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Summary

Optical coherence tomography (OCT) has been developed as a high-resolution

three-dimensional imaging technique for clinical diagnosis. This thesis proposes

several theoretical discoveries and technical improvements to the current OCT

systems aiming to drastically reduce system costs while achieving the state-of-the-

art performance.

Polarization-sensitive OCT (PS-OCT) is a functional extension of conventional

OCT which offers the depth-resolved birefringence imaging capability. To resolve

local retardation in tissue samples, the current PS-OCT system employs two multi-

plexed polarization states to illuminate the sample under investigation and detects

the backscattered light with two detection channels. We observed that the polar-

ization state of light after round-trip propagation through a birefringent medium

frequently aligns with the employed input polarization state but “mirrored” by the

horizontal plane of the Poincaré sphere. We explore the predisposition for this mir-

ror state and demonstrate how it constrains the evolution of polarization states as

a function of the round-trip depth into weakly scattering birefringent samples, as

measured with PS-OCT. The constraint enables measurements of depth-resolved

sample birefringence with PS-OCT using only one input polarization state, which

offers a critical simplification and cost reduction compared to the use of multiple

input states. We demonstrated the capability of polarization mirror state in lo-

cal birefringence restoration with birefringent phantom imaging and swine retina

imaging ex vivo.

If we take transpose for both sides of the Jones transmission equation of a PS-

OCT system with two input states and two detection channels, the mirror state

constraint still holds while the input and output states exhibit interchangeability,

which implies that depth-resolved birefringence imaging is possible with only one

detection channel, if the sample is illuminated with two orthogonal polarization

xiii
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states. Considering the high cost of spectrometers and the difficulty of pixel align-

ment between two detection channels, the transposed mirror state constraint helps

to cut the cost and complexity of spectral domain PS-OCT system.

Inspired by the mirror state constraint, we realized that the polarization states

of detected sample light, after propagating through a stochastically moving recip-

rocal optical path, would not distribute evenly on the Poincaré sphere, but tend

to aggregate around the mirror state. This can be used to solve a long-standing

problem that the detected interferograms of fiber-based OCT suffer from the fringe

attenuation effect due to the polarization state mismatch between the light from

the two interference arms which results in sensitivity deterioration and intensity

fluctuation. This problem was conventionally solved by expensive polarization di-

verse detection. The polarization mirror states implies the existence of an optimal

polarization state for the reference light. If the reference light is aligned with the

polarization mirror state of the input light, a 3.5 dB signal-to-noise ratio improve-

ment is demonstrated without additional hardware costs.

The axial resolution, being a critical parameter to the resolving power of OCT

system, is determined by the light spectral shape and bandwidth. The pursuit of

higher axial resolution leads to exponentially increasing system cost, and sometimes

is even impossible because of the unavoidable gaps in the wavelength range of

illumination, transmission, and detection. We demonstrate that the axial resolution

deteriorated by gaps in OCT spectra can be restored by adopting the gapped

amplitude and phase estimation (GAPES) method. The algorithm estimates the

missing parts between separated spectral bands and obtains a tissue axial profile

with reduced sidelobe artifacts and significantly improved axial resolution over

the individual bands. This technique may make it possible to combine spectrally

separated sources and detectors to improve axial resolution in OCT images, hence

greatly reduce the cost of ultra-high-resolution OCT system.

In conclusion, this thesis proposed methods to reduce the cost of current OCT

system with advanced performances in terms of state-of-the-art contrast, sensitivity

and resolution, which has been demonstrated with phantom imaging and biological

tissue imaging.
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Chapter 1

Introduction

1.1 Motivation

Optical coherence tomography (OCT) has been developed as a well-established

clinical diagnostic device since its first introduction as a non-invasive biomedical

imaging technique at the beginning of the 1990s [1].

However, the high cost of OCT devices has been a limiting factor for its widespread

research and application. Efforts have been made to reduce the cost of OCT sys-

tem in recent years. Z. Wang et al. demonstrated a miniaturized swept-source

OCT (SS-OCT) with polarization sensitive capability [2]. The design employed

the silicon photonic integrated circuit as a major part of the system which fea-

tured compact size and reduced manufacturing cost. P. Pande et al. presented

a low-cost handheld probe using linear OCT built with standard inexpensive op-

tical components, but came with the cost of reduced signal-to-noise ratio (SNR)

and imaging depth [3]. S. Kim et al. demonstrated a low-cost spectral domain

OCT (SD-OCT) with an overall material cost of under $7200, achieving 5-fold cost

reduction compared to commercial OCT systems with similar performance [4].

In conclusion, the existing exploration of cost reduction in OCT mainly focused

on building the system with off-the-shelf low-price optical or electronic compo-

nents while trying to maintain comparable performance as the commercial sys-

tems. Based on a physical constraint in polarization optics, this thesis trying to

1



2 1.2. Organization of the thesis

cut expensive components from prevailing PS-OCT system which is considered

indispensable for a fully-functioning system and hence intrinsically cut the cost.

We then realized that the newly discovered constraint can be applied to mitigate

the fringe attenuation due to polarization state mismatch in fiber-based OCT.

This issue was previously solved by polarization diverse detection or common path

designed probe, which requires extra cost. With proper reference polarization state

management, we could achieve statistical improvement of the system SNR.

The axial resolution of OCT is determined by the spectral bandwidth and shape

of the detected light, which are limited by the gaps in the wavelength range of

illumination, transmission, and detection. To achieve higher resolution, the cost

of the laser source and detector would increase enormously. If the gaps could be

estimated by the available spectrum, we could either use two combined spectrum to

achieve ultra-high-resolution OCT, or link two completely separate current bands

to further extend the current axial resolution.

1.2 Organization of the thesis

The following chapters of this thesis are organized as follows:

Chapter 2 provides a review of the foundations, characteristics and different modal-

ities of OCT system. We focus on the Fourier-domain (FD-OCT) system, and dis-

cussed its improvement from the original time-domain configuration (TD-OCT).

Besides, a functional extension of traditional OCT, the polarization-sensitive OCT

(PS-OCT) and the Jones and Mueller-Stokes calculus for polarization analysis are

introduced. The common depth-resolved birefringence estimation method with two

input state PS-OCT is explained.

Chapter 3 describes the polarization mirror state constraint in reciprocal backscat-

tering system. Thanks to the discovery of this physical constraint, depth-resolved

birefringence imaging with single input PS-OCT becomes possible, which greatly

reduces the cost and complexity of the system. A thorough theoretical and exper-

imental validation of the discovery is presented. We also demonstrate the applica-

tion of polarization mirror state in biological tissue imaging. The swine retina was

imaged with a customized single input state free space PS-OCT system.
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Chapter 4 demonstrates that by taking transpose for both sides of the Jones trans-

mission equation of PS-OCT system, the mirror state constraint still holds while

the input and output states exhibit interchangeability, which implies that depth-

resolved birefringence imaging is possible with only one detection channel, if the

sample is illuminated with two orthogonal polarization states. Considering the

high cost of spectrometers and the difficulty of pixel alignment between the two

detection channels, the transposed mirror state constraint helps to further cut the

cost and complexity of spectral-domain PS-OCT system.

Chapter 5 investigates fringe attenuation effect in fiber-based OCT system which is

caused by polarization state misalignment between the reference and sample light,

due to the randomization of sample polarization state caused by the rotation and

twisting of the optical fiber. In the validation experiment of the polarization mirror

state constraint, we have found the polarization state of the backscattered sample

light tends to concentrate to the mirror state. By presetting the polarization state

of the detected reference light to the mirror state, fringe attenuation effect can be

mitigated, hence statistically increase the system signal-to-noise ratio by 3.5 dB.

Chapter 6 proposes a method to further improve the axial resolution of OCT sys-

tem by fusing two separate spectral bands together, thus breaks the limitation

of the gaps between current available spectral bands in the source, transmission

and detection of OCT systems. This method estimates the missing parts between

separated spectral bands and obtains the axial profile of tissue with reduced side-

lobe artifacts compared to the gapped spectra and significantly improved axial

resolution over the individual bands. This technique may make it possible to com-

bine spectrally separated sources and detectors to improve axial resolution in OCT

images.

Chapter 7 summarizes the overall study and highlights the potential impact of the

discoveries. Limitations and future exploration directions are also presented.





Chapter 2

Optical coherence tomography

and its functional extensions

2.1 Introduction

Based on low coherent interferometry, OCT is a non-invasive, high-resolution imag-

ing tool that is able to generate three dimensional image up to about 2 mm below

the surface of biological tissues. Since its introduction in 1991, OCT has been

established and adopted as a gold standard in ophthalmology, because of its mi-

crometer level volumetric imaging capability. In a typical ophthalmic OCT setup,

the sample beam is focused onto an intermediate image plane with a relay lens and

then delivered to the retina by a Volk lens and the lens of the human eye. The

axial scanning is obtained by measuring the echo delay of the light signal interfer-

ometrically. The transverse position of the beam is scanned by a pair of scanning

mirrors perpendicular with each other, enabling three-dimensional imaging of the

retina.

Integrated with flexible probes like fiber-based catheters, balloons, capsules and

endoscopes, OCT has evolved as a promising imaging tool for internal luminal

structures such as the arterial wall [5, 6], airway mucosa [7–10], esophageal mu-

cosa [11, 12], urinary tract wall [13, 14], and colonic mucosa [15, 16]. The light

is directed to the distal end of the probe by a single mode fiber, focused by grin

lens, reflected by a prism radially away from the probe to the tissue. By a com-

bination of rotation and pull-back movement of the probe, the three-dimensional

5



6 2.2. Fourier domain OCT

data containing volumetric structural information of the hollow organs is recorded.

This makes OCT probe particularly suitable for the diagnosis of diseases originates

from the surface of the luminal structures, such as atherosclerosis [17–21], Barrett’s

esophagus [22–25] and gastrointestinal carcinoma [26–28].

OCT was originally introduced in its time domain configuration where the depth

profile of the sample in the axial dimension was obtained by the linear scanning of

the reference reflector. Over the recent twenty years, one of the most important

improvements of OCT devices is the introduction of Fourier domain OCT (FD-

OCT) [29], where the interference fringe in the wavenumber domain is recorded and

the depth profile is retrieved using inverse Fourier transform. FD-OCT provides

more than 20 dB sensitivity boost over that of the TD-OCT due to the wavelength-

division detection using a large number of detectors involved [30–32]. Another

improvement of FD-OCT over the TD-OCT is the imaging speed. The recording

happens in the wavelength domain, thus no moving part for spatial scanning is

needed. With the help of high speed swept sources or line scan cameras, FD-

OCT is capable to reach an A-line rate of more than 100 kHz [33, 34], even up

to 20 MHz [35], providing the possibility of fast in vivo imaging. As the new

generation of OCT technology, FD-OCT has better performance over TD-OCT in

nearly all respects. Therefore, all analysis and experiments in this thesis are based

on FD-OCT.

2.2 Fourier domain OCT

2.2.1 Theory of FD-OCT

Let us consider a simplified OCT system illustrated in Figure 2.1, which ensembles

a Michaelson interferometer where the input beam (assume as plain wave) is split

into the reference and sample arms by a beam splitter or a fiber coupler. The

reference light is reflected back by a mirror, while the sample light is backscattered

by the scatterers in the sample, containing reflectivity information along the axial

direction.



Chapter 2. Optical coherence tomography and its functional extensions 7

Figure 2.1: Basic model of OCT detection.

The electrical field of the input light can be expressed as E0 = s (k, ω)·exp [i (kz − ωt)],
where s(k, ω) is the amplitude of the electrical field with respect to the wave num-

ber k and angular frequency ω. The input light is split by a 50:50 wavelength-

independent beam splitter to the reference and sample arms.

The reference light is back-reflected by a mirror with an electrical field reflectivity of

rR (the corresponding power reflectivity is RR = |rR|2) located at the distance of zR

to the beamsplitter, the reflected electrical field would be ER = E0√
2
rRe

i2kzR , where

the factor of 2 before zR indicates round-trip propagation through the reference

arm.

For the convenience of analysis, we assume the sample under investigation is com-

posed of a series of discrete reflecting surfaces located at different axial positions

along the propagating direction of the sample light, each with an amplitude reflec-

tivity of rSn (n = 1, 2, · · · , N). Taking the axial position of each sample reflector zSn

into account, the reflectivity of the whole sample can be modeled as the summation

of a series of axially spaced delta functions: rS (zS) =
N∑
n=1

rSnδ (z − zSn) , namely

the depth profile of the sample, which is the main target of measurement in OCT.

Thus the light returning from the sample can be denoted as ES = E0√
2
ei2kzS⊗rS (zS).
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The reference and sample light then loses half of their intensity after passing the

beam splitter again and interfere at the photodetector, whose responsivity is de-

noted as ρ, hence the detected photocurrent can be written as

iD(k) =
ρ

2
〈(ER + ES) (ER + ES)∗〉

=
ρ

2

〈∣∣∣∣∣s (k)√
2
rRe

i2kzR +
s (k)√

2

N∑
n=1

rSne
i2kzSn

∣∣∣∣∣
2〉

=
ρS (k)

4

[
RR +

N∑
n=1

RSn

]

+
ρS (k)

4

N∑
n=1

[
2
√
RRRSn cos (2k (zR − zSn))

]
+
ρS (k)

4

N∑
n=1

N∑
m 6=n

[
2
√
RSnRSm cos (2k (zSn − zSm))

]

(2.1)

where S (k) =
〈
|s (k)|2

〉
denotes the detected power spectrum. The final results

are composed of three components: (1) a pathlength-independent DC offset; (2) a

cross-correlation term indicating the interference between the light reflected from

the reference mirror and the sample reflectors. (3) an autocorrelation component

indicating the interference between different sample reflectors.

In practice, the reflectivity of the reference reflected is much higher than that of the

reflectors in the tissue (RR � RSn), making the autocorrelation term negligible.

Therefore the summation of reflectivity of sample reflectors in the DC term could

be ignored with the presence of RR. The DC offset can be eliminated by subtracting

the reference background signal obtained when the sample arm is blocked.

After background subtraction and ignorance of autocorrelation term, the cross-

correlation term is the signal left:

iX (k) ∝ ρS (k)

2

N∑
n=1

[√
RRRSn cos (2k (zR − zSn))

]
(2.2)

Fourier transform exerted on both sides of the equation maps the wavenumber

k domain onto the spatial depth domain z. Applying the convolution property of
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Fourier transform and a Fourier transform pair
(

cos (kz0)
F←→ 1

2
[δ (z + z0) + δ (z − z0)]

)
,

we have

iX (z) = F [iX (k)] =
ρ

4
γ (z)⊗

N∑
n=1

√
RRRSn · δ (z ± 2 (zR − zSn)) (2.3)

As revealed by Eq. (2.3), the interferometer detects the pathlength difference be-

tween the two interference arms, thus the zeros position is better to be set at the

position of the reference mirror at zR. The sample reflectivity profile
√
RSn is

amplified by the reflectivity of the reference reflector
√
RR and then sampled by

a delta function located at position 2∆zSn (the doubled path length difference is

due to the detection of round-trip propagation), then convoluted with the Fourier

transform of the power spectrum of the light source. The source spectrum is often

modeled to be Gaussian shaped, in which case the normalized power spectrum

S (k) and the corresponding coherent function γ (z) form a Fourier transform pair:

S (k) =
1

∆k
√
π

exp

[
−
(
k − k0

∆k

)2
]

F←→ γ (z) = exp
(
−z2∆k2

)
(2.4)

where k0 is the central wavenumber and ∆k is the bandwidth. The perfect pulse

function is broadened by the convolution with γ (z), whose full width at half max-

imum (FWHM), namely the coherence length of the light source, determines the

axial resolution of OCT imaging. For a standard normal distribution f(x) =
1

σ
√

2π
exp

[
− (x−x0)2

2σ2

]
, its FWHM is represented by the standard deviation as 2

√
2 ln 2σ.

Thus the FWHM of γ (z) can be written as:

δz =
2
√

ln 2

∆k
=

2 ln 2

π

λ2
0

n∆λ
(2.5)

where λ0 is the center wavelength, n is the tissue’s refractive index, ∆λ is the the

wavelength bandwidth defined as the FWHM of the wavelength spectrum (∆k =
π√
ln 2

∆λ
λ20

).

From Eq. (2.3), there exists a mirrored version of depth profile symmetric about

the zero pathlength, termed as the complex conjugate artifact. Because the in-

terferogram is composed of real numbers, the corresponding Fourier transform is
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Hermitian symmetric, the Fourier domain signal is symmetric about DC, and the

positive and negative signals are complex conjugate to each other. If the sample

image can be located completely at the positive side of the axis, this symmetry

would not cause any bad consequences. If the image crossed the zero pathlength

boundary, the mirror image would appear from the negative side and superimposed

on the normal image, making the details difficult to distinguish. The Hermitian

symmetry reduces the already insufficient imaging range by a factor of 2, and

attracts a lot of research on removing the resulted artifact [36–43] .

2.2.2 Swept source and spectral domain configurations

The FD-OCT can be implemented using either a broadband low coherent source

together with a spectrometer, or a wavelength swept source together with a photo-

diode detector, which are termed as the spectral domain (SD-) OCT and the swept

source (SS-) OCT, respectively.

Figure 2.2: A comparison of simplified schematics of (a) SD-OCT and (b)
SS-OCT (OFDI).

The SD-OCT [29, 44, 45], illustrated in Figure 2.2(a), illuminates the sample with

a broadband light source and detects the backscattered light with a spectrometer

composed of grating and line scan camera. The frequency of the detected inter-

ference fringes is proportional to the path length difference ∆z between the two

arms.

The SS-OCT [46–49], also known as optical frequency domain imaging (OFDI), is

shown in Figure 2.2(b). The light source sweeps across the wavelength repeatedly,
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thus the spectral interferogram is captured as a function of time by the photode-

tector.

2.3 Polarization-sensitive OCT (PS-OCT)

2.3.1 Principles of PS-OCT

Traditional intensity OCT image lacks tissue specificity. PS-OCT is a functional

extension of traditional OCT to detect birefringence information in the sample. Bi-

ological tissues with organized fibrous structures exhibit structural birefringence,

such as tendons, muscle, nerve, bone, skin, teeth and cartilage [50–56]. The birefrin-

gence is characterized by the refractive index difference (∆n) for electromagnetic

wave vibrating along and perpendicular to the long axis of the fibrous structures.

After propagating through the tissue for a distance z, the orthogonally polarized

components of the light exhibit phase retardation with respect to each other, given

by

δ =
2πz ·∆n

λ
(2.6)

PS-OCT provides an extra contrast and specificity by recording the change of po-

larization state of light backscattered from the sample. A variety of application of

polarization contrast has been demonstrated such as the evaluation of atheroscle-

rotic plaques [57], burned skin [58] and thickness of retinal nerve fiber layer [59, 60].

PS-OCT was first introduced by Hee et al. in 1992 in bulk optics configuration [61].

An important development to measure simultaneously the full interference fringes

in two orthogonal polarization detection channels enabled the measurement of the

full reflected stokes vector in a single depth profile measurement, and became the

standard in nearly all PS-OCT systems [62]. Over the past decades, fiber-based

PS-OCT has been developed, and system configuration has evolved from the time

domain to Fourier domain together with the evolution of OCT system. More po-

larization related parameters can be detected besides the amount of birefringence,
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including optic axis orientation [62, 63], degree of polarization [64], sample trans-

mission matrix [65–67]. The Jones and Mueller-Stokes formalism provide PS-OCT

with a theoretical foundation.

Figure 2.3: A typical schematic of bulk-optic PS-OCT. BS: beam splitter;
PBS: polarizing beam splitter; Pol: polarizer; QWP: quart-wave plate.

A generalized bulk-optic based PS-OCT system is illustrated in Figure 2.3. The

input light is transformed into linearly polarized in the horizontal direction by a

polarizer (Pol) and split into the reference and sample arms by a non-polarizing

beam splitter (BS). The reference light passes a round trip through a quarter-wave

plate (QWP) oriented at 22.5◦ with respect to the horizontal direction, becomes

45◦ linear polarization which ensures identical amplitude and phase in the two

orthogonal detection channels. Another QWP oriented at 45◦ in the sample arm

ensures circularly polarized illumination light hitting the surface of the sample. The

light backscattered from the sample shows arbitrary polarization state containing

the birefringence properties of the tissue under investigation. The sample light

recombines with the reference light, then is split into two orthogonal polarization
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components by a polarizing beam splitter (PBS) and received by two identical

detectors.

2.3.2 System analysis in Jones formalism

The linearly polarized input light E (z) = E (z)

[
1

0

]
is split by the beam split-

ter and becomes identical input light of the reference and sample arms ERi (z) =

ESi (z) = E(z)√
2

[
1

0

]
. The effect of the polarization changing elements can be de-

scribed by 2×2 Jones Matrix. For example, the Jones matrix of a linear retarder

with phase retardation δ oriented at angle θ can be denoted as the multiplication

of two rotation matrices and a diagonal matrix:

J(δ, θ) = R(−θ)P(δ)R(θ) =

[
cos θ − sin θ

sin θ cos θ

][
eiδ 0

0 1

][
cos θ sin θ

− sin θ cos θ

]
(2.7)

If light passes through a cascade of the polarization changing elements whose Jones

matrices are J1,J2, . . . ,JN , respectively, the overall transmission matrix is the

multiplication of all the matrices: J = JN · · ·J2J1. For light passing the optical

element in the reverse direction, its Jones matrix needs to be transposed. Therefore,

the back-reflected reference light after the second passing through the beam splitter

can be described as

ER =
r
R√
2
· J>(

π

2
,
π

8
) · J(

π

2
,
π

8
) · ERi =

E (2zR)

2

[
1

1

]
(2.8)

where J(π
2
, π

8
) is the Jones matrix of the QWP oriented at 22.5◦, the matrix trans-

pose operation is necessary when light propagates in the reverse direction. zR is

the pathlength from the beam splitter to the reference reflector.

We can simply model the overall birefringence effect of the sample as a linear

retarder JS, since the circular retardance will be cancelled out for round-trip prop-

agation. Thus the Jones matrix describing the round-trip in the sample can be

written as
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JS = ei2kzn̄J(2kz∆n, φ) = ei2kzn̄ ·R (−θ) ·

[
ei2kzδn 0

0 1

]
·R (θ) (2.9)

where n̄ and ∆n are the average and difference of refractive index of ordinary and

extraordinary beams, respectively. θ denotes the orientation of the fast optic axis

with respect to the horizontal direction. Thus the Jones vector of sample beam

backscattered from the tissue can be denoted as

ES =
rS√

2
J>(

π

2
,
π

4
) · JS · J(

π

2
,
π

4
) ·ESi =

rSE (k) ei2k(zS+n̄z)

2
e−ikz∆n

[
ei2φ sin (kz∆n)

cos (kz∆n)

]
(2.10)

where zS is the pathlength from the beam splitter to the sample surface, z is the

optical path along which the light travels within the sample. The interference

pattern captured in the two detection channels can be obtained as

iH (z) ∝ E∗RxESx + ERxE
∗
Sx ∝

√
RRRS

∫
sin (kz∆n) cos (2k∆z + 2φ)S (k) dk

iV (z) ∝ E∗RyESy + ERyE
∗
Sy ∝

√
RRRS

∫
cos (kz∆n) cos (2k∆z)S (k) dk

(2.11)

where z is the depth in the tissue and ∆z = zR− zS− n̄z is the optical pathlength

difference between the two interference arms. We assume the source power spectral

density S(k) is Gaussian shaped S(k) ∝ exp

(
−
(
k − k0

κ

)2
)

. The FWHM band-

width is 2
√

ln 2κ. With the approximation κz∆n� 1, Eq. 2.11 can be integrated

as

iH (z) ∝
√
RRRS sin (k0z∆n) cos (2k0∆z + 2φ) e−(∆z/∆l)2

iV (z) ∝
√
RRRS cos (k0z∆n) cos (2k0∆z) e−(∆z/∆l)2

(2.12)

where ∆l =
1

κ
=

√
ln 2λ2

0

π∆λ
and ∆λ is the FWHM of the source in the wavelength

domain. Demodulation of the signals eliminates the cos(2k0∆z) terms in Eq. 2.12 to
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yield intensities in the two orthogonal polarization detection channels proportional

to

IH (z) = |iH (z)|2 ∝ RRRS sin2 (k0z∆n)

IV (z) = |iV (z)|2 ∝ RRRS cos2 (k0z∆n)
(2.13)

The information of tissue birefringence can be obtained from the interference fringes

of the two channels. The phase retardation can be retrieved by

δ (z) = k0z∆n = tan−1

(√
IH (z)

IV (z)

)
(2.14)

2.3.3 The Mueller-Stokes formalism

2.3.3.1 The Stokes vector

The Jones formalism can only describe fully polarized light and non-depolarizing

behaviors of optical system, The Stokes vector, composed of four components, I, Q,

U , and V (sometimes the four components are also referred to as s0, s1, s2, and s3),

is defined by a set of irradiance measurements conducted by a photodetector and

several perfect polarizers. Suppose the light under investigation can be described

as |s〉 = [sx, sy]>, the irradiance of the beam can be directly measured as I =

sxs
∗
x + sys

∗
y. With a linear polarizer, we can measure the irradiance difference of

the horizontal and vertical polarization components as Q = sxs
∗
x − sys

∗
y. With a

linear polarizer oriented at +45◦ and -45◦ and measure the irradiance difference,

we have U = s+s
∗
+ − s−s

∗
−, where s+ =

√
2

2
(sx + sy), s− =

√
2

2
(sx − sy). Lastly,

with circular polarizers, we measure V = sRs
∗
R−sLsL∗ , where sR =

√
2

2
(sx − i · sy),

sL =
√

2
2

(sx + i · sy). These measurements compose a complete Stokes vector shown

as follows [68]:
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I = sxs
∗
x + sys

∗
y

Q = sxs
∗
x − sys

∗
y

U = s+s
∗
+ − s−s∗− = sxs

∗
y − sys

∗
x

V = sRs
∗
R − sLs∗L = i

(
sxs
∗
y − sys

∗
x

)
(2.15)

If the light is fully polarized, I2 = Q2 + U2 + V 2; if the light is completely unpo-

larized, Q = U = V = 0. Thus the degree of polarization (DOP) can be defined

as

DOP =

√
Q2 + U2 + V 2

I2
(2.16)

which ranges from zero for unpolarized light to unity for fully polarized light.

The one-to-one mapping from Jones vector to Stokes vector can be established with

a set of 2 × 2 Pauli spin matrices:

σ0 =

[
1 0

0 1

]
, σ1 =

[
1 0

0 −1

]
, σ2 =

[
0 1

1 0

]
, σ3 =

[
0 −i
i 0

]
(2.17)

Then the components si of the Stokes vector can be expressed as [62]

si = 〈s|σi |s〉 , (i = 0, 1, 2, 3) (2.18)

where |s〉 is the Jones vector and 〈s| denotes its complex conjugate. If we denote

the Pauli spin vector in Stokes space as ~σ = (σ0, σ1, σ2, σ3)>, the element-wise

equation (2.18) can be written as

s = 〈s|~σ |s〉 , (2.19)

where s is the full Stokes vector in R4 space.
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2.3.3.2 The Mueller matrix

Under the Stokes representation, the transmission matrix of an optical system can

be described as the Mueller matrix M ∈ R4×4, which links the incident Stokes

vector s to the transmitted Stokes vector t as

t =


I ′

Q′

U ′

V ′

 =


M11 M12 M13 M14

M21 M22 M23 M24

M31 M32 M33 M34

M41 M42 M43 M44



I

Q

U

V

 = M · s (2.20)

A straight forward way to transfer a Jones matrix to its corresponding Mueller

counterpart is listed below [69]:

M = U(J⊗ J∗)U†

U =
1√
2


1 0 0 1

1 0 0 −1

0 1 1 0

0 i −i 0


(2.21)

where J is the Jones matrix, ∗ denotes the complex conjugate operation, and ⊗ is

the tensor (Kronecker) product.

2.3.3.3 The Poincaré sphere representation

As the absolute irradiance is not necessary to identify the polarization state, we

can normalize the Stokes vector with the light irradiance I and use only the last

three components to represent the Stokes vector:

s =


Q/I

U/I

V/I

 ∈ R3 (2.22)
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The R3 Stokes vectors are still able to represent both fully and partially polarized

light, more importantly, they can be visualized in a Cartesian coordinate system

where the Q, U , and V components are mapped to x-, y- and z- coordinates, respec-

tively. Particularly, all fully polarized Stokes vectors, whose degree of polarization

(‖s‖2 = 1) is unity, forms the surface of a unit sphere termed as the Poincaré

sphere. The partially polarized Stokes vectors, whose degree of polarization is

smaller than one (‖s‖2 < 1), are mapped inside the Poincaré sphere.

2.3.3.4 Birefringence analysis on the Poincaré sphere

In a PS-OCT system, since the diattenuation effect is negligible in biological tissues

[54, 70], we will focus on resolving of birefringence parameters from the Stokes evo-

lution. The Poincaré sphere offers an intuitive geometric representation of the po-

larization states and the change upon propagating through the polarization chang-

ing medium. This geometric reasoning has originally been elaborated by B. H.

Park et al. in detail [34, 71].

Figure 2.4: The effect of birefringence visualized on the Poincaré sphere. The
polarization state s is rotated to t around rotation axis r0 by a rotation angle
of ϕ.

The effect of birefringence, when presented geometrically inQUV -coordinate (shown

in Figure 2.4), is the rotation of the input polarization state around a rotation vec-

tor r, where the direction of the rotation vector indicates the optic axis orientation
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(r0) and the angle of rotation (ϕ) indicates the amount of phase retardation. The

rotation vector is defined by r = ϕ · r0. The rotation vector r can be converted to

its rotation matrix representation by [72]

R = exp (ϕ ·K) (2.23)

where K is the cross product matrix of r, which means K · s = r × s holds true

for all vectors s ∈ R3. If the rotation axis r0 (normalized vector of r) is denoted as

[r1, r2, r3]> , the skew-symmetric matrix K is obtained by

K =


0 −r3 r2

r3 0 −r1

−r2 r1 0

 (2.24)

With the rotation matrix R, the relation between the input and output polarization

states is expressed as t = R · s

However, for a homogeneous birefringent layer under investigation of PS-OCT,

knowing the polarization state of light backscattered from the upper and lower

boundary of the layer is insufficient for the calculation of the amount of birefrin-

gence within the layer. For the fiber-optic systems, the birefringence induced by

the fiber is unknown and unstable, which invalidate the restriction that the optic

axis should lie in the QU -plane [73]. In this case, as shown in Figure 2.5(a), the

rotation vector around which s is rotated to t can not be uniquely determined, all

eligible rotation axes fall in a plane spanned by vectors splus (= s + t) and scross

(= s× t). Starting from the origin, for each direction on the plane a different ro-

tation trace and rotation angle can be solved. For example, if splus is considered as

the direction of the rotation vector, s will be rotated to t along the smallest circle

possible, results in the largest rotation angle π; if scross is considered as rotation

axis, the rotation will go along the largest circle on the sphere (centered at the ori-

gin O), and the rotation angle is the angle between vectors s and t (cos−1 (〈s, t〉)).
Except for these two exceptions, every direction on the spanned plane leads to a

possible solution, making the calculation of the birefringence ambiguous.

This problem can be addressed by introducing a second input polarization state.

Two input polarization states ensures the solvability of the rotation vector. In
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Figure 2.5: The illustration of geometric birefringence analysis on the Poincaré
sphere. (a) With only one polarization state, the rotation vectors that rotate s to
t cannot be uniquely determined, every direction in the shaded plane spanned by
splus (shown as normalized vector) and scross is a possible solution. (b) With two
different launching polarization states s1 and s2, and the corresponding detected
states t1 and t2 after propagating through the sample, the rotation axis can be
uniquely defined.

Figure 2.5(b), with two different input polarization states s1 and s2, and the cor-

responding detected Stokes vectors t1 and t2, as the rotation axis should be per-

pendicular to both rotation circles, its direction can be uniquely determined by the

cross product of (t1 − s1) and (t2 − s2).

The two input polarization states are best arranged if they are perpendicular with

each other in the Stokes space. If one input aligns with the optic axis and exhibit

no rotation at all, the orthogonal input state would rotate along the largest possible

circumference of the sphere, which maximizes reliability of measurement.

The two input states can be multiplexed in a time-division manner or a depth-

division manner. The time-division multiplexing can be done by quickly switching

the input polarization state between adjacent A-lines, which is usually implemented

by the electro-optic modulator (EOM) [74]. The depth-division multiplexing can

be implemented by a polarization delay unit (PDU) inserted in the sample arm [75].

The depth-division method has the advantage of ensuring the phase stability of the

two input polarization states (especially for wavelength swept source) but sacrifices
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half of the ranging depth, because two copies of images must be accommodated

side by side axially.





Chapter 3

The polarization mirror state

constraint

We observed that the polarization state of light after round-trip propagation through

a birefringent medium frequently aligns with the employed input polarization state

‘mirrored’ by the horizontal plane of the Poincaré sphere. We explore the pre-

disposition for this mirror state and demonstrate how it constrains the evolution

of polarization states as a function of the round-trip depth into weakly scattering

birefringent samples, as measured with PS-OCT. The constraint enables measure-

ments of depth-resolved sample birefringence with PS-OCT using only a single

input polarization state, which offers a critical simplification compared to the use

of multiple input states. More importantly, the transposed version of this con-

straint also holds true, making it possible to get local birefringence with two input

polarization states and only one detection channel, which would greatly reduce the

cost of polarization-sensitive SD-OCT system.

3.1 Observation of the polarization mirror state

Polarization offers access to unique, distinguishing signatures of samples for diverse

applications from remote sensing [76, 77] to biomedical optics [78–80]. Conven-

tionally, multiple input polarization states are required in addition to polarization-

diverse detection to fully characterize the polarization properties of a sample [62],

23



24 3.1. Observation of the polarization mirror state

prompting complex instrumentation. Alleviating these hardware requirements

would enable more widespread exploration of this compelling contrast mechanism.

In previous experiments, we observed that the polarization state of backscattered or

reflected light, when measured through identical illumination and detection paths,

frequently evolved through the employed input polarization state but with reversed

handedness, corresponding to the input state mirrored by the horizontal plane

of the Poincaré sphere [81]. Earlier investigations of the polarization properties

of single mode fibers reported on aspects of the polarization mirror state [82–

84], yet without elucidating its manifestation. To examine the polarization mirror

state, we measured the round-trip signal through a 1.5 m long single-mode optical

fiber. Instead of using a conventional polarimeter, we employed interferometric

measurements for later coherence gating experiments, as depicted in Figure 3.1(a).

Light from a super-continuum source was linearly polarized, prepared with an

achromatic quarter-wave plate (QWP) to different input polarization states, and

split into reference and sample arms. A linear polarizer oriented at 45◦ in the

reference arm defined the reference polarization state independent of the input

polarization. For polarization diverse detection, the sample and reference light was

combined in a polarization-maintaining fiber to then direct each of the fibers two

linear eigenstates towards a grating-based spectrometer (760∼920 nm)[85]. The

recorded fringe signals reveal the amplitude and relative phase of the two orthogonal

electromagnetic field components in the sample arm and hence the polarization

state of the sample light.

Employing a polarization controller to alter the birefringence of the fiber, we mea-

sured the time-varying polarization state resulting from randomly moving the pad-

dle positions of the controller. Visualized in Figure 3.1(b) as the normalized Stokes

vectors of the center wavelength (840 nm) in the Q, U , and V -coordinates of the

Poincaré sphere, the polarization mirror state manifests by the repeated crossing

of the polarization state evolution in a specific state m, highlighted by the red

arrow in Figure 3.1(b). Repeated with different launching polarization states s (in-

dicated by the blue arrows in Figure 3.1(c,d)), we recognize that m = D · s, where

D = diag (1, 1,−1). m corresponds to the input state mirrored by the horizontal

QU -plane, explaining its designation as the polarization mirror state. The input

states were determined by reflecting the light to the detector in free space, with-

out the fiber in place. All measurements were performed in the fixed coordinates
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Figure 3.1: Demonstration of the polarization mirror state. (a) Schematic
drawing of the optical system employed throughout all experiments. QWP:
quarter-wave plate; BS: beamsplitter. (b)-(d) Polarization state evolution on the
Poincaré sphere as a result of moving the three paddles of the PC when using
circularly, elliptically and linearly polarized input states, respectively, indicated
by the blue arrows.

of the receiver and are independent of the orientation of the coordinates in the

illumination path.
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3.2 Existence of polarization mirror state

3.2.1 Proof based on the inevitable crossing of rotation vec-

tor trace

To appreciate the mirror state phenomenon, we consider a general retarder R(x)

with its retardation varying as a function of x, e.g. the polarization controller’s

paddle positions. It may be preceded by a static element P. The combined system,

illustrated in Fig. 3.2(a), transforms the input polarization state s into the output

state t:

t = D ·P> ·R>(x) ·D ·R(x) ·P · s = T(x) · s (3.1)

Here, T = D ·P> ·R> ·D ·R ·P, and all vectors and matrices are in the rotation

group SO(3). We chose to follow the convention of maintaining the orientation of

the spatial xy-coordinates irrespective of the light’s propagation direction [86, 87].

In reciprocal media, the reverse transmission through element R is described by

D ·R> ·D [88, 89] (see Appendix I). It is important to note that the round-trip

transmission T is D-transpose symmetric T = D · T> ·D, which makes T a lin-

ear retarder. The round-trip propagation effectively cancels any optical activity

of circular retardation. The effect of T on the input state can be described by a

rotation vector τ(x) lying in the QU -plane of the Poincaré sphere, with its direc-

tion indicating the rotation axis, and its length defining the amount of rotation.

Considering their 2π-ambiguity, the rotation vectors of all possible linear retarders

are confined to a circle with a radius of π within the QU -plane (Fig. 3.2(b)). When

moving the polarization controller paddles, τ(x) traces out an intricate path in the

QU -plane, as shown by the green line in Fig. 3.2(b) for simulating a synchronous

movement of the three paddles.

There exists only a single rotation vector within the QU -plane that rotates a given

input state s onto an arbitrary output state t. This rotation vector is defined by

the intersection of the QU -plane and the plane bisecting s and t. In order for s to

pass through t, τ(x) has to evolve through this specific point within the π-circle

of the QU -plane. The only exception, there exists a continuum of rotation vectors
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Figure 3.2: Theoretical explanation of the polarization mirror state. (a)
Model of the round-trip propagation through a reciprocal sample, compris-
ing R(x) with varying birefringence and a static element P. (b) The rota-
tion vectors of all linear retarders localize within a circle of radius π within
the QU -plane of the Poincaré sphere. The orange curve represents the end
points of the rotation vectors mapping the randomly chosen input polarization
state [cos(−π/6) · cos(π/3), cos(−π/6) · sin(π/3), sin(−π/6)]> exactly to its mir-
ror point. The green trace represents the simulated rotation vector evolution
for a synchronous movement of the polarization controller paddles. The purple
curves represent the rotation vectors of D ·P> ·D ·R(x) ·P for R(x) with linearly
increasing retardation, for three representative sets of distinct P and R(x).

that map s onto its mirror state m = D · s, because the QU -plane coincides with

the bisecting plane in this case. These rotation vectors are located on a curve τm

within the QU -plane (orange curve in Fig. 3.2(b)). Every intersection of τ(x) with

τm corresponds to s evolving through the mirror state m, explaining its frequent

realization.

The effect of a linear retarder can be expressed as a rotation vector τ = ϕ · τ0 =

ϕ·[cosα, sinα, 0]>, where τ0 has unitary length, α is the azimuth angle with respect

to the Q-axis and ϕ is the rotation angle. The corresponding SO(3) rotation matrix

T is [72]:
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T = I + sinϕ ·K + (1− cosϕ) K2 = exp(ϕK)

K =


0 τ3 −τ2

−τ3 0 τ1

τ2 −τ1 0

 =


0 0 − sinα

0 0 cosα

sinα − cosα 0

 (3.2)

Here, we are looking for the linear retarder T (ϕ, α) that maps an input state

s = [s1, s2, s3]> to some state t = [t1, t2, t3]>. Its rotation axis is given by the

intersection of the QU -plane and the plane bisecting s and t:

(t− s)×


0

0

1

 =


t2 − s2

s1 − t1
0

 (3.3)

from where

α = tan−1

(
s1 − t1
t2 − s2

)
(3.4)

In general, s and t clearly define a single rotation axis. Only for the mirror po-

larization state, in which case both the nominator and denominator vanish, α is

undefined and can take any value. To find the amount of rotation around this axis

required to map s onto t, we project both vectors onto the plane orthogonal to the

rotation axis and evaluate their relative angle:

ϕ = cos−1

(s− (τ>0 · s)τ0

)> · (t− (τ>0 · t)τ0

)√
1−

(
τ>0 · s

)2
√

1−
(
τ>0 · t

)2


= cos−1

(
s> · t−

(
τ>0 · s

)2

1−
(
τ>0 · s

)2

) (3.5)

where τ0 = [cosα, sinα, 0]>, and τ>0 ·s = τ>0 ·t by construction. A defined rotation

vector τ within the QU -plane maps s onto a general t . Only for the mirror state

s = m, there exists a rotation for any azimuth direction within the QU -plane,
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tracing out a continuous curve in the QU -plane when wrapped to ϕ ∈ (−π, π) (the

red curve in Figure 3.3(b)).

Figure 3.3: The trace of the possible rotation vectors that map the input
state s to its mirror state m is defined by the input state. (a) The maximum
and minimum rotation angle ϕA, ϕB and the corresponding rotation axes τA0,
τB0 shown on the Poincaré sphere. (b) The corresponding rotation vectors τA

and τB define the orientation and curvature of the trace of the possible rotation
vectors (red line).

The shape and orientation of this trace is determined by s. Assuming the azimuth

and elevation angles of s are αs and εs, respectively (αs ∈ [0, 2π), εs ∈ [−π/2, π/2]),

then the largest rotation angle ϕA = π appears when the rotation vector aligns

with the projection of s onto the QU -plane, indicated by τA0 in Figure 3.3(a).

The smallest rotation angle appears when the rotation axis τB0 is perpendicular to

τA0. In this case the rotation trajectory coincides with a longitude of the sphere

and corresponds to a rotation angle of ϕB = 2 |εs|. As visualized in Figure 3.3(b),

the long axis of the trace aligns with the azimuth angle of input state s, and the

curvature of the trace is determined by the elevation angle of s.

Importantly, the presence of diattenuation that induces polarization-dependent loss

would skew the measured polarization states and frustrate the repeated evolution

through the mirror state. The mirror state only manifests in systems that can be

accurately modeled with unitary transmission matrices.

We next used PS-OCT to measure the polarization state of light backscattered

within a scattering sample as a function of its round-trip depth [61, 90]. At the scale
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of the axial resolution of OCT, tissue can be modeled as a sequence of homogeneous

linearly birefringent layers with distinct optic axis orientations. R(x) describes in

this case a linear retarder with a retardance that linearly increases with depth x,

resulting in D ·R> ·D = R. P contains the combined effect of system components

and preceding tissue layers. The resulting rotation vectors τ(x) form regular curves

across the π-circle (purple curves in Fig. 3.2(b)). All possible traces intersect the

curve τm precisely once, ensuring periodic crossing of m. To inspect in more

detail the evolution of t, we take its derivative with respect to x, and substitute

s = T>(x) · t:

∂t

∂x
=
∂T(x)

∂x
·T>(x) · t = β(x)× t (3.6)

Because T> · T is the identity matrix, (∂T/∂x) · T> = −T ·
(
∂T>/∂x

)
is skew-

symmetric and can be expressed as the cross-product operator β×, which is con-

stant for a retardance that linearly increases with x. Accordingly, within a single

sample layer, t evolves on the Poincaré sphere with constant speed rotating around

the apparent optic axis β on a circle constrained to pass through m.

According to Eq. (3.2) the SO(3) rotation matrix T can be written as T = exp(ϕK)

[72]. From Eq. (3.6), we know that ∂t/∂x = β× t, where

β (x)× =
∂T (x)

∂x
·T> (x) =

d (ϕK)

x
+

1

2!

[
ϕK,

d (ϕK)

x

]
+

1

3!

[
ϕK,

[
ϕK,

d (ϕK)

x

]]
+· · ·

(3.7)

Here, the Hadamard’s lemma has been used to write the derivative of the matrix

exponential and [A,B] = A·B−B·A is the commutator [91]. The evolution of t(x)

can always be described locally as a rotation around β(x). However, the relation

of β with ϕ and K is non-trivial, in general, and results in a varying rotation axis

if both ϕ(x) and K(x) depend on x.

The round-trip transmission through a stack of linearly birefringent layers can be

described by

T = P′ · exp (2z · δ · Γ) ·D ·P′> ·D (3.8)
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Here, z is the depth in the last layer, defined by the cross-product operator Γ = γ×
with unitary-length rotation vector, and local phase retardation δ. P′ describes the

reverse transmission through all previous layers. Plugging Eq. (3.8) into Eq. (3.7),

and setting z = x, simplifies to

β× = P′ · ∂ exp (2z · δ · Γ)

∂z
· exp (−2z · δ · Γ) ·P′> = P′ · 2δ · Γ ·P′> (3.9)

The apparent rotation vector β is now constant within this layer, causing the

evolution of t on a circle passing through the mirror state. Of note, the apparent

rotation axis β is related to the true sample optic axis γ× through a similarity

transform with P′.

3.2.2 Proof based on geometry

We are interested in the variation of the output Stokes vector t(z) as a function of

depth of reflection z within a homogeneous linearly retarding layer characterized

by its double-pass SO(3) matrix L(z) (as shown in Figure 3.4(a)) in response

to a launching state s. Before entering and after reflection within this layer of

interest, the light travels through additional layers. Without loss of generalization,

these preceding layers can be expressed as a linear retarder Q, and the overall

transmission becomes:

t (z) = Q·L (z)·Q·s = Q·L (z)·Q−1 ·Q︸ ︷︷ ︸
I

·Q·s = L′ (z)·Q·Q·s = L′ (z)·t (0) (3.10)

The reflection from the interface between Q and L, at depth z = 0, transforms

the input state s by the double action of Q onto the state t(0). Interpreting Q

as a homogenous retarding element, it rotates s along a circle having a horizontal

rotation axis within theQU -plane, and hence guaranteed to pass through the mirror

point m which is the symmetric point of input state s. To reach m would take

a rotation by an angle 2η, but when reaching t(0), an offset angle of 2ζ remains.

Each Q contributes a rotation of η − ζ.
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Figure 3.4: Illustration of geometric proof of existence of the mirror state.
(a) Model of the round-trip propagation through a reciprocal sample. (b) Side
view of the polarization state evolution on the Poincaré sphere. (c) Front view
of the of the polarization state evolution on the Poincare sphere, when observing
through the rotation vector of Q.

The effect of increased penetration z into the layer L on the output state t(z) can

be described by multiplication of t(0) with L′. L′ is the similarity transform of

the linear retarder L. Similarity-transforming L with the linear retarder Q simply

rotates the rotation axis of L by Q. If previously the rotation axis of L was located

within the QU -plane, it now lies in a plane rotated by and angle η − ζ around the

axis of Q. This plane precisely bisects the states t(0) and m. It would take a

rotation of η to rotate the horizontal plane to include m, and only η− 2ζ to reach

t(0). Intrinsically, any rotation with an axis lying within this bisecting plane will

results in the evolution of the t(0) through m. And since it also holds true for

any Q, it proves that the evolution of the polarization state reflected at increasing

depth within a homogenous retarding layer is confined to a circle passing through

the mirror point m.

3.2.3 Experimental validation

For experimental validation, we prepared a scattering phantom consisting of three

linearly birefringent layers with distinct optic axis orientations [92] (Fig. 3.5(a)).

Without the fiber segment in the sample arm, we focused the light with a 30 mm

focal length lens into the sample, achieving a full-width at half maximum (FWHM)

spot diameter of ∼8µm, and scanned with galvanometric mirrors in the lateral

direction. The spectrometer’s bandwidth offers an axial resolution of ∼2.4µm in
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air. At each scanning location, using PS-OCT, we constructed the Stokes vector as

a function of depth in the sample. To remove speckle and improve the signal, we

spatially filtered the original Stokes vectors with a two-dimensional Gaussian kernel

of 20µm 1/e2 width in the axial direction and 80µm in the lateral direction. Finally,

we computed the normalized three-component Stokes vector r(z) as a function of

depth, shown in Figs. 3.5(b-d) for three distinct input polarization states at one

lateral sample location. We then fitted circles to the polarization state evolution

within each layer. The circles (in purple color) demonstrate a close match with the

measured polarization states and all circles evolve through the polarization mirror

state m (indicated by red arrows), as expected.

3.3 Resolving local birefringence with mirror state

Using a single input polarization state for PS-OCT, it is straightforward to compute

the cumulative retardation that propagation through the sample to a given depth

and back imparts on the input polarization state [93]. Yet, cumulative retardation

can be difficult to interpret in samples with a layered architecture, and it is more

insightful to compute local retardation, i.e. the derivative of the retardance of

T(x) with depth, which is given by the norm of β and is proportional to the

sample birefringence [55, 67, 94] at that depth location. Following Eq. (3.6) we

have

∣∣∣∣ ∂t

∂x

∣∣∣∣ = |β| sin θ (3.11)

where we used |t| = 1. θ is the angle between the rotation vector β and the

polarization state t and is needed to deduce local retardation. With only a single

input state this angle is generally unknown. Using, instead, two input polarization

states oriented at 90◦ to each other on the Poincaré sphere reveals the orientation of

the apparent optic axis. However, recognizing that the evolution of t is constrained

to go through m, it is possible to recover the orientation and magnitude of β from

measurements with only a single input polarization state. Owing to this constraint,

both ∂t/∂x and (t−m) lie within the same plane orthogonal to β. Hence, the

direction of β can be obtained by the cross-product β0 = (∂t/∂x)× (m− t), and

sin θ = |β0 × t|/|β0|, allowing to calculate, after some algebraic manipulations:
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Figure 3.5: Evolution of coherence-gated polarization states in a three-layer
birefringence phantom. (a) Schematic sketch of the phantom consisting of three
layers with distinct optic axis orientations. (b)-(d) Polarization state evolution
(color-coded corresponding to the layers in (a)) for a circularly polarized (b),
elliptically polarized (c), and linearly polarized input state (d).

β =

∂t

∂x
× (m− t)

1− t> ·m
(3.12)

To validate the ability of the polarization mirror state to reconstruct local retar-

dation, we imaged a tissue-like phantom consisting of a long birefringent band

followed by four parallel elements with distinct birefringence levels and an optic
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Figure 3.6: Local retardation imaging of birefringence phantom using the
polarization mirror state constraint. (a,b) Schematic drawings of the two-layer
phantom in either orientation. (c,d) Corresponding cumulative retardation and
(e,f) local retardation images, respectively. Scale bars in (c) measure 100µm
(vertical) and 400µm (horizontal).

axis orientation different from the long band [92] (Fig. 3.6(a) and 3.6(b)) and the

gap was filled with non-birefringent matrix.

For reconstruction of local retardation, we employed the pre-calibrated polarization

mirror state m, and implemented Eq. (3.12) by approximating t = 1
2

(r [p+ 1] + r [p])

and ∂t/∂x = (r [p+ 1]− r [p])/∆z, where p is the pixel index along depth z =

p · ∆z, and ∆z is the axial sampling distance. To avoid high-frequency noise in-

troduced by taking the difference between adjacent points, we axially averaged the

reconstructed rotation vector β(z) with a Gaussian window of the same axial size

as used to filter the Stokes vectors. The norm of β, scaled to degrees of retardation

per depth (◦/µm), reveals the sample’s local retardation, imaged with either side

of the sample facing up (Figs. 3.6(e) and 3.6(f)). For comparison, the cumulative

retardation of T(x) was computed by evaluating the angle between r(z) at each

depth and r(zsurf), where zsurf is the axial location of the sample surface within each

depth profile (Figs. 3.6(c) and 3.6(d)). Whereas cumulative retardation is difficult

to interpret, the local retardation clearly reveals the individual sample segments

with their distinct levels of birefringence and is recovered irrespective of the sample

orientation [67, 95].

Previous strategies to reconstruct local birefringence from single-input-state PS-

OCT rely on the intrinsic symmetry of the imaging system [94, 96] and assume

that the optical elements in the illumination and detection paths have no impact on
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the polarization states. Most OCT instruments for clinical applications, however,

use fiber-based optical components with distinct illumination and detection paths,

which breaks the intrinsic D-transpose symmetry [97]. Crucially, the evolution of

t through the mirror state persists also in systems with distinct retardation in the

illumination and detection optics. This is equivalent to left-multiplying Eq. (3.1)

with an additional matrix B. Although the apparent cumulative retarder that

maps the input state onto the measured output state is no longer a linear retarder

in this case, B simply alters the location of the circular evolution of the polarization

states on the Poincaré sphere to go through the actual mirror state to B ·m.

3.4 Removal of mirror state artifact

A remaining challenge manifests whenever t aligns with m, which impairs the

reconstruction of local retardation (cyan arrows in Fig. 3.6(f)). This corresponds

to the effective polarization state in the target layer to orient along one of that

layers optic axes, and even prevents the cumulative retardation from accumulating

retardance. Using circularly polarized input light requires a half wave of retardation

to realize this alignment, which is uncommon in many biological samples. Yet,

some tissues feature substantial birefringence and controlling the input state is not

necessarily possible. The resulting artifact can be avoided by introducing a modest

amount of polarization mode dispersion (PMD) into the system and using spectral

binning for reconstruction [98]. Because PMD disperses the input polarization

state across the spectral bins, simultaneous alignment of t with m in all bins is

very unlikely.

Coupling the sample light through the 1.5-m-long single mode fiber twisted around

the polarization controller paddles provided sufficient PMD for our broad-bandwidth

source. For spectral binning, we multiplied the spectral fringe signals with Han-

ning windows h(k, n) of width ∆k/N centred on n ·∆k/ (2N) within the available

k-support, ∆k, n ∈ [1, 2N − 1], N = 5, resulting in 9 spectral bins, to compute

the binned Stokes vectors r (z, n). We also evaluated the degree of polarization

DOP =
〈

(Q2 + U2 + V 2)
1/2
/I
〉

, where 〈〉 indicates averaging over the spectral

bins, and Q, U , V and I are the spatially filtered Stokes components before nor-

malization. Following the identical processing for local retardation for each bin as

described above, we obtained the rotation vectors β (z, n). Fig. 3.7(a-d) illustrates
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Figure 3.7: Inaccurate estimation of local retardation can be avoided with a
small amount of polarization mode dispersion (PMD) in combination with spec-
tral binning. (a)-(f) Cross-sectional images of a two-layer phantom. (a) Local
retardation reconstructed using only the 1st spectral bin. (b) Local retardation
reconstructed using only the 9th spectral bin. (c,d) Reliability metric maps of
the 1st and 9th spectral bin, respectively. (e) Local retardation reconstructed
using the entire spectrum without spectral binning. (i) Local retardation image
reconstructed with spectral binning combining all bins. Scale bars in (f) measure
100µm (vertical) and 400µm (horizontal).

the local retardation of bins 1 and 9, together with a map w(z, l) = |t−m| ex-

pressing the reliability of the given Stokes vector by the distance from its mirror

state, for a tissue-like birefringence phantom. Bin 9 results in high local retardation

values but with little reliability, unlike bin 1, which indicates more modest local

retardation yet with higher reliability. The β (z, n) with high reliability of all bins

describe the same sample retardation but may be offset in their relative orientation

due to system PMD. The required rotation G(n) to align the vectors of each bin

to the central bin N in the least-square sense is given by:

max
G(n)

Tr

(
G(n) ·

∑
z,l

β(z, l, N) · β>(z, l, N) · w(z, l)

)
(3.13)

where z and l are point indices in the axial and lateral directions, respectively,

G(n) is assumed constant within an entire B-scan, and the sum is taken over

all points with sufficient DOP > 0.8 and signal intensity SNR > 5 dB. From
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the singular value decomposition of the 3 × 3 matrix defined by the summation∑
β · β> · w = U ·W · V†, where † denotes conjugate transpose, the solution

to Eq. (3.13) is obtained by G = V · U†. Lastly, the aligned rotation vectors

are averaged among the spectral bins considering their weights w(z, l), and then

axially filtered, as previously, to obtain the final local retardation image, free from

artifacts, as demonstrated in Fig. 3.7(f).

3.5 Swine retina imaging with single input free

space PS-OCT

3.5.1 System construction and calibration

3.5.1.1 System description

The swine retina imaging was based on a spectral domain PS-OCT system illus-

trated in Figure 3.8. The output of a super-continuum light source (SCL: SC-

5OEM, YSL Photonics) was clipped by a dichroic mirror (DMSP950 Thorlabs

Inc., not shown in Figure 3.8(a)) and collimated into the fiber coupler (90/10,

TW850R2A2, Thorlabs Inc.). The input light was transformed into a circularly

polarized light using a linear polarizer (P1: LPNIRE100-B, Thorlabs Inc.) and a

QWP (AQWP10M-980, Thorlabs Inc.) before split into the sample and reference

arms by a non-polarizing beam splitter (50/50, BS014, Thorlabs Inc.). Another lin-

ear polarizer (P2) in the reference arm was used to produce reference light with the

balanced amplitude and phase detected by the two spectrometers. The dispersion

caused by polarizer P2 was balanced by a compensator (DC) made of polariza-

tion independent BK7 glass in the sample arm. In the detection arm, a half-wave

plate (HWP: AHWP10M-980, Thorlabs Inc.) was employed to align the polariza-

tion coordinates of the free-space interference light to match with the polarization

axes of the polarization-maintaining fiber (PMF: P3-780PM-FC-2, Thorlabs Inc.).

The polarization diverse detection unit consists of a polarizing beam splitter and

two identical spectrometers, each of which was made up of a transmission grating

(Wasatch TG: 1200 line/mm), a camera lens (L9: Nikon AF Nikkor 85 mm f/1.8D),

and a line scan CCD (E2V, EV71YEM4CL2010-BA9). The operating bandwidth
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was ∼160 nm centered at 840 nm. The software for image acquisition and recon-

struction was implemented with LabVIEW 2015 (National Instrument Inc.) and

MATLAB 2016b (MathWorks Inc.), respectively.

Figure 3.8: (a) Schematic of single input polarization state PS-OCT system.
BS, beam splitter; DC, dispersion compensator; HWP, half-wave plate; L1-9,
lenses; LS, linear stage; M1-2, mirrors; P1-2, polarizers; PBS, polarizing beam
splitter; PM, power meter; PMF, polarization-maintaining fiber; QWP, quarter-
wave plate; SCL, supercontinuum laser; SMF, single-mode fiber; SP, spectrom-
eter, TG, transmission grating. (b)-(e) Process of k-space linearization. (b) the
mapping function k = Φ(n) from CCD pixel index n to the k-pace. (c) Raw inter-
ferogram. (d) Remapped interferogram in linear k-space. (e) Normalized point
spread function (PSF) with a full width at half maximum (FWHM) of 2.3µm in
air after dispersion calibration. (f)-(h) Spectral alignment process after k-space
resampling. Normalized profiles of the horizontal channel (red line) and vertical
channel (blue line) with reflector optical path length difference of ∆z1(dashed
line), ∆z2(solid line) before (f) and after (g) the spectral alignment, respectively.
The spectrum rescaling factor a was determined by the ratio of the distances be-
tween the signal peaks’ positions of each channel. After spectrum rescaling, the
peak positions of reflection surfaces of both channels were aligned together. (h)
Determination of k-space pixel shift by drawing the functions of cross-correlation
between interferograms of two channels against amount of k-space shift at differ-
ent path length difference. The point at which all cross-correlation functions of
different path length difference reach their own maximum value simultaneously
is the amount of shift b we are looking for.

3.5.1.2 Polarizing component alignment

With the help of a power meter located at the PM port of the input fiber coupler,

we were able to precisely adjust the angular position of each polarization-changing

element (polarizers, QWP, HWP) following the steps below:
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1. Place polarizer P1 in the input arm. The angle of the polarizer is arbitrary

since the match between the interference light coordinate and the detection

coordinate can be achieved later by rotating the HWP.

2. Block the reference arm and place a reflector (e.g. a mirror) at the focus of

the objective lens in the sample arm. Precise axial position and pitch angle

of the reflector is achieved by the maximum reading of the power meter.

3. Rotate the HWP to align the horizontal and vertical polarization axes of the

interference light with that of the PMF until the extinction ratio between the

two detection channels is maximized.

4. Install the QWP in the input arm (between polarizer P1 and the BS) and

rotate the QWP at angle 45◦ with respect to the transmission axis of polar-

izer P1, when the power at PM port reaches its minimum. This ensures a

circularly polarized illumination light.

5. Unblock the reference light and rotate polarizer P2 to balance the amplitude

of interference fringes between the two spectrometers.

3.5.1.3 k-space linearization and spectral alignment

To remap the interferograms into evenly sampled k -space and compensate for dis-

persion, we used a method reported previously by our group (the linearization

process is illustrated in Figure 3.8) [99]. Briefly speaking, the compensation is

since the interference fringes generated with a specular sample is ideally sinusoidal.

Note that we added a polarizer between the beam splitter and HWP to make sure

the interference fringes captured by the two spectrometers were in-phase, which

was removed after the calibration was completed. And these interference fringes

recorded for dispersion compensation were also used in next step, namely the spec-

tral alignment.

After the interference fringes were linearly resampled in k -space respectively, we

aligned the index of wavenumber between spectra of the two spectrometers. We

modeled the relation of the wavenumber indices between the spectra from the

two spectrometers as a linear function k2 = a · k1 + b, where k1, k2 stands for

wavenumber indices of the two spectra, respectively, a and b are the stretching

coefficient and the k -space shift. If the two fringes are well aligned, the stretching
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factor a should be equal to 1, corresponding to the aligned peaks position in depth

z domain. According to scaling properties of Fourier transform, the effects of

stretching coefficient a on the wavenumber domain and the Fourier transformed

depth domain can be revealed by Eq. (3.14) where I is the spectrum, k is the

wavenumber, F stands for the Fourier transform, γ is the depth profile, z is the

depth in the sample.

F (I (a · k)) =
1

|a|
F

(
I

(
k

a

))
=

1

|a|
γ
(z
a

)
(3.14)

Figure 3.8(f)-(h) shows the procedures to determine coefficients a and b for spectral

alignment. The stretching coefficient a could be determined via the linear regression

on the peaks’ position of the PSFs of the two channels. (shown in Figure 3.8(f)-(g)).

The k -space shift b was determined by cross-correlation between the interference

fringes of the two channels. The point at which all cross-correlation functions from

different optical path length difference reach their maximum simultaneously locates

the proper k -space pixel shift number b (shown in Figure 3.8(h)).

3.5.2 Imaging result

Swine eyes were collected from a local slaughterhouse within one hour after har-

vesting. We cut the eyeball along the equator, removed the lens, emptied the

vitreous chamber, and instilled just enough saline to prevent specular reflection

while scanning the retina. The scanning area centered on the optical nerve head,

spanning a dimension of 6 mm by 6 mm. Figure 3.9 demonstrates local retarda-

tion imaging of excised swine retina. The intensity image visualizes the layered

structure of the retina (Figure 3.9(a)). The local retardation reveals the birefrin-

gence of the retinal nerve fiber layer (RNFL), clearly differentiating it from the

less birefringent subsequent layers (Figure 3.9(b)). We have recorded 1024 A-scans

for each frame and 1024 frames in total. After manually segmented the upper and

lower boundary of RNFL in each frame, we averaged the intensity and retardation

values within the range of RNFL along depth direction and concatenated them

as the en face projections shown in Figure 3.9(c) and (d). RNFL birefringence is

being investigated for its potential in diagnosing early degeneration of the RNFL

associated with glaucoma [100, 101].
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Figure 3.9: Swine retinal retardation imaging ex vivo. (a) Intensity image.
(b) retardation image. (c) intensity en face projection. (d) retardation image en
face projection. Both scale bars in (b) measure 400µm and apply to (c, d).

3.6 Conclusion

In the chapter, we demonstrated the peculiar properties of the mirror polarization

state that manifest when measuring backscattered light along identical illumination

and detection paths free of polarization-dependent loss. In PS-OCT, the mirror

state constrains the evolution of the depth-dependent polarization states and en-

ables local retardation imaging, which previously has not been available to PS-OCT

without substantially more complex measurements using multiple input states.



Chapter 4

The transposed mirror state

constraint

The mirror state constraint introduced in the previous chapter already exhibit po-

tential in reducing system cost and complexity. By looking at the system transmis-

sion equation in Jones calculus, it can be noticed that as the transmission matrices

are symmetric, they would remain symmetric after taking tranpose of both side of

the equation, which means that the transposed version of mirror state constraint is

still valid. This is useful because the column of the input/output matrix represents

different input polarization states, while the rows represents the two orthogonal de-

tection channels. The tranposed constraint implies the interchangeability of input

states and detection channels. To obtain the depth-resolved birefringence infor-

mation of the sample, the single input state system with two detection channels

should be equivalent to a two input states system with only one detection channel,

if the mirror state constraint is employed.

4.1 Theoretical analysis

Let us consider a fiber-based system illustrated in Figure 4.1. The Jones trans-

mission of the sample arm optics is Jfib for the forward propagation, hence is J>fib

for the reverse propagation. Assume the round-trip Jones matrix of the sample

is Jsam, and the output arm is denoted as B. The input polarization state at the

fiber coupler is s and the detected polarization state is t.
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Figure 4.1: Schematic of a simplified fiber-based system. L1-6: lenses; M:
mirror.

For two input states PS-OCT system with polarization diverse detection, the trans-

mission equation is written as

[
|t1〉 |t2〉

]
= B · J>fib · Jsam · Jfib ·

[
|s1〉 |s2〉

]
(4.1)

where the input states |s1〉 = [s1x, s1y]> and |s2〉 = [s2x, s2y]> form an input matrix,

so do the output states. If single input state is employed, the equation can be

accommodated by right-multiplying a matrix

[
1 0

0 0

]
:

[
|t1〉 |t2〉

][1 0

0 0

]
= B · J>fib · Jsam · Jfib ·

[
|s1〉 |s2〉

][1 0

0 0

]
(4.2)

In this case, only the first column of the input and output matrix is selected, |s2〉
and |t2〉 are set as zeros, hence can be ignored in the equation:

|t〉 = B · J>fib · Jsam · Jfib · |s〉 (4.3)

With the conclusion we have drawn previously, the mirror state is the complex

conjugate of the input polarization state |s〉, but rotated by the asymmetric part

of the system B:

|m〉 = B · |s〉∗ (4.4)
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If we use two orthogonal input states, but receive only one of the detection channels,

it is equivalent to left multiplication of matrix

[
1 0

0 0

]
:

[
1 0

0 0

][
|t1〉 |t2〉

]
=

[
1 0

0 0

]
·B · J>fib · Jsam · Jfib ·

[
|s1〉 |s2〉

]
[
t1x t2x

]
=
[
B1x B2x

]
· J>fib · Jsam · Jfib · S

(4.5)

where S =
[
|s1〉 |s2〉

]
is the input Jones matrix. Taking transpose for both sides

of the equation, we have

|tx〉 = S> · J>fib · Jsam · Jfib · |Brow1〉 (4.6)

Where |tx〉 =
[
t1x t2x

]>
, |Brow1〉 =

[
B11 B12

]
. Here the system reciprocity still

holds because all the system matrices are still unitary matrix, so the mirror state

should exist under such condition. By comparing Eq. (4.3) and Eq. (4.6), the

mirror state can be expressed as

|m′〉 = S> · |Brow1〉∗ (4.7)

From Eq. (4.7) we know that the mirror state in this case is the conjugate state

of the first row of the asymmetric rotation matrix of the system B, but rotated

by the transposed input Jones matrix S>. We term the mirror state under such

condition as the row mirror state.

There may be concerns that the mirror state in this case is difficult to locate. By

definition (Eq. (4.7)) the Jones transmission matrix of the asymmetric part of the

system needs to be measured which already seems to be a very cubersome or even

impossible task. This is actually not a problem because in practice the mirror

state is not determined through its definition equation. By averaging the acquired

Stokes vectors of several cross sections of the sample, excluding points with low

degree of polarization, the mirror state will be automatically revealed as the most

concentrated point.
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4.2 Experimental validation

For experimental validation of the existence of row mirror state, we used a polariza-

tion sensitive OFDI system as shown in Figure 4.2 [102]. The two input polarization

states are multiplexed using a polarization delay unit (PDU). The ranging depth

of the system is enough for depth-division multiplexing for different input polariza-

tion states, more importantly, unlike the time-division multiplexing method, this

multiplexing implementation ensures phase stability between the two input polar-

ization states. The two input polarization states, which are linearly polarized in

the horizontal and vertical directions, respectively, happen to be orthogonal with

each other in the Jones space (〈s1|s2〉 = 0), hence satisfies the condition that the

input Jones matrix S =
[
|s1〉 |s2〉

]
should be a unitary matrix (as illustrated in

Eq. (4.6)) to ensure the existence of the row mirror state.

Figure 4.2: Schematic of the polarization sensitive optical frequency domain
imaging system. A custom polygon scanning laser swept at 50 kHz across a
110 nm wavelength range, centered at 1.3µm. Two polarization states that are
orthogonal in Jones space are generated and multiplexed to illuminate the sample
simultaneously. The polarization states are carried to center about the beating
frequencies (2Ω±Ω) modulated by three acoustic optical modulators, and hence
are separated with each other in the depth direction in OCT image. AOM:
acoustic optical modulator; BS: beam splitter; D1-2: dispersion compensator;
M: mirror; Obj: objective lens; PBS: polarizing beam splitter; PC: polarization
controller; PD: photodetector; Pol: linear polarizer.

We first placed a specular reflector at the focal point of the objective lens as the

sample. A polarization controller with three paddles installed in the sample arm



Chapter 4. The transposed mirror state constraint 47

was used to change the birefringence of the fiber. We recorded the changing polar-

ization state caused by randomly moving the paddles of the polarization controller.

The polarization-diverse balanced receiver is able to measure the full Jones matrix.

For all the Jones matrix obtained over time, we extracted the first row and the

first column to form two sets of Jones vectors and converted them into the corre-

sponding Stokes representation, and then draw the normalized Stokes vectors on

the Poincar sphere, as shown in Figure 4.3. It can be clearly seen that for each

case, the evolution of the polarization state passes a specific point multiple times,

which ensures the existence of the row mirror state.

Figure 4.3: Polarization state evolution on the Poincaré sphere as a result
of moving the three paddles of the polarization controller. (a) The polarization
state of the first column of the detected Jones matrix. (b) The polarization state
of the first row of the detected Jones matrix.

To further validate the phenomenon in a scene closer to its actual application,

namely the variation of polarization state caused by the birefringence of the sam-

ple in which the light propagates axially, we imaged a phantom composed of three

layers of birefringent scattering polycarbonate sheets fabricated following the steps

of [92]. The three pieces of polycarbonate sheets were clamped together and sub-

merged in water to reduce surface reflections. The acquired Stokes vectors of a

single cross section are averaged by a Gaussian kernel, and normalized to unit

length. One A-line was selected and the evolution of Stokes vectors along depth

was plotted in Figure 4.4. For each layer, the detected Stokes vectors are involved
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for a fitted evolving circle on the sphere plotted in purple. The three fitted evolving

circles crossed the same point, both for row and column vectors.

Figure 4.4: Evolution of polarization states in a three-layer birefringence
phantom. The three layers, from the top to bottom, are color-coded as blue,
green and orange, respectively. (a) Polarization states converted from the first
column of the detected Jones matrix. (b) Polarization states converted from the
first row of the detected Jones matrix.

It can be noticed that the column mirror state and the launching polarization state

(the start point of the layer with blue color, corresponding to the polarization state

back-reflected from the surface of the sample) were not symmetrical about the

QU -plane of the Poincaré sphere (as shown in the validation experiments of the

column mirror state), this is because the OFDI system contains the asymmetric

part, which is equivalent to applying a rigid rotation to the coordinate system of

the entire Stokes space.

Then we imaged a two-layer phantom composed of a long band and four small

bands on the top. The optic axis orientations of the two layers are set to be

45◦ with each other, and were cured in solidified resin doped with TiO2 powder

which was used as non-birefringent scatterers. The fiber of the system had not

been moved since the last experiment, which means both the row and the column

mirror states should remain the same. We recorded the cross-sectional scans of

the phantom and resolved the local birefringence image with two input states as

the ground truth (Figure 4.5(a)). Then we tried to recover the depth-resolved

birefringence information of the sample either using only the first column or the
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Figure 4.5: Local retardation imaging of birefringence phantom. (a-c) local
retardation images retrieved using (a) two input states, (b) the first column of
the detected Jones matrix with the mirror state and (c) the first row of the
detected Jones matrix with the row mirror state. Scale bars in (c) measure
250µm (vertical) and 2 mm (horizontal).

first row of the detected Jones matrix, with the knowledge of the corresponding

mirror state located in the previous experiments (Figure 4.3 and Figure 4.4). The

row Jones vectors, with the help of the row mirror state, offers almost the same

result as the column mirror state, which is comparable to the image generated by

the two input states ‘ground truth’, judging from the magnitude and uniformity of

the recovered birefringence.

4.3 Conclusion

In this chapter, by taking the transpose of the whole Jones transmission equation,

we found that the transposed version of the mirror state constraint also holds true,

and the constraint point was termed as the row mirror state. We validated this

phenomenon by fiber twisting experiment and phantom imaging with a frequency

multiplexing PS-OFDI system. Therefore, detecting the depth-resolved birefrin-

gence information of the sample with two orthogonal polarization states and only

one detection channel became possible. This simplification greatly reduced the cost

and complexity of the system, especially for spectral domain PS-OCT, where one

of the two spectrometers can be omitted.





Chapter 5

Mitigation of fringe attenuation in

fiber-based OCT

In fiber-based OCT systems, the polarization state of the sample light is contin-

uously changing because of the varying birefringence caused by the rotation and

twisting of sample optical fiber. The polarization state mismatch between the ref-

erence and sample light causes attenuation of the interference fringes hence degrade

the detection signal-to-noise ratio. By assuming the detected polarization state of

the sample light to be completely random, we modeled the relation between the

polarization fading and polarization state mismatch. Based on the phenomenon

of polarization mirror state introduced in the previous chapters, it has been rec-

ognized that the polarization state of backscattered light randomly varied due to

fiber twisting will not be evenly distributed on the Poincaré sphere, but tends to

concentrate around the mirror state. We demonstrated the optimal SNR could be

achieved if the polarization state of the reference light is carefully handled, and

that led to a 3.5 dB SNR improvement compared to a system without any proper

management.

5.1 Motivation

Flexible fiber-based probes, such as endoscopes, catheters and tethered capsules,

have greatly broadened the clinical diagnosis possibilities of OCT by enabling three-

dimensional high-resolution imaging inside the luminal structures of the human
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body. To achieve a high degree of flexibility, the imaging probe is composed of a

piece of single mode fiber (SMF) with the length of several meters, serving as the

medium for the propagation of light to the area of interest. With the rotary joint

or translation stage installed at the proximal end of the probe, circumferential or

linear scanning movements can be achieved and conveyed to the distal end through

the probe [103].

Light traveling in single mode fiber can be decomposed of two orthogonal polar-

ization modes [72]. Due to the asymmetries of fiber geometry and stress, the two

polarization modes of the light propagate at different phase velocities through the

fiber, resulting in the birefringence effect of the SMF. As the OCT probe is contin-

uously rotating and twisting, the polarization state of the backscattered light from

the sample arm is randomly changing and unpredictable [104]. The reference arm

usually remains stationary. The amplitude of the interference of light would de-

crease, when the polarization states of light from the sample arm and the reference

arm do not match with each other. This fringe attenuation effect would result in

signal-to-noise ratio degradation of the images acquired [105].

To compensate for the birefringence of the single mode fiber, Faraday rotator

could be employed in bulk-optic based OCT system [106], but is not applicable

for fiber-based probe due to the size restriction of the distal end of the probe.

The attenuation can be completely eliminated by two methods. One solution is to

use the polarization diverse detection (PDD), where the interference light is split

by a polarizing beamsplitter into two orthogonal polarization directions and then

received by two identical detectors. However, the polarization diverse detection

greatly added up to the overall complexity and cost of the system. Especially for

SD-OCT, the diverse detection requires two spectrometers, which demands the

cumbersome work like camera synchronization and pixel alignment. The extra set

of spectrometer brings huge cost pressure to the entire system.

A second solution is to use the common path design of the probe [107]. The

reference light and sample light share the same propagation path in the single mode

fiber until being split apart by a miniature beamsplitter located at the distal end

of the probe. As they travel all the way through the same birefringent fiber, their

polarization state is always aligned, eliminating the attenuation problem. The
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common path probe requires advanced manufacturing techniques for the micro-

optics, the probe design and post adjustment are also limited by the fixed reference

arm.

In the validation experiment of the polarization mirror state, it can be noticed

that the polarization state of light propagating a round trip through a reciprocal

medium, whose birefringence is continuously and randomly changing, would not

be uniformly distributed on the Poincar sphere, but tend to concentrate around

the mirror state [83]. Inspired by the observation of this physical constraint, we

realized that if the polarization state of reference light could be set to coincide

with the mirror state, the polarization state of the two arms would have a higher

probability to be aligned, hence mitigate the fringe attenuation problem.

In this study, we analyzed and modeled the intensity variation and average SNR

degradation caused by the randomized sample light polarization state. By adjust-

ing the polarization state of the reference light to the optimal position (coincide

with the mirror state), a 1.5 times amplitude increase of the interference fringes

can be expected, which is equivalent to 3.5 dB SNR improvement.

5.2 System modeling

Figure 5.1(a) shows the schematic of a fiber-based OCT system. Assuming that

the light source is purely polarized and the system polarization mode dispersion

(PMD) is negligible, we can write the transmission equation of the reference arm

and the sample arm as |tr〉 = Jo · J>r · Jr · Ji · |s〉, and |ts〉 = Jo · J>s · Jt · Js · Ji · |s〉,
respectively, where the superscript > denotes matrix transpose, |s〉, |tr〉 and |ts〉
are the Jones vectors of the input light, the detected reference light and sample

light, respectively. Ji, Jr, Js and Jo are the single-trip Jones transmission matrices

of the fiber pieces of the fiber coupler, as illustrated in Figure 5.1(a). Jt is the

double-pass Jones matrix of the tissue. The sample Jones matrix can be written

as Jt =
∫
χ(z) ·

[[
ei2knoz 0

]
,
[
0 ei2knez

]]>
dz, where χ(z) is the reflectivity profile

along depth z [108]. As we are analyzing a traditional OCT without polarization

sensitive capability, the birefringence of the tissue can be ignored. Hence we can

assume that the refractive indices of the ordinary beam and the extraordinary beam
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are equal, Jt then becomes an identity matrix with a factor F =
∫
χ(z)ei2knzdz.

We can express the recorded complex interference fringe f(k) as

Figure 5.1: (a) Schematic of a typical fiber-based OCT system. PBS: polar-
izing beamsplitter; SP: spectrometer. (b) Stokes representation of polarization
state mismatch on the Poincaré sphere. (c)-(e) Different fringe attenuation cases
with different values of angle A, where A is the angle between the Stokes vectors
of reference light tr and sample ts(m) (sample (mirror)). Fx and Fy were simu-
lated fringes obtained from two orthogonal polarization channels, Fx + Fy was
the simulated fringe when using only one detector.

f (k) = 〈tr|ts〉 =
(
Jo · J>r · Jr · Ji · |s〉

)† · (Jo · J>s · (F (k) · I) · Js · Ji · |s〉
)

=
〈
tr|ts(m)

〉
· F (k)

(5.1)

where
∣∣ts(m)

〉
is the Jones vector of light back-reflected from the sample arm when

a specular reflector is used as the sample. The superscript † denotes the conjugate
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transpose. F (k) contains the information of the depth reflectivity profile which

can be extracted by the inverse Fourier transform.
〈
tr|ts(m)

〉
is a complex scalar

and can be written as P · exp(iψ), thus Eq. 5.1 can be written in the form of

f (k) = P · exp (iψ) · F (k) (5.2)

From Eq. (5.2), the polarization mismatch between the reference and sample light

exerts an amplitude attenuation coefficient P and a common phase delay ψ to the

complex interference fringe. By converting the Jones vectors |tr〉 and
∣∣ts(m)

〉
to the

corresponding Stokes vectors tr, and ts(m), we have

P = cos (A/2) (5.3)

where A is the angle between Stokes vectors tr and ts(m), illustrated in Figure 5.1(b).

As it is intuitive to relate the amplitude attenuation coefficient P with the polariza-

tion state mismatch angle A in the Stokes space, we exhibit three special examples

(Figure 5.1(b)-(e)) where the amplitude of the interference fringes is not atten-

uated (Figure 5.1(c)), half attenuated (Figure 5.1(d)) and completely attenuated

(Figure 5.1(e)), corresponding to the mismatch angle set to be 0◦, 120◦ and 180◦.

In a practical system, tr fixed in the Stokes space because the reference arm often

remains motionless during the imaging process, while ts is continuously moving

due to the rotation and twisting of the sample arm fiber. The stationary tr and

changing ts results in a randomly altering attenuation coefficient P throughout

the scanning process. Statistically, the sensitivity degradation is related to the

distribution of the attenuation coefficient.

To characterize the distribution of fringe attenuation, we used a beamsplitter based

OCT system with polarization diverse detection illustrated in Figure 5.2(a). Light

generated by the supercontinuum laser was turned to be circularly polarized after

going through a polarizer (P1) and a quarter-wave plate (QWP). The input light

was then split into the reference arm and sample arm and went through identical

1.5 m single mode fiber, reflected by a mirror, went through the fiber in the reverse

direction, reunited at the beamsplitter and received by the polarization diverse

detectors. A polarizer oriented at 45◦ was installed in the reference arm before
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the single mode fiber, providing reference light with identical amplitude and phase

for the two detection channels. A three paddle inline polarization controller (PC,

Thorlabs, FPC030) was installed in the sample arm fiber to manually alter the bire-

fringence of the fiber. The two orthogonal polarization channels were composed

of two sets of identical transmission grating-based spectrometers, the detected in-

terference fringes from denoted as Fx(k) and Fy(k). By directly summation of the

fringes from the two channels, we obtained the single detected by a traditional OCT

without polarization sensitive detection FOCT(k) = Fx(k) + Fy(k). The sensitivity

degradation was quantified as the attenuation ratio between the peak amplitude

corresponding to the sample mirror obtained by the inverse Fourier transform of

FOCT(k) and the sum of individual detection channels Fx(k) and Fy(k).

Figure 5.2: (a) Schematic of the system used to measure the polarization
state randomization after round-trip propagation through single mode fiber. BS:
beamsplitter; P1-2: polarizers; PC: polarization controller; QWP: quarter-wave
plate; PBS: polarizing beamsplitter; SP: spectrometer; L1-6: lenses; SMF: single
mode fiber; M1-3: mirrors. (b) Measured fringe amplitude attenuation coeffi-
cient P against cos (A/2); (c) Histogram of the measured degree of polarization
(DOP); (d) Measured differential group delay (DGD) distribution and corre-
sponding Rayleigh probability density function (PDF) fitting.

One factor that must be considered is the polarization mode dispersion (PMD)

of the fiber. Because the twisting of fiber would introduce wavelength-dependent
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birefringence, which decreases the degree of polarization of light and influences the

reliability of the measurement. By extracting the amplitude and phase information

of Fx(k) and Fy(k) with Hilbert transform, we obtained the Jones vector with

respect to the wavenumber
∣∣ts(m)(k)

〉
, and were able to calculate the differential

group delay (DGD) which characterized the magnitude of PMD [104].

Two hundred interference fringes were recorded while the paddles of polarization

controller were randomly changing. We drew the relation between the measured

attenuation P and the value cos (A/2), where A is the angle between Stokes vec-

tors tr and ts(m). The points in the scatter plot are basically consistent with the

theoretical relation we have derived in Eq. (5.3) (indicated by the red line in Fig-

ure 5.2(b)). But for some measurements, deviation from the theoretical line is

noticeable. One possible explanation to the inconsistency is the polarization mode

dispersion (PMD) of the twisted fiber. The PMD made the detected polarization

state
∣∣ts(m)(k)

〉
to be wavelength-dependent, implying that the attenuation factor

P is not consistent across the wavelength, which led to measurement error. The

fiber PMD can be quantified by the degree of polarization (DOP) of the detected

polarization state. The points in Figure 5.2(b) were color-coded by their degree

of polarization, it can be noticed that higher DOP measurements located closer to

the theoretical line.

We calculated the differential group delay (DGD) with the definition DGD =

2
√

det (d (|ts〉) /dλ) (det denotes the matrix determinant) and plotted its distri-

bution in Figure 5.2(d). Before that, the single mode fiber was modeled as pure

retarder [11] and the Jones matrix |ts〉 of selected wavelength was retrieved for each

measured interference fringe. The distribution of DGD was tested to be a good fit

(p = 0.46 for the chi-squared test) to a Rayleigh distribution, which is the theoret-

ical probability density function of DGD [11]. In addition, the values of DOP of

all measurements were counted and plotted as the histogram in Figure 5.2(c). As

the degree of polarization was mostly close to unity, it is reasonable to neglect the

PMD effect in the following analysis.
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5.3 Simulation validation of the mitigation per-

formance

As explained in the previous chapters and other reports [75][77], the polarization

state of light propagating a round-trip through a reciprocal optical path whose bire-

fringence is continuously changing, tends to pass the mirror state of the launching

state in the Stokes space, which makes the polarization states not uniformly dis-

tributed on the Poincaré sphere, but concentrate around the mirror state. We cal-

culated the Stokes vectors from the previously recorded fringes and plotted them

on the Poincaré sphere (Figure 5.3(a)). Considering the existence of PMD, the

Stokes vectors have been averaged among the vectors obtained across the wave-

length domain. It is clear that the polarization states tend to concentrate.

Based on the existence of the mirror state, together with the relation between the

fringe amplitude attenuation and angle A, it can be imagined that since the polar-

ization state of the sample light cannot be controlled, we can set the polarization

state of the reference light to be the mirror of the launching state, which maximizes

the probability of alignment of polarization states of the reference and sample light.

We noted this optimized reference polarization state as tr(opt).

Figure 5.3: (a) Normalized Stokes vectors of light after traveling a round-
trip through the birefringence varying single mode fiber. The input polarization
state was s. The detected Stokes vectors distributed more around tr(opt); (b)-
(d) The empirical probability density functions obtained from simulations drawn
together with histograms of the measured attenuation coefficient P , with Aref =
0◦, 90◦ and 180◦, respectively. Aref is the angle between the actual reference
polarization state tr and the optimal state tr(opt).

A simulation was conducted to validate the optimal reference polarization state.

The transmission matrix of the single mode fiber was modeled as random unitary
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Jones matrix based on [105] to simulate its movements. For the three different

conditions of the simulation, the polarization state of the reference light was al-

tered so that the angle between tr and tr(opt), noted as Aref, was 0◦, 90◦ and

180◦, respectively. For each case, the empirical probability density function of the

fringe amplitude attenuation coefficient P was plotted with the orange curve in

Figure 5.3(b)-(d). For the best case where tr was set to align with tr(opt) (Fig-

ure 5.3(b)), the average signal-to-noise ratio is 3.97 dB higher than the worst case

where tr was set to be −tr(opt) (Figure 5.3(d)).

To validate the PDFs obtained from the simulation, we revisited the previously ac-

quired two hundred fringes. The tr(opt) was measured to be [−0.54,−0.23,−0.8]>.

In order to be consistent with the conditions of the simulations, we calculated

the angles between the detected Stokes vectors and three polarization states of

[−0.54,−0.23,−0.8]> (Aref = 0◦), [0.58, 0.58,−0.56]> (Aref = 90◦), and [0.54, 0.23, 0.8]>

(Aref = 180◦). The histograms were plotted together with the empirical PDFs in

Figure 5.3(b)-(d).

Sometimes unpolarized light source may be used to illuminate the OCT system.

For example, the super-continuum laser shines unpolarized light due to its inher-

ent random generation process. A polarized source like superluminescent diodes

(SLD) may be depolarized after propagating through a long single mode fiber. To

characterize unpolarized light, we model it as a summation of two cross-polarized

components [106]. For a Jones vector |s〉 = [sx, sy]>, its cross-polarization state is[
−s∗y, s∗x

]>
, where superscript ∗ denotes complex conjugate. For the unpolarized

light illumination case, Eq. (5.1) can be expressed as

funpol (k) =

〈
tr|ts(m)

〉
2

+

[
−t∗r y

t∗r x

][
−t∗s(m) y

t∗s(m) x

]
2

=

〈
tr|ts(m)

〉
2

+

〈
ts(m)|tr

〉
2

= Re
[〈
tr|ts(m)

〉]
· F (k)

(5.4)

where Re [·] denotes the real part of complex scalar, funpol (k) is the detected com-

plex fringes after background subtraction. A succinct form of the attenuation co-

efficient P cannot be found in this case. It can be noticed from P = Re
[〈
tr|ts(m)

〉]
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that the coefficient is still related to the reference polarization state, which can be

manipulated by twisting the reference fiber. But under unpolarized illumination,

there is no obvious way to maximize P , whose distribution would always symmetric

about a mean value of 0.5.

5.4 Experimental validation of the mitigation per-

formance

To validate the improvement of the optimized reference polarization state, A beam

splitter-based OCT system was constructed as illustrated in Figure 5.4(a). A super-

continuum laser with a center wavelength of 800 nm was used as the light source. A

linear polarizer (P1) installed at the input arm was used to transform the input light

to be fully polarized. Another polarizer (P2) was used to control the polarization

state reflected from the reference arm. To conveniently alter the polarization state

of light, the light went through a free space beamsplitter and before being coupled

into the single mode fiber. Like the previous experiment, a polarization controller

installed on the sample arm fiber was used to be moved to simulate the probe

scanning movement.

If the input light was set to be linearly polarized by polarizer P1, the optimal

reference state tr(opt) would coincide with the input state s. In this case, if the

polarization axis of P2 is aligned with P1, the detected reference polarization state

would be optimized. Under such configuration, 1000 fringes were acquired while

randomly twisting the paddle position of the polarization controller.

For comparison, we conducted the experiment with another two configurations.

We rotated polarizer P2 so that the angle between P1 and P2 was roughly 45◦,

meaning Aref = 90◦. Lastly, the two polarizers were removed from the system to

test the unpolarized source case. For all three cases, the detected intensity of light

from the reference arm and sample arm were adjusted to remain constant. The

distribution of the measured fringe amplitude attenuation coefficient was plotted

in Figure 5.4(b). Place the polarization state of the reference light at tr(opt) led to

optimized signal-to-noise ratio, which is 1.5 times as the worst case (OCT with an

unpolarized light source), that is equivalent to 3.5 dB sensitivity improvement.



Chapter 5. Mitigation of fringe attenuation in fiber-based OCT 61

Figure 5.4: (a) Schematic of a fiber-based OCT with free space beamsplitter
and single detection channel; (b) Histogram of Measured attenuation coefficient
with different reference output polarization states settings and unpolarized light
source. L1-4: lenses; PC: polarization controller; P1-2: polarizers.

5.5 Conclusion

In this work, we characterized the sensitivity degradation caused by polarization

mismatch between the two arms in fiber-based OCT quantitatively. Based on the
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observation that the polarization state of light propagating a round-trip through

a reciprocal optical path is not uniformly distributed on the Poincaré sphere but

concentrate to the mirror state, we brought up the solution that by presetting the

polarization state of the reference light to the mirror state, an optimized signal-to-

noise ratio could be achieved. Before this work, this problem is usually addressed by

using polarization diverse detection, or common-path probe design, which are ex-

pensive and complicated solutions. The method we have suggested adds negligible

burden to the system and offers immediate SNR improvement, and is recommended

to be taken into account in the design of the fiber-based OCT system.



Chapter 6

Optical coherence tomography

with gapped spectrum

The axial resolution of optical coherence tomography (OCT) is determined by the

spectral shape and bandwidth of the detected light, which are limited by the gaps

in the wavelength range of illumination, transmission, and detection. In this work,

we demonstrate that the axial resolution deteriorated by gaps in OCT spectra can

be restored by adopting the gapped amplitude and phase estimation (GAPES)

method. GAPES estimates the missing parts between separated spectral bands

and obtains the axial profile of tissue with reduced sidelobe artifacts compared to

the gapped spectra and significantly improved axial resolution over the individual

bands. This technique may make it possible to combine spectrally separated sources

and detectors to improve axial resolution in OCT images.

6.1 Introduction

OCT can provide depth-resolved three-dimensional images by the use of coherence

gating and confocal gating. In FD-OCT, the axial sample scattering profiles are

obtained by inverse Fourier transform of interference spectral fringes. Therefore,

the axial point-spread function is determined by the center wavelength and the

spectral bandwidth of the low coherence light source. To obtain a PSF with high

resolution and insignificant sidelobes, the spectral shape of the light source should

be broad and approximately Gaussian shaped [109].

63
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However, one cannot make full use of the near infrared biological imaging window

(700–1700 nm), because there exist gaps between the water transmission windows

and spectra of available light sources and detectors. Availability of light sources and

detectors divides nowadays OCT devices into three wavelength categories: 800 nm,

1000 nm, and 1300 nm [110]. For example, neither Si-based cameras nor InGaAs-

based cameras have acceptable response over 900–980 nm. To make things worse,

detection efficiency within this spectral band is further degraded by the absorption

peak of water at around 970 nm. An OCT system with gapped spectrum cannot

provide high-quality images because inverse Fourier transform of spectra with ‘gaps’

would result in significant sidelobe artifacts which compromise the axial imaging

performance.

Recently, several methods, rather than inverse Fourier transform, were proposed

to retrieve the depth scattering profiles of the sample, such as the maximum en-

tropy method [111], the algebraic reconstruction [112], and autoregressive spectral

estimation methods [113, 114]. To make use of a gapped source spectrum, the

straightforward idea is to apply a gapped data estimation method to retrieve the

depth profiles.

Studies were conducted on the gapped data estimation problem, initially in the field

of astronomy and radar, where continuous measurement was difficult because of

environmental restrictions. Collected data was always alternated with gaps. Large

artifacts would contaminate the spectrum if traditional direct spectral analysis

was applied. Many of the data based algorithms, such as least-squares estimation

[115], polynomial interpolation [116] and trigonometric polynomial interpolation

[117], use the data changing tendency, or derivative, to estimate the missing data.

However, these methods are applicable only when tiny gaps scattered throughout

the data sequence, in other words, can only be applied to the ‘unevenly sampled

data’ case. In our case where there exists one big gap, the spectrum-based estima-

tion algorithms would give more satisfying results.

To address ‘big gaps’ in a data sequence, Fahlman and Ulrych iteratively used

the maximum entropy method to predict the missing content [118]. Brown et

al. proposed a modification of Fahlman and Ulrych’s method where the data was

bandpass filtered before autoregressive (AR) model fitting process. Also, an over-

sampled version of the time series was generated aiming to solve the insufficient

AR coefficients problem [119]. Broersen et al. presented an approximate maximum
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likelihood method which made use of only a limited part of previous data to esti-

mate the likelihood and was usable even if less than 10% of the data was available

[120].

Most of the methods are parametric methods based on the assumption that the

process through which the data is acquired satisfies a certain parametric model.

However, in terms of the OCT fringe data, it is difficult to determine which model,

if there is one at all, can be fitted in. Stoica et al. proposed a non-parametric

method, termed gapped data amplitude and phase estimation (GAPES) [121].

Without any presuppositions of the data acquiring process, GAPES can be applied

in cases where a specific model cannot be derived. In this paper, we present to use

the GAPES to estimate the missing part between spectral bands in OCT spectral

data and produce images with reduced artifacts and improved axial resolution.

6.2 Theory

GAPES uses available interferogram to estimate the missing part, thus obtains a

non-gapped spectrum. With this gap-filled interferogram, an A-line profile along

the axial direction of OCT images with little sidelobes can be retrieved. Amplitude

and phase estimation (APES) algorithm, instead of inverse FFT, is used to perform

the spectral estimation of non-gapped spectra [122]. To treat the spectral gaps,

GAPES iteratively finds an estimation of the missing data in the gaps by inversely

solving the APES result to obtain the estimated time domain data through least-

square optimization. The general procedure of the algorithm is shown in Fig. 6.1.

The recorded raw interferograms must go through the regular pre-processing pro-

cess: linearly k-space resampling and dispersion calibration. Before applying any

gap estimation method, we reshape the fringe data sequence to be uniform in am-

plitude across the whole spectrum, to fulfill the condition of a wide-sense station-

ary random sequence. The reshaping can be implemented through pixel-by-pixel

dividing the fringe to the source spectrogram. This procedure produces a station-

ary sequence if the system is shot-noise limited. To avoid introducing too much

noise with the spectral reshaping, spectrum at the edges with low power should be

trimmed off for light source with limited bandwidth.
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Figure 6.1: The gapped-spectrum amplitude and phase estimation algorithm
flowchart.

If the obtained interferograms s(k), (k = 0, 1, · · · , N−1) does not contain any gaps,

APES algorithm can be used to estimate the depth profile γ(z). To implement

APES algorithm, we define an overlapping data matrix t(k) based on the original

interferograms s(k) as follows

t(k) =


s(k)

· · ·
s (k +M − 1)

 , (k = 0, 1, · · · , L− 1) (6.1)

where L = N − M + 1, each row of t(k) is a segment of s(k) with a length of

M , and adjacent elements t(k) and t(k + 1) have M − 1 overlapping elements. It

was proved in ref [122] that a data sequence collected from a stationary stochastic

process can be modeled as h∗(z)t(k) = γ(z)eikz + res, where h(z) was the impulse

response of an M-tap FIR filter, γ(z) was the depth profile we want to resolve, and
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res was the residual error. The estimation of the filter bank ĥ(z) and the depth

profile γ̂(z) can be obtained by minimizing res, expressed as

min
γ(z),h(z)

L−1∑
k=0

∣∣h∗ (z) t (k)− γ (z) eikz
∣∣2 (6.2)

To deal with interferograms with gaps, APES algorithm is adopted iteratively to

estimate the missing part in the gaps. The first step is to give an initial guess of

the depth profile and the missing data. Assuming that the missing part of the data

generates the same depth profile content as the available part, an initial spectral

estimation, noted as
{
ĥ (zi) , γ̂ (zi)

}
can be obtained by directly applying APES

to the available data, with the missing part set as zero. Then reversely, with the

initial guess of the depth profile, an estimation of whole interferogram su without

gaps can be obtained by solving a least square problem

min
su

Z−1∑
i=0

L−1∑
k=0

∣∣h∗ (zi) t (k)− γ (zi) e
ikzi
∣∣2 (6.3)

In this case, the interferogram su is the variable to be determined, while minimiz-

ing the residual error res. An updated sequence su without gaps can be obtained

from this step, as a substitution of the original gapped interferogram. Then, by ap-

plying APES to this updated gap-filled interferogram su, an updated depth profile{
ĥ (zi) , γ̂ (zi)

}
can be obtained. With this updated depth profile, we repeated up-

dating the interferogram estimation su and vice versa, until the iteration converged

to the final estimation. The iteration ended when either of the two conditions is

met: (1) the change of the criterion
Z−1∑
i=0

L−1∑
k=0

∣∣h∗ (zi) t (k)− γ (zi) e
ikzi
∣∣2 between cur-

rent iteration and the previous one is smaller than a preset small value; (2) a preset

iteration number has been reached.

In experiments, the computation load of the algorithm increased exponentially

with the data sequence length. When the data length exceeded 1000 points, the

consuming time became unacceptable. So we devised a speed-up method that

divided the data sequence into 8 segments in the spatial domain and applied the

algorithm individually for each short segment, followed by fusing the spectrum

segments into a whole depth profile.
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Figure 6.2: The segmentation of a data sequence (a) Adjacent bandpass filters;
(b) Original gapped data sequence; (c) Spectrum of filtered data; (d) Filtered
data segments; (e) Spectrally shifted and downsampled data segments.

To segment the data sequence, we filtered the data with eight adjacent band-

pass filters equally distributed along the spatial domain. These finite real filters

(Fig. 6.2(a)) were designed to span over half of the entire spatial domain since

real data sequences, such as the interference fringes, have symmetric spectral con-

tent. To illuminate the process, an A-scan fringe data sequence was shown in

Fig. 6.2(b) as an example, and its spatial domain transformation processed by the

filters was shown in Fig. 6.2(c). The resultant 8 spatial domain segments were

then aligned to the lowest spatial band by multiplying a frequency shifting factor[
exp

(
−j 2π(m−1)n

8N

)]
(where m = 1, 2, · · · , 8 was the index of filter, n was the index

of data sequence and N was the data length). After the shifting, since the spectral

information of each shifted spatial segment was constricted in the normalized spa-

tial range 0 ∼ 1/8, we could downsample each segment with a factor of 8 without
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Figure 6.3: Schematic of the OCT system. BS, beam splitter; GS, galvo scan-
ners; L1-8: lenses; PH, pinhole; RM, reference mirror; SLD: superluminescent
diode source; SMF, single mode fiber; TG, transmission grating; PC, personal
computer; IMAQ, image acquisition board.

alias (shown in Fig. 6.2(e)). In summary, we segmented a data sequence into 8

segments each with 1/8 of the original length.

After the segmentation, GAPES algorithm were applied to each filtered and down-

sampled interferogram to estimate the non-gapped depth profile. Then we shifted

the depth profile segments back to their original position in the spatial domain to

form the full depth profile. The segmentation dramatically improved the process-

ing speed of GAPES. In the case of a 1024 points interferogram, the processing

speed was improved by a factor of 350 (running time reduced from 25 800 s to 72 s).

6.3 Experiments and results

To verify the efficacy of GAPES method for gapped OCT data restoration, we

developed a home-made spectral domain OCT system. A stack of glass slides was

imaged to characterize the axial PSF estimation over the entire imaging depth.

Beads solution was imaged to demonstrate the method on spherical scatters. To

compare the biological tissue images obtained by the gapped spectrum and the full

spectrum, we imaged fresh rat cornea with full spectrum and numerically created

gapped spectrum.
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As shown in Fig. 6.3, a free-space spectral domain OCT setup based on Michelson

interferometer was constructed. A superluminescent diode array (SLD, model:

Superlum T-850-HP) with a center wavelength of 850 nm and a total bandwidth of

165 nm was used as the illumination source. A 10:90 non-polarizing beam splitter

(BS029, Thorlabs Inc.) divided the beam into reference and sample arms. The two

beams were focused into diffraction-limited spots by two identical focusing lenses

(L4/L5: Mitutoyo Plan Apo NIR, 20×, NA 0.4). In the sample arm, two galvo

mirrors (GVSM002/M, Thorlabs Inc.) were used to scan the spot in orthogonal

lateral directions. The backscattered light from the sample and reflected light from

the reference mirror was recombined at the beamsplitter, and guided to a home-

made spectrometer through a single mode fiber (P3-780A-FC-2, Thorlabs Inc.) and

a 50:50 beam splitter (BS014, Thorlabs Inc.). A 10 µm pinhole (P10S, Thorlabs

Inc.) was used to reject stray light from entering the spectrometer. After being

dispersed by a transmission grating (1200 lines/mm, 840 nm, Wasatch Photonics

Inc.) and focused by a camera lens (Nikon AF-S 85 mm f/1.8D), the beam was

directed to the line-scan CCD (E2V, AViiVA EM4) with 2048 pixels operating at

an acquisition speed of 20k A-lines per second.

The superluminescent diode array provided a spectrum with a 3 dB bandwidth

from 760 nm to 925 nm. To create a gap in the spectrum, we imaged the samples

with full spectrum and set middle 1/3 part of acquired spectral fringes to zeros,

obtaining an illuminating spectrum with two discontinued sub-bands: 760 nm–

815 nm and 870 nm–925 nm.

To test the sensitivity ‘roll off’ and imaging depth of the gapped spectrum OCT,

we imaged a glass slide stack (Fig. 6.4(a)), which was formed by stacking multiple

glass slides together (thickness of each slice was ∼0.2 mm). As shown in Fig. 6.4,

the sensitivity ‘roll off’ and the imaging depth was not affected by the GAPES

algorithm. Comparing the full spectrum FFT depth profile (Fig. 6.4(b)) and the

GAPES depth profile (Fig. 6.4(d)) it can be confirmed that the layer structure

in GAPES is a representation of real sample structure. Besides, we could see

significant resolution improvement and sidelobe artifacts suppression provided by

the GAPES algorithm compared to the FFT result (Fig. 6.4(c)).

To demonstrate the performance of this method on spherical scatters which resem-

ble biological cells, polystyrene calibration particles (80177, Fluka, diameter 2 µm)

water solution was imaged (Fig. 6.5) with the full spectrum and a gapped spectrum
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Figure 6.4: Aline profiles of the glass slide stack image. (a) One frame retrieved
by FFT using full spectrum light source indicating the phantom structure. The
location of depth profile shown in (b-d) was indicated by blue vertical line. AC:
autocorrelation artifacts. Scale bar, horizontal: 50 µm; vertical: 50 µm. (b)
FFT with full spectrum. (c) FFT with gapped spectrum. (d) GAPES with the
gapped spectrum.

with the middle 1/3 spectral data set to zeros (815 nm to 870 nm in a full spec-

tral range from 760 nm to 925 nm). Figs. 6.5(a)–6.5(c) show images obtained from

the Gaussian reshaped full spectrum (Fig. 6.5(d)) using conventional FFT, the

Gaussian reshaped gapped spectrum using FFT (Fig. 6.5(e)), and the uniformly

reshaped gapped spectrum (Fig. 6.5(f)) using GAPES, respectively. Fig. 6.5(g)

reveals the depth profile at the location indicated by color-coded vertical lines

in Figs. 6.5(a)–6.5(c). A gap in the middle of the spectrum introduced sidelobe

artifacts in axial PSF, totally undermining the image quality. However, by adopt-

ing GAPES spectral estimation to retrieve the depth profile, the artifacts were

suppressed by ∼11 dB according to the signal peaks corresponding to the water

surface and beads, thereby providing image quality comparable to that of the full

spectrum.

To test gapped spectrum OCT in biological tissues, we demonstrated ex vivo imag-

ing on fresh rat cornea. Rat eye balls were harvested from a healthy adult female

Sprague Dawley rat immediately after the disappearance of vital signs. We imaged
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Figure 6.5: Images of polystyrene calibration particles in water. (a) Full spec-
trum image retrieved by FFT; (b) Gapped spectrum image retrieved by FFT.
(c) Gapped spectrum image retrieved by GAPES. Scale bar, horizontal: 30 µm;
vertical: 50 µm. (d-f) Gaussian reshaped full spectrum(d), Gaussian reshaped
gapped spectrum(e), and uniformly reshaped gapped spectrum(f) from the same
A-scan after background subtraction, respectively.(g) Depth profiles at the lo-
cations indicated by the red (a), brown (b) and blue (c) vertical lines in the in-
tensity images (a)-(c). For the peaks corresponding to water surface and beads,
GAPES achieves ∼11 dB sidelobe suppression comparing to direct FFT of the
gapped spectrum.
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Figure 6.6: Images of the rat cornea ex vivo. (a) Full spectrum image retrieved
by FFT, (b) gapped spectrum image retrieved by FFT, and (c) gapped spectrum
image retrieved by GAPES. DM: Descemet’s membrane; EP: Epithelium; ED:
Endothelium; S: Stroma. Scale bar, horizontal: 200 µm; vertical: 40 µm.

the sample with full spectrum. To simulate a gapped spectrum, we set middle

1/3 part of acquired spectral fringes to zeros. Figs. 6.6(a)–6.6(c) show the im-

ages obtained from full spectrum using conventional FFT, gapped spectrum using

FFT, and gapped spectrum using GAPES, respectively. The sidelobe artifacts

introduced by the spectral gap were well suppressed, and the image quality was

improved in the images provided by use of GAPES (Fig. 6.6(c)) compared with

the gaped FFT image (Fig. 6.6(b)).

6.4 Discussion and conclusion

The length of the gap significantly influenced the performance of GAPES. We

tested this by setting the gap lengths as 20%, 40% and 60% of the total data

length, and found that the performance of GAPES decreased as the gap length

increased. Larger gaps would result in more artifacts, where the speckle pattern

seems like ‘snakes’, degrading the axial resolution and image quality. If the missing

part exceeds half of the total data length, matrices in the iteration process will

degenerate closely to singular matrices, making the computation of their inversion

inaccurate. We tried a 70% gap length but failed because the solution collapsed to

an invertible matrix. Empirically, we expected that the performance of GAPES is

acceptable with a gap length no larger than 40% of the total sequence length.

Currently, there are still limitations that may hinder the practical application of

this algorithm. One is the high computation load due to the large amount of
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matrix multiplication, inversion calculation, and iterative procedures adopted by

the algorithm. We had adopted an additional digital filtering and recombination

procedure to speed up the computation to an acceptable level. To estimate a single

A-line profile from 1024 points gapped spectrum, the computing time was about

72 seconds with six iterations running on a Xeon E5 processor computer. However,

it was still not fast enough for practical clinical applications.

Another limitation is that the algorithm may introduce additional artifacts to the

image. These artifacts turned the axial PSF to thinner peaks, thereby changing

the speckle pattern to random ‘snake noise’ pattern, sometimes seriously blurring

the image. These artifacts were reported before in the attempts of improving

OCT axial resolution without broadening the light source, such as deconvolution

[123] and spectral estimation [114]. We believe these artifacts are the result of

the assumption that the undetectable fringes (spectral gaps or outside the source

window) have the same spectral content with the known fringe data. Since OCT

forms a band pass image of the sample in the axial direction [124], this assumption

only stands true when the sample is made of Dirac delta functions, whose spectral

content are evenly distributed in the frequency domain. Based on this assumption,

the GAPES algorithm tends to turn the PSF into thinner peaks like the Dirac

delta function and introduces ‘snake noise’ pattern into the image.

To conclude, we present, for the first time to our knowledge, how to retrieve OCT

image from a gapped spectrum illuminating light source with significantly sup-

pressed sidelobe artifacts and effective restored axial resolution using GAPES al-

gorithm. In the OCT device, the critical component is the broadband laser source,

which rolls up the cost of the whole device [125]. This method may make it possi-

ble to improve axial resolution using light sources with gapped spectrum, which is

of lower cost than those of supercontinuum sources [126, 127]. What’s more, this

method provides a possibility to combine OCT devices in different optical bands,

further improving the axial resolution.
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Conclusion and recommendations

7.1 Conclusion

The main purpose of this thesis is to reduce the cost and complexity of OCT system

through theoretical and technological innovations.

The discovery of the polarization mirror state makes it possible to resolve depth-

resolved birefringence information with only one input polarization state. This not

only simplifies the system, but also provides performance improvement in other

aspects over the existing method: (1) comparing to EOM-based system, the single

input state system method can potentially achieve higher image speed and higher

axial resolution, because the bandwidth is no longer limited by the EOM; (2)

comparing with the PDU-based system, the single input state system can use the

full image range along the depth direction.

More importantly, by taking transpose for both sides of the Jones transmission

matrix, we found the transposed version of the constraint is also valid. This makes

it possible to resolve local birefringence information using two multiplexed input

states and only one detection channel, which further reduced the system cost. Be-

cause a set of detection channel requires extra photodetectors, signal acquisition

board, and computational resources, which is often the barrier to adding polariza-

tion sensitive functionality to the existing system.

Inspired by the polarization state concentration phenomenon observed in the mirror

state experiments, we demonstrated the application of the mirror state constraint

75
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in the fiber-based OCT system. By presetting the detected reference polarization

state to the mirros state of the input light, a 3.5dB signal-to-noise ratio improve-

ment can be statistically achieved. Before this reference light management method,

this issue has either been left unsolved or solved only through costly means. The

proposed approach does not completely solve the problem, but made improvement

with nearly no extra cost.

The gapped spectrum estimation method offers the possibility to improve the axial

resolution by combining two separate spectral bands together. From another per-

spective, as the light source and detectors with broad spectral band is expensive,

combining the source and detection from two sets of cheaper components is now a

possible solution which reduced the overall system cost.

7.2 Recommendations for future research

For the polarization state constraint, we only used our single input state system

to demonstrate the existence of mirror state and validated its possibility in calcu-

lation of local birefringence information. More work should be done to quantita-

tively comparing the local birefringence of real tissues recovered by prevailing two

input states system and the mirror state method, hence validate its performance

in practical clinical applications. To avoid the mirror point artifacts, it’s better

to characterize the performance of artifact mitigation using spectral binning algo-

rithm, with respect to the amount of PMD introduced by the sample arm fiber.

In the future, exploring the capability of solving optics axis orientation with the

mirror state constraint would be another important work.

We have experimentally validated the row mirror state with a frequency multiplex-

ing PS-OFDI system, where the ‘ground truth’ of local birefringence is accessible.

To further demonstrate the performance of single detection channel polarization

sensitive system, it is best to be implemented on a spectral domain PS-OCT sys-

tem. Because saving a set of spectrometer would potentially make a higher impact

to the industry.

The estimation method of gapped spectrum offers the opportunity to break the

limits of current available spectral range of OCT system and achieve higher ax-

ial resolution, but has some major limitations. (1) Complex matrix operations
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and multiple iterations make the algorithm time-consuming and difficult to im-

plement real-time or large-scale data processing; (2) The estimation based on the

assumption that the detected signal should have the same spectral content for ev-

ery wavelength. But in practice, the assumption does not guaranteed to be met

in biological tissues. In the experiment, we noticed that the method have better

restoration performance for specular surfaces than turbid media. This limits the

clinical application of the method.

To summarize, this thesis focused mainly on advancing technical capabilities of

OCT. In the field of biomedical imaging, more translational and clinical studies are

needed. For the future, we need to investigate how these discoveries and techniques

can improve practical diagnositic devices, and how they can better help to diagnose

the diseases.
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Appendix I.

Muller matrix of reverse

transmission

Here we derive the deterministic (i.e. non-depolarizing) Muller matrix of the reverse

transmission through a reciprocal element from its corresponding Jones expression.

If A and B denote the front and rear interface of this element, the Jones matrix JAB

describes the forward propagation through this element (as shown in Fig. Appd1).

The reverse transmission is given by the transpose of this matrix JBA = J>AB,

when maintaining the orientation of the spatial xy-coordinates irrespective of the

propagation direction [86].

Figure 1: Schematic diagram of the transmission through an element from A
to B and in the reverse direction, described by the Jones and Mueller matrices,
respectively.

A matrix J in the Jones formalism can be converted into its corresponding Mueller

matrix M using [69].
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100 Appendix . I. Muller matrix of reverse transmission

M = U(J⊗ J∗)U†

U =
1√
2


1 0 0 1

1 0 0 −1

0 1 1 0

0 i −i 0


(1)

where ⊗ is the Kronecker tensor product, J∗ is the complex conjugate of J, and U†

represents the conjugate transpose of U, corresponding also to its inverse. Using

the fact that the transpose is distributive for the Kronecker product ((A⊗B)> =

A> ⊗B>), we find

MBA = U · (JBA ⊗ J∗BA) ·U†

= U ·
(
J>AB ⊗ J†AB

)
·U†

= U · (JAB ⊗ J∗AB)> ·U†

= U · I · (JAB ⊗ J∗AB)> · I ·U†

= U ·
(
U> ·U∗

)
· (JAB ⊗ J∗AB)> ·

(
U> ·U∗

)
·U†

=
(
U ·U>

)
·U∗ · (JAB ⊗ J∗AB)> ·U> ·

(
U∗ ·U†

)
=
(
U ·U>

)
·M>

AB ·
(
U∗ ·U†

)

(2)

Evaluating the outermost expressions, we find U ·U> = U∗ ·U† = diag(1, 1, 1,−1).

The transpose of a Jones matrix corresponds to the transpose of its corresponding

Mueller matrix, with the sign of the last row and column, excluding the on-diagonal

element, inverted. It represents the reverse transmission through a reciprocal el-

ement. For a pure retardation matrix R in the SO(3) formalism, this results in

RBA = D ·R>AB ·D, where D = diag(1, 1,−1).
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