47 33.15
Layer Il 55.10 13.77 7.60 8.98
Layer III 35.57 2.80 2.09 7.76

of the signal is extracted by the LPF with a bandwidth lower than the
depolarization bandwidth <y,. The final output from the LPF is

1
2
+ (2axbx)(2ayby) C0S(5,—5p)

7 1 1 2 1 2
I'= 52ab)" + j(2ayby) + 5 (20,07 + j(Zayc) @)

Eq. (7) shows that the output signal depends on the polarization
states of both the sample reflection and the reference beam. Here a,,
a, and &, are controllable parameters for the reference arm. The four
unknown quantities, by, by, c and &, fully determine the Stokes vector
of the reflected beam through the following expression [20].

S, = [b2 + b? + 2¢% b2—b?,2b,b, cos &y, 2b,b, sind,| @)

In principle, by, by, ¢ and 6, can be determined by analyzing the OCT
signal generated by the sample reflection and the reference beam of
four arbitrary linearly independent polarizations.

To illustrate this process systematically, we define first a convenient
set of input polarization states. These are vertical, horizontal, linear45°,
linear —45°, right circular and left circular, denoted as V, H, P, M, R and L,
respectively. The intensities of the output signal for different reference
beams calculated from Eq. (7) are summarized in Table 1. Here, we have

defined a = /I, for notational brevity where I, denotes the intensity of
the reference beam.

Based on the results in Table 1, the four parameters that deter-
mines the Stokes vector in Eq. (8) are calculated as follows,

1

b= |Uh=h) + /=) + (p=1)* + (=] 9a)
1
by = |~ (h=1) + Gk + Gk + kP OD)
1
e = [2t==10) =G + G—h* + BB o)
! _ !
5, = tan”’ (I,R I}) (9.d)
IL,—I,
The Stokes vector can be simply expressed as
Sy = [y + Ly Iy =1y lp—Iy, Ie—1;)" (10)

However, due to the linear dependence (Note that Iy; + I, = I, +Ij, =
Ix+1;.), Eq. (10) can also be expressed by four linearly independent
elements from the reference set, e.g.,

Sy = [y + Ly Ty=1y. 2l =Ty =1y 2l — Ty —1,] " (11

Thus, by using four of the six inputs (e.g., H, V, P and R), we can
determine §,.

The polarization dependent scattering property of the sample can
be characterized fully by determining all element of the Mueller
matrix, M, which relates the Stokes vector of the object beam (S,) to
the Stokes vector of the scattered light (§,):§, = M§o. In order to
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Fig. 5. Stokesmetric imaging of different layers within the porcine muscle sample.
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Fig. 6. Backscattering Mueller matrix images of the porcine tendon sample.

determine the elements of M, it is necessary to vary the polarization
of the object beam through four different orthogonal states. This can
be accomplished by rotating HWP2 and QWP2 in Fig. 2. A detailed
analysis shows that the full Mueller matrix is given by

T + Thy + T + Tl + Ty =Ton =T lpn + Ty —Ian—IwvTkn + Ty =T =Ty
_ T =Ty + =Tl =Ty =T+ Iloy —=Ioy =Ty + Tuv Ik =Ty —Tin + v (12)
Tup =T + Top—Tolie—Tina —Top + Tonalop—Tona —Tiap =+ Tnalop — o —Tip + T

=T + Br—Taliw =T —Tr + Talpr—To —Tur + Ialke—Tee—Tig + I

where the first/second letter of the subscript denotes the polariza-
tion state of the incident object/reference beam, respectively.

4. Results
4.1. Verification of the PSOCT system with single point light source

To test the heterodyned PSOCT system, we generate partially
polarized light using the configuration shown in Fig. 3, and use it as

a controlled form of sample reflection. The linear vertically polarized
input light, after being rotated by a HWP, is split by a polarization beam

splitter (PBS) into horizontally and vertically polarized components. The
relative phase difference between these two paths is randomly changed
between —m and 1 by a mirror mounted on a Piezo transducer (PZT),
which is driven by a noise signal produced by a computer using a random
number generator. The two polarization components are recombined ata
regular BS. When the amplitudes of the two components are equal, fully
unpolarized light is achieved. We can also change the ratio between the
vertical and horizontal components by rotating the HWP, thus getting
partially polarized light of different degrees of depolarization. Fig. 4
shows the theoretical and measured Stokes parameters for unpolarized
(DOP=0) and two cases of partially polarized light (DOP = 50% for the
first case and DOP = 66.7% for the second). The average deviation of the
measured Stokes parameters using the heterodyned PSOCT system is
2.59% from the theoretical values, which may be attributable to the
imprecision in orientating the optical components and the inherent
intensity noise in the detection process.

4.2. Stokesmetric imaging of biological sample

We applied the PSOCT system to perform Stokesmetric imaging of
layers at varying depths in a porcine tendon sample. The imaged area
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Fig. 7. 3-D structure images of each Mueller matrix element of the tendon sample.

(2.4 mmx 2.0 mm) of the sample is chosen to consist of both muscle
and fat. The incident object beam is set to be left-circularly polarized.
The beam has a diameter of 40 um after being focused by the lens.
Two-dimensional image scanning is performed to three layers of
different depths in the sample: (I) the surface (II) the sub-surface
layer 30 um under a surface and (III) the sub-surface layer 50 pm
under a surface. The Stokes vector of backscattered light collected at
each scanning step, treated as a pixel, is analyzed according to Eq. (1)
and plotted in Fig. 2. For Q, U and V, green and red colors stand for
positive and negative values, respectively. The fifth column shows the
unpolarized part of the light.

In Table 2, we present an analysis of this data for signals integrated
over the whole image. Note that these numbers very nearly satisfy the
QP + U + v

12
Table 2, the DOP decreases as the depth of penetration in the sample
increases. The table also shows that each layer couples the original
polarization, which is purely circular, into linear polarizations to
different extents. More importantly, as can be seen from Fig. 5, the
signs of the images for the Q and U elements, representing the direc-
tions of the linear polarizations, differ from one another for the three
layers. As shown in ref. [21] and ref. [22], the change of the polari-
zation of light in a medium has a dependence on the geometrical and
optical properties of the particles. The differences of signs and values

1/2
relation that DOP = > . As can be seen from

of the reflected Q and U images of the three layers may imply different
compositions of particles.

4.3. Backscattering Muellermetric imaging of biological sample

We use the PSOCT to obtain the Muellermetric images of Layer III
of the porcine tendon sample. In keeping with Eq. (12), thirty-six
heterodyned images for different polarization combinations of the
incident object beam and the reference beam are recorded. The
sixteen images corresponding to the 4x4 backscattered Mueller
matrix are computed by linear combinations of the raw images
according to Eq. (12). These are shown below in Fig. 6 where Mj
represents the ith row and the jth column of the Mueller matrix. Here
again, green and red colors represent the positive and negative values,
respectively.

Fig. 6 leads to some important observations about the backscat-
tering Mueller matrix of the layer of the tendon sample. (1) The
diagonal elements have much bigger magnitude than the off-diagonal
ones. Strong morphological patterns can be observed in the diagonal
images. M33; and My, exhibit negative values due to the m phase-shift
produced at reflection. (2) For the off-diagonal elements, My, Ms;
and My; have near-zero amplitudes, which agrees with the fact
that the sample can hardly convert unpolarized light into polarized
light. The elements Ms4 and Mygs, representing the coupling between
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circularly polarized light and 45° linearly polarized light, have
significantly larger values than the other off-diagonal elements. The
anti-symmetry (equal amplitude with opposite signs) of Ms4 and Mys
indicate the birefringence produced by the sample. The phase delay
between the horizontal and vertical polarizations turns the incident
left-circularly polarized light into —45° linearly polarized light, which
is readily shown on pictures in the third row of Fig. 5. In addition,
some dotted patterns are observed on Ms4. As we know, different
particles cluster at different locations. The discontinuity may imply
compositional variation on the layer.

The 3-D Muellermetric images of Layer III are plotted in Fig. 7. The
variations in spatial structure of each elementary image can be readily
observed in such pictures. The knowledge of the Mueller matrix of
the sample enables us to determine the polarization state of back-
scattered light from any point on the sample for any arbitrary probe
beam. On the other hand, the 16 elements of the Mueller matrix fully
characterize the polarimetric signature of the tissue, thus can be used
for sample characterization and identification.

5. Conclusion

In this paper, we developed and demonstrated measurements of
the Stokes vectors of lights of different degrees of depolarization with
a PSOCT system based on heterodyning and filtering techniques. The
calculated Stokes parameters from the measurement agree well with
the theoretical values for all cases. The complete 4 x 4 backscattering
Muellermetric images of a porcine tendon sample are acquired and
investigated using such a system.
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