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What is

Optical Coherence
Tomography?

A low coherence interferometer

4+ Lateral scanner
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NOISE STUDEIS IN OPTICAL COHERNCE TOMOGRAPHY

Balanced versus non balanced OCT configurations

e Unbalanced configuration:

B
<AIp2> = 2eB{I) + (1 + I1?) o (I)* = <Alsh2> + <Mex2>.

Uetr
S e
N EPN (1)

e Balanced configuration:

<Mp2> = 2eB(I) + 2(1 + IT’) Ai <IFER><IREF>

Uefr

= <Alsh2> + <AIex2>.
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When the optical power is larger than 2e optical bandwidth, EPN > SN

B
<AI,,2> = 2eB{) + (1 + 1% T Iy = <Alsh2> + <AIex2>.

Uetf
>N EPN (1)

Quantum efficiency, in Silicon,a =0.5 InGaAS,a-=1

Silicon, P> 3.2 microwatts InGaAS, P>1.6 microwatts

EPN dominates, Bose Einstein more than Poisson

Bunching of photons, g2 > 1
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Photon statistics analyze the particle-like fluctuations in the number
of photons within light, classifying light sources based on how
photons arrive, such as:

Poissonian (lasers),

sub-Poissonian (single-photon emitters),

or super-Poissonian (thermal light).
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*Poissonian Statistics (Coherent Light): Photons are completely
uncorrelated, typical of a well-stabilized laser.
*The variance equals the mean

Super-Poissonian Statistics (Thermal/Thermalized Light): Photons
tend to "bunch" or arrive together, following Bose-Einstein

statistics, such as light from a bulb or star.
Variance is greater than the mean. In OCT, the excess of noise in

Sub-Poissonian Statistics (Non-classical Light): Photons are

anti-bunched, arriving more regularly than random, common In
single-photon sources.
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Second-order Correlation \(g~{(2)}(\tau)\):

Quantifies photon correlations, with \(g*{(2)}(0) < 1\)
indicating anti-bunching (non-classical) and

\(g~{(2)}(0) > 1\) indicating bunching.
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Photon Bunching: Photons tend to arrive in pairs or
groups (e.g., in thermal light).

Antibunching: Photons arrive at separate intervals,
characteristic of single-photon emitters.

Shot Noise: The fundamental limit of measurement noise
o 201 [ l‘l 21 [ la 2 O O11oOwoOr

Thermal sources, Tungsten lamp, Xenon lamp, SLDs,
Supercontinuum source

Tunable very narrow band lasers
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The pioneering experiments by Hanbury-Brown and Twiss, and the
subsequent development of the quantum theory of electromagnetic
radiation by Glauber and Sudarshan, raised the interest in the
guestion of photon statistics. It followed from their theories that
states of the electromagnetic field which can only exist in a qguantum
treatment.
These nonclassical states show up in photon statistics through the
phenomenon of antibunching. Later, further nonclassical states of

[1C AUIALIOT 210 vwere 1oOurid ri e D-Called jueezZel = i0 \/ [ .

In order to achieve squeezing of laser radiation, various forms of

nonlinear optical interactions can be used.
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https://www.sciencedirect.com/topics/physics-and-astronomy/quantum-theory
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Noise of supercontinuum sources in spectral
domain optical coherence tomography
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Received 3 October 2018; accepted 19 December 2018; posted 3 January 2019 (Doc. ID 347222); published 25 January 2019

In this paper, we investigate the effect of pulse-to-pulse fluctuations of supercontinuum sources on the noise in
spectral domain optical coherence tomography (OCT) images. The commonly quoted theoretical expression for
the OCT noise is derived for a thermal light source, which is not suitable if a supercontinuum light source is used.
We therefore propose a new, measurement-based OCT noise model that predicts the noise without any assump-
tions on the type of light source. We show that the predicted noise values are in excellent agreement with the
measured values. The spectral correlation evaluated for the photodetected signal when using a supercontinuum
determines the shape of the OCT noise floor, which must be taken into account when characterizing the sensi-
tivity roll-off of a supercontinuum-based OCT system. The spectral correlations using both conventional super-
continuum sources and low-noise all-normal dispersion supercontinuum sources are investigated, and the
fundamental physical effects that cause these correlations are discussed. © 2019 Optical Society of America

https://doi.org/10.1364/JOSAB.36.00A154
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Fig. 2. (a) Mean spectra averaged over 1024 read-outs for selected power levels. (b) RIN calculated according to Eq. (2) using the series of s
with the highest intensity in (a) and (7, / Tp)l/ 2 from Eq. (6). (c)—(e) show the variance in counts versus the mean counts at 1200 nm, 1300 nt
1420 nm, respectively, within the spectral colored bands in (a) and (b).
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Limitation of the achievable signal-to-noise ratio
in optical coherence tomography due to mismatch

of the balanced receiver

Carla Carmelo Rosa and Adrian Gh. Podoleanu

Owing to the limited spectral response of the fiber directional coupler used in a balanced optical coberence
tomography configuration, the spectra are different in the two outputs. This affects unfavorably oper-
ation of the balanced photodetector unit. Excess photon noise makes a larger contnibution than a
directional coupler with a flat spectral response. A theoretical model is developed that shows that an
optimum set of parameters may be defined to maximize the achievable signal-to-noise ratio. The model
leads to a redefinition of the effective noise bandwidth, which takes into account the nonflat response of
the directional coupler used. The model also predicts a limitation on the signal-to-noise ratio even when
the stray reflectances in the interforometer are brought to zero.  © 2004 Optical Society of America
OCIS codes:  110.4500, 110.4250, 110.2350, 120.3890, 110.1650, 190.4160

1. Introduction

Noise analysis is of prime importance in optimizing
optical coherence tomography (OCT) setups to
achieve a penetration depth that is as high as possi-
ble. The signal-to-noise ratio (SNR) analysis is
based on elements developed in low-coherence inter-
ferometry. First attempts to maximize the SNR
dealt with measuring the low reflectivity of
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lasers, when launched into photonic crystal fiber or
tapered fiber, can exhibit linewidths in excess of 200
nm.* The high power means that other noise terms
are much higher than shot noise. The large line-
width means that optical elements of a large band-
width are required in the OCT setup.

It is known that the noise power is inversely pro-
portional to the effective noise bandwidth of the op-
tical source used in OCT. and the larg

(PyXPy) i (Py)* + (Py)*
Av, Av,

where the effective frequencies are now given by

(Aigpy®) = 23{ } , (A28)
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Evaluation of effective noise bandwidth for
broadband optical coherence
tomography operation

Ramona Cernat,” George M. Dobre, Adrian Bradu, and Adrian Gh. Podoleanu

Applied Optics Group, University of Kent, Canterbury, CT2 7NH, UK
*Corresponding author: rc72@kent.ac.uk

Received September 16, 2008; revised January 23, 2009; accepted February 2, 2009;
posted February 3, 2009 (Doc. ID 101633); published March 5, 2009

Key noise parameters in optical coherence tomography (OCT) systems employing splitters with a nonflat spec-
tral response are evaluated using a supercontinuum fiber laser source with a spectrum of 450 nm~-1700 nm
and a time domain OCT architecture based on 1300 nm fiber splitters. The spectral behavior of the splitter
leading to balanced detection is measured over a range of 300 nm. Because of spectrally different signals at the
balanced detector input a residual excess photon noise term results. A rigorous treatment of this noise term
[Appl. Opt. 43, 4802 (2004)] introduced two new quantities that take into account the spectral properties of the
coupler, In this report, we have evaluated these two noise bandwidth quantities and comparatively assessed
the noise behavior predicted by the classical theory with the theory based on the two new noise bandwidths.
We show that under certain operating parameters, the additional excess photon noise is twice that predicted
for a coupler with a flat spectral response. © 2009 Optical Society of America

OCIS codes: 120.0120, 230.0230, 030.4280, 060.2270, 060.2430, 110.4500.
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16 J. Opt. Soc. Am. A/Vol. 25, No. 1/January 2008 Sherif et al.

Statistics of the depth-scan photocurrent in
time-domain optical coherence tomography

Sherif S. Sherif,"* Carla C. Rosa,” Costel Flueraru,' Shoude Chang,’ Youxin Mao," and Adrian G. Podoleanu®

'Institute for Microstructural Sciences, National Research Council Canada, 1200 Montreal Road,
Ottawa, K1A 0R6, Canada
*Universidade do Porto, Instituto de Engenharia de Sistemas e Computadores, Porto, Portugal
*Applied Optics Group, School of Physical Sciences, Ingram Building, University of Kent,
Canterbury CT2 7NH, United Kingdom
*Corresponding author: Sherif.Sherif@nrc.ca

Received February 5, 2007; revised September 18, 2007; accepted October 4, 2007;
posted October 23, 2007 (Doc. ID 79795); published December 3, 2007

We derive the time-variant second-order statistics of the depth-scan photocurrent in time-domain optical co-
herence tomography (TD-OCT) systems using polarized thermal light sources and superluminescent diodes

(SLDs). Since the asymptotic-joint-probability-distribution function (JPDF) of the photocurrent due to polar-
ized thermal light is Gaussian and the signal-noise-ratio in TD-OCT is typically high (>80 dB), the JPDF of
the depth-scan photocurrent could be approximated as a Gaussian random process that is completely deter-
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“ren All-depth dispersion cancellation in
spectral domain optical coherence
tomography using numerical

o " intensity correlations

Mikkel Jensen ¢, Niels Moller lsraeisen’, Michael Maria®’, Thomas Feuchter’,
Adrian Podoleany’ & Ole Bang'’

In uitra-high resolution (UMR-) optical coherence tomagraphy (OCT) group velecity diapersion [GVD)
must be corrected for in order to approach the theoretical resolution lmit. One approach promises not
only compensation, but complets anndhilation of even arder dhmmdkdt,udmouuuwm

depths. This approach has Ntherto been d sted with an sxp: y & ding “balanced
detection’ configuration based on using twe d 3. We d munutyw- U (qyocr
uung a | spectral d mm&oﬂw‘mm-wm IC-50-0CT

configurations ex MMIMMWAMD mn. ul mo- Mldmaldtmd
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27. Shirai, T. & Friberg, A. T. Intensity-interferometric spectral-domain optical coherence
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INn contrast with
Its classical
counterpart,

QOCT provides
resolution
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Interference effects in quantum-
optical coherence tomography
using spectrally engineered photon
pairs

Pablo Yepiz Graciano’, Ali Michel Angulo Martinez( ?, Dorilian Lopez-Mago ?,
Gustavo Castro-Olvera®, Martha Rosete-Aguilar®, JesUs Garduiio-Mejia*,
Roberto Ramirez Alarcén®, Héctor Cruz Ramirez* & Alfred B. U'Ren?

Optical-coherence tomography (OCT) is a technique that employs light in order to measure the internal
structure of semitransparent, e.g. biological, samples. It is based on the interference pattern of low-
coherence light. Quantum-OCT (QOCT), instead, employs the correlation properties of entangled
photon pairs, for example, generated by the process of spontaneous parametric downconversion
(SPDC). The usual QOCT scheme uses photon pairs characterised by a joint-spectral amplitude with
strict spectral anti-correlations. It has been shown that, in contrast with its classical counterpart,
QOCT provides resolution enhancement and dispersion cancellation. In this paper, we revisit the

theory of QOCT and extend the theoretical model so as to include photon pairs with arbitrary spectral
correlations. We present experimental results that complement the theory and explain the physical
underpinnings appearing in the interference pattern. In our experiment, we utilize a pump for the

SPDC process ranging from continuous wave to pulsed in the femtosecond regime, and show that
cross-correlation interference effects appearing for each pair of layers may be directly suppressed for a
sufficiently large pump bandwidth. Our results provide insights and strategies that could guide practical
imnlamantatinne nf NNOCT



SEQUOIA Is a Horizon Europe project to research the development
of optical coherence tomography (OCT) using quantum
techniques. OCT iIs a key imaging technology, allowing non-contact
high resolution 3D imaging which has been successfully used for
decades in fields from medicine to industrial testing.

State-of-the-art OCT seems to have reached its limit at ~1 micron
axial resolution. Theory suggests that quantum OCT (QOCT) could
half this to 0.5 microns and greatly reduce dispersion. In addition,

control of the quantum property of orbital angular momentum (OAM)
reduces noise and improves edge and surface profile definition and
discrimination of chiral objects.
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Modern OCT Technologies are based on
encoding path onto the optical

spectrum:

= Spectrometer based
(interferometer + spectrometer)
SPECTRAL OCT

= Tuning laser based

(interferometer + tunable laser)
SWEPT SOURCE OCT
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COHERENCE GATING
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A FOURIER TRANSFORM OF THE ELECTRICAL SIGNAL
DELIVERED BY A SPECTROMETER OR A PHOTODETECTOR
LEADS TO A REFLECTIVITY PROFILE IN DEPTH: A-SCAN
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This detection scheme is Optics Letters
based on the concept of | | st—

dispersive Fourier Quantum-inspired detection for spectral domain
transformation, where a optical coherence tomography
fi ber intl‘Od uces a SyLwia M. KOLENDERSKA,'** FREDERIQUE VANHOLSBEECK,'? AND P1OoTR KOLENDERSK!®

"The Dodd-Walls Centre for Photonic and Quantum Technologies, New Zealand

I th d d t ’TboDoputmto!Physics. T?wwvvus:ryqlmnd. Aucidand 1010.Ncw;ulmd :

wave eng - epen en .Faamyolmyycs.Ast.m;ndInfmoci:n;namsCopmwwsUnmersdy. Grudzigdzka 5, 87-100 Torun, Poland

time delay measu red by a Received 20 March 2020; revised 13 May 2020; accepted 15 May 2020; posted 15 May 2020 (Doc. ID 393162); published 18 June 2020

single-pixel detector, - |

Intensity levels allowed by safety standards (ICNIRP or [4]. It has already been used in OCT to time-stretch light from ;

1 - ANSI) limit th t of light that can be used in a clini i ce [5] and Ti:sapphire laser [6] at the inpu

usually a high-speed e . T e

- with optical coherence tomography (OCT). To achieve axial scan rates of up 1o 90 MHz.
[ ) [ [ [ - -

high-sensitivity imaging at low intensity levels, we adapt Here, we propose a spectral detection scheme, which i

Here, a fast superconducting single-photon detector SSPD as a single

pixel detector and obtain images of a glass stack and a slice of onion
at the intensity levels of the order of 10 pW.
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(Scontel) whose detection range is 350-2300 nm and

with a peak quantum efficiency approximately 65% at 1550 nm

3444  Vol. 45, No. 13/ 1 July 2020 / Optics Letters

Light
source

FB1

F1 object

SSPD

fiber spool F2 I
mirror

Fig.1. Experimental setup. The light source is a pulsed laser attenu-
ated to a level of single photon per pulse. Pulses are coupled to a fiber
(FB1) and propagate in a Linnik-Michelson interferometer. The
input wave packet (pulse) is then split at a beam splitter (BS) into two
arms. In the object arm, one wave packet interacts with the object
and acquires an additional phase; in the reference arm, the other one
is reflected from the mirror. They both overlap at the beam splitter,
and the output is coupled to a single-mode fiber spool using a fiber
coupler FB2. The time-resolving superconducting single-photon
detector (SSPD) together with the long dispersive fiber spool work as a
spectrometer. Time reference is provided by a photodiode signal from
the light source. The data are collected using an FPGA time-stamping
electronics. F1 and F2, lenses.
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CONCLUSIONS

AOG can be engaged in Quantum research, via:

1. analysis of photon statistics:

2. Spectral OCT using attenuation of light until
single photons are photodetected and spectrum
modulation is obtained from time of flight

3. QOCT using entangled states:
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