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Abstract

The commercial availability of miniaturized optics and the need for �exibility in many

clinical applications have driven a desire for the reduction in OCT system form factor

and cost while maintaining �t for purpose imaging performance. Multiple Reference Op-

tical Coherence Tomography (MR-OCT) is a modi�ed Time-Domain OCT with a partial

mirror before the scanning reference mirror. MR-OCT unlocks opportunities to realize

low-cost and miniature OCT for speci�c applications using off-the-shelf components and

conventional production methods. In this thesis, our emphasis is on optimizing the imag-

ing performance of MR-OCT and enhancing its capabilities by integrating a nanosensitive

OCT algorithm designed to detect structural changes at the nanoscale level. First, to im-

prove MR-OCT sensitivity, we implemented a digitally balanced detection scheme with a

polarization-based optical con�guration. Balancing the signals in the digital domain in-

creased the ef�ciency of common-mode rejection and presented an average sensitivity im-

provement of 5 � 0.5 dB over its analogue balanced detection counterpart. The superior

sensitivity of digitally balanced detection helped to increase the image contrast in Scotch

tapes and mouse eyes. Additionally, in the context of the polarization-based optical con-

�guration, we modelled the properties of the MR-OCT signal for a birefringent sample.

We show that the quarter-wave plate in the sample arm of the Michelson interferome-

ter can be adjusted to optimize the signal returning from a birefringent sample, thereby

improving the visibility of structures of interest. The theory and techniques discussed in

this study will be helpful for a wider OCT community to understand and minimize sig-

nal degradation due to birefringence in Time-Domain and Fourier-Domain OCT systems.

Next, we implemented nanosensitive optical coherence tomography (nsOCT) in the MR-

OCT system. Nanosensitive OCT (nsOCT) is a technique that enables OCT systems to

detect nanoscale structural alterations. Incorporation of nsOCT advances the potential of

MR-OCT without adding extra cost or form factor. Nanosensitive OCT uses the spectral

encoding of the spatial frequency approach to extract high spatial frequency informa-

tion in the signal originating from periodic structures. A theoretical basis for nsOCT is

presented. We demonstrate that the integration of nsOCT with either Spectral Domain

or MR-OCT enables the differentiation between two Bragg's gratings with axial struc-

tures separated by approximately 10 nm. We also show the capability of nanosensitive

MR-OCT to identify sub-micron structural changes resulting from an induced super�cial

alkali burn on an excised rabbit cornea.

vi



Finally, we used the nsOCT technique for detecting structural changes in stem cells. On

imaging pellets of mesenchymal stromal cells following labelling with different concen-

trations of plasmonic gold nanostars, the nsOCT detected that the mean spatial period of

MSC pellets increases after labelling with increasing concentrations of nanostars. In the

study of the MSC pellets chondrogenesis differentiation model, the nsOCT results indi-

cated that the spatial period increased during the progression in the formation of the pre-

cartilage condensation matrix and decreased during its transformation into an aggrecan-

rich cartilage matrix. We validated the spatial period changes identi�ed by nsOCT by

conducting a Fourier analysis on TEM and histology images obtained from correspond-

ing samples.
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ED Electric �eld on the detector

fD Doppler frequency

vm Velocity of Scanning reference mirror

dz Scan range of scanning reference mirror

df Phase mismatch of frequency components

S(w) Power spectrum of the light source
~i ,~j Unit vectors

vp Phase velocity

vg Group velocity

DTp Phase delay

DTg Phase group delay

s Standard deviation

c Speed of light

Rr , Rs Reference and sample re�ectivities

e Euler's number

x, y, z coordinate axes

r Detector responsivity

ID Detector current

l c Central wavelength

dl Wavelength range
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DL Axial resolution

dx Lateral resolution

a Half the angular aperture of the objective

zmax Imaging range

xMRO Imaging Depth of MR-OCT

P Power

Pr , Ps Powers in reference and sample arms

f Initial phase of interference

G Gaussian envelope

f Frequency

N Number of signal orders

D Spacing between reference and partial mirrors

lc Apparent coherence length

C(N ) Center position of order N

S Signal

R Ratio

I Intensity
~J Jones matrix

q Angle

d Thickness of sample

q Azimuth (in Chapter 4)
~K Spatial frequency vector

U Illumination wave

G Green function (chapter 5)

F Fourier transform

n Spatial frequency
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2.3 (a) Schematic of MR-OCT system. The red ellipses represent the scan ranges

corresponding to each order of re�ection. SLD: superluminescent diode, L:

lens, BS: beam splitter, TM: turning mirror, PM: partial mirror, SRM: scan-

ning reference mirror, VC: voice coil actuator, PD: photodetector. (b) Shows

enhanced optical path delays generated by multiple re�ections. The an-

gle a is close to zero. dz is the axial scanning range of SRM. The incident

wavefront from the beamsplitter with a power PR0 is re�ected on the PM

with re�ectivity RPM generating an optical DC with power PR0 � RPM. The

beam transmitted through the PM undergoes multiple re�ections to give

rise to higher-order reference beams with optical powers PR(N= 1,2,..,N) . (c)

The scan range increases with higher orders of re�ections (N). This causes

the scan ranges of higher orders to overlap (ol). D is the spacing between

SRM and PM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.4 MR-OCT signal processing steps. N represents the total number of orders

processed. ON means N th order after band-pass �ltering. H refers to the

envelope of the signal after the Hilbert transformation. D is the spacing be-

tween PM and SRM. dz is the scan range of SRM. The operation of 'displace

by' means displacing the zero position of each virtual scanning mirror by

the formula speci�ed. The '+' sign denotes that all separate signal arrays

are merged into a single array for �nal image reconstruction [1]. . . . . . . . 27

2.5 Plot showing the scanning mirror displacement as a function of time. We

can see that the motion of the reference scanning mirror is non-linear to-

wards the minimum and maximum displacement positions. The displace-

ment is linear towards the zero-crossing or rest position of the voice coil.

If the motion of the scanning mirror is assumed to be sinusoidal, then the

displacement, x(t), can be de�ned as x(t) = A � sin(wt). The derivative

of displacement will give velocity, v(t) = Aw � cos(wt) represented by the

dashed line. We can see that the velocity is maximum during zero-crossing. 28
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2.6 Shows phase computation from raw signal and linearization of phase. We

used the signal from the calibration line where a mirror was translated

along different depth positions. a) Shows raw �rst-order signals from dif-

ferent mirror positions. We can see nonlinearity in phase manifesting as a

phase slope in the raw signals, especially towards the end signal buffer. b)

shows the sum of �rst-order signals shown in plot (a). c) From the �rst-

order sum signal, we use the Hilbert transform to calculate the unwrapped

phase. We can see that the extracted phase represents the sinusoidal mo-

tion of the scanning mirror (blue curve). The orange dotted line shows an

ideal, linear phase. d) shows the �rst-order signals linearized. e) Shows the

sum of linearized �rst-order signals. f) Shows the linear phase calculated

from the �rst-order summed signal in (e). . . . . . . . . . . . . . . . . . . . . 29

2.7 FFT summation plot. We calculated the absolute of FFT on the linear signal

and then performed summation. The intensity is plotted on a logarithmic

scale. A peak detection algorithm identi�es the centre frequencies of dif-

ferent orders, marked by orange circles. This information is used for band-

pass �ltering. The �gure also serves as a control plot for early evaluation

of signal quality by looking at the signal power vs noise power. . . . . . . . 30

2.8 Shows separation of MRO signal orders using band-pass �ltering. a) Shows

raw MR-OCT signal from a mirror as the sample. The position of the sam-

ple mirror shows three orders (8 th , 9th 10th) of MRO signal. b) Ten slightly

overlapping �lter windows and three signal orders from a sample mirror

are shown. c) After �ltering, the signals are stored in ten separate arrays

labelled from 1 st to 10th order. The three signal orders from the sample

mirror are now separately available for further analysis and subsequent

processing steps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.9 a) For the evaluation of the roll-off vs depth and the determination of the

FWHM of the point spread function (PSF), multiple signals from a sample

mirror are plotted for different sample mirror positions. The sample mir-

ror position was changed for path-length differences from zero to 1.0 mm,

corresponding to an imaging depth of 1.0 mm in air. b) shows a B-frame

representation of signals plotted in a). The signal peaks form a diagonal for

each mirror position. The x-axis is the true sample mirror position from 0

to 1.0 mm, and the y-axis is the A-line length at each position. The y-axis is

scaled to match the true sample mirror position, and the line would be ide-

ally always diagonal. For samples with a refractive index different from air,

rescaling may be required. The green arrow marks indicate gaps between

non-overlapping image orders. . . . . . . . . . . . . . . . . . . . . . . . . . . 32
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2.10 a) Schematic of MR-OCT optical con�guration with polarization-based dig-

itally balanced detection. SLED: superluminescent diode, OF: optical �bre,

CM: collimator, POL: polarizer, PM: partial mirror, SRM: scanning refer-

ence mirror, TM: turning mirror, RAA: reference arm attenuator, HWP:

half-wave plate, PBS: polarizing beam splitter, CP: compensation plate,

QWP: quarter-wave plate, GM: galvo mirror, SL: sample lens, RL: reference

lens, DL: detector lens, D: detector. b) A photograph of MR-OCT optical

con�guration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.11 Schematic of complete MR-OCT system. SLED: superluminescent diode,

TEC: temperature controller, OF: optical �bre, CM: collimator, BS: beam

splitter, RAA: reference arm attenuator, RL: reference lens, PM: partial mir-

ror, SRM: scanning reference mirror, VC driver: voice coil driver, TM: turn-

ing mirror, DL: detector lens, D: detector, SL: sample lens, PSU: power sup-

ply unit, DAQ: data acquisition card, USB: universal serial bus. The voice

coil, galvo scanners, sample mirror translational stage (for calibration) and

the trigger for data acquisition are controlled by sending signals using a

LabVIEW program via a Data acquisition card (DAQ). The analogue sig-

nals from the photodetector(s) are digitized using Alazartech high-speed

digitizer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.12 Shows the timing and synchronization of signals generated by the Lab-

VIEW program to control and integrate hardware during a B-frame acqui-

sition. A sinusoidal signal drives the voice coil. The galvo scanners are

driven by a sawtooth signal. To trigger the data acquisition by the digi-

tizer, a square wave signal was generated. The timing and synchroniza-

tion among these three signals for B-frame recording are shown in this �g-

ure. For each forward and reverse scan, an interference is symbolized for a

single-order re�ection. 250 mirror oscillations generate 500 A-lines. . . . . . 36

2.13 Shows a photograph of the complete MR-OCT system, including the power

supplies and computer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.14 Technical drawing of the custom-designed voice coil mount showing top

and side views. The mount includes vertical screws for height and tilt ad-

justments and side positioning screws with hex key access for precise x, y,

and angular positioning. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
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3.1 (a) Schematic of MR-OCT system. The red ellipses represent the scan ranges

corresponding to each order of re�ection. SLD: superluminescent diode, L:

lens, BS: beam splitter, TM: turning mirror, PM: partial mirror, SRM: scan-

ning reference mirror, VC: voice coil actuator, PD: photodetector. (b) Shows

enhanced optical path delays generated by multiple re�ections. The angle

a is close to zero. dz is the axial scanning range of SRM. The incident wave-

front from the beamsplitter with a power Pr0 is re�ected on the PM with

re�ectivity RPM generating an optical DC with power Pr0 � RPM. The beam

transmitted through the PM undergoes multiple re�ections to give rise to

higher-order reference beams with optical powers Pr(N = 1, 2, ..,N ). (c)

The scan range increases with higher orders of re�ections ( N). This causes

the scan ranges of higher orders to overlap (ol). D is the spacing between

SRM and PM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2 Schematic of MR-OCT with different detection systems. a) analogue bal-

anced detection, b) digitally balanced detection. The rectangles in red color

highlight the differences between the detection schemes. SLED: superlumi-

nescent diode, OF: optical �bre, CM: collimator, POL: polarizer, PM: partial

mirror, SRM: scanning reference mirror, TM: turning mirror, RAA: refer-

ence arm attenuator, HWP: half-wave plate, PBS: polarizing beam splitter,

CP: compensation plate, QWP: quarter-wave plate, GM: galvo mirror, SL:

sample lens, RL: reference lens, DL: detector lens, D: detector . . . . . . . . . 46

3.3 MR-OCT �rst order interferograms were recorded by the A and B channels.

The signals have almost same amplitude and a mutual phase difference of

p rad. The green interferogram was obtained by subtracting signal B from

A in the digital domain. The zoomed in portion in the inset helps to clearly

visualize the phase difference between the signals. . . . . . . . . . . . . . . . 47

3.4 MR-OCT signal processing steps. N represents the total number of orders

processed. ON means N th order after band-pass �ltering. H refers to the

envelope of the signal after Hilbert transformation. D is the spacing be-

tween PM and SRM. dz is scan range of SRM. The operation of 'displace

by' means to displace the zero position of each virtual scanning mirror by

the formula speci�ed. The '+' sign denotes that all separate signal arrays

are merged into a single array for �nal image reconstruction. . . . . . . . . . 49

3.5 (a) Sensitivity of MR-OCT signal for different detection schemes versus ref-

erence arm attenuation. DBD: digitally balanced detection, ABD: analogue

balanced detection, UBD: unbalanced detection. The DBD saturated at OD

= 1.1 while ABD saturated at OD = 1.3. . . . . . . . . . . . . . . . . . . . . . 51
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3.6 a) The calibration lines for DBD, ABD, and UBD show different background

noise and noise artefacts. In the plots showing calibration lines, the x-axis is

the actual sample mirror depth position, and the y-axis is the imaged sam-

ple mirror depth position. The range of the x and y axes is 1500 µm. For

UBD, the background noise is larger than the balanced detection signals.

Although the background noise appears to be the smallest for the ABD

signal, it also has a reduced signal intensity. The ABD shows some �xed

pattern noise as two horizontal lines in the upper half, most likely origi-

nating from electronic ampli�ed noise. The DBD successfully rejects noise

patterns and has low homogeneous background noise. The dashed arte-

facts to the left of the main diagonal originate from interference between

multiple re�ections of the partial mirror. b) Shows the calibration lines nor-

malized to the maximum intensity. Here, we can see that the background

noise is the lowest for DBD and highest for UBD. c) Shows the sensitivity

roll-off for MR-OCT system with analogue balanced detection (ABD), dig-

itally balanced detection (DBD) and unbalanced detection (UBD) from one

of the channels. It can be observed that the DBD scheme provides higher

sensitivity compared to ABD. The spacing between two adjacent orders is

100 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.7 Shows the MR-OCT signal (4thorder) from a sample mirror. The A-lines

from DBD, ABD and UBD schemes were aligned vertically so that their

peaks are at the same level. Then a Gaussian �t (continuous line) was ap-

plied to the data points. The �at region of the Gaussian �t represents the

mean noise level for each detection scheme. . . . . . . . . . . . . . . . . . . 53

3.8 A Scotch tape was imaged to compare the performance of different de-

tection schemes in a scattering sample. The line artefact at the bottom of

the image originates from the coverslip on which the tapes are stacked to-

gether. a) Shows the conventional intensity-based OCT images obtained for

each detection scheme. The scale bar represents 225 µm. b) shows the aver-

aged A-lines from intensity-based OCT images. c) compares the Michelson

contrast for different layers of Scotch tape. . . . . . . . . . . . . . . . . . . . 54
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3.9 The anterior chamber of a mouse eye was imaged ex vivo using three dif-

ferent detection schemes. The horizontal and vertical scale bars represent

500 µm and 150 µm respectively. CNR values were calculated to quanti-

tatively represent the visibility of structures in the insets. A background

removal by subtraction of mean A-line was performed on all the three im-

ages before CNR calculation. The MR-OCT system has axial and transverse

resolutions in the air of 13 µm and 27 µm, respectively. The structure in

the ABD scheme is slightly different since the sample position was slightly

shifted while swapping the detection scheme. . . . . . . . . . . . . . . . . . 55

3.10 A Scotch tape (Data 2) was imaged to compare the performance of different

detection schemes in a scattering sample. The line artefact at the bottom of

the image originates from the glass slide on which the tapes are stacked

together. a) Shows the conventional intensity-based OCT images obtained

for each detection scheme. The scale bar represents 225 µm. b) Shows

the averaged A-lines from intensity-based OCT images. c) compares the

Michelson contrast for different layers of Scotch tape. . . . . . . . . . . . . . 56

3.11 A Scotch tape (Data 3) was imaged to compare the performance of different

detection schemes in a scattering sample. The line artefact at the bottom of

the image originates from the glass slide on which the tapes are stacked to-

gether. a) Shows the conventional intensity-based OCT images obtained for

each detection scheme. The scale bar represents 225 µm. b) shows the aver-

aged A-lines from intensity-based OCT images. c) compares the Michelson

contrast for different layers of Scotch tape. . . . . . . . . . . . . . . . . . . . 57

3.12 The anterior chamber of a mouse eye was imaged ex vivo using three dif-

ferent detection schemes. The horizontal and vertical scale bars represent

500 µm and 150 µm respectively. CNR values were calculated to quanti-

tatively represent the visibility of structures in the insets. A background

removal by subtraction of mean A-line was performed on all the three im-

ages before CNR calculation. The MR-OCT system has axial and transverse

resolutions in the air of 13 µm and 27 µm, respectively. The images in (a)

are from sample 1 and (b) are from sample 2. . . . . . . . . . . . . . . . . . . 57
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4.1 (a) Schematic of MR-OCT system. SLD: superluminescent diode, L: lens,

BS: beam splitter, TM: turning mirror, PM: partial mirror, SRM: scanning

reference mirror, PZT/VC: piezo or voice coil actuator, PD: photodetector.

(b) The scan range increases with higher orders of re�ections ( N). This

causes the scan ranges of higher orders to overlap(ol). D is the spacing

between SRM and PM. (c) Shows enhanced optical path delays generated

by multiple re�ections. The angle a is close to zero. dz is the axial scanning

range of SRM. The incident wavefront from the beamsplitter with a power

PR0 is re�ected on the PM with re�ectivity RPM generating an optical DC

with power PR0 � RPM. The beam transmitted through the PM undergoes

multiple re�ections to give rise to higher-order reference beams with opti-

cal powers PR(N= 1,2,..,N ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2 Schematic of polarization based balanced detection con�guration for MR-

OCT. The linear polarization states are indicated by arrows and dots. The

diagonal and circular polarization states are drawn on a rectangle which

represents an x-y plane perpendicular to the axis of propagation, z. The

dotted arrows represent feedback light towards SLED. The components are

SLED: superluminescent diode, CM: collimator lens, POL: polarizer, HWP:

Half waveplate, PBS: polarizing beam splitter, QWP: quarter waveplate,

GM: galvo mirrors, SL: sample lens, RL: reference lens, PM: partial mirror,

SRM: scanning reference mirror, TM: turning mirror, DL1, DL2: detector

lenses, D1 and D2 are two sensors of the balanced detector. For this study,

we used a commercial balanced detector from Newport Corporation (New

focus 2117). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3 Simulation of the intensity at the detector with a mirror in the sample arm

and different angles of the QWP s. It should be noted that for a single sam-

ple mirror only a single order of re�ection is available independently of the

multiple reference re�ections (orders) in the reference arm. . . . . . . . . . . 68

4.4 Simulation of the reference arm powers. Similar to �g. 4.3, the powers dis-

tributed to the SLED and the detector are shown, but here in two separate

plots (detector (a) and SLED (b)). Ten orders of re�ections were simulated

for �ve different angles of the QWP r . The maximum power to the detector

is at an angle of 45� which also reduces the feedback to the SLED to zero.

The roll-off has exponential characteristics for linearly scaled intensities. In

the �gures, data points overlap for QWP r = 25� , 65� and for QWP r = 45� ,

55� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
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4.5 A simulation model with optical components and birefringent material.

The optical components are labelled the same as in �g. 4.2. The birefringent

material is shown here with ten linear retarders R i at ten depth positions

Zi and a mirror M. The retarder R is computed with JR and the mirror M is

computed with JM . The model considers here only the sample arm inten-

sity on the detector D. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.6 Shows the results for the layered birefringent sample simulated. a) Shows

the sample arm intensity changes originating from different depth layers

versus the QWPs orientation for different values of q, the azimuth. Phys-

ically, the azimuth represents different orientations of the optic axis of the

sample with respect to the horizontal component of the input polarization

state. The sample arm intensity changes for a selected depth versus QWPs

curve is sinusoidal in shape. The curve for each depth layer is normal-

ized independently. The QWP s value corresponding to the peak of the si-

nusoidal gives maximum intensity for that particular depth. b) The plot

shows the mutual relationship between QWP s orientation that gives max-

imum intensity (the QWP s value corresponding to the peak of sinusoidal

in �g.a) and azimuth. The plot reveals that for the retardance value used

for the simulation, QWP s has to be rotated either clockwise or anticlock-

wise from 45 � depending on the azimuth or orientation of the sample to

improve the visibility of depth layers. The exception is when q equals to

45� or odd multiples of 45 � . In this case, the visibility of all layers will be

maximum when QWP s = 45� (Also visible from �g. a, q = 45� where all

the sinusoidal curves overlap). . . . . . . . . . . . . . . . . . . . . . . . . . . 73
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4.7 The plots show how the intensity roll-off of a birefringent sample depends

on the QWPs orientation and q, azimuth of the sample. Three values that

exhibit extreme intensity variations versus QWP s orientations were selected

for q (0� , 45� and 90� ) based on �g. 4.6b. a) The �rst row of images repre-

sent the sample arm intensity roll-off at the detector versus depth. It can be

seen that depending on q, the roll-off characteristics are different for differ-

ent orientations of QWP s. When q = 45� , the sample arm intensity roll-off

due to birefringence is a �at line indicating independence of roll-off from

polarization effects. b) Shows the roll-off of total interference intensity (ref-

erence arm + sample arm) from the simulated birefringent sample at the

detector. For these plots, the reference arm intensity roll-off due to higher

orders of MR-OCT (�g. 4.4a) is incorporated. From the plots, it can be ob-

served that when q = 0� , the intensity at deeper regions (400 µm to 600

µm) can be improved by orienting the QWP s at 25� . On the other hand,

when q = 90� , QWPs = 65� gives the best visibility at 400 µm to 600 µm

depth region. When q = 45� , the intensity is maximum at all depths when

QWPS = 45� . Also, the roll-off curves for complementary QWP s orienta-

tions overlap. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.8 Shows the experimental results from the birefringent sample imaged. a)

Shows the intensity changes originating from different layers of Scotch tape

versus the QWPs orientation for different values of q, the azimuth. Phys-

ically, the azimuth represents different orientations of the optic axis of the

sample with respect to the horizontal component of the input polarization

state. The intensity changes for selected layers versus QWPs curve is sinu-

soidal in shape as expected from �g. 4.6a. The sinusoidal curve for each

depth layer is normalized independently. The QWP s value corresponding

to the peak of the sinusoidal gives maximum intensity for that particular

layer. b) The plot recreates the results from �g. 4.6b to show the mutual

relationship between QWP s orientation that gives maximum intensity (the

QWPs value corresponding to the peak of sinusoidal in �g.a) and azimuth.

c) Shows photograph from the sample used. 15 layers sliced off from a

Scotch tape were stuck together on a cover slip. The cover slip was then

mounted on a rotating mount to image the samples at different azimuths. . 75
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4.9 The plots evaluate how the intensity roll-off of Scotch tape sample de-

pends on the QWPs orientation and q, azimuth of the sample. Three values

that exhibit extreme intensity variations versus QWP s orientations were

selected for q (0� , 45� and 90� ) based on �g. 4.6b. a) Shows conventional

grayscale images (logarithmic scale) from different azimuths of the sample

acquired with different QWP s orientations. The scale bar represents 225

µm. b) shows the averaged A-lines from intensity-based OCT images. The

averaged A-lines can be used to evaluate the dependency ofqand QWPs on

intensity roll-off. c) shows how the Michelson contrast for speci�ed layers

varies against QWPs orientations. . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.10 Shows the changes in visibility of sweat ducts when a �nger was imaged

with three different orientations of QWP s(25� , 45� and 65� from left to right).

A quantitative comparison of visibility of structures within the insets is

provided in the table 4.2. The scalebar represents 200 µm. The images were

acquired in vivo from one of the author's �ngertip using the MR-OCT sys-

tem with polarization-based balanced detection. . . . . . . . . . . . . . . . . 78

5.1 Spatial frequency representation in k-space. (a) Schematic of object illumi-

nation and collection; (b) spatial frequency representation in k-space de-

pending on wavelength. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.2 Principle of detection of the high spatial frequency information from FDOCT

signal and incorporation in conventional OCT image. . . . . . . . . . . . . . 87

5.3 SDOCT signals for samples with (a) 431.6 nm period of structure, (b) 441.7

nm period of structure, and (c) for sample with random structure. . . . . . . 88

5.4 Reconstructed SDOCT and nsOCT images of two samples with axial peri-

odic structures of 431.6 nm and 441.7 nm periods and a sample with ran-

dom structure (BluTack) on the right. Reconstructed axial spatial period

pro�les for two points within each sample are shown. H z in the color bar

is the dominant axial spatial period in nm. . . . . . . . . . . . . . . . . . . . . 89
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5.5 A �ow-chart showing nsMR-OCT image formation. Firstly, we perform

conventional MR-OCT signal processing steps like the DC removal, phase

linearization and bandpass �ltering. After bandpass �ltering, multiple or-

ders are resampled and displaced by a pre-determined number of pixels

to form an MR-OCT A-line. FFT is performed to convert this signal into a

Fourier domain. The wavelength values in the interference spectrum are

replaced by the spatial period values. Next, the spectrum is decomposed
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Chapter 1

Introduction

1.1 Research Motivation

Biomedical imaging is the process of visualizing the body's interior for clinical diagno-

sis and interventions. Different wavelengths of electromagnetic radiation can be used to

probe structures of various dimensions ranging from microscopic to macroscopic. An

ideal tissue imaging technique requires attributes such as high resolution, deep pene-

tration depth, use of non-ionizing radiation, high imaging speed and ability to perform

imaging noninvasively, without direct contact with the tissue and without requiring toxic

contrast agents.

For preclinical and clinical biomedical applications, the �ve most commonly used

imaging modalities are X-ray computed tomography (X-ray CT), magnetic resonance

imaging (MRI), ultrasound imaging, optical imaging by �uorescence and biolumines-

cence, nuclear imaging including positron emission tomography (PET) and single pho-

ton emission computed tomography (SPECT). All of these imaging modalities have their

own strengths and weaknesses in terms of resolution, penetration depth, sensitivity to

the object being probed etc [5].

Figure 1.1 compares some popular imaging modalities in terms of resolution and pen-

etration depth. We can see that there is a trade-off between resolution and penetration

depth. Even though penetration depth is limited, optical imaging techniques such as con-

focal microscopy can achieve a resolution of less than one micrometre compared to only

500 micrometres of MRI. For this reason, optical imaging techniques are invaluable tools

in medical diagnostics. Optical Coherence Tomography (OCT) is a non-invasive imag-

ing that uses mostly near-infrared light to produce high-resolution cross-sectional images

of tissues and materials. OCT was identi�ed as a useful tool in clinical technology by

Fujimoto in 1991. OCT occupies the resolution gap between Photo Acoustic Microscopy

(PAM) and confocal microscopy. The imaging depth of OCT in scattering samples is lim-

ited to about 3 millimetres and the resolution to about 1 � m. It is non-invasive, does

not require any contrast agents and can perform real-time imaging [7], [8]. Various clin-

ical applications of OCT in areas like ophthalmology [9], cardiovascular imaging [10],
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FIGURE 1.1: Comparison of some popular imaging modalities regarding resolution and pene-
tration depth. We can observe that there exists a trade-off between imaging resolution and pen-
etration depth of the radiation. OCT sits in a convenient location in the graph where imaging
resolution is suf�cient to provide crucial information about cellular level changes while providing
suf�cient imaging depth that allows imaging without tissue excision. PAM: photoacoustic mi-
croscopy, LDPI: laser Doppler perfusion imaging, TiVi: tissue viability imaging, PAT: photoacous-
tic tomography, LSPI: laser speckle perfusion imaging, CT: computed tomography, US: ultrasound
(Source: Lal, Cerine, and Martin J Leahy. “An Updated Review of Methods and Advancements in
Microvascular Blood Flow Imaging.” Microcirculation 23.5 (2016): pp. 345–63) [6].

dermatology [11], gastroenterology, neurology [12] and dentistry [13] have already been

demonstrated. In 2017, a study projected that incorporating OCT for guiding decisions

regarding anti-angiogenic therapy for age-related macular degeneration resulted in cost

savings exceeding $10 billion in medical expenses from 2008 to 2015 [14]. The antici-

pated cumulative savings by 2023 are expected to surpass $20 billion [15]. The rapidly

growing number of OCT systems in medical imaging facilities demonstrate their value

on a daily basis. Access to early diagnosis using OCT systems for a broader population

can help save costs in medical care, reduce the severity of a disease's development, or

even avoid the development of a medical condition with early diagnosis. For a wider

population to access OCT diagnostics, devices with reduced form factor and cost are es-

sential. The reduced cost will allow the use of OCT by smaller practices and low-resource

settings. Miniature, lightweight and portable systems will improve accessibility to tis-

sues for diagnosis and open up the possibility for point-of-care diagnosis. Therefore, the

miniaturization of OCT systems is one of the most exciting and promising areas for instru-

mentation research and offers tremendous commercial potential [16], [17]. Most of these

miniaturization efforts are focussed on spectral domain OCT (SD-OCT) systems as they

offer advantages over time-domain OCT (TD-OCT) in terms of speed and sensitivity [18]–
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[21]. OCT systems with a hand-held probe attached will allow mobility up to a certain

extent while giving good imaging performance. However, the whole size of the system

remains large, and costs remain high. Another popular approach is Photonics Integrated

Circuits (PIC), which combines multiple optical components, such as waveguides, pho-

todetectors, lasers, etc., onto a single semiconductor chip [22]. However, the production

methods for such devices are intensive, time-consuming and costly. Also, connections

from PIC to non-PIC devices incur coupling losses. Due to these limitations, PIC-based

OCT miniaturization attempts have a long way to go [17]. There are few attempts to

miniaturize Time-Domain OCT (TD-OCT) systems due to their inferior performance in

terms of scan speed, axial scan range and sensitivity compared to FD-OCT counterparts

[18]–[21]. In TD-OCT systems, depth scanning is achieved by modifying the path length

of the reference path by periodically scanning the reference mirror. The requirement of

mechanically scanning the reference mirror limits the speed of imaging. In FD-OCT, the

simultaneous detection of a broad spectrum of light allows for faster acquisition speed.

Higher acquisition speed is desired in high-end medical imaging to capture dynamic bi-

ological processes and reduce motion artifacts. Simultaneous detection in FD-OCT sys-

tems also provides improved signal detection and better rejection of noise, resulting in a

superior signal-to-noise ratio (SNR) compared to TD-OCT [23]–[26]. Due to all the limita-

tions listed above, TD-OCT systems may not be suitable for high-end imaging purposes.

However, TD-OCT has advantages over FD-OCT systems in terms of simplicity and ro-

bustness, lower cost, and compatibility with a wider range of light sources. TD-OCT

systems can be more easily adopted for open-space optical con�gurations and can eas-

ily be used with off-the-shelf components to make purpose-built systems more readily

available compared to other technologies [27]. Portable systems for �eld usage may have

narrower margins to component costs. Reduced scanning speeds and sensitivity may be

acceptable for low-cost systems where low data volumes can save costs but are suf�cient

to obtain relevant information for long-term monitoring and event detection. Multiple

reference optical coherence tomography (MR-OCT) is an extension of TD-OCT, with a

partial mirror in front of the scanning reference mirror. The re-circulation of light be-

tween the partial and reference mirrors enhances imaging depth [23]. Compared to con-

ventional TD-OCT, MR-OCT achieves a larger imaging depth with a static partial mirror.

Also, multiple re�ections can acquire data from different depths simultaneously, increas-

ing the acquisition speed considerably. The similarity of the Michelson interferometer

with CD/DVD-ROM pick-up systems and the simplicity of the enhancement with a par-

tial mirror promises a realistic solution to achieve a low-cost and portable imaging system

[28]. Practical aspects of using low-cost optomechanical components similar to CD/DVD

pick-up systems suggest that system costs for a TD-OCT system can be much lower com-

pared to currently available commercial systems [27]. Applications of this technology
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in dentistry, dermatology, and non-destructive testing have already been demonstrated

[29]–[32]. While MR-OCT has the potential to become a low-cost, miniature solution for

de�ned applications, it cannot compete with Fourier domain OCT systems in terms of

speed, sensitivity and imaging depth. However, the MR-OCT targets a range of applica-

tions in which high-end imaging is not essential, cost constraints demand the use of less

expensive components, and reduced speed and sensitivity are acceptable. MR-OCT can

potentially �ll the gap between larger high-end and wafer-level optically integrated sys-

tems by providing reasonable image quality suf�cient for initial diagnosis in a portable

form factor.

Recirculation of the reference beam between the reference and partial mirrors limits

the achievable sensitivity for MR-OCT. This is because only a portion of the light is re-

�ected by the partial mirror, while the remaining light which is transmitted ends up as

background light. Therefore, each re�ection on the partial mirror reduces the reference

beam intensity. Because of this, it is necessary to suppress as much noise as possible to

achieve suf�cient sensitivity for highly scattering samples such as skin[28], [33]. The �rst

part of this Thesis (Chapters 3 and 4) focuses on techniques to improve the image qual-

ity of MR-OCT systems by implementing digitally balanced detection [1] and by reducing

signal degradation due to birefringence of the samples using polarization optics [2]. More

detailed motivations and background for these projects are outlined in the introduction

sections of chapters 3 and 4, respectively.

In chapters 5 and 6 of the thesis, we discuss a technique called the nanosensitive

optical coherence tomography. This method can visualize nanoscale structural changes

within the tissue. The resolution and sensitivity of conventional intensity-based OCT sys-

tems to structural changes are determined by the spectral bandwidth. The depth-resolved

morphological information provided by conventional intensity-based OCT, with a reso-

lution and sensitivity to structural changes as small as a few microns, are extremely use-

ful for the diagnosis and monitoring of diseases at the tissue level. There have been at-

tempts to improve the axial resolution of OCT systems using Ti-sapphire lasers or super-

continuum generation-based light sources. However, even the most advanced ultra-high

resolution OCT systems can only detect structural changes on the order of a few microns

within a single frame at a minimal depth. Several structural changes associated with the

onset and progression of diseases manifest at the cellular level. Detecting these structural

changes can help clinicians and scientists towards early diagnosis and monitoring of the

effectiveness of interventions. Some computational methods have been proposed in the

recent past to detect the sub-micron structural changes within the tissues using the OCT

technique. One technique that can detect sub-micron changes is the inverse spectroscopic

OCT (IS-OCT). IS-OCT apply inverse problem formulations to acquired spectra to esti-

mate depth-resolved sample properties [34]. Another method, the phase-sensitive OCT
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technique, uses the phase of the interference signal to achieve an additional contrast. The

differential phase information is used to perform Doppler �ow OCT, and the absolute

phase information is used for OCT phase microscopy [35]–[37].

Nanosensitive OCT (nsOCT) is a recently developed technique based on the spectral

encoding of spatial frequency that can signi�cantly improve the sensitivity to structural

alterations and spatial resolution. It enables the possibility to provide important addi-

tional information about morphological changes at the nanoscale level. Combining this

computational technique with OCT to detect sub-micron structural changes opens up an

exciting prospect of detecting critical pathological changes in a wide �eld, in vivo, in

real-time and without requiring any contrast agents. In chapter 5 of this Thesis, we in-

troduce the theory and merits of nanosensitive OCT in detail. We provide the theoretical

basis of nsOCT by analysing the spatial frequency content of the OCT signal based on

scattering theory. We also back up the theory experimentally by demonstrating single-

frame imaging of phantoms with known sub-micron structures [3]. Several applications

of the nsOCT to detect nanoscale structural changes within the biological tissues have

been demonstrated [3], [38]–[45]. However, all the studies conducted so far used Fourier

domain OCT systems. Since nsOCT can provide additional sub-micron level structural

information without expensive high-resolution imaging optics, it is interesting to inves-

tigate its applicability on low-cost OCT systems, such as MR-OCT. We adapt the nsOCT

signal processing technique to extract spatial frequency information from the MR-OCT

signal and validate the algorithm by imaging phantoms with known submicron struc-

tures. We also apply nanosensitive MR-OCT for detecting structural changes after induc-

ing alkali burn in an excised rabbit cornea. In mature animals, the cornea is a transparent,

avascular eye layer which provides the �xed portion of focusing power onto the retina by

refraction. Corneal injuries are commonly sustained from thermal and chemical burns

[46]–[48]. 11.5 - 22% of ocular injuries result from chemicals such as alkalis. Due to

the lipophilic nature of alkali ions, they can penetrate the corneal stroma and denature

the collagen matrix. Any alteration in the microstructures of the cornea leads to loss of

transparency, and increased light scattering [49], [50]. Therefore, detecting structural al-

terations induced by alkali ions in the cornea is essential to assess the extent of injury and

treatment progress [45]. Nanosensitive MR-OCT can provide quantitative information

related to the structural differences between healthy and injured cornea.

In the �nal chapter (Chapter 6) of this thesis, we demonstrate the capability of nsOCT

to detect structural changes in stem cells. Mesenchymal stromal cells (MSCs) are adult

stem cells widely investigated for their potential to regenerate damaged and diseased

tissues [51], [52]. Multiple pre-clinical studies and clinical trials have demonstrated a

therapeutic response following treatment with MSCs for various pathologies, including

cardiovascular, neurological and orthopaedic diseases. The ability to functionally track
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cells following administration in vivo is pivotal to further elucidating the mechanism of

action and safety pro�le of these cells. Effective monitoring of MSCs and MSC-derived

microvesicles requires an imaging modality capable of providing both quantitative and

qualitative readouts. In this chapter, we demonstrate the applicability of nsOCT to pro-

vide quantitative structural information related to detecting varying concentrations of

gold plasmonic nanostars following internalization by cells. Since MSCs are primary

cells, cells in the population may be present at different stages of the cell cycle during

in-vitro expansion. As a result, the nanoparticles will not be internalized at the same rate

by all the cells. Therefore, different cells will have different quantities of nanoparticles.

Also, processes such as migration, proliferation and differentiation may dilute the con-

centration of nanostars at the engraftment site due to potential exocytosis from the cells.

Therefore, it is important to monitor different numbers of stem cells with different con-

centrations of nanostars while investigating the regenerative pathway in vivo. Addition-

ally, we demonstrate the capacity of nsOCT to monitor structural changes associated with

chondrogenic differentiation of stem cells. The investigation provides the foundation for

understanding how the structure changes with increasing cartilage matrix formation. The

work is relevant not only to MSCs as a therapeutic but also as a useful model for assess-

ing the presence or absence of cartilage matrix within a sample [53]. Since the exploratory

study required high-quality images, a commercial spectral domain OCT system was used

for all image acquisitions in this chapter.

1.2 Aims and Objectives of the Research

The thesis has three primary goals. First, to maximize the imaging performance of MR-

OCT. Second, to explore the potential of MR-OCT to detect nanoscale structural changes

by incorporating a nanosensitive OCT technique. Finally, explore the capacity of nanosen-

sitive OCT to detect structural changes in stem cells. To achieve the main goals listed

above, we have divided the thesis into �ve signi�cant chapters with the following objec-

tives.

• Chapter 2: Explain the theory of OCT and MR-OCT

• Chapter 3: Implement digitally balanced detection to MR-OCT and demonstrate

sensitivity improvement compared to analogue balanced detection counterpart.

• Chapter 4: Evaluate signal degradation due to birefringence in a multiple reference

optical coherence tomography system that uses polarization-based balanced detec-

tion. Study how a quarter wave plate in the sample arm can be adjusted to optimize

the signal returning from a birefringent sample, thereby improving the visibility of

structures of interest.
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• Chapter 5: Explain the theory of nanosensitive OCT. Outline the signal processing

steps and adapt the signal processing to extract nanoscale structural information

from the MR-OCT signal.

• Chapter 6: Use nanosensitive OCT to image mesenchymal stem cells after labelling

with plasmonic gold nanostars. Apply nsOCT to study structural changes in MSCs

associated with chondrogenic differentiation.

1.3 Thesis Structure

The thesis begins with an introduction chapter. The second chapter discusses the theory

of the Michelson interferometer, optical coherence tomography and multiple reference

optical coherence tomography. The third and fourth chapters are concerned with im-

proving the imaging performance of MR-OCT. The third chapter presents digitally bal-

anced detection with improved sensitivity, whereas the fourth chapter discusses the sig-

nal degradation due to the birefringence of the sample and techniques to mitigate it. In

the �fth chapter, we introduce nanosensitive optical coherence tomography. We present

a theoretical and experimental basis for the technique. We also show that nanosensi-

tive OCT can be integrated into MR-OCT, enabling it to distinguish nanoscale structural

changes between samples. In Chapter 6, we discuss the potential of nsOCT to detect

structural changes in stem cells. Chapter 7 concludes the thesis and discusses potential

future research options.

• Chapter 1: This is the introductory chapter, which encompasses the research moti-

vation, aims and objectives of the study, and the thesis structure.

• Chapter 2: In this chapter, we discuss the theory of OCT, important parameters of

OCT and variants of OCT. We also discuss the theory of MR-OCT, signal processing

and MR-OCT system setup.

• Chapter 3: In this chapter, we apply digitally balanced detection to MR-OCT to im-

prove the sensitivity. To achieve balanced detection, we used a polarization-based

optical con�guration that generates two optical channels with a phase shift of p

radians. We show that recording the signals separately and balancing them in the

digital domain improves common mode rejection and signal quality. By applying

digitally balanced detection, we achieved an average sensitivity improvement of

5±0.5 dB over its analogue balanced detection counterpart. We also demonstrate

improved imaging performance of MR-OCT with digitally balanced detection us-

ing Scotch tapes and mouse eyes as samples.

7
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• Chapter 4: In this chapter, we study the signal properties of MR-OCT in the con-

text of polarization-based optical con�guration. We numerically simulate the signal

properties using Jones calculus and compare the results with measurements. We

discuss the origin of signal degradation due to the birefringence of the sample in

OCT and show that the quarter-wave plate in the sample arm of the Michelson in-

terferometer can be adjusted to optimize the signal returning from a birefringent

sample, thereby improving the visibility of structures of interest. The theory dis-

cussed will be useful to understand and minimize signal degradation due to bire-

fringence in Time-Domain and Fourier-Domain OCT systems.

• Chapter 5: The theory of nanosensitive OCT (nsOCT) is described in this chapter.

OCT signal contains information about the high spatial frequency content of the

object's structure. However, this information is lost while performing the Fourier

transform step of image reconstruction. Nanosensitive OCT is a technique based on

the spectral encoding of spatial frequency, which retains the high spatial frequency

information in the interference spectra and transfers it to image space. The tech-

nique can signi�cantly improve the sensitivity to structural alterations, enabling the

possibility of providing crucial additional information about morphological changes

at the nanoscale level. In this chapter, we present a theoretical and experimental ba-

sis for the extraction of high spatial frequency information. So far, this technique

has been demonstrated in spectral domain OCT systems only. In the second part

of this chapter, we adapt the technique to multiple reference optical coherence to-

mography. With the help of phantoms with known structures, we demonstrate that

nanosensitive MR-OCT (nsMR-OCT) can detect nanoscale structural changes. We

also show that nsMR-OCT can detect the structural changes induced by a super�cial

alkali burn on an excised rabbit cornea .

• Chapter 6: Mesenchymal stromal cells (MSCs) are adult stem cells widely investi-

gated for their potential to regenerate damaged and diseased tissues. Since nanosen-

sitive OCT can detect nanoscale structural changes, it can be used for tracking stem

cells labelled with nanostars and detecting morphological changes associated with

the therapeutic activation of the cells and subsequent tissue-healing responses. In

this chapter, we demonstrate the capability of nsOCT to image MSC pellets follow-

ing labelling with different concentrations of plasmonic gold nanostars. We also

show the capacity of nsOCT to provide structural information about MSC pellets

following chondrogenic differentiation without labelling. Despite the limited pen-

etration depth of nsOCT (similar to conventional OCT), it is highly sensitive in de-

tecting structural alterations at the nanoscale, which may provide crucial functional

8
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information about cell therapies and their modes of action. A commercial spectral-

domain OCT system was used for the studies in this chapter.

• Chapter 7: This chapter serves as the conclusion to the thesis, delving into the limi-

tations of the presented research and proposing avenues for future exploration.
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Chapter 2

Optical Coherence Tomography and

Multiple Reference Optical Coherence

Tomography

2.1 Optical Coherence Tomography

2.1.1 Theory of Optical Coherence Tomography

The Michelson Interferometer

Optical coherence tomography (OCT) is an imaging technique based on low-coherence

interferometry. OCT can be realised in various interferometer con�gurations such as

Michelson, Mach-Zender, Fabry Perot, etc. [54]–[56]. Michelson interferometer con�g-

uration is the most commonly used because of its simplicity, robustness and versatil-

ity. Since the OCT systems used in this thesis are based on a Michelson interferometer

con�guration, we discuss in this section the theory of a Michelson interferometer with

a monochromatic source such as a laser. The light from a monochromatic source is split

into the reference and sample arms by a beam splitter. The lights re�ected by the reference

mirror and sample mirror are re-combined by the same beam splitter and superimposed

on a detector.

A schematic of the Michelson interferometer, along with the detector response, is

shown in �g. 2.1. The setup uses a monochromatic light source. The reference mirror

is scanning through a certain distance (dz) along the direction of the reference beam. A

stationary mirror was used as the sample. The electric �eld of light recombining at the

detector is given by:

E = Es + Er , (2.1)

where Es and Er represent the �elds of sample and reference arms, respectively.
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FIGURE 2.1: Schematic of a basic Michelson interferometer along with the detector response. The
setup uses a monochromatic source, a scanning mirror in the reference arm and a stationary mirror
in the sample arm. OPD: Optical path length difference between the sample and the reference
arms, SRM: scanning reference mirror, BS: beam splitter,dz: The axial scanning range of SRM. It
can be observed that within the scanning range of the reference mirror ( dz), the detector output is
insensitive to the optical path difference. Therefore, the exact position of the sample mirror cannot
be calculated.

Es and Er from eq. 2.1 can be described by:

Es = E0se
� i2ksls, (2.2)

Er = E0r e
� i2kr lr . (2.3)

Here, E0s and E0r are the �eld strengths re�ected from the sample and reference arms. ls
and lr are the path lengths of the sample and reference arms, respectively. For a wave

with wavelength l , the propagation constant or wave number ( k) in vacuum is given by:

k =
2p
l

= w/ c. (2.4)

For wave propagation in air, kr = ks = 2p / l where kr and ks represent the propagation

constants for the reference beam and sample beam, respectively[57].

The photodetection current iD is proportional to the square of the magnitude of total

�eld on the detector[58]–[61]:

iD µ jEr + Esj2. (2.5)

iD µ E2
0r

+ E2
0s

+ 2 Ref EsE�
r g. (2.6)
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Here, Re denotes the real part, andE�
r is the complex conjugate waveform of the reference

arm. Eq. 2.6 has a DC part (E2
r + E2

s) and an interference part (Ref EsE�
r g). Multiplying

Es with E�
r results in a complex number whose real part represents the component of Es

that is in phase with Er . This is important because only in-phase components contribute

to detectable interference. We are only interested in the interference part. The DC part is

rejected by a high pass �lter on the detection system. The interference part can be further

expanded using equations 2.2 and 2.3 [58], [62], [63] to get:

Ref EsE�
r g = E0sE0r cos(2kr lr � 2ksls). (2.7)

Eq. 2.7 describes the variation of photocurrent with positions of the reference and sample

mirrors. With dl for ls � lr , we get:

Ref EsE�
r g = E0r E0scos(

2p
l

� 2dl ). (2.8)

where l is the wavelength of the source used. Eq. 2.8 reveals that the photocurrent in-

cludes a sinusoidal component representing the interference between the reference and

sample �elds as shown in �g. 2.1. The interference has a period of l /2 relative to the

length mismatch dl [64]. To introduce the required path length mismatch between the

sample and reference beams, the reference mirror can be axially scanned. If the scan-

ning reference mirror (SRM) is moving with a constant velocity vM , then the interference

pattern will have a Doppler frequency given by:

fD =
2vM

l
. (2.9)

Low Coherence Interferometry

Determining the path length difference between the reference and sample mirrors in the

Michelson interferometer can be achieved by interference fringe counting, for example.

Even though techniques like surface pro�lometers can achieve subwavelength resolution,

interference fringe counting methods are slow and sensitive to sample motion. Also, they

cannot reproduce structures below the surface, assuming the sample is semitransparent

to the used wavelength. If we use light sources that can emit light with a broader emission

spectrum and reduced coherence, the interference length can be reduced. In this case, a

maximum interference signal can be observed where the path length for the reference and

sample mirror are equal but becomes extinct quickly at increasing path length mismatch.

Consequently, the distinct intensity peak of the interference can be used to determine the

spatial position of a zero path length difference. Therefore, a low-coherent light source,

such as a super luminescent diode (SLD), is used. SLDs are edge-emitting semiconductor
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light sources based on superluminescence. They combine the low coherence property

of light-emitting diodes (LED) and the high power and brightness of laser diodes. The

detector response of a Michelson interferometer while using a super luminescent diode

is shown in �g. 2.2. If the emission spectrum of the SLD is Gaussian, then the envelope

of the interference intensity changes with Gaussian characteristics as well. The Gaussian

peak matches the spatial position when the path lengths for the sample and reference

mirror match. Therefore, if we scan the reference mirror along a distance of dz and probe a

semitransparent sample with partially re�ecting layers, we get Gaussian peaks containing

information about the re�ectivity and position from each layer along the depth. Optical

coherence tomography (OCT) uses this principle to extract the axial re�ectivity pro�le (in

the z-direction) from samples of interest. If we then scan the beam in x and y directions

and acquire depth scans, cross-sectional and three-dimensional images of the sample's

structure can be reconstructed.

OPD = 0 OPD > 0OPD < 0
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FIGURE 2.2: Schematic of a basic Michelson interferometer along with the detector response.
The setup uses a broadband source with Gaussian spectral distribution, a scanning mirror in the
reference arm and a stationary mirror in the sample arm. OPD: Optical path length difference
between the sample and reference arms, SRM: scanning reference mirror, BS: beam splitter,dz:
The axial scanning range of SRM. Within the scanning range of the reference mirror ( dz), the
position of the maximum of the Gaussian envelope corresponds to the location where OPD = 0.
This information can be used to calculate the position of the sample mirror with respect to the
reference mirror.

A low-coherence source is characterized by a range of frequencies rather than a single

frequency. Therefore, the reference and sample �elds in the plane wave equations 2.2 and

2.3 will be functions of frequency [64]:

Es(w) = E0s(w)e� j2ks(w) ls, (2.10)
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Er(w) = E0r (w)e� j2kr (w) lr . (2.11)

Since all interference information is contained in the real part of EsE�
r term, we focus only

on calculating this term in the subsequent analysis. The interference signal in eq. 2.6 will

be the summation of all frequencies that are in coherence [63];

iD µ Re
� Z ¥

� ¥
Es(w)E�

r (w)
dw
2p

�
. (2.12)

If the beam splitter used in the interferometer is spectrally uniform, the reference and

sample beams will have the same spectral components as the light source. If S(w) is the

power spectrum of the light source and Df is the phase mismatch at the detector of each

frequency component [63], [64],

S(w) = E0s(w)E�
0r

(w), (2.13)

Df (w) = 2ks(w) ls � 2kr(w) lr , (2.14)

then eq. 2.12 can be written as:

iD µ Re
� Z ¥

� ¥
S(w)e� jDf (w) dw

2p

�
. (2.15)

Assuming that the sample and reference arms are in a uniform and non-dispersive medium,

Taylor expansion can be used to approximate the dependence of phase difference (Df ) on

the frequency range (w), centre frequency (w0) and propagation constants (ks and kr):

ks(w) = kr(w) = k(w0) + k
0
(w0)(w � w0). (2.16)

Combining equations 2.14 and 2.16, and using dl for ( ls � lr),

Df (w) = k(w) � 2dl + k
0
(w0)(w � w0) � 2dl. (2.17)

The phase velocity in a medium is de�ned as vp = w0
k(w0) and group velocity ( vg) is dw

dk (w0).
If the phase velocity is vp and the group velocity is vg, the phase delay (DTp) and phase

group delay ( DTg) may be represented as:

DTp =
k(w0)

w0
2dl =

2dl
vp

, (2.18)

DTg = k
0
(w0)2dl =

2dl
vg

. (2.19)
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We can now re-write eq. 2.15 as:

iD µ Re
�

exp[� jw0DTp ]
Z ¥

� ¥
S(w � w0)exp[� j(w � w0)DTg]

d(w � w0)
2p

�
. (2.20)

Equations 2.18 - 2.20 illustrate that the interferometric term of the photocurrent can be

broken down into a carrier and an envelope. The measured frequency of the interference

on an oscilloscope depends on the path delay 2dl and propagation constant k(w0).

Gaussian Power Spectrum

If we assume that the light source has a Gaussian power spectral density given by:

S(w � w0) =

s
2p
s2

w
e
� (w� w0)2

2s2
w , (2.21)

which has been normalized to unit power:

Z ¥

� ¥
S(w)

dw
2p

= 1, (2.22)

where w0 is the central frequency and 2s is the standard deviation power spectral band-

width (radians/second). Substitute this in eq. 2.20 to get:

I µ e
�

DTg
2sT

2 � e� jw0DTp. (2.23)

Here, we have discarded the real part notation for convenience. The photocurrent con-

tains a Gaussian envelope with characteristic standard deviation temporal width 2 sT (sec-

onds).

2sT =
2

sw
. (2.24)

From eq. 2.24, we can see that the 2sT is inversely proportional to sw. Also, The prod-

uct of the standard deviation of the Gaussian envelope in the time domain ( sT) and the

standard deviation of its frequency spectrum ( sw) equals one, indicating an optimized

time/frequency uncertainty for a Gaussian waveform. As the group delay mismatch

(DTg) increases, the envelope's amplitude decreases rapidly, modulated by interference

fringes that oscillate more with greater phase delay mismatch ( DTp). Equation 2.23 deter-

mines the axial resolution of the OCT system, emphasizing that the detector only captures

interference fringes when the lengths of the reference and sample arms are aligned such

that the group delay mismatch falls within the Gaussian envelope:

� sT < k0(w0) � 2dl < sT. (2.25)
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From equations 2.19, 2.24 and 2.25, the standard deviation axial resolution (� sT width of

the Gaussian envelope in units of length mismatch dl) is:

dlSD =
1

k0(w0)s(w)
=

Vg

sw
. (2.26)

For free space propagation, both the phase velocity and group velocity equal the speed

of light, c. Therefore, eq. 2.26 can be written as below to show that the axial resolution is

inversely proportional to the bandwidth:

dlSD =
c

sw
. (2.27)

For assessing bandwidth and resolution, the full-width at half-maximum (FWHM) met-

ric is more advantageous than using the standard deviation measure. In the case of a

Gaussian distribution with standard deviation s, the FWHM is determined by 2 s
p

2ln2.

Consequently, in the context of a free-space interferometer, the FWHM resolution denoted

asDFWHM is given by:

dlFWHM =
2ln2

p
�

l 2
0

Dl
, (2.28)

where Dl is the FWHM wavelength bandwidth and l 0 is the center wavelength. Please

note that the theory explained in this section outlines the basic theory of OCT in the

context of original Time-Domain implementation. We have not explored the theory of

OCT signal within dispersive mediums as it falls outside the scope of this thesis. Hee et

al. describe the continuation of this analysis in a dispersive medium [63].

2.1.2 OCT variants and Detection of OCT signal

Based on the detection of electromagnetic �elds, OCT systems can be classi�ed into two

classes: the time-domain (TD-OCT) and Fourier-domain (FD-OCT) OCT systems. Two

different implementations are possible for FD-OCT: the spectral domain (SD-OCT) sys-

tems and swept-source-based (SS-OCT) systems. The SD-OCT uses an SLD as the light

source and a spectrometer as the detector. The SS-OCT systems use a swept source laser

and photodetector. In the previous section (section 2.1.1), we discussed the theory of

OCT primarily from the perspective of time-domain OCT (TD-OCT). In this section, we

present a basic discussion of OCT theory which treats both Fourier and time domain OCT

on equal footing as specializations of the same underlying principle [65] .

Consider a Michelson interferometer. The complex �eld emerging from the light source

is be described as:

Ei = s(k, w)ei(kz� wt) . (2.29)

Here, S(k, w) is the electric �eld amplitude expressed as a function of wavenumber and
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angular velocity. The wavenumber ( k = 2p / l ) and angular frequency ( w = 2pn) rep-

resent the spatial and temporal frequencies, respectively, for each spectral component of

the �eld having wavelength l . The wavelength (l ) and frequency (n) are coupled by the

speed of light in vacuum ( c) and the refractive index ( n( l )) according to the relation in

eq. 2.30 given below [65]:

c/ n( l ) = l � n. (2.30)

Consider the situation where the sample consists of N discrete re�ecting layers. The �eld

incident on the beam splitter, after returning from the sample and reference arms, can be

represented by:

Es =
1

p
2

Ei

N

å
n= 1

rsne( i2klsn) , (2.31)

Er =
1

p
2

Ei rre( i2klr ) , (2.32)

where rr and rsn are the electric �eld re�ectivity of reference re�ector and nth sample

re�ector, respectively. Similarly, lr and lsn are pathlengths to the reference mirror, and

nth sample re�ector. Upon passing through the beamsplitter once more, the returning

�elds experience a 50% reduction in power. These �elds then combine and interfere at

the square-law detector, resulting in a photocurrent that is directly proportional to the

square of the sum of the incident �elds, as expressed by the equation [65]:

ID (k, w) =
r
2

hjEr + Esj2i =
r
2

h(Er + Es)( Er + Es) � i (2.33)

Here, ID (k, w) is the detector photocurrent, and r is the detector responsivity (Amperes/Watt).

The factor of 2 accounts for each �eld's second traversal through the beamsplitter, while

the angular brackets represent the integration over the detector's response time. By set-

ting l = 0 at the beamsplitter surface and expanding this for the detector current, we

obtain the following expression:

ID (k, w) =
r
2

* �
�
�
�
�
s(k, w)

p
2

rrei(2klr � wt) +
s(k, w)

p
2

N

å
n= 1

rsnei(2klsn � wt)

�
�
�
�
�

2+

. (2.34)

When the magnitude squared functions in (2.5) are expanded, terms involving the tempo-

ral angular frequency w = 2pn are removed. This is appropriate, considering n oscillates

signi�cantly faster than the response time of any conventional detector. This simpli�ca-

tion leaves:
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ID (k) = r
4

�
S(k)( Rr + å N

n= 1 Rsn)
�

DC

+ r
4

�
S(k) å N

n= 1
p

Rr Rs(e[i2k( lr � lSn ] + e[� i2k( lr � lsn ])
�

CC

+ r
4

�
S(k) å N

n6= m= 1

p
Rsn Rsm(e[i2k( lsn � lsm ] + e[� i2k( lsn � lsm ])

�
. AC

(2.35)

Here, Rr , Rr and Rsn are the power re�ectivities of the reference mirror and sample layers

n and m, respectively. The power re�ectivity R of each re�ector is given by the magnitude

squared of the electric �eld re�ectivity R = jr j2. Similarly, lsn and lsm are the pathlengths

to the layers n and m within the sample measured from the beam splitter [65]. Here,

S(k) = hjs(k, wji is the normalized Gaussian function. If g( l ) is the inverse Fourier trans-

form of normalized Gaussian function ( S(k));

S(k) =
1

Dk
p

p
e�

�
(k� k0)

Dk

� 2

, (2.36)

g( l ) = e� z2Dk2 F ! S(k). (2.37)

Here, k0 is the central wavenumber of the light source and Dk is the spectral bandwidth,

bandwidth, corresponding to the half-width of the spectrum at 1/ eof its maximum [65].

g( l is also called the 'coherence function'. The coherence function dominates the axial

point spread function (PSF) in OCT systems. The PSF is typically described by its full

width at half maximum (FWHM) value, which de�nes the round-trip "coherence length"

of the light source, lc. The round-trip coherence length is given by:

lc =
2
p

ln 2
Dk

=
2 ln 2

p
l 2

0

Dl
, (2.38)

where Dl is the full recorded spectral width and l 0 = 2p / k0 is the central wavelength if

the light source. Equation 2.35 can be simpli�ed using Euler's formula to get:

ID (k) = r
4

�
S(k)( Rr + å N

n= 1 Rsn)
�

DC

+ r
2

�
S(k) å N

n= 1

p
Rr Rsn(cos[2k( lr � lsn)])

�
CC

+ r
4

�
S(k) å N

n6= m= 1

p
Rsn Rsmcos[2k( lsn � lsm)]

�
. AC

(2.39)

From eq. 2.39, we can see thatID (k) has three signal components- the DC, cross-correlation

term (CC) and the autocorrelation (AC) term. Among these, the DC term is a pathlength

independent constant term with its amplitude proportional to the sum of sample layer
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re�ectivities plus the reference mirror re�ectivity. Autocorrelation is caused by the self-

interference between sample layers. Cross-correlation (CC) is the interference between

the sample and reference arms.

Time Domain OCT

Time Domain OCT are the �rst-generation OCT systems and depend on the scanning of

a reference mirror to achieve depth scanning. The reference mirror is mounted on a scan-

ning mechanism such as a linear translator, and the interference signal is recorded using

a photodetector. The interference conditions necessitate that the path lengths of both the

reference and sample arms align within the coherence length of the light source. The in-

terference signal's frequency will center around the Doppler frequency (as indicated in

eq. 2.9) because of the movement of the scanning reference mirror.

In TD-OCT, the path delay can be measured by the relative position of the sample

re�ector with respect to the reference mirror position in the reference arm. Since the posi-

tion of the reference mirror changes continuously, at a time, only re�ectors from a certain

depth, which are at the same optical path length as the reference arm, can cause interfer-

ence. The auto-correlation term in eq. 2.39 describes the self-interference among different

layers in the sample. However, in TD-OCT, as the interference for various sample lay-

ers share the same Doppler frequency and can be readily differentiated by the intensity

envelope, autocorrelation is not theoretically present. In practical situations, weak auto-

correlation terms may arise due to the non-linear velocity pro�le of the SRM scan motion

and certain path delays caused by internal re�ections, but these effects are generally neg-

ligible. In time-domain OCT (TD-OCT), the wavenumber-dependent detector current,

ID (k), as shown in eq. 2.39, is recorded by a single receiver while scanning the reference

delay lr . This process will reconstruct an approximation of the internal sample re�ectivity

pro�le, Rs( ls). The �nal result is derived by integrating eq. 2.39 across all k values [65]:

ID ( lr) = r
4

�
S0(Rr) + å N

n= 1 Rsn

�
DC

+ r
2

�
S0 å N

n= 1

p
RrRsn e� ( lr � lsn )2Dk2

cos[2k0( lr � lsn)]
�
. CC

(2.40)

Here, S0 =
R¥

0 S(k)dk is the spectrally integrated power emitted by the light source.

In TD-OCT systems, the length of the reference arm, lr , is usually scanned over time,

providing a carrier frequency that is useful for lock-in detection. This method enhances

the sensitivity of detecting the re�ectivity envelope while effectively eliminating the DC

offset. A Hilbert transform can be used for detecting the envelope of the signal. This

envelope represents the intensity pro�le along the depth and is called an A-scan.

19



Chapter 2. Optical Coherence Tomography and Multiple Reference Optical Coherence

Tomography

Fourier Domain OCT

The mechanical scanning speed of the reference mirror limits the speed of signal acquisi-

tion in TD-OCT systems. Also, the requirement of mechanical scanning limits the achiev-

able signal-to-noise ratio (SNR). Any moving part within the optical system will likely

cause vibrations which deteriorate the SNR. The state-of-the-art OCT systems acquire

signals in the frequency domain without needing a scanning reference mirror. In Fourier-

domain OCT (FD-OCT) systems, the entire depth pro�le is obtained simultaneously, al-

lowing faster imaging and data acquisition. Fourier-domain OCT systems can be real-

ized through two approaches: one involves the integration of a broadband light source

and a spectrometer, known as spectral domain OCT (SD-OCT), while the other method

involves combining a frequency-sweeping light source with a photodetector, referred to

as swept-source OCT (SS-OCT). In SS-OCT systems, a narrowband swept-laser source

sweeps across a given wavelength range while the photodetector sequentially captures

the spectral components in synchronization with the sweeping of the wavelengths

It is crucial to highlight that the achieved speed is attributable to a fundamental de-

parture from TD-OCT. Unlike TD-OCT, where a single photodiode acquires the entire

spectrum, FD-OCT methods sample all depths all the time, giving rise to a potential SNR

improvement by a factor N, where N is the depth points sampled in the depth pro�le.

SD-OCT uses a line camera with many detector elements. In this case, the multiple detec-

tors contribute to noise reduction due to an averaging effect from all detector elements.

This starkly contrasts TD-OCT, where noise from all depths is constantly present on the

detector. Without this approach, rapid scanning would have rendered the signals imprac-

tical due to overwhelming noise. For instance, in a 1024-detector array, the noise is 1024

times less than that in an equivalent TDOCT system, enabling a scanning speed that is

1024 times faster. This pivotal insight, �rst proposed by Fercher et al. and independently

described by Leitgeb et al. and de Boer et al. in 2003, marked the takeoff of FD-OCT [18],

[66]–[68].

The Fourier Domain OCT interference signal, mathematically, is the summation of all

spectral components from the reference and the sample arms. Equation 2.39 describes

the spectral interferogram of sample re�ectors at lsn [65]. When a spectrometer is used

to acquire the signal, the grating in front of the line camera performs an optical Fourier

Transform and converts the signal from the frequency domain to the spectral domain.

Therefore, the signal on the line camera of the spectrometer will be the Fourier transform

of ID (k) in eq. 2.39. We can use the Fourier transform pairs given in equations 2.41 and

2.42;

1
2

�
d( l + l0) + d( l � l0)

� F ! cos(kl0), (2.41)
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x(z) � y(z) F ! X(k)Y(k), (2.42)

where ' � ' denotes convolution operation. The result thus obtained (Fourier transform of

ID (k)) can be described by:

ID ( l ) =
r
8

�
g( l )( Rr +

N

å
n= 1

Rsn)
�

+
r
4

�
g( l ) �

N

å
n= 1

p
RrRsd( l � 2( lr � lsn))

�

+
r
8

�
g( l ) �

N

å
n6= m= 1

p
Rsn Rsmd( l � 2( lsn � lsm))

�
,

(2.43)

where g( l ) denotes the inverse Fourier transform of the source spectrum S(k) as men-

tioned in eq. 2.37. Equation 2.43 can be simpli�ed to:

ID ( l ) =
r
8

�
g( l )( Rr +

N

å
n= 1

Rsn)
�

+
r
4

� N

å
n= 1

p
RrRsg(2( lr � lsn)) + g(� 2( lr � lsn))

�

+
r
8

� N

å
n6= m= 1

p
Rsn Rsmg(2( lsn � lsm)) + g(� 2( lsn � lsm))

�
.

(2.44)

Equation 2.44 gives the mathematical description for the detected sample depth pro�le

for a spectral-domain OCT system.

2.1.3 OCT parameters

Resolution

In OCT, the axial and lateral resolutions are de-coupled, meaning they are independent of

each other. The axial resolution (DL) in OCT is determined by the bandwidth and central

frequency of the light source used through the equation [64]:

DL =
2 ln(2)

p n
l 2

c

Dl
. (2.45)

where l c is the central wavelength, Dl is the full recorded spectral width, and n is

the refractive index of the scattering medium. Assuming a Gaussian spectral distribu-

tion, eq. 2.45 determines the FWHM of the axial point spread function, DL. The lateral
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resolution( dx) characterizes the ability of the system to distinguish and resolve �ne de-

tails in the horizontal or transverse direction of an imaged sample. For calculating the

lateral resolution, we treat the sample arm of an OCT system as a re�ection-mode scan-

ning confocal microscope [65].

dx = 0.37
l c

NA
, (2.46)

where NA is the numerical aperture of the sample arm objective lens. If n is the refractive

index between the objective lens and the object and a is half the angular aperture of the

objective, then the numerical aperture can be de�ned as NA = n � sin(a).

Maximum imaging range

Imaging range is the maximum distance over which the OCT system can acquire depth-

resolved images. However, the achievable imaging depth in scattering samples is further

reduced depending on the mean free path length of a photon re�ected and still in coher-

ence with the reference beam. Imaging depth is often limited by factors such as scattering

within the sample, depth of focus, sensitivity of the OCT system etc. For the time-domain

OCT systems, the imaging range is determined by the travel range of the scanning refer-

ence mirror. For Fourier domain OCT systems, the imaging range ( zmax) is given by:

zmax =
1

4n
l 2

c

dl
N. (2.47)

where l c is the central wavelength, n is the refractive index of the sample, and N is the

number of sample points recorded and dl is the spectral resolution. For spectral domain

OCT systems,N is the number of pixels in the line detector of the spectrometer. In swept-

source-based OCT systems,N will be the number of photodiode readouts during one

full laser source sweep. We can see from eq. 2.47 that the imaging range is inversely

proportional to the spectral bandwidth dl [69].

Optical detection sensitivity and Noise components

The SNR of an OCT system is de�ned as is2/ in2 where is is the peak amplitude of the

intensity pro�le, and in is the overall noise in the detected signal [70]. The sensitivity is

de�ned as the minimum sample re�ectivity required to achieve SNR equal to unity[66],

[71], [72]. Attenuating the sample arm completely to obtain SNR = 1 would bring the

signal to the noise level. Detecting a signal that is equal to the noise �oor is not practical.

Therefore, an attenuation provided by an optical density (OD) = 2 neutral density �lter,

which provides a roundtrip attenuation of 40 dB is widely used in the literature to calcu-

late the sensitivity. This gives the sensitivity of the system as SNR attenuated + 40 dB, which
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is often used in literature. The overall noise current in arises from the contributions of

shot noise (ish), excess noise (iex), thermal noise (i th) and data acquisition (DAQ) ( iDAQ )

noise. Therefore, i2n can be expressed as:

i2n = hi2shi + hi2exi + hi2th i + hi2DAQ i . (2.48)

here, the angular brackets denote the time average over the integration time of the de-

tector. Shot noise or Poisson noise originates due to the discrete nature of electric charge

release followed by the incidence of photons. Excess noise is generated by the light source

due to the self-beating of broad-band light waves. Thermal noise is related to the detec-

tor, and it originates due to the thermal agitation of charge carriers. DAQ noise originates

from the data acquisition board due to factors such as electronic components and environ-

mental interferences such as electromagnetic interference, etc. A more detailed discussion

on noise and sensitivity is provided in chapter 3.

The noise components are the same in time-domain and Fourier-domain OCT sys-

tems. However, in spectral-domain systems, each detector element in the line camera

functions as an independent channel. As a result, random noise gets averaged across all

these channels, thereby improving the sensitivity.

2.2 Multiple Reference Optical Coherence Tomography

Multiple reference optical coherence tomography (MR-OCT) is a modi�ed time-domain

OCT with a partial mirror in front of the scanning reference mirror. The light re-circulates

between the scanning reference mirror and partial mirror, giving rise to multiple orders

of re�ections. This re-circulation of light between the partial mirror and reference mirror

leads to an enhanced imaging range despite the short scan range of the scanning reference

mirror [23], [27]. This section discusses the theory and signal-processing aspects related

to MR-OCT.

2.2.1 Theory of MR-OCT

The basic theory of MR-OCT is based on the theory of TD-OCT [73]–[75]. The time-

dependent power P of the interference for TD-OCT is:

P(t) = Pr + Ps + 2
p

PrPsG(dl ) cos(wt + f ). (2.49)

Here, Pr and Ps are the powers in reference and sample arms. The angular frequency is

w = 2p f , and f is the initial phase of the frequency content of the interference. dl is the

path length difference between the sample and reference arms. Assuming that the light
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FIGURE 2.3: (a) Schematic of MR-OCT system. The red ellipses represent the scan ranges cor-
responding to each order of re�ection. SLD: superluminescent diode, L: lens, BS: beam splitter,
TM: turning mirror, PM: partial mirror, SRM: scanning reference mirror, VC: voice coil actuator,
PD: photodetector. (b) Shows enhanced optical path delays generated by multiple re�ections. The
angle a is close to zero. dz is the axial scanning range of SRM. The incident wavefront from the
beamsplitter with a power PR0 is re�ected on the PM with re�ectivity RPM generating an optical
DC with power PR0 � RPM. The beam transmitted through the PM undergoes multiple re�ections
to give rise to higher-order reference beams with optical powers PR(N= 1,2,..,N) . (c) The scan range
increases with higher orders of re�ections (N). This causes the scan ranges of higher orders to
overlap (ol). D is the spacing between SRM and PM.
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source has a spectrum with a Gaussian power distribution, the function G(dl ) represents

the Gaussian envelope of the interference amplitude along dl [75], [76]. The multiple

re�ections between the SRM and the PM enhance the apparent scan range of the SRM

(�g. 2.3). The total scanning range or imaging range ( zMRO) for MR-OCT is given by [77]:

zMRO =
dz
2

(N + 1) + D(N � 1), (2.50)

where dz is the scanning range of the SRM,D is the distance or spacing between the SRM

and the PM, and N is the number of orders processed. Mathematically, N can assume any

integer value. However, due to the power reduction due to scattering and re�ections in

the sample, only 15 to 20 orders of re�ections are detectable for imaging. For this study,

the SRM was mounted on a custom-made voice coil oscillating at 300 Hz with a 75 µm

scanning range. The scan range of 75 µm was used since the voice coil showed the best

scanning properties while using this scan range. Any scan range larger than this caused

heating of the voice coil, increased non-linearity in motion and reduced pointing stability.

A distance of 100 µm was chosen as the separation between the SRM and the PM (D).

Depending on the re�ectivity R of the partial mirror, a portion of the reference inten-

sity is re�ected towards the beam splitter. Along with an unwanted background DC on

the detector, this causes a reduction in intensity for higher orders. The reference power

associated with the N th order re�ection described in earlier studies as [27], [77]:

Pr(N ) = Pr0(1 � R)2 � R(N � 1) , (2.51)

where Pr0 is the intensity of the incident reference beam emerging from the beam split-

ter of the Michelson interferometer and directed towards the reference mirror and N =
1, 2, 3, ... In this study, we used a partial mirror that transmits 20% and re�ects 80% of the

reference intensity. Previous studies suggest this to be the optimal compromise between

reference arm power roll-off and sample power attenuation along the sample depth in

MR-OCT systems [76]. As a consequence of multiple orders of re�ections, eq. 2.49 can be

re-written as:

PMRO = PPM0 +
¥

å
N= 1

Pr(N ) + Ps(N ) + 2
q

Pr(N )Ps(N )G(dl (N ), N ) cos(Nwt), (2.52)

to incorporate the sum of reference and sample arm powers ( Pr and Ps) for each order [76].

Here, PPM0 is the DC power re�ected from the PM. N is the order of re�ection and dl (N )
is the order-dependent pathlength difference. Since in�nite re�ections occur between the

SRM and the PM, the value of N ranges from 1 to in�nity. The Gaussian envelope of each
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order N can be then described as:

G(dl (N ), N ) = exp

2

4 �

 
2
p

ln 2Ndl (N )
lc(N )

! 2
3

5 , (2.53)

where lc(N ) is the apparent coherence length per signal order based on the round trip

coherence length of the light source [75]. Equations 2.52 and 2.53 describe the digitized

signal and the intensity envelope of the digitized signal for each order of re�ection N. All

N orders will occur as a sum overlapping if observed with an oscilloscope or digitizer,

and their actual spacing D and depth positions z must be digitally reconstructed after

separation using a digital bandpass �lter bank [77]. The knowledge of the interference

signal's Doppler frequency fD for each order N is used to obtain the center frequency for

each bandpass �lter (eq. 3.6). The Doppler frequency is:

fD(N ) =
2NvSRM

l 0
, (2.54)

with N for the order of re�ection, vSRM the linear scanning velocity of the scanning refer-

ence mirror, and l 0 the center wavelength of the light source. After �ltering, the lengths

and depth positions for each order are digitally obtained using re-sampling and sample

shifting.

2.2.2 MR-OCT signal processing

The optical MR-OCT signal is a summation of all interference signals from all orders of

re�ections and is detected with a photodiode. The photocurrent is digitized, and the dig-

ital signal is further numerically processed. Several signal processing steps, such as lin-

earization, band-pass �ltering, envelope detection and image reconstruction, are required

to create the �nal image. A �ow chart-chart showing the MR-OCT signal processing steps

is provided below in �g. 2.4. In the following section, we discuss each processing step in

more detail.

For the initial evaluation of MR-OCT system parameters, performance and character-

ization of signal processing, we acquired signals at equally spaced depth positions of the

sample mirror and constructed a calibration line. The calibration line is based on a se-

ries of A-lines acquired from a sample mirror that steps through equally spaced depth

positions. All the A-lines are assembled into a B-frame, keeping the spacing between

A-lines equal to the distance between the mirror steps. The resulting B-frame shows a

diagonal line with the sample mirror depth position on the x-axis and the reconstructed

depth position on the y-axis. We refer to this diagonal line as the calibration line since the

procedure serves as a calibration method to align the image segments from each order
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O1 O2 ON..........

H1 H2 HN

1×

Data Acquisition DC Removal Phase
Linearization

Band-pass Filtering

Envelope Detection

2× N×

0×D+��z/2 1×D+��z/2
(N-1)×D

+��z/2

..........

..........

..........
+A- line

Upsample

Displace by

FIGURE 2.4: MR-OCT signal processing steps. N represents the total number of orders processed.
ON means N th order after band-pass �ltering. H refers to the envelope of the signal after the
Hilbert transformation. D is the spacing between PM and SRM. dz is the scan range of SRM. The
operation of 'displace by' means displacing the zero position of each virtual scanning mirror by
the formula speci�ed. The '+' sign denotes that all separate signal arrays are merged into a single
array for �nal image reconstruction [1].

in the image matrix to their physical position in depth. This calibration line also serves

as a visual aid for evaluating the intensity roll-off and imaging artefacts. It can provide

a comprehensive representation of noise as seen in a B-frame. Also, each A-line in the

calibration line represents the point spread function (PSF) at a speci�c depth position and

allows the evaluation of the order-speci�c PSF. Additionally, the signal from mirror steps

corresponding to the �rst order is used for extracting the phase. The summation of FFT

from each mirror step is used for computing the available centre frequencies, which are

used for band-pass �ltering [77].

DC Removal

The �rst step of MR-OCT signal processing is DC removal. DC removal refers to the

removal of the constant or zero frequency component of the signal. It is performed by

subtracting the mean of the signal from the signal itself. By removing the DC offset,

signals can be normalized to have a mean or average value of zero. DC removal is an

important processing step to ensure the accuracy of Hilber transformation while detecting

the intensity envelope and Fourier transform while performing bandpass �ltering, etc.

Linearization

Linearization is performed after DC removal. Linearization is required for compensating

the non-linear motion of the scanning reference mirror, which is mounted on a voice coil.

An ideal spring-mass system follows an undamped sinusoidal motion. Consequently, the
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FIGURE 2.5: Plot showing the scanning mirror displacement as a function of time. We can see that
the motion of the reference scanning mirror is non-linear towards the minimum and maximum
displacement positions. The displacement is linear towards the zero-crossing or rest position of
the voice coil. If the motion of the scanning mirror is assumed to be sinusoidal, then the displace-
ment, x(t), can be de�ned as x(t) = A � sin(wt). The derivative of displacement will give velocity,
v(t) = Aw � cos(wt) represented by the dashed line. We can see that the velocity is maximum
during zero-crossing.

undamped motion of the mirror attached to the spring should closely follow the same

sinusoidal velocity pro�le. In order to keep the damped mass-spring system oscillating,

a sinusoidal driving force is applied using a driving coil and a metal core. When the

interference signal is acquired with regularly spaced sampling, the sinusoidal motion of

the reference scan mirror manifests as sinusoidal phase modulation of the interference

signal. Thus, the resulting image will be distorted or warped. Therefore, to compensate

for the nonlinear motion of the scanning reference mirror, we extract the signal phase and

perform a linearization using the pixel remapping method, which is similar to the k-space

remapping for FD-OCT [78].

For MR-OCT, the scan range is around 75 µm, and the axial PSF is about 25 µm, and

we would obtain only a fraction of the image depth in a single image frame. Therefore,

we collect multiple interference fringes for different sample mirror positions and sum the
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signals. The sum signal covers the whole scan range and provides signal phase informa-

tion over the entire scan range (�g. 2.6). To extract the phase, the Hilbert transform is

applied to the sum signal, and the complex signal obtained is the phase over the entire

scan range. A �tting is performed to remove further noise from the signal phase. This

�tted non-linear signal phase is then used as a mapping function for a numerical inter-

polation that allows the remapping of all interference signals to obtain a linear phase or

k-space.
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FIGURE 2.6: Shows phase computation from raw signal and linearization of phase. We used the
signal from the calibration line where a mirror was translated along different depth positions. a)
Shows raw �rst-order signals from different mirror positions. We can see nonlinearity in phase
manifesting as a phase slope in the raw signals, especially towards the end signal buffer. b) shows
the sum of �rst-order signals shown in plot (a). c) From the �rst-order sum signal, we use the
Hilbert transform to calculate the unwrapped phase. We can see that the extracted phase repre-
sents the sinusoidal motion of the scanning mirror (blue curve). The orange dotted line shows
an ideal, linear phase. d) shows the �rst-order signals linearized. e) Shows the sum of linearized
�rst-order signals. f) Shows the linear phase calculated from the �rst-order summed signal in (e).

Band-pass �ltering

In MR-OCT, we acquire all orders of the signals simultaneously. The raw signal will be a

summation of all orders of signals. The initial processing steps comprise DC-subtraction

and phase linearization. To separate different signal orders, we perform bandpass �lter-

ing. We know that each MR-OCT signal order has a distinct Doppler frequency de�ned by

eq. 3.6. For each signal order, we design an In�nite Impulse Response (IIR) digital band-

pass �lter using the Doppler frequency as the central frequency. The IIR �lter was used

because of its compact �lter structure and computational ef�ciency [27], [77]. Among dif-

ferent types of IIR �lters, Chebyshev-2 provided minimal phase shift, �at, minimal ripple
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and excellent stop-band characteristics. For most scattering tissues, such as skin, ten or-

ders of re�ections were detectable for imaging. To process ten orders, we have to create

an array of 10 �lters (�lter bank).
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FIGURE 2.7: FFT summation plot. We calculated the absolute of FFT on the linear signal and then
performed summation. The intensity is plotted on a logarithmic scale. A peak detection algorithm
identi�es the centre frequencies of different orders, marked by orange circles. This information is
used for band-pass �ltering. The �gure also serves as a control plot for early evaluation of signal
quality by looking at the signal power vs noise power.

To obtain the centre frequency of each band-pass �lter, we calculated the FFT of all

signals and summed them up to get �g. 2.7. This plot reveals the centre frequencies

of all orders and noise structure. A peak detection algorithm was used to detect the

central frequencies. These central frequency values were then used for con�guring the

�lter banks. Once the signal is �ltered, all signal orders will be stored into different arrays.

Figure 2.8 shows an example of band-pass �ltering applied on a raw signal with three

overlapping orders acquired with a mirror in the sample arm. We used a �lter bank of

10 band-pass �lters in this case. Figure 2.8 shows ten �lter windows with different colors

overlayed on the three signal orders at around 600 Hz. For the mirror position used, the

path length difference between the reference and sample mirrors generated signals for

8th , 9th and 10th orders only. Because of this, we can see that only corresponding output

arrays have signals (�g. 2.8). When the signal is from a scattering sample, a single A-line

will have signals from multiple scatterers from different depths, and it will generate more

complex signal shapes that can not be visually interpreted anymore.
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a) b)

c)

FIGURE 2.8: Shows separation of MRO signal orders using band-pass �ltering. a) Shows raw MR-
OCT signal from a mirror as the sample. The position of the sample mirror shows three orders
(8th , 9th 10th) of MRO signal. b) Ten slightly overlapping �lter windows and three signal orders
from a sample mirror are shown. c) After �ltering, the signals are stored in ten separate arrays
labelled from 1 st to 10th order. The three signal orders from the sample mirror are now separately
available for further analysis and subsequent processing steps.

Envelope detection and Image reconstruction

After �ltering, the signals are demodulated using the Hilbert transform function. After

performing the Hilbert transform, we get the envelope of the signal. After this envelope

detection, we have intensity values corresponding to each order in different numerical ar-

rays. Since each array element corresponds to one particular spatial position, these orders

are numerically merged by summing to form a single sequence of values representing an

OCT A-line. Before merging, we must resample and displace each order to match the

actual spatial length and position. Due to multiple re�ections between the partial mirror

and the reference mirror, higher orders will have increased length. If dz is the scanning

range, the length, S of an order, N is given by:

S(N ) = dz � N. (2.55)
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FIGURE 2.9: a) For the evaluation of the roll-off vs depth and the determination of the FWHM
of the point spread function (PSF), multiple signals from a sample mirror are plotted for different
sample mirror positions. The sample mirror position was changed for path-length differences
from zero to 1.0 mm, corresponding to an imaging depth of 1.0 mm in air. b) shows a B-frame
representation of signals plotted in a). The signal peaks form a diagonal for each mirror position.
The x-axis is the true sample mirror position from 0 to 1.0 mm, and the y-axis is the A-line length
at each position. The y-axis is scaled to match the true sample mirror position, and the line would
be ideally always diagonal. For samples with a refractive index different from air, rescaling may
be required. The green arrow marks indicate gaps between non-overlapping image orders.

The center position of an order ( C) can be calculated usingC = S/2. The displacement of

the center position for each order can be calculated using:

C(N ) = D � (N � 1) +
dz
2

, (2.56)

where D is the spacing between orders. Therefore, each order needs to be upsampled

according to eq. 2.55 and displaced according to eq. 5.17. The total scanning range or

imaging range (zMRO) for MR-OCT is given by [27], [77]:

zMRO =
dz
2

(N + 1) + D(N � 1). (2.57)

MR-OCT calibration image constructed after all the image processing steps, including

envelope detection and image construction, is shown in �g. 2.9b. We also plot in �g.

2.9a, some point spread functions (PSFs) from selected mirror positions. The difference

between the PSF peaks and the median noise can be used for calculating intensity roll-off

and the signal-to-noise ratio at any given depth. In order to image deeper into scatter-

ing samples, a spacing of 100 um between the partial mirror and the scanning reference

mirror ( D) was selected, which resulted in an increased total scan range. However, the

scan range, as determined by the voice coil, is shorter than the distance D. This leads to
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observable gaps between imaging orders at the upper portion of a B-frame image, as in-

dicated in the calibration plot in �g. 2.9b by green arrow marks. While these gaps may

disrupt the imaging range, they offer the advantage of �ne-tuning the orders with greater

sensitivity to the speci�c depth of interest in the sample. Additionally, these gaps can

be potentially utilized to �lter out highly re�ective light, which often originates from the

air-to-sample interface.

2.2.3 MR-OCT system set-up

Optical setup

We implemented an MR-OCT system based on a Michelson interferometer with a 50/50

beam splitter. The reference mirror was mounted on a custom-built voice coil oscillating

with a frequency of 300 Hz and a scan range of 75 � m. In �g. 2.10a, we show the optical

con�guration which was used for realizing MR-OCT with digitally balanced detection.

More details about digitally balanced detection con�guration are provided in chapter 3

of this thesis. A photograph of the MR-OCT optical con�guration is given in �g. 2.10b.
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FIGURE 2.10: a) Schematic of MR-OCT optical con�guration with polarization-based digitally
balanced detection. SLED: superluminescent diode, OF: optical �bre, CM: collimator, POL: polar-
izer, PM: partial mirror, SRM: scanning reference mirror, TM: turning mirror, RAA: reference arm
attenuator, HWP: half-wave plate, PBS: polarizing beam splitter, CP: compensation plate, QWP:
quarter-wave plate, GM: galvo mirror, SL: sample lens, RL: reference lens, DL: detector lens, D:
detector. b) A photograph of MR-OCT optical con�guration.

To realize balanced detection, we implemented a polarization-based con�guration

that generates two optical channels with a phase shift of p radians [2]. A superlumines-

cent diode (SLED) from Denselight Semiconductors Pte. Ltd (DL-CS3207A), with a cen-

tral wavelength of 1310 nm and bandwidth of 40 nm, was used. To realize polarization-

based balanced detection, one polarizer, two half-wave plates, two quarter-wave plates
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and two polarization beam splitters were used. For unbalanced detection, a single non-

polarizing beam splitter is suf�cient. Figure 2.10 shows the optical con�guration for an

MR-OCT system with balanced detection. In the reference arm, a silver-coated mirror

mounted on the voice coil was used as the scanning reference mirror. A partial mirror

that transmits 20% and re�ects 80% of the reference intensity is placed at a distance of ap-

proximately 100 � m from the scanning reference mirror at its rest position. An objective

lens with a focal length of 50 mm focuses the beam onto the scanning reference mirror.

A continuously variable neutral density (ND) Filter (NDC-50C-2M) from Thorlabs, Inc.

was used for adjusting the reference arm intensity. In the sample arm, an objective lens

with a focal length of 50 mm focuses the light on the sample and collects scattered light

from the sample back to the interferometer. A galvo scanner from Thorlabs, Inc. was

used for scanning the sample beam and thereby acquiring B-frames. A compensation

plate (CP) in the sample arm's beam path acts as an optical window compensating for the

dispersion caused by the partial mirror in the reference arm. The detector arm consisted

of a second polarizing beam splitter, two lenses with 50 mm focal length and either a

balanced detector or two unbalanced detectors depending on the detection scheme used

(analogue balanced detection or digitally balanced detector). For balanced detection, we

used a Newport New Focus 2117 photoreceiver, and for digitally balanced detection, we

used two Newport New Focus 2053 photoreceivers.

Experimental set-up

Figure 2.11 shows the schematic of the experimental system of MR-OCT using bulk-optic.

We show an unbalanced detection scheme with a single photodetector. The SLED light

source was controlled with a current driver and a thermo-electric temperature controller

(Thorlabs. Inc, TED200C). An optical �bre guides the light from the SLED to the interfer-

ometer. A circulator was used for blocking any re�ected light going back to the SLED. For

calibration purposes, a sample mirror was mounted on a motorized, linear translational

stage (PT1-Z8 Thorlabs, Inc.). For computerized positioning of the linear stage, Thor-

labs' KDC101 K-Cube Brushed DC Motor Controller was used. For scanning the beam in

the lateral direction (for 2D imaging), a GVS002 Dual Axis Galvo/Mirror Assembly from

Thorlabs. Inc was used. The galvo drivers were connected using a GPS011 power supply

from Thorlabs. Inc. In the reference arm, the voice coil was connected using a voice coil

driver. The voice coil driver was powered by a power supply unit (PSU). In the detection

arm, the detectors were powered by PSUs, and the analogue signals from the photode-

tectors were digitized using a 14-bit A/D card (AlazarTech, ATS9440) with a sample rate

of 10 MS/s.
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FIGURE 2.11:Schematic of complete MR-OCT system. SLED: superluminescent diode, TEC: tem-
perature controller, OF: optical �bre, CM: collimator, BS: beam splitter, RAA: reference arm atten-
uator, RL: reference lens, PM: partial mirror, SRM: scanning reference mirror, VC driver: voice
coil driver, TM: turning mirror, DL: detector lens, D: detector, SL: sample lens, PSU: power supply
unit, DAQ: data acquisition card, USB: universal serial bus. The voice coil, galvo scanners, sam-
ple mirror translational stage (for calibration) and the trigger for data acquisition are controlled
by sending signals using a LabVIEW program via a Data acquisition card (DAQ). The analogue
signals from the photodetector(s) are digitized using Alazartech high-speed digitizer.
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To control and integrate hardware components and data acquisition, a program was

written in LabVIEW. The LabVIEW program generates the sinusoidal signal for driving

the voice coil. The signal generated by the LabVIEW program is transferred to the data

acquisition card (DAQ, NI PCI 6713) to generate the corresponding voltage. The ana-

logue signal thus generated by the DAQ card is given as input to the voice coil driver,

which ampli�es the signal and transfers it to the voice coil. A sawtooth signal generated

by the LabVIEW program is transferred to the galvo scanners via the DAQ card. Lab-

VIEW also generates and transfers to the DAQ card the square wave signal that triggers

the digitizer (Alazar Technologies Inc. ATS 9440) at the rising edge for each A-line acqui-

sition. The synchronization of the three control signals mentioned here (sinusoidal signal

for the voice coil, sawtooth signal for galvo scanners and square-wave signal to trigger

data acquisition by digitizer) is shown in �g. 2.12. For recording the signal, we used the

AlazarDSO oscilloscope, which comes with the Alazartech digitizer.

FIGURE 2.12: Shows the timing and synchronization of signals generated by the LabVIEW pro-
gram to control and integrate hardware during a B-frame acquisition. A sinusoidal signal drives
the voice coil. The galvo scanners are driven by a sawtooth signal. To trigger the data acquisi-
tion by the digitizer, a square wave signal was generated. The timing and synchronization among
these three signals for B-frame recording are shown in this �gure. For each forward and reverse
scan, an interference is symbolized for a single-order re�ection. 250 mirror oscillations generate
500 A-lines.

For recording the calibration line, a different LabVIEW program was used. The Galvo

scanners are not active during the recording of calibration data. The sample mirror

mounted on a linear translational stage moves continuously along the depth (z-direction)

while the digitizer acquires the signal. To control the motion of the translational stage, we
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integrated the 'APT System Software' from Thorlabs.Inc to the LabVIEW program. For

recording the signal, the AlazarDSO oscilloscope was used. photograph of the complete

MR-OCT system in our lab is shown in �g. 2.13.

FIGURE 2.13: Shows a photograph of the complete MR-OCT system, including the power sup-
plies and computer.

Voice coil and voice coil mount

Piezo devices can achieve precise pointing accuracy; however, their operation exhibits

nonlinearity and their axial displacement range is limited, particularly at higher scan-

ning frequencies, posing signi�cant constraints for PZT-based optical delay systems. Ad-

ditionally, PZT-based actuators require relatively high operational voltages. Generating

these high voltages necessitates electrical circuitry that is challenging to miniaturize while

ensuring adequate isolation. MR-OCT employs a voice coil motor (VCM) for scanning, of-

fering various bene�ts including low operational voltage, extended lifespan, lightweight

design, and cost-effectiveness. Some disadvantages of VCMs include susceptibility to

mechanical wear and tear and sensitivity to environmental factors such as temperature

and magnetic �elds. The primary motivation for using a voice coil stems from the avail-

ability of miniaturized designs, such as those used in CD/DVD-ROM pickup systems or

positioning devices. Additionally, since some pickup systems incorporate beamsplitters,

they could serve as a template platform for implementing an interferometer
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A voice coil motor or VCM is an electromagnetic actuator and generates motion through

the interaction of an electric current in a coil of wire and a magnetic �eld. VCMs are

widely used in loudspeakers, autofocus systems in cameras, CD-pick-up drives and pre-

cision position systems. The voice coil consists of two major components:

• Voice coil: The wire coil is typically wound in a cylindrical shape. By driving a

current through the wire coil, a magnetic �eld can be produced. To accurately re-

produce the driving frequencies without damping, the coils are usually made as

light as possible. The light weight of the material can also ensure rapid acceleration

and deceleration.

• Magnet assembly: Typically a permanent magnet or magnets that generate a mag-

netic �eld. This magnetic �eld interacts with the magnetic �eld generated when the

current is applied to the voice coil. The force resulting from this interaction moves

the coil, typically linearly along the axis of the magnet assembly.

The scanning range and velocity can be precisely adjusted by controlling the current ap-

plied to the voice coil. For the realization of MR-OCT in this study, we used a small

voice coil motor that weighs 16 grams and has dimensions of 12 mm � 18 mm � 22

mm. A custom-designed mount was developed to facilitate the precise positioning and

adjustment of the voice coil. Figure 2.14 illustrates the technical drawing of the voice

coil mount. The design incorporates vertical screws, which enable modi�cations to the

height and vertical tilt of the coil. Additionally, side positioning screws, accessible via hex

keys, allow for adjustments in the x and y positions and the angular orientation along the

horizontal plane.

FIGURE 2.14: Technical drawing of the custom-designed voice coil mount showing top and side
views. The mount includes vertical screws for height and tilt adjustments and side positioning
screws with hex key access for precise x, y, and angular positioning.
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Chapter 3

Digitally balanced detection scheme in

multiple reference optical coherence

tomography

3.1 Abstract

Digitally balanced detection (DBD) has been studied in Fourier domain optical coherence

tomography systems to improve sensitivity. We report a technical advancement in a mul-

tiple reference optical coherence tomography (MR-OCT) system with the implementation

of the DBD technique. We used a free-space, polarization-based balanced detection con-

�guration, which is scalable and suitable for miniaturization. The ef�ciency of common-

mode noise rejection is limited in free-space systems due to the non-uniform illumination

of the sensors. We show that recording the signals separately and balancing them in the

digital domain improves common mode rejection and signal quality. The application of

the DBD scheme for MR-OCT achieves an average sensitivity improvement of 5 � 0.5 dB

over its analogue balanced detection counterpart. We also show that DBD improves the

contrast on images of Scotch tapes and mouse eyes.

3.2 Introduction

Optical coherence tomography (OCT) is an imaging technique that produces high-resolution

cross-sectional images of biological tissues and materials. OCT is based on low-coherence

interferometry and can perform live, non-invasive imaging. Time domain OCT was �rst

demonstrated in 1992. Later, spectral domain OCT (SD-OCT) systems and swept-source-

based OCT (SS-OCT) systems were introduced. The SD-OCT and SS-OCT systems are

collectively called the Fourier domain OCT systems (FD-OCT)[9], [61]. The commercial
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availability of miniaturized optics and the need for �exibility in many clinical applica-

tions have driven OCT systems to reduce the form factor and cost while maintaining suf�-

cient imaging performance [21], [79]. Since Fourier domain OCT (FD-OCT) systems offer

advantages in respect of speed, sensitivity and stability over TD-OCT, most of the recent

miniaturization efforts have concentrated on Fourier domain implementations. Also, due

to the requirement of a mechanically scanning reference mirror, achieving suf�cient imag-

ing depth while keeping the optics mechanically stable is challenging in TD-OCT [18]–

[21]. Multiple reference optical coherence tomography (MR-OCT) is an amendment on

TD-OCT with a partial mirror in front of the scanning reference mirror. The re-circulation

of light between the partial mirror and reference mirror leads to an enhanced imaging

depth even with a relatively low scan range [23]. The MR-OCT design unlocks opportu-

nities to realize low-cost and miniature OCT for de�ned applications using off-the-shelf

components and conventional production methods. The transmission of reference beam

through the partial mirror limits the achievable sensitivity for MR-OCT. Because of this,

it is necessary to suppress as much noise as possible to achieve suf�cient sensitivity for

highly scattering samples such as skin[28], [33]. MR-OCT technology has already demon-

strated applications in dentistry, dermatology and non-destructive testing [29]–[32]. The

MR-OCT targets a range of applications in which high-end imaging is not required, cost

constraints demand the use of less expensive components, and reduced speed and sensi-

tivity are acceptable. MR-OCT has the potential to �ll the gap between larger high-end

systems and wafer-level optically integrated systems. To accurately judge the future com-

mercial viability, many more factors would need to be considered that relate to costs of

production, availability of components, and required sensitivity to detect scattered light.

It is well known from the literature that the signal-to-noise ratio (SNR) of OCT systems

can be improved by implementing a balanced detection scheme [80]–[83]. It can reduce

any common-mode noise that originates from the reference and sample arms. Speci�-

cally, the noise from the light source can be signi�cantly reduced using balanced detec-

tion. Additionally, in comparison to the unbalanced con�guration, the balanced detection

con�guration can yield a current that is double that of the single detection [80], [84].

Even though balanced SD-OCT is now possible with more than 100 times noise sup-

pression [85], the use of balanced detection is more common among TD-OCT systems

and swept source-based OCT system (SS-OCT) compared to SD-OCT systems. This is

because the SD-OCT system demands a more complex con�guration since it requires bal-

ancing an array of photo-detectors instead of a single detector as in TD-OCT or SS-OCT

systems. The merits of �bre-based OCT systems along with balanced detection are well

explored [86]. However, �bre-based systems are not suitable for miniaturization since the

bending radius of �bre guides will limit miniaturization attempts. There are integrated

optical coherence tomography systems on a chip proposed in the literature. However, the

40



Chapter 3. Digitally balanced detection scheme in multiple reference optical coherence

tomography

packaging challenges make their mass production dif�cult. That means the wafer-level

optical integration will be challenging to access in the near future. Also, optimising it for

speci�c applications is not possible once a wafer optical design is �nalised. On the other

hand, MR-OCT design is highly �exible, does not need expensive development steps,

and can quickly be produced in smaller numbers [87]–[89]. In this study, we implement

a polarization-based con�guration to generate two optical channels with a phase shift of

p radians required for balanced detection [2]. The free-space con�guration discussed is

suitable for low-cost construction and miniaturization.

The conventional balanced detectors use a differential ampli�er that electronically

subtracts the input signals to generate the output signal. Perfect optimization of common-

mode rejection requires identical photodetectors and an optimum match between the op-

tical beams in terms of path length, intensity, and the illumination of the detector area.

To achieve maximum common-mode rejection, photodiodes made on the same semicon-

ductor chip or auto-balanced photodetectors, which compensates up to some extent the

optical mismatch using an electronic circuit, may be used. However, these approaches

cannot effectively compensate for optical mismatches and spectral differences between

the input channels. Compared to free space systems, �bre-based setups can achieve high

common-mode rejection. In a free-space optical system, even slight differences in the il-

lumination of sensors on the detectors between the two channels will cause signi�cant

differences in the corresponding photocurrents generated by the two photo detectors. In

practical settings, it is almost impossible to achieve optimum illumination between the

two sensors of the balanced detector. To overcome this, the signals from the two chan-

nels can be separately acquired using two different digitizer channels and then balanced

in the digital domain after scaling them to the same magnitude [81], [90]. In this study,

we evaluate the performances of unbalanced detection scheme (UBD), conventional ana-

logue balanced detection (ABD) and digitally balanced detection (DBD) in the context of

an MR-OCT system with an open-space, polarization-based two-channel optical con�gu-

ration. This study mainly contributes to understanding how DBD is applied for MR-OCT.

We demonstrate that the digitally balanced detection con�guration (DBD) yields sensitiv-

ity advantages of 5 � 0.5 dB over an analogue balanced detection scheme and performs

more ef�cient removal of �xed pattern noises.
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FIGURE 3.1: (a) Schematic of MR-OCT system. The red ellipses represent the scan ranges cor-
responding to each order of re�ection. SLD: superluminescent diode, L: lens, BS: beam splitter,
TM: turning mirror, PM: partial mirror, SRM: scanning reference mirror, VC: voice coil actuator,
PD: photodetector. (b) Shows enhanced optical path delays generated by multiple re�ections. The
angle a is close to zero. dz is the axial scanning range of SRM. The incident wavefront from the
beamsplitter with a power Pr0 is re�ected on the PM with re�ectivity RPM generating an optical
DC with power Pr0 � RPM. The beam transmitted through the PM undergoes multiple re�ections
to give rise to higher-order reference beams with optical powers Pr(N = 1, 2, ..,N ). (c) The scan
range increases with higher orders of re�ections ( N). This causes the scan ranges of higher orders
to overlap (ol). D is the spacing between SRM and PM.
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3.3 Theory and Methods

3.3.1 Multiple reference optical coherence tomography

The basic theory of MR-OCT comes from the theory of TD-OCT [73]–[75]. The time-

dependent power P of the interference for TD-OCT is:

P(t) = Pr + Ps + 2
p

PrPsG(dl ) cos(wt + f ). (3.1)

Here, Pr and Ps are the powers in reference and sample arms. The angular frequency is

w = 2p f , and f is the initial phase of the frequency content of the interference. dl is the

path length difference between the sample and reference arms. Assuming that the light

source has a Gaussian power distribution, the function G(dl ) represents the Gaussian

envelope of the interference amplitude along dl [75], [76]. MR-OCT is a modi�ed TD-

OCT with an additional partial mirror (PM) in front of the scanning reference mirror

(SRM). The SRM will be mounted on an oscillating voice coil with a shallow scan range.

However, the multiple re�ections between the SRM and the PM enhance the apparent

scan range of SRM (�g. 3.1). The total scanning range or imaging depth ( zMRO) for MR-

OCT is given by [77]:

zMRO =
dz
2

(N + 1) + D(N � 1), (3.2)

where dz is the scanning range of the SRM,D is the distance or spacing between the SRM

and the PM, and N is the number of orders processed. Theoretically, since in�nite re�ec-

tions occur between the SRM and the PM, inde�nite signal orders are present. However,

in practice, depending on the sample, between 15 to 20 orders of re�ections are detectable

for imaging. For this study, the SRM was mounted on a custom-made voice coil oscillat-

ing at 300 Hz with a 75 µm scanning range. The separation between the SRM and the PM,

D was 100 µm.

Depending on the re�ectivity R of the partial mirror, a portion of the reference inten-

sity is re�ected towards the beam splitter. Along with an unwanted background DC on

the detector, this causes a reduction in intensity for higher orders. The reference power

associated with the N th order re�ection is given by:

Pr(N ) = Pr0(1 � R)2 � R(N � 1) , (3.3)

where Pr0 is the intensity of the incident reference beam emerging from the beam split-

ter of the Michelson interferometer and directed towards the reference mirror and N =
1, 2, 3, ... In this study, we used a partial mirror that transmits 20% and re�ects 80% of

the reference intensity. As a consequence of multiple orders of re�ections, eq. 3.1 can be
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re-written as:

PMRO = PPM0 +
¥

å
N= 1

Pr(N ) + Ps(N ) + 2
q

Pr(N )Ps(N )G(dl (N ), N ) cos(Nwt), (3.4)

to incorporate the sum of reference and sample arm powers ( Pr and Ps) for each order

[76]. Here, PPM0 is the DC power re�ected from the PM. N is the order of re�ection. Since

in�nite re�ections occur between the SRM and the PM, the value of N ranges from 1 to

in�nity. The Gaussian envelope of each order N can be then described as:

G(dl (N ), N ) = exp

2

4 �

 
2
p

ln 2Ndl (N )
lc(N )

! 2
3

5 , (3.5)

where lc(N ) is the apparent coherence length per signal order based on the round trip co-

herence length of the light source [75]. Equations 3.4 and 3.5 describe signal and envelope

for each order of re�ection N. All N orders will occur as a sum overlapping if observed

with an oscilloscope or digitizer, and their actual spacing D and depth positions z must

be digitally reconstructed after separation using a digital bandpass �lter bank [77]. The

knowledge of the interference signal's Doppler frequency fD for each order N is used to

obtain the center frequency for each bandpass �lter (eq. 3.6). The Doppler frequency is:

fD(N ) =
2NvSRM

l 0
. (3.6)

with N for the order of re�ection, vSRM the linear scanning velocity of the scanning refer-

ence mirror, and l 0 the center wavelength of the light source. After �ltering, the lengths

and depth positions for each order are digitally obtained using re-sampling and sample

shifting.

A superluminescent light emitting diode (SLED) source from DENSELIGHT SEMI-

CONDUCTORS PTE. LTD. (DL-CS3207A) with a center wavelength of 1310 nm was used

for this study. The maximum scanning mirror velocity vSRM at the turnaround points was

calculated to be 0.071 m/s for a scan range of 75 µm and a scan frequency of 300 Hz.

The SNR of an OCT system is de�ned as is2/ in2 where is is the peak amplitude of the

interference signal and in is the overall noise in the detected signal [70]. The peak am-

plitude for MR-OCT interference signal on a single detector is given by, is = 2 � r
p

Pr � Ps

where r represents the responsivity of the detector and Ps, Pr are the sample and refer-

ence arm powers, respectively. The responsivity is r = hqe/ hn0 where h is the quantum

ef�ciency of the detector, qe is the electron charge, h is the Plank's constant and n0 is the

center frequency of the light source [66], [68], [75], [86], [91]. The shot-noise limited signal

for TD-OCT is SNRTD� OCT = rl
hcPs

1
B [71] where B is the electronic detection bandwidth
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related to the bandpass �lter for order separation. Using the shot noise from TD-OCT

underestimates the actual shot noise for MR-OCT due to the sample power Ps distributed

over all orders. We must consider that the coherence regions for MR-OCT share the to-

tal power in the interferometer. As it is not trivial to expand Ps for all orders, we must

use the shot-noise as described for TD-OCT as an approximation. Although, in theory,

an in�nite number of reference re�ections can be calculated, it is plausible that for the

generation of a signal, the reference power per order of re�ection must be at least above

the noise power of the shot noise. Current measurements on the MR-OCT suggest that,

on average, 12 orders generate an interference signal suitable for imaging. Based on the

light source centre frequency of 1300 nm, the bandwidth of 40 nm, and a total sample

power for all orders Ps = 0.34 µW, we estimated the shot-noise limited SNR for a single

order, assuming that the power fraction per order is linearly split between interference

signals, with a value of about 67 dB. This value correlates to the obtained data in �g. 3.5.

However, even this may be overestimating the actual value because the power split is not

linear, and noise components are present in all signal orders. The overall noise current in
arises from the contributions of shot noise ( ish), excess noise (iex), thermal noise (i th) and

data acquisition (DAQ) ( iDAQ ) noise. Therefore, i2n can be expressed as:

i2n = hi2shi + hi2exi + hi2th i + hi2DAQ i . (3.7)

As it was mentioned above, to evaluate the noise per order for the MR-OCT signal, we

must calculate the noise components for each signal order. Initial studies regarding the

noise components for MR-OCT have been performed but no complete mathematical the-

ory is available yet [76]. Nevertheless, for the purpose of this study we provide the noise

components known from TD-OCT that provide a reasonable approximation in relation to

MR-OCT. Furthermore, to compare the performance among different detection schemes,

we rely on the SNR of the signal instead of measuring the noise components separately.

Thermal noise and DAQ noise are independent of the reference power. Thermal noise is

related to the detector. DAQ noise is determined by the data acquisition board. Shot noise

and excess noise are dependent on the reference power. Shot noise arises from the dis-

crete nature of charge carrying particles and excess noise originates from the light source.

Substituting values for is and in, the SNR (i2s/ i2n) for N th order, for an unbalanced detector

becomes:

SNR(N ) =
4r 2Pr(N )Ps(N )

hi2shi + hi2exi + hi2th i + hi2DAQ i
. (3.8)

The SNR can be expressed in logarithmic scale by:

SNRdB = 10 log10(
p

SNRP), (3.9)
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FIGURE 3.2: Schematic of MR-OCT with different detection systems. a) analogue balanced detec-
tion, b) digitally balanced detection. The rectangles in red color highlight the differences between
the detection schemes. SLED: superluminescent diode, OF: optical �bre, CM: collimator, POL:
polarizer, PM: partial mirror, SRM: scanning reference mirror, TM: turning mirror, RAA: reference
arm attenuator, HWP: half-wave plate, PBS: polarizing beam splitter, CP: compensation plate,
QWP: quarter-wave plate, GM: galvo mirror, SL: sample lens, RL: reference lens, DL: detector
lens, D: detector

where SNRP is given by eq. 3.8. The subscript P denotes that the SNR was calculated in

terms of power. If SNR A is the SNR calculated in terms of amplitude, eq. 3.9 becomes

SNRdB = 20 log10(SNRA ). The sensitivity is de�ned as the minimum sample re�ectivity

required to achieve SNR equal to unity[66], [71], [72]. Attenuating the sample arm com-

pletely to obtain SNR = 1 is not practical. An attenuation provided by an optical density

(OD) = 2 neutral density �lter, which provides a roundtrip attenuation of 40 dB is widely

used in the literature to calculate the sensitivity. This gives the sensitivity of the system

as SNRattenuated + 40 dB, which is often used in literature.

3.3.2 MR-OCT with digitally balanced detection

An MR-OCT system with a free-space, two-channel polarization-based balanced detec-

tion con�guration was used in the study (�g. 3.2). In the Michelson interferometer, the

sample and reference beams are encoded with mutually orthogonal polarization states.

These beams are spatially combined at the polarization beam splitter (PBS). The intensity

on each detector in a polarization-based balanced detection con�guration is the same as

the intensity available on the sensor in a single detector con�guration that uses a non-

polarizing beam splitter. Also, the interference-related oscillations on both detectors will

have a mutual phase difference, p , in radians (�g. 3.3). However, the noise components

including the re�ections from partial mirror, and auto-correlation due to self-interference
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FIGURE 3.3: MR-OCT �rst order interferograms were recorded by the A and B channels. The
signals have almost same amplitude and a mutual phase difference of p rad. The green interfero-
gram was obtained by subtracting signal B from A in the digital domain. The zoomed in portion
in the inset helps to clearly visualize the phase difference between the signals.

within the sample will be in phase. Consequently, the summing operation at the bal-

anced detector will reject this common-mode noise and thereby improve the overall SNR

of the signal. In a balanced detection scheme, the signalis becomes 4� r
p

Pr � Ps (instead

of 2 � r
p

Pr � Ps in an unbalanced con�guration). Also, the common mode noises will be

rejected from the overall noise current. Therefore, theoretically, in a balanced detection

con�guration, the SNR ( i2s/ i2n) improves compared to an unbalanced detection scheme.

We used a Newport New Focus 2117 photoreceiver to realise conventional analogue

balanced detection and two Newport New Focus 2053 photoreceivers for digitally bal-

anced detection. All the photoreceivers were used in their free space versions. Both

models have the same diode type (InGaAs/PIN) and active area (0.08 mm 2). Both detec-

tors come with the same built-in ampli�er. The noise equivalent power is 0.4 pW/
p

Hz

with a responsivity of 0.98 A/W at a wavelength of 1300 nm. Based on the relation

NEC = r � NEP[A/
p

Hz ], where NEP is the noise equivalent power, the expected noise

equivalent current (NEC) value is 0.4 pA/
p

Hz. The bandwidth is based on the frequency

range required for acquisition which was 10 MHz. For the data acquisition, a 14 Bit, 4

Channel, 125 MS/s waveform digitizer from AlazarTech (ATS9440) was used. Since the

detectors used have similar speci�cations, we assume that the thermal noise and shot

noise in eq. 3.7 remain comparable between all the detectors used. However, while using

digitally balanced detection, the DAQ noise will be double that of unbalanced or analogue

balanced detection schemes as two separate digitizer channels are used for acquisition.
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The advantages of digitally balanced detection mostly comes from the effective suppres-

sion of excess noise. In this manuscript we compare between DBD and ABD based on

sensitivity and imaging performances.

3.4 Results and Discussions

3.4.1 MR-OCT signal processing and digitally balanced detection

The processing steps for MR-OCT are depticted as a �ow chart in �g. 3.4. The raw signal

contains signals from multiple depths present as different orders ( N). The MR-OCT uses

a voice coil for axial scanning. Since the voice coil is driven using a sinusoidal signal, the

axial motion of the reference mirror is not linear in time. Since the data are sampled at

regular intervals of time, the spatial distribution of the data does not precisely correspond

to the spatial distribution of the backscattered pro�le of the sample. Consequently, the re-

sulting image will be distorted or 'warped'. After the DC removal, a phase linearization

is performed to remove these distortions. The process involves remapping the sample

points of the signal according to a look-up table that relates to the actual movement of the

scanning mirror. More details on phase linearization are available in the literature [27],

[77]. The frequency of interference signal for each order of re�ection is different accord-

ing to eq. 3.6. Each order of re�ection is then separated out based on its beat frequency

by using a suitable band-pass �lter. After band-pass �ltering, a Hilbert transform is per-

formed to detect the envelope of the signal. The signal envelope for each order represents

its respective intensity values. In MR-OCT, the increase in scan range for higher orders

of re�ections appears on the oscilloscope as squeezed signals. As a consequence, for the

N th order, the Gaussian full width half maximum (FWHM) of the envelope would re-

duce to FWHM/ N. To compensate this, the N th order is upsampled by a factor of N to

achieve the proper pixel spacing relative to the �rst order. Furthermore, to calculate the

physical spatial position of each order, the zero position of each virtual scanning mirror is

displaced by the spacing between SRM and PM (D) and a half of the scanning range (dz).

As balanced detection is based on subtraction of two signals, it is important to ensure

that the signals have the same amplitude and a phase difference of ß radians as much

as possible. One of the advantages of digitally balanced detection over the analogue bal-

anced detection scheme is that it allows us to manipulate the individual signals separately

and apply balancing by subtraction at a later stage. To evaluate the performance of digi-

tally balanced detection, we performed certain processing steps from the �ow-chart (�g.

3.4) on the individual signals separately, applied balancing by subtracting the signals, and

then continued the remaining processing steps for reconstructing the �nal image. The mo-

tivation behind this exercise was to evaluate if the identicalness of the individual signals
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FIGURE 3.4: MR-OCT signal processing steps. N represents the total number of orders processed.
ON means N th order after band-pass �ltering. H refers to the envelope of the signal after Hilbert
transformation. D is the spacing between PM and SRM.dz is scan range of SRM. The operation of
'displace by' means to displace the zero position of each virtual scanning mirror by the formula
speci�ed. The '+' sign denotes that all separate signal arrays are merged into a single array for
�nal image reconstruction.

improved at any stage of the MR-OCT signal processing. The sensitivity results from the

above exercise are listed in table 3.1. For example, the column 'After linearization' in table

3.1 lists the sensitivity values for selected orders when the individual signals were pro-

cessed separately until 'phase linearization' step of �g. 3.4, before balancing them. The

rest of the processing steps (according to �g. 3.4) were carried out on the balanced signal.

The beat oscillations are not preserved after the Hilbert transform. Therefore, balancing

the signals is not possible after this stage. A solution to minimize the spectral variation

between the two signals is reported by Chen et al.[90]. A 5 th order polynomial �t of the

channel ratio R(n) = SA (n)/ SB(n) is used as a compensation function where S denotes

the signal, A and B are the two channels, and n is the sample number. The balancing is

then performed in the digital domain after scaling the two signals to the same magnitude

using eq. 3.10:

Sbalanced(n) = SA (n)/
q

R(n) � SB(n) �
q

(R(n). (3.10)

The sensitivity values after performing this compensation function (CF) are given in table

3.1 in the column titled "CF method". We could not achieve any sensitivity improvements

with the CF method compared to balancing the signal after DC subtraction. It could

be an indication that the splitting ratio on the polarizing beam splitter is not spectrally

dependent. The sensitivity results (table 3.1) show that the balancing of signals was most

effective when performed right after DC subtraction. Therefore, we use balancing after

DC subtraction to compare the performance among digitally balanced, analogue balanced

and unbalanced detection schemes.
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TABLE 3.1: We processed the individual signals separately according to the �ow chart in �g. 3.4.
After the processing steps mentioned in the respective columns, the two signals were balanced by
subtraction. The rest of the processing steps were continued on the balanced signal. The sensitivity
values obtained for selected orders are listed in the table. CF method refers to the balancing using
the compensation function.

Order After DC
subtrac-
tion

After lin-
earization

After �l-
tering

CF method

1 99 dB 98 dB 99 dB 99 dB
5 90 dB 90 dB 90 dB 90 dB
10 81 dB 79 dB 81 dB 81 dB

3.4.2 Sensitivity characteristics for unbalanced, digitally balanced and

analogue balanced detection

Performance comparison based on sensitivity versus reference arm power characteris-

tics

To compare the sensitivity characteristics among different detection schemes for different

values of reference attenuation, a mirror was used in the sample arm along with an OD =

2 neutral density �lter. A continuously variable ND �lter (NDC-50C-2M) from Thorlabs,

Inc. was used in the reference arm to adjust the reference arm attenuation. The sample

mirror was positioned to maximize the �rst-order signal, and 100 buffers were recorded

from a single point. The mean and standard deviation were calculated from the peaks of

PSFs. The median noise was subtracted from the mean to calculate the SNR. 40 dB was

added to the SNR to obtain the sensitivity value. The sensitivity values were recorded

until saturation was reached. In the cases of digitally balanced and unbalanced detection

schemes, the photodetector saturated �rst, whereas, in the case of analogue balanced

detector, digitizer got saturated �rst. A detector ampli�er gain of 10 4 and digitizer voltage

range of 2 V was used for the measurements. The results are plotted in �g. 3.5. The

average sensitivity for the �rst-order signal obtained using digitally balanced detection

(DBD) was 5 � 0.5 dB more than that of analogue balanced detection (ABD).

Performance comparison based on sensitivity roll-off evaluation

To evaluate the sensitivity vs depth characteristics for MR-OCT, we collected signals at

equally spaced depth positions of the sample mirror (OD =2 attenuated) and constructed

a calibration line (�g. 3.6a). The calibration line based on the series of A-lines provides a

more comprehensive representation of noise as seen in a B-frame. Each A-line containing
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FIGURE 3.5: (a) Sensitivity of MR-OCT signal for different detection schemes versus reference
arm attenuation. DBD: digitally balanced detection, ABD: analogue balanced detection, UBD:
unbalanced detection. The DBD saturated at OD = 1.1 while ABD saturated at OD = 1.3.

the point spread function (PSF) at a speci�c depth position allows the evaluation of order-

speci�c PSF. All A-lines are assembled into a B-frame keeping the spacing between A-

lines equal to the mirror steps. The resulting B-frame shows a diagonal line with sample

mirror depth position on the x-axis and the reconstructed depth position on the y-axis.

This calibration line serves as a visual aid to evaluate the intensity roll-off and inspect

other imaging artefacts. The SNR for each order was calculated by taking the ratio of

the mean of peaks from corresponding point spread functions and the mean noise �oor

plotted in dB scale. The sensitivity was then calculated by adding 40 dB to account for

the attenuation provided by an OD = 2 neutral density �lter. Figure 3.6 shows calibration

lines (a, b) for different detection con�gurations and the corresponding sensitivity roll-off

(c).

The ABD calibration line shows some horizontal �xed pattern noise. The intensity of

�xed pattern noise is less in the DBD scheme and almost invisible in the calibration line

from unbalanced signal. The �xed pattern noise is most likely originating from electronic

ampli�ed noise. The calibration lines for each detection scheme were acquired while the

reference arm power was just below saturation. At the time of acquisition, the reference

arm power was lower for the ABD scheme. Consequently, the overall background noise is

lower in the ABD calibration line than in the DBD. Figure 3.6b shows the calibration lines

normalized to the maximum intenisty. Figure 3.6c shows that the DBD scheme yields a

sensitivity advantage of up to 5 dB with respect to ABD. The error bars represent the stan-

dard deviation among the peaks of PSFs representing the corresponding order. The ABD

scheme reduces noise and yields higher sensitivity than the unbalanced (UBD) scheme.
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FIGURE 3.6: a) The calibration lines for DBD, ABD, and UBD show different background noise
and noise artefacts. In the plots showing calibration lines, the x-axis is the actual sample mirror
depth position, and the y-axis is the imaged sample mirror depth position. The range of the x
and y axes is 1500 µm. For UBD, the background noise is larger than the balanced detection
signals. Although the background noise appears to be the smallest for the ABD signal, it also has
a reduced signal intensity. The ABD shows some �xed pattern noise as two horizontal lines in the
upper half, most likely originating from electronic ampli�ed noise. The DBD successfully rejects
noise patterns and has low homogeneous background noise. The dashed artefacts to the left of
the main diagonal originate from interference between multiple re�ections of the partial mirror.
b) Shows the calibration lines normalized to the maximum intensity. Here, we can see that the
background noise is the lowest for DBD and highest for UBD. c) Shows the sensitivity roll-off for
MR-OCT system with analogue balanced detection (ABD), digitally balanced detection (DBD) and
unbalanced detection (UBD) from one of the channels. It can be observed that the DBD scheme
provides higher sensitivity compared to ABD. The spacing between two adjacent orders is 100
µm.
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A set of A-lines extracted from the calibration lines used for �g. 3.6a are shown in �g.

3.7. We selected one A-line each for DBD, ABD and UBD detection schemes. All three

A-lines were recorded from the same sample mirror position and correspond to the 4 th

order in MR-OCT. To compare the noise �oors, we aligned the signals to match vertically

at the peak and �tted a Gaussian function over the data points. We can see that the DBD

scheme has the lowest noise �oor. There is a difference of about 5 dB between the noise

�oors of DBD and ABD.

FIGURE 3.7: Shows the MR-OCT signal (4thorder) from a sample mirror. The A-lines from DBD,
ABD and UBD schemes were aligned vertically so that their peaks are at the same level. Then a
Gaussian �t (continuous line) was applied to the data points. The �at region of the Gaussian �t
represents the mean noise level for each detection scheme.

Performance comparison based on scattering samples

To compare the imaging performances in a scattering sample among different detection

schemes, a sample was constructed by slicing off layers from a commercial 3M Scotch

Magic Tape and then stacking them up on a coverslip. Scotch tape was chosen because it

is readily available, and it is a material with good light scattering properties.

To quantitatively compare the visibility of tape layers, we used Michelson contrast.

The Michelson contrast describes the visibility of periodic intensity changes based on the

minimum ( Imin ) and maximum ( Imax) amplitude. Michelson contrast was used because

the Scotch tape image has a regular pattern of bright and dark areas. We �tted exponen-

tial and sinusoidal functions to the axial intensity pro�les in �g. 3.8b. The exponential

function was used to compensate for the intensity roll-off vs depth. The sinusoidal model
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FIGURE 3.8: A Scotch tape was imaged to compare the performance of different detection schemes
in a scattering sample. The line artefact at the bottom of the image originates from the coverslip
on which the tapes are stacked together. a) Shows the conventional intensity-based OCT images
obtained for each detection scheme. The scale bar represents 225 µm. b) shows the averaged A-
lines from intensity-based OCT images. c) compares the Michelson contrast for different layers of
Scotch tape.

TABLE 3.2: The percentage improvement in the Michelson contrast for each layer while DBD was
used instead of ABD. Values marked with (*) may need to be ignored due to large �tting errors.
Results from three data sets (Data 1, Data 2 and Data 3) acquired from slightly different locations
in the tape are shown.

Layer 2 3 4 5 6 7 8 9 10
Data 1 23% 24% 18% 18% 14% 32%* 36%* 27%* 72%*
Data 2 19% 27% 16% 16% 18% 18%* 76%* 80%* 23%*
Data 3 29% 42% 20% 20% 14% 41%* 37%* 52%* 73%*

followed the intensity undulations and helped to calculate Imin and Imax for each layer.

The Michelson contrast was then computed using the equation ( Imax � Imin )/ Imax + Imin ))
[92]. Table 3.2 shows the percentage improvement of the Michelson contrast for DBD over

ABD, for different depths based on the tape layer steps. We show results from three data

sets (Data 1, 2 and 3) acquired from different locations. The three different measurements,

data 1 to 3, help to estimate the variations of contrast improvements in scattering sam-

ples. The results shown in �g. 3.8 were computed from Data 1. The �g. 3.8 equivalents

of Data 2 and Data 3 are provided in the supplemental images section (sec. 3.5, �gures

3.10, 3.10 ). The increase of percentage improvements beyond layer six in Table 3.2 may

be spuriously caused by increasing �tting errors. Nevertheless, the consistency of values

suggests that some improvement occurs.
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FIGURE 3.9: The anterior chamber of a mouse eye was imaged ex vivo using three different de-
tection schemes. The horizontal and vertical scale bars represent 500 µm and 150 µm respectively.
CNR values were calculated to quantitatively represent the visibility of structures in the insets. A
background removal by subtraction of mean A-line was performed on all the three images before
CNR calculation. The MR-OCT system has axial and transverse resolutions in the air of 13 µm
and 27 µm, respectively. The structure in the ABD scheme is slightly different since the sample
position was slightly shifted while swapping the detection scheme.

To compare the imaging performance among different detection schemes with a bio-

logical specimen, the anterior chambers of mouse eyes were imaged, ex vivo (�g. 3.9). To

compare the visibility, contrast to noise ratio (CNR) for structures in the white boxes were

calculated using jSA � SBj/ s where SA and SB are signal intensities for signal producing

structures A (region of cornea inside the inset) and B (median background intensity in the

selected region), respectively and s is the standard deviation of the image noise. To calcu-

late the error in the calculation of CNR, the inset was shifted to three different locations,

each 30 pixels apart, and the standard deviation in the CNR calculation was computed.

The CNR values from three different eyes (Samples 1, 2 and 3) are listed in table 3.3. We

performed background removal on all the images in �g. 3.9 by subtracting the mean of

A-lines. The images in �g. 3.9 are acquired from sample 1 in table 3.3. Equivalent im-

ages for samples 2 and 3 are provided in the supplemental images section (sec. 3.5, �g.

3.10). The contrast measurements from scattering samples may vary depending on the

dehydration of the tissue, power �uctuations and drift of the light source, and alignment

issues. The comparison of imaging performance among the three detection schemes was

performed carefully in such a way that the above-mentioned parameters are controlled

as much as possible. The light source remained switched on throughout the experiment

and we performed the imaging as fast as possible to control the dehydration and voltage

drift of the power source. Except for the switching of detectors, no alignment changes
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were introduced in the interferometric system. However, the sample position may have

slightly changed.

TABLE 3.3: Comparison of CNR values among different detection schemes using three mouse eye
samples.

Sample CNR: DBD CNR:
ABD

CNR: UBD

Sample 1 3.3� 0.1 2.3� 0.3 1.6� 0.2
Sample 2 5.6� 0.1 5.2� 0.1 4.6� 0.1
Sample 3 5.5� 0.1 5.1� 0.1 4.5� 0.1

3.5 Supplementary Images

Figures 3.10 and 3.11 support table 3.2 of the chapter. These �gures are equivalents of �g.

3.8 in the chapter for Data 2 and Data 3, respectively. Figure 3.12 supports table 3.3 in

the manuscript. The images 3.12a and 3.12b are �g. 3.9 equivalent for samples 2 and 3,

respectively.

FIGURE 3.10: A Scotch tape (Data 2) was imaged to compare the performance of different detec-
tion schemes in a scattering sample. The line artefact at the bottom of the image originates from
the glass slide on which the tapes are stacked together. a) Shows the conventional intensity-based
OCT images obtained for each detection scheme. The scale bar represents 225 µm. b) Shows
the averaged A-lines from intensity-based OCT images. c) compares the Michelson contrast for
different layers of Scotch tape.

56



Chapter 3. Digitally balanced detection scheme in multiple reference optical coherence

tomography

FIGURE 3.11: A Scotch tape (Data 3) was imaged to compare the performance of different de-
tection schemes in a scattering sample. The line artefact at the bottom of the image originates
from the glass slide on which the tapes are stacked together. a) Shows the conventional intensity-
based OCT images obtained for each detection scheme. The scale bar represents 225 µm. b) shows
the averaged A-lines from intensity-based OCT images. c) compares the Michelson contrast for
different layers of Scotch tape.

FIGURE 3.12:The anterior chamber of a mouse eye was imaged ex vivo using three different de-
tection schemes. The horizontal and vertical scale bars represent 500 µm and 150 µm respectively.
CNR values were calculated to quantitatively represent the visibility of structures in the insets. A
background removal by subtraction of mean A-line was performed on all the three images before
CNR calculation. The MR-OCT system has axial and transverse resolutions in the air of 13 µm
and 27 µm, respectively. The images in (a) are from sample 1 and (b) are from sample 2.
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3.6 Conclusion

We demonstrated a sensitivity improvement of an MR-OCT system by using a digitally

balanced detection scheme. In a polarization-based, free space, two-channel balanced de-

tection con�guration, the digitally balanced detection scheme provided an average 5 � 0.5

dB improvement in sensitivity and reduced �xed pattern noise compared to analogue

balanced detection. In conclusion, the removal of common-mode noise is more ef�cient

with digital post-processing after the removal of DC, which comprises the digitally bal-

anced detection scheme. We also compared the performance of the DBD scheme against

analogue balanced detection in a scattering sample. We used the visibility of layers in a

Scotch tape to obtain quantitative estimates of the sensitivity improvement. The image

contrast of the cornea of a mouse eye was improved with DBD, demonstrating that MR-

OCT can image biomedical ex vivo samples. The reported method uses time-domain ref-

erence scanning , and the generation for multiple scanning layers, allowing an enhanced

imaging depth. The availability of multiple scanning layers can be of interest for interfer-

ometric depth measurement systems or speci�c OCT con�gurations requiring additional

imaging depths for larger objects. The advantages of DBD have been con�rmed to be

applicable to the multi-band detection method of MR-OCT.
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Evaluation of signal degradation due to

birefringence in a multiple reference

optical coherence tomography system

with polarization-based balanced

detection

4.1 Abstract

Although time-domain optical coherence tomography (TD-OCT) systems are straight-

forward to realize, the imaging speed, sensitivity, and imaging depth limit their range

of applications. Multiple reference optical coherence tomography (MR-OCT) based on

TD-OCT increases imaging range by about tenfold while providing sensitivity to image

highly scattering biological samples. The multiple path-delays and free-space construc-

tion make MR-OCT also interesting for hybrid and compact systems, �lling the gap be-

tween �bre-based and wafer-level integrated optical systems. We describe an optical con-

�guration using a balanced detection scheme and the resulting signal properties due to

the required use of polarizing optical components. We numerically simulate the signal

properties using Jones calculus and compare the results with measurements. We discuss

the origin of signal degradation due to birefringence of the sample in OCT and show

that the quarter-wave plate in the sample arm of the Michelson interferometer can be ad-

justed to optimize the signal returning from a birefringent sample thereby improving the

visibility of structures of interest. The theory discussed will be useful to understand and

minimize signal degradation due to birefringence in Time-Domain and Fourier-Domain

OCT systems.
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4.2 Introduction

Optical coherence tomography (OCT) is a non-invasive imaging technique using low

coherent interferometry to produce high-resolution cross-sectional images of subsurface

structures in biological tissues and materials [9]. Driven by the commercial availability

of miniaturized optics and the need for �exibility in many clinical applications, OCT sys-

tems increasingly are designed with reduced form factors and reduced costs while trying

to keep imaging performance constant [21], [79]. Most of these miniaturization efforts are

focused on spectral-domain OCT (SD-OCT) systems as they offer advantages over time-

domain OCT (TD-OCT) in terms of speed and sensitivity [18]–[21]. Time-domain OCT

has reduced speed, sensitivity, and axial scan range and may not be of immediate interest

for high-end medical grade systems. However, TD-OCT can be more easily adopted for

open space optical con�gurations, such as extreme broad bandwidth light sources. More-

over, TD-OCT can easily be used with off-the-shelf components to make purpose-built

systems more readily available compared to other technologies [28]. Portable systems for

�eld usage may have narrower margins to component costs. Reduced scanning speeds

and sensitivity may be acceptable for low-cost systems where low data volumes can save

costs but are suf�cient to obtain relevant information for long-term monitoring and event

detection. Multiple-reference OCT (MR-OCT) demonstrates the �exibility of TD-OCT by

increasing the axial scan range by simply using a partial mirror [23]. MR-OCT can address

applications where system scalability and availability are essential.

Applications of MR-OCT technology in dentistry, dermatology, and non-destructive

testing have already been demonstrated [29]–[32].

Unfortunately, the splitting of the reference arm power due to the partial mirror limits

the achievable sensitivity of MR-OCT. Therefore, it is essential to compensate as much as

possible to achieve suf�cient sensitivity for highly scattering samples such as skin. The

balanced detection scheme can reduce common-mode noise that originates from the refer-

ence and sample arm. Speci�cally, noise from the light source can ef�ciently be removed

with balanced detection [80], [84]. Neuhaus et al. report a two order of magnitude reduc-

tion of excess noise and one order of magnitude reduction of receiver noise compared to

single photo-detector mode detection [76]. Balanced detection schemes and the advan-

tages of �bre-based OCT systems are reported in the literature [86]. However, �bre-based

systems have limitations regarding miniaturization due to the minimum bending radius

of �bre optic guides. Although integrated optical coherence tomography systems on a

chip are proposed in the literature, their construction may be complex with current tech-

nologies. The housing to protect against environmental conditions may increase size and

costs, effectively limiting the availability of such systems for the foreseeable future [87]–

[89]. Consequently, it seems that free-space time-domain OCT and speci�cally MR-OCT
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may still be of interest to �ll a gap between larger high-end systems and wafer-level opti-

cally integrated systems. Therefore, the MR-OCT method is described using a free-space

polarization-based balanced detection con�guration to reduce noise and increase sensi-

tivity. Polarization optics for balanced detection can be applied in all OCT con�gurations.

However, it is easier for �bre optic-based systems to use a secondary �bre coupler or cir-

culator to access a second optical channel for balanced detection. Although it may be

possible to use the same polarization con�guration as for MR-OCT in conjunction with

�bre optics, such a con�guration would be more complex and introduce losses due to the

increased number of �bre couplers. For SD-OCT systems, there is little attraction to look-

ing into a more complex con�guration as long as most cameras' saturation power is below

the level of power where the excess photon noise exceeds the shot noise. Moreover, a bal-

anced detection raises technical dif�culties in balancing not a single point photo-detector,

as in TD-OCT and swept-source-based OCT (SS-OCT), but signals delivered by an array

of photo-detectors [80].

It is well understood that conventional OCT systems are vulnerable to birefringent

artifacts such as extinction banding. Conventional OCT treats the electric �eld as a scalar

quantity and cannot detect the polarization states. When light propagates through the

sample being imaged, the polarization states are modi�ed by scattering and birefrin-

gence. This can manifest as artifacts in the image. Tissues with stronger birefringence

like the sclera in the human eye and highly oriented biological tissues such as cartilage,

tendons, burn wounds and muscles cause image artifacts due to polarization effects [93].

Exploratory studies reveal that one in four intensity-based retina images of patients with

age-related macular degeneration, glaucoma, or high myopia show artifacts related to po-

larization [94]. Several techniques have been proposed over time, including polarization-

sensitive OCT (PS-OCT), to overcome signal degradation due to polarization mismatch

between the sample beam and the reference beam [93], [95]. While PS-OCT systems can

generate an additional tissue-speci�c contrast for advanced diagnosis, they are limited in

measurement accuracy by signal to noise ratio [95]. PS-OCT system with balanced de-

tection can be implemented [96], [97]. However, they are complex in construction and

expensive [93], [98]. The polarization-based con�guration used for MR-OCT requires po-

larization optics to generate two optical channels with a phase difference of p for balanced

detection. The balanced detector generates a single output and cannot retrieve amplitude

and phase information of the signal in the two orthogonal polarization axes like in PS-

OCT. Because of this, like conventional OCT con�gurations, polarization-based balanced

detection con�gurations are also known to be susceptible to image artifacts caused by

the birefringence of the sample. However, the use of polarization optics opens up the

possibility of investigating polarization effects due to the birefringence in the sample.

Modelling the signal properties of an MR-OCT system with polarization-based balanced
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detection, including the effects of the sample birefringence, show that the sample's depth

visibility can be improved with the optical components. We con�rm the �ndings from

numerical simulation using measurements from a commercial 3M Scotch R MagicTM tape.

A human �nger was imaged in-vivo at three different sample arm quarter-wave plate

(QWPs) orientations and the visibility of sweat ducts was compared.

4.3 Theory and Methods

4.3.1 Multiple reference optical coherence tomography

FIGURE 4.1: (a) Schematic of MR-OCT system. SLD: superluminescent diode, L: lens, BS: beam
splitter, TM: turning mirror, PM: partial mirror, SRM: scanning reference mirror, PZT/VC: piezo
or voice coil actuator, PD: photodetector. (b) The scan range increases with higher orders of re�ec-
tions (N). This causes the scan ranges of higher orders to overlap(ol). D is the spacing between
SRM and PM. (c) Shows enhanced optical path delays generated by multiple re�ections. The an-
gle a is close to zero. dz is the axial scanning range of SRM. The incident wavefront from the
beamsplitter with a power PR0 is re�ected on the PM with re�ectivity RPM generating an optical
DC with power PR0 � RPM. The beam transmitted through the PM undergoes multiple re�ections
to give rise to higher-order reference beams with optical powers PR(N= 1,2,..,N ) .

The fundamental theory of MR-OCT can be explained using the theory of TD-OCT

[73]–[75]. The time-dependent power P of the interference for TD-OCT is:

P(t) = Pr + Ps + 2
p

Pr PsG(dl ) cos(wt + f ), (4.1)

where Pr and Ps are the powers in reference and sample arms. dl is the path length dif-

ference between the reference and sample arms. If the light source has a Gaussian power

distribution then the function G(dl ) represents the Gaussian envelope of the interference

amplitude along dl. The angular frequency is w = 2p f and f is the initial phase of the

frequency content of the interference [75], [76]. Compared to TD-OCT, MR-OCT has an

additional partial mirror (PM) in front of the scanning reference mirror. In this study, we

used a partial mirror that transmits 20% and re�ects 80% of the reference intensity. The
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SRM was mounted on a custom made voice coil oscillating at 300 Hz with 75 µm scan-

ning range. The multiple re�ections between the scanning reference mirror (SRM) and

PM enhance the otherwise shallow scanning range of SRM (�g. 4.1). The total scanning

range or imaging depth ( ZMRO) for MR-OCT can be described as:

ZMRO =
dz
2

(N + 1) + D(N � 1), (4.2)

where dz is the scanning range of the SRM,D is the spacing between SRM and PM and N

is the number of orders processed. Although in�nite re�ections and subsequently in�nite

signal-orders are theoretically available, only up to around twenty orders can be used

depending on the sample. The re�ectivity, R, of the partial mirror, determines the portion

of the reference intensity lost with each re�ection. The reference power associated with

the N th order re�ection is given by:

PN = PR0(1 � R)2 � R(N � 1) . (4.3)

The intensity of the incident reference beam is PR0 originating from the beam splitter of

the Michelson interferometer. As a consequence of multiple orders of re�ections, eq. 4.1

can be re-written as:

PMRO = PPM0 + å
N ! ¥

Pr(N ) + Ps(N )

+ 2
q

Pr(N )Ps(N )G(dl (N )) cos(Nwt),
(4.4)

to incorporate the sum of reference and sample arm powers ( Pr and Ps) for each order N

[76]. The component PPM0 is the power of the �rst re�ection from the partial mirror back

to the beam splitter and the detector describing most of the non-coherent DC background

on the detector signal. The Gaussian envelope ofN th order can then be described as:

G(dl, N ) = exp

2

4 �

 
2
p

ln 2Ndl
lc

! 2
3

5 , (4.5)

where lc is the round trip coherence length of the light source [75], [99].

4.3.2 Simulation of polarization states in an MR-OCT system with bal-

anced detection

To realize MR-OCT with balanced detection, a Michelson interferometer that encodes

light in the reference and sample arms with polarization states was designed. The re-

turning light from the reference and sample arm are spatially combined at the polarizing
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beam splitter (PBS).

A detailed schematic of this set-up is demonstrated in �g.4.2. The polarization states

in �g. 4.2 are representative of ideal alignment conditions with a mirror in the sample

arm. The reference arm consists of a quarter-wave plate (QWPr) with its axis oriented at

45� to the incoming linear polarized state. The light re�ected by the reference scanning

mirror passes through this QWP r again and returns to the PBS1 with its linear polar-

ization state rotated by 90� . Similarly, the QWP s at 45� in the sample arm rotates the

incoming polarization state by 90 � and returns to the PBS1. The half-wave plate in the

detector side (HWP2) converts the horizontally and vertically polarized beams from the

sample and reference arms to diagonally polarized states. A second PBS2 on the detector

arm splits the diagonally polarized beam onto both detectors equally. Consequently, the

beams on both detectors will have equal amplitude and interference related oscillations

with a phase difference, p , in radians. The noise components including re�ections from

the partial mirror, auto-correlation due to self-interference within the sample will be in

phase. The summing operation at the balanced detector will reject this common noise

and thereby improve the overall SNR of the signal. Please note that the reference and

sample beams have the same polarization states when they approach the detector.

A numerical simulation was performed to evaluate the polarization states in the MR-

OCT system. The goal of the simulation was to analyse the impact of rotation of reference

and sample arm quarter-wave plates on the polarization states of respective beams and

their relevance in conjunction with the MR-OCT interference signal. The simulation was

�rst performed with a mirror in the sample arm to evaluate the change of intensity vs the

angle of the QWPs.

The polarization state of light is determined by the direction of the �eld vector perpen-

dicular to the direction of propagation (z). The polarization state of light can be described

by the complex valued �eld strength along the x (horizontal) and y (vertical) direction,

Ex and Ey, respectively. The complex electric �eld E(z, t) given by [100]:

E(z, t) = Eei(kz� wt) =

 
Ex

Ey

!

ei(kz� wt) ;

Ex = E0xei f x , Ey = E0yei f y .

(4.6)

The parameters in eq. 4.6 are the angular frequencyw = 2p c/ l , the wave number k =
wñ/ c, the wavelength l , velocity of light c, and the complex refractive index ñ = n + iK.

To describe the polarization states of light as it passes through the MR-OCT system, the

Jones formalism is used [101]. Jones calculus involves representing the electromagnetic

�eld vector ( E) as a complex quantity in the 2 � 1 column matrices (Jones vectors) and

the linear optical element in the 2 � 2 square matrices (Jones matrix). The �eld E is the
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FIGURE 4.2: Schematic of polarization based balanced detection con�guration for MR-OCT. The
linear polarization states are indicated by arrows and dots. The diagonal and circular polarization
states are drawn on a rectangle which represents an x-y plane perpendicular to the axis of propa-
gation, z. The dotted arrows represent feedback light towards SLED. The components are SLED:
superluminescent diode, CM: collimator lens, POL: polarizer, HWP: Half waveplate, PBS: polar-
izing beam splitter, QWP: quarter waveplate, GM: galvo mirrors, SL: sample lens, RL: reference
lens, PM: partial mirror, SRM: scanning reference mirror, TM: turning mirror, DL1, DL2: detector
lenses, D1 and D2 are two sensors of the balanced detector. For this study, we used a commercial
balanced detector from Newport Corporation (New focus 2117).
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incident �eld before passing through an optical element represented by a Jones matrix J

and the emerging �eld with changed polarization states is E
0
;

E
0
=

"
E

0

x

E
0

y

#

=

"
J11 J12

J21 J22

#

�

"
Ex

Ey

#

= JE. (4.7)

The total intensity I of the emerging �eld is given by:

I = ExEx
� + EyEy

� . (4.8)

Ex
� and Ey

� are complex conjugates of Ex and Ey respectively. Carrying out the multipli-

cation after substituting for Ex and Ey from equation(6) will give:

I = E2
0x + E2

0y. (4.9)

The light from the SLED is partially unpolarized and becomes fully polarized after

passing through the polarizer POL. The linearly horizontally polarized state for the light

after the polarizer is numerically generated directly (E1). Since linearly horizontally po-

larized, the electric �eld component in the vertical axis is zero ( Ey = 0). From eq. 4.6,

the propagator term (kz � w) can be neglected since it is not a determining factor for po-

larization state and ei f x can be neglected since it is uni-modular. The total intensity, I of

the optical �eld is normalized, which results in E2
0x = 0 (see eq. 4.9). Therefore, the Jones

vector for E1 can be represented as:

E1 =

"
Ex

Ey

#

=

"
E0xei f x

E0yei f y

#

=

"
1

0

#

. (4.10)

The Jones matrices for an HWP and QWP with the fast axis rotated at an angle q with the

horizontal are given by the following equations [102]:

JHWP = i

"
cos 2q sin 2q

sin 2q � cos 2q

#

, (4.11)

JQWP = i

2

4
1p
2

+ ip
2

cos 2q ip
2

sin 2q
ip
2

sin 2q 1p
2

� ip
2

cos 2q

3

5 . (4.12)

To simulate the polarization beam splitter, two separate Jones matrices were used [103],

where the matrix for re�ection and transmission for an ideal PBS are:

JPBSR =

"
0 0

0 1

#

, and JPBST =

"
1 0

0 0

#

. (4.13)
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Throughout the simulation, we assume that the SRM is stationary and the sample mirror

is positioned in such a way that optical path length of reference and sample arms are

the same. Only values for constructive interference due to superposition are considered.

Consequently, eq. 4.4 and eq. 4.5 compute only the maximum values of the interference

intensity and become dependent only on reference and sample beam intensities. Jones

calculus can be applied on �g. 4.2 to compute the �elds E8r and E8s with:

E8r = JHWP2(22.5� ) � JPBS1,re�ection
� JQPRr

(� 45� ) � Jmirror �

JQWPr
(45� ) � JPBS1,transmission � JHWP1(22.5� ) � E1,

(4.14)

and

E8s = JHWP2(22.5� ) � JPBS1,transmission � JQPRs
(� 45� ) � Jmirror �

JQWPs
(45� ) � JPBS1,re�ection

� JHWP1(22.5� ) � E1.
(4.15)

The light beams on detector 1 from the sample and reference arm are:

E9s = JPBS2,re�ect
� E8s, (4.16)

E9r = JPBS2,re�ect
� E8r, (4.17)

and detector 2 are

E10s = JPBS2,transmit � E8s, (4.18)

E10r = JPBS2,transmit � E8r. (4.19)

The electric �eld intensities I9s, I9r, I10s and I10r for E9s, E9r, E10s and E10r respectively can

be computed using eq. 4.8. The HWP2 is aligned at 23.5� so that the amplitudes of elec-

tric �elds re�ected and transmitted by PBS 2 are equal, such that the intensities relation

becomes:

I9s = I10s = Is, (4.20)

and

I9r = I10r = Ir . (4.21)

To simulate sample arm signal only, we use Is from eq. 4.20. For the simplicity of

numerical simulation, we assume that the reference mirror is stationary. From eq. 4.4,

when the reference mirror is stationary ( dl = 0) and there is no interference. The signal

on the detector, in this case will be the summation of intensities from sample arm and

reference arm.
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FIGURE 4.3: Simulation of the intensity at the detector with a mirror in the sample arm and
different angles of the QWP s. It should be noted that for a single sample mirror only a single
order of re�ection is available independently of the multiple reference re�ections (orders) in the
reference arm.

4.3.3 Simulation using a mirror on the sample arm

In the �rst part of the simulation, we consider the condition in which the sample is a

perfectly re�ecting mirror. In this case, ideally, the QWP s will be aligned with its axis ori-

ented at 45� to the incident sample beam in the vertically polarized state ( E3s). The QWPs

converts the linearly polarized incident beam into circularly polarized light. The re�ec-

tion on the sample mirror changes the handedness of the circularly polarized state. The

second pass through the QWPs converts the circularly polarized sample beam into the

linearly horizontally polarized beam ( E6s) which is is 100% transmitted by PBS1. How-

ever, if the QWPs axis is rotated either clockwise or anti-clockwise, the beam re�ecting

from the sample (E5s) will be elliptically polarized. Consequently, the sample beam after

the second pass through QWPs will have Ex and Ey components mutually oriented at an

angle q. The Ex component of the �eld will be transmitted and the Ey component will be

re�ected by PBS1. This Ey component of the sample beam will propagate towards HWP 1,

POL and �nally end up as feedback on the SLED or circulator.

Figure 4.3 shows the simulated powers at different angles of the QWP s for the sample

arm intensity towards the detector and the intensity towards the SLED. The interest of

the plot is to show that the elliptically polarized light causes feedback and loss of light at

the detector. If we lose sample power, it decreases SNR and sensitivity.

In the next step of the simulation, we simulated the reference arm intensity changes

on the detector versus the QWPr axis orientation. To simulate a partial mirror of 80/20 re-

�ection to transmission ratio, the Jones matrix for a mirror with re�ectivity 0.8 was used.

Multiple re�ections can be realized by successive multiplications between the scanning

mirror (re�ectivity = 1) and the partial mirror. For example, to simulate the second-order
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FIGURE 4.4: Simulation of the reference arm powers. Similar to �g. 4.3, the powers distributed
to the SLED and the detector are shown, but here in two separate plots (detector (a) and SLED
(b)). Ten orders of re�ections were simulated for �ve different angles of the QWP r . The maximum
power to the detector is at an angle of 45� which also reduces the feedback to the SLED to zero.
The roll-off has exponential characteristics for linearly scaled intensities. In the �gures, data points
overlap for QWP r = 25� , 65� and for QWP r = 45� , 55� .

re�ection, Jmirror in eq. 4.14 was replaced by (Jmirror � Jpartialmirror � Jmirror ). Figure 4.4

shows two separate plots related to the ports of the PBS1 with the fraction propagating

towards the detector (�g. 4.4a) and the feedback towards the SLED (�g. 4.4b).

If the QWP r is at 45� relative to the incident polarization states, the light becomes cir-

cularly polarized after passing through the QWP r . Re�ection on the scanning mirror

reverses the handedness of circularly polarized state. All higher orders of re�ections

involve an odd number of re�ections between the PM and SM. This means that every

higher-order reference beam in MR-OCT will have the same polarization state and hand-

edness. The light returning after the second pass through QWP r will be horizontally

polarized and completely re�ected by PBS 1 towards the detector. However, if the QWP r

is rotated either clockwise or anti clockwise, the beam returning to PBS 1 will have both

Ex and Ey components. The Ex component of the �eld will be transmitted towards the

SLED. The reference beam intensity roll-off obeys eq.4.3 for all orientations of QWPr . This

means that the QWPr can be used as a reference arm attenuator if the light towards the

SLED is blocked using a circulator.
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FIGURE 4.5: A simulation model with optical components and birefringent material. The optical
components are labelled the same as in �g. 4.2. The birefringent material is shown here with ten
linear retarders Ri at ten depth positions Zi and a mirror M. The retarder R is computed with JR

and the mirror M is computed with JM . The model considers here only the sample arm intensity
on the detector D.

4.3.4 Simulation using a birefringent material

Birefringent material is simulated by simplifying the model into several layers with a

speci�ed retardance. Figure 4.5 shows the model simulating only the sample arm for

ten optical retarders and a re�ector. A multi-layer birefringent sample was simulated

using 10 linear retarders of the same retardance (Ri ). To simplify the simulation, we

consider the incidence of a single re�ection only. The signal degradation over depth due

to multiple scattering and dispersion is not considered. Zi are possible positions along the

depth for the re�ector. In other words, re�ector position Zn represents thenth layer of the

Scotch tape and there aren layers of linear retarders on top of the re�ector. The �ndings

from this modelling are later experimentally con�rmed with a multi-layer Scotch tape.

The exact optical properties of Scotch Magic adhesive tape depend on temperature,

humidity, tension stress, drawing rate during production, material isotropy, and molecu-

lar composition [104]–[112]. Consequently, we expect that the determination of the bire-

fringence of the available Scotch Magic white tape will have considerable variance. Val-

ues provided in literature for similar tape or chemical compositions are listed in the table

4.1.
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TABLE 4.1: Birefringence values for different materials that are closely related to Scotch Magic
tape.

Material Birefringence
Birefringence

extrapolated

[112] @750 nm @1300 nm

CTA � 3 � 10� 4 nm � 1 � 10� 4 nm

CDA 19.5� 10� 4 nm 20 � 10� 4 nm

CAP 10.1� 10� 4 nm 11 � 10� 4 nm

PP [113],[114]
� 0.01

(n=1.50@589.3 nm)
N/A

PVC [115] 0.027 (n=1.54) N/A

PI [97] 0.0263 (n=1.70) N/A

C [116]
0.0041

(n=1.47@632.8 nm)
N/A

C [104] 0.0077 N/A

C [110] f = 0.88@750 nm

f = 2p
l dDn; d =

40 � m, l =
750 nm,Dn =

0.0026

C [116] 0.0041� 0.0003 N/A

[107] @750 nm @1300 nm

CAP 7.5� 10� 4 8� 10� 4

CTA -7.5� 10� 4 -6� 10� 4

CT [104] 0.0077� 0.0003 N/A

Scotch Magic

tape [117]

0.00038@550 nm N/A

The acronyms for the Materials are for cellulose diacetate (CDA), cellulose triacetate

(CTA), cellulose acetate propionate, biaxially oriented polypropylene (PP), ployvinyl chlo-

ride (PVC), polyimide (PI), cellophane (C), cellotape (CT).

The retardance of Scotch tape was determined by Yoo et al. [117] (page 874) and he

found for a single tape strip a value of about 0.26 rad (for 500 nm). We used this value to

simulate the birefringent sample. The re�ector is simulated using the Jones matrix JM for

a mirror;

JM =

"
1 0

0 � 1

#

. (4.22)

71



Chapter 4. Evaluation of signal degradation due to birefringence in a multiple reference

optical coherence tomography system with polarization-based balanced detection

The linear retarder was simulated using the Jones matrix JR for a rotated retarder;

JR(f , q) =

"
ei f

2 cos2 q+ e� i f
2 sin2 q (ei f

2 � e� i f
2 ) sin qcosq

(ei f
2 � e� i f

2 ) sin qcosq ei f
2 sin2 q+ e� i f

2 cos2 q

#

. (4.23)

For the rotated retarder in eq. 4.23, f is the total phase shift between the �eld components,

Ex and Ey and q is the angle of orientation of the fast axis with respect to the X-axis

(Azimuth). In general, for elliptical retarders, f takes values between -p /2 and p /2. The

same equation can be directly translated to a birefringent sample;

f =
2p
l

d(ne � no), (4.24)

where ne and no are refractive indices along extra-ordinary and ordinary axes and d is the

thickness of the sample. The simulation consequently produces as many data points ver-

sus depth depending on the number of de�ned linear retarders. This allows studying the

change of the visibility roll-off depending on the azimuth of the sample ( q) and rotation

angle of the QWPs. The intensity changes versus QWPs orientation for each layer was

separately calculated and plotted in �g. 4.6a. Visibility of each layer is determined by the

sample orientation (Azimuth, q) and QWPs orientation.

Ideally, the sample arm intensity changes for selected depth versus QWPs rotations

would have a sinusoidal characteristic. However, we show only a fraction of the rotation,

including the distortions caused by the sample. For each layer, the QWP s orientation cor-

responding to the peak of the sinusoidal (�g. 4.6a) produces maximum visibility. For a

given orientation of sample, the QWP s can be adjusted for each layer to optimize the visi-

bility. The beam returning from the birefringent sample will be elliptically polarized. The

ellipticity of the returning beam is determined by the cumulative double-pass retardance

up to the scatterer or re�ector positioned along the depth. This beam will have electric

�eld components in x and y directions. The electric �eld component in the x direction

(Ex) will be transmitted by the PBS 1 towards the detector arm while Ey will be re�ected

towards the SLED. The power lost due to the light re�ected by the PBS 1 towards the

SLED causes degradation of signal in the interferometer as it does not reach the detector.

By adjusting the orientation of QWP s with the incident polarization state, the proportion

of x and y components present in the returning beam can be altered. The QWPs orien-

tation can be adjusted for a selected ellipticity in such a way that the Ex component is

maximum after passing through QWP s in the returning path. In this case, the intensity

of light returning from selected depths can be maximized. The disadvantage is that the

visibility of certain other depth regions may be compromised. From �g. 4.6, it is evident

that the sample arm intensities on detector returning from re�ectors at different depths

are heterogeneously in�uenced by the QWP s orientation and the azimuth of the sample.
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FIGURE 4.6: Shows the results for the layered birefringent sample simulated. a) Shows the sam-
ple arm intensity changes originating from different depth layers versus the QWP s orientation
for different values of q, the azimuth. Physically, the azimuth represents different orientations of
the optic axis of the sample with respect to the horizontal component of the input polarization
state. The sample arm intensity changes for a selected depth versus QWPs curve is sinusoidal
in shape. The curve for each depth layer is normalized independently. The QWP s value corre-
sponding to the peak of the sinusoidal gives maximum intensity for that particular depth. b)
The plot shows the mutual relationship between QWP s orientation that gives maximum intensity
(the QWPs value corresponding to the peak of sinusoidal in �g.a) and azimuth. The plot reveals
that for the retardance value used for the simulation, QWP s has to be rotated either clockwise or
anticlockwise from 45 � depending on the azimuth or orientation of the sample to improve the vis-
ibility of depth layers. The exception is when q equals to 45� or odd multiples of 45 � . In this case,
the visibility of all layers will be maximum when QWP s = 45� (Also visible from �g. a, q = 45�

where all the sinusoidal curves overlap).

Therefore, it is of interest to evaluate the dependency of intensity roll-off in a birefringent

sample for different orientations of QWP s and azimuths.

Sample arm intensity roll-off and roll-off of total signal (sample arm + reference arm)

are separately plotted in �g. 4.7a and �g. 4.7b respectively. The sample arm intensity

roll-off in �g. 4.7a is determined exclusively by the value of retardation used to simulate

the linear retarders in �g. 4.5. The intensity roll-off in �g. 4.7a is determined by the

combination of sample arm roll-off and reference arm roll-off (�g. 4.4a). Here, according

to eq. 4.3, the intensity contribution from the reference arm will be different for signals

representing different depth layers in the sample. Please note that the attenuation of light

in the medium due to scattering, optical effects such as depolarization, diattenuation are

not accounted for here. The roll-off models simulated reveals that depending on q and
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FIGURE 4.7: The plots show how the intensity roll-off of a birefringent sample depends on the
QWPs orientation and q, azimuth of the sample. Three values that exhibit extreme intensity vari-
ations versus QWPs orientations were selected for q (0� , 45� and 90� ) based on �g. 4.6b. a) The
�rst row of images represent the sample arm intensity roll-off at the detector versus depth. It can
be seen that depending on q, the roll-off characteristics are different for different orientations of
QWPs. When q = 45� , the sample arm intensity roll-off due to birefringence is a �at line indicat-
ing independence of roll-off from polarization effects. b) Shows the roll-off of total interference
intensity (reference arm + sample arm) from the simulated birefringent sample at the detector. For
these plots, the reference arm intensity roll-off due to higher orders of MR-OCT (�g. 4.4a) is incor-
porated. From the plots, it can be observed that when q = 0� , the intensity at deeper regions (400
µm to 600 µm) can be improved by orienting the QWP s at 25� . On the other hand, when q = 90� ,
QWPs = 65� gives the best visibility at 400 µm to 600 µm depth region. When q = 45� , the intensity
is maximum at all depths when QWP S = 45� . Also, the roll-off curves for complementary QWP s

orientations overlap.

f , the orientation of QWP s can be optimized to improve the visibility for depth ranges of

interest. To verify this, a white Scotch tape was imaged at different azimuths and QWP s

orientations.

4.4 Experimental results and Discussions

To verify the results from the simulation, a the sample was constructed by slicing off 15

layers from a commercial 3M Scotch Magic tape and then stacking them on a coverslip.

Scotch tape was selected because it shows moderate linear retardance that can be used

to control and investigate polarization properties, is easy to obtain, and it is a material

74



Chapter 4. Evaluation of signal degradation due to birefringence in a multiple reference

optical coherence tomography system with polarization-based balanced detection

FIGURE 4.8: Shows the experimental results from the birefringent sample imaged. a) Shows the
intensity changes originating from different layers of Scotch tape versus the QWP s orientation for
different values of q, the azimuth. Physically, the azimuth represents different orientations of the
optic axis of the sample with respect to the horizontal component of the input polarization state.
The intensity changes for selected layers versus QWPs curve is sinusoidal in shape as expected
from �g. 4.6a. The sinusoidal curve for each depth layer is normalized independently. The QWP s

value corresponding to the peak of the sinusoidal gives maximum intensity for that particular
layer. b) The plot recreates the results from �g. 4.6b to show the mutual relationship between
QWPs orientation that gives maximum intensity (the QWP s value corresponding to the peak of
sinusoidal in �g.a) and azimuth. c) Shows photograph from the sample used. 15 layers sliced off
from a Scotch tape were stuck together on a cover slip. The cover slip was then mounted on a
rotating mount to image the samples at different azimuths.

with good light scattering properties. The linear birefringence of a single Scotch tape �lm

is approximately oriented along the strip axis [117]. The sample was �xed on a rotation

mount from Thorlabs, Inc.(�g. 4.8c). The rotation mount allowed to image the sample

at different azimuths ( q). To recreate the results in �g. 4.8, the sample was imaged at

different azimuths and QWP s orientations. The intensity changes for selected layers were

plotted against QWP s orientations as shown in �g. 4.8a.

The data in �g. 4.8a was obtained by plotting the intensity changes versus QWP s

orientations for selected layers at selected sample orientations (q). The data points were

generated by taking the mean intensity at selected depth positions from all the 500 avail-

able A-lines. The standard error in this mean calculation is represented by the error bars.
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The model in �g. 4.6a was �tted over the data points to obtain the sinusoidal curves. The

value of q was not predetermined. The orientation of the sample where the intensity ver-

sus QWPs orientation plots for all the layers overlapped was selected as q = 45� . Figure

4.8b was generated by plotting the QWPs orientation corresponding to the peak of sinu-

soidal for each layer against q. Only a range of q was selected (0� to 90� ) to reasonably

limit the data acquisition process. On the data points thus generated, a sinusoidal �tting

was applied. To evaluate the dependency of intensity roll-off in the Scotch tape sam-

ple for different orientations of QWP s and azimuths, averaged A-lines from conventional

OCT images were analyzed. The averaged A-lines in this case directly gives the intensity

roll-off versus depth and allow the visibility of each layer to be calculated.

The plots in �g. 9 evaluate how the intensity roll-off of Scotch tape sample depends on

the QWPs orientation and q, azimuth of the sample. It can be observed from the grayscale

images in �g. 4.9a that when q = 0� , deeper layers become more visible as we rotate the

QWPs from 25� to 65� . When q = 90� , deeper layers have higher intensity when the QWP s

orientations tend towards 25 � . When q = 45� , all layers are most visible at QWPs = 45� .

For better visualization of the intensity roll-off of depth layers, the mean A-line (aver-

aged from all the 500 A-lines) for different q and QWPs orientations were plotted in �g.

4.9b. It can be observed from the enlarged images near 500 µm depth that the intensity

is maximum at QWP s = 65� , 45� and 25� for q = 0� , 45� and 90� , respectively. This is in

correlation with the prediction from the plots in �g.4.7b. The model also predicted the

overlap of intensity roll-off curves from complementary angles of QWP s while q = 45� .

This can be veri�ed from the experimental results provided in �g. 4.9b ( q = 45� ).

To quantitatively evaluate the changes in visibility of layers with QWP s orientations,

the Michelson contrast was used. The Michelson contrast describes the visibility of peri-

odic intensity changes based on the minimum ( Imin ) and maximum ( Imax) amplitude [118].

To quantify the visibility of the tape layers, we �tted a sinusoidal function over the in-

tensity undulations originating from the axial intensity variations. We then used the

Michelson contrast equation ( Imax � Imin )/ ( Imin + Imax) to obtain a value for visibility

for further comparison. The underlying �tting model was a sum of a sinusoidal and an

exponential function. The exponential function accommodates the continuous absolute

intensity roll-off vs depth. The sinusoidal model follows the intensity undulations of the

tape layers (�g. 4.9b) and then measures the tape layer visibility based on the contrast

(�g. 4.9c). Depending on the azimuth of the sample, the Michelson contrast for the tape

layers changes and can be adjusted with the QWPs. Adjusting the QWP s allows to adapt

to the birefringence of samples and improve the visibility of regions of interest.

To demonstrate the potential of imaging with different QWP s orientations to improve

the visibility of relevant structures within biological tissues, a human �nger was imaged
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FIGURE 4.9: The plots evaluate how the intensity roll-off of Scotch tape sample depends on the
QWPs orientation and q, azimuth of the sample. Three values that exhibit extreme intensity vari-
ations versus QWPs orientations were selected for q (0� , 45� and 90� ) based on �g. 4.6b. a) Shows
conventional grayscale images (logarithmic scale) from different azimuths of the sample acquired
with different QWP s orientations. The scale bar represents 225 µm. b) shows the averaged A-lines
from intensity-based OCT images. The averaged A-lines can be used to evaluate the dependency
of q and QWPs on intensity roll-off. c) shows how the Michelson contrast for speci�ed layers
varies against QWPs orientations.
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FIGURE 4.10: Shows the changes in visibility of sweat ducts when a �nger was imaged with three
different orientations of QWP s(25� , 45� and 65� from left to right). A quantitative comparison of
visibility of structures within the insets is provided in the table 4.2. The scalebar represents 200
µm. The images were acquired in vivo from one of the author's �ngertip using the MR-OCT
system with polarization-based balanced detection.

TABLE 4.2: List of the CNR values calculated to evaluate the visibility of sweat ducts under dif-
ferent QWPs orientations. Structure A is the sweat duct marked by the yellow insets. B refers to
the sweat duct in orange insets. It was observed that the visibility of these structures improved
when imaged with QWP s = 65� .

QWPs CNR (A) CNR (B)
25� 1.7 1.8

45�
2.2 (29%

improvement over
QWPs = 25� )

1.9 (6% improvement
over QWPs = 25� )

65�

2.5 (13%
improvement over
QWPs = 45� and

47% improvement
over QWPs = 25� )

2.0 (5% improvement
over QWPs = 45�

and 11%
improvement over

QWPs = 25� )

in-vivo at three different QWP s orientations and the visibilities of sweat ducts were com-

pared (�g. 4.10). The tissue in the �nger is birefringent due to the presence of narrow

�brous structures. To compare the visibility, contrast to noise ratio (CNR) for structures in

the yellow and orange insets were calculated using jSA � SBj/ s where SA and SB are sig-

nal intensities for signal producing structures A (sweat duct within inset) and B (median

background intensity in the selected region) respectively and s is the standard deviation

of the image noise. The CNR values obtained are listed in the table 4.2. It can be seen

that the visibility of sweat ducts improved when imaged with QWP s = 65� compared to

QWPs = 25� and 45� .
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4.5 Conclusion

We described an MR-OCT with a polarization-based balanced detection con�guration

and numerically evaluated the resulting signal properties in relation to the polarization

optics used and the birefringence of the sample imaged. The numerical simulation can

accurately model the image contrast changes caused by the birefringence of the sam-

ple. We demonstrated in a human �nger that imaging with different orientations of the

quarter-wave plates in the sample arm could in�uence the visibility of structures. Using

Scotch tape as a simple layered model, we showed that the visibility of deeper regions in

a birefringent sample could be improved. This enhanced imaging range is particularly

interesting for low-cost systems with constrained imaging range due to moderate sensi-

tivity when imaging materials and biological tissues with strong birefringence like the

sclera in the human eye, cartilage, tendons, burn wounds and muscles. The theory and

results discussed in the manuscript can be translated to other OCT systems such as FD-

OCT and TD-OCT. Even if the system is not equipped with polarization components such

as a quarter-wave plate in the sample arm, imaging the birefringent samples at different

azimuths can in�uence the visibility of structures. Under constrained imaging conditions

where rotating the sample is not practical, an optical con�guration such as the one de-

scribed in this study can be useful.
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Nanosensitive multiple reference optical

coherence tomography

5.1 Accessing depth-resolved high spatial frequency con-

tent from the optical coherence tomography signal

Since its invention in the early 1990s [9], the motivating factor behind the development

of OCT tools and techniques has been to enable in situ imaging of tissue microstructures

with a resolution approaching that of histology, without the need for tissue excision. OCT

provides unique depth-resolved morphologic and functional information, which helps

with the diagnosis and monitoring of diseases [69], [119]–[128]. Other methods, such as

phase-sensitive OCT or speckle OCT, can detect changes within the sample smaller than

the size of the coherent gate [35], [36]. The invention of Fourier domain OCT (FDOCT),

including spectral-domain OCT (SDOCT) and sweptsource OCT (SSOCT), signi�cantly

improved the speed and sensitivity in comparison with time-domain OCT (TDOCT) [71].

The resolution and sensitivity of intensity-based OCT systems to structural changes de-

pends on the spectral bandwidth and remains on the micrometer scale. The physical

basis and corresponding image reconstruction procedure for FDOCT are different from

TDOCT and is based on the inverse Fourier transform. For the reconstruction of the depth

pro�le of an object, it is necessary to have the correct Fourier spectrum of the axial spa-

tial frequencies of the object. Formation of a spectrum and its spatial frequency content

in re�ection con�guration was considered in the literature [129]–[133] but usually not

directly related to OCT. In this chapter, we analyze the spatial frequency content of the

OCT signal based on general scattering theory [129] and show, theoretically and experi-

mentally, that the information about high spatial frequencies of the object, that relates to

its small, sub-wavelength size structure, is present in the OCT signal. This information

is detected using FDOCT; the recorded spectral interference signal is a rescaled complex

Fourier spectrum of the axial high spatial frequencies of the object. Finally, a solution

80



Chapter 5. Nanosensitive multiple reference optical coherence tomography

is presented to keep and utilize high spatial frequency information from just a single B-

frames. Moreover, the visualization of the sub-wavelength structures, which would be

invisible with conventional OCT, is demonstrated experimentally using phantoms with

known internal structures.

5.1.1 Principle of detection and utilization of the high spatial frequency

information from FDOCT signal

It is well known that the object's structure can be described using 3D function, which is

usually called the scattering potential [129]:

F(~r) =
1

4p
k2

0[n2(~r) � 1], (5.1)

or its 3D Fourier transform:

F(~K) =
Z

F(~r)exp(� i~K �~r)d3r), (5.2)

where n is the refractive index and ~K is the spatial frequency vector. We restrict our

consideration to the �rst Born approximation, do not show the dependence on time and

ignore polarization effects. Illumination wave under the scalar representation could be

written as:

Ui (~r, k) = U0(k)exp[i(k0x + k0y � k0z)], (5.3)

where k = 2p / l is the wavenumber k0x = 2pn0x, k0y = 2pn0y, and k0z = 2pn0z. Here,

n0x, n0y, n0z are the incident spatial frequencies and x, y and z are cartesian coordinates

of a point ~r within the object space. The scattered wave Us(~r0) at some point r0 can be

written as a volume integral [129], [130]:

Us(~r0) =
Z

n
F(~r)Ui (~r, k)G(~r0� ~r, k)d~r, (5.4)

where G(~r0� ~r, k) represents the Green function:

G(~r0� ~r, k) =
exp( ik j ~r0� ~r j)

j ~r0� ~r j
. (5.5)

Under the Born approximation, we can use Ui instead of U = Ui + Us to describe the

scattered wave in eq. 5.4. After some simpli�cations we get:

Us(~r0) =
i

2p

ZZ

¥
F̃(kx � k0x, ky � k0y, kz + k0z)exp( i~k � ~r0)dkxdky, (5.6)
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where

F̃(~K) = F̃(kx � k0x, ky � k0y, kz + k0z)

= U0(k)
Z

Z

1
kz

F(kx, ky, z, k0x, k0y)exp[� ~i(k0z + kz)z]dz.
(5.7)

F̃ is the angular spectrum [131] of the complex wave scattered by the lateral cross-section

of the object located at depth z. The angular spectrum is given by the 2D Fourier trans-

form of the scattering potential (eq. 5.1). The integral in eq. 5.7 represents the superpo-

sition of the angular spectrum of the complex backscattered waves centred at ( k0x, k0y)

from all depths within the object. So, this equation provides information about the entire

3D structure of the object. The structure is described by spatial frequency vector, which

can be written as:

~K = ~ks � ~k0 =
2p n

l
(~s � ~s0)

= 2p n[(nx~i + ny~j + nz~k) � (n0x~i + n0y~j � n0z~k)],
(5.8)

where ~s, ~s0 are unit vectors of scattered and illumination waves (�g. 5.1), ~nx, ~ny and ~nz

are spatial frequencies of the object's structure along Cartesian coordinates and n0x~i , ~n0y

and ~n0z are the spatial frequencies of illumination wave.. Equation 5.8 shows that the

complex amplitude of the scattered wave at a given wavelength in the far zone for a

given direction depends entirely on only one Fourier component (one spatial frequency)

of the 3D scattering potential, labelled by the vector ~K. At a constant illumination angle,

the end point of each vector Fourier component of the 3D scattering potential for given

collection angle corresponds to a point on Ewald's sphere. Illumination and collection

geometry is presented in �g. 5.1a. If the object is illuminated by a plane wave with a

certain spectral bandwidth, then the spatial frequencies distribution in k-space for all

collection angles can be illustrated as multiple Ewald's spheres with different diameters.

For an illumination beam at normal incidence, spectral bandwidth 1220 nm – 1400 nm

and n = 1, the backscattered wave eq. 5.8 gives the 3D frequency distribution in k-space

presented in �g. 5.1b.

It is shown from the above analysis that high spatial frequency information is present

in the re�ected waves and that this information is spectrally encoded. OCT is typically a

one-dimensional solution of the inverse scattering problem and usually works using low

NA objective lenses. The collected axial spatial frequency can be expressed as:

nz = n(cosq+ cosa)/ l , (5.9)
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FIGURE 5.1: Spatial frequency representation in k-space. (a) Schematic of object illumination and
collection; (b) spatial frequency representation in k-space depending on wavelength.

where a and q are the scattering and illumination angles. For re�ection con�guration at

small illumination and collection angles q � 0, a � 0, which is typical for OCT, k0z � k

and eq. 5.9 can be simpli�ed as:

nz =
2n
l

. (5.10)

In this case, only axial spatial frequencies are presented in the collected scattered wave

and all accessible spatial frequencies are along the central green arrow in �g. 5.1b. Thus,

from �g. 5.1b and equations 5.9, 5.10, we can see that within moderate NA of the objec-

tive lens and limited spectral bandwidth, there is a one-to-one correspondence between

axial spatial frequency and wavelength. A spectral encoding of spatial frequency (SESF)

approach uses this to encode axial spatial frequency through spectral diversity, translate

spatial information from the Fourier domain into the image domain as wavelengths, in-

dependently of the resolution of the optical imaging system, and map to each pixel of the

2D image [130], [134]–[137]. The uncertainties in spatial frequencies/periods depending

on NA of the objective lens were analysed previously [130], [134], [138]. It is essential that

in re�ection con�guration, the high spatial frequencies, which correspond to small, sub-

wavelength size structure, are captured. For example, even for a wavelength of 1300 nm,

the corresponding spatial frequency, according to eq. 5.10, is nz = 1538 mm� 1 for n = 1,

and the corresponding spatial period of the object's structure is 650 nm. At the same time,

the axial spatial frequency pro�les are ultra-sensitive to structural changes [130], [134]–

[138]. To collect the complex amplitudes of the spatial frequency components and form

F̃(~K) (eq. 5.7), the interference signal using a reference wave can be formed [9]. FDOCT
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permits detecting the spectral interference signal where we have a one-to-one correspon-

dence between wavelengths and complex amplitudes of the axial spatial frequency com-

ponents nz. After that, the spectral interference FDOCT signal can be easily rescaled to

complex amplitudes of the axial spatial frequencies, representing the Fourier spectrum

of the axial pro�le of the object, using eq. 5.10, meaning that axial spatial frequencies are

spectrally encoded. Thus, the rescaled OCT signalI (nz) represents the modulated Fourier

transform of the depth pro�le F(z) of the object;

I (nz) =
Z

F(z)exp(� i2pnzz)dz. (5.11)

Consequently, the depth pro�le F(z) can be reconstructed by the inverse Fourier trans-

form of the rescaled OCT signal. The width of the axial spatial frequency range is [39]:

Dnz =
2nDl
l 1l 2

, (5.12)

where l 1, l 2 are the min and max wavelengths, Dl is the spectral width, Dl = l 2 � l 1.

The spectral bandwidth for OCT is typically less than 200 nm, so the spatial frequency

bandwidth is relatively narrow: for central wavelength l c = 1300 nm, Dnz = 238 mm� 1.

The OCT image is formed using this small range of spatial frequencies; therefore, the

quality of the OCT images is relatively poor in comparison with microscopy images. For

example, in high-resolution microscopy, more than 1000 mm � 1 bandwidth of lateral spa-

tial frequencies forms the image.

OCT works in re�ection con�guration, so the OCT signal is formed by light scattered

at small, sub-wavelength size structures (�g. 5.1b). The coherent transfer function of the

OCT is centred at zero lateral spatial frequencies but shifted to high axial spatial frequen-

cies, which are larger than 1000 mm� 1 [139]. So, the OCT signal is formed by a relatively

narrow bandwidth of the axial spatial frequencies, which is located in the high spatial

frequency area of the Fourier domain. In the FDOCT signal, each unique axial spatial

frequency component of the object's structure is encoded with its corresponding wave-

length. This means that for each A-line acquired using FDOCT, complex amplitudes of

the axial components of the 3D Fourier spectrum of the sample's scattering potential are

collected. Thus, the depth pro�le can be reconstructed via the inverse Fourier transform.

The limitations of conventional intensity-based OCT forbid access to submicron structural

information and detection of nanoscale structural changes. However, even if it would be

possible to get nanoscale resolution at a depth of about 1 mm within a scattering object,

for example, in human skin, the reconstruction, say, of a 2 × 2 × 1 mm 3D volume with

nanoscale resolution would require a considerable amount of data. Spatial nano resolu-

tion is scienti�cally interesting, but for many applications, including early diagnostic of

pathological processes, such resolution is unnecessary. Instead, it would be suf�cient to
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detect nano-structural changes within some volumes of interest within the object.

One possible way to access information about high spatial frequencies is so called

nanosensitive OCT (nsOCT). The nsOCT technique was invented to retain the high spa-

tial frequency information and provide nano-sensitivity to structural changes [38], [39],

[42]. Instead of using a conventional way to improve the resolution and sensitivity of

the OCT by increasing the spectral bandwidth, nsOCT is a different approach, which

permits the visualization of sub-wavelength structure from a single frame and provides

nano-sensitivity to structural alteration at each volume of interest within a 3D biological

object using the given spectral bandwidth. Previously, it was shown that the axial Fourier

spectrum of an object is very informative and highly sensitive to structural changes [130],

[134]–[138]. Following the SESF approach and having information about both k-space

and reconstructed object space, we can perform structural characterization for a given

volume of interest within the object with nanoscale sensitivity using a simple method uti-

lizing the characteristics of the spatial frequency support in k-space. Namely, given that

wavelength is spatially invariant (is not changed when translated from k-space to image

space), by encoding each axial spatial frequency (or period) with one unique wavelength

(eq. 5.10), the spectrally encoded axial spatial frequency/period can be carried from the

k-space to the reconstructed object space without compromising accuracy. By mapping

the energy contribution of the spectrally encoded axial spatial period to each voxel within

the 3D OCT image, we can perform structural characterization of every volume of interest

of the object with nanoscale sensitivity. Our group has demonstrated various biomedi-

cal applications of nsOCT, including detecting structural changes in the cornea and stem

cells and assessing skin cancer margins [42], [45], [53], [140]. Another group has used

the nsOCT method to successfully detect the nanometer-scale structural changes of the

human tympanic membrane in otitis media [44]. The related 3D SESF technique based on

correlation of the axial spatial frequency pro�les has also been published recently [40].

5.1.2 Materials and methods

Experimental setup

A commercial SDOCT system, Telesto III, Thorlabs, Inc. New Jersey, United States, was

used for the data acquisition. The central wavelength is 1300 nm, axial resolution 5.5

� m, imaging depth 3.6 mm in air. Sensitivity is 96 dB at 76 kHz rate. Objective lens

LSM03, NA = 0.055, lateral resolution= 13 � m was used in our experiments. The number

of sampling points (pixels) for detected OCT signals was 2048, which corresponds to 1024

points in the reconstructed image.
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Image formation and processing

A schematic of the principle of detecting the high spatial frequency information from

FDOCT signal and incorporation in conventional OCT images (nsOCT approach) is pre-

sented in �g. 5.2. For nsOCT processing, the collected complex amplitudes of the spec-

trum are converted to complex amplitudes of the axial spatial frequencies. As described

above (�g. 5.1, eq. 5.10), it can be done by noting that each wavelength de�nes a unique

Ewald sphere cap in k-space, which is transformed into the point on the axis for a sin-

gle A-scan. The complex spectrum of axial spatial frequencies is placed in the corre-

sponding region of high spatial frequencies in the Fourier domain nzmin = 2n/ l max to

nzmax = 2n/ l min (�g. 5.2). In contrast, conventional FDOCT works as if the spectrum

is placed in the region of low spatial frequencies from nzmin = 2n/ d to nzmax = 2n/ Dl

where d is the penetration depth. After the inverse Fourier transform of the OCT signal,

the depth pro�le can be reconstructed, and corresponding B or C-scans can be formed

using the appropriate number of A-lines. In the nsOCT approach, the complex spec-

trum of axial spatial frequencies, placed in the proper region of high spatial frequen-

cies, can be decomposed into multiple sub-bands. The contribution of each mth sub-band

Dnzm = nzm+ 1 � nzm into each point in a depth pro�le can be described by:

Fm(z) =
1

2p

Z nzm+ 1

nzm

I (nz)exp( i2p znz)dnz. (5.13)

We can also divide the object space into multiple volumes of interest (VOI) and calculate

such energy contribution from mth spatial frequency bandwidth for each VOI of the 3D

OCT image. Similarly, the contribution of all spatial frequency sub-bands into each VOI

can be calculated. Using this procedure, the axial spatial frequency or period pro�les

can be reconstructed for each pixel of the 2D image (B-scan), as shown in �g. 5.2, or

for each pixel of the 2D enface image or for each voxel of the 3D image (C-scan). So,

besides the low spatial frequency bandwidth in conventional OCT, we utilize the high

frequency content which is present in the OCT signal. As a result, the sub-wavelength

spatial periods of the local structure are detected, and nanoscale structural alterations

within each voxel can be visualized. Thus, to form a nsOCT image we

• Re-scale the spectral interference signal after pre-processing into spatial frequen-

cies. The wavelength axis is converted to spatial frequency axis using eq. 5.10 in the

manuscript.

• Decompose spectrum with a Tukey window (other windows also can be used) into

multiple sub-bands. The Tukey windows are zero-padded to match the full-length

spectral array. The spectral window position corresponds to a particular spatial

frequency related to the bandwidth of the used light source.
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• Apply the Fast Fourier-Transforming (FFT) to each selected spectrum within sub-

bands to get the A-scan (depth pro�le). Each A-scan is formed by a limited band-

width of the spatial frequencies from each sub-band and corresponds to a particular

spatial frequency.

• Calculate the energy contribution from each sub-band into the distribution of spatial

periods at each depth within each A-line and reconstruct the axial spatial frequency

or period pro�les at each pixel or voxel of the image. The spatial period is the

reciprocal of spatial frequency.

• Form the nsOCT image as a color map of the dominant spatial period distribution,

which is the spatial period at the max signal, as is shown in �g. 5.2. These spatial

periods are dominant within the detected bandwidth of spatial frequencies (peri-

ods).

The nsOCT images can also be formed as color maps of other informative parameters

of the axial spatial frequency pro�les, for example as a color map of the median spatial

frequency, as a color map of the correlation between pro�les, or any other mathematical

evaluation. Color bars provide quantitative information about structure at each volume

of interest.

FIGURE 5.2: Principle of detection of the high spatial frequency information from FDOCT signal
and incorporation in conventional OCT image.
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5.1.3 Experimental results

To con�rm that information about small, sub-micron size structures in the object is present

in FDOCT signal and for further validation of the nsOCT approach, we imaged two sam-

ples from OptiGrate Corp., USA, which consist of axial periodic structure with different

periods. The corresponding periods of structure within the samples are 431.6 nm and

441.7 nm, sinusoidal refractive index variations 1.483 ± 0.001.

These samples are, therefore, good representations of the single spatial frequencies.

The samples were imaged using the SDOCT TELESTO III system from Thorlabs, Inc.

with a central wavelength of 1300 nm and a depth resolution of 5.5 microns. Conse-

quently, the structure within these samples cannot be resolved in the conventional OCT

images produced from this system. OCT signals (spectral interferograms) for these two

samples, converted into axial spatial frequencies, are presented in �g. 5.3. In �gures 5.3a

and 5.3b, the peaks which correspond to structures with 431.6 nm and 441.7 nm periods

(corresponding spatial frequencies are 2317 mm� 1 and 2264 mm� 1 ) are clearly seen.

FIGURE 5.3: SDOCT signals for samples with (a) 431.6 nm period of structure, (b) 441.7 nm period
of structure, and (c) for sample with random structure.

These results con�rm that high spatial frequencies that correspond to small, submi-

cron size structure are present in the OCT signal. It should be noted that the spatial pe-

riod of the structure can be calculated from these peaks, but the location of this structure

within the sample is unknown. For comparison, the OCT signal from a random struc-

ture, Blu Tack (Bostik Industries), is shown in �g. 5.3c, where many peaks are presented.

The corresponding reconstructed OCT and nsOCT images (B-frames) are presented in

�g. 5.4. From conventional OCT images, it is impossible to detect differences in the struc-

ture between the samples. Information about the sub-wavelength structure presented in

the OCT signal is lost, as explained in previous sections.
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FIGURE 5.4: Reconstructed SDOCT and nsOCT images of two samples with axial periodic struc-
tures of 431.6 nm and 441.7 nm periods and a sample with random structure (BluTack) on the
right. Reconstructed axial spatial period pro�les for two points within each sample are shown.
H z in the color bar is the dominant axial spatial period in nm.

Using the nsOCT approach, we reconstructed axial spatial period pro�les, where infor-

mation about the small subwavelength structure is present, for each point within the im-

ages. Examples of such pro�les for two different points within each sample are presented

in �g. 5.4. For two samples with periodic structure, these pro�les have peaks that corre-

spond to the dominant period of structure at given locations within the sample. Namely,

for the left sample, peaks are near 431 nm, and for the middle sample, peaks near 441 nm

spatial periods correspond to actual periods of the structure. These results demonstrate

that the signal from a small, sub-wavelength size structure is translated to the image do-

main is present in the axial spatial frequency pro�les reconstructed for each volume of

interest within the image. There are no clear single peak in the pro�les for the sample

on the right, which comprises primarily random structures. The nsOCT image in �g. 5.4

is formed as a color map of the dominant period of the structure. In this image, in con-

trast to the conventional OCT image, we can see samples with different spatial periods

of structures: two samples with uniform structure (the same color in different locations

within each sample), where the structure has the same dominant period at different lo-

cations, and the sample with the random structure on the right, where the structure has

different dominant periods at different locations within the sample. The difference of 10

nm in spatial periods of structure between samples, which represent single spatial har-

monics of the structure, can be clearly detected using the nsOCT approach. For biological

tissues, we have continuous pro�les which consist of many different spatial frequencies.

Any nano-structural changes in spatial harmonics within scattering objects will change
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the spatial frequency pro�les, as we can see in experiments with phantoms (�g. 5.4), and

so can be detected.

5.1.4 Discussion and conclusion

The formation of the FDOCT signal has been considered using general scattering theory.

We demonstrated that:

• Detected FDOCT spectral interference signal corresponds to axial components of

the 3D Fourier spectrum of the limited bandwidth of high axial spatial frequency.

• information about high spatial frequencies of the object, which correspond to small,

sub-wavelength size period of the spatial harmonic of the structure, presents in the

OCT signal.

It was shown that the high spatial frequency information, which is discarded in con-

ventional OCT, can be utilized by applying the nsOCT approach. In contrast to known

methods to detect structural changes with high sensitivity by comparison images recorded

at different time moments, like phase-sensitive OCT, the nanosensitive OCT visualizes

the sub-wavelength structure from a single image. The theoretical basis for the nsOCT

approach was presented and validated using samples with known sub-micron inter-

nal structure. We show theoretically and experimentally that information about small

sub-wavelength size structure presents in the OCT signal and that this information can

be translated into the image domain as the high axial spatial frequency pro�les, recon-

structed for each pixel within the image. For the realization of the nsOCT method, the

spectral interference OCT signal is used. Using the detected FDOCT signal, it is pos-

sible to reconstruct OCT images of the strongly scattering media, and nsOCT can then

be applied to map high spatial frequency information within each location in the re-

constructed FDOCT image. Therefore, the nsOCT approach can be applied to strongly

scattering media, similar to conventional OCT, if we have the corresponding spectral in-

terference signal from these media. Like conventional OCT, the nsOCT image formation

is based on scattering theory and does not consider absorption. Most practical OCT sys-

tems can be approximated using a normal incident illumination beam, and eq. 5.10 is suf-

�cient. However, for large NA objective lenses, eq. 5.10 is not valid anymore, and eq. 5.9

is more accurate. That means due to the increased NA of a lens, the one-to-one corre-

spondence between wavelengths and axial spatial frequencies reduces, and the complex

Fourier spectrum of axial spatial frequencies will not be adequately formed anymore.

Consequently, to avoid the computation of an erroneous depth pro�le, it becomes essen-

tial to apply eq. 5.9 for accurate image reconstruction. Please note that in the scenario

of using large NA objective lenses, where the OCT signal does not correspond properly
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to the Fourier spectrum, the depth pro�le of the conventional FDOCT also will not be

adequately formed. The rigorous relationship with a focused beam illumination in OCT

is described in Ref [128], which is especially important for realizing optical coherence

microscopy where objective lenses with large NA are used.

The main limitation of the nsOCT technique is the limited spectral bandwidth, which

also limits the image quality and resolution of conventional OCT images. OCT detects

from all the axial components of the 3D Fourier spectrum, scattered from the object, only

a limited bandwidth of spatial frequencies. As demonstrated with nsOCT, even using a

limited bandwidth of spatial frequencies, it is possible to visualize structural changes in

biological tissues and other objects. The use of broadband illumination would increase

the detected spatial frequency bandwidth along with the axial resolution of the nsOCT

and conventional OCT images. Quantitative depth-resolved visualization of the struc-

ture at clinically relevant depths and within the detected range of high spatial frequen-

cies with nano-sensitivity has been shown. Differences in structural periods as small as

10 nm has been detected using just a single frame. The ability of nsOCT to visualize

sub-wavelength structures from a single frame creates the potential to monitor nanoscale

structural changes in real-time.

The presented theoretical and experimental results provide a strong basis for the nsOCT

approach and permit to extend the possibility of OCT imaging into the sub-wavelength

range with nano-sensitivity to structural changes at clinically relevant depths. It is ex-

pected that nsOCT can lead to new application areas and increase the potential to study

pathological processes and enable new methods for early diagnostics.

5.2 Nanosensitive Multiple Reference Optical Coherence

Tomography

The advantage of using signal processing techniques to detect sub-micron structural or

functional changes is that additional information can be gathered without expensive

high-resolution imaging optics or collecting large amounts of data. Therefore, it is in-

teresting to investigate the applicability of such techniques on low-cost OCT systems.

Multiple reference optical coherence tomography (MR-OCT) is a modi�ed time-domain

OCT (TD-OCT) with a partial mirror in front of the reference mirror. The reference beam

re-circulates between the partial mirror and the reference mirror, giving rise to multiple

reference beams with enhanced path lengths. These multiple reference beams help to

achieve an enhanced imaging depth even with a relatively low scan range. The relatively

small scan range required in MR-OCT unlocks the possibility of realizing a low-cost and
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miniature OCT system suitable for de�ned applications using off-the-shelf components

and conventional production methods.

Several applications of the nsOCT to detect nano-scale structural changes within the

biological tissues have been demonstrated. All the studies conducted so far used Fourier

domain OCT systems. In this study, we experimentally demonstrate that the informa-

tion regarding high-spatial frequency content is present in a time-domain signal from

MR-OCT. We present a method to extract this spatial frequency information from the

MR-OCT signal and validates it on phantoms with known periodic structures. Adapting

nanosensitive OCT to MR-OCT signi�cantly extends the ability of the MR-OCT system to

detect pathological changes without increasing the cost or form factor.

5.2.1 nsMR-OCT Signal Processing

OCT imaging can be realized either in the Fourier domain or in the time domain. Due to

the advantages of FD-OCT systems in speed and sensitivity, all the studies in nanosen-

sitive OCT conducted so far employed Fourier-domain OCT systems for data collection.

Consequently, the existing nsOCT method is well-tailored for a Fourier-domain signal.

Fourier-domain OCT and time-domain OCT signals are mathematically related by the

Fourier transform. The continuous Fourier transform of a time domain signal x(t) is

given by:

S(n) =
Z ¥

� ¥
x(t)e� 2ipnt � dt, (5.14)

where S(n) is the frequency-domain representation of the signal, and n is the axial fre-

quency.

To extract high-spatial frequency information from the MR-OCT signal, we converted

the time domain signal to the Fourier domain using eq. 5.14 and then applied nsOCT

signal processing steps. It is possible to extract high-spatial frequency information from

MR-OCT signal without converting it to the frequency domain �rst. However, we de-

cided to take this approach of converting to Fourier-domain since it is easier to adopt the

existing nsOCT processing framework to MR-OCT in this way. A �ow-chart detailing

the signal processing steps required to extract high spatial frequency information from

MR-OCT is outlined in �g. 5.5.

In MR-OCT, the signal acquired on the detector is a summation of interference signals

from all orders of re�ections. For this study, an MR-OCT system with digitally balanced

detection was used. Two optical channels required for balanced detection were realized

using polarization optics [1]. The signals from the two channels were balanced in the
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digital domain after DC removal. In the DC removal stage, we remove the constant fre-

quency component of the signal by subtracting the mean of the signal from the signal

itself.

After DC removal and balancing, we performed phase linearization for compensat-

ing the linear motion of the scanning reference mirror. The scanning reference mirror is

mounted on a voice coil that follows an undamped sinusoidal motion. When the inter-

ference signal is acquired with regularly spaced sampling, the sinusoidal movement of

the scanning reference mirror appears as sinusoidal phase modulation within the inter-

ference signal. Consequently, this leads to distortion or warping of the resulting image.

Therefore, to compensate for this nonlinear phase, we extracted the signal phase and

performed linearization using the pixel remapping method [1], [27], [78]. A �tting is

performed on the extracted signal phase and is used as a mapping function for numerical

interpolation. Through interpolation, the interference signal can be re-mapped to a linear

phase or k-space. Please recall that the MR-OCT signal at this stage, after linearization, is

a summation of all orders of signals. To separate these signal orders, bandpass �ltering is

performed. Each MR-OCT signal order has a distinct Doppler frequency de�ned by:

fD (N ) =
2NvSRM

l 0
, (5.15)

where N is the order of re�ection, vSRM us the linear velocity of the scanning reference

mirror, and l 0 is the center wavelength of the light source used. In�nite Impulse Re-

sponse (IIR) digital bandpass �lters with the Doppler frequency as the central frequency

were designed for each MR-OCT signal order. Chebyshev -2 IIR �lters were used because

of their excellent stop-band characteristics and minimal ripple and phase shift. In con-

ventional MR-OCT signal processing, to obtain intensity-based OCT images, we perform

the Hilbert transform at this stage to get the signal envelope. However, the Hilbert Trans-

form would remove the high spatial frequency information from the interference signal.

Therefore, we do not perform any envelope detection for nanosensitive MR-OCT. After

bandpass �ltering, we performed image reconstruction. For image reconstruction, we

need to resample and displace each order to match the actual spatial length and position.

As a result of multiple re�ections between the partial and reference mirrors, higher-order

re�ections will experience an increased path length M, as given by:

M (N ) = dz � N, (5.16)

where dz is the scanning range of SRM and N represents the order of re�ection. If C =
M /2 is the center position of the order and D is the spacing between the orders, the
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FIGURE 5.5: A �ow-chart showing nsMR-OCT image formation. Firstly, we perform conven-
tional MR-OCT signal processing steps like the DC removal, phase linearization and bandpass �l-
tering. After bandpass �ltering, multiple orders are resampled and displaced by a pre-determined
number of pixels to form an MR-OCT A-line. FFT is performed to convert this signal into a
Fourier domain. The wavelength values in the interference spectrum are replaced by the spa-
tial period values. Next, the spectrum is decomposed into a predetermined number of sub-bands
using Tukey windows. iFFT is performed on each sub-band to form A-lines or depth pro�les.
Therefore, for each pixel along the depth, there will be energy contributions available from multi-
ple sub-bands. Then we plot the spatial period of each sub-band on the X-axis and the respective
energy contribution (intensity) on the Y-axis. From this pro�le, we determine the spatial period
value corresponding to the maximum intensity value and is consequently colour-coded to the
depth-pixel.

94



Chapter 5. Nanosensitive multiple reference optical coherence tomography

displacement of the center position for each order is given by:

C(N ) = D � (N � 1) +
dz
2

. (5.17)

Therefore, each order needs to be upsampled according to eq. 5.16 and displaced accord-

ing to eq. 5.17. The maximum imaging depth after image reconstruction can be calculated

using the following:

zMRO =
dz
2

(N + 1) + D(N � 1). (5.18)

Once the orders are stitched together and the image is reconstructed, we convert the sig-

nal to Fourier-domain using eq. 5.14. On the Fourier-domain signal thus obtained, we

have to apply a series of processing steps to extract the high spatial frequency information

from it. Firstly, we need to re-scale the spectral interference signal in spatial frequencies

using eq. 5.10. After re-scaling, the spectrum was decomposed into multiple sub-bands

using Tukew windows. The Tukey windows are extended with zero padding to match the

size of the full-length spectral array. The placement of each Tukey window in the spec-

tral array corresponds to a particular spatial frequency associated with the bandwidth

of the light source used. From each sub-spectrum, we have to form the sub-A-scan by

applying the Fast Fourier Transform (FFT). In this case, each sub-A-scan will be formed

with a limited spectral width and corresponding spatial frequency. In the next step, for

each depth position, we must calculate the energy contribution from each sub-band and

construct a pro�le with the spatial periods (inverse of spatial frequency) corresponding

to each sub-band on the X-axis and intensity from the respective sub-bands on the Y-axis.

We refer to this pro�le as a 'spatial period pro�le'. Finally, from the spatial period pro�le,

we identify which spatial frequency has the maximum signal and use the corresponding

spatial period value (inverse of spatial frequency) to form color-coded images.

5.2.2 Experimental validation

To demonstrate and validate the ability of nanosensitive MR-OCT to detect high spatial

frequency information, we captured images of two samples provided by OptiGrate Corp.,

USA. These samples exhibit axial periodic structures with distinct periods. The respec-

tive structural periods in these samples measure 431.6 nm and 441.7 nm, with sinusoidal

refractive index variations with a value of 1.483 ± 0.001. A schematic of the Bragg grating

used for this study is given in �g. 5.6.
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FIGURE 5.6: Shows a schematic of the bragg gratings which were used for validating the ability
of nsMR-OCT to detect high spatial frequency information. Two such samples were used with
structural periods of 431.6 nm (grating A) and 441.7 nm (grating B). Refractive indices vary with
a value of 1.483 ± 0.001. In the diagram, L: low refractive index and H: high refractive index.

Two gratings were imaged side by side for the experiment. Grating A with a known

spatial period of 431.6 nm, and grating B with a known spatial period of 441.7 nm. The

image acquisition was done using MR-OCT with a digitally balanced detection scheme.

B-frames with 500 A-scans and a lateral scan distance of 5 mm were captured. Image pro-

cessing was carried out as per the �ow chart in �g. 5.5. The signal orders were stitched

together after DC removal, linearization, and band-pass �ltering. As we have explained

in chapter 2 of this thesis, there will be some discontinuities between the �rst, second and

3rd orders of MR-OCT signal after image reconstruction through order displacement and

resampling (eq. 5.17). The image processing did not include these signal orders to get a

continuous A-scan. The conventional intensity-based MR-OCT image of the gratings is

shown in �g. 5.7a. We also show in �g. 5.7b, two representative A-lines from selected

locations of grating A and B. After stitching the orders together, the signal was converted

into the spectral domain by applying FFT. The FFT generates a complex spectrum. The

negative values representing the complex conjugates of the corresponding positive fre-

quencies are disregarded. The remaining spectrum used for further processing is shown

in �g. 5.8. The spatial frequency values are arbitrary and are expressed in pixels. Both

gratings A and B exhibit distinctive peaks (highlighted in green circles) indicative of their

respective periodic structures. Ideally, for perfectly periodic structures like the gratings,

we would expect a very prominent peak, as we can see in �g. 5.3. However, in the spectral

interferogram reconstructed using MR-OCT, we can observe that the prominence of the

peaks corresponding to the periodic structures is lower than that obtained with an SD-

OCT system. The diminished power of signal arising from periodic structures is likely to

result from signal discontinuities encountered while stitching together the signal orders.
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We can see from �g. 5.8 that the frequencies associated with the bandwidth of the light

source used are limited to pixels ranging from 500 to 650. In other words, we can com-

pletely reconstruct the image by utilizing this segment of the frequency spectrum and

disregarding the remaining portion. Figure 5.9 shows the section of the spectral inter-

ferogram in �g. 5.8 covering most of the bandwidth of the light source. Spatial period

values are assigned to the pixels according to eq. 5.10. The prominent peaks in the inter-

ferograms of gratings A and B, identi�ed with green circles, are situated near the spatial

periods of 431 nm and 441 nm, respectively.

FIGURE 5.7: a) Shows conventional intensity-based MR-OCT images of two Bragg grating sam-
ples with axial periodic structures of 431.6 nm (on the left side) and 441.7 nm period(on the right
side). 500 A-lines were used to acquire the image. The horizontal scale bar represents 500 µm, and
the vertical scale bar represents 100 µm. b) Shows representative A-lines from grating A (431.6
nm, left) and grating B (441.7 nm, right) after MR-OCT image processing. The A-lines were recon-
structed after signal processing steps such as DC removal, phase linearization, band-pass �ltering
and stitching of signal orders.
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FIGURE 5.8: Shows the spectral interferograms obtained by performing the Fourier transforma-
tion of the A-lines shown in �g. 5.7b. The FFT produces a complex spectrum, and the negative
values, which represent the complex conjugates of the corresponding positive frequencies, are ne-
glected. The spatial frequency values are arbitrary, and they are expressed in pixels. We can see
that both gratings A and B produce distinct peaks (highlighted in green circles) indicative of their
respective periodic structures.

FIGURE 5.9: In �g. 5.8, the frequencies corresponding to the bandwidth of the light source used
are con�ned to the pixel values between 500 and 650. In this �gure, we show this section of the
spectral interferogram covering most of the bandwidth of the light source. Spatial period values
are assigned to the pixels according to eq. 5.10. The prominent peaks in the interferograms of
gratings A and B, identi�ed with green circles, are situated near the spatial periods of 431 nm and
441 nm, respectively.
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FIGURE 5.10: a) Shows representative axial spatial period pro�les from two selected locations
within grating A and B. The pro�les have peaks corresponding to the dominant period of structure
at the given location. The peaks of spatial period pro�les are close to 441 nm for grating A and
432 nm for grating B. A Savitzky–Golay �lter is applied to the spatial period pro�les to remove
noise and accurately detect peaks. b) Final nsOCT image reconstructed. We can clearly see from
the color-coded image that the nsOCT can detect the differences in the spatial period between the
two gratings. Grating A is on the left side and grating B is on the right side.

The spectrum in �g. 5.9 undergoes decomposition into a pre-de�ned number of sub-

bands using Tukey windows. FFT is performed on each sub-band to generate A-lines or

depth pro�les. Consequently, each pixel along the depth receives energy contributions

from multiple sub-bands. The spatial period of each sub-band is then plotted on the X-

axis against the corresponding energy contribution (intensity) on the Y-axis to obtain the

spatial period pro�le, as shown in �g. 5.10a. From this pro�le, we ascertained the spatial

period value corresponding to the maximum intensity and color-coded it to the depth

pixel to obtain �g. 5.10b. The color-coded image clearly reveals that the nsOCT approach

can discern variations in the spatial period between the two gratings. Thus, we have

experimentally proved that the high spatial frequency related to the object structure is

present in the MR-OCT signal and they can be extracted and visualized using the nsMR-

OCT technique.

5.2.3 Nanosensitive MR-OCT for detecting structural changes in rabbit

cornea followed by alkali burn

We demonstrate the applicability of nsMR-OCT technique on a biological sample by de-

tecting the submicron structural changes in an excised rabbit cornea after inducing a su-

per�cial alkali injury. Adapting nanosensitive OCT to MR-OCT signi�cantly extends the

ability of the MR-OCT system to detect pathological changes without increasing the cost

or compromising the speed of data acquisition.
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In mature animals, the cornea is a transparent, avascular eye layer which provides

the �xed portion of focusing power onto the retina by refraction. Preserving corneal

transparency is crucial for maintaining its structure and function. Injuries to the cornea

commonly result from thermal and chemical burns, with 11.5 - 22% of ocular injuries

stemming from chemical burns [46]–[48]. Among chemical-induced corneal injuries, al-

kali burns in�ict more substantial damage to the corneal stroma and anterior chamber

than acid injuries [49], [141]. The corneal stroma is a load-bearing agent that safeguards

ocular tissues from �uctuations in intraocular pressure. It comprises collagens, proteo-

glycans, glycoproteins, and keratocytes. Studies indicate that the nanoscale arrangement

of collagen �brils is pivotal for maintaining corneal transparency. Changes in the di-

ameter of collagen �brils or the creation of voids between �brils have been reported to

increase light scattering, leading to corneal opacity [50]. Additionally, the activation of

keratocytes within the stroma during the corneal wound healing process is another factor

contributing to increased light scattering within the cornea [45].

To investigate the structural differences between a healthy and injured cornea (after

inducing an alkali burn), we imaged a rabbit eye ex-vivo before and after inducing an

alkali injury. To initiate alkaline injury, a 3 mm diameter piece of Whatman �lter paper

soaked with 4 µl of a 1 M NaOH solution was placed on the central area of the cornea

for 60 seconds. Subsequently, the eye was rinsed with 10 ml of saline for �fteen minutes

[45]. OCT image was taken before and immediately after this procedure. This study was

approved by the Animals Care Research Ethics Committee of the National University of

Ireland, Galway. All the experimental procedures were performed under authorization

from the Health Products Regulatory Authority of Ireland.

Conventional MR-OCT images from healthy and injured cornea are shown in �g.

5.12a. The injured cornea had higher intensity than its healthy counterpart. We believe

that it originates from the increased scattering caused by the alterations in the diameter

of collagen �brils or the creation of voids between �brils. Apart from the intensity dif-

ferences, the conventional intensity-based OCT images cannot provide any quantitative

information regarding the structural differences between injured and healthy corneas.

Therefore, we applied the nanosensitive MR-OCT technique to compare the samples. We

noticed that despite signi�cant differences among spatial period pro�les of the healthy

and injured cornea, their predominant spatial periods, in many cases, are the same (�g.

5.11). Therefore, instead of mapping the spatial period value corresponding to the maxi-

mum intensity in the spatial period pro�le, we used a cross-correlation technique to com-

pare the spatial period pro�les.
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FIGURE 5.11: a) Shows representative axial spatial period pro�les from two selected locations
within healthy and injured rabbit corneas. It is noticeable that, despite differences in the spatial
period pro�les, the predominant spatial periods are the same.

FIGURE 5.12: a) shows conventional MR-OCT images from healthy (left) and injured (right)
rabbit corneas. b) shows the results from cross-correlation-based nsMR-OCT. The injured cornea
(right) gives higher correlation coef�cients because a representative spatial period pro�le selected
from this sample was used to correlate against other spatial period pro�les. The horizontal and
vertical scale bars are 750 µm and 100 µm, respectively.

In signal processing, cross-correlation is a technique that can measure the similarity

between two signals and outputs a correlation coef�cient ranging from -1 to +1. To com-

pare the spatial periods between healthy and injured corneas, we selected a representative

spatial period pro�le from the injured cornea. We correlated this spatial period with ev-

ery other spatial period pro�le using numpy.correlate function in Python. The correlation
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coef�cients obtained from the function was mapped to each pixel along the depth to form

color-coded images (�g. 5.12c). Since the spatial period pro�le used for correlating was

chosen from the injured cornea, this sample showed a higher correlation. A signi�cant

distinction between the healthy and injured cornea can be observed in the images formed

after cross-correlation-based nsMR-OCT.

To conclude, the results presented in �g. 5.12 show that the cross-correlation-based

nsMR-OCT can identify the structural differences between the healthy and cornea in-

duced with alkali injury. The results provide a solid basis for a future study to explore

cross-correlation-based nsMR-OCT for detecting the severity of alkali-induced corneal

injuries and monitoring the healing progress in vivo.
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Chapter 6

Nanosensitive optical coherence

tomography for detecting structural

changes in stem cells

6.1 Abstract

Mesenchymal stromal cells (MSCs) are adult stem cells that have been widely inves-

tigated for their potential to regenerate damaged and diseased tissues. Multiple pre-

clinical studies and clinical trials have demonstrated a therapeutic response following

treatment with MSCs for various pathologies, including cardiovascular, neurological and

orthopaedic diseases. The ability to functionally track cells following administration in

vivo is pivotal to further elucidating the mechanism of action and safety pro�le of these

cells. Effective monitoring of MSCs and MSC-derived microvesicles requires an imaging

modality capable of providing both quantitative and qualitative readouts. Nanosensitive

optical coherence tomography (nsOCT) is a recently developed technique that detects

nanoscale structural changes within samples. In this study, we demonstrate for the �rst

time, the capability of nsOCT to image MSC pellets following labelling with different

concentrations of dual plasmonic gold nanostars. We show that the mean spatial period

of MSC pellets increases following the labelling with increasing concentrations of nanos-

tars. Additionally, with the help of extra time points and a more comprehensive analysis,

we further improved the understanding of the MSC pellet chondrogenesis model. De-

spite the limited penetration depth (similar to conventional OCT), the nsOCT is highly

sensitive in detecting structural alterations at the nanoscale, which may provide crucial

functional information about cell therapies and their modes of action.
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6.2 Introduction

Regenerative medicine deals with the use of stem/progenitor cells to repair, replace or

regenerate damaged tissues or organs. Therapeutic approaches in regenerative medicine

are pitched towards the inherent self-regenerating ability of tissues and cells, primarily

stem cells. Mesenchymal stromal cells (MSCs) have been at the forefront of regenera-

tive medicine and tissue engineering since the late 1960s due to their capacity to dif-

ferentiate into multiple cell types, including cells of the musculoskeletal system such

as chondrocytes, adipocytes and osteoblasts[51], [52]. MSCs are a population of multi-

potent stromal cells which can be isolated from adult and foetal tissues like bone mar-

row, placenta and umbilical cord[142]–[144]. Traditionally, the therapeutic mechanism

of action of MSCs was proposed to occur due to local engraftment following adminis-

tration and direct differentiation to replace damaged/diseased cells[145]. This theory

of MSC engraftment at the site of injury is still plausible, but the predominant factor

governing their therapeutic potency is now thought to be primarily attributed to their

immunomodulatory properties[146]–[148]. MSCs have been shown to regulate multi-

ple types of immune cells in in�ammatory-rich cytokine environments through various

mechanisms. These include macrophages[149] via the promotion of an anti-in�ammatory

M2 phenotype (macrophage polarisation), and T-cell suppression [150] via indoleamine

2,3-dioxygenase (IDO) release, as well as inhibition of dendritic cell maturation by in-

hibiting and increasing the secretion of TNF- a and IL-10, respectively[151]. Pre-clinical

studies using MSCs have demonstrated ef�cacy, but the clinical landscape has presented

low-quality evidence due to a lack of standardisation of cell preparation and study design

and an incomplete understanding of the homing, engraftment and biodistribution of cells

transplanted in vivo.

In order to enhance the translation of these therapies to the clinic, biomedical imag-

ing and tracking cells following administration in vivo are critical to understanding their

homing, engraftment, biodistribution and differentiation. Currently, many imaging modal-

ities are available for use in stem cell tracking applications [152], [153]. The ideal imaging

modality requires high sensitivity, high spatial resolution, high temporal resolution, the

ability to image for longer durations and non-toxic imaging. Magnetic resonance imaging

(MRI) can provide long-term tracking and high spatial resolution. However, its poor tem-

poral resolution limits the real-time imaging capability, and low sensitivity demands high

doses of contrast agents. High doses of iron oxide contrast agents could impact the ther-

apeutic capacity and potency of MSCs as it reduces their differentiation potential. [154]–

[156]. Computed tomography has good temporal resolution but utilises ionising radia-

tions and has poor sensitivity[157], [158]. Radioactive imaging techniques like positron
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emission tomography and single-photon emission computed tomography have low spa-

tial resolution and are not suitable for long-term imaging due to the short half-lives of the

radioisotopes[154], [155]. Optical methods like �uorescence and bio luminescence imag-

ing have high resolution and sensitivity. However, the shallow penetration depth and

phototoxicity of the imaging dyes limit their scope for clinical applications[154], [155],

[159], [160]. Photoacoustic imaging (PAI) methods are steadily evolving for pre-clinical

and clinical applications in stem cell therapy. They have high resolution, high penetration

depths, and facilitate real-time imaging and prolonged observation periods. PAI cannot

visualise stem cells directly as the cells do not have an adequate optical absorption coef-

�cient. However, stem cells can be monitored using PAI after labelling them with suit-

able exogenous contrast agents[161]–[163]. Recently, dual plasmonic gold nanostars with

absorption maxima at 1064 nm were developed, which is suitable for use as a contrast

medium for PAI. These nanoparticles generate a robust photo-thermal signal in response

to light of longer wavelengths[164]. Combining the novel nanoparticles with PAI has the

potential to offer a class-leading imaging solution for stem cell therapies. However, to

accurately determine the different stages of stem cell differentiation and therapeutic acti-

vation at the cellular level, imaging techniques that can visualise the internal submicron

structure in real-time with nanoscale sensitivity are desired.

Optical coherence tomography (OCT) is a non-invasive imaging technique based on

low-coherence interferometry[9]. Conventional OCT promises depth-resolved, label-free,

real-time, 3-dimensional imaging of tissues and materials with a spatial resolution in a

few micrometres. In contrast to optical depth-resolved imaging techniques like confo-

cal microscopy and two-photon microscopy, OCT has a much better speed and a higher

imaging range of about 2 mm. However, the spatial resolution of most OCT systems is not

suf�cient for cell imaging. Modern OCT systems that can image cellular and subcellular

structures [165]–[167] are expensive, dif�cult to operate and require the sample to be suf�-

ciently stabilized. Therefore, the use of OCT systems for stem cell research is either based

on photothermal responses to extrinsic contrast agents such as nanoparticles or in combi-

nation with other imaging techniques[152]. Functional imaging techniques in OCT such

as phase-sensitive OCT, speckle OCT and inverse spectroscopic OCT can detect structural

changes smaller than the size of a coherent gate[35]–[37]. Recent research by Alexandrov

et al. has discovered a label-free process for detecting changes at the nanometre scale

using nanosensitive optical coherence tomography (nsOCT)[38]. Nanosensitive OCT is

a technique based on the spectral encoding of spatial frequency, which can signi�cantly

improve the sensitivity to structural alterations and spatial resolution, enabling the pos-

sibility to provide important additional information about morphological changes at the

nanoscale level. The nsOCT method allows conventional OCT systems to be extended for

performing indirect cellular and subcellular structural analysis and monitoring without
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requiring expensive optical components and engineering. [3], [38]–[45]. The potential of

nsOCT for assessing wound healing in the cornea, monitoring tumour growth, and struc-

tural changes in the cornea associated with cross-linking treatment is already reported in

the literature[41], [42], [45]. Nanosensitive OCT, providing structural information with

nanoscale sensitivity and high temporal resolution, can be used for long-term tracking,

and is label-free. However, the morphological information provided by nsOCT will be

unspeci�c, and similar to conventional OCT, as the penetration depth is limited to less

than a millimetre in most cases. It has to be kept in mind that no imaging strategy will

address all issues and multimodal imaging systems are required to exploit one system's

advantages to compensate for the disadvantages of another. Therefore, to demonstrate

nsOCT's potential to provide structural information relating to stem cells at the nanoscale

level, we have designed two experiments: 1. nsOCT detection of varying concentrations

of nanostars following internalization by cells and 2. nsOCT detection of MSC chondro-

genic differentiation. For the �rst experiment, the nanostars used to label MSCs were

originally developed as a contrast agent for stem cell tracking in conjunction with PAI,

as previously mentioned. The labelling processes involve directly adding the nanopar-

ticles to the cell culture medium, which are endocytosed by the cells and packaged into

intracellular compartments. Because MSCs are primary cells, they are a heterogeneous

population that during in vitro expansion may be present at different stages of the cell

cycle. As a result, nanoparticles are not internalized by all cells unanimously or at the

same time/rate, leading to different quantities of nanoparticles in different cells. Further-

more, in vivo administration of cells may initiate processes such as apoptosis, migration,

proliferation and differentiation. Such processes may dilute the signal at the engraft-

ment site due to potential exocytosis from the cells following apoptosis or dilution of

the label to daughter cells following proliferation/division. Therefore, it is essential to

consider how we can monitor different numbers of stem cells with different concentra-

tions of nanostars while investigating the regenerative pathway in vivo. The nanoscale

sensitivity of nsOCT can provide quantitative structural information related to different

concentrations of nanostars inside cells. Our results suggest that the dominant spatial pe-

riod of the MSCs in pellet culture increases with increasing concentrations of nanostars.

We correlate our results from nsOCT analysis with Fourier analysis on images acquired

using a transmission electron microscope (TEM).

With respect to the second experiment, nsOCT has been utilised to monitor stem cell

differentiation in vitro. This work has been previously published examining the direct

comparison of positive (chondrogenic differentiation) and negative (undifferentiated con-

trols) cells[3]. In the present study, this work has been further elaborated to provide infor-

mation on additional time points of differentiation and how the structural composition

of the samples changes throughout this process. The previous publication[3] compared
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two samples: positively differentiated cells (chondrogenic pellets) and undifferentiated

controls. The results of this analysis indicated a lower mean spatial period for differenti-

ated cells in comparison to their undifferentiated counterparts. Our current study adds

to this experiment by performing nsOCT imaging at multiple stages of the differentiation

process, and found the same result, demonstrating the reproducibility of the system for

this indication. The current study also provides additional information about the trend in

structural changes that occur during cartilage development over time, indicating a slight

increase in spatial periods during the early condensation phases followed by a gradual

decline during the transition to a proteoglycan and collagen type II-rich matrix. These in

vitro �ndings have provided a signi�cant foundation for understanding how the struc-

ture change with increasing cartilage matrix formation. By contrast, a gradual decline

and breakdown of the cartilage occur over time during OA pathogenesis; this decline oc-

curs at a very slow rate. The current study demonstrates that nsOCT can detect subtle

changes in cartilage formation during in vitro MSC chondrogenesis and may therefore be

capable of detecting subtle changes in cartilage degradation in in vivo OA settings. This

work is not only relevant to MSCs as a therapeutic but is a useful model for assessing the

presence or absence of cartilage matrix within a sample. This analysis is relevant to a con-

dition known as osteoarthritis (OA). OA is a chronic, degenerative joint disorder and the

most common cause of disability worldwide. It is characterised by subchondral bone re-

modelling, synovitis, meniscal damage and osteophyte development, but the major hall-

mark of OA is the degradation and loss of the articular cartilage[168]. One of the most

prominent factors in OA pathogenesis is a dysregulation of cytokine balance favouring

pro-in�ammatory cytokines such as IL-1�, TNF-ff and IL-6[169]. These cytokines mediate

multiple signalling pathways that activate other cytokines and induce in�ammatory cell

in�ltration, further releasing pro-in�ammatory factors and disease progression. These

factors shift chondrocyte homeostasis towards a catabolic phenotype by inducing the

production of matrix-degrading enzymes such as aggrecanases (A Disintegrin and Met-

alloproteinase with Thrombospondin Motifs 5 (ADAMTS-5)) and collagenases (matrix

metalloproteinase 13 (MMP-13))[170]. This results in proteoglycan loss and degradation

of the collagen network in cartilage. Early diagnosis of OA is critical to ensure effective

treatment strategies are implemented before the severe disease is established. However,

the development and establishment of OA is known to occur long before symptomatic

disease presents. Changes in the composition of the articular cartilage during disease

onset occur at the molecular (nanoscale level)[171]. Following a dysregulation in chon-

drocyte homeostasis, the collagen network begins to degrade, resulting in proteoglycan

loss and breakdown of the extracellular matrix (ECM) surrounding those cells. Currently,

none of the imaging modalities used in OA diagnostics can effectively detect the onset of

these changes. nsOCT is capable of providing nanometre-structural information about a
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sample and may have the potential to detect such changes and be useful in diagnosing

early OA. By exploiting the chondrogenic potential of MSCs, we have validated nsOCT to

distinguish between a sample with a high proteoglycan and ECM (differentiated sample)

content and one that does not contain any cartilage-like proteins (undifferentiated sam-

ple). Our results have shown that nsOCT can provide information related to the structural

changes accompanying different stages of chondrogenic differentiation of MSCs in pellet

culture, and we have correlated the results with histological analysis. The preliminary

results presented in this manuscript are encouraging. They suggest that the nsOCT tech-

nique can be used in parallel with other imaging modalities like PAI to obtain additional

information relevant to tracking the therapeutic effects of stem cells based on associated

morphological changes.

6.3 Theory and Methods

6.3.1 Experimental design

Four experimental groups were used in this study. The �rst three groups aim to evalu-

ate the capacity of nsOCT to distinguish MSCs labelled with different concentrations of

nanostar. We prepared the �rst and the second experimental groups to test the repro-

ducibility of the results under different conditions. The �rst group consisted of nine MSC

pellets from the same donor. Among these samples, there are three replicates, each of

unlabelled cells, cells labelled with 100 pM concentration of nanostars and cells labelled

with 400 pM concentration of nanostars, all in pellet culture. The second group of sam-

ples consisted of three samples of MSCs from the same donor encapsulated in sodium

alginate. The three samples are MSCs without labelling, labelled with 100 pM and 400

pM concentrations of nanostars. The third experimental group comprises MSCs in pellet

culture from three different donors. We prepared �ve MSC pellets from each donor, one

control and four other pellets labelled with different concentrations (100 pM, 200 pM, 300

pM and 400 pM) of nanostars. The fourth experimental group was designed to study the

potential of nsOCT to detect the morphological changes associated with different stages

of chondrogenic differentiation of stem cells. In this group, we prepared MSCs from three

different donors in pellet culture. From each donor, we produced �ve samples represent-

ing different stages of chondrogenic differentiation ( control, day 1, day 4, day 7 and day

21). To correlate with the nsOCT results from experiment groups 1 and 4, we did corre-

sponding transmission electron microscopy and histology imaging, respectively.
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6.3.2 Gold nanostars

Gold nanostars, composed of a spherical core and multiple branches, were chosen for

this study. These nanostars were originally developed as a contrast agent for photoa-

coustic imaging. They can localise the electron density at their sharp tips, thus maximis-

ing their effective cross-sectional area for interaction with photons[164], [172]. Moreover,

anisotropic nanoparticles like gold nanostars have unique optical properties for biologi-

cal imaging in the second near-infrared window. While labelling stem cells with contrast

agents, it is crucial to ensure that their viability, differentiation, migration and therapeutic

potential are not compromised. Biocompatibility and colloidal stability can be achieved

by PEGylating nanoparticles with neutral/ hydrophilic polymers. For tracking stem cells

longitudinally, high cellular uptake and retention are preferred. In our study, we are us-

ing gold nanostars which were synthesised using the seed-mediated growth method at

room temperature [173], followed by the addition of HS-PEG-COOH solution for PEGy-

lation of the gold nanostars with carboxyl groups. The carboxylated gold nanostars were

then centrifuged and dispersed in a chitosan oligosaccharide lactate solution allowing

the formation of a uniform layer of Chitosan coating, thus making them favourable for

long-term stem cell monitoring in vivo[174], [175]. The nanostars have a hydrodynamic

size of 92 nm. The hydrodynamic measurement was carried out using the Anton Paar

Litesizer 500, which employs the principle of dynamic light scattering using three detec-

tion angles (side, back, or forward scattering). The angle for light scattering was selected

automatically by the instrument, and 60 runs were carried out for the measurement.

6.3.3 Preparation of MSC pellets labelled with different concentrations

of nanostars

Human MSCs were isolated from bone marrow following bone marrow aspiration from

the iliac crest of healthy donors. The cells were isolated based on plastic adherence in cul-

ture and expanded in alpha-Minimum Essential Medium supplemented with 10% foetal

bovine serum, 1% penicillin/ streptomycin, and 1 ng/ml recombinant human basic �-

broblast growth factor [176]. All cells were characterized before use according to the

International Society for Cell and Gene Therapy (ISCT) [177]. Flow cytometric analysis

was performed to con�rm MSCs were positive for CD105, CD73 and CD90 and negative

for CD3, CD34, CD14, CD45, CD19 and HLA-DR surface antigen expression, as well as

capable of differentiation to the adipogenic, osteogenic and chondrogenic lineages using

previously described methods. [178] Cells were expanded until passage 3 and labelled

with either 100 pM, 200 pM, 300 pM or 400 pM of nanostars for 24 hours. Unlabelled

controls were also prepared and maintained in culture for 24 hours. Cells were washed

to remove residual nanostars, harvested and counted. Cell pellets were then prepared
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for each of the three conditions, each pellet containing 250,000 cells. The pellets were

maintained in a chondrogenic medium for 7 days. This was not to induce complete dif-

ferentiation but to ensure a condensation step was initiated to maintain a 3-dimensional

structure that would not dissociate during preparation for imaging. Three technical repli-

cates were prepared for each sample to assess potential variability between pellets.

6.3.4 Encapsulation of MSCs in Sodium Alginate

For assessment of nsOCT imaging to detect nanostars in MSCs within a biomaterial gel,

MSCs were �rst labelled overnight for 24 hours with either 100 or 400 pM nanostars.

Unlabelled MSCs without nanostars were included as a control. MSCs were encapsulated

in sodium alginate using a previously described method. [179]. In brief, A 1.2% sodium

alginate gel was prepared by dissolving UV sterilized alginic acid sodium salt in 0.15M

sodium chloride (NaCl). This solution was then sterile �ltered through a 0.22 µM �lter.

Labelled cells were then trypsinised, counted and centrifuged at 300 g for 5 minutes.

The cell pellet was resuspended in 1.2% sodium alginate solution at a density of 8 � 106

cells/ml. Alginate beads encapsulating the cells were then produced by pipetting 100

µl of alginate-cell suspension in a 1000 µl pipette tip and allowing 3-4 droplets to fall

from a distance of 15 cm into 102 mM calcium chloride (CaCl2) to allow sodium alginate

crosslinking. 3-4 beads per sample yielded approximately 2.5 � 105 cells/bead. After 10

minutes in CaCl 2, the beads were washed 3 times with 0.15 M NaCl for 10 minutes each.

The beads were then cultured for 7 days in a human MSC medium (MEM- a, 10% foetal

bovine serum, 1% penicillin/streptomycin and 5 ng/ml �broblast growth factor-2). After

7 days, the beads were washed 3 times in D-PBS and �xed with 10% neutral-buffered

formalin supplemented with 102 mM CaCl 2 for 1 hour. Following �xation, the samples

were washed 3 times in D-PBS and nsOCT imaging was performed.

6.3.5 TEM imaging

Transmission electron microscopy was performed to compare the uptake and intracellular

localisation of various concentrations of nanostars. MSCs were incubated overnight for

24 hours with 100, 200, 300 or 400 pM nanostars. Unlabelled MSCs without incubation

of nanostars were used as a control. Following incubation, the cells were washed 3 times

in D-PBS and �xed as a monolayer using 2% glutaraldehyde + 2% paraformaldehyde in

0.1 M sodium cacodylate buffer pH 7.2 for 2 hours. Following �xation, cells were gently

scraped into the solution and centrifuged at 300 g for 5 minutes. Samples were then re-

suspended and post-�xed in a secondary �xative solution (1% osmium tetroxide in 0.1

M sodium cacodylate buffer pH 7.2). The cells were then dehydrated through a graded

series of ethanol (30%, 50%, 70%, 90% and 100% for 2� 15 minutes each), acetone for
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2 � 20 minutes followed by a graded series of resin and acetone (50:50 resin: acetone for

4 hours, 75:25 resin: acetone overnight, 100% resin for 6 hours). Finally, the cells were

placed in 100% resin for 48 hours at 65°C for polymerisation. Ultrathin sections (70 nm)

were then cut from the resin blocks using a diamond knife and mounted on 3 mm copper

grids. The sections were then stained with uranyl acetate and lead citrate to enhance

contrast and allowed to air dry. Representative images for each sample were taken at

50,000x magni�cation using a Hitachi H7500 transmission electron microscope. Fourier

analysis was then performed

6.3.6 Preparation of MSC pellets to evaluate different stages of chon-

drogenic differentiation

The MSCs expanded to passage 3 were induced to undergo chondrogenic differentiation

using micromass 3-D pellet culture at 2% O 2 and 10 ng/ml transforming growth factor

(TGF)-�3 [180]. All cell pellets contained 2.5 � 105 [181] cells and were maintained in cul-

ture for either one, four, seven or twenty-one days, followed by �xation in 10% neutral

buffered formalin. Pellets used for nsOCT imaging were dehydrated through an alco-

hol gradient (70%, 90%, and 100% for 1 hour each) to prevent changes in the hydration

states of pellets interfering with imaging. For all the procedures performed using human

cells, we received consent from donors and approval from the Clinical Research Ethical

Committee at University College Hospital, Galway, Ireland.

6.3.7 Histology

MSC pellets treated to undergo chondrogenic differentiation were automatically pro-

cessed using a tissue processor. The processing included cycles of 70% IMS for one hour,

90% IMS for one hour, 100% IMS for three hours, xylene for three hours and melted paraf-

�n wax for three hours. The pellets were then embedded in paraf�n wax, sectioned into

5 µm sections and mounted onto slides for staining. The pellets were stained with 0.1%

Safranin-O and 0.1% fast-green and imaged using an Olympus 1X71 microscope. An ob-

jective lens with a numerical aperture of 0.40 was used.

6.3.8 OCT imaging

For the OCT imaging, a commercial spectral domain system, Telesto 3, from Thorlabs,

Inc., New Jersey, United States was used. The system has a spectral bandwidth from

1180 nm up to 1415 nm, centred at 1295 nm. The spectrometer features a 2048 pixel

CCD detector. The speci�cations allow an axial resolution of 5.5 µm and imaging depth

of 3.6 mm in air. The LSM03 objective lens was used for all the imaging in this study.

111



Chapter 6. Nanosensitive optical coherence tomography for detecting structural

changes in stem cells

The objective lens has a numerical aperture of 0.055 and a lateral resolution of 13 µm.

The image was acquired at a rate of 76 kHz with a promised sensitivity of 96 dB. For

experimental groups 1, 2 and 3, 3-D volumes were acquired with 500 pixels each in the

lateral directions (0.5 mm x 0.5 mm). For experimental group 4, we acquired images with

300 pixels in each lateral direction (0.3 mm x 0.3 mm).

6.3.9 Nanosensitive optical coherence tomography

As described by the general scattering theory, information about the high spatial frequen-

cies of the object is present in the OCT signal. A detailed theoretical analysis of the scat-

tered �eld from an object in re�ection con�guration is presented in Alexandrov et al.[3].

This spectrally encoded high spatial frequency information present in the OCT signal is

sensitive to structural features and hence can be used to detect structural changes within

the sample. In an OCT signal, where the scattering and illumination angles are close to

zero, the collected axial spatial frequency can be expressed as [3]:

nz =
2n
l

, (6.1)

where n is the refractive index, and l is the wavelength. From this equation, we can

see a one-to-one correspondence between the wavelength and axial spatial frequency.

Therefore, the spectral interference signal in Fourier-domain OCT has one-to-one corre-

spondence between the complex amplitude of axial spatial frequency components and

wavelengths. The bandwidth of the source ( dl ) determines the range of spatial frequen-

cies (dn) that can be detected using OCT by the relation [3]:

dn =
2ndl

l 1 � l 2
, (6.2)

where l 1 and l 2 are the shortest and longest wavelengths of the source. However, during

the Fourier transform in conventional OCT signal processing, the information regarding

this high spatial frequency content is lost. Nanosensitive OCT is a method to translate

this spatial frequency information from the Fourier domain to the image domain as wave-

lengths. In this manuscript, we only discuss different steps required to form the nsOCT

images from the spectral interferogram. The pre-processing steps like the DC removal

and k-space linearization apply to both nsOCT and conventional OCT signal process-

ing. For nsOCT image formation, after the pre-processing steps, the spectral interference

signal is re-scaled into spatial frequencies. The re-scaling is achieved by replacing the

wavelength axis with the spatial period values available to capture as per eq. 6.2. The

spatial period is the reciprocal of spatial frequency. The objective is to determine the
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FIGURE 6.1: A �ow chart of nsOCT's image formation. The spatial period values replace the
wavelength axis of the interference spectrum. Then the spectrum is decomposed to a �xed number
of sub-bands using Tukey windows. In this �ow-chart, we show six sub-bands. Within the limited
bandwidth of each sub-band, FFT is performed to form depth pro�les or A-lines. Therefore, in
this case, for each voxel, energy contributions from 6 sub-bands will be present. Then we form
an energy contribution versus the corresponding spatial period of the sub-band plot, called the
spatial period pro�le. From this spatial period pro�le, we determine the spatial period value
corresponding to the highest energy. The spatial period value thus determined is colour-coded to
represent the respective voxel [42], [45].
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energy contribution from available spatial periods (structural sizes) in the overall inter-

ference spectrum. To achieve this goal, after re-scaling, we decompose the interference

spectrum into a �xed number of sub-bands using the same number of equally spaced

Tukey windows (�g. 6.1). The number of windows can be selected for each application

to provide the best relation between spatial and spectral resolution of nsOCT. The num-

ber of points in axial spatial frequency pro�les will be equal to the number of windows

selected. [3]. The Tukey windows are zero-padded to match the entire length of the array.

Each Tukey window represents a particular spatial period determined by its position in

the spatial period axis. We apply Fast Fourier Transform (FFT) to the spectrum within

each sub-band to get the depth pro�le (A-scan). Therefore, at each depth, we will have

information regarding the energy contribution (absolute of FFT) from all the sub-bands.

Using this information, we construct spatial period pro�les (�g. 6.1) at each depth posi-

tion (each pixel or voxel). It is possible to reconstruct the axial spatial frequency/period

pro�les at each small volume of interest within the 3D image. Then the nsOCT image

can be formed as a colour map of some informative parameters of these pro�les, includ-

ing correlation between pro�les, etc. To form the nsOCT images in this study, we �nd

the spatial period value with maximum energy contribution in the spatial period pro�le.

Each voxel is then colour-coded with this maximum spatial period to form the nsOCT

image. Experimental validation of the nsOCT technique using phantoms with known

sub-micron structures is available in the literature[3], [42], [45]. A �owchart describing

the processing steps involved in nsOCT image formation is presented in �g. 6.1.

6.4 Results and Discussions

The resonance wavelength for nanostars used in this study was out of the detected spec-

tral bandwidth. The absorption spectrum of the nanostars is shown in �g. 6.2. The UV-

Vis-NIR absorption measurements were performed with a Shimadzu UV-2600 (Japan),

and the samples were measured in polystyrene cuvettes (BrandTech, Fischer Scienti�c

Ireland). The nanostars have an absorption peak at 1076 nm and a hydrodynamic size

of 92 nm. The spectrum of the OCT system used ranged from 1180 nm and 1415 nm.

Therefore, the signal from nanostars was weak. If the absorption peak of the nanostars

is within the spectral bandwidth of the OCT system, it modi�es the OCT signal, and

such changes presumably could be detected even by conventional OCT [182]–[184]. In

our case, when the absorption peak is outside the OCT bandwidth, we do not have any

changes (or very weak changes) in the OCT signal directly from the nanostars. However,

the nsOCT detects structural deformations induced by the introduction of nanostars. The

scattering properties are directly affected by nanostars internalised and packaged by cells

into multiple endocytic vesicles. As shown by TEM (�g. 5), the internalisation rate by
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FIGURE 6.2: The absorption spectrum of the nanostars used to label the stem cells in this study.
The nanostars have an absorption peak of 1076 nm and a hydrodynamic size of 92 nm. The spec-
tral bandwidth of the OCT system used was between 1180 nm and 1415 nm.

MSCs of these chitosan nanostars is very high, resulting in nanostars compartmentalised

into numerous endocytic vesicles inside the cell. Studies suggest that the complexity of

the cells has increased after internalisation of the nanostars [185]. Consequently, the dif-

ferent concentrations of nanostars could modify the nanoscale structure, which can be

detected by nsOCT, even if the absorption is not within the wavelength range of the illu-

mination source. Since nsOCT detects the dominant periodicity of the structure followed

by nanoparticle internalisation, it could provide additional sensitivity to concentration.

We applied nsOCT to �nd the spatial period changes among MSC pellets with different

nanostar concentrations. The changes detected are small but still signi�cant.

We used three experimental groups (section 6.3.1) to evaluate the capacity of the nsOCT

technique to detect MSCs labelled with different concentrations of nanostars. Experimen-

tal groups 1 and 2 were used to assess the potential variability between the pellets and

reproducibility in different cell cultures, respectively. To form the box plots, we acquired

3-dimensional OCT images from each sample with 500 pixels in each lateral direction.

From these 3-D volumes, we formed en face images at every slice along the depth. From

these en face images, we then calculated the mean spatial period corresponding to that

depth. The mean spatial period values from all the depths were assembled to consti-

tute the box plot for each sample. Please note that for all the box plots presented in this

manuscript, the horizontal line within the yellow box represents the median value in the

box plots. The horizontal lines above and below the median value represent the upper

and lower quartiles, respectively. The small horizontal lines above and below the box rep-

resent the upper and lower extremities, respectively. Each vertical solid line connecting

either the upper or lower quartiles to the upper or lower extreme values represents 25%

of the data points. Similarly, the rectangles above and below the median value account
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FIGURE 6.3: a) En face mean axial spatial periods from experimental group 1, represented in
the box plot. Experimental group 1 consisted of three samples for control, 100 pM nanostar con-
centration and 400 pM nanostar concentration. It was observed that the spatial period values
tend to be higher for higher concentrations of nanostars. b) represents the en face mean spatial
periods from experimental group 2. Experimental group 2 consists of unlabelled MSCs, MSCs
labelled with 100 pM concentration of nanostars and MSCs labelled with 400 pM concentration of
nanostars, cultured in a sodium alginate matrix. The spatial period values tend to be higher for
higher concentrations of nanostars. c) shows the representative en face images after conventional
intensity-based OCT processing. The images were acquired from experimental group 1. All the
images were recorded from the same depth. d) represents the nsOCT images corresponding to the
images on (c). Below the images, the mean spatial period value from the respective nsOCT en face
images is mentioned. The scale bar represents 100 µm.

for 25% of the data points.

The results from experimental group 1, which consisted of three samples each for con-

trol, 100 pM nanostar concentration and 400 pM nanostar concentration, are presented

in �g. 6.3a. In �g. 6.3a, the box plot for each group consists of mean spatial periods

from three duplicate samples from the same donor. Figure 6.3b shows results from the

nsOCT analysis on experimental group 2. Experimental group 2 consists of unlabelled

MSCs, MSCs labelled with 100 pM concentration of nanostars and MSCs labelled with

400 pM concentration of nanostars, cultured in a sodium alginate matrix. We used only

one sample for each group. Figures 6.3c and 6.3d show representative conventional OCT

and nsOCT images, respectively from experimental group 1. The darker shades in the

OCT images are due to weak signal. From the nsOCT images, we can observe that the

higher spatial periods become more dominant as the nanostar concentration increases.

The mean spatial periods calculated from the en face images are mentioned below re-

spective images.

The results from experimental group 3 are presented in �g. 6.4a. Figure 6.4a shows

three sets of box plots, each of them from different individual biological donors. All the

box plots in �g. 6.4a are formed using mean spatial periods from en face images similar
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to �g. 6.3. From each donor, we imaged �ve samples with different concentrations of

nanostars, including an unlabelled control. The box plots from all three donors indicate

a gradual increase in the mean spatial period values with respect to the increasing con-

centrations of nanostars. The results in �g. 6.4a are in agreement with the results in �g.

6.3. The mean spatial periods tend to increase with higher concentrations of nanostars.

This trend is reproduced across experimental groups 1 and 2, and 3. To analyse the trend

further, we plotted the mean value from each boxplot in 6.4a and applied a �rst-order

polynomial �t. The results are shown in 6.4b. The R2 and r values indicated on each plot

represent the coef�cient of determination and Pearson correlation, respectively. High R2

and r values indicate a strong linear relationship between the nanostar concentration and

spatial period.

FIGURE 6.4: a) Three sets of box plots corresponding to three different donors (experimental
group 3) are shown. The box plots are formed using mean spatial periods calculated from en face
images. For each donor, there are �ve box plots corresponding to samples labelled with varying
concentrations (unlabelled, 100 pM, 200 pM, 300 pM and 400 pM) of nanostars. All three sets of
box plots show that the spatial periods tend to increase with increasing nanostar concentrations.
b) We used a single mean spatial period value on the Y-axis to represent the entire sample for each
group. For this purpose, we calculated the mean value from the individual box plots in (a) and
applied a �rst-order polynomial �t. The R2 and r values are the coef�cient of determination and
Pearson correlation, respectively.

To validate the nsOCT results from experimental group 3, we acquired high-resolution

images using a transmission electron microscope from one of the three donors. The spa-

tial periods were calculated from regions where the nanostar intake was observed. To

117



Chapter 6. Nanosensitive optical coherence tomography for detecting structural

changes in stem cells

FIGURE 6.5: TEM images from samples labelled with different concentrations of nanostars. We
performed Fourier analysis on the line pro�les from the areas selected by the red rectangle. The
Fourier analysis returned the energy contribution from available spatial periods. The box plot was
constructed using the median values of spatial period pro�les. We can observe from the box plot
that the spatial periods increase with the increasing concentrations of nanostars. The result in the
box plot is in agreement with the result from nsOCT analysis on experimental group 3. The scale
bar on the images represents 400 nm.

analyse the spatial periods, we performed FFT on approximately 200 line pro�les across

the regions marked by the red-coloured rectangles and obtained the energy contributions

from different spatial periods. Then the median value was calculated from the FFT of

each line pro�le. The median values from all line pro�les were combined to form the box

plots in �g. 6.5. The TEM images contain 928 � 1024 pixels, and the scale bars on the

images represent 400 nm. The Fourier analysis on the TEM images also con�rms that the

spatial periods tend to increase with the increasing concentrations of nanostars.

To demonstrate the potential of nsOCT to detect structural changes associated with

chondrogenic differentiation in MSC pellets, we analysed different stages of chondro-

genic differentiation in cells from three different donors (experimental group 4). To mimic

the natural hypoxic 3-D environment of cartilage, MSCs were exposed to (TGF) � b3 in

micromass culture under low oxygen conditions. From each donor, MSC pellets were

maintained under these conditions for either one, four, seven or twenty-one days (see

section. 6.3.6). We also retained an undifferentiated negative control in pellet culture for

21 days. To form the box plots in �g. 6.6a, we followed steps similar to those in �gures

6.4 and 6.3. We acquired 3-dimensional OCT images from each sample with 300 pixels in

each lateral direction. From these 3-D volumes, we formed en face images at every slice

along the depth. We calculated the mean spatial period corresponding to that pixel/depth

from these en face images. These mean spatial period values from all the depth pixels are

represented in the box plots. The box plots in �g. 6.6a show that the mean spatial periods
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tend to increase up to four days. After that, the spatial periods tend to decrease. This

trend is consistent among all three donors. Chondrogenic differentiation is the process

by which cartilage is formed from condensed mesenchyme tissue[186]. The process of

stem cell chondrogenic differentiation occurs in two separate phases: mesenchymal con-

densation and subsequent differentiation into chondrocytes[187]. As the cells progress

through different stages of chondrogenic differentiation, changes occur in the structure

and organization of cells and the extracellular matrix. The early stages of the process

involve forming a �bronectin-rich precartilage condensation matrix. This precartilage

condensation matrix is then transformed into an aggrecan-rich cartilage matrix[188]. We

hypothesize that the increase in spatial periods or the size of dominant structure up to

day 4 in the nsOCT analysis indicates the formation of a cartilage condensation matrix.

FIGURE 6.6: The potential of the nsOCT technique to detect the morphological changes associ-
ated with chondrogenic differentiation in MSC pellets. a) shows the mean spatial periods from
different time points of chondrogenic differentiation and three different donors. We can see from
the box plots that the spatial periods tend to increase until day 4 and decreases after that. b) shows
the conventional intensity-based representative OCT images from donor 2. c) shows the nsOCT
images corresponding to the conventional intensity-based images from donor 2 on 6.3b. The mean
spatial periods calculated from the nsOCT images are mentioned below the respective nsOCT im-
ages. The general trend from all three donors reveals that the spatial period tends to increase up
to day 4 and decreases after that. The scale bar represents 0.1mm.

The spatial period tends to decrease after day 4. This decrease in the spatial period could

be because the precartilage matrix transforms into an aggrecan-rich cartilage matrix by
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FIGURE 6.7: a) Histology images from the samples at different stages of chondrogenic differentia-
tion. The scale bar represents 100 µm. b) We performed Fourier analysis on the line pro�les within
the rectangular areas selected. After the Fourier transform, we calculated the median value from
the spatial period versus energy contribution for each line pro�le. These median spatial periods
from all line pro�les are used in the respective boxplots.

this stage. Figures 6.6a and 6.6b show the representative conventional OCT and nsOCT

enface images from one of the donors at different time points. To con�rm the nsOCT re-

sults, we generated histology images from one of the donors at all the time points (�g.

6.7a). The details regarding the preparation of samples for histology imaging are pre-

sented in section 6.3.7. We then performed Fourier analysis on the regions marked by

the black rectangles on the histology images. The histology images contain 3264 x 1836

pixels, and the scale bars represent 100 µm. Unfortunately, the resolution of the histol-

ogy images is not suf�cient to compute the spatial periods at the nano-scale, as was done

using nsOCT. The region marked by the black rectangle was arbitrarily selected in a loca-

tion central to the histology image. Similar to the analysis performed in �g. 6.5, FFT was

performed on approximately 1000 line pro�les across this region to obtain the energy

contributions from available spatial periods. From this data, we calculated the median

spatial period. Thus, each intensity pro�le along the selected line has a median spatial

period associated with it. The median spatial periods from all the line pro�les within the

selected region were used to create the boxplot in �g. 6.7b. It can be observed that the

variations in the spatial period follow the same pattern as that of nsOCT images. Even

though the spatial periods detected from histology images are in the micrometre range,

the trend in spatial period changes is similar to those observed in the nsOCT analysis. The

spatial periods increase until day 4 and begin to decrease after that. Therefore, the results

from the Fourier analysis on histology images correlate with the results obtained from

the nsOCT analysis. From the results explained above, we can conclude that the nsOCT
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is sensitive to the structural changes in MSC pellets associated with different stages of

chondrogenic differentiation.

6.5 Conclusion

The experimental results show that the nsOCT technique can distinguish MSC pellets la-

belled with varying concentrations of gold plasmonic nanostars. We observed that the

spatial periods tend to increase with the increasing concentrations of nanostars. While

several imaging modalities use nanostars as a contrast agent, nsOCT can give information

directly related to the structural changes associated with the labelling. The nanoscale sen-

sitivity permits the detection of nanostar concentration changes as small as 100 pM. We

supported the �ndings from the nsOCT technique using corresponding high-resolution

TEM images. We also improved the MSC pellets chondrogenesis differentiation model

by providing a more complete analysis of the trend in structural changes that occur dur-

ing cartilage development over time. The results demonstrated that nsOCT could de-

tect nanoscale structural changes in different stages of the chondrogenic differentiation

of stem cells, which are not detectable using conventional OCT. The spatial period in-

creased during the progression in the formation of the precartilage condensation matrix

and decreased during its transformation into an aggrecan-rich cartilage matrix. We con-

�rmed the spatial period changes associated with chondrogenic differentiation obtained

from nsOCT analysis by performing a Fourier analysis on histology images from corre-

sponding samples. To summarise; the attributes of nsOCT such as real-time imaging,

high spatial resolution, high temporal resolution, nanoscale sensitivity to structural al-

terations and ability to image for longer durations make it an ideal candidate to assist in

stem cell therapy. While nsOCT does not require any labelling, it is sensitive to contrast

agents such as nanostars. This nanoscale sensitivity enables the detection of the stem

cells labelled with different contrast agents. The nsOCT can be used as a complemen-

tary imaging technique along with other imaging modalities to successfully contribute

toward novel research opportunities such as determining the location and quantity of the

cells, visualizing the in vivo distribution of stem cells, tracking the migration to the tar-

geted cells and determining their long-term fate. The major limitation of the technique

is that the detected structural or morphological changes are non-speci�c compared to

non-linear imaging techniques that use labels, like photoacoustic imaging or �uorescence

microscopy. Nanosensitive OCT technique can be implemented in conjunction with other

imaging modalities to gain some insights into the mechanisms underpinning the morpho-

logical changes.
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Chapter 7

Conclusions and Perspectives

This thesis, titled `Multiple Reference and Nanosensitive Optical Coherence Tomogra-

phy', mainly discusses two signi�cant technologies: Multiple reference optical coherence

tomography (MR-OCT) and nanosensitive optical coherence tomography (nsOCT).

Multiple reference optical coherence tomography (MR-OCT) is a modi�ed Time-Domain

OCT with a partial mirror before the scanning reference mirror. The system was de-

signed to address the demand from the industry to reduce the form factor and cost while

maintaining suf�cient imaging performance. MR-OCT unlocks opportunities to realize

low-cost and miniature OCT for speci�c applications using off-the-shelf components and

conventional production methods.

Nanosensitive optical coherence tomography is a technique that equips OCT systems

with nanoscale sensitivity to structural alterations. Nanosensitive OCT uses the spectral

encoding of the spatial frequency approach to extract high spatial frequency information

present in the signal from objects. The technology �nds various applications, includ-

ing studying the nature of pathological processes by monitoring sub-micron structural

changes.

In this thesis, we have explored the methods to improve the imaging quality of the

multiple reference optical coherence tomography system and investigated its potential

to add functionality by incorporating nonosensitive optical coherence tomography. We

have also investigated the potential of nsOCT to detect structural changes in stem cells,

providing crucial functional information relevant to cell therapies.

7.1 Chapter Digest

Chapter 2: Optical Coherence Tomography and Multiple Reference Optical Coherence

Tomography

We discuss the theory of the Michelson interferometer, optical coherence tomography

systems and multiple reference optical coherence tomography (MR-OCT). MR-OCT is a

modi�ed time-domain OCT (TD-OCT) with a partial mirror before the scanning reference

mirror (SRM). The multiple re�ections between the PM and the SRM lead to an enhanced
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imaging range, even with a shallow scanning range of the SRM. The design opens up

possibilities for the cost-effective construction of purpose-built, compact OCT systems.

We also discuss aspects of MR-OCT related to system setup and signal processing.

Chapter 3: Digitally balanced detection scheme in multiple reference optical coher-

ence tomography

The transmission of the reference beam through the partial mirror in MR-OCT limits the

achievable sensitivity for MR-OCT. Because of this, it is necessary to suppress as much

noise as possible to achieve suf�cient sensitivity for highly scattering samples such as

skin. We set up an MR-OCT system with a free-space optical con�guration which is suit-

able for low-cost construction and miniaturization. To achieve balanced detection, we

used a polarization-based optical con�guration that generates two optical channels with

a phase shift of p radians. The ef�ciency of common-mode rejection in free-space con-

�gurations is limited due to the non-uniform illumination of the sensors. We show that

recording the signals separately and balancing them in the digital domain improves com-

mon mode rejection and signal quality. We achieved an average sensitivity improvement

of 5 � 0.5 dB over its analogue balanced detection counterpart by applying digitally bal-

anced detection. We also demonstrated improved imaging performance of MR-OCT with

digitally balanced detection using Scotch tapes and mouse eyes as samples.

Chapter 4: Evaluation of signal degradation due to birefringence in a multiple refer-

ence optical coherence tomography system with polarization-based balanced detection

We studied the signal properties of MR-OCT in the context of polarization-based optical

con�guration, which was implemented. We numerically simulated the signal properties

using Jones calculus and compared the results with measurements. We discussed the ori-

gin of signal degradation due to the birefringence of the sample in OCT and showed that

the quarter-wave plate in the sample arm of the Michelson interferometer can be adjusted

to optimize the signal returning from a birefringent sample, thereby improving the vis-

ibility of structures of interest. The theory discussed will be useful to understand and

minimize signal degradation due to birefringence in Time-Domain and Fourier-Domain

OCT systems.

Chapter 5: Nanosensitive multiple reference optical coherence tomography

It would be desirable for functional biological imaging to detect sub-micron features in

tissues since structural changes associated with many pathological processes are occur-

ring at the nanoscale level. In this chapter, we performed the analysis of the spatial

frequency content of the spectral domain OCT signal based on scattering theory. We
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demonstrated that the OCT signal, even at limited spectral bandwidth, contains informa-

tion about high spatial frequencies present in the object, which relates to the small, sub-

wavelength size structures. We presented a technique called nanosensitive OCT, which

is based on the spectral encoding of the spatial frequency approach to extract this high

spatial frequency information from the OCT signal. We also incorporated the nsOCT

technique into MR-OCT for extracting spatial frequency information from the signal and

validated it on phantoms with known periodic structures. We also showed the applicabil-

ity of nsMR-OCT techniques on a biological sample by detecting the submicron structural

changes within the cornea following super�cial alkali injury in a pre-clinical rabbit model.

We demonstrated that relevant information about small, sub-wavelength size structures

can be extracted even with a low-cost optical design. Nanosensitive OCT adds signi�cant

functionality to MR-OCT without adding extra cost, imaging time or increasing form fac-

tor.

Chapter 6: Nanosensitive optical coherence tomography for detecting structural changes

in stem cells

We demonstrated that the nsOCT technique can distinguish MSC pellets labelled with

varying concentrations of gold plasmonic nanostars. We observed that the spatial periods

tend to increase with the increasing concentrations of nanostars. While several imaging

modalities use nanostars as a contrast agent, nsOCT can give information directly related

to the structural changes associated with the labelling. The nanoscale sensitivity permits

the detection of nanostar concentration changes as small as 100 pM. Our �ndings from the

nsOCT technique were supported using corresponding high-resolution TEM images. We

also present an MSC pellets chondrogenesis differentiation model by analysing the trend

in structural changes during cartilage development over time. The results demonstrated

that nsOCT can detect nanoscale structural changes in different stages of the chondro-

genic differentiation of stem cells, which are not detectable using conventional OCT.

7.2 Discussions and future studies

Multiple reference optical coherence tomography

• The most important contribution of MR-OCT is providing an alternate pathway in

contrast to integrated OCT systems to achieve reduced cost and form factor, quick
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transition from prototype to a �nal product, and allow manufacturing of purpose-

built devices in small quantities or mass production of low-cost units. Since Spec-

tral domain systems provide higher speed and sensitivity, most miniaturization at-

tempts remain focused on SD-OCT systems. Nevertheless, MR-OCT can be seam-

lessly integrated into open-space optical con�gurations, particularly those involv-

ing extremely broad bandwidth light sources. Additionally, using off-the-shelf com-

ponents in MR-OCT systems contributes to the availability of purpose-built systems

more readily than other technologies. Portable systems designed for �eld use might

operate within tighter constraints on component costs. In such instances, acceptable

compromises could include reduced scanning speeds and sensitivity. These trade-

offs may be suitable for low-cost systems, where minimizing data volumes helps

control expenses while providing adequate information for long-term monitoring

and event detection. We have used a research system mounted on an optical bench

for all the studies in this thesis. The major challenge for MR-OCT down the road

is demonstrating a robust miniature model at a reasonable production cost that can

provide sensitivity and imaging speed comparable to what we have achieved in

laboratory settings [28].

• Polarization sensitive MR-OCT for burn depth characterization: At present, exam-

ination of burn injuries is mostly done by simple clinical examination. However, it

is not always possible to accurately determine whether a surgical intervention will

be required. When it comes to accurate determination of the burn severity, even

the experienced surgeons have a success rate of about three quarters [189]. The un-

derestimation of burn severity and failure to exercise timely excision and grafting

would cause the patient to suffer from prolonged, expensive hospitalizations and

painful, repetitive dressing changes. Therefore, picking the ideal course of treat-

ment is very important [190]. In vitro light microscopy is generally regarded as the

gold standard of burn wound assessment [191]. But this method involves obtaining,

sectioning and staining the sample. The procedure is expensive, time-consuming

and requires the presence of a pathologist. Most importantly, the technique is inva-

sive. Collagen in the tissue in its natural state is birefringent. It has the ability to

split the light into two rays polarized perpendicular to one another. The naturally

occurring birefringence of collagen could disappear with the changes in tempera-

ture [190]. This loss of birefringence happens when the collagen is denatured by

thermal injury. Polarization-sensitive optical coherence tomography can be used

to assess the reduction of birefringence in biological tissue due to thermal damage

[192]. Incorporating polarization detection capabilities into MR-OCT and optimiz-

ing it for burn depth characterization would realize a cheap, compact and portable

solution useful for point-of-care level operations.
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Nanosensitive optical coherence tomography

• In nanosensitive optical coherence tomography, the available spatial frequencies in

the axial component of the 3D Fourier transform are limited by illumination band-

width. An illumination source with a broader spectral bandwidth, such as a super-

continuum light source, is required to access a broader range of spatial frequencies

and improve the dynamic range of nsOCT [140].

• The attributes of nsOCT, such as real-time imaging, high spatial resolution, high

temporal resolution, nanoscale sensitivity to structural alterations and ability to im-

age for longer durations, make it an ideal candidate to assist monitoring of healing

processes. However, one limitation of the technique is that the detected structural or

morphological changes are non-speci�c compared to non-linear imaging techniques

that use labels, like photoacoustic imaging or �uorescence microscopy. Nanosensi-

tive OCT, if employed in a multimodal imaging environment, can signi�cantly con-

tribute to understanding the mechanisms underpinning morphological changes.

• In the present approach of nsOCT, the depth pixels are color-coded by selecting

spatial period values corresponding to the maximum intensity in the spatial period

pro�les. It is possible that two structures with signi�cantly different spatial pe-

riod pro�les can have maximum intensity corresponding to the same spatial period

value. Instead of mapping the spatial period value corresponding to the maximum

intensity in the spatial period pro�le, more advanced techniques like K-means clus-

tering can be explored. K-means clustering is an unsupervised machine learning

algorithm that can partition a dataset into K distinct, overlapping subsets or clusters

based on the similarity of features. If the algorithm creates 'K' number of clusters,

each data point will be assigned to one of the 'K' values. If we apply this K-means

clustering on spatial period pro�les, we can map the K-values into the depth pixels

to reconstruct nsOCT color-coded images.
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Appendix A

Optical con�guration and alignment of

MR-OCT system

A.1 Overview of optical con�guration and alignemnt

The optical con�guration used to realize the MR-OCT system with digitally balanced

detection is shown below in �g. A.1. We implemented a polarization-based free-space

con�guration to generate two optical channels with a phase shift of p radians required

for balanced detection.

FIGURE A.1: Optical con�guration of MR-OCT with digitally balanced detection. SLED: super-
luminescent diode, OF: optical �bre, CM: collimator, POL: polarizer, PM: partial mirror, SRM:
scanning reference mirror, RTM: reference arm turning mirror, DTM: detector arm turning mirror,
RAA: reference arm attenuator, HWP: half-wave plate, PBS: polarizing beam splitter, CP: com-
pensation plate, QWP: quarter-wave plate, GM: galvo mirror, SL: sample lens, RL: reference lens,
DL: detector lens, D: detector
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We assembled the system on an optical breadboard. Since we use near-infrared wave-

length, the beam spot is invisible to the naked eye. Therefore, an NIR detector card (VRC2

from Thorlabs, Inc.) was used to determine the beam position and direction. An overview

of optical alignment steps is presented in �g. A.2 and a detailed explanation of each pro-

cedural step is provided in sec. A.2.

FIGURE A.2: An overview of optical alignment steps for MR-OCT system with digitally balanced
detection. Initially, normal TD-OCT is realized without any lenses. In the second stage, we in-
troduce the lenses and in the third stage, we install the partial mirror. Please note that the lenses
need to be temporarily removed before installing the partial mirror. Please see sec. A.2 for more
detailed steps. QWP: quarter wave plate, SL: sample lens, PM: partial mirror, SRM: scanning
reference mirror.

A.2 Detailed optical alignment steps

A.2.1 Collimation and alignment of initial beam

1. Installing the SLED collimator: The light from the SLED is connected to a circulator

with three ports. The input port collects the light from the SLED. The second port,

which guides the light into the interferometer, is connected to a collimator mounted

on a kinematic mount with angular adjustability. The kinematic mount is connected

to a short optical post which in turn is mounted on a rail. The third port is connected

to a collimator and a power meter is positioned in front of this collimator. If there

is a beam returning to the SLED (feedback) through the second port, it will come

through this third port and eventually be detected by the power meter.
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2. Initial beam adjustment: On the optical bench, the �rst step of alignment is the

alignment of the input light beam. The laser beam is guided to the optical bench

using a collimator. A temporary rail is mounted on the optical bench in front of the

collimator and lined with the desired direction of the input beam. Two pinholes are

mounted on the rail using different posts but at the same height as the collimator.

These pinholes are positioned approximately 10 cm apart. The collimator kinematic

mount is adjusted (angle) using the knobs to ensure that the beam passes through

both pinholes, producing the brightest spot after the second pinhole. In the next

step, increase the distance between the pinholes as much as possible and perform

�ne alignment of the angular adjustment knobs to obtain the brightest spot after

the second pinhole. The use of two pinholes ensures that the light beam is aligned

parallel to the holes of the optical bench. Measure the power of the SLED beam

coming through the collimator. Let's call this power P1. The temporarily installed

rails can be removed now since we don't mount a beam splitter on the rails.

3. Installation and adjustment of polarizer: Mount a polarizer in front of the collima-

tor. The polarizer is mounted on a manual rotation mount (RSP1, Thorlabs, Inc.).

Make sure that the mount is perpendicular to the incident beam. By rotating this

mount around the axis of beam propagation, the orientation of the polarizer rela-

tive to the direction of the light's electric �eld vector can be adjusted. Place a power

meter after this polarizer and rotate the mount to �nd the angle that gives maxi-

mum power, P2. P2 will be lower than P1. The beam coming through the polarizer

will be polarized.

4. Installation of HWP1: Along the beam path, after the polarizer, we need to mount

the half-wave plate (HWP1). similar to the polarizer, the HWP1 is mounted on a

manual rotation mount (RSP1, Thorlabs, Inc.). The mount is aligned in such a way

that it is perpendicular to the laser beam. Initially, the angle of the rotating mount

is not signi�cant. We measure and record the power coming through the HWP, P3.

By rotating the HWP, we can change the orientation of the polarization of the beam.

Please note thatP3 is independent of the orientation (angle) of HWP1. P3 will be

slightly lower than P2.

5. Installation of the polarizing beam splitter (PBS1): Depending on the mount avail-

able, the beam splitter can be mounted either on the rail or directly on the optical

bench. The beam splitter was mounted with angular and position adjustment capa-

bility. We aligned the PBS1 for the transmitting beam to go towards the reference

arm and the re�ecting beam to go towards the sample arm of the Michelson inter-

ferometer.
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6 Adjustment of HWP1 angle: The HWP1 angle needs to be adjusted (rotated) in

such a way that the PBS splits the incoming light equally between the reference

and sample beams. A power meter may be used for measuring the power of the

beams after PBS1 along the sample and reference directions. The PBS splits the light

equally when the incident beam is diagonally polarized. This can be achieved by

rotating the HWP1.

7. Alignment of PBS1 : Now that we have equal power across the sample (P4) and

reference (P5) arms. The next step is to align PBS1. For this, install a rail along the

sample beam path. Mount two pinholes approximately 5 cm apart. Adjust the beam

splitter using the angle and position adjustment knobs to make sure that the light

passes through both pinholes and gives maximum visible intensity and a perfectly

circular spot on an IR detector card after the two pinholes. Increase the distance

between the pinholes as much as possible and �ne-adjust the PBS1 using position

and angle adjustment knobs. The reference beam's path remains unchanged by

PBS1, as the beam only passes (transmission, not re�ection) through it.

A.2.2 Initial reference arm setup

8. Mounting and alignment of RTM: In the reference arm, a turning mirror (reference

arm turning mirror, RTM) is used which changes the direction of the beam by 90 � .

This turning mirror is mounted on a kinematic mirror mount with angle and posi-

tion adjustment capability. Once the mirror is mounted, we need to ensure that the

beam, after re�ecting from the mirror passes parallelly along the holes/rail on the

optical bench. This can be ensured by using two pinholes. The purpose of this turn-

ing mirror is to perform �ne alignment of the reference beam. The voice coil (on

which the scanning reference mirror is mounted) mount is designed to minimize

vibrations. Consequently, the �ne adjustment of the voice coil mount is challeng-

ing. The use of this additional turning mirror (RTM) enables us to perform the �ne

alignment of the reference beam without requiring us to move the scanning refer-

ence mirror (or voice coil) itself.

9. Mounting and coarse alignment of SRM: The SRM is mounted on the voice coil.

The SRM is glued to the voice coil and cannot be adjusted independently. There-

fore, whenever we refer to adjusting the SRM, that means adjusting the voice coil

itself. The initial step is to mount the voice coil on the optical bench (details of the

mount are described in sec. 2.2.3) with the beam hitting the middle of the SRM.

For aligning the SRM, we used an alignment disc (detector card mounted as a pin-

hole. VRC2 from Thorlabs. Inc.). The side of the alignment disc with the phosphor
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material (which can detect the NIR laser) was facing towards the mirror. The incom-

ing beam passes through the alignment disc and hits the scanning reference mirror

(SRM). During the �rst coarse alignment, The SRM is aligned in such a way that

the re�ected beam (re�ected by SRM) is visible on the phosphor-coated side of the

alignment disc. In the next step of the coarse alignment, the SRM should be �nely

adjusted to make sure that the beam re�ected by the SRM returns through the pin-

hole of the alignment disc. It means that the beam is re�ected by the SRM along the

same path as the incoming beam. The �ne alignment of SRM is not performed at

this stage. Fine alignment is performed at a later stage using RTM.

A.2.3 Initial sample arm setup

10. Installation and alignment of Galvo scanners: The Galvano scanner assembly is

used for scanning the sample beam in the lateral direction, to achieve 2D imaging.

We used a GVS002 Dual Axis Galvo/Mirror Assembly from Thorlabs. Inc. There are

two mirrors in the Galvano scanner assembly. We need to position the galvo mirrors

in such a way that the light beam hits both the mirrors in the middle (make sure

that the beam is not cut off by missing the mirrors). In our system, the galvo will

change the direction of the beam from horizontal to vertical relative to the optical

bench. We need to align the mirrors in such a way that the beam, after the galvo

mirrors, should travel in a straight line perpendicular to the optical bench without

any tilt. For this, we mounted the two pinholes on an optical post (both pinholes

at the same height from the optical post). The galvo mirrors were aligned so that

the beam passes through both the pinholes and gives maximum intensity after the

second pinhole.

11 Installation and coarse alignment of sample mirror: After aligning the Galvomir-

rors, we must install and align the sample mirror. The sample mirror will be aligned

in such a way that the beam coming from the Galvo mirror will be re�ected along

the same path towards the Galvo mirrors and then to the beam splitter. The dis-

tance to the sample mirror from the beam splitter PBS1 should be roughly the same

as the distance between PBS1 and the scanning reference mirror. The sample mir-

ror was mounted on an electronically controlled linear transitional stage to allow

movement along the direction of the beam. For initial installation, the linear stage

may be positioned halfway through its total travel range so that the mirror position

is adjustable in both directions along the z-axis. The coarse alignment of the sample

mirror is performed using the alignment disc similar to what we did for the SRM. In

this case, the alignment disc will be mounted on the optical bench and in between

the Galvo scanner and the PBS1. The side with phosphor coating should face the
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side towards the Galvo scanner and sample mirror. Initially, in the coarse alignment

phase, the sample mirror is adjusted to direct the re�ected beam onto the phosphor-

coated surface of the alignment disc. This con�guration allows for the visibility of

the re�ected beam, facilitating further adjustments. Subsequently, during the sec-

ond stage of coarse alignment, the sample mirror is meticulously aligned to ensure

that the re�ected beam precisely retraces the incoming beam's path, passing back

through the alignment disc's pinhole. This step con�rms that the beam's pathway

is accurately aligned.

A.2.4 Mounting and adjustment of QWPs and QWPr

12 Mount QWPs and QWPr : Now that we have the reference and sample arms roughly

aligned. In the next step, we need to insert sample arm quarter-wave plate (QWP s)

and reference arm quarter-wave plate (QWP r). Mount the optics on rails and make

sure that their plane is perpendicular to the incident beam and the beam is hitting

them in the middle. Once we have them in the beam path, we need to install a rail

on the detection arm of the interferometer. Mount a power meter in the detection

arm.

13 Adjustment of QWPs and QWPr : cover the sample arm with a blind so that the

beam path to and from the sample arm is blocked. Rotate QWP r to get the maxi-

mum power in the power meter mounted on the detector arm. This would be the

position where the fast axis of QWP r is at an angle 45� (or � 45� , since there will

be two angles which give the maximum power) relative to the direction of the light

polarization entering the plate. Let us only use QWP r(45� ) for this discussion for

the sake of simplicity. Also, �nd out the angle for which the power is minimum

on the power meter. This would be 90 � (or 0� , since two angles give the minimum

power). Let's reference this angle as QWPr(90� ) for convenience. After �nding out

QWPr(45� ) and QWPr(90� ), we need to perform the same exercise for the sample

arm quarter wave plate (QWP s ), this time by uncovering the sample arm and cov-

ering the reference arm with a blind. Find out QWP s(45� ) (maximum power on the

detector arm) and QWPs(90� ) (minimum power on the detector arm).

A.2.5 Fine alignment of the sample and scanning reference mirrors

14 In this step, we perform the �ne alignment of the sample mirror and scanning ref-

erence mirror (SRM). To achieve this, we make use of the circulator port 3, through

which we can detect any beam returning towards the SLED through the second port

of the circulator (refer to step 1). We call this method the SLED feedback method.
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14a Fine alignment of SRM: To facilitate the precise alignment of the scanning

reference mirror (SRM), initially cover the sample arm utilizing a blind. Sub-

sequently, adjust the quarter-wave plate (QWP r) to 90� . This con�guration

ensures that the beam re�ected from the SRM is directed towards the SLED via

PBS1. The intensity of the feedback beam emanating from port 3 of the circula-

tor should then be quanti�ed using a power meter. Detecting this beam inten-

sity initially poses a challenge as it demands optimal beam alignment. During

the �ne alignment stage, the scanning reference mirror (SRM) is not directly

adjusted since the voice coil mount does not allow easy precision alignment.

The power output through port 3 can be maximized by performing meticulous

adjustments of the reference arm turning mirror (RTM). Extreme caution is re-

quired to avoid excessive repositioning of the RTM. To simplify the discussion,

we will refer to the use of SLED feedback measurement for �ne alignment as

the "feedback method".

14b Fine alignment of sample mirror: The same approach is used for performing

the �ne alignment of the sample arm. Cover the reference arm with a blind.

Rotate the QWPs to 90� or 0� . With this orientation of the QWP s, the beam

returning from the sample mirror is directed towards the SLED by the PBS1.

We can detect this power using a power meter through port 3. Perform pre-

cision alignment of the sample mirror using x and y adjustments to maximize

this power reading. Again, this would be equally challenging as adjusting the

RTM in the previous step as detection of any feedback power through port 3

demands optimal beam alignment.

A.2.6 Initial detector arm setup

15. Check the overlap between the sample and reference beams: Now we have both

the sample mirror and SRM aligned. Change the orientation of QWP r and QWPs

to 45� . When the QWPr and QWPs are at 45� , the reference and sample beams, on

returning to PBS1, will be directed towards the detector arm. At this stage, we must

verify that the reference and sample beams are correctly aligned. When properly

aligned, they should perfectly overlap in the detection arm. To check this, mount

two pinholes at least 5 cm apart in the detector arm (on the rails). Cover sample arm.

Con�rm that the beam (which is coming from the reference arm) passes through the

two pinholes. Now uncover the sample arm and cover the reference arm. Con�rm

that the beam (which is coming from the sample arm) passes through the two pin-

holes. Now uncover both sample and reference arms. Remove the pinholes and

using a detector card, check the beam at a far point (at least a meter from the beam
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splitter. Farther, the better). We should see only a single beam spot. If the sample

and reference beams are not overlapping, we would see two beam spots. Repeat-

edly cover and uncover the sample or reference arm while monitoring the beam

spot on the detector. Only the beam brightness should change as you cover and

uncover one of the arms. If the beam spot size is changing or beams are at different

positions, that indicates that the interferometer is not properly aligned.

16 Install HWP2 and PBS2: A half-wave plate (HWP2) and a polarizing beam splitter

(PBS2) need to be installed in the detector arm. Roughly place them in the beam

path in such a way that the beam passes through the centre of the optic.

17 HWP2 adjustment: HWP2 angle must be adjusted (rotated) so that the PBS splits

the incoming light equally in the transmitting and re�ecting directions. A power

meter may be used for measuring the power of the beam after PBS2. The PBS

splits the light equally when the incident beam is diagonally polarized. This can

be achieved by positioning the fast axis of HWP2 at an angle 22.5� relative to the

direction of the light polarization entering the wave plate.

18 PBS2 alignment: PBS2 can be aligned similar to PBS1 in step 7. Place a temporary

rail along the intended path of the beam re�ected by PBS2. Mount two pinholes at 5

cm (minimum) apart. adjust the PBS2 to ensure that the beam passes through both

the pinholes and gives maximum power after the second pinhole.

19 Installation and alignment of DTM and photodetectors: Now that we have two

beams after PBS2. We installed an additional turning mirror (detector arm turning

mirror, DTM) along the path of the beam transmitted by the PBS2. The DTM directs

the beam towards a photodetector (D1). The use of DTM ensures that the beam to-

wards D1 can be �ne-adjusted to achieve optimal illumination of the photodetector.

A second photodetector (D2) is installed to capture the beam re�ected by PBS2. The

�ne alignment of this beam can be achieved by adjusting the PBS2 mount itself.

20 Check and optimize interference: At this stage, we can turn on the scanning of the

voice coil and open the oscilloscope to view the signals from the photodetectors.

If no interference is visible on the oscilloscope, adjust the position of the sample

mirror using the translational stage. When the sample arm's path length matches

that of the reference arm, interference will be visible. Position the sample mirror to

maximize the amplitude of the interference signal. Perform the steps below:

20a Install reference arm attenuator in the reference arm (between the PBS1 and

RTM).
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20b The reference arm path length will be altered by the introduction of RAA. Re-

adjust the axial position of the sample mirror to maximize the amplitude of the

interference signal.

20c Adjust DTM and PBS2 and maximize the amplitude of interference signals on

both channels (from D1 and D2).

20d Slightly adjust the sample arm mirror using angular adjustment knobs to max-

imize the interference signal.

20e Slightly adjust angular adjustment knobs of RTM to maximize the interference

signal.

20f Check again the alignment of PBS2 and DTM to con�rm that the interference

amplitude is maximum. The amplitude of the interference signal on both chan-

nels (CH1 from D1 and CH2 from D2) should be equal. If the amplitudes are

not equal, double-check the alignment of PBS2, DTM, D1 and D2.

20g Adjust the RAA (rotate) to adjust the reference attenuation and thereby the

interference amplitude. RAA should be adjusted to get the maximum interfer-

ence amplitude just below saturation. Adjust detector gains and oscilloscope

range, if required.

A.2.7 Installations and adjustments of lenses

Once we have an interference signal, we must align the lenses. MR-OCT system uses

one lens in the sample arm (SL), one in the reference (RL), and two in the detector arm.

All the lenses have a 50 mm focal length. The steps to align the lenses are as follows.

Before inserting the lenses, we should have a Michelson interferometer that gives optimal

interference.

21 Mounting of RL: First, we align the reference arm lens (RL). The RL should be

positioned between the RTM and the QWP r . Cover the sample arm. The RL is then

mounted on the rails using a lens mount that allows for adjustability in the x and

y axes. The lens should be initially at an approximate distance of 50 mm from the

reference mirror. The convex side of the lens should face the scanning reference

mirror. Also, the lens plane should be perpendicular to the incident beam (no tilt).

The beam should be falling approximately in the middle of the lens.

22 Axial adjustment of RL: Adjust the axial position of the lens by moving the lens

mount along the rails. The optimal axial position of the lens will be close to 50 mm

from the scanning reference mirror. At the optimal position, the RL will collimate

the beam re�ected by the SRM. Use a detector card in the detector arm to check the
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collimation of the beam (QWP r should be at 45� ). When the beam is collimated,

the beam spot size should remain the same over a large distance. A temporary

turning mirror can be used in the detector arm to check the beam spot size over

large distances. Once you �nd the axial position of RL for which the reference beam

is collimated, �x the RL mount on the rail.

23 Lateral adjustment of RL: Now, we have to adjust the x and y positions of the lens.

For this, we use the SLED feedback method. Insert an alignment disc (detector card

mounted as a pinhole) between the SLED collimator and the polarizer. The side of

the alignment disc with the phosphor material (which can detect the NIR laser) was

facing towards the polarizer. Change QWP r to 90� . Adjust the x and y positions of

the RL so that the beam is visible on the alignment disc. When the beam is visible on

the alignment disc, adjust the x, and y positions further so that the beam is steered

through the pinhole of the alignment disc. Remove the alignment disc and check

the feedback power on the power meter in front of PORT 3 of the circulator. Fine-

align the x and y positions further to maximize the feedback power. Fine-adjust the

axial beam position of RL slightly to maximize the feedback power.

24 Assessment of RL alignment: Change the QWPr back to 45� . Check the beam

collimation in the detector arm again and con�rm that the beam spot size is not

increasing over distance.

25 Mounting of SL: In the next step, we have to align the sample arm lens (SL). The

sample lens will be positioned in between the sample mirror and the Galvo scan-

ners. Since the beam is vertical to the optical bench's plane in this region, we cannot

use rails. The plane of the sample lens should be paralleled to the optical bench and

perpendicular to the beam propagation direction. The sample lens should be able

to move axially to adjust the focus according to the sample being imaged. A transi-

tional stage can be used for this. The lens mount should have x and y adjustability

as well.

26 Axial adjustment of SL: The alignment steps are similar to that for RL. First, cover

the reference arm. The QWPs should be at 45� . Position the sample lens (SL) ap-

proximately 50 mm away from the sample mirror with the convex side of the lens

facing the sample mirror. Adjust the axial position to achieve collimation. The beam

spot size should remain the same over a large distance in the sample arm. A tempo-

rary turning mirror can be used to steer the beam to an open space so that the beam

spot size can be checked over a large distance (a couple of meters, if possible). A

translational stage should be used for adjusting the axial position of the SL.
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27 Lateral adjustment of SL: Now that we have roughly aligned the axial position of

the sample mirror. In the next step, we must adjust the x and y positions. During

the initial installation of the sample lens, the beam should pass through the lens's

centre. For x and y alignment, we use the feedback method similar to RL alignment.

Change QWPs to 0� or 90� . Insert an alignment disc (detector card mounted as a

pinhole) between the SLED collimator and the polarizer. The side of the alignment

disc with the phosphor material (which can detect the NIR laser) was facing towards

the polarizer. When the beam is visible on the alignment disc, adjust the x, and y

positions further so that the beam is steered through the pinhole of the alignment

disc. Remove the alignment disc and check the feedback power on the power meter

in front of PORT 3 of the circulator. Fine-align the x and y positions further to

maximize the feedback power. Fine-adjust the axial beam position of SL slightly

using the translation stage to maximize the feedback power.

28 Check overlap between sample and reference beams: Change the QWPs back to

45� . Check the beam collimation and beam overlap in the detector arm again and

con�rm that the beam spot size is not increasing over distance.

29 Mount and adjust detector lenses: Recheck the interference. At this point, we need

to insert detector lenses (DL1 and DL2). DL1 and DL2 should be initially positioned

approximately 50 mm from D1 and D2, respectively. The lenses should be perpen-

dicular to the beam path and parallel to the plane of the detector. Rails can be used,

if necessary. Perform axial and lateral adjustments to get maximum amplitude for

the interference signal. The signal amplitude on D1 and D2 should be equal.

A.2.8 Installation and adjustment Partial Mirror

30 Remove all lenses: The Next step is to insert the partial mirror (PM) in front of

the scanning reference mirror. The partial mirror is �xed on a kinematic mount

with angle and position adjustability. Before inserting the partial mirror, we will

remove all the lenses. Before taking out the lenses, it's important to mark their

original placement so we can accurately reinsert them into the same position later

(alignment jigs and physical marking using tapes can be used for this)

31 Mount the partial mirror: Insert the partial mirror in front of the scanning refer-

ence mirror. The mirror should be in scanning mode (if the reference mirror is not

scanning at the time of alignment, it may bump into the partial mirror when it starts

scanning). The plane of the partial mirror should be perpendicular to the incoming

reference beam. Position the partial mirror at a desired distance from the scanning

reference mirror (100 µm, for example. This will not be accurate now but can be
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adjusted later). The beam should be passing approximately through the centre of

the partial mirror (PM). The coating that re�ects 90% of the light should be facing

the scanning reference mirror. The waveplates should be in the original orientations

(that gives interference).

32 Insert dispersion compensation plate in the sample arm: Insert a dispersion com-

pensation plate (CP) between the galvo scanners and the beam splitter in the sam-

ple arm. The beam should pass approximately through the centre of the dispersion

compensation plate and the plane of the dispersion compensation plate should be

perpendicular to the incident beam. No �ne adjustment is required for CP. This

optic is necessary to compensate for the pathlength change introduced by the PM.

33 First coarse adjustment of PM: The partial mirror should be aligned parallel to the

scanning reference mirror (SRM). To align so, initially, place a detector card beside

the incoming beam (between the PM and RTM, near-�eld). If the PM is not aligned

parallel to the SRM, multiple displaced beamlets can be observed on the detector

card. When these beam spots are close together, they form a line that tails outward

from the central beam with diminishing intensity. Adjust the partial mirror (angle)

using the mirror mount to minimize the 'tail'. As the PM alignment improves, we

can observe on the detector card, the multiple beam spots (tail)converging into one.

34 Second coarse adjustment of PM: Insert the alignment disc between the PM and the

RTM, with the phosphor material facing the PM. If the tail is visible on the alignment

disc, adjust the angle of the PM to minimize the tail and direct the beam towards

the pinhole of the alignment disc. Remove the alignment disc.

35 First �ne adjustment of PM: Now, place the detector card in the detector arm, im-

mediately after PBS1. Check if the 'tail' is visible. If the 'tail' is visible, �ne-adjust

the PM (angle) to minimize the 'tail'.

36 Second �ne adjustment of PM: Change the QWPr to feedback orientation (0 � or

90� ). Finely adjust the PM (angle) to maximize the feedback. Change the QWPr to

the original position (45 � ).

37 Check interference and distance between SRM and PM: Now, check if the interfer-

ence is visible. Sometimes, the sample mirror position that gives interference could

have changed. Find interference by adjusting the sample mirror's axial position. As

we move the sample mirror along the z-direction (along the beam), multiple inter-

ference patterns will be visible on the oscilloscope. The distance that the sample

mirror moves between two successive interference patterns would be the distance
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between the PM and SRM. If this distance is not the same as the indented one, �ne-

adjust the axial position of PM using the z-positioning knob of the mirror mount.

Repeat steps 3-6. This process needs to be repeated until we achieve the desired

distance between the PM and SRM.

38 Re-introduce all the lenses Now, insert the lenses back into the MRO system. Fine

adjustments will be required. Use the feedback method to �ne-adjust the lenses.

Check the interference again. Sample mirror's axial position may need slight ad-

justments.

39 Optimize MR-OCT signal: The lenses can be further adjusted to maximize the in-

terference amplitude. For adjusting the reference lens, ideally, we should choose

the 3rd-order interference and try to maximize the amplitude (for achieving better

signal for higher order signals and thus reducing the intensity roll-off).
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MR-OCT signal processing code

This code is written in Python and is organized into 7 different �les as shown in table B.1.

File Description
Main control �le
(mro_processing.py)

This �le imports the rest of the �les and controls the
sequence in which the program is run.

File with all the parameters
(mro_manual_params.py)

This �le manages all the parameters which are used
by different functions of the program.

File with all the functions
(mro_functions.py)

All the processing functions such as linearization,
band pass �ltering etc. are written in this �le.

File with all the plotting functions
(mro_plotting.py)

All the plotting functions are written in this �le.

File with all the debugging func-
tions (mro_functions_debug.py)

This �le is not always used. The functions written in
this �le are used for detailed analysis of the data and
for evaluation of processing parameters.

JSON �le where all the parameters
are written to (mro_params.json)

We use this JSON �le to manage parameters which
are initially given as input and parameters which are
later calculated by various functions.

JSON �le for backing up the param-
eters (mro_params_bak.json)

We use this JSON �le to back up all the parameters
used for each iteration of the program (both initial in-
put parameters and parameters calculated by various
functions).

TABLE B.1: Different python (.py) �les used in the program and their use.

To run the Python program, follow the steps below:

1. Create a folder with the name 'NEW_CODE_VC' and create the �ve .py �les men-

tioned in table B.1.

2. Also create two blank JSON �les mentioned in the table. These �les will be auto

populated as we run the program.

3. Enter the data locations and processing parameters to the 'mro_manual_params.py'

�le.

4. Go to the 'mro_processing.py' �le and run the program. Please note that if you

want to run the program in debugging mode (more intermediate plots), comment
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out line number 5 ('from NEW_CODE_VC import mro_functions as mf') instead of

line number 6 ('from NEW_CODE_VC import mro_functions_debug as mf')

The MR-OCT signal processing algorithm is given in the �ow chart below in �g. B.1:

FIGURE B.1: MR-OCT signal processing steps. N represents the total number of orders processed.
ON means N th order after band-pass �ltering. H refers to the envelope of the signal after Hilbert
transformation. D is the spacing between PM and SRM.dz is scan range of SRM. The operation of
'displace by' means to displace the zero position of each virtual scanning mirror by the formula
speci�ed. The '+' sign denotes that all separate signal arrays are merged into a single array for
�nal image reconstruction.

L ISTING B.1: Main control �le
1

2 """ Note : If you want to run the program in debugging mode (more intermediate plots ) ,

comment out l ine number 5 ( ' from NEW_CODE_VC import mro_funct ions as mf' ) instead of

l ine number 6 ( ' from NEW_CODE_VC import mro_funct ions_debug as mf' ) . """

3

4 from NEW_CODE_VC import mro_plot t ing as mp

5 from NEW_CODE_VC import mro_funct ions as mf

6 # from NEW_CODE_VC import mro_funct ions_debug as mf

7 from NEW_CODE_VC . mro_manual_params import *

8 import shuti l

9 import t ime

10 import os

11

12 t ime_stamp = time . strf t ime ( ' %Y%m%d_%H%M%S' , t ime . localt ime () )

13

14 params = mf . load_json_params ( t ime_stamp )

15

16 params , data = mf . load_data (params , cal ib_fname_1 , cal ib_fname_2 , img_fname_1 , img_fname_2 )

17

18 params = mf . al ign_mirror_data_and_save_phase (params , data )

19

20 params , fw_data , rv_data = mf . al ign_img_data_fw_rv (params , data )

21

22 params , l inear_fw_data = mf . l inear ize_signal ( params =params , data_al igned = fw_data ,

phase_type = ' fw ' )
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23 params , l inear_rv_data = mf . l inear ize_signal ( params =params , data_al igned = rv_data ,

phase_type = ' rv ' )

24

25 params = mf . update_json_f i l ter_frequencies (params , l inear_fw_data , l inear_rv_data )

26

27 params , l inear_fw_data = mf . s ignal_apodizat ion (params , l inear_fw_data , process_type = ' fw ' )

28 params , l inear_rv_data = mf . s ignal_apodizat ion (params , l inear_rv_data , process_type = ' rv ' )

29

30 params , l inear_fw_data = mf . resample_signal (params , l inear_fw_data , process_type = ' fw ' )

31 params , l inear_rv_data = mf . resample_signal (params , l inear_rv_data , process_type = ' rv ' )

32

33 params , al ine_fw_orders = mf . f i l ter_signal (params , l inear_fw_data , process_type = ' fw ' )

34 params , al ine_rv_orders = mf . f i l ter_signal (params , l inear_rv_data , process_type = ' rv ' )

35

36 params , al ine_fw_orders_hlb = mf . hi lbert_al l_al ine_orders (params , al ine_fw_orders ,

process_type = ' fw ' )

37 params , al ine_rv_orders_hlb = mf . hi lbert_al l_al ine_orders (params , al ine_rv_orders ,

process_type = ' rv ' )

38

39 if params [ ' auto_params ' ][ ' is_cal ibrat ion ' ]:

40 reverse_bool = False

41 else :

42 reverse_bool = False

43

44 params , bframe_fw = mf . assemble_orders_to_al ines (params , al ine_fw_orders_hlb ,

is_reversed = reverse_bool , process_type = ' fw ' )

45 params , bframe_rv = mf . assemble_orders_to_al ines (params , al ine_rv_orders_hlb ,

is_reversed =not ( reverse_bool ) , process_type = ' rv ' )

46

47 mp. plot_image_reconstructed (params , bframe_fw , bframe_rv )

L ISTING B.2: File with all the parameters
1

2 import os

3 json_fname = ' mro_params . json '

4 json_fname_backup = ' mro_params_bak . json '

5

6 data_path = r" Mention here the path to the folder where the cal ibrat ion data fi le raw data

is saved "

7 cal ib_fname_1 = os .path . join ( data_path , ' cal ibrat ion_data_channel_A .bin ' )

8 cal ib_fname_2 = os .path . join ( data_path , ' cal ibrat ion_data_channel_B .bin ' )

9

10 data_path = r" Mention here the path to the folder where the image fi le raw data is saved "

11 # img_fname_1 = None

12 # img_fname_2 = None

13 img_fname_1 = os .path . join ( data_path , ' image_data_channel_A .bin ' )

14 img_fname_2 = os .path . join ( data_path , ' image_data_channel_B .bin ' )

15

16 # call second backup last to store into image path

17 json_fname_backup_2 = os .path . join ( data_path ," dataBACKUP . json ")

18

19 acquist ion_params = { ' Detector gain ' : 1E4 ,

20 ' digi t izer range ' : ' 2V' }

21

22 manual_params = {' sample_number' : 33344 ,

23 ' buffer_t ime ' : 0.0033 , # in seconds

24 ' mirror_step_width ' : 0.003 ,
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25 ' scan_range ' : 100.0 ,

26 ' lateral_scan_width ' : 2000.0 , # in micrometers

27 ' phase_fw ' : ' phase_fw .npy ' ,

28 ' phase_rv ' : ' phase_rv .npy ' ,

29 ' mirror_cut_off_top ' : 1,

30 ' mirror_cut_off_end ' : 1,

31 ' img_cut_off_top ' : 1,

32 ' img_cut_off_end ' : 1,

33 ' img_a_l ine_len ' : 33350 , # for data acquisi t ion with 500 A- l ines

34 ' cut_off_1d ' :16694*2 , # Cut off the first number of samples

35 # from the whole B- frame buffer

36 ' sig_start ' :2 , # UsePad for mirror cal ibrat ion data .

37 ' sig_end ' : 17 , # Used for mirror cal ibrat ion data .

38 ' sig_step ' :2 , # Used for mirror cal ibrat ion data .

39 ' peak_prominence ' : 7000000.0 ,

40 ' alpha ' : 0.5 ,

41 ' f i l ter ' : { ' type ' : ' cheby2 ' ,

42 ' use_num_orders ' : 15 ,

43 ' CF_correct ion_factor ' : 2.0 ,

44 ' gpass ' : 0.001 ,

45 ' gstop ' : 60 ,

46 ' hal f_passbandwidth_px ' : 45 ,

47 ' hal f_stopbandwidth_px ' : 65 ,

48 ' use_ini t ia l_sos_cond ' : False } ,

49 ' resample_to ' : 5000 ,

50 ' resample_to_vert ical ly ' : 1000 ,

51 ' resample_to_before_hi lbert ' : 5000 ,

52 ' f f t_fw_sum ' : ' f f t_fw_sum .npy ' ,

53 ' f f t_fw_sum_svg ' : ' f f t_fw_sum_svg .npy ' ,

54 ' f f t_rv_sum ' : ' f f t_rv_sum .npy ' ,

55 ' f f t_rv_sum_svg ' : ' f f t_rv_sum_svg .npy ' ,

56 ' steps_correlate_orders ' : 3,

57 ' a l ine_pad_correct ion_fw ' : 200 ,

58 ' a l ine_pad_correct ion_rv ' : 200 ,

59 ' al ine_merge_method ' : ' cut ' ,

60 ' cut_forward ' : 50 ,

61 ' subtract_median_background_mirror ' : False ,

62 ' subtract_median_background_image ' : False ,

63 ' nan_value ' : 1e -10 ,

64 ' fw_resample ' : 1.0 ,

65 ' fw_rol l ' : -1 ,

66 ' use_fw_for_rv_phase ' : False }

67

68 import json

69 params = json . load (open ( ' mro_params . json ' , ' r ' ) )

70 params [ ' manual_params' ] = manual_params

71 json .dump(params , open ( ' mro_params . json ' , ' w' ) , indent =2)

L ISTING B.3: File with all the functions
1 import numpy as np

2 import scipy . signal as sg

3 import scipy . f f tpack as spfft

4 import scipy . interpolate as ip

5 import json

6 from json import JSONDecoder

7 import warnings

8 from warnings import warn
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9 from NEW_CODE_VC import mro_plot t ing as mp

10 from NEW_CODE_VC . mro_manual_params import *

11 import os

12

13 def custom_formatwarning (msg , *args , ** kwargs ) :

14 # ignore everything except the message

15 return str (msg ) + ' \n '

16

17 warnings . formatwarning = custom_formatwarning

18

19 def load_json_params ( t ime_stamp ):

20 params = json . load (open ( json_fname ))

21 backup_params (params , t ime_stamp )

22 params [ ' auto_params ' ][ ' json_fname ' ] = json_fname

23 params [ ' auto_params ' ][ ' t ime_stamp ' ] = t ime_stamp

24 if img_fname_1 is not None :

25 params [ ' auto_params ' ][ ' t i t le_str ' ] = mp. guess_str_from_path ( img_fname_1 )

26 else :

27 params [ ' auto_params ' ][ ' t i t le_str ' ] = mp. guess_str_from_path ( cal ib_fname_2 )

28

29 params [ ' auto_params ' ][ ' debug_mode' ] = False

30 # update debug_mode status

31 json .dump(params , open ( json_fname , ' w' ) , indent =2)

32 return params

33

34

35 def backup_params ( params , t ime_stamp ):

36 """ We backup the parameters used for processing . This would be helpful for keeping

track of changes in parameters over time """

37 for fname in ( json_fname_backup , json_fname_backup_2 ):

38 if not os .path . exists ( fname ):

39 json .dump ({ t ime_stamp : params }, open ( fname , ' w' ) , indent =2)

40 else :

41 params_bak = json . load (open ( fname ))

42 params_bak [ t ime_stamp ] = params

43 json .dump( params_bak , open ( fname , ' w' ) , indent =2)

44

45

46 def load_data (params , cal ib_fname_1 , cal ib_fname_2 , img_fname_1 , img_fname_2 ):

47 """

48 Load data

49 : param params :

50 : return :

51 """

52

53 # if img_fname is given then we assume processing of an image .

54 # otherwise we assume cal ibrat ion with mirror data .

55

56 if img_fname_1 is not None :

57 print ( ' Perform image processing . ' )

58 is_cal ibrat ion = False

59 fname_1 = img_fname_1

60 fname_2 = img_fname_2

61

62 sample_number = params [' manual_params' ][ ' img_a_l ine_len ' ]

63 cut_off_1d = params [ ' manual_params' ][ ' cut_off_1d ' ]

64 with open ( fname_1 , ' rb ' ) as fid :

65 bytewidth = 2
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66 fid . seek ( cut_off_1d * bytewidth , os . SEEK_SET )

67 data_1 = np. fromfi le ( fid ,( ' u2' , sample_number ))

68 data_1 = data_1 - np .mean ( data_1 )

69 with open ( fname_2 , ' rb ' ) as fid :

70 bytewidth = 2

71 fid . seek ( cut_off_1d * bytewidth , os . SEEK_SET )

72 data_2 = np. fromfi le ( fid ,( ' u2' , sample_number ))

73 data_2 = data_2 - np .mean ( data_2 )

74

75 data = data_2 - data_1

76

77 #This is for digi tal ly balanced detect ion scheme . For analogue - balanced detect ion and

unbalanced detect ion schemes , there wil l only be a single channel and therefore ,

data_2 is not required .

78

79 else :

80 print ( ' Perform cal ibrat ion . ' )

81 is_cal ibrat ion = True

82 fname_1 = cal ib_fname_1

83 fname_2 = cal ib_fname_2

84 sample_number = params [' manual_params' ][ ' sample_number' ]

85 with open ( fname_1 , ' rb ' ) as fid :

86 data_1 = np. fromfi le ( fid ,( ' u2' , sample_number ))

87 data_1 = data_1 -np .mean ( data_1 )

88 with open ( fname_2 , ' rb ' ) as fid :

89 data_2 = np. fromfi le ( fid ,( ' u2' , sample_number ))

90 data_2 = data_2 -np .mean ( data_2 )

91

92 data = data_2 - data_1

93 # This is for digi tal ly balanced detect ion scheme . For analogue - balanced detect ion and

unbalanced detect ion schemes , there wil l only be a single channel and therefore ,

data_2 is not required .

94

95 print ( "The shape of the data is " , np . shape (data ))

96

97 params [ ' auto_params ' ]. update ( {

98 ' is_cal ibrat ion ' : is_cal ibrat ion ,

99 ' cal ib_fname_1 ' : cal ib_fname_1 ,

100 ' img_fname' : img_fname_1

101 })

102 json .dump(params ,open ( params [ ' auto_params ' ][ ' json_fname ' ] , ' w' ) , indent =2)

103 return params , data

104

105

106 def al ign_mirror_data_and_save_phase (params , data , debug_dict ={}) :

107 """

108 Use this funct ion to visual ize the phase fi t t ing to the mirror data .

109 The cut_off posi t ions are current ly used for forward and reverse equally ,

110 but we save the phase fit for each (see code line below ):

111 np. save ( ' phase_fw .npy ' , phase_fw )

112 np. save ( ' phase_rv .npy ' , phase_rv )

113

114 : param data :

115 : param params :

116 : return :

117 """
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118 # If image processing ( scatter ing sample ) , we can not do phase fi t t ing . Phase fi t t ing

is done for cal ibrat ion data ( mirror as sample ) only . For image processing

( scatter ing sample ) , we retr ieve this phase from cal ibrat ion data for l inear izat ion

119

120 if params [ ' auto_params ' ][ ' is_cal ibrat ion ' ] is False :

121 print ( ' Skip fit phase ; Image processing . ' )

122 return params

123

124 sample_number_given = params [' manual_params' ][ ' sample_number' ]

125 sample_number_data = data . shape [1]

126 assert sample_number_data == sample_number_given , ' Mismatch of samples should not

happen here ! '

127 sample_number = sample_number_data

128

129 man_ps = params [' manual_params' ]

130 sig_start = man_ps [ ' s ig_start ' ]

131 sig_end = man_ps [ ' sig_end ' ]

132 sig_step = man_ps [ ' s ig_step ' ]

133

134 mirror_cut_off_top = man_ps [ ' mirror_cut_off_top ' ]

135 mirror_cut_off_end = man_ps [ ' mirror_cut_off_end ' ]

136

137 data_fw = data [ sig_start : sig_end : sig_step , mirror_cut_off_top : sample_number // 2 -

mirror_cut_off_end ]

138 data_rv = data [ sig_start : sig_end : sig_step , mirror_cut_off_top + sample_number // 2 : -

mirror_cut_off_end ]

139

140 data_fw_sum = sum( data_fw )

141 data_rv_sum = sum( data_rv )

142 phase_fw = np. unwrap (np . angle (sg . hi lbert ( data_fw_sum )))

143 phase_fw = sg . savgol_f i l ter (x= phase_fw [::1] , window_length =501 , polyorder =1)

144 phase_rv = np. unwrap (np . angle (sg . hi lbert ( data_rv_sum )))

145 phase_rv = sg . savgol_f i l ter (x= phase_rv [::1] , window_length =501 , polyorder =1)

146 if params [ ' manual_params' ][ ' use_fw_for_rv_phase ' ]:

147 phase_rv = phase_fw

148 if debug_dict . get ( ' do_plot ' ) :

149 mp. plot_mirror_data_fw_rv (params , data_fw , data_rv , debug_dict )

150

151 np. save ( man_ps [ ' phase_fw ' ] , phase_fw )

152 np. save ( man_ps [ ' phase_rv ' ] , phase_rv )

153

154 return params

155

156 def al ign_img_data_fw_rv (params , data , debug_dict ={}) :

157 """

158 Important : Mirror data and image data must be al igned both !

159 Meaning image data must also be al igned because it has dif ferent t ime points and

sample lengths .

160

161 To plot the orders for al ignment set the parameter ' img_cal ibrat ion = True ' .

162

163 For image data a glass sl ide with a suff ic ient angle should be used to have suff ic ient

visible signal for al ignment .

164

165 The image al ignment may need to be repeated as soon as acquisi t ion parameters are

changed .

166 : param mps :

167 : param data : The data from the binary fi le .
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168 : param debug_dict : { ' do_plot ' :BOOL , ' do_wait ' :BOOL}

169 : return :

170 """

171

172 # data should contain the image data if is_cal ibrat ion = False

173 # al ign_mirror_data does cut -off only for the phase data .

174

175 data_samples = data . shape [1] # samples per data segment

176 if params [ ' auto_params ' ][ ' is_cal ibrat ion ' ]:

177 sample_number = data . shape [1]

178 man_pars = params [' manual_params' ]

179 mirror_cut_off_top = man_pars [ ' mirror_cut_off_top ' ]

180 mirror_cut_off_end = man_pars [ ' mirror_cut_off_end ' ]

181

182 data_al igned_fw = data [: , mirror_cut_off_top : sample_number // 2 -

mirror_cut_off_end ]

183 data_al igned_rv = data [: , mirror_cut_off_top + sample_number // 2 : sample_number -

mirror_cut_off_end ]

184 return params , data_al igned_fw , data_al igned_rv

185

186 else :

187 # TODO: image al ignment : are our assumptions sti l l true?

188 # We receive a B- frame as a cont inuous array due to the problem that it can have a

dif ferent segment length .

189 # The mirror data are avai lable as 2D array and in this case they should be al igned

using their mirror al ignment .

190 # For B- frame processing the data have to be converted to 2D anyway which can be

used for al ignment computat ion .

191 # That means as soon as we get a B- frame 1D array we convert it to 2D using reshape

192 # The reshape action is used to align the image data for opt imal l inear izat ion .

193

194 man_pars = params [' manual_params' ]

195 img_cut_off_top = man_pars [ ' img_cut_off_top ' ]

196 img_cut_off_end = man_pars [ ' img_cut_off_end ' ]

197 img_a_l ine_len = man_pars [ ' img_a_l ine_len ' ]

198 data_al igned_fw = data [: , img_cut_off_top : img_a_l ine_len // 2 - img_cut_off_end ]

199 data_al igned_rv = data [: , img_cut_off_top + img_a_l ine_len // 2 : img_a_l ine_len -

img_cut_off_end ]

200

201 if debug_dict . get ( ' do_plot ' ) :

202 mp.plt . f igure (num= ' Align img orders ' )

203 fig ,ax = mp. subplots (1 ,2)

204 ax [1]. set_t i t le ( ' Al ign img ordres \n Close to proceed ! ' )

205 ax [0]. plot ( data_al igned_fw [50:53]. T)

206 ax [1]. plot ( data_al igned_rv [50:53]. T)

207 mp.plt . show ()

208

209 return params , data_al igned_fw , data_al igned_rv

210

211 def l inear ize_signal (params , data_al igned , phase_type ):

212 """

213 Linearize al igned data with phase .

214 : param params :

215 : param data_al igned : You get al igned data from funct ion ` al ign_img_data_fw_rv ` .

216 : param phase :

217 : return : params , l inear_data

218

219 """
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220 data_order_num = data_al igned . shape [0]

221 data_len = data_al igned . shape [1]

222 phase = mp.np . load ( ' phase_' + phase_type + ' . npy ' )

223 phase_len = phase . shape [0]

224

225 if data_len != phase_len :

226 warn ( ' Resampling nonlin phase to image samples from {} to {}

samples . ' . format ( phase_len , data_len ))

227 phase = sg . resample (x=phase ,num= data_len ) # match samples to image / phase

228 phase = phase /max ( phase )* data_len # match sample range to image

229

230 interpolat ion_fw = ip . interp1d (phase , data_al igned ) # make funct ion

231 l in_samples = range (np . ceil ( phase .min () ) . astype (np . int ) ,data_len ) # make linear sample

range

232 l inear_data = interpolat ion_fw ( l in_samples ) # find / interpolate samples for l inear

samples

233

234 return params , l inear_data

235

236

237 def update_json_f i l ter_frequencies (params , l inear_fw_data , l inear_rv_data ) :

238 """

239 Find fi l ter center frequencies with peak detect ion and store those into the json

parameter fi le .

240 For forward and reverse each a frequency list is generated .

241 To equal ize the number of found orders ( frequencies ) the missing ones wil l be completed

from the other .

242 : param params :

243 : param l inear_fw_data :

244 : param l inear_rv_data :

245 : return :

246 """

247 # If image processing ( scatter ing sample ) we can not do peak detect ion

248 if params [ ' auto_params ' ][ ' is_cal ibrat ion ' ] is False :

249 print ( ' Skip peak detect ion ... we do image processing with stored peak values . ' )

250 return params

251

252 ff t_fw_sig = spfft . f f tshi f t ( spfft . fft ( l inear_fw_data ,axis =1) )

253 ff t_fw_sum = np.sum(abs ( f f t_fw_sig ) , axis =0) [ f f t_fw_sig . shape [1]/ /2:]

254 ff t_fw_sum_svg = sg . savgol_f i l ter (x= fft_fw_sum , window_length =15 , polyorder =1)

255

256 ff t_rv_sig = spfft . f f tshi f t ( spfft . fft ( l inear_rv_data ,axis =1) )

257 ff t_rv_sum = np.sum(abs ( f f t_rv_sig ) , axis =0) [ f f t_rv_sig . shape [1]/ /2:]

258 ff t_rv_sum_svg = sg . savgol_f i l ter (x= fft_rv_sum , window_length =15 , polyorder =1)

259

260 peaks_fw , _ = sg . f ind_peaks ( ff t_fw_sum_svg ,

prominence = params [ ' manual_params' ][ ' peak_prominence ' ])

261 peaks_rv , _ = sg . f ind_peaks ( ff t_rv_sum_svg ,

prominence = params [ ' manual_params' ][ ' peak_prominence ' ])

262

263 # Analysis of the goodness of frequency detect ion and generat ion of warnings if it is

not good .

264 # clear previous warnings

265

266 ap = params [' auto_params ' ]

267 if ap .get ( ' warn_peaks_array ' ) : ap .pop ( ' warn_peaks_array ' )

268 if ap .get ( ' warn_peaks_freq_di f f ' ) : ap .pop ( ' warn_peaks_freq_di f f ' )

269 if abs ( len ( peaks_fw ) - len ( peaks_rv )) > 3:
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270 # add warning

271 ap[ ' warn_peaks_array ' ]= ' Large length dif ference between fw and rv ({} ,

{}) ! ' . format ( len ( peaks_fw ) , len ( peaks_rv ))

272 warn ( ' Peak array length large dif ference ! ' )

273

274 if abs (np .diff ( peaks_fw ).mean () - np .diff ( peaks_rv ) .mean () ) > 1:

275 # add warning

276 ap[ ' warn_peaks_freq_di f f ' ]= ' Large frequency dif ference between fw and rv ({:.1 f } ,

{:.1 f }) ! ' . format (np .diff ( peaks_fw ).mean () ,np .diff ( peaks_rv ) .mean () )

277 warn ( ' Peak frequency dif ference large ! ' )

278

279 # synchronize length of peak array

280 # ignoring elements that are in excess of num_peaks

281 num_peaks = np.min (( len ( peaks_rv ) , len ( peaks_fw )))

282 peaks_fw = peaks_fw [: num_peaks ]

283 peaks_rv = peaks_rv [: num_peaks ]

284

285 params [ ' auto_params ' ]. update ({

286 ' peaks_fw_px ' : str ( peaks_fw . tol ist () ) ,

287 ' peaks_rv_px ' : str ( peaks_rv . tol ist () ) ,

288 })

289 json .dump(params ,open ( params [ ' auto_params ' ][ ' json_fname ' ] , ' w' ) , indent =2)

290

291 mpms = params [' manual_params' ]

292 np. save (mpms [ ' f f t_fw_sum_svg ' ] , f f t_fw_sum_svg )

293 np. save (mpms [ ' f f t_rv_sum_svg ' ] , f f t_rv_sum_svg )

294

295 # Use the saved fft_fw / rv_sum_svg and plot them including the peaks detected

296 if not ap [ ' debug_mode' ] and (ap .get ( ' warn_peaks_array ' ) or

ap .get ( ' warn_peaks_freq_di f f ' ) ) :

297 mp. plot_f f t_sum_and_peaks (params , { ' do_plot ' : True , ' do_wait ' : True })

298

299 return params

300

301

302 def signal_apodizat ion (params , l inear_data , process_type =None ):

303

304 alpha = params [ ' manual_params' ][ ' alpha ' ]

305 segment_len = l inear_data . shape [1]

306 l inear_data = l inear_data [:] * sg . windows . tukey (M= segment_len , alpha = alpha )

307

308 return params , l inear_data

309

310 def resample_signal (params , signal , process_type = None ):

311 if signal . ndim < 3:

312 axis = 1

313 resample_to = params [ ' manual_params' ][ ' resample_to ' ]

314 elif signal . ndim == 3:

315 axis =2

316 resample_to = params [ ' manual_params' ][ ' resample_to_before_hi lbert ' ]

317

318 before_smpls = signal . shape [axis ]

319

320 params [ ' auto_params ' ][ ' segment_len_before_resample_ ' + process_type ] = before_smpls

321 json .dump(params , open ( params [ ' auto_params ' ][ ' json_fname ' ] , ' w' ) , indent =2)

322

323 print ( ' Resample from {} to {} ' . format ( before_smpls , resample_to ))

324
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325 signal = sg . resample (x=signal , num= resample_to , axis=axis )

326

327 print ( ' s ignal shape ' , signal . shape )

328 return params , signal

329

330

331 def create_new_BW_data_to_json ( params ):

332 """

333 This funct ion generates some json parameters .

334 The list of parameters must be manual ly checked here in the code

335 before cal l ing .

336 To act ivate the funct ion the return statement must be commented .

337 : param params :

338 : return :

339 """

340 # Call this only to create new values into the json fi le .

341 return # safety not to call by accident

342

343 params = params [' manual_params' ]

344 params [ ' f i l ter ' ] = { ' type ' : ' el l ip ' }

345 params [ ' f i l ter ' ][ ' CF_correct ion_factor ' ] = 2.15

346 params [" f i l ter " ][ " gstop "] = 90 # 80 to 90 dB depending on the noise power . Larger

values slow down processing .

347 params [" f i l ter " ][ " gpass "] = 0.1 # Pass -band ripple 0.1 dB. Needs to be confirmed .

348 params [ ' f i l ter ' ][ ' hal f_passbandwidth_px ' ] = 60

349 params [ ' f i l ter ' ][ ' hal f_stopbandwidth_px ' ] = 50

350 json .dump(params ,open ( params [ ' auto_params ' ][ ' json_fname ' ] , ' w' ) , indent =2)

351

352 def make_f i l ter_response_array (peaks , fi l ters , sig_len , debug_dict ) :

353 # Compute fi l ter response for each sos - f i l ter ( from fi l ters )

354 f i l ter_response = []

355 len_al ine = sig_len

356 for flt in f i l ters :

357 sosdata = flt [ ' sosdata ' ]

358 w, h = sg . sosfreqz (sosdata , worN= len_aline , whole =True )

359 f i l ter_response . append ({ ' CP_fw' : f lt [ ' CP_fw' ] , ' H' : h })

360

361 mp. plot_f i l ter_response_each (peaks , h , debug_dict )

362

363 return f i l ter_response

364

365

366 def f i l ter_signal (params , l inear_data , process_type =None , debug_dict ={}) :

367 """

368 Fil ter l inear_data and return new array with separate orders .

369

370 I .e. if input data look like :

371 l inear_data = [ num_alines , num_samples ]

372

373 output array looks like :

374 al ine_orders = [ num_alines , num_orders , num_samples ]

375

376 Please note that we use here internal plott ing funct ions that can be enabled if

required for analysis .

377 To enable plott ing find the funct ion in the code and set do_plot = True

378 mp. plot_f i l ter_response_each (h , do_plot =False , do_wait =True )

379 mp. plot_f i l ter_response_vs_signal_in ( f i l ter_response , l inear_fw_data , do_plot =False ,

do_wait =True )
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380 mp. plot_signal_f i l tered_each (aline_fw , fsigs , f i l ter_response , do_plot = False ,

do_wait =True )

381

382 : param params :

383 : param linear_data :

384 : param process_type : str ing ' fw ' or ' rv ' ... forward and reverse respect ively .

385 : return :

386 """

387 assert type ( process_type ) is str , ' Please set process_typ to \ ' fw \ ' or \ ' rv \ ' ! '

388 print ( ' f i l ter ing ({}) : ' . format ( process_type ))

389

390 peaks_str = params [ ' auto_params ' ][ ' peaks_ ' + process_type + ' _px ' ]. str ip ( ' [] ' )

391 correct ion_factor = params [ ' manual_params' ][ ' f i l ter ' ][ ' CF_correct ion_factor ' ]

392 peaks = np. fromstr ing ( peaks_str , sep= ' , ' ) * correct ion_factor

393 resample_factor = 1

394 peaks = np. round ( peaks * resample_factor ) . astype (np . int )

395 hal f_passbandwidth_px = params [ ' manual_params' ][ ' f i l ter ' ][ ' hal f_passbandwidth_px ' ] *

resample_factor # 60 sample units

396 hal f_stopbandwidth_px = params [ ' manual_params' ][ ' f i l ter ' ][ ' hal f_stopbandwidth_px ' ] *

resample_factor # 50 sample units

397 HPW = half_passbandwidth_px * resample_factor

398 HSW = half_stopbandwidth_px * resample_factor

399 bandwidths = []

400 # i i rdesign assumes that the highest frequency based on the sample number is 1.0 and

the lowest frequency is 0.0.

401 # We call those fi l ter frequency units . Create pass -band (WP) and stop -band (WS) values

in sample units .

402

403 segment_len = l inear_data . shape [1]

404 HPW /= segment_len

405 HSW /= segment_len

406 use_num_orders = params [' manual_params' ][ ' f i l ter ' ][ ' use_num_orders ' ]

407 if len ( peaks )<use_num_orders :

408 warn ( ' Parameter use_num_orders = {} is larger than peak len

{} ' . format ( use_num_orders , len ( peaks )))

409 use_num_orders = len ( peaks ) -1

410 for peak in peaks [0: use_num_orders ]:

411 peak /= segment_len

412 peak *= 1.00

413 # TODO Peak correct ion seems not improve things at the moment . So peak *= 1.00 may

be removed sometimes .

414 freq_dep_factor = 1 # frequency dependent factor

415 bandwidths . append ({ ' WP' :np . array ([ peak -HPW , peak+HPW ]) / freq_dep_factor ,

416 ' WS' :np . array ([ peak -HPW -HSW , peak+HPW+HSW ]) / f req_dep_factor })

417

418 # Design f i l ters for each peak

419 fi l ters = []

420 for BW ,CP in zip ( bandwidths , peaks ) :

421 WP = BW[' WP' ]

422 WS = BW[' WS' ]

423 sosdata = sg . i i rdesign (wp=WP ,

424 ws=WS ,

425 gpass = params [' manual_params' ][ " f i l ter " ][ ' gpass ' ] ,

426 gstop = params [ ' manual_params' ][ " f i l ter " ][ ' gstop ' ] ,

427 ftype = params [ ' manual_params' ][ " f i l ter " ][ ' type ' ] ,

428 output = ' sos ' ,

429 analog = False )

430 # Compute ini t ial condit ions
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431 zi = sg . sosf i l t_zi ( sosdata )

432 fi l ters . append ({ ' CP_fw' :CP , ' sosdata ' : sosdata , ' zi ' : zi })

433

434 if debug_dict . get ( ' do_plot_f i l ter_response ' ) :

435 mp. plot_f i l ter_response_vs_signal_ in (peaks , fi l ters , l inear_data , debug_dict )

436

437 al ine_orders = []

438 print ( ' {: 4d} ' . format (0) ,end= ' ' )

439

440 if debug_dict . get ( ' do_plot_f i l tered_sig ' ) :

441 start_at = debug_dict . get ( ' start_at ' )

442 if l inear_data . shape [0] < start_at :

443 start_at = l inear_data . shape [0]//4

444 else :

445 start_at = 0

446

447 # Apply f i l ter to all Segments

448 for n , segment in enumerate ( l inear_data [ start_at :]) :

449 fsigs = [] # f i l tered signals according to number of peaks_fw

450 for flt in f i l ters :

451 sosdata = flt [ ' sosdata ' ]

452 zi = flt [ ' zi ' ]

453 if params [ ' manual_params' ][ ' f i l ter ' ][ ' use_ini t ia l_sos_cond ' ]:

454 fsig , _ = sg . sosf i l t ( sosdata , segment , zi=zi )

455 else :

456 fsig = sg . sosf i l t f i l t ( sosdata , segment )

457 fsigs . append ( fsig )

458

459 # Collect f i l tered signals

460 al ine_orders . append ( fsigs )

461

462 if np .mod(n ,10) == 0: print ( ' \b \b\b\b {: 4d} ' . format (n) ,end= ' ' )

463 if debug_dict . get ( ' do_plot_f i l tered_sig ' ) :

464 axes = mp. plot_signal_f i l tered_each (peaks , segment , fsigs , f i l ters , debug_dict )

465 if axes is None :

466 debug_dict [ ' do_plot_f i l tered_sig ' ]= False

467 debug_dict [ ' do_plot_f i l tered_sig_wait ' ]= False

468

469 print ( ' \ nf inish f i l ter ing ' )

470 json .dump(params ,open ( params [ ' auto_params ' ][ ' json_fname ' ] , ' w' ) , indent =2)

471 return params ,np . array ( al ine_orders )

472

473

474 def hi lbert_al l_al ine_orders (params , al ine_orders , process_type =None , resample =None ):

475 """

476 Create envelope of all orders .

477 : param params :

478 : param al ine_fw_orders :

479 : return :

480 """

481 assert type ( process_type ) is str , ' Please set process_type to \ ' fw \ ' or \ ' rv \ ' . '

482 print ( ' start hi lbert t ransforming ({}) ' . format ( process_type ))

483 print (np . shape ( al ine_orders ))

484

485 print ( ' start hi lbert : ' ,np . shape ( al ine_orders ))

486 al ine_orders_hlb = sg . hi lbert ( al ine_orders , axis =2)

487 print ( ' f in ished hi lbert t ransforming ' )

488

153



Appendix B. MR-OCT signal processing code

489 return params , al ine_orders_hlb

490

491

492 def compute_rescale_dict (params , num_orders , num_samples ) :

493 # fract ion of sample length for each order .

494 # The accuracy is not cr i t ical so we just force float to int .

495 fract ion = np. f loor ( num_samples / num_orders ) . astype ( int )

496

497 # Compute the true axial length of each order in depth using sample units .

498 # Sample units can be converted to a physical length based on the digi t izer sett ings ,

scan range , and wavelength .

499 rescale_dict = {}

500 for on in range (1 , num_orders +1 ,1) : # on = num_orders ... 1

501 rescale_dict [on ] = num_samples - fract ion * ( num_orders - on) # compute samples

for rescal ing order

502

503 return rescale_dict

504

505 def compute_correlat ion_adjacent_orders (params , rescale_dict , a l ine_orders_hi lbert ) :

506 """

507

508 : param params :

509 : param al ine_orders_hi lbert :

510 : return :

511 """

512 correlat ion_dict = {}

513 print (np . shape ( al ine_orders_hi lbert ) )

514 num_al ines = np. shape ( al ine_orders_hi lbert ) [0]

515 num_orders = np. shape ( al ine_orders_hi lbert ) [1]

516 num_samples = np. shape ( al ine_orders_hi lbert ) [2]

517

518 # Compute correlat ion between orders and store the correlat ion into correlat ion_dict .

519 # The correlat ion is used to find the spatial al ignment between the orders

520 # The correlat ion_dict wil l hold correlat ion values for each order but for all A - l ines !

521 # So it wil l contain num_order items .

522 correlat ion_dict = {}

523

524 # Using each 10 steps shows nearly no dif ference compared to using all steps .

525 # Except ions may be if a mirror signal is very bad . But then it seems better to record

a better mirror signal .

526 steps = params [ ' manual_params' ][ ' s teps_correlate_orders ' ]

527 use_savgol = False # We don' t use Savgol f i l ter now because test ing did not show any

better results

528 print ( ' Use savgol ' , use_savgol )

529 print ( ' Al ign orders by correlat ion ... ' )

530 print ( ' Using {} step for correlat ion ! ( steps_correlate_orders ) ' . format ( steps ))

531 for n ,al in enumerate ( al ine_orders_hi lbert [:: steps ]) :

532 print ( ' \b \b\b\b {: 4d} ' . format (n) , end= ' ' )

533

534 # The order_dict holds each order for this A- l ine .

535 # The order_dict holds the true length for each order and dict is a good way to

handle this easi ly .

536 # Re - sample each order to the true spatial length in depth in sample units .

537 order_dict = {}

538 for ol , on in zip (al , range (1 , num_orders +1 ,1) ) : # on = num_orders ... 0

539 ol = sg . resample (x=abs (ol ) , num= rescale_dict [on ])

540 if use_savgol :

541 ol = mp.sg . savgol_f i l ter (x=ol , window_length =151 , polyorder =2)
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542 ol [np . nonzero (ol <=0) ]= abs (ol ) .min () # to avoid errors from fft , logs , etc .

543 order_dict [on ] = ol

544

545 # Correlate adjacent orders to find array index shift posit ions and

546 # sum for all correlat ion values for all mirror posit ions .

547 # This correlat ion can be used to compute the amount the orders need to be shif ted

spat ial ly to al ign properly .

548 # Take note that if no overlap between orders exist then the correlat ion is low .

549 # Also take note that we reverse the correlat ion output which is required

550

551 for n ,m in zip ( range (1 , num_orders ) , range (2 , num_orders +1) ) :

552 if correlat ion_dict . get (m) is None :

553 correlat ion_dict [m] = np . correlate ( order_dict [n ][:: -1] ,

order_dict [m ][:: -1] , ' ful l ' )

554 else :

555 correlat ion_dict [m] += np. correlate ( order_dict [n ][:: -1] ,

order_dict [m ][:: -1] , ' ful l ' )

556 print ( ' ' ) # f inal print of progress

557

558 return params , correlat ion_dict

559

560

561 def compute_order_index_shi f t ( params , num_orders , correlat ion_dict ) :

562 # Compute the lowest correlat ion acceptable based on the detected values in the

previous step .

563 # This al lows us to reject correlat ion art i facts from orders that actual ly do not

overlap ( i .e . 1st or 2nd order )

564 min_expected_correlat ion = correlat ion_dict [ num_orders ]. max ()

565

566 order_index_shi f t_dict = {}

567 prominence_fract ion_max_peak = 0.9

568 print ( ' Use prominence based on max_peak * {} ' . format ( prominence_fract ion_max_peak ))

569 # Traverse over all correlat ion values to compute the shift in space for each order and

store the shift in order_index_shi f t_dict .

570 # Note that we reverse the correlat ion graphs "[:: -1]" because we need to start with

the highest orders to have overlapping regions .

571 # Lower orders may not overlap and wil l have no init ial correlat ion values !

572

573 for on , ol in l ist ( correlat ion_dict . i tems () ) [:: -1]:

574 pk ,_ = sg . f ind_peaks (ol , height = min_expected_correlat ion ,

575 prominence =ol .max () * prominence_fract ion_max_peak )

576 if any (pk ) :

577 # If here are mult iple peaks in the correlat ion , then the signal is corrupt .

578 assert len (pk ) == 1, ' Peak detect ion found mult iple peaks . Data qual i ty may be

insuff ic ient . '

579 order_index_shi f t_dict [on ] = pk [0]

580 else :

581 order_index_shi f t_dict [on ] = None

582

583 # Order 1 can never have any correlat ion

584 order_index_shi f t_dict [1] = None

585

586 val id_shi f t_values = np. array ( l ist ( order_index_shi f t_dict . values () ) )

587 val id_shi f t_values = val id_shi f t_values [ val id_shi f t_values . nonzero () ] # remove None

items

588 mean_shi f t_distance = abs (np .diff ( val id_shi f t_values ) .mean () ) . astype ( int )

589 assert mean_shi f t_distance is not None , ' Value for mean_shi f t_distance not avai lable .

Data qual i ty may be insuff ic ient . '
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590 print ( ' shi f t_lst ' , val id_shi f t_values )

591 print ( ' mean_shi f t_distance ' ,mean_shi f t_distance )

592

593 # Replace missing order_index_shi f ts using mean_shi f t_distance from all other orders .

594 # In the first loop we obtain the missing shif t_ index and

595 # the second loop moves based on the 1st order shift such that the 1st order is zero .

596

597 for on , shift in order_index_shi f t_dict . i tems () :

598 if shift is None :

599 order_index_shi f t_dict [on ] = order_index_shi f t_dict [on +1] - mean_shi f t_distance

600 o1 = order_index_shi f t_dict [1]

601 # Make that the 1st order has zero shift :

602 for on , shift in order_index_shi f t_dict . i tems () :

603 order_index_shi f t_dict [on ] = order_index_shi f t_dict [on ] - o1

604

605 return params , order_index_shi f t_dict

606

607 def compute_padding_for_assemble (params , num_orders , rescale_dict ,

order_index_shif t_dict , process_type ) :

608 assert np .all ([ idx is not None for idx in order_index_shi f t_dict . values () ]) , \

609 ' Parameter \ ' order_index_shi f t_dict \ ' contains None items .\ nCould be a problem with

\ ' compute_order_index_shi f t \ ' funct ion . '

610 print ( ' shift dict : ' , order_index_shi f t_dict )

611 # Compute left padding for all orders

612 # We need to compute in reverse to have the longest order length avai lable

613 lef t_pad_dict = {}

614 r ight_pad_dict = {}

615 correct ion = params [ ' manual_params' ][ ' a l ine_pad_correct ion_ ' + process_type ] # integer

only

616 print ( ' Padding using correct ion shift {} ' . format ( correct ion ))

617 for on in range (1 , num_orders +1) :

618 correlat ion_index = order_index_shi f t_dict [on ]

619 lef t_pad_dict [on ] = correlat ion_index + rescale_dict [on ] + on * correct ion

620 for on in range (1 , num_orders ) :

621 r ight_pad_dict [on ] = ( lef t_pad_dict [ num_orders ] + rescale_dict [ num_orders ]) -

( lef t_pad_dict [on ] + rescale_dict [on ])

622 r ight_pad_dict [ num_orders ] = 0

623

624 return params , left_pad_dict , r ight_pad_dict

625

626

627 def merge_order_in_assemble (params , al ine_orders_hi lbert , rescale_dict , left_pad_dict ,

r ight_pad_dict , is_reversed , debug_dict ={}) :

628 """

629 Merge orders into a complete A- l ine and create a B- frame and plot the B- frame with

imshow .

630 : param al ine_orders_hi lbert :

631 : param rescale_dict : from funct ion "mf . compute_rescale_dict " a dict ionary with the true

spatial scale of each order

632 : param left_pad_dict : from funct ion "mf . compute_padding_for_assemble " to obtain samples

to pad to a complete array

633 for one A- line .

634 : param right_pad_dict : see lef t_pad_dict .

635 : param is_reversed : True --> fl ip the or ientat ion of each order

636 : return : params , bframe

637 """

638

639 num_al ines = np. shape ( al ine_orders_hi lbert ) [0]
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640 bframe = None

641 # Mean of empty sl ice can happen at merging the gaps into the image array is not

cr i t ical

642 mp. f i l terwarnings ( action = ' ignore ' , category = Runt imeWarning )

643

644 revert_order = is_reversed

645 if revert_order : warn ( ' Revert ing orders is active ' )

646 print ( ' Start assembl ing B- frame : ' )

647 print ( ' ' ,end= ' ' ) # print some progress number

648

649 for al_nr , al in enumerate ( al ine_orders_hi lbert ) :

650 print ( ' \b \b\b\b\b\b\b\b\b {: 4d }/{:4 d} ' . format (al_nr , num_al ines ) , end= ' ' )

651

652 aline = None

653 for i ,ol in enumerate (al ) :

654 on = i+1

655 pad = lef t_pad_dict [on ]

656 ol = abs (sg . resample (x=abs (ol ) , num= rescale_dict [on ]) )

657 if revert_order :

658 ol = ol [:: -1]

659

660 pad_content = np .nan

661 ol = np .pad ( array =ol , pad_width =pad ,mode= ' constant ' ,

662 constant_values = pad_content ) [: - pad ]

663 ol = np . concatenate ((ol , np .ones ( r ight_pad_dict [on ]) * pad_content ) )

664

665 if al ine is None : # create a full length array

666 aline = np.ones ( len (ol ) )*np .nan

667

668 merge_method = params [' manual_params' ][ ' a l ine_merge_method ' ]

669 cut_forward = params [ ' manual_params' ][ ' cut_forward ' ]

670 if merge_method in ' summing' :

671 aline = np. nansum (( aline , ol ) , axis =0)

672 elif merge_method in ' mean' :

673 aline = np. nanmean (( aline , ol ) , axis =0)

674 elif merge_method in ' cut ' :

675 aline = np. concatenate (( al ine [: pad+ cut_forward *on ] ,

ol [ pad+ cut_forward *on :]) )

676 elif merge_method in ' correlate ' :

677 raise NotImplementedError ()

678 else :

679 raise Except ion ( ' The parameter \ ' a l ine_merge_method \ ' must be \ ' summing \'

or \ ' mean \' . ' )

680

681 if bframe is None :

682 bframe = aline

683 else :

684 bframe = np. vstack (( bframe , al ine ))

685

686 print ( ' Assembling B- frame done . ' )

687 bframe [np . where (np . isnan ( bframe )) ] = np . nanmedian ( bframe ) # fi l l missing data with

median

688 steps =

np. int (np . round ( bframe . shape [1]/ params [ ' manual_params' ][ ' resample_to_vert ical ly ' ]) )

689 bframe = bframe [: ,:: steps ]

690 print ( bframe . shape )

691

692 return params , bframe .T
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693

694 def assemble_orders_to_al ines (params , al ine_envelope , is_reversed , process_type = None ,

debug_dict ={}) :

695 """

696 ...

697 : param params :

698 : param al ine_envelope :

699 : return :

700 """

701 assert type ( process_type ) is str , ' Please set process_type to \ ' fw \ ' or \ ' rv \ ' . '

702

703 print (np . shape ( al ine_envelope ))

704 num_al ines = np. shape ( al ine_envelope ) [0]

705 num_orders = np. shape ( al ine_envelope ) [1]

706 num_samples = np. shape ( al ine_envelope ) [2]

707

708 print ( ' num orders : {} ' . format ( num_orders ))

709 print ( ' Compute order index shift posi t ions ... ' )

710

711 if params [ ' auto_params ' ][ ' is_cal ibrat ion ' ]:

712 rescale_dict = compute_rescale_dict (params , num_orders , num_samples )

713 params , correlat ion_dict = compute_correlat ion_adjacent_orders (params ,

rescale_dict , a l ine_envelope )

714 params , order_index_shi f t_dict = compute_order_index_shi f t ( params , num_orders ,

correlat ion_dict )

715 # the list comprehension converts the numbers to normal int for json to work

716 params [ ' auto_params ' ][ ' rescale_ ' + process_type + ' _dict ' ] = {k: int (v) for k ,v in

rescale_dict . i tems () }

717 params [ ' auto_params ' ][ ' order_index_shi f t_ ' + process_type + ' _dict ' ] = {k: int (v) for

k ,v in order_index_shi f t_dict . i tems () }

718 json .dump(params , open ( params [ ' auto_params ' ][ ' json_fname ' ] , ' w' ) , indent =2)

719 else :

720 # need to convert keys back because json can not handle numeric keys

721 rescale_dict = { int (k) :v for k ,v in

params [ ' auto_params ' ][ ' rescale_ ' + process_type + ' _dict ' ]. i tems () }

722 order_index_shi f t_dict = { int (k) :v for k ,v in

params [ ' auto_params ' ][ ' order_index_shi f t_ ' + process_type + ' _dict ' ]. i tems () }

723

724 params , left_pad_dict , r ight_pad_dict = compute_padding_for_assemble (params ,

num_orders , rescale_dict , order_index_shif t_dict , process_type )

725

726 if debug_dict . get ( ' p lot_each_order ' ) :

727 mp. plot_each_order_in_assemble ( al ine_envelope , rescale_dict , left_pad_dict ,

r ight_pad_dict , debug_dict )

728 params , bframe = merge_order_in_assemble (params , al ine_envelope , rescale_dict ,

left_pad_dict , r ight_pad_dict , is_reversed , debug_dict )

729 return params , bframe

730

731

732 def compute_median_background (params , bframe , process_type = None ):

733 background = sg. savgol_f i l ter (np . median (bframe ,axis =1 , keepdims = False ) ,

734 window_length =101 , polyorder =1 , axis =0) *0.15

735 background = np. array ([ background ])

736 return background

737

738

739 def subtract_background (params , bframe , background , process_type = None ):

740 bframe = bframe - background #* global_min / back_max * 1e6
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741 return bframe

L ISTING B.4: File with all the plotting functions
1 import numpy as np

2 import scipy . signal as sg

3 import scipy . f f tpack as spfft

4 import matplot l ib

5 from mpl_toolki ts . axes_grid1 import ImageGrid , make_axes_locatable # for scal ing colorbar

6 matplot l ib .use ( ' Qt5Agg' )

7 import matplot l ib . pyplot as plt

8 from matplot l ib . pyplot import Axes , Line2D

9 from warnings import warn , f i l terwarnings

10 import NEW_CODE_VC . mro_funct ions as mf

11 import os

12

13 def f igure (* args , ** kwargs ) :

14 if plt . get_backend () in ' Qt5Agg' :

15 ret = plt . f igure (* args , ** kwargs )

16

17 if len (plt . get_f ignums () ) > 1:

18 f ig_prev = plt . get_f ignums () [ -2]

19 prev_pos_point = plt . f igure (num= fig_prev ) . canvas . manager . window .pos ()

20 xp , yp = prev_pos_point .x () , prev_pos_point .y ()

21 plt . f igure (num=ret . number )

22 plt . get_current_f ig_manager () . window .move (xp +20 , yp +20)

23 return ret

24 else :

25 plt . get_current_f ig_manager () . window .move (0 ,0)

26 return ret

27 else :

28 return plt . f igure (* args , ** kwargs )

29

30 def subplots (* args , ** kwargs ) :

31 if plt . get_backend () in ' Qt5Agg' :

32 ret = plt . subplots (* args , ** kwargs )

33 if len (plt . get_f ignums () ) > 1:

34 f ig_prev = plt . get_f ignums () [ -2]

35 prev_pos_point = plt . f igure (num= fig_prev ) . canvas . manager . window .pos ()

36 xp , yp = prev_pos_point .x () , prev_pos_point .y ()

37 plt . f igure (num=ret [0]. number )

38 plt . get_current_f ig_manager () . window .move (xp +20 , yp +20)

39 return ret

40 else :

41 plt . get_current_f ig_manager () . window .move (0 ,0)

42 return ret

43 else :

44 return plt . subplots (* args , ** kwargs )

45

46

47 def plot_mirror_data_fw_rv (params , data_fw , data_rv , debug_dict ) :

48 for fw , rv in zip (data_fw , data_rv ) :

49 if not hasattr ( plot_mirror_data_fw_rv , ' f ig ' ) :

50 fig , (axs1 ,axs2 ) = subplots ( nrows =1 , ncols =2 , num= ' plot_mirror_data_fw_rv ' )

51 plot_mirror_data_fw_rv . fig = fig

52 axs1 .plot ( fw)

53 axs2 .plot ( rv )

54 axs1 . set_t i t le ( ' FW' )
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55 axs2 . set_t i t le ( ' RV' )

56 fig . supt i t le ( ' Non l inear ' )

57 fig . subplots_adjust (0.8)

58 fig . t ight_layout ()

59 else :

60 axs1 .cla ()

61 axs2 .cla ()

62 axs1 . set_t i t le ( ' FW' )

63 axs2 . set_t i t le ( ' RV' )

64 axs1 .plot ( fw)

65 axs2 .plot ( rv )

66

67 if debug_dict . get ( ' do_stop ' ) :

68 plt . draw ()

69 plt . wai t forbuttonpress ()

70 else :

71 plt . draw ()

72 plt . pause (0.1)

73

74 def plot_non_l inear_phase ( params =None , debug_dict ={}) :

75 phase_fw = np. load ( params [ ' manual_params' ][ ' phase_fw ' ])

76 phase_rv = np. load ( params [ ' manual_params' ][ ' phase_rv ' ])

77

78 if debug_dict . get ( ' do_plot ' ) :

79 f igure (num=" phase with sav_gol f i t t ing ")

80 plt . plot ( phase_fw , label = ' forward ' )

81 plt . plot ( phase_rv , label = ' reverse ' )

82 plt . ylabel ( " Angle ")

83 plt . t i t le (" phase with sav_gol f i t t ing ")

84 plt . legend ()

85 plt . t ight_layout ()

86 plt . pause (0.1) # to see something even if no stop

87 if debug_dict . get ( ' do_stop ' ) :

88 plt . draw ()

89 plt . wai t forbuttonpress ()

90 else :

91 plt . pause (0.1)

92

93 def plot_l inear_signal (params , l inear_fw_data , l inear_rv_data , debug_dict = {}) :

94

95 if debug_dict . get ( ' do_plot ' ) :

96 f igure (num= ' Linear Signal ' )

97 button_press . fig = plt . gcf ()

98 plt . connect ( ' key_press_event ' , button_press )

99 button_press . close = False

100 plt . supt i t le ( ' Stop with \ ' x \ ' ' )

101

102 for fw_segment , rv_segment in zip ( l inear_fw_data , l inear_rv_data ) :

103 plt . subplot (121)

104 plt . plot ( rv_segment )

105 plt . t i t le (" Reverse ")

106 plt . xlabel (" Samples ")

107 plt . ylabel (" Ampli tude ( a.u) ")

108

109 plt . subplot (122)

110 plt . plot ( fw_segment )

111 plt . t i t le (" Forward ")

112 plt . xlabel (" Samples ")
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113 plt . ylabel (" Ampli tude ( a.u) ")

114 plt . draw ()

115 plt . t ight_layout ()

116 plt . subplots_adjust ( top =0.8)

117 is_key = 0 # no mouse cl icks

118 while plt . wai t forbut tonpress () == is_key : pass

119 if button_press . close : break

120 plt . clf ()

121

122 def plot_l inear_phase (params , l inear_fw_data , l inear_rv_data , debug_dict ={}) :

123 sig_start = params [ ' manual_params' ][ ' s ig_start ' ]

124 sig_end = params [ ' manual_params' ][ ' s ig_end ' ]

125 sig_step = params [ ' manual_params' ][ ' s ig_step ' ]

126 if debug_dict . get ( ' do_plot ' ) :

127 figure (num= ' Phase' )

128 l inear_fw_sum = sum( l inear_fw_data [ sig_start : sig_end : sig_step ])

129 l inear_rv_sum = sum( l inear_rv_data [ sig_start : sig_end : sig_step ])

130 phase_fw = np. unwrap (np . angle (sg . hi lbert ( l inear_fw_sum )))

131 phase_rv = np. unwrap (np . angle (sg . hi lbert ( l inear_rv_sum )))

132 plt . plot ( phase_fw , label = ' forward ' )

133 plt . plot ( phase_rv , label = ' reverse ' )

134 plt . xlabel ( " Samples ")

135 plt . ylabel ( " Angle ")

136 plt . t i t le (" Linear phase ")

137 plt . legend ()

138 plt . t ight_layout ()

139 plt . pause (0.1)

140 #plt . show ()

141

142 def plot_debug_json_freq_update ( l inear_fw_data , l inear_rv_data , debug_dict ) :

143 fig , axs = subplots ( nrows =2 , ncols =2 , f igsize =(12 ,5) , num= ' plot_debug_json_freq_update ' )

144 if not debug_dict . get ( ' start_at ' ) : debug_dict [ ' start_at ' ] = 0

145 for fw , rv in

zip ( l inear_fw_data [ debug_dict [ ' start_at ' ]:] , l inear_rv_data [ debug_dict [ ' start_at ' ] : ]) :

146 axs [0 ,0]. plot ( fw , lw =0.5)

147 axs [0 ,1]. plot ( rv [:: -1] , lw =0.5)

148 axs [1 ,0]. semilogy (abs ( spfft . fft ( fw)) , lw =0.5)

149 axs [1 ,0]. set_xl im ((0 ,1500) )

150 axs [1 ,1]. semilogy (abs ( spfft . fft ( rv ) ) , lw =0.5)

151 axs [1 ,1]. set_xl im ((0 ,1500) )

152 plt . wai t forbut tonpress ()

153 [a. cla () for a in axs . f latten () ]

154

155 def plot_l inear_signal_and_do_ff t ( params , l inear_fw_data , l inear_rv_data , debug_dict ) :

156 ' ' '

157 Show build up of sum of the FFT signal

158 : param do_plot :

159 : param params :

160 : param l inear_fw_data :

161 : param l inear_rv_data :

162 : param debug_dict : { ' do_plot ' :BOOL , ' start_at ' : int }

163 : return :

164 ' ' '

165 buffer_t ime = params [ ' manual_params' ][ ' buffer_t ime ' ]

166

167 f_fw = spfft . f f tshi f t ( spfft . f f t f req (n= l inear_fw_data . shape [1] , d= buffer_t ime /

l inear_fw_data . shape [1]) )
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168 f_rv = spfft . f f tshi f t ( spfft . f f t f req (n= l inear_rv_data . shape [1] , d= buffer_t ime /

l inear_rv_data . shape [1]) )

169

170 if debug_dict . get ( ' do_plot ' ) and not hasattr ( plot_l inear_signal_and_do_ff t , ' f ig ' ) :

171 fig = figure (num= ' Linear Signal and FFT ' )

172 button_press . fig = fig

173 plt . connect ( ' key_press_event ' , button_press )

174 button_press . close = False

175

176 ff t_fw_al l_steps = []

177 ff t_rv_al l_steps = []

178 if not debug_dict . get ( ' start_at ' ) : debug_dict [ ' start_at ' ]=50

179 if debug_dict . get ( ' do_plot ' ) :

180 for fw_sig , rv_sig in zip ( l inear_fw_data [ debug_dict [ ' start_at ' ]:] ,

l inear_rv_data [ debug_dict [ ' start_at ' ] : ]) :

181 ff t_fw_sig = abs ( spfft . f f tshi f t ( spfft . fft ( fw_sig )) )

182 ff t_fw_al l_steps . append ( f f t_fw_sig )

183 ff t_rv_sig = abs ( spfft . f f tshi f t ( spfft . fft ( rv_sig )) )

184 ff t_rv_al l_steps . append ( f f t_rv_sig )

185

186 plt . subplot (221)

187 plt . plot ( rv_sig )

188 plt . t i t le (" Reverse ")

189 plt . xlabel (" Samples ")

190 plt . ylabel (" Ampli tude ( a.u) ")

191

192 plt . subplot (222)

193 plt . plot ( fw_sig ) # plot the phase

194 plt . t i t le (" Forward ")

195 plt . xlabel (" Samples ")

196 plt . ylabel (" Ampli tude ( a.u) ")

197

198 plt . subplot (223)

199 plt . semilogy ( f_fw *1e -3 , f f t_fw_sig )

200 plt . xl im ((0 , f_fw .max () *1e -3/12) )

201 plt . t i t le (" f f t_of_one_mirror_step forward ")

202 plt . xlabel (" frequency (kHz )")

203 plt . ylabel (" Ampli tude (a.u)")

204

205 plt . subplot (224)

206 plt . semilogy ( f_rv *1e -3 , f f t_rv_sig )

207 plt . xl im ((0 , f_rv .max () *1e -3/12) )

208 plt . t i t le (" f f t_of_one_mirror_step reverse ")

209 plt . xlabel (" frequency (kHz )")

210 plt . ylabel (" Ampli tude (a.u)")

211

212 plt . supt i t le ( ' Press key to see signal steps \n( Press \ ' x \ ' to skip ) ' )

213 plt . t ight_layout ()

214 plt . subplots_adjust ( top =0.8)

215 plt . draw ()

216 is_key = 0

217 while plt . wai t forbut tonpress () == is_key : pass

218 if button_press . close : break

219 plt . clf ()

220

221 return ( f f t_fw_al l_steps )

222

223 def plot_al ign_img_data_debug (params ,data ) :
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224 data_samples = data . shape [1]

225 img_cut_off_top = 0

226 img_cut_off_end = 0

227

228 img_cut_off_tops = [5500] # list ( range (0 ,15000 ,100) )

229 img_cut_off_ends = [330] #np . zeros (15000//100) . astype ( int )

230

231 for img_cut_off_top , img_cut_off_end in zip ( img_cut_off_tops , img_cut_off_ends ) :

232 f lat_len = np.prod (data . shape )

233 data = np. reshape (data , f lat_len ) # make it 1D ( seems to avoid copy )

234 data = data [ img_cut_off_top :] # discard top / beginning to move all orders

235 segments_rem = data . shape [0] // data_samples # compute remaining orders due to

shorter total length

236 samples_tai l = data . shape [0] - segments_rem * data_samples # number of samples of

last shorter data tai l

237 data = data [: data . shape [0] - samples_tai l ] # remove last incomplete data tail

238 data = data [: data . shape [0] - img_cut_off_end * segments_rem ] # for shortening

each order by img_cut_off_end remove those samples as well

239 data = np. reshape (data , [ segments_rem , data_samples - img_cut_off_end ]) # reshape

back

240 new_data_len = data . shape [1]

241 data_al igned_fw = data [: , 0: new_data_len // 2]

242 data_al igned_rv = data [: , new_data_len // 2: new_data_len ]

243

244 if not hasattr ( plot_al ign_img_data_debug , ' f ig ' ) :

245 fig , axs = subplots ( nrows =3 , ncols =2 , f igsize =(12 , 6) )

246 plot_al ign_img_data_debug . fig = fig

247 button_press . fig = fig

248 plt . connect ( ' key_press_event ' , button_press )

249 button_press . close = False

250

251 show_segment_from = 0

252 show_segment_to = 200

253 show_segment_step = 50

254 rr = range ( show_segment_from , show_segment_to , show_segment_step )

255

256 by_sum = False

257 if by_sum :

258

259 axs [0 , 0]. cla ()

260 axs [1 , 0]. cla ()

261 axs [2 , 0]. cla ()

262 axs [0 , 1]. cla ()

263 axs [1 , 1]. cla ()

264 axs [2 , 1]. cla ()

265

266 d = data

267 fw = data_al igned_fw

268 rv = data_al igned_rv

269 axs [0 , 0]. plot (d [100] , lw =0.5) , axs [0 , 0]. set_yl im ((30000 , -30000) )

270 axs [1 , 0]. plot ( fw [100] , lw =0.5) , axs [1 , 0]. set_yl im ((30000 , -30000) )

271 axs [2 , 0]. plot ( rv [100] , lw =0.5) , axs [2 , 0]. set_yl im ((30000 , -30000) )

272 axs [1 , 1]. plot (np .sum (( abs ( fw)) ,axis =0) , lw =0.5) , axs [1 , 1]. set_xl im ((0 , 1500) )

273 axs [2 , 1]. plot (np .sum (( abs ( rv )) ,axis =0) , lw =0.5) , axs [2 , 1]. set_xl im ((0 , 1500) )

274

275 fig . supt i t le ( ' img_cut_off_top : {} ' . format ( img_cut_off_top ))

276 plt . t ight_layout ()

277 fig . subplots_adjust ( top =0.88)
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278

279

280 by_step = True

281 if by_step :

282 for d , fw , rv in zip (data [ rr ] , data_al igned_fw [ rr ] , data_al igned_rv [ rr ]) :

283 axs [0 ,0]. cla ()

284 axs [1 ,0]. cla ()

285 axs [2 ,0]. cla ()

286 axs [0 ,1]. cla ()

287 axs [1 ,1]. cla ()

288 axs [2 ,1]. cla ()

289

290 axs [0 ,0]. plot (d , lw =0.5) ,axs [0 ,0]. set_yl im ((30000 , -30000) )

291 axs [1 ,0]. plot ( fw , lw =0.5) ,axs [1 ,0]. set_yl im ((30000 , -30000) )

292 axs [2 ,0]. plot ( rv , lw =0.5) ,axs [2 ,0]. set_yl im ((30000 , -30000) )

293 axs [0 ,1]. semilogy (abs ( spfft . fft (d )) , lw =0.5) ,axs [0 ,1]. set_xl im ((0 ,1500) )

294 axs [1 ,1]. semilogy (abs ( spfft . fft ( fw)) , lw =0.5) ,axs [1 ,1]. set_xl im ((0 ,1500) )

295 axs [2 ,1]. semilogy (abs ( spfft . fft ( rv ) ) , lw =0.5) ,axs [2 ,1]. set_xl im ((0 ,1500) )

296

297 fig . supt i t le ( ' img_cut_off_top : {} ' . format ( img_cut_off_top ))

298 plt . t ight_layout ()

299 fig . subplots_adjust ( top =0.88)

300 plt . draw ()

301

302 plt . wai t forbut tonpress ()

303

304 plt . wai t forbut tonpress ()

305 if button_press . close : break

306 assert False , ' stop here . '

307

308

309 def plot_f f t_sum_and_peaks (params , debug_dict ) :

310 ff t_fw_sum_svg = np. load ( params [ ' manual_params' ][ ' f f t_fw_sum_svg ' ])

311 peaks_fw = np. fromstr ing ( params [ ' auto_params ' ][ ' peaks_fw_px ' ]. str ip ( ' [] ' ) ,

312 sep=' , ' ) . astype (np . int )

313 ff t_rv_sum_svg = np. load ( params [ ' manual_params' ][ ' f f t_rv_sum_svg ' ])

314 peaks_rv = np . fromstr ing ( params [ ' auto_params ' ][ ' peaks_rv_px ' ]. str ip ( ' [] ' ) ,

315 sep=' , ' ) . astype (np . int )

316

317 if params [ ' auto_params ' ]. get ( ' warn_peaks_array ' ) or

params [ ' auto_params ' ]. get ( ' warn_peaks_freq_di f f ' ) :

318 debug_dict ={ ' do_plot ' :True , ' do_wait ' : True }

319

320 if debug_dict . get ( ' do_plot ' ) :

321 figure (num= ' FFT summation' )

322 plt . subplot (121)

323 plt . semilogy ( f f t_fw_sum_svg )

324 plt . semilogy (peaks_fw , f f t_fw_sum_svg [ peaks_fw ] , "x")

325 plt . xlabel ( " Frequency (Hz)")

326 plt . ylabel ( " Ampl i tude (a.u)")

327 plt . t i t le (" f f t_summation and \ ndetect ion of peaks_fw ( raw) {} " . format ( len ( peaks_fw )))

328 len_tot_px = ff t_fw_sum_svg . shape [0]

329 plt . xl im ((0 , peaks_fw .max () *1.5) )

330 plt . subplot (122)

331 plt . semilogy ( f f t_rv_sum_svg )

332 plt . semilogy (peaks_rv , f f t_rv_sum_svg [ peaks_rv ] , "x")

333

334 plt . xlabel ( " Frequency (Hz)")
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335 plt . ylabel ( " Ampl i tude (a.u)")

336 plt . t i t le (" f f t_summation and \ ndetect ion of peaks_rv ( raw) {} " . format ( len ( peaks_rv )) )

337 len_tot_px = ff t_rv_sum_svg . shape [0]

338 plt . xl im ((0 , peaks_rv .max () * 1.5) )

339

340 plt . supt i t le ( params [ ' auto_params ' ][ ' t ime_stamp ' ]+ ' \n ' +

341 params [ ' auto_params ' ][ ' t i t le_str ' ])

342 plt . t ight_layout ()

343 plt . subplots_adjust ( top =0.8)

344

345 if debug_dict [ ' do_wait ' ]:

346 plt . wai t forbuttonpress ()

347 else :

348 plt . pause (0.1)

349

350

351 def plot_apodizat ion (params , l inear_data ) :

352 segment_len = l inear_data . shape [1]

353

354 do_plot = False

355 if do_plot :

356 start_at = 0

357 if not hasattr ( plot_apodizat ion , ' f ig ' ) :

358 fig , axs = figure ( ncols =2 , nrows =1)

359 plot_apodizat ion . fig = fig

360

361 for segment in l inear_data [ start_at :]:

362 axs [0]. plot ( segment )

363

364 segment = segment * sg . windows . tukey (M= segment_len ,

alpha = params [ ' manual_params' ][ ' alpha ' ])

365

366 axs [1]. plot ( segment )

367 axs [1]. set_yl im (axs [0]. get_yl im () )

368 plt . draw ()

369 plt . wai t forbuttonpress ()

370 axs [0]. cla ()

371 axs [1]. cla ()

372

373 def plot_f i l ter_response_each (peaks , h , debug_dict ) :

374 """

375 Single plot to show fi l ter response for each order .

376 : param h: the fi l ter response of one fi l ter for one order

377 : return : axes of the fi l ter response plot

378 """

379 if debug_dict [ ' show_each_f i l ter ' ]:

380 if not hasattr ( plot_f i l ter_response_each , ' f igure_created ' ) :

381 plot_f i l ter_response_each . f igure_created = True

382 fig , axes = subplots ( nrows =1 , ncols =1 , num= ' Fi l ter response ' )

383 plot_f i l ter_response_each .axes = axes

384 plot_f i l ter_response_each . fig = fig

385 else :

386 fig = plot_f i l ter_response_each . fig

387 axes = plot_f i l ter_response_each .axes

388

389 axes . set_t i t le ( ' Fi l ter response and FFT sig ' )

390 axes . semilogy (abs ( spfft . f f tshi f t (h)) )

391 axes . set_xl im (( len (h) /2 , len (h) /2+ peaks .max () *1.25) )
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392 axes . set_yl im ((1e -7 , abs (h) .max () *1.5 ))

393

394 plt . t ight_layout ()

395 plt . draw ()

396 if debug_dict [ ' wai t_each_f i l ter ' ]: plt . wai t forbut tonpress ()

397 else :

398 fig = None

399 axes = None

400

401 return fig , axes

402

403

404 def plot_f i l ter_response_vs_signal_in (peaks , fi l ters , l inear_signal , debug_dict ) :

405 """

406 Show input signal FFT vs fi l ter response .

407 Allow stepping through each input signal ( l inear_signal ) .

408 : param fi l ter_response :

409 : param linear_signal :

410 : param do_plot :

411 : param do_wait :

412 : return : Axes

413 """

414

415 sig_len = l inear_signal . shape [1]

416 f i l ter_response = mf . make_f i l ter_response_array (peaks , fi l ters , sig_len , debug_dict )

417

418 if debug_dict [ ' do_plot_f i l ter_and_sig ' ]:

419 debug_dict [ ' show_each_f i l ter ' ] = True

420 for fr in f i l ter_response : # plot all f i l ters

421 fig ,axs = plot_f i l ter_response_each (peaks , fr [ ' H' ] , debug_dict )

422

423 # Prepare a signal plot and keep

424 al ine_len_idx = 1

425 last_plot = -1

426 # add one plot - l ine for the input signal

427 input_signal_plot =

axs . semilogy (np .ones (np . shape ( l inear_signal ) [ a l ine_len_idx ]) , ' k ' , lw =1) [ last_plot ]

428

429 # Step through a- l ine signals FFT

430 for al ine in l inear_signal [ debug_dict [ ' start_at ' ] : ] :

431 ff t_sig = abs ( spfft . f f tshi f t ( spfft . fft ( al ine )) )

432 mxv = max( ff t_sig ) # match signal height with f i l ter response

433 fft_sig /= mxv # match signal height with f i l ter response

434 input_signal_plot . set_ydata ( ff t_sig )

435 plt . draw ()

436 if debug_dict [ ' do_plot_f i l ter_and_sig_wai t ' ]: plt . wai t forbuttonpress ()

437 else :

438 fig = None

439 axs = None

440

441 return fig ,axs

442

443

444 def plot_signal_f i l tered_each (peaks , segment , fsigs , f i l ters , debug_dict ) :

445 """

446 Plot f i l ter response again but also the result ing f i l tered signal ( using plot layout

2x2)

447 : param sig :
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448 : param fsig :

449 : param fi l ter_response :

450 : param linear_signal :

451 : param do_plot :

452 : param do_wait :

453 : return :

454 """

455 if debug_dict [ ' do_plot_f i l tered_sig ' ]:

456 debug_dict [ ' show_each_f i l ter ' ] = True

457 sig_len = segment . shape [0]

458 f i l ter_response = mf . make_f i l ter_response_array (peaks , fi l ters , sig_len , debug_dict )

459

460 if not hasattr ( plot_signal_f i l tered_each , ' f igure_created ' ) :

461 plot_signal_f i l tered_each . f igure_created = True

462 fig , axes = subplots ( nrows =2 , ncols =2 , num= ' Fi l ter response and signals ' )

463 plot_signal_f i l tered_each .axes = axes

464 plot_signal_f i l tered_each . fig = fig

465 button_press . fig = fig

466 plt . connect ( ' key_press_event ' , button_press )

467 button_press . close = False

468

469 else :

470 axes = plot_signal_f i l tered_each .axes

471 fig = plot_signal_f i l tered_each . fig

472

473 # Create f i l ter response data only if not yet copied

474 if not any (axes [0 ,0]. get_l ines () ) :

475 # copy plot data

476 for fr in f i l ter_response : # plot all f i l ters

477 figh ,axs = plot_f i l ter_response_each (peaks , fr [ ' H' ] , debug_dict )

478 plt . close ( figh ) # close temp figure

479 # paste plot data

480 for l in axs . get_l ines () :

481 axes [0 ,0]. add_l ine ( Line2D ( xdata =l . get_xdata () , ydata =l . get_ydata () ,

482 color = ' k ' , l inewidth =0.5) )

483 axes [0 ,0]. set_t i t le ( ' Fi l ter vs input signal FFT ' )

484 axes [0 ,0]. autoscale ( enable =True )

485 axes [0 ,0]. set_yscale ( ' log ' )

486 h1 = axs . get_l ines () [0]. get_ydata ()

487 axes [0 ,0]. set_xl im (( len (h1) /2 , len (h1) /2 + peaks .max () *0.55) )

488 axes [0 ,0]. set_yl im ((1e -7 ,1 e3))

489 # add one dummy plot for signal

490 axes [0 ,0]. add_l ine ( Line2D ( xdata =axs . get_l ines () [0]. get_xdata () ,

ydata =np.ones ( len (h1)) ,color = ' r ' , l inewidth =0.5) )

491

492 fft_sig = abs ( spfft . f f tshi f t ( spfft . fft ( segment )) )

493 mxv = max( ff t_sig ) # match signal height with f i l ter response

494 fft_sig /= mxv # match signal height with f i l ter response

495 axes [0 ,0]. get_l ines () [ -1]. set_ydata ( ff t_sig )

496

497 axes [0 ,1]. set_t i t le ( ' Fi l tered signal ' )

498 if not np .any (axes [0 ,1]. get_l ines () ) :

499 for fsig in fsigs :

500 axes [0 ,1]. plot ( fsig , l inewidth =0.5)

501 else :

502 for fsig in fsigs :

503 axes [0 ,1]. get_l ines () [0]. set_ydata ( fsig )

504
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505 def show_signal_plain ( fs ig_processed ):

506 axes [1 , 1]. set_t i t le ( ' Fi l tered signal plain ' )

507 axes [1 , 1]. plot ( fsig_processed , l inewidth =0.5)

508

509 def show_signal_FFT ( fs ig_processed ):

510 axes [1 , 1]. set_t i t le ( ' Fi l tered signal FFT ' )

511 fsig_ff t = abs ( spfft . f f tshi f t ( spfft . fft ( fs ig_processed )))

512 axes [1 , 1]. semilogy ( fsig_fft , l inewidth =0.5)

513 axes [1 , 1]. set_xl im (( len ( fsig ) / 2, len ( fsig ) / 1.8) )

514 axes [1 , 1]. set_yl im ((1e2 , 1e9))

515

516 def show_signal_Hi lb ( fs ig_processed ):

517 axes [1 , 1]. set_t i t le ( ' Fi l tered signal Hi lbert ' )

518 fsig_h = abs (sg . hi lbert ( fs ig_processed ))

519 axes [1 , 1]. semilogy ( fsig_h , l inewidth =0.5)

520 axes [1 , 1]. set_yl im ((1e1 , 1e6 ))

521

522 for fsig in fsigs :

523 show_signal_Hi lb ( fsig )

524

525

526 axes [1 ,0]. set_t i t le ( ' Input signal ' )

527 if not np .any (axes [1 , 0]. get_l ines () ) :

528 axes [1 , 0]. plot ( segment , l inewidth =0.5)

529 else :

530 axes [1 , 0]. get_l ines () [0]. set_ydata ( segment )

531

532 plt . draw ()

533 plt . t ight_layout ()

534 if debug_dict [ ' do_plot_f i l tered_sig_wait ' ]:

535 plt . wai t forbuttonpress ()

536 if button_press . close :

537 button_press . close = False

538 return None

539 else :

540 plt . pause (0.1)

541

542 axes [0 ,1]. cla ()

543 axes [1 ,0]. cla ()

544 axes [1 ,1]. cla ()

545 else :

546 fig = None

547 axes = None

548

549 return axes

550

551

552 def plot_hi lbert ( a l ine_orders_hi lbert ) :

553 """

554 This plot is real ly just to check if hi lbert works .

555 It is not supposed to give a full analysis view .

556 Probably it is easier to call the plot direct ly with the line of code used here .

557 : param al ine_orders_hi lbert :

558 : return :

559 """

560 plt . plot (abs ( al ine_orders_hi lbert [10 ,0 ,:]) )

561

562 def button_press (evt ) :
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563 """

564 A funct ion that captures a key_press_event ' q ' or ' x ' al lowing to stop

wait forbuttonpress .

565 In your plott ing funct ion add after creat ion of the figure the line :

566 "plt . connect ( ' key_press_event ' , button_press )"

567 and also attach the figure as attrbi tue like

568 " button_press . fig = fig "

569

570 If you have many figures then you need to use dif ferent attr ibutes like " fig1 " , " f ig2 " ,

etc .

571 : param evt :

572 : return :

573 """

574 print (evt . name)

575 print (evt .x)

576 print (evt .y)

577 print (evt . guiEvent )

578 print (evt . key )

579 if evt . key in ' qx ' :

580 button_press . close = True

581

582 def plot_raw_al ine_orders_hi lbert (params , al ine_orders_hi lbert ) :

583 """

584 Plot the raw A- line envelopes after Hi lbert t ransformat ion .

585 Change al_nr to start at another A- l ine

586 : param al ine_orders_hi lbert :

587 : return :

588 """

589 al_nr = 300

590 for al in al ine_orders_hi lbert [ al_nr :]:

591 if not hasattr ( plot_raw_al ine_orders_hi lbert , ' f ig ' ) :

592 fig ,axs = subplots ( nrows =np. shape (al ) [0] , ncols =1 , f igsize =(8 ,7.5) ,num= ' Raw

unscaled orders after f i l ter ing ' )

593 button_press . fig = fig

594 plt . connect ( ' key_press_event ' , button_press )

595 plot_raw_al ine_orders_hi lbert . f ig = fig

596

597 axs [0]. set_t i t le ( ' Press x to stop . #A- l ine : {: 3d} ' . format ( al_nr ))

598 al_nr +=1

599 for ol ,ax in zip (al , axs ) :

600 if hasattr ( button_press , ' close ' ) : return

601 ax .plot (abs (ol ) )

602 ax . set_xt icks ([])

603 ax . set_yt icks ([])

604 plt . draw ()

605 plt . subplots_adjust ( left =0 , bottom =0.01 , right =1.0 , top =0.95 , wspace =None ,

hspace =None )

606 plt . wai t forbut tonpress ()

607 [ax .cla () for ax in axs ]

608 return params

609

610

611 def plot_orders_scaled (params , al ine_orders_hi lbert ) :

612 """

613 This funct ion is invest igat ing the resampling for each order according to the true

spatial depth range .

614 This funct ion is not essent ial for processing .
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615 The principle is that each subsequent order is N times the depth range than the first

one

616 see Dsouza 2016 (3.18) .

617 Here in the code we reduce the samples from the highest order down to the first order .

618 Because the lowest order has the least imaging depth and therefore requires the least

samples .

619

620 We can see the loop traversing over each A- l ine ( for al in al ine_orders_hi lbert ) .

621 Each A- line contains all orders (ol ) detected .

622 The variable ' fract ion ' is used to reduce / resample each order .

623 The variable ' fract ion ' is simply the maximum samples divided by the number of orders .

624 Please take note that we do not make any effort about accurate rounding of the samples

and just assume type integer

625 for ' f ract ion ' . This is suff ic ient as the image pixel accuracy is of less relevance .

626

627 The code line

628

629 smpls = num_samples - fract ion * on

630

631 computes the new samples ( smpls ) for each order (on) , where ' on' is the integer order

number from N -1..0.

632 That means that the first order wil l have the smallest number of samples while the

highest order ' N' wil l have the

633 maximum number of samples .

634

635

636 R. I . Dsouza , Towards Low Cost Mult iple Reference Optical Coherence Tomography for

in Vivo and NDT Applicat ions , Thesis , 2016.

637 : param params :

638 : param al ine_orders_hi lbert :

639 : return :

640 """

641 bframe = []

642 num_orders = np. shape ( al ine_orders_hi lbert ) [1]

643 num_samples = np. shape ( al ine_orders_hi lbert ) [2]

644 fract ion = np. f loor ( num_samples / num_orders ) . astype ( int )

645 fig = None

646 print ( ' num orders : {} ' . format ( num_orders ))

647

648 for al in al ine_orders_hi lbert [200:] :

649 aline = []

650 if f ig is None :

651 fig ,ax = subplots ( nrows =1 , ncols =1)

652

653 for ol ,on in zip (al , range ( num_orders -1 , -1 , -1) ) : # on = num_orders ... 0

654 smpls = num_samples - fract ion *on

655 print ( smpls ,end= ' , ' )

656

657 # mult iply by some number to shift each order a bit up for visual presentat ion .

658 ol = sg . resample (x=abs (ol ) ,num= smpls ) + on *1000

659 ax .plot (ol )

660 ax . set_xlabel ( ' Samples' )

661 ax . set_ylabel ( ' Intensity (arb .) ' )

662 print ( ' ' )

663

664 ax . set_yl im (( -800 ,16000) )

665 if not hasattr ( plot_orders_scaled , ' has_y2 ' ) :

666 plot_orders_scaled . has_y2 = True
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667 ax2 = ax . twinx ()

668 ax2 . set_ylabel ( ' Order ' )

669 ax2 . set_yt icks (np . l inspace (0 ,12.4 ,14) ) # posit ion ticks

670 ax2 . set_yt icklabels ( range (0 ,14) )

671 ax2 . set_yl im ((0.3 ,16) )

672 ax2 .grid (axis= ' y ' )

673

674 plt . draw ()

675 plt . t ight_layout ()

676 plt . wai t forbut tonpress ()

677 ax .cla ()

678

679 return params

680

681

682 def plot_summing_of_correlat ion_values (params , al ine_orders_hi lbert ) :

683 """

684 This funct ion studies the correlat ion between orders and their use for order al ignment .

685 This funct ion is not essent ial for processing . We include this funct ion to avoid manual

adjustments which may be required due to changes

686 in dif ferent system and acquisi t ion parameters .

687

688 The method starts with the highest orders and works backwards trying to find the best

match of the mirror signal .

689 The posit ion parameters are then stored for al igning orders for signals with random

scatter ing propert ies .

690

691 The number to shift an order array vs the next one is determined by the spacing of the

PM and SRM.

692 However , this value can not exact ly be measured .

693

694 The principle is that each subsequent order is N times the depth range than the first

one

695 see Dsouza 2016 (3.18) .

696 Here in the code we reduce the samples from the highest order down to the first order .

697 Because the lowest order has the least imaging depth and therefore requires the least

samples .

698

699 You can see the loop traversing over each A- l ine ( for al in al ine_orders_hi lbert ) .

700 Each A- line contains all orders (ol ) detected .

701 The variable ' fract ion ' is used to reduce / resample each order .

702 The variable ' fract ion ' is simply the maximum samples divided by the number of orders .

703 Please take note that we do not make any effort about accurate rounding of the samples

and just assume type integer

704 for ' f ract ion ' . This is suff ic ient as the image pixel accuracy is of less relevance .

705

706 The code line

707

708 smpls = num_samples - fract ion * on

709

710 computes the new samples ( smpls ) for each order (on) , where ' on' is the integer order

number from N -1..0.

711 That means that the first order wil l have the smallest number of samples while the

highest order ' N' wil l have the

712 maximum number of samples .

713

714
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715 R. I . Dsouza , Towards Low Cost Mult iple Reference Optical Coherence Tomography for

in Vivo and NDT Applicat ions , Thesis , 2016.

716 : param params :

717 : param al ine_orders_hi lbert :

718 : return :

719 """

720 print (np . shape ( al ine_orders_hi lbert ) )

721 bframe = []

722 correlat ion_dict = {}

723 num_orders = np. shape ( al ine_orders_hi lbert ) [1]

724 num_samples = np. shape ( al ine_orders_hi lbert ) [2]

725 fract ion = np. f loor ( num_samples / num_orders ) . astype ( int )

726 fig = None

727 print ( ' num orders : {} ' . format ( num_orders ))

728

729 start_at = 420

730 for n ,al in enumerate ( al ine_orders_hi lbert [10::1]) :

731 n = start_at -n

732 aline = []

733 if f ig is None :

734 fig ,axs = subplots ( nrows =1 , ncols =2 , f igsize =(10 ,5) )

735 axs [0]. set_t i t le ( ' A - l ine #{} ' . format (n))

736 axs [1]. set_t i t le ( ' Bui ld up of correlat ion graph \n (each order di f ferent color ) ' )

737

738 order_dict = {}

739 for ol , on in zip (al [:: -1] , range (0 , num_orders ,1) ) : # on = num_orders ... 0

740 smpls = num_samples - fract ion *on

741 ol = sg . resample (x=abs (ol ) , num= smpls )

742 ol = sg . savgol_f i l ter (x=ol , window_length =151 , polyorder =2)

743 ol [np . nonzero (ol <=0) ]= abs (ol ) .min () # to avoid errors from fft , logs , etc .

744 order_dict [ num_orders -on ] = ol

745 ol = np . log10 (ol ) + on *3

746 axs [0]. plot (ol )

747 axs [0]. set_xlabel ( ' Samples' )

748 axs [0]. set_ylabel ( ' Intensity (arb .) ' )

749 lns = axs [0]. get_l ines ()

750 cols = [ ln . get_color () for ln in lns ]

751 if not hasattr ( plot_summing_of_correlat ion_values , ' has_y2 ' ) :

752 plot_summing_of_correlat ion_values . has_y2 = True

753 ax2 = axs [0]. twinx ()

754 ax2 . set_ylabel ( ' Order ' )

755 ax2 . set_yt icks (np . l inspace (0 , num_orders +2 , num_orders +1) ) # posit ion ticks

756 ax2 . set_yt icklabels ( range ( num_orders +1 ,0 , -1) )

757 ax2 . set_yl im ((0.3 , num_orders +3) )

758 ax2 .grid (axis= ' y ' )

759

760 # Summing all correlat ions between orders .

761 # In theory , each overlapping orders should correlate at the same displacement

between the orders independent ly of the sample mirror displacement .

762 # The peak of the correlat ion should correspond to the pixel displacement to bring

the overlapping order to optimal al ignemnt .

763

764 for n ,m in zip ( range (1 , num_orders ) , range (2 , num_orders +1) ) :

765 if correlat ion_dict . get (n) is None :

766 correlat ion_dict [n] = np . correlate ( order_dict [n ][:: -1] ,

order_dict [m ][:: -1] , ' ful l ' )

767 else :
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768 correlat ion_dict [n] += np. correlate ( order_dict [n ][:: -1] ,

order_dict [m ][:: -1] , ' ful l ' )

769

770 def plot_correlat ion_bui ld_up () :

771 """

772 Show bui lding up the sum of correlat ion for each A- l ine

773 Enable wait forbut tonpress to show for each mirror step

774 """

775 for n , m, c in zip ( range (1 , num_orders ) , range (2 , num_orders +1) ,

cols [ num_orders :: -1]) :

776 axs [1]. plot ( correlat ion_dict [n] , color =c)

777 plot_correlat ion_bui ld_up ()

778

779 def plot_for_each_mirror_posi t ion () :

780 plt . draw () # needed for wait forbut tonpress to draw

781 plt . wai t forbuttonpress () # show all orders processed for each mirror posit ion

782 axs [0]. cla ()

783 axs [1]. cla ()

784 plot_for_each_mirror_posi t ion ()

785

786 def plot_f inal_sum_of_correlat ions () :

787 for n , m, c in zip ( range (1 , num_orders ) , range (2 , num_orders +1) ,

cols [ num_orders :: -1]) :

788 axs [1]. plot ( correlat ion_dict [n] , color =c)

789 plt . show ()

790 return params

791

792

793 def plot_orders_spat ia l ly_al igned (params , al ine_orders_hlb , is_reversed , process_type ,

debug_dict ={}) :

794 """

795 This funct ion studies the spatial al ignment of orders using order_index_shi f t_dict .

796 This funct ion is not essent ial for processing .

797

798 Each order in this funct ion is al igned using correlat ion between adjacent orders .

799 The correlat ion values or the correlat ion graph has a peak if matching mirror signals

are avai lable .

800 The peak posit ion is stored in order_index_shi f t_dict for each order .

801

802 This funct ion uses correlat ion and peak detect ion to find the order_index_shi f t_dict .

803 Although , by theory we can calculate the posit ion of orders exact ly this appears to be

not true in pract ise due to

804 minor deviat ions .

805 The method starts with the highest orders and works backwards trying to find the best

match of the mirror signal .

806 The posit ion parameters are then stored for al igning orders for signals with random

scatter ing propert ies .

807

808 The number to shift an order array vs the next one is determined by the spacing of the

PM and SRM.

809 However , this value can not exact ly be measured .

810

811 The principle is that each subsequent order is N times the depth range than the first

one

812 see Dsouza 2016 (3.18) .

813 Here in the code we reduce the samples from the highest order down to the first order .

814 Because the lowest order has the least imaging depth and therefore requires the least

samples .
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815

816 You can see the loop traversing over each A- l ine ( for al in al ine_orders_hi lbert ) .

817 Each A- line contains all orders (ol ) detected .

818 The variable ' fract ion ' is used to reduce / resample each order .

819 The variable ' fract ion ' is simply the maximum samples divided by the number of orders .

820 Please take note that we do not make any effort about accurate rounding of the samples

and just assume type integer

821 for ' f ract ion ' . This is suff ic ient as the image pixel accuracy is of less relevance .

822

823 The code line

824

825 smpls = num_samples - fract ion * on

826

827 computes the new samples ( smpls ) for each order (on) , where ' on' is the integer order

number from N -1..0.

828 That means that the first order wil l have the smallest number of samples while the

highest order ' N' wil l have the

829 maximum number of samples .

830

831

832 R. I . Dsouza , Towards Low Cost Mult iple Reference Optical Coherence Tomography for

in Vivo and NDT Applicat ions , Thesis , 2016.

833 : param params :

834 : param al ine_orders_hlb :

835 : return :

836 """

837

838 revert_order = is_reversed

839

840 al ine_orders_envelope = np.abs ( al ine_orders_hlb )

841

842 print (np . shape ( al ine_orders_envelope ))

843 num_al ines = np. shape ( al ine_orders_envelope ) [0]

844 num_orders = np. shape ( al ine_orders_envelope ) [1]

845 num_samples = np. shape ( al ine_orders_envelope ) [2]

846 fract ion = np. f loor ( num_samples / num_orders ) . astype ( int )

847

848 print ( ' num orders : {} ' . format ( num_orders ))

849 print ( ' Compute order index shift posi t ions ... ' )

850 print ( ' ' ,end= ' ' ) # print some progress number

851

852 # Compute correlat ion between orders and store the correlat ion into correlat ion_dict .

853 # The correlat ion is used to find the spatial al ignment between the orders

854 correlat ion_dict = {}

855 # Using each 10 steps shows nearly no dif ference compared to using all steps .

856 # Except ions may be if a mirror signal is very bad . But then it seems better to record

a better mirror signal .

857 steps = 10

858 print ( ' Using only each {} step for correlat ion ! ' . format ( steps ))

859 fig = None

860

861 if f ig is None and debug_dict . get ( ' show_correlat ion ' ) or

debug_dict . get ( ' show_al l_orders ' ) :

862 fig , axs = subplots ( nrows =1 , ncols =2 , f igsize =(10 , 5) , num= ' in

plot_orders_spat ia l ly_al igned ' )

863 button_press . fig = fig

864 plt . connect ( ' key_press_event ' , button_press )

865 button_press . close = False
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866

867 for n ,al in enumerate ( al ine_orders_envelope [:: steps ]) :

868 print ( ' \b \b\b\b {: 4d} ' . format (n) , end= ' ' )

869

870 axs [0]. cla ()

871 axs [1]. cla ()

872 axs [0]. set_t i t le ( ' Correlat ion for all A - l ines .\ nStop with \ ' x \ ' ' )

873 axs [1]. set_t i t le ( ' Visual placement of orders . ' )

874 plt . supt i t le ( ' Orders before merge ' )

875 plt . subplots_adjust ( top =0.8)

876

877 # The order_dict addresses each order in one A- line as ' order_dict [ on ] ' where

' on' is the order number .

878

879 order_dict = {}

880 rescale_dict = {}

881 for ol , on in zip (al , range (1 , num_orders +1 ,1) ) : # on = num_orders ... 0

882 smpls = num_samples - fract ion *( num_orders -on) # compute samples for rescal ing

order

883 rescale_dict [on ] = smpls

884 ol = sg . resample (x=abs (ol ) , num= smpls )

885 ol [np . nonzero (ol <=0) ]= abs (ol ) .min () # to avoid errors from fft , logs , etc .

886 order_dict [on ] = ol

887

888 # Correlate adjacent orders to find array index shift posit ions and

889 # sum for all correlat ion values for all mirror posit ions .

890 # This correlat ion can be used to compute the amount the orders need to be shif ted

spat ial ly to al ign properly .

891 # Take note that if no overlap between orders exist then the correlat ion is low .

892 # Also take note that we reverse the correlat ion output which is required .

893

894 for n ,m in zip ( range (1 , num_orders ) , range (2 , num_orders +1) ) :

895 if correlat ion_dict . get (m) is None :

896 correlat ion_dict [m] = np . correlate ( order_dict [n ][:: -1] ,

order_dict [m ][:: -1] , ' ful l ' )

897 else :

898 correlat ion_dict [m] += np. correlate ( order_dict [n ][:: -1] ,

order_dict [m ][:: -1] , ' ful l ' )

899

900 # Compute the lowest correlat ion acceptable based on the detected values in the

previous step .

901 # This al lows us to reject correlat ion art i facts from orders that actual ly do not

overlap ( i .e . 1st or 2nd order )

902 min_expected_correlat ion = correlat ion_dict [ num_orders ]. max ()

903 order_index_shi f t_dict = {}

904 shif t_lst = [] # for computing the mean_shi f t_distance in order_index_shi f t_dict

905 mean_shi f t_distance = None

906 # Traverse over all correlat ion values to compute the shift in space for each order and

store the shift in order_index_shi f t_dict .

907 # Note that we reverse the correlat ion graphs "[:: -1]" because we need to start with

the highest orders to have overlapping regions .

908 # Lower orders may not overlap and wil l have no init ial correlat ion values !

909

910 for on , ol in l ist ( correlat ion_dict . i tems () ) [:: -1]:

911 pk ,_ = sg . f ind_peaks (ol , height = min_expected_correlat ion , prominence =ol .max () *0.9)

912 if any (pk ) :

913 # If here are mult iple peaks in the correlat ion , then the signal is corrupt .
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914 assert len (pk ) == 1, ' Peak detect ion found mult iple peaks . Data qual i ty may be

insuff ic ient . '

915 order_index_shi f t_dict [on ] = pk [0]

916 shif t_lst . append (pk [0])

917 else :

918 # The index shift can be negative if the orders have a gap .

919 order_index_shi f t_dict [on ] = None

920 mean_shi f t_distance = abs (np .diff ( shi f t_lst ) .mean () ) . astype ( int )

921 assert mean_shi f t_distance is not None , ' Value for mean_shi f t_distance not avai lable .

Data qual i ty may be insuff ic ient . '

922 # Order 1 can never have any correlat ion

923 order_index_shi f t_dict [1] = None

924 # Store the number of orders that do not have overlap .

925 # Because for those orders we have to add pre - computed padding space to create the full

A - l ine array .

926 none_number_of_elements = 0

927 # plot all correlat ions and peaks

928 # Please note that we ignore the order 1 as it has no correlat ion values

( range ( num_orders , 1, -1) ) .

929 # We plot start ing with the highest orders as those wil l have correlat ion values

( reversed range ).

930 if debug_dict . get ( ' show_correlat ion ' ) :

931 for on in range ( num_orders ,1 , -1) :

932 corr_graph = correlat ion_dict [on ]

933 shif t_point = order_index_shi f t_dict [on ]

934 axs [0]. plot ( corr_graph )

935 # negative values are gaps ; but here we ignore them for the moment as we don ' t

have correlat ion data .

936 # so where no peak is present , we can ' t plot it .

937 if shi f t_point is not None :

938 axs [0]. plot ( shif t_point , corr_graph [ shi f t_point ] , ' rx ' )

939 else :

940 none_number_of_elements += 1

941 warn ( ' Order {} is ignored . No order_index_shi f t avai lable . ' . format (on))

942

943 if debug_dict . get ( ' do_stop ' ) :

944 plt . draw ()

945 plt . wai t forbut tonpress ()

946 if button_press . close : break

947

948 print ( ' \ nshi f t_lst ' , shi f t_lst )

949 print ( ' mean_shi f t_distance ' ,mean_shi f t_distance )

950 print ( ' shift dict : ' , order_index_shi f t_dict )

951

952 # Replace missing order_index_shi f ts using mean_shi f t_distance from all other orders .

953 # In the first loop we obtain the missing shif t_ index and

954 # the second loop moves based on the 1st order shift such that the 1st order is zero .

955

956 for on , shift in order_index_shi f t_dict . i tems () :

957 if shift is None :

958 order_index_shi f t_dict [on ] = order_index_shi f t_dict [on +1] - mean_shi f t_distance

959 o1 = order_index_shi f t_dict [1]

960 # Make that the 1st order has zero shift :

961 for on , shift in order_index_shi f t_dict . i tems () :

962 order_index_shi f t_dict [on ] = order_index_shi f t_dict [on ] - o1

963

964 print ( ' shift dict : ' , order_index_shi f t_dict )

965 # Compute left padding for all orders
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966 # We need to compute in reverse to have the longest order length avai lable

967 lef t_pad_dict = {}

968 r ight_pad_dict = {}

969 correct ion = params [ ' manual_params' ][ ' a l ine_pad_correct ion_ ' + process_type ] # integer

only

970 for on in range (1 , num_orders +1) :

971 correlat ion_index = order_index_shi f t_dict [on ]

972 lef t_pad_dict [on ] = correlat ion_index + rescale_dict [on ] + on * correct ion

973 assert np .all (np . array ( l ist ( lef t_pad_dict . values () ) ) >0) , \

974 ' {}\ n lef t_pad_dict has negative values . Change

al ine_pad_correct ion_ ' . format ( left_pad_dict , process_type )

975 for on in range (1 , num_orders ) :

976 r ight_pad_dict [on ] = ( lef t_pad_dict [ num_orders ] + rescale_dict [ num_orders ]) -

( lef t_pad_dict [on ] + rescale_dict [on ])

977 r ight_pad_dict [ num_orders ] = 0

978

979 # Plott ing for analysing the computat ion of the pad values and goodness of overlaps .

980 # Traverse all A - l ines ( outer loop )

981 # Traverse all orders ( inner loop )

982 button_press . close = False

983 for al_nr ,al in enumerate ( al ine_orders_envelope [150:: -1]) :

984 for i ,ol in enumerate (al ) :

985 on = i+1

986 pad = lef t_pad_dict [on ]

987 if revert_order :

988 ol = ol [:: -1]

989 smpls = rescale_dict [on ]

990 vert ical_offset = on * 0

991 ol = 20* np . log10 (abs (sg . resample (x=abs (ol ) , num= smpls )) ) + vert ical_offset

992 # make padding visible " pad_content = vert ical_offset "

993 pad_content = np .nan

994 ol = np .pad ( array =ol , pad_width =pad ,mode= ' constant ' ,

995 constant_values = pad_content ) [: - pad ]

996 ol = np . concatenate ((ol , np .ones ( r ight_pad_dict [on ]) * pad_content ) )

997 if len (axs [1]. get_l ines () ) < (on) :

998 axs [1]. plot ( ol )

999 else :

1000 axs [1]. get_l ines () [on -1]. set_ydata (ol )

1001

1002 if debug_dict . get ( ' show_al l_orders ' ) and debug_dict . get ( ' do_stop2 ' ) :

1003 plt . draw ()

1004 plt . wai t forbut tonpress ()

1005 if button_press . close : break

1006 elif debug_dict . get ( ' show_al l_orders ' ) :

1007 plt . pause (0.1)

1008 if button_press . close : break

1009

1010 if debug_dict . get ( ' show_brief ' ) :

1011 plt . pause (0.1)

1012 plt . draw ()

1013

1014 # Compute the padding length for the new arrays to be able to merge adjacent orders .

1015 # Please note that this does not account for addit ional array length of the lower

orders without overlap .

1016 # Because we need to account for the addit ional space for the signal gaps .

1017 # The order displacement index computed above is the distance the smaller array as to

move .

1018 # See asci i graphic below :

177



Appendix B. MR-OCT signal processing code

1019 # | - - - - - -^ - - -| o_n

1020 # | - - -^ - - - - - - - - -| o_ (n+1)

1021 # The longer order must be padded to align the peaks

1022 # | - - - - - -^ - - -| o_n

1023 # | - - -^ - - - - - - - - -| o_ (n+1)

1024 # | - - - - - ->| correlat ion index

1025 # The correlat ion index is the posit ion where to move the end point of the shorter

order .

1026 # To obtain the padding size we compute

1027 # pad_size = len (o_(n) - correlat ion_index

1028 # The first order does not need to be padded .

1029

1030 def plot_al l_corre lat ion_in_order_index_shi f t ( num_orders , correlat ion_dict ,

order_index_shi f t_dict ) :

1031 """

1032 ...

1033 : return :

1034 """

1035 # plot all correlat ions and peaks

1036 # Please note that we ignore the order 1 as it has no correlat ion values

( range ( num_orders , 1, -1) ) !

1037 # We plot start ing with the highest orders as those wil l have correlat ion values

( reversed range ).

1038 assert np .any ([ idx is None for idx in order_index_shi f t_dict . values () ]) , \

1039 ' Parameter order_index_shi f t seems to be corrected .\n ' + \

1040 ' You seem to call this plott ing outside of \ ' compute_order_index_shi f t \ ' which is not

intented . '

1041

1042 fig , ax = subplots ( nrows =1 , ncols =1)

1043 plt . connect ( ' key_press_event ' , button_press )

1044 button_press . fig = fig

1045 ax . set_t i t le ( ' Correlat ion graphs and detected peaks \n( Press button to proceed ) ' )

1046 none_number_of_elements = 0

1047 for on in range ( num_orders ,1 , -1) :

1048 corr_graph = correlat ion_dict [on ]

1049 shif t_point = order_index_shi f t_dict [on ]

1050 ax .plot ( corr_graph )

1051 # negative values are gaps ; but here we ignore them for the moment as we don ' t have

correlat ion data .

1052 # so where no peak is we can' t plot it .

1053 if shi f t_point is not None :

1054 ax .plot ( shif t_point , corr_graph [ shi f t_point ] , ' rx ' )

1055 else :

1056 none_number_of_elements += 1

1057 print ( ' Order {} is ignored . No order_index_shi f t avai lable . ' . format (on))

1058 print ( ' Order 1 is always ignored . ' )

1059 plt . draw ()

1060 plt . wai t forbut tonpress ()

1061

1062

1063 def plot_each_order_in_assemble ( al ine_orders_hi lbert , rescale_dict , left_pad_dict ,

r ight_pad_dict , debug_dict ) :

1064 fig , ax = subplots ( nrows =1 , ncols =1 , f igsize =(10 , 5) )

1065 plt . connect ( ' key_press_event ' , button_press )

1066 button_press . fig = fig

1067 ax . set_t i t le ( ' Visual placement of orders . ' )

1068

1069 # Plott ing for analysing the computat ion of the pad values and goodness of overlaps .
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1070 # Traverse all A - l ines ( outer loop )

1071 # Traverse all orders ( inner loop )

1072 for al_nr ,al in enumerate ( al ine_orders_hi lbert [150::2]) :

1073 for i ,ol in enumerate (al ) :

1074 on = i+1

1075 pad = lef t_pad_dict [on ]

1076 smpls = rescale_dict [on ]

1077 vert ical_offset = on * 0

1078 ol = np . log10 (abs (sg . resample (x=abs (ol ) , num= smpls )) ) + vert ical_offset

1079 # make padding visible " pad_content = vert ical_offset "

1080 # pad_content = vert ical_offset

1081 pad_content = np .nan

1082 ol = np .pad ( array =ol , pad_width =pad ,mode= ' constant ' ,

1083 constant_values = pad_content ) [: - pad ]

1084 ol = np . concatenate ((ol , np .ones ( r ight_pad_dict [on ]) * pad_content ) )

1085 if len (ax . get_l ines () ) < (on) :

1086 ax .plot ( ol )

1087 else :

1088 ax .plot ( ol )

1089 plt . draw ()

1090 plt . wai t forbut tonpress ()

1091 if len (ax . get_l ines () ) > 2:

1092 ax . get_l ines () [0]. remove ()

1093 if hasattr ( button_press , ' close ' ) and button_press . close is True :

1094 break

1095

1096

1097 def plot_merge_order_in_assemble (params , al ine_orders_hi lbert , rescale_dict , left_pad_dict ,

r ight_pad_dict , is_reversed = False ) :

1098 """

1099 Merge orders into a complete A- l ine and create a B- frame and plot the B- frame with

imshow .

1100 : param al ine_orders_hi lbert :

1101 : param rescale_dict : from funct ion "mf . compute_rescale_dict " a dict ionary with the true

spatial scale of each order

1102 : param left_pad_dict : from funct ion "mf . compute_padding_for_assemble " to obtain samples

to pad to a complete array

1103 for one A- line .

1104 : param right_pad_dict : see lef t_pad_dict .

1105 : param is_reversed : True --> fl ip the or ientat ion of each order

1106 : return : params , bframe

1107 """

1108 num_al ines = np. shape ( al ine_orders_hi lbert ) [0]

1109 fig , ax = subplots ( nrows =1 , ncols =1 , f igsize =(10 , 5) )

1110 plt . connect ( ' key_press_event ' , button_press )

1111 button_press . fig = fig

1112 ax . set_t i t le ( ' Visual placement of orders . ' )

1113 bframe = None

1114 f i l terwarnings ( act ion = ' ignore ' , category = Runt imeWarning )

1115

1116 revert_order = is_reversed

1117 if revert_order : warn ( ' Revert ing orders is active ' )

1118 print ( ' Start assembl ing B- frame : ' )

1119 print ( ' ' ,end= ' ' ) # print some progress number

1120 for al_nr ,al in enumerate ( al ine_orders_hi lbert [0::1]) :

1121 print ( ' \b \b\b\b\b\b\b\b\b {: 4d }/{:4 d} ' . format (al_nr , num_al ines ) , end= ' ' )

1122

1123 aline = None
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1124 for i ,ol in enumerate (al ) :

1125 on = i+1

1126 pad = lef t_pad_dict [on ]

1127 ol = (abs (sg . resample (x=abs (ol ) , num= rescale_dict [on ]) ) )

1128 if revert_order :

1129 ol = ol [:: -1]

1130

1131 # make padding visible " pad_content = vert ical_offset "

1132 # pad_content = vert ical_offset

1133

1134 pad_content = np .nan

1135 ol = np .pad ( array =ol , pad_width =pad ,mode= ' constant ' ,

1136 constant_values = pad_content ) [: - pad ]

1137 ol = np . concatenate ((ol , np .ones ( r ight_pad_dict [on ]) * pad_content ) )

1138

1139 if al ine is None : # create a full length array

1140 aline = np.ones ( len (ol ) )*np .nan

1141 aline = np. nanmean (( aline , ol ) , axis =0)

1142

1143 if bframe is None :

1144 bframe = aline

1145 else :

1146 bframe = np. vstack (( bframe , al ine ))

1147 if len (ax . get_l ines () ) < 1:

1148 ax . semilogy ( al ine )

1149 ax . set_yl im ((1e -2 ,25000) )

1150 else :

1151 ax . get_l ines () [0]. set_ydata ( al ine )

1152

1153 if hasattr ( button_press , ' close ' ) and button_press . close is True :

1154 break

1155

1156 print ( ' ' ) # print f inal for progress

1157 print ( ' Assembling B- frame done . ' )

1158 bframe [np . where (np . isnan ( bframe )) ] = np . nanmedian ( bframe )

1159 bframe = bframe .T

1160 figure ()

1161 plt . imshow (20* np . log10 ( bframe ) ,aspect = bframe . shape [1]/ bframe . shape [0] ,

1162 cmap=' CMRmap' ,vmin =10 , interpolat ion = ' none' )

1163 plt . colorbar ()

1164 plt . show ()

1165

1166

1167 def guess_str_from_path (path , stop_pattern = ' 2020' ) :

1168 """

1169 Construct a ti t le str ing based on the path trying to be smart about what to keep and

remove

1170 if it is too long .

1171 : param path :

1172 : param stop_pattern : A str ing pattern to cut off meaningless path name

1173 : return :

1174 """

1175 # Guess some tit le from path ( adapt find where roughly to break )

1176 for n , pi in enumerate ([ ps for ps in path . spl i t (os .path . sep ) ][:: -1]) :

1177 if pi . lower () . f ind ( stop_pattern ) > -1: break

1178 tstr = path . spl i t (os .path . sep )[ -n - 2::]

1179 if ' data .bin ' in tstr [ -1]: del tstr [ -1] # remove meaningless fname

1180 tstr = ' ' . join ( tstr )
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1181 return tstr

1182

1183 def break_t i t le_str ( tstr , new_l ine_at =30 , reduce_at =60) :

1184 """

1185 Try to find reasonable line breaks in t i t le str ing automatical ly for opt imal plott ing .

1186 : param new_l ine_at :

1187 : param reduce_at :

1188 """

1189 sep_idx = tstr [ len ( tstr ) / /2:] . rf ind ( ' ' )

1190 if len ( tstr ) > reduce_at *2:

1191 p1 = tstr [: reduce_at //2]

1192 p2 = tstr [ reduce_at //2:]

1193 tstr_sp = p1 + ' ...\ n ... ' + p2

1194 elif len ( tstr ) > reduce_at :

1195 p1 = tstr [: len ( tstr ) //2]

1196 p2 = tstr [ len ( tstr ) / /2:]

1197 tstr_sp = p1 + ' \n ' + p2

1198 else :

1199 tstr_sp = tstr

1200

1201 return tstr_sp

1202

1203 def plot_image_reconstructed (params , bframe_fw , bframe_rv ) :

1204

1205 # rol l ing and resampl ing for al igning must be last step

1206 bframe_rv = mf .sg . resample (x= bframe_rv ,

num= int ( bframe_fw . shape [0]* params [ ' manual_params' ][ ' fw_resample ' ]) ,

window =' nuttal l ' )

1207 assert np .min ( bframe_rv ) > 0, ' Parameter fw_resample generates negative values . Either

change it or try another window . '

1208 bframe_rv = mf .np . rol l (a= bframe_rv , shift = int ( params [ ' manual_params' ][ ' fw_rol l ' ]) ,axis =0)

1209

1210 # Create the target matr ix based on the largest shape

1211 if bframe_fw . shape [0] >= bframe_rv . shape [0]:

1212 bframe = np. empty (( bframe_fw . shape [0] , bframe_fw . shape [1] + bframe_rv . shape [1]) )

1213 elif bframe_rv . shape [0] > bframe_fw . shape [0]:

1214 bframe = np. empty (( bframe_rv . shape [0] , bframe_fw . shape [1] + bframe_rv . shape [1]) )

1215 else :

1216 raise ( ' Something else went wrong . Can \ ' t f ind final common bframe width . ' )

1217

1218

1219 median_noise_fw = np. nanmedian ( bframe_fw )

1220 median_noise_rv = np . nanmedian ( bframe_rv )

1221

1222 bframe [: bframe_fw . shape [0] , 0::2] = bframe_fw

1223 bframe [: bframe_rv . shape [0] , 1::2] = bframe_rv

1224

1225 t ime_stamp = params [ ' auto_params ' ][ ' t ime_stamp ' ]

1226 t i t le_str = break_t i t le_str ( params [ ' auto_params ' ][ ' t i t le_str ' ])

1227

1228 def defaul t_f ig_conf ig () :

1229 fig = plt . gcf ()

1230 grid = ImageGrid ( fig , 111 , nrows_ncols =(1 , 1) , axes_pad =0.1 , cbar_mode = ' single ' )

1231 imax .axes . set_t i t le ( ' fw ' + t ime_stamp + ' \n ' + t i t le_str )

1232 cax = grid . cbar_axes [0]

1233 fig . colorbar ( mappable = imax , cax=cax )

1234 plt . t ight_layout ()

1235
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1236 figure (num= ' Roll - off \n ' + t ime_stamp )

1237 plt . t i t le ( ' Roll - off ' + t ime_stamp + ' \n ' + t i t le_str )

1238 median_noise = np. nanmean (( median_noise_fw , median_noise_rv ))

1239 median_noise_dB = 20* np . log10 ( median_noise )

1240 print ( ' median noise : {} dB ' . format ( median_noise_dB ))

1241 rol l_off = 20* np . log10 ( bframe [: ,::5]. max (axis =0) )

1242 plt . plot ( rol l_off )

1243 plt . axhl ine (y= median_noise_dB )

1244 plt . t ight_layout ()

1245

1246

1247 figure (num= ' merged PSF\n' + t ime_stamp )

1248 plt . t i t le ( ' PSF merged ' + t ime_stamp + ' \n ' + t i t le_str )

1249 mean_psf = np .mean (20 * np . log10 ( bframe ) , axis =1)

1250 plt . plot (mean_psf , lw =0.75)

1251 plt . yl im ((0 ,100) )

1252 plt . t ight_layout ()

1253

1254 fig = figure (num= ' merged ' + t ime_stamp )

1255 grid = ImageGrid ( fig , 111 , nrows_ncols =(1 , 1) , axes_pad =0.1 , cbar_mode = ' single ' )

1256 imax = grid [0]. imshow (20 * np . log10 ( bframe ) ,

1257 cmap=' Greys_r ' ,

1258 vmin =30 , vmax =80 ,

1259 interpolat ion = ' none' ,

1260 extent = (0 , params [ ' manual_params' ][ ' lateral_scan_width ' ] ,

1261 params [ ' manual_params' ][ ' scan_range ' ]* params [ ' manual_params' ]

1262 [ ' f i l ter ' ][ ' use_num_orders ' ] ,0) )

1263 imax .axes . set_t i t le ( ' merged ' + t ime_stamp + ' \n ' + t i t le_str )

1264 imax .axes . set_xlabel ( ' ( m ) ' )

1265 imax .axes . set_ylabel ( ' ( m ) ' )

1266 cax = grid . cbar_axes [0]

1267 fig . colorbar ( mappable = imax , cax=cax )

1268 plt . t ight_layout ()

1269 plt . show ()

L ISTING B.5: File with all the debugging functions
1

2 """

3 This provides wrapper funct ions to include all kinds of analysis plots .

4

5 Usage :

6 Import this module like :

7 ' from anand_mro_processing import mro_funct ions_debug as mf '

8

9 instead of (or commenting it out )

10 ' from anand_mro_processing import mro_funct ions as mf '

11 """

12 import matplot l ib . pyplot as plt

13

14 from NEW_CODE_VC import mro_plot t ing as mp

15 from NEW_CODE_VC import mro_funct ions as mf

16 from NEW_CODE_VC . mro_funct ions import json

17 from NEW_CODE_VC . mro_funct ions import np

18 import inspect

19

20 # Value n means execute the funct ion normally .

21 # Value 0 means the funct ion not executed .
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22 # Value s means the funct ion is storing temp data .

23 # Value t means the funct ion is not executed but loads temp data instead .

24

25

26 cal l_func = { ' load_data ' : ' n ' ,

27 ' a l ign_mirror_data_and_save_phase ' : ' n ' ,

28 ' a l ign_img_data_fw_rv ' : ' n ' ,

29 ' l inear ize_signal ' : ' n ' ,

30 ' update_json_f i l ter_frequencies ' : ' n ' ,

31 ' s ignal_apodizat ion ' : ' n ' ,

32 ' resample_signal ' : ' n ' ,

33 ' f i l ter_signal ' : ' n ' ,

34 ' h i lbert_al l_al ine_orders ' : ' n ' ,

35 ' assemble_orders_to_al ines ' : ' n '

36 }

37

38 # Other more compact way to set bool values . Overwri te previous sett ings .

39 cal l_pattern = ' nnnnnnnnnn'

40 # cal l_pattern = ' nnnnnnnnnn'

41 # cal l_pattern = ' nnnnnnnsnn'

42 # cal l_pattern = ' 0000000 tnn '

43 # cal l_pattern = ' 0000000 tsn '

44 # cal l_pattern = ' 00000000 tn '

45 # cal l_pattern = ' nnnnnnnnsn'

46 # cal l_pattern = ' 00000000 tn '

47 cal l_func = {k:v for k ,v in zip ( cal l_func . keys () , l ist ( cal l_pattern )) }

48

49 def load_json_params ( t ime_stamp ):

50 params = mf . load_json_params ( t ime_stamp )

51 params [ ' auto_params ' ][ ' debug_mode' ] = True

52 json .dump(params , open ( params [ ' auto_params ' ][ ' json_fname ' ] , ' w' ) , indent =2)

53 return params

54

55 def backup_params ( params , json_fname_backup , t ime_stamp ):

56 mf . backup_params (params , json_fname_backup , t ime_stamp )

57

58

59 def load_data (params , cal ib_fname , img_fname_1 , img_fname_2 ):

60 if cal l_func [ ' load_data ' ] == ' t ' :

61 data = np. load ( ' data .npy ' )

62 return params , data

63 if cal l_func [ ' load_data ' ] == ' 0 ' :

64 return params , None

65 if cal l_func [ ' load_data ' ] == ' n ' :

66 params , data = mf . load_data (params , cal ib_fname , img_fname_1 , img_fname_2 )

67 return params , data

68 if cal l_func [ ' load_data ' ] == ' s ' :

69 params , data = mf . load_data (params , cal ib_fname , img_fname_1 , img_fname_2 )

70 np. save ( ' data .npy ' ,data )

71 return params , data

72

73

74 def al ign_mirror_data_and_save_phase (params , data ) :

75 if cal l_func [ ' a l ign_mirror_data_and_save_phase ' ] == ' t ' :

76 raise NotImplementedError

77 if cal l_func [ ' a l ign_mirror_data_and_save_phase ' ] == ' s ' :

78 raise NotImplementedError

79 if cal l_func [ ' a l ign_mirror_data_and_save_phase ' ] == ' 0 ' :
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80 return params

81 if cal l_func [ ' a l ign_mirror_data_and_save_phase ' ] == ' n ' :

82 debug_dict = {}#{ ' do_plot ' :True , ' do_stop ' :True }

83 debug_dict = { ' do_plot ' :True , ' do_stop ' :True }

84 params = mf . al ign_mirror_data_and_save_phase (params , data , debug_dict )

85 debug_dict = {}#{ ' do_plot ' :True , ' do_stop ' :True }

86 debug_dict = { ' do_plot ' :True , ' do_stop ' :True }

87 mp. plot_non_l inear_phase (params , debug_dict )

88 return params

89

90

91 def al ign_img_data_fw_rv (params , data ) :

92 if cal l_func [ ' a l ign_img_data_fw_rv ' ] == ' 0 ' :

93 return params , None , None

94 if cal l_func [ ' a l ign_img_data_fw_rv ' ] == ' n ' :

95 debug_dict = { ' do_plot ' : False }

96 params , data_al igned_fw , data_al igned_rv = mf . al ign_img_data_fw_rv (params , data ,

debug_dict )

97 # plot

98 return params , data_al igned_fw , data_al igned_rv

99

100

101 def l inear ize_signal ( params =None , data_al igned =None , phase_type =None ):

102 if cal l_func [ ' l inear ize_signal ' ] == ' 0 ' :

103 return params , None

104 if cal l_func [ ' l inear ize_signal ' ] == ' n ' :

105 return_data = mf . l inear ize_signal ( params =params , data_al igned = data_al igned ,

phase_type = phase_type )

106 if hasattr ( l inearize_signal , ' cal l_count ' ) :

107 l inear ize_signal . cal l_count += 1

108 else :

109 l inear ize_signal . cal l_count = 1

110 frame = inspect . getmembers ( inspect . currentframe () . f_back )

111 l inear_fw_data = frame [ -4][ -1]. get ( ' l inear_fw_data ' )

112 if l inear ize_signal . cal l_count > 1:

113 assert l inear_fw_data is not None , ' No l inear_fw_data found '

114

115 if l inear_fw_data is not None :

116 l inear_rv_data = return_data [1]

117

118 debug_dict = { ' do_plot ' : False }

119 mp. plot_l inear_signal (params , l inear_fw_data , l inear_rv_data , debug_dict )

120 # if params [ ' auto_params ' ][ ' is_cal ibrat ion ' ]:

121 debug_dict = { ' do_plot ' : True }

122 mp. plot_l inear_phase (params , l inear_fw_data , l inear_rv_data , debug_dict )

123 return return_data

124

125

126 def update_json_f i l ter_frequencies (params , l inear_fw_data , l inear_rv_data ) :

127 if cal l_func [ ' update_json_f i l ter_frequencies ' ] == ' 0 ' :

128 return params

129 if cal l_func [ ' update_json_f i l ter_frequencies ' ] == ' n ' :

130 params = mf . update_json_f i l ter_frequencies (params , l inear_fw_data , l inear_rv_data )

131 debug_dict = { ' do_plot ' : True , ' do_wait ' : True }

132 mp. plot_f f t_sum_and_peaks (params , debug_dict )

133 debug_dict = { ' do_plot ' : True , ' start_at ' : 0}

134 mp. plot_ l inear_signal_and_do_ff t ( params , l inear_fw_data , l inear_rv_data , debug_dict )

135 return params
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136

137

138 def signal_apodizat ion (params , l inear_data , process_type =None ):

139 if cal l_func [ ' s ignal_apodizat ion ' ] == ' 0 ' :

140 return params , None

141 if cal l_func [ ' s ignal_apodizat ion ' ] == ' n ' :

142 return mf . s ignal_apodizat ion ( params =params , l inear_data = l inear_data ,

process_type = process_type )

143

144

145 def resample_signal (params , l inear_data , process_type ):

146 if cal l_func [ ' resample_signal ' ] == ' t ' :

147 l inear_data_rs = np . load ( ' l in_data_rs_ ' + process_type + ' . npy ' )

148 return params , l inear_data_rs

149 if cal l_func [ ' resample_signal ' ] == ' 0 ' :

150 return params , None

151 if cal l_func [ ' resample_signal ' ] == ' n ' :

152 return mf . resample_signal ( params =params , signal = l inear_data ,

process_type = process_type )

153 if cal l_func [ ' resample_signal ' ] == ' s ' :

154 params , l inear_data_rs = mf . resample_signal ( params =params , signal = l inear_data ,

process_type = process_type )

155 np. save ( ' l in_data_rs_ ' + process_type , l inear_data_rs )

156 return params , l inear_data_rs

157

158 def f i l ter_signal (params , l inear_data , process_type ):

159 debug_dict = {

160 ' do_plot_f i l tered_sig ' : False ,

161 ' do_plot_f i l tered_sig_wait ' : False ,

162 ' do_plot_f i l ter_response ' : False ,

163 ' do_plot_f i l ter_and_sig ' : False ,

164 ' do_plot_f i l ter_and_sig_wai t ' : True ,

165 ' show_each_f i l ter ' : False ,

166 ' wai t_each_f i l ter ' : False ,

167 ' start_at ' : 28}

168 if cal l_func [ ' f i l ter_signal ' ] == ' t ' :

169 al ine_orders = np . load ( ' a l ine_orders_ ' + process_type + ' . npy ' )

170 return params , al ine_orders

171 if cal l_func [ ' f i l ter_signal ' ] == ' 0 ' :

172 return params , None

173 if cal l_func [ ' f i l ter_signal ' ] == ' n ' :

174 return mf . f i l ter_signal (params , l inear_data , process_type , debug_dict )

175 if cal l_func [ ' f i l ter_signal ' ] == ' s ' :

176 params , al ine_orders = mf . f i l ter_signal (params , l inear_data , process_type ,

debug_dict )

177 np. save ( ' a l ine_orders_ ' + process_type , al ine_orders )

178 return params , al ine_orders

179

180

181 def hi lbert_al l_al ine_orders (params , al ine_orders , process_type ):

182 if cal l_func [ ' h i lbert_al l_al ine_orders ' ] == ' t ' :

183 al ine_orders_hlb = mf .np . load ( ' a l ine_orders_hlb_ ' + process_type + ' . npy ' )

184 return_data = params , al ine_orders_hlb

185 if cal l_func [ ' h i lbert_al l_al ine_orders ' ] == ' 0 ' :

186 return params , None

187 if cal l_func [ ' h i lbert_al l_al ine_orders ' ] == ' n ' :

188 return_data = mf . hi lbert_al l_al ine_orders (params , al ine_orders , process_type )

189 if cal l_func [ ' h i lbert_al l_al ine_orders ' ] == ' s ' :
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190 # save temp data

191 return_data = mf . hi lbert_al l_al ine_orders (params , al ine_orders , process_type )

192 al ine_orders_hlb = return_data [1]

193 mf .np . save ( ' a l ine_orders_hlb_ ' + process_type , al ine_orders_hlb )

194

195 if params [ ' auto_params ' ][ ' is_cal ibrat ion ' ]:

196 # Those plots make only sense for mirror cal ibrat ion data .

197 # The correlators wil l fai l if there are insuff ic ient data points .

198 if ' fw ' in process_type :

199 is_reversed = False

200 elif ' rv ' in process_type :

201 is_reversed = True

202 debug_dict = { ' show_correlat ion ' :True , ' show_al l_orders ' : False , ' show_brief ' :

False , ' do_stop ' :False , ' do_stop2 ' : False }

203 mp. plot_orders_spat ia l ly_al igned (params ,

204 al ine_orders_hlb = return_data [1] ,

205 is_reversed = is_reversed ,

206 process_type = process_type ,

207 debug_dict = debug_dict )

208

209 return return_data

210

211

212 def assemble_orders_to_al ines (params , al ine_orders_hlb , is_reversed , process_type ):

213 if cal l_func [ ' assemble_orders_to_al ines ' ] == ' t ' :

214 bframe = mf .np . load ( ' bframe_ ' + process_type + ' . npy ' )

215 return params , bframe

216 if cal l_func [ ' assemble_orders_to_al ines ' ] == ' 0 ' :

217 return params , None

218 if cal l_func [ ' assemble_orders_to_al ines ' ] == ' n ' :

219 return mf . assemble_orders_to_al ines (params , abs ( al ine_orders_hlb ) , is_reversed ,

process_type ,{ ' p lot_each_order ' : False })

220 if cal l_func [ ' assemble_orders_to_al ines ' ] == ' s ' :

221 return_data = mf . assemble_orders_to_al ines (params , abs ( al ine_orders_hlb ) ,

is_reversed , process_type )

222 mf .np . save ( ' bframe_ ' + process_type , return_data [1])

223 return return_data
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