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The paper focuses on presenting the new original results and highlighting of possibilities of ge-
ometric phase using in low-coherence polarization-sensitive tomography tasks for noninvasive
diagnostics of surface (subsurface) layers of transparent (translucent) biological media (samples
and tissues). Determination of the object fields’ geometric phase in the modified Mach–Zehnder
interferometer allows one to reproduce the geometric structure (optical axis/collagen orientation)
of birefringent biological medium. Polarization-interference noninvasive approach of the collagen
orientation structure diagnostics of thin nanosized surface tissue layers is proposed at the first time.
It is shown, that taking into account the information about top (surface) layer structure can signif-
icantly improve the accuracy of deeper (subsurface) layers parameters estimation. The proposed
solution is a unique feature that is not accessible in classical polarization-sensitive techniques of
information recovery on tissue structure. 
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1. Introduction

The last century, it was proposed to use the principles of low-coherence interferometry
to obtain tomographic images of biological tissues with high spatial resolution [1,2].
This approach is known as optical coherence tomography (OCT), which has opened
new horizons in several fields of medical research, particularly in ophthalmology and
dermatology [1-4]. 

The principles of OCT are based on the use of properties of biological tissues,
which differ in optical density, differently reflect the light signal directed at them. 
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Optical coherence tomography (OCT) [1,2] achieves spatial image resolution at
depths of 1–15 µm. Generally, the level of temporal coherence determines the longi-
tudinal (axial) resolution, and the angular sizes of the source set the transverse (lateral)
resolution of the system. 

While reviewing the shortcomings of OCT as a method of tomography of trans-
parent and translucent media by registering backscattered radiation, it can be noted that
they are related to the lack of possibility to directly differentiate different tissues or ob-
jects, separate layers of the object, and especially in the situation when the mentioned
tissue elements are damaged, displaced or destroyed. To overcome these limitations,
in addition to measurements related to signal intensity estimation, it is important to
carry out polarization measurements using polarization sensitive OCT – PS-OCT [3,4].
A feature of PS-OCT is that the implementation of this method makes it possible to
extract information about the polarization state of the object-based optical field by ex-
amining the interference pattern. 

However, PS-OCT as other OCT techniques does not provide the opportunity to
visualize the surface (subsurface) areas of biological tissues or other objects, thickness
of which is much less than the longitudinal resolution of the system. To perform
PS-OCT beneath the surface of the object under study, endoscopy and needle-based
tomography were developed. In this case, minimally invasive techniques are generally
used, which involve some damage to the surface of the sample [5]. Thus, it is reasonable
to search for new approaches that provide the possibility to detect small axial displace-
ments, collagenous structure destroying (damages or scratches) the surface layers in
the sample by applying noninvasive methods. Therefore, it is possible to achieve
a higher signal-to-noise ratio, improving the accuracy of reconstruction the polariza-
tion and geometrical structure of the whole object.

Polarization changes due to propagation of polarized light through an optically
anisotropic medium manifest themselves in arising of the geometric phase [6-8], in ad-
dition to the conventional (dynamic) phase related with the optical path length.
Geometric phase depends on the initial polarization state of probing beam and is de-
termined by the medium polarization properties, such as birefringence (phase retarda-
tion), optical axis orientation or dichroism [6]. Thus, the geometric phase of the object
field serves as an additional tool for reconstruction the medium polarization parame-
ters, providing the possibility for study thin surface (subsurface) layers. 

For the solution of mentioned above problem, the use of polarization-interference
approach that involves recovery of the object fields’ geometric phase in one of the mod-
ified Mach–Zehnder interferometer [7] arms, was proposed. Using linear input polar-
ization beam makes it possible to obtain the interferometric signal with the influence
of geometric phase only in one of two orthogonal polarization channels. In this way,
it is possible to ensure the opportunity to study the structure of surface and subsurface
layers, recovering the medium parameters from geometric phase, and improving the
accuracy of reproducing the structure of anisotropic biological sample in the whole. 
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2. Structure and properties of a birefringent biological object 

As an object of study, we choose a birefringent biological object, which is the cornea
of the eye, the main structural element of which is a lamella – a plane of collagen fibers.
The lamellae vary in size from 0.5 to 250 µm in width and 0.2 to 2.5 µm in thickness,
depending on the type [9]. Collagen fibers of corneal lamella are described by the re-
fraction index ncoll = 1.415 and are in the medium of the basic substance with refractive
index nbase = 1.356 [10]. The fibers are uniform across the diameter cross-section and
are arranged in the same direction. The diameter of the collagen fiber is a value on the
order of 30.8 nm and the average distance between fibers is 55.3 nm. 

According to its optical properties, the cornea is transparent to visible and infrared
radiation, which is explained by interference damping of secondary waves scattered
by collagenous fibers backward and amplification of those scattered forward [11]. In
studying the lamella within the framework of tomography approaches, the features of
radiation reflected from the interfaces between separate lamellae are analyzed. In the
first approximation, the presence of scattering centers (keratocytes) localized between
the layers of lamellae is not considered.

In general, each lamella is a birefringent structure, that is characterized by form
anisotropy [10,12]. According to the existing model of the eye cornea [12], individual
lamella can be considered as an uniaxial waveplate for that the optical axis is oriented
parallel to the direction of the collagen fibers. The observed birefringence of the lamella
is a linear form birefringence, which is positive because the fibers are contained in
a medium with a lower refractive index. The value of birefringence [10]:

(1)

where ν – collagen fibers volume content, no, ne – refractive indices of ordinary and
extraordinary rays. Here ν = 0.32 [10], ∆n = 0.0253.

The average value of the refractive index is [10]: = νncoll + (1 – ν )nbase. Then
= 1.375, which corresponds to the literature data [11].

As a model object we chose the individual lamella in the form of a birefringent
plate, of 2 µm in thickness, the orientation of the optical axis in which is identified
with a main orientation of collagen fibers. The surface (subsurface) layers of lamella
are considered as modified (changed, damaged, scratched) collagenous structure on
its top and unchanged structure in its depth [13]. Firstly, we consider the case of un-
changed lamella structure and provide the description of geometric phase approach for
reconstruction of its’ properties, and then consider the case when the surface layer is
damaged.

Object of study determines the effective working wavelength and spectral band-
width for the possibility of sample scanning. The working wavelength of the Ti:sapphire
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laser used in ophthalmology is 850 nm with a spectral half-bandwidth of about 170 nm.
Thus the axial resolution of PS-OCT system [1-4] can be determined as

(2)

which is associated with the average lamella thickness (2 µm), and the lateral resolu-
tion 

(3)

for NA = 0.18.

3. Geometric phase approach for determination the polarization 
structure of the transparent (translucent) biological object

As an interference technique, PS-OCT uses different polarization channels, that carries
information about the amplitude and phase of the field under study. The need for diag-
nostics of surface and subsurface layers of transparent (translucent) samples by non-in-
vasive methods requires increasing the accuracy of PS-OCT measurements, especially
in a case of nanosized layers, thickness of which is much less than the longitudinal
resolution of a system. This actually determines the purpose of the study, the results
of which are presented in this paper. 

The efficiency of using the geometric phase, in an interference experiment is given
by the fact that with a cyclic change of polarization in one of the arms of an interferometer,
say, a modified Mach–Zehnder interferometer, the path difference of the interfering
waves remains unchanged [7,14,15]. This suggests that in this case there is no contri-
bution of the dynamic phase to the shift of the interference fringes at the output of the
interferometer. 

We consider the evolution of polarization states that occur during the propagation of
the beam through a biological transparent (translucent) object until the interference of
the object and reference beam. This evolution is depicted on the Poincaré sphere [6]
as a closed loop, which allows the calculation of the geometric phase. The initial and
final states differ by a phase factor equal to half the solid angle encompassed by the
loop on the Poincaré sphere along which the polarization changes [6,16].

Thus, in our study and analysis we propose to detect the geometric phase in a mod-
ified Mach–Zehnder interferometer, such as the one presented in [7,14,15]. The scheme
of the model experiment is presented in Fig. 1. We will assume that the biological
birefringent object under study is placed in one of the arms of interferometer, and in-
terference signals are registered in two orthogonal polarization channels – horizontal
by the detector D1 and vertical by the detector D2 (Fig. 1). According to the described
model of biological sample (S), we take the lamella as an optically uniaxial structure
with certain values refractive index  and bierfringence ∆n. The lamella itself is sur-
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rounded by the biological medium (base substance), i.e., the refractive index of the
lamella will be greater than the refractive index of the surrounding medium ( > nbase).

 In general, in PS-OCT, a set of polarization states is used, including linear and cir-
cular ones. Here, to study the model of reproduction of information about the object
geometry, we form a linear polarization of the beam, which will be sufficient for un-
derstanding of the concept. Thus, a linearly polarized beam is used, horizontally (per-
pendicular to the plane of incidence), 

(4)

with the azimuth of polarization of 0° (Fig. 1).
The essence of the proposed model approach is that a horizontal linear polarization

is recovered in the horizontal channel behind the polarizer P (φG), and repeats the po-
larization state in front of BS1 at the input of the interferometer (Fig. 1). The corre-
sponding polarization states obtained during propagation of the object beam are
marked on the Poincaré sphere. Thus, it is possible to obtain the closed loop, which
allows us to retrieve information about the geometric phase. 

The intensity measurement is carried out in both horizontal and vertical arms of
the interferometer. Information about two orthogonal components (amplitude and

n

E0

E0x

E0y 
 
  1

0 
 = =

Fig. 1. The modified Mach–Zehnder interferometer scheme: L – radiation source; BS1, BS2, BS3, BS4
– nonpolarizing beamsplitters; М – mirror; HWP – half-wave plate; D1, D2 – photodetectors; CPU – com-
puter unit; P (φG) – polarizer in the horizontal channel allowing to restore the initial horizontal polarization
of the beam, which makes it possible to estimate the geometric phase; Р – polarizer in the vertical channel,
allowing to recover the vertical component of the signal. Blue arrows show the evolution of polarization
states of the reference beam, green ellipses indicate the evolution of polarization states of object beam,
dark-blue ellipses describe the results of the superposition of reference and object beams, dark-blue arrows
determine the results of x ( y) components interference. x, y, z – laboratory coordinate frame, connected
with the beam propagation direction. 
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phases) of the polarization ellipse of the object beam (EOb) is extracted from the hori-
zontal and the vertical arms of the interferometer.

The nonpolarizing beamsplitters (BS1–BS4) perform the function of dividing the
intensity of the incident beam in the transmission and reflection directions in the ratio
of 50/50, equally redistributing the beams through the two channels. When the beams
are reflected at the beamsplitters, the phase of the reflected beam changes and the po-
larization state also changes. The change of phase and polarization state of the beams
is manifested (Fig. 1) and taken into account during construction of the polarization
ellipses. 

After the BS1, the beam propagating towards the BS3, which is responsible for
the formation of the object wave, is reflected from it in the direction to the object.
Reflected wave acquires a phase jump at π, and remains linearly polarized, but with

a Jones vector E0' =  (Fig. 2). A birefringent medium (object), of thickness d, sets

the phase delay (δ = k d, here = (no + ne) /2 – average refractive index of the me-
dium, k = 2π/λ), between the two arms of the interferometer, and this delay is deter-
mined by the doubling of the incident beam path length. 

In this paper, we use the following model. As an object we consider the eye cornea
lamella with a thickness d = 2 µm (Fig. 2). The object is placed in a medium with a lower
refractive index (nbase). In a first approximation, we consider that collagenous structure
distribution is uniform along all the depth of lamella (Fig. 2(a)). We provide the ge-
ometric phase approach to extract the information about the orientation of these col-
lagen fibers. In the second case we assume that the collagenous structures in the upper
(surface) layer of lamella (d1) are changed in their orientation due to the destroy of
sample (Fig. 2(b)), and the deeper (subsurface) (d2) layer remains unchanged. 

So, firstly we consider the formation of the object beam due to the reflection from
the inner interface of the unchanged lamella (Fig. 2(a)).

1
0 
 

Fig. 2. Formation of the object beam polarization ellipse in a case of: (a) normal (unchanged) lamella
(α determines the orientation of optical axis (collagen fiber) with respect to the horizontal direction);
(b) surface and subsurface layers of modified lamella. α1 (α2) – angles of the orientation of optical axis
(collagen fiber) in a plane of unchanged (changed) lamella surfaces with respect to the horizontal direction,
β – rotation angle of the destroyed lamella surface relative to the normal lamella subsurface. E0'  –  incident
beam, EOb – object beam, EOb1,2 – object beams after the reflection from inner surface of the two layers.

(a) (b)

n n
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Jones matrix of the birefringent object is [17]:

(5)

In a Jones matrix of a birefringent object, two main polarization parameters of the
medium are taken into account – geometry (orientation of optical axis α with respect
to horizontal direction, Fig. 2(a)), phase retardation γ = kd (ne – no), and δ  value related
to the properties of the medium.

After interaction with the object, reflection from the inner surface of the object,
and propagation in the backward direction, the beam will be elliptically polarized, and
the Jones vector of which EOb will be [8]:

(6)

Here AОbx, AОby, φОbx, φОby – amplitudes moduli and phases of objects’ beam compo-
nents EОbx

, EОby
.

The polarization ellipses of the object field under its propagation, are generally un-
known, and the interferometric information extracted from both the horizontal and ver-
tical channels helps to reproduce them. Here we do not provide the interferometric,
but only polarization data. The simulated polarization ellipses of the object field for
α = 20° is shown in Fig. 3.
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Fig. 3. (a) Polarization ellipse of the object field obtained after interaction of a linearly polarized beam

 with the birefringent object. (b) Polarization ellipse formed in the horizontal (vertical) arms of the

interferometer, after the beamsplitter BS4 (see Fig. 1).
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Presented polarization ellipses of the object field contain information about the ob-
ject, namely about the orientation of its optical axis (collagen fiber), which can be re-
covered and analyzed in order to diagnose pathological changes in the object. 

Propagation of the object beam through the beamsplitter BS4, determines no changes
in phase and polarization in the vertical arm of the interferometer and a jump in phase
by π in horizontal arm, due to the reflection from the beamsplitter. 

The propagation of the reference beam E0 =  is controlled by the beamsplit-

ters BS1, BS2, BS4 and formed by reflection from the mirror M (Fig. 1). As a result,
behind the beamsplitter BS4, in the vertical arm of the interferometer, the beam ac-
quires a phase jump by π, and the beam remains unchanged in the horizontal arm. We
use the horizontal arm of the interferometer to recover the initial horizontal polarization
and to extract information about the geometric phase. In the vertical channel, the re-
sulting polarization is formed by superposition of the object beam and the beam with
modified initial horizontal polarization. 

The polarization ellipses formed in the horizontal and vertical arms of the inter-
ferometer are identical (Fig. 3(b)). 

In order to extract information from the interference signal about the phase delay δ
(or dynamic phase), determined by the object thickness, it is required to have y-com-
ponents of the superposing beams. For this purpose, we introduce an additional half
-wave plate (HWP), placing it in front of the beamsplitter BS4 and analyze the signal
by the detector D2. The plate is oriented in such a way as to form an angle of 45° be-
tween the fast axis of the HWP and the horizontal direction. Then the initial horizontal

polarization E0 =  is transformed into E0 = . After that the transformed beam

acquires a phase jump by π at the reflection by the BS4, and then superposes with the
object beam.

To calculate the geometric phase, the interference field obtained by the superposi-

tion of the object beam and the  beam is analyzed by the detector D1 with extracting

the information about x-components of the beams. 
We use the Poincaré sphere (Fig. 4) to form a closed loop by applying to the sphere

all the polarization states obtained during input beam polarization transformations. To
reproduce the polarization state on the Poincaré sphere, it is required to convert the
Jones vector parameters into the Stokes vector parameters S1, S2, S3 [17]. We indicate
the initial horizontal polarization, the polarization ellipse of the object beam, and the
polarization ellipse behind the beamsplitter BS4 in the horizontal channel – the result
of superposition of the transformed object beam and reference beam with horizontal
polarization.

According to the theory, developed by Pancharatnam [16], one can obtain the value
of the geometric phase as: φG = Ω123/2 (or φG = π – Ω123' /2, where 3' – the antipodal
point for 3) from a spherical triangle on a Poincaré sphere (indicated by a dashed line
in Fig. 4). Here Ω123 – the solid angle at which the spherical triangle 123 is viewed

1
0 
 

1
0 
  1
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 
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from the center of the sphere. For the provided geometric construction it is obtained:
φG = 16.7351°.

To determine the medium parameters, let’s consider the analytical description of
the geometric phase, obtained from the Eq. (6). The total phase in the horizontal chan-
nel, due to the interference of x-components of object and reference beams is deter-
mined by the scalar product [8,16]:

(7)

where φD = 2δ – a dynamic phase, φG = arctan(tanγ cos2α) – a geometric phase [8],
from which the information about the birefringent medium can be extracted, φ0 = 2kz0
– the reference beam phase, where z0 is the reference beam pathlength.

In the vertical channel, in a case of y-components superposition, the total phase is

(8)

and is determined by the dynamic phase, shifted by π /2 at the special experimental
conditions.

The thickness of the sample is extracted from the dynamic phase, that is d =
= φD /(2k ). The geometric phase, at a known value of γ = kΔnd, allows us to calculate
α = 0.5arccos(tanφGcotγ). The orientation of the optical axis (collagen fibers) is esti-
mated with respect to the horizontal direction, which removes the uncertainty in the
choice of the value of α. Moreover, we take into account that the slow axis is oriented
along the collagen fibers [4], the angle α sets the orientation of the fast axis of the

Fig. 4. Poincaré sphere with plotted polarization states during polarization transformation of a linear hori-
zontally polarized beam: 1 – initial polarization state, 2 – polarization state of the object beam, 3 – po-
larization state due to superposition of the object and reference beams in the horizontal channel. Magnified
region shows the spherical triangle 123 and the solid angle Ω123 used in calculations.
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birefringent medium, then the fiber orientation is defined as (α + π/2) relative to the
horizontal direction. In our case, it is obtained: φD = 40.66, γ = 21.43°, and the orien-
tation of the collagen fibers is α + π/2 = 110°.

4. Influence of structural changes in thin surface (subsurface) layers
on the accuracy of restoring of biological anisotropic 
objects properties

The next step of the investigation is the analyze of a modified structure of the surface
layer of the object (Fig. 2(b)) of thickness d1, that is much less than the axial resolution
of the system. The deeper subsurface layer of thickness d2 = d – d1 remains unchanged
by its structure. To obtain the resulting interferometric signal from the object, consider
the following approximation. Assume that the collagenous structure in a surface layer
is broken and characterized by two angles of orientation (Fig. 2(b)): α1 – the angle of
orientation of collagen fibers in a plane of lamella surface with respect to the horizontal
direction and β is the rotation angle of this plane relative to the orientation of un-
changed lamella subsurface. The subsurface (unchanged) layer is characterized only
by angle α2 of optical axis orientation. In this case, refractive indices of surface and
subsurface layers differ, and Fresnel reflection will occur at the interfaces. In approx-
imation of small ∆n values, the mean refractive index and birefringence of surface layer
will be dependent on β [13]:

 (9a)

(9b)

Fresnel reflection coefficients (in a case of small ∆n) at surface layer interfaces are:

 (10a)

 (10b)

Let’s consider interference signals in a horizontal and verticals channels, formed
by the surface layer. In this case, the interference signal for x-components will be a sum
of interferograms, obtained for the reflected waves from first and second interfaces:
Ix = I1x + I2x , which can be written in the following form (without taking into account
the constant component of the signals) [18]: I1x = ε1xcosΦ1x , I2x = ε2xcosΦ2x . Here
ε1x , ε2x  – amplitudes and Φ1x , Φ2x  – phases of interferograms, which, in general, are
the functions of the optical path length z0 (or phase φ0) of the reference beam. These
values can be described as follows: 
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ε1x = 2Α0 Α1x Γ (Δz1) (11a)

ε2x = 2Α0 Α2x Γ (Δz2) (11b)

Φ1x = φ1x – φ0 (11c)

Φ2x = φ2x – φ0 (11d)

where 

Α0 = E0

Α1ax = E0r1

Α2x = E0 (1 – r1)2 r2

Δz1 = z0 – nbasez1

Δz2 = z0 – n1z1b

φ1x = π, φ2x = π + φD1 + φG1 = π + 2kn1d1 + arctan(tanγ1cos2α1)

γ1 = kΔn1d1

Γ (Δz1,2) = exp(–4ln2 ∆z1,2
2 /l c

2)

Then the resulting x-interference signal can be written as: Ix = εxcosΦx , the ampli-
tude εx and phase Φx will be expressed in terms of amplitudes and phases of both
interferograms [18]:

(12)

(13)

The y-component of the interference signal will be formed only for the wave re-
flected from the second (inner) interface of the surface layer, since the incident wave
is x-polarized. Then the y-interferogram for the surface layer can be written as 

Iy = = εycosΦy  (14)

where the amplitude and phase respectively determined as: 

εy = 2Α0Αy Γ (Δz2) 

Φy = φy – φ0. 

Here Αy = (1 – r1)r2sinγ1sin2α1, φy = π + π/2 + φD1 = 3π/2 + 2kn1d1.
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Resulting x- and y-interferograms (normalized to its envelope maximum values)
obtained in a case of α1 = 30°, β = 30°, d1 = 0.1 µm are presented in Fig. 5. 

According to presented results, the surface layer diagnostics may be done with re-
spect to the position of envelopes maxima of x- and y-interferograms, which are dif-
ferent. Maximum of the y-interferogram envelope gives the position z0 which
corresponds to the optical thickness of layer n1d1 (Fig. 5(b)). At the same time, the
position of maximum of the of x-interferogram envelope is shifted, and does not cor-
respond to the positions of either the first or the second surfaces (Fig. 5(a)). Also, the
x-interferogram phase is different from π for z0 = 0.

In general, three parameters of surface layer are unknown: α1, β and d1. Let the
zero position of the beam be associated with the position of the first (upper) surface,
z1 = 0, then the next position of the beam on the second (inner) surface depends on the
geometric thickness of the layer: z2 = d1. Estimation of the amplitude and phase of
resulting interferograms will be carried out for the reference arm path length, which
corresponds to the optical thickness of the layer: z0 = n1d1 = d1opt, the value of which
is obtained from the y-interferogram. The amplitude of x-interferogram εx (d1opt) is
a function of d1 and β1, and y-interferogram amplitude εy (d1opt) depends on angle α1.

To simplify the procedure of searching for unknown parameters, we use the fol-
lowing approximation. As we know, that no < n1( β ) < , the approximated geometric

thickness of the surface layer  can be estimated as d1opt /no < < d1opt / . Then the
“optimization approach” can be solved as follows: a search of solutions of β for a given
range of , by minimizing error of  Eq. (10). 

The obtained results are quite successful, even if  At this case, it is ob-
tained that β = 29.816°, with an error of Eq. (10): Δ = 9 × 1013 a.u. The refractive index
of the surface layer by using the obtained value of β can be calculated from Eq. (8):
n1(β ) = 1.37166, and the geometric thickness can be clarified: d1 = d1opt /n1(β ) =

(a) (b)

Fig. 5. Interferograms obtained for (a) x- and (b) у-components of surface layer object field with a change
of a reference beam path length z0: (a) curve 1 – I1x , curve 2 – I2x, curve 3 – Ix, curve 4 – envelope of Ix;
(b) curve 1 – Iy , curve 2 – envelope of Iy . Red point indicates the maximum value position of interferogram
envelopes. 
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= 0.0999 µm. The obtained values of β and d1 allow to calculate ∆n1 with Eq. (8), then
γ1 = kΔn1d1 and the parameter α1 can be found from Eq. (13). Thus ∆n1 = 0.0189,
γ1 = 0.014 and α1 = 30.34°. Errors of the restored parameters of the surface layer are
δβ = 0.6%, δα1 = 1.12%, and δγ1 = 0.38%. 

The known surface layer parameters allow us to extract information about the sub-
surface layer’s object field polarization and restore the whole medium properties using
the procedure prescribed previously. For our case, if the surface layer is not taken into
consideration, the error of restored parameter α2 is about 4.4%. Information about
nanosized modified (changed, destroyed) surface layer obtained with our approach, in-
crease the accuracy up to 98.99% of restoring the whole lamella parameters of the an-
isotropic object, which is impossible to perform by existing PS-OCT.

5. Conclusions 

Paper presents new results obtained by computer simulation of polarization-sensitive
optical coherence tomography of thin surface (subsurface) layers of birefringent bio-
logical tissue. Extracting the geometric phase of the object field in a modified Mach
–Zehnder interference scheme enables to obtain the information about the medium po-
larization structure (optical axis orientation). Method of determination the parameters
of nanosized-thickness surface layers is proposed. Taking into account the surface layer
information allows to increase the accuracy both of subsurface layer and whole volume
parameters recovering in non-invasive way, which is difficult for the existing PS-OCT
approaches.
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