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Abstract 

Optical coherence tomography (OCT) is a non-invasive optical interferometric imaging technique 

that provides reflectivity profiles of the sample structures with high axial resolution. The high axial 

resolution is due to the use of low coherence (broad-band) light source. However, the lateral resolution 

in OCT is independent of the spectral bandwidth of the light source. It depends on the numerical 

aperture (NA) of the focusing or the imaging optics. Lateral resolution is affected by defocus and other 

higher order optical aberrations induced by the imperfect optics, or by the sample itself.  Hardware 

based adaptive optics (AO) has been successfully combined with OCT to achieve high lateral 

resolution in combination with high axial resolution provided by OCT. AO, which conventionally uses 

Shack-Hartmann wavefront sensor (SH WFS) and deformable mirror for wavefront sensing and 

correction respectively, can compensate for optical aberration and can enable diffraction-limited 

resolution in OCT. Visualization of cone photoreceptors in 3-D has been successfully demonstrated 

using AO-OCT. However, OCT being an interferometric imaging technique can provide access to 

phase information. Especially OCT working in Fourier (spectral) domain inherently provides complex 

field information due to the involved data processing step. This phase information can be exploited by 

digital adaptive optics (DAO) techniques to correct optical aberration in the post-processing step to 

obtain diffraction-limited space invariant lateral resolution throughout the image volume. Thus, the 

need for hardware based AO can be eliminated, which in turn can reduce the system complexity and 

economical cost. Conventional DAO uses optimization-based algorithms to assess and improve the 

image quality based on sharpness metric. The coefficients of the phase correction function are varied 

in an iterative manner until image sharpness meets the desired criteria.  

In the first paper of this thesis, a novel DAO method based on sub-aperture correlation is presented. 

In this DAO technique the aperture at the pupil plane is digitally segmented into sub-apertures and the 

images of the sub-apertures are cross-correlated with the image of central reference sub-aperture to 

detect relative shifts in the presence of wavefront aberration. Using the shift information, local slopes 

of the wavefront error can be calculated from which phase error estimation can be done analytically in 

a single step. The advantage of this method is that it is non-iterative in nature and it does not require a 

priori knowledge of any system parameters such wavelength, focal length, NA or detector pixel size. 

Simulation results presented in this paper show that sub-aperture based DAO method can recover 

diffraction-limited images from the aberrated image field affected by 6th order phase error. For 

experimental proof, a FF SS OCT system was used and the sample consisted of resolution test target 

and a plastic plate that introduced random optical aberration. Experimental results show that sub-

aperture based DAO can recover near diffraction-limited images. The method was also used to show 

depth of focus (DOF) extension in a biological (grape) sample. Limitations of the sub-aperture based 

DAO method are also discussed in detail in this paper.  



x 
  

In the second paper of the thesis, sub-aperture based DAO method for defocus correction is 

compared with the inverse scattering (IS) based image reconstruction, similar to interferometric 

synthetic aperture microscopy (ISAM), and a simple digital phase conjugation method based on a 

forward model (FM). It is demonstrated through experimental results that FM based defocus 

correction is the fastest in terms of computational speed and have the same performance in terms of 

DOF extension as IS or DAO when the sample with uniform refractive index in depth is imaged at NA 

of 0.1. However, it is shown that in the case of samples with non-uniform refractive index, DAO 

performs the best in terms of DOF extension. 

In the third and the final paper of the thesis, a region of interest (ROI) based DAO is presented that 

corrects anisotropic aberration across the lateral field of view (FOV). The proof of principle is shown 

using an iron (III) oxide nano-particle phantom sample imaged with a fiber-based point scanning 

spectral domain (SD) OCT setup at a high NA of 0.6 and a limited DOF of 7 mµ . Sub-micron lateral 

resolution is obtained over a depth range of 218 mµ , thus achieving DOF improvement by ~30x .The 

implementation of this method is also demonstrated in ex vivo mouse adipose tissue. The major 

limitations associated with sub-aperture based DAO and its future prospects in OCT are also 

discussed. 
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Kurzfassung 

Optische Kohärenztomographie (OCT) ist ein nichtinvasives bildgebendes Verfahren, welches auf 

optischer Interferometrie basiert und das Reflektivitätsprofil einer Probe mit hoher axialer Auflösung 

liefert. Die hohe axiale Auflösung ist auf die Nutzung einer breitbandigen Lichtquelle mit geringer 

zeitlicher Kohärenz zurückzuführen. Die laterale Auflösung hingegen ist bei OCT unabhängig von der 

spektralen Bandbreite der Lichtquelle. Sie hängt von der numerischen Apertur (NA) der 

fokussierenden oder abbildenden Optiken ab. Die laterale Auflösung ist dabei beeinflusst von 

Defokussierung und anderen optischen Aberrationen höherer Ordnung, verursacht durch die Optiken 

oder der Probe selbst. Um neben dem hohen axialen Bereich auch eine hohe laterale Auflösung zu 

erzielen wurde Hardware basierte adaptive Optik (AO) erfolgreich mit OCT kombiniert. AO, welche 

üblicherweise einen Shack-Hartmann Wellenfrontsensor (SH WFS) in Kombination mit einem 

verformbaren Spiegel zur Berichtigung der Wellenfront benutzt, kann optische Aberrationen 

kompensieren und erlaubt eine beugungslimitierte Auflösung in OCT. Die Visualisierung von 

Zäpfchen der Retina wurde mit AO-OCT erfolgreich in 3D gezeigt. OCT, als ein interferometrisches, 

bildgebendes Verfahren, kann außerdem Zugang zu Phaseninformation liefern. Besonders OCT im 

Fourier (spektralen) Bereich liefert wegen des involvierten Datenauswertungsschrittes komplexe 

Feldinformationen. Diese Phaseninformation kann mit Techniken der digitalen adaptiven Optik 

(DAO) genutzt werden um optische Aberrationen im Nachbearbeitungsschritt zu korrigieren und eine 

beugungslimitierte, räumlich invariante laterale Auflösung im gesamten Bildvolumen zu erreichen. 

Dadurch kann auf Hardware basierte AO verzichtet werden und können in Folge dessen die 

Systemkomplexität und Kosten reduziert werden. Konventionelle DAO nutzt optimierungsbasierte 

Algorithmen um die Bildqualität basierend auf einer Schärfenmetrik zu beurteilen und zu verbessern. 

Die Koeffizienten der Phasenkorrekturfunktion werden iterativ verändert, bis die Bildschärfe dem 

gewünschten Kriterium entspricht. 

In der ersten Veröffentlichung dieser Doktorarbeit wird eine neuartige DAO Methode basierend 

auf einer sub-Apertur Korrelation präsentiert. In dieser DAO Methode wird die Apertur in der 

Pupillenebene digital in sub-Aperturen segmentiert, um sie anschließend mit dem Bild der zentralen 

Referenz sub-Apertur kreuzzukorrelieren. Dadurch kann eine relative Verschiebung in Anwesenheit 

der Wellenfrontaberration detektiert werden. Mit der Information über die Verschiebung können die 

lokalen Steigungen des Wellenfrontfehlers berechnet werden, wodurch die Abschätzung des 

Phasenfehlers analytisch in einem einzigen Schritt durchgeführt werden kann. Der Vorteil dieser 

Methode ist ihr Verzicht auf Iterativität und dass sie kein a priori Wissen jeglicher Systemparameter 

wie Wellenlänge, Brennweite, NA oder Detektorpixelgröße erfordert. Simulierte Ergebnisse, die in 

dieser Veröffentlichung präsentiert werden, zeigen, dass die sub-Apertur basierte DAO Methode 

Bilder mit Phasenfehler bis zur  6. Ordnung, beugungsbegrenzt wiederherstellen kann. In den 

Experimenten wurde ein FF SS OCT System benutzt, wobei ein Auflösungstestbild in Kombination 
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mit einem  deformieren Plastikplättchen, das zufällige optisch Aberrationen einführt, herangezogen 

wurde. Die experimentellen Ergebnisse zeigen, dass sub-Apertur basierte DAO die Strukturen des 

Auflösungstesttargets nahezu beugungsbegrenzt wiederherstellen kann. Die Methode wurde außerdem 

benutzt um die Ausweitung der Schärfentiefe (DOF) in einer biologischen Probe (Weintraube) zu 

zeigen. Weiters werden  in der Publikation die Grenzen der sub-Apertur basierten DAO Methode 

diskutiert.  

In der zweiten Veröffentlichung dieser Arbeit wird die sub-Apertur basierte DAO Methode zur 

Fokuskorrektur mit einer auf inversen Streuung (IS) basierten Bildrekonstruktion, ähnlich einer 

interferometrisch synthetischen Aperturmikroskopie (ISAM) und einer einfachen digitalen 

Phasenkonjugationsmethode, basierend auf einem Vorwärtsmodel (FM), verglichen. Es wird durch 

experimentelle Ergebnisse gezeigt, dass die FM basierte Fokuskorrektur in Bezug auf die 

Rechengeschwindigkeit am schnellsten ist. Bezüglich einer DOF Ausweitung erzielt sie dasselbe 

Ergebnis wie IS und DAO, solange die Probe mit homogenen Brechungsindex und einer geringen NA 

von 0.1 abgebildet wird. Allerdings zeigt sich bei einer Probe mit nicht-homogenen Brechungsindex, 

dass DAO das beste Ergebnis bezüglich einer DOF Ausweitung erzielt.  

Im dritten und letzten Paper dieser Arbeit wird eine „region-of-interest“ (ROI) basierte DAO 

Methode präsentiert, die anisotropische Aberrationen quer über den sichtbaren Bildbereich (FOV) 

korrigiert. Das Prinzip wird an einem Eisen(III) Oxid Nanopartikel Phantom gezeigt, welches mit 

einem faserbasierten, punktscannenden Spektralbereich OCT Aufbau mit einer NA von 0.6 und einem 

limitierten DOF von 7µm abgebildet wird. Es wird eine sub-Mikrometer laterale Auflösung über einen 

Tiefenbereich von 218µm erreicht, wodurch eine ungefähr 30-fache DOF Ausweitung erzielt werden 

kann. Die Umsetzung dieser Methode wird außerdem in Mausfettgewebe ex vivo gezeigt. Die 

wesentlichen Limitationen der sub-Apertur basierten DOA und deren Aussichten für die Zukunft von 

OCT werden ebenfalls in diesem Paper diskutiert.  
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Chapter 1  
Introduction 

1.1. Motivation behind digital adaptive optics 

Adaptive optics (AO) was first proposed by H.W. Babcock in early 1950’s and successfully 

implemented two decades later by Hardy and colleagues (1977) to compensate for the degrading effect 

of atmospheric turbulence in order to acquire images of astronomical objects with diffraction-limited 

resolution [1-3]. It has been successfully translated to biomedical field with its implementation in 

confocal fluorescence microscopy, two photon microscopy, retinal imaging and laser eye surgery [4-

11]. The three main components at the heart of any conventional AO, regardless of application and 

interest, are: (1) a wavefront sensor (WFS) that detects wavefront aberration caused by wave 

propagation through random media or imperfect optics, (2) a wavefront corrector (WFC) that 

compensates the wavefront aberrations, and (3) a control system working in a feedback loop that sends 

commands based on data from WFS to WFC. Nowadays, Shack-Hartmann (SH) WFS is widely used 

for wavefront sensing, whereas deformable or segmented mirrors are used for wavefront correction. 

However, the implementation of these devices in any optical system is complex and costly. Recent 

advancement in digital holographic techniques has opened new doors for ways of wavefront aberration 

sensing and correction. Since complex field of the aberrated wavefront can be obtained via digital 

holography (DH) or interferometry, it is possible to apply wavefront correction digitally/numerically 

in the post-processing step after the data is acquired [12-16]. This means that the expensive hardware 

involved in conventional AO can be avoided if the complex field information is accessible, thereby 

reducing the system complexity and economical cost. Typically, the numerical aberration correction or 

widely referred to as digital adaptive optics (DAO) involves compensating the measured complex field 

data ( )E r  at the Fourier plane with coordinate vector r  with a numerical phase correction term 

( )exp reiφ⎡− ⎤⎣ ⎦ , where ( )reφ  is the phase error function, to get the aberration compensated field 

( ) ( ) ( )expr r rDAO eE E iφ= ⎡− ⎤⎣ ⎦ . This numerical phase compensation is the digital equivalent of the 

phase conjugation applied in conventional AO using a deformable mirror or a spatial light modulator 

(SLM). Using the compensated field ( )rDAOE , the image   IDAO q( )  can be reconstructed numerically 

in the image domain with coordinate vector q . The quality of the reconstructed image ( )qDAOI  

depends on the phase function ( )reφ  applied in the digital phase conjugation step. DAO applying 

optimization based techniques uses an algorithm to assess and improve the image quality based on a 

chosen sharpness metric S. The coefficients of the phase function ( )reφ  are varied in an iterative 
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manner until image sharpness S meets the desired criteria [12]. Iterative techniques, however, are time 

consuming, and depend critically on the chosen sharpness metric as well as the initial starting point of 

the iteration. It is therefore of high interest if a single step method can be found that is furthermore 

independent on any system variables. 

As part of the present thesis Kumar et al. demonstrated a technique, which is the digital equivalent 

of SH WFS [17]. In this DAO technique the aperture at the pupil plane is digitally segmented into sub-

apertures and the images of the sub-apertures are cross-correlated with the image of central reference 

sub-aperture to detect relative shifts in the presence of wavefront aberration. Using the shift 

information, local slopes of the wavefront error can be calculated from which phase error estimation 

can be done analytically in a single step [17]. The advantage of this method is that it is non-iterative in 

nature and it does not require a priori knowledge of any system parameters such wavelength, focal 

length, numerical aperture (NA) or detector pixel size which may be required in other optimization or 

forward model based techniques [17]. With fast detectors and parallelization of data processing steps 

using graphical processing unit (GPU), implementation of DAO is possible for real time dynamic 

measurement in DH or interferometric imaging techniques such as optical coherence tomography 

(OCT) [18]. Thus, there is a possibility of replacing hardware based AO with DAO in situations where 

the optical system needs to be simple in design involving few optical components that can also reduce 

the overall economic cost. 

1.2. DAO in OCT 

OCT is an optical interferometric imaging technique that provides images with high axial 

resolution. The high axial resolution is due to the use of low coherence (broad-band) light source. 

However, the lateral resolution is independent of the spectral bandwidth of the light source. It depends 

on the numerical aperture (NA) of the focusing or the imaging optics. Lateral resolution is affected by 

defocus and other higher order optical aberrations induced by the imperfect optics, or by the sample 

itself.  Hardware based AO has been successfully combined with OCT to achieve high lateral 

resolution in conjunction with high axial resolution provided by OCT [19-28]. Improvement in signal 

to noise ratio (SNR) by applying AO-OCT has been demonstrated by Fernandez et al (2005) [21]. In 

the same year Zawadzki et al. demonstrated AO-OCT for high resolution 3-D in vivo retinal imaging 

[23]. Later, Zhang et al. (2006) demonstrated for the first time that cone photoreceptors could be 

visualized with AO-OCT [26]. Merino et al. reported AO enhanced OCT in combination with AO 

based scanning laser ophthalmoscope (SLO) [29]. Since then several improved and compact AO-OCT 

systems have been reported [28]. Based on OCT principle, depth resolved SH WFS has been 

demonstrated by Tuohy and Podoleanu [30], and has been improved for real time measurement [31]. 

However, OCT being an interferometric imaging technique can provide access to phase or complex 

data field information, which opens up the possibility of implementing DAO in OCT, thus avoiding 
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the need for hardware based AO correction. Especially OCT working in Fourier (spectral) domain 

inherently provides complex field information due to the involved data processing step, which is 

discussed in more detail in chapter 2 (section 2.3).  Utilizing this phase information, DOF extension 

has been achieved numerically through holographic image reconstruction technique based on the 

forward system model [32], or by applying an image reconstruction technique, that solves the inverse 

scattering problem for interference microscopy, called the interferometric synthetic aperture 

microscopy (ISAM) [33]. Optimization based DAO has been demonstrated to correct for higher order 

aberration in OCT to achieve depth invariant lateral resolution [34]. Kumar et al. demonstrated sub-

aperture based DAO for lateral resolution improvement in full field OCT [17]. Since, DAO is applied 

as a post-processing step to achieve depth invariant lateral resolution, the need for focusing scanning 

the sample through depth can be avoided. This has enabled high speed volumetric imaging [35]. 

However, the successful implementation of DAO depends on the phase stability of the system. Hence, 

any lateral and axial sample motion, or any mechanical jitter in the system needs to be avoided during 

the OCT image acquisition. With the implementation of numerical motion correction in OCT, it has 

been recently shown that DAO has the potential to correct optical aberrations in in vivo measurements 

[36]. 

1.3. Structure of the thesis 

The application of sub-aperture based DAO technique in Fourier domain (FD) OCT systems is the 

main focus of the presented research work. In the first chapter basic theory related to OCT and 

wavefront aberration is provided.  Subsequent chapters are based on three peer reviewed papers that 

describe the sub-aperture based DAO and its implementation in FD OCT systems. In chapter 3, the 

theory of sub-aperture based DAO is presented. Using this method, higher order aberration and simple 

defocus correction is demonstrated for both a technical sample and a biological sample using a full 

field swept source (FF SS) OCT system. In chapter 4, the sub-aperture based DAO method for defocus 

correction or depth of focus (DOF) extension is compared with inverse scattering (IS) based image 

reconstruction, similar to interferometric synthetic aperture microscopy (ISAM), and a simple digital 

phase conjugation method based on a forward model (FM). It is shown that for NA of upto 0.15, the 

FM based phase correction is the fastest in terms of computation speed and has the same performance 

in terms of improvement in the image quality as IS or sub-aperture based DAO when the sample is 

homogenous. However, when the sample refractive index is inhomogeneous with the sample depth, 

the subaperture based DAO has the better performance in terms of image quality improvement. In 

chapter 5, a region of interest (ROI) based DAO is presented for correcting anisotropic aberration 

across the lateral field of view (FOV). The proof of principle is shown using a phase stable point 

scanning spectral domain (SD) OCT system in a phantom sample and in an ex vivo mouse adipose 

tissue. Finally, in Chapter 6, a discussion about the future outlook of the DAO correction in OCT is 

presented. 



4 
 

 

Chapter 2  
Basic theory 

2.1. Introduction to OCT 

OCT is a rapidly growing optical imaging technique, both in terms of its application in clinics and 

technological breakthroughs, which can provide cellular level morphological and functional tissue 

information within the first couple of millimetres of organs in a non-invasive manner. The origin of 

OCT can be traced back to the emergence of low coherence (white light) interferometry (LCI) in 

1970’s when it was used in metrology to measure thickness of thin films [37]. LCI was used in 1980’s 

to measure the back-scattering and optical echoes in optical fibers and wave guide devices [38], and 

later its potential was demonstrated for non-invasive imaging of biological tissue [39, 40]. The 

working principle of OCT is based on interferometry using a broad-band light source which provides 

reflectivity profile of the sample. Due to the use of broad-band light source, the interference between 

the light from the sample and reference arm of interferometer is only observed when the optical path 

length in both the arms are matched to within the coherence length of the light. This ‘coherence 

gating’ provides high axial resolution in OCT.  

To describe OCT mathematically, we can consider a simple Michelson interferometer illuminated 

by a broad-band light source with input electric field given by 
  
Ei = s k,ω( )exp i kz −ω t( )⎡⎣ ⎤⎦ , where 

  s k,ω( )  is the field amplitude dependent on wavenumber   k = 2π λ  and angular frequency ω  at a 

given wavelength λ . Considering the sample to be comprised of discrete reflectors of the form

  
rS zS( ) = rS ,nδ zS − zS ,n( )

n=1

N
∑ , where 

  
rS ,n  are the electric field reflectors at a distance 

  
zS ,n  from the 

beam splitter, the electric field from the sample arm at the 50/50 beam-splitter is given by 

  
ES = Ei 2( ) rS ,n exp i2kzS ,n( )

n=1

N
∑ . The electric field from a mirror reflector with reflectivity  rR  is 

  
ER = Ei 2( )rR exp i2kzR( ) , where  zR  is the distance of the reference mirror from the beam splitter. 

The factor of 1 2  is due to the splitting of power into half due to 50:50 beam splitter. The 

interference signal recorded by the square law detector is given by 

 
  
ID k,ω( ) = ρ

2
ER + Es

2
  (2.1) 
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where ρ  is the detector responsivity and  .  is the average over detector response time. The factor of 

1 2  is due to the double pass of fields through the beam splitter. Eq. (2.1) can be expanded as 

 

  

ID k( ) = ρ
4

S k( ) RR + RS ,n
n=1

N
∑

⎛

⎝
⎜

⎞

⎠
⎟

              + ρ
4

S k( ) RS ,nRS ,m
n≠m=1

N
∑ e

i2k zS ,n−zS ,m( ) + e
−i2k zS ,n−zS ,m( )⎡

⎣
⎢

⎤

⎦
⎥

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

              + ρ
4

S k( ) RRRS ,n
n=1

N
∑ e

i2k zR−zS ,n( ) + e
−i2k zR−zS ,n( )⎡

⎣
⎢

⎤

⎦
⎥

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

  (2.2) 

where 
  
S k( ) = s k,ω( ) 2

, 
  
RS ,n = rS ,n

2
 and   RR = rR

2 . The averaging of the signal over the detector 

response time causes the terms dependent on the temporal angular frequency  ω = 2πν  to be 

eliminated in Eq. (2.2). This is due to the fact that in practice, the optical frequency ν  oscillates much 

faster than the detector response time. Eq. (2.2) can be further simplified to  

 

  

ID k( ) = ρ
4

S k( ) RR + RS ,n
n=1

N
∑

⎛

⎝
⎜

⎞

⎠
⎟         "DC term"

             +
ρ
4

S k( ) RS ,nRS ,m
n≠m=1

N
∑ cos 2k zS ,n − zS ,m( )⎡

⎣
⎤
⎦

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
    "Autocorrelation term"

             +
ρ
2

S k( ) RRRS ,n
n=1

N
∑ cos 2k zR − zS ,n( )⎡

⎣
⎤
⎦

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
.    "Cross-correlation term"

  (2.3) 

The first term in Eq. (2.3) is the DC off-set or the constant component, independent of any optical 

pathlength, whose amplitude is proportional to the sum of the power reflectivity of the reference 

mirror and the power reflectivities of the sample. The second term is the auto-correlation term, which 

is due to the interference between the sample reflectors. The amplitude of this term is usually low 

compared to the DC term in OCT as it depends linearly on the power reflectivity of the sample 

reflections, which is much lower than reference power reflectivity. The third term is the signal of 

interest in OCT referred to as the cross-correlation component, and it depends on the optical 

pathlength difference between the reference arm and the sample reflectors. Amplitudes of these 

components are proportional to the square root of the sample power reflectivities scaled by the square 

root reference power reflectivity. Although the amplitudes are lower than the DC component, the 

square root dependence implies logarithmic gain over direct measurement of sample reflectivities. All 

the three terms are scaled by the wavenumber spectrum of the light source. Based on Eq. (2.3), the 

measurement of the sample reflections at different depth can be done in both the time domain and 

Fourier domain as explained in the following sections. 
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2.2. Time domain OCT 

Time domain (TD) OCT is the conventional form of OCT where a broad-band light source is used 

and the reflectivity profile of the sample at different depths is captured through interference by 

scanning the reference delay  zR  . The TD OCT signal is obtained by integration of the wavenumber 

dependent signal given in Eq. (2.3) over all k. The resultant signal is given by 

 !ID zR( ) = ρ
4

So RR + RS ,n
n=1

N

∑
⎛

⎝
⎜

⎞

⎠
⎟ +

ρ
2

So RRRS ,n
n=1

N

∑ γ 2 zR − zS ,n( )( ) cos 2k zR − zS ,n( )⎡
⎣

⎤
⎦

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
 (2.4) 

where 
  
So = S k( )

0

∞

∫ dk  is the total power emitted by the light source,   γ Δz( ) = e−Δz2Δk2
e−ikoΔz  is the 

complex degree of coherence which depends on the source spectrum given by the relationship 

 
γ Δz( ) = FT S k( ){ } So  with 

  
S k( ) = 1 Δk π( )e− k−ko( ) Δk⎡⎣ ⎤⎦

2

. Note that in Eq. (2.4) autocorrelation 

component is avoided due to the narrow coherence length of the light. In Eq. (2.4) we can see that the 

sample reflectivity profile is convolved with the source coherence function and modulated by a carrier 

wave modulation at a frequency proportional to the product of central wavenumber  ko  and the 

difference of the reference and sample arm optical pathlengths 
  
zR − zS ,n . Since, the reference arm 

moves at constant velocity v, the carrier frequency at the detector is given by

( ) ( ),1 2 2 2S nf d k vt z dt vπ λ⎡ ⎤= − =⎣ ⎦ , with λ=2π/k. The acquired TD OCT signal is demodulated to 

get an approximate sample reflectivity profile with depth. 

 
Figure 1: (a) Schematic of TD OCT system, (b) example of discrete sample reflectivity profile and the 
corresponding A-scan obtained using TD OCT system. 
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2.3. Fourier domain OCT 

There are primarily two ways to get OCT measurement in Fourier domain (FD). One way is to use 

a broad-band light source and split the interference of the sample and reference arm signal into 

component frequencies using a diffraction grating and detecting with a linear detector spatially. The 

OCT systems based on this principle are referred to as spectral domain (SD) OCT systems. The other 

way is to sweep the frequency of the light source with a narrow line width in time, and detect the 

interference signal with a single detector. In this way the spectrum of the interference signal is 

detected temporally, and the systems based on this principle are referred to as swept source (SS) OCT 

systems. In both cases the reference path length is fixed. Once the spectrum of the interference signal, 

given in Eq. (2.3), can be detected spatially or temporally, a simple 1-D Fourier transform 

 
FTk→z ID k( ){ }  gives the reflectivity profile with depth: 

 

   

!ID z( ) = ρ
8
γ z( ) RR + RS ,n

n=1

N
∑

⎛

⎝
⎜

⎞

⎠
⎟         

             + ρ
4

γ z( )⊗ RS ,nRS ,m
n≠m=1

N
∑ δ z ± 2 zS ,n − zS ,m( )( )⎧

⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
    

             + ρ
8

γ z( )⊗ RRRS ,nδ z ± 2 zR − zS ,n( )( )
n=1

N
∑

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
. 

 (2.5) 

The sample reflectivity profiles 
  

RS ,n , scaled by the strong reference reflectivity  RR , appear at 

distances 
  
z = +2 zR − zS ,n( )  relative to the reference mirror position, and convolved with the complex 

coherence function  γ z( ) . Thus, the axial width of the sample reflectivity profile depends on the 

coherence length of the light source, which in turn is inversely dependent on the light source 

bandwidth. Note that the factor of 2 for the path length differences in Eq. (2.5) is due to the double 

pass in a Michelson interferometer setup. The complex conjugate terms (mirror terms) also appear at 

distances 
  
z = −2 zR − zS ,n( ) , and can be separated from the actual terms of interest by placing the 

sample completely on one side relative to the reference mirror position. The DC component appears at 

zero delay, which is the location of the reference mirror. The auto-correlation terms (2nd term in Eq. 

(2.5)) appear close to the zero delay, as the pathlength differences between sample reflectors are small 

in comparison to the pathlength differences between the reference and the sample reflectors. From Eq. 

(2.5) we can observe that the result of  k → z  Fourier transform is a complex valued function in z. 

Thus, structural phase information as a function of   x, y,z( ) , where   x, y( )  is the coordinate of a given 

lateral position at a given sample depth z, can be obtained as 
   
ϕ x, y,z( ) = !FTk→z ID x, y,k( ){ }  with 
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 !  being the argument of a complex number. The access to this phase information is the basis for the 

digital adaptive optics correction in FD OCT systems.

 
Figure 2: (a) Schematic of spectrometer based OCT system, (b) swept source based OCT system, (c) spectrum 
of interference signal obtained in FD OCT, (d) example of discrete sample reflectivity profile and the 
corresponding A-scan obtained after Fourier transforming the spectrum of interference signal in (c).Part of the 
figure is reproduced from Ref. [41]. 

2.4. Key performance parameters in OCT 

2.4.1. Axial resolution 

The axial resolution is dependent on the coherence length of the light source used in OCT. The 

coherence length is defined as the spatial width of the field autocorrelation measured by an 

interferometer. There is a Fourier transform relationship between the source power spectrum and 

envelope of the field correlation. Hence, the coherence length cl  is inversely proportional to the 

spectral bandwidth of the light source, given by ( )24ln(2)c ol λ π λ= Δ , where oλ  is the central 

wavelength and λΔ  is the spectral full width half maximum (FWHM) bandwidth. Due to the round 

trip of the light in OCT, the axial resolution is half the coherence length given by

( )22 2ln(2)c oz l λ π λΔ = = Δ .  
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2.4.2. Lateral resolution 

 In conventional point scanning OCT, the diffraction-limited lateral resolution is governed by the 

transverse spot size ( 21 e  radius of a Gaussian beam) of the light beam focused by the objective lens, 

given by ( ) ( )4 2 NAo ox f dλ π λ πΔ = ≈  where NA is the numerical aperture of the focusing optics, d 

is the spot size on the objective lens and f is its focal length. In case of full field (FF) OCT, where an 

area is illuminated on the sample and interference signal is Nyquist sampled by a 2-D pixelated 

detector, the diffraction-limited lateral resolution depends on the NA of the imaging optics given by 

(according to Rayleigh criterion) 0.61 NAox λΔ = . The diffraction-limited lateral resolution is 

achieved when the root mean square (RMS) value of wavefront aberration introduced by the optics of 

the system is within the Marechal’s criterion of 0.449 radians [17].  

2.4.3. Depth of focus  

It is inversely proportional to the square of the NA of the optical system. It is defined as twice the 

Rayleigh range Rz , given by 2DOF 2 2 NAR oz nλ= ≈  (within small angle approximation which is 

generally valid in OCT), with n being the refractive index of the sample. This implies that increasing 

the NA increases the resolution, but reduces the DOF. 

2.4.4. Imaging depth  

In case of TD OCT, the imaging depth is given by the reference mirror scan range. In case of FD 

OCT, it depends on the spectral resolution full NλΔ and the square of the central wavelength oλ . It is 

given by the relationship ( )2
max 4o fullz N nλ λ= Δ , where fullλΔ  is the full bandwidth of the light 

source and N is the number of sampled spectral data points, and n is the sample refractive index.  

2.4.5. Optical detection sensitivity  

Since OCT is an interferometric imaging technique, the weak back-scattered optical field from the 

sample can be boosted by a strong reference arm optical field in order to achieve shot noise limited 

optical detection. In the shot noise limit, the signal to noise ratio (SNR) of the OCT system is given by 

SNR= SR P hvBγη  where P  is the power incident on the sample, SR  is the reflectivity of the sample 

reflector, hν  is the energy of a photon with h being the Planck constant and ν  being the center 

frequency of the light source, B is the bandwidth of the electronic detection system, η  is the quantum 

efficiency of the detector, and γ  is the factor which takes into account losses such as splitting ratio of 

interferometer, coupling losses and grating efficiency in case of SD OCT . In OCT, sensitivity Σ  is 

defined as the inverse of the minimal sample reflectivity that yields a SNR value of unity, i.e. 

,min SNR=11 SR P hvBγη∑ = = [42]. Usually the value of sensitivity is large, so it is expressed on 
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logrithmic scale as : [ ] ( )dB 10log P hvBη∑ = . Note that the power P is associated with the peak 

signal value in an acquired A-scan. In case of SS OCT, the total power associated with the signal peak 

in an A-scan after Fourier transform, in accordance with Parvesal’s theorem, is equal to half the sum 

of powers associated with each spectral point. To produce a single A-scan with N data points, N 

instantaneous sample exposure is needed by a sweeping light source. Whereas, in case of TD OCT, the 

power deposited in the signal peak in an A-scan is due to single exposure. Assuming the instantaneous 

exposure power (under the ANSI exposure constrains) in case of SS OCT to be same as in TD OCT, 

the power SSP  deposited in the signal peak in SS OCT is about N/2 times the power TDP  deposited in 

the signal peak in TD OCT [43]. As the electronic bandwidth B is usually the same for both TD and 

SS OCT, and the number of data points in A-scan is 1024N ≥ , SS OCT has a senstitivtiy adavantage 

of about 20-30 dB over TD OCT [42, 43].  In case of SD OCT system, the total power is split into N 

channels of the spectrometer. Thus, the power deposited in the signal peak in case of SD OCT, after 

Fourier transform, is 2 2SD TD SSP P P N= = . However, the electronic bandwidth B is also reduced by 

a factor 1 N  [43] as an A-scan measurement requires only single exposure. The bandwidth can be 

related to the exposure or A-scan time τ  as 1 2B τ= . The effective SNR is therefore the same as in 

case of SS OCT, with the similar sensitivity advantage over TD OCT [42].  

As SNR is proportional to the power detected divided by the electronic bandwidth or the data 

acquisition, there is a tradeoff between sensitivity and speed. Faster data acquisition speed results in 

degradation of SNR. Also, the maximum power that can be applied during the short exposure time 

when increasing the imaging speed is determined by the maximum permissible ANSI exposure limit 

for tissue or retina. Given these limitations, OCT systems typically achieve sensitivities of -90 to -100 

dB of the incident optical power. 

2.5. Full Field OCT 

In full field (FF) OCT, an area is illuminated on the sample, and a 2-D camera detects the 

interference of the back reflected light from the sample and the reference arm. In TD FF OCT, 2-D 

enface image is obtained by a single camera exposure. A 3-D volume image is created either by 

scanning the reference arm, or moving the sample axially. Beaurepaire et al. demonstrated the first FF 

TD OCT in 1998 using a commercial microscope setup [44]. A high lateral resolution of 2  µm was 

achieved using a microscope objective (MO) of NA = 0.25. An axial resolution of 8 µm was achieved 

using a low coherence LED light source with bandwidth  Δλ = 31 nm  (  λo = 840  nm). Due to the 

narrow confocal gating, provided by the high NA MO, a 3-D volume image was created by scanning 

the sample in depth. Dubois et al. (2004) demonstrated an improved axial resolution of 0.7 µm by 

using a tungsten halogen lamp with an ultra-broadband spectrum  Δλ = 300 nm [45]. An improved 
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lateral resolution of 0.9 µm was obtained by using a Michelson interferometer in a Linnik type 

configuration with MO’s of NA = 0.5 in both the sample and the reference arm. A 3-D image 

acquisition time of 1 second was demonstrated [45]. Oh et al. demonstrated a depth penetration of 800 

 µm  in a human thyroid tissue using a FF TD OCT setup using a Xenon arc lamp (0.9 to 1.4  µm

wavelength range) and InGaAs camera with a detection sensitivity of 86 dB [46]. The reported axial 

and lateral resolutions were 1.9 and 2  µm respectively. 

With the availability of high-speed 2-D camera, implementation of full field illumination and 

detection in OCT with fast sweeping laser source (with sweep rate of several kHz) has the potential to 

provide true high speed 3-D imaging advantage of parallelization over the conventional point scanning 

OCT. FF SS OCT was demonstrated by Povazay et al. in 2006 using a broad band Ti-sapphire laser (

  λo = 800  nm,  Δλ = 100  nm) with an acousto-optic frequency tunable element [47]. The demonstrated 

axial and lateral resolutions were 3  and 4 µm respectively. However due to the low frame rate of 

the camera used in the experiments, only ex vivo imaging of biological sample (fruit fly) was possible. 

In 2010, Bonin et al. demonstrated faster FF SS OCT system for in vivo retinal imaging. 1.5 million A-

scan rate was achieved using an ultra-high speed CMOS camera (Y4, Red Lake/IDT, USA) for sample 

volume size of 640 24 512× × (X, Y, Z) pixels [48]. However, the detected sensitivity was 72 dB with 

an equivalent power of 97 nW /pixel on the sample. Cross talk between parallel pixels also affected the 

image quality. Low sensitivity was attributed to low sample illumination radiant flux, the excessive 

camera noise and the phase instability of the swept source [48]. Also, unwanted back-reflection from 

the optical setup consumed the dynamic range of the camera, which further affected the sensitivity. 

However, FF SS OCT, which inherits the sensitivity advantage of FD OCT, has the potential to 

achieve even higher sensitivity in comparison to point scanning FD OCT. This is due to the fact that 

an extended light source is used to illuminate the sample in parallel OCT. Thus, the allowed power is 

in general higher as compared to point scanning OCT, even in the case of retinal imaging. Higher 

illumination power yields higher sensitivity in the shot noise limit.  

Another advantage of FF OCT is that it provides intrinsic phase stability across the parallel 

detectors, which is very crucial for the application of DAO. Although FF OCT for in vivo retinal 

imaging has already been demonstrated, there are some serious challenges that need to be addressed in 

the future to make it viable for practical clinical use. The success of FFOCT is therefore strongly 

dependent on the technological developments of fast CCD/CMOS camera with low read noise and 

light sources with optimal power in the coming years. However, given the rapid pace at which OCT 

technology has developed during the last two decades, there is a high chance that FF OCT with its 

intrinsic sensitivity and speed advantages and the attractive potential for DAO imaging will play a 

crucial role in the near future. 

 µm
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2.6. Basics of wavefront aberration representation 

In chapter 1 a generalized concept related to AO correction was presented. The aberration 

correction is achieved by phase conjugation in the Fourier plane to cancel out the phase/wavefront 

error. This is done either by using a physical device such as a deformable mirror or a SLM as in case 

of hardware based AO [3, 4, 8, 11, 28], or by applying numerical phase correction in the post-

processing step as in case of DAO, provided the complex field data is accessible [13, 17, 49]. 

Wavefront can be defined as a surface orthogonal to light rays which has the same phase. An 

aberration free optical system forms a perfectly focused spot if the wavefront is spherical at the exit 

pupil. However, any deviation from the spherical wavefront causes the spot to be blurred. The optical 

path length difference between the actual and the spherical reference wavefront at the exit pupil is the 

wavefront aberration. This is illustrated in Fig. 3. 

 
Figure 3: Illustration of wavefront aberration. The deviation of the actual wavefront from the reference spherical 
wavefront causes the wavefront aberration. 

 Wavefront aberration can be described by using a set of basis functions. In this thesis, Taylor 

monomials (chapter 3) and Zernike polynomials (chapter 5) were used as basis functions to describe 

the wavefront aberration. Taylor monomials, described in chapter 3, are not popular in practice as they 

do not form an orthonormal basis set. However, it is shown in chapter 3, both through computer 

simulations and experiments, that the Taylor monomials can be used to represent upto 6th order 

aberrations in an optical system with square aperture with reasonable accuracy that enables 

diffraction-limited performance. Zernike polynomials, which are orthonormal over circular pupils, are 

the most popular basis functions for representing wavefront aberration. The wavefront aberration 

function ( ),W ρ θ  expanded into set of Zernike polynomials ( ),iZ ρ θ  , can be written as 

 ( ) ( )
,

, ,m m
n n

n m
W c Zρ θ ρ θ=∑  (2.6) 
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where ( ),ρ θ  is the polar coordinate with origin at the pupil center, and m
nc  are the coefficients of 

expansion. The radial coordinate is normalized to the actual radius of the circular pupil as r Rρ = , 

since the Zernike polynomials are orthogonal only over a circular pupil of unit radius. Zernike 

polynomials, according to ANSI standard [61], can be expressed as 

 ( ) ( ) ( )
( ) ( )

 cos  for 0
,

sin  for 0

mm
n nm

n mm
n n

N R m m
Z

N R m m

ρ θ
ρ θ

ρ θ

⎧ ≥⎪= ⎨
− <⎪⎩

  (2.7) 

where n is the radial degree and m is the azimuthal frequency. The radial polynomial is defined as 

 ( ) ( ) ( )
( ) ( )

( ) 2
2

0

1 !
! 0.5 ! 0.5 !

sn m
m n s
n

s

n s
R

s n m s n m s
ρ ρ

−
−

=

− −
=

⎡ ⎤ ⎡ ⎤+ − − −⎣ ⎦ ⎣ ⎦
∑ .  (2.8) 

The normalization factor ( ) ( )02 1 1m
n mN n δ= + + , with 0mδ  being the Kronecker delta function, 

ensures the orthonormality of the Zernike polynomials.  The radial order n can take positive integer 

values, and the angular frequency m varies from –n to n with a step of 2. The conversion from double 

index n and m to single index j is given by ( )2 2j n n m= ⎡ + + ⎤⎣ ⎦ . Table 1 shows the list of Zernike 

polynomials upto 4th order in polar coordinates.  

 

Table 1: List of Zernike polynomials in polar co-ordinates upto first 15 terms 

j n m ( ),m
nZ ρ θ  Optical description 

0 0 0 1 Piston 

1 1 -1 2 sinρ θ   Vertical tilt 

2 1 1 2 cosρ θ  Horizontal tilt 

3 2 -2 26 sin2ρ θ  Oblique astigmatism 

4 2 0 ( )23 2 1ρ −  Defocus 

5 2 2 26 cos2ρ θ  Vertical astigmatism 

6 3 -3 38 sin3ρ θ  Vertical trefoil 
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7 3 -1 ( )38 3 2 sinρ ρ θ−  Vertical coma 

8 3 1 ( )38 3 2 cosρ ρ θ−  Horizontal coma 

9 3 3 38 cos3ρ θ  Oblique trefoil 

10 4 -4 410 sin 4ρ θ  Oblique quadrafoil 

11 4 -2 ( )4 210 4 3 sin2ρ ρ θ−  
Oblique secondary 

astigmatism 

12 4 0 ( )4 25 6 6 1ρ ρ− +  Primary spherical  

13 4 2 ( )4 210 4 3 cos2ρ ρ θ−  
Vertical secondary 

astigmatism  

14 4 4 410 cos4ρ θ  Vertical quadrafoil 

 

  Figure 4 shows different types of wavefront aberration modes represented by Zernike polynomials in 

the pupil plane and the corresponding point spread functions (PSFs) in the image plane resulting from 

these aberrations. There are two main advantages of using orthonormal Zernike polynomials. Firstly, 

the magnitudes of the coefficients of the Zernike polynomials represent the wavefront error in that 

mode. Secondly, since the each mode is orthogonal to each other, the coefficients of expansion are 

independent of each other. Thus adding higher order modes to represent wavefront error does not 

affect coefficients of lower order modes. Also, the total RMS wavefront error can be easily 

represented in terms of Zernike coefficients as ( )2

1, 
RMS m

error n
n m

c
>

= ∑ .  
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Figure 4: Different types of wavefront aberration represented by Zernike polynomials in the pupil plane and the 
corresponding PSFs in the image plane due these aberrations modes. The figure is reproduced from Ref [50]. 
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Chapter 3  
Digital adaptive optics based on sub-aperture correlation 

technique 

3.1. Prologue 

OCT has been successfully combined with AO in order to achieve high lateral resolution in 

combination with the high axial resolution [19-28]. While high axial resolution obtained in OCT 

depends on the low coherence (broad spectral band-width) of the light source used, lateral resolution 

depends on the NA of the focusing or the imaging optics and is often affected by the aberrations of the 

imperfect optical system [41]. AO, which conventionally uses Shack-Hartmann wavefront sensor (SH 

WFS) and deformable mirror for wavefront sensing and correction respectively, can compensate for 

optical aberration and can enable diffraction-limited resolution in OCT. Visualization of cone 

photoreceptors in 3-D has been successfully demonstrated using AO-OCT [26]. Based on OCT 

principle, depth resolved SH WFS has been demonstrated by Tuohy and Podoleanu [30], and has been 

improved for real time measurement [31]. OCT, being an interferometric imaging technique, can 

provide access to phase information which can be exploited by DAO techniques to correct optical 

aberration in the post-processing step to obtain diffraction-limited space invariant lateral resolution 

throughout the image volume and provide the possibility of obtaining depth resolved wavefront 

aberration measurement. Thus, the need for hardware based AO can be eliminated which in turn can 

reduce the system complexity and economical cost. As discussed in the first chapter, conventional 

DAO uses optimization based algorithms to assess and improve the image quality based on sharpness 

metric. The coefficients of the phase correction function are varied in an iterative manner until image 

sharpness meets the desired criteria [12, 13]. In the first paper of this thesis, a novel DAO method 

based on sub-aperture correlation is presented. As described in the theoretical section of the paper 

(section 2), this method operates like a digital equivalent of SH WFS and directly provides the 

wavefront error slope data in a single step. The advantage of this method is that it is non-iterative in 

nature and it does not require a priori knowledge of any system parameters such wavelength, focal 

length, numerical aperture (NA) or detector pixel size. Simulation results presented in this paper show 

that sub-aperture based DAO method can recover diffraction-limited images from the aberrated image 

field affected by 6th order phase error. For experiment, a FF SS OCT system was used and the sample 

consisted of resolution test target and a plastic plate that introduced random optical aberration. 

Experimental results show that sub-aperture based DAO can recover near diffraction-limited images. 

The method was also used to show depth of focus extension in a biological (grape) sample. 

Limitations of the sub-aperture based DAO method are also discussed in detail in this paper. 

3.2. PDF of the original paper 
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optics for full field optical coherence 
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1. Introduction 

The use of Shack -Hartmann sensor based adaptive optics for wavefront aberration correction 
is well established in astronomy and microscopy for point like objects to achieve diffraction 
limited imaging [1–3]. It is currently an active field of research in optical coherence 
tomography/microscopy (OCT/OCM) [4, 5]. Recently, adaptive optics via pupil 
segmentation using SLM was demonstrated in two photon microscopy [7]. These results 
showed that the optical aberrations introduced by the sample, due to change in the refractive 
index with depth in the sample, can be reduced to recover diffraction-limited resolution. This 
can improve the imaging depth in tissues. Such segmented pupil approach has also been 
shown with scene based adaptive optics [8]. Lately, Tippie and Fienup demonstrated the 
subaperture correlation based phase correction as a post processing technique in the case of 
synthetic aperture digital off axis holographic imaging of extended objects [9]. 

Especially for coherent imaging techniques the advantage lies in the availability of phase 
information. This information has been successfully exploited for implementing digital 
refocusing techniques in OCT, by measuring the full complex field backscattered from the 
sample. Current methods rely however on two assumptions: first, that the samples exhibit an 
isotropic and homogenous structure with respect to its optical properties, and secondly, that 
the aberrations, if present, are well defined, or accessible. Whereas the first limitation has not 
been addressed so far, the second issue can be solved either by assuming simple defocus and 
applying spherical wavefront corrections, or by iteratively optimizing the complex wavefront 
with a merit function that uses the image sharpness as metric [10,11]. 

In this paper, we investigate the method of subaperture correlation based wavefront error 
detection and correction as a post processing technique to achieve near diffraction limited 
resolution in the presence of aberrations. This method has the advantage of directly providing 
the local wavefront gradient for each subaperture in a single step. As such it operates as a 
digital equivalent to a Shack-Hartmann sensor. In section 2 we present the theory behind the 
algorithm which is applicable to any coherent interferometric imaging system. We show that 
this algorithm does not require the knowledge of any system parameters and furthermore 
does not rely on the assumption of sample homogeneity with respect to its refractive index. 
In section 3 we present simulation results demonstrating the practical implementation and 
performance of the algorithm. We have considered a full field swept source OCT system for 
our simulation, which is a type of an interference microscopic system. We also show how 
this method allows for a fast and simple way to correct for defocus aberration. Finally in 
section 4 we present experimental proof of the principle. 

2. Theory 

For the theoretical analysis we consider a system based on a Michelson interferometer as 
shown in Fig. 1, but the theory presented here is valid for any interferometric setup. The 
interference of the light reflected from the object and reference mirror is adequately sampled 
using a 2-D camera placed at the image plane of the object. For simplicity, we assume that 
we have a 4-f telecentric imaging system, and the object field is bandlimited by a square 
aperture at the pupil plane. In the 2-D interferometric imaging setup, the recorded signal dI  
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at point ξ  of the detection plane and at the wavenumber 2k π λ=  of the laser illumination 

is given by 

 ( ) ( ) ( ) ( ) ( ) ( ) ( )2 2 * *; ; ; ; ; ; ; .d s r s r s rI k E k E k E k E k E k E kξ = ξ + ξ + ξ ξ + ξ ξ  (1) 

sE  and rE  are the field from the object and the reference arm respectively at the detector 

expressed as 

 ( ) ( ) ( ) ( ) ( ) ( )2 '; exp 4 ; ; exp 4 ;s o sE k i kf E k P k d i kf E kξ = ξ − ξ u u u =  (2) 

and 

 ( ) ( ) ( ); ; exp 4rE k R k ik f zξ = ξ + Δ    (3) 

where the signal ( )' ;sE kξ  which contains object field information is given by the 

convolution of oE , which is the geometrical image of the object field, with the point spread 

function (PSF) P  of the system and u  is a point in the object plane. R  is the local reference 
field amplitude, zΔ  denotes the optical path length difference between the sample and the 
reference arm, and λ  is the wavelength of light. Phase factors ( )exp 4i kf and 

( )exp 4ik f z+ Δ    in Eqs. (2) and (3) respectively represent the accumulated phase due to 

propagation of the field from sample and the reference mirror position to the detector plane. 
In case of monochromatic illumination, with effectively single k , the complex signal 

'
s s r sI E E E R∗= =  which contains object field information, which we are interested in, can 

be retrieved via phase shifting methods where zΔ  is varied [12, 13]. Phase shifting methods 
are also used to detect the complex wavefront employing broad band light sources which 
provide coherence gating [14]. The complex signal sI  can also be detected via frequency or 

wavelength diversity as in the case of swept source OCT. In this case, the object is placed at 
a distance longer than that of the reference mirror position with respect to a common 
reference point, and the interference signal is recorded with varying k . The Fourier 
transformation along the k  dimension yields the tomographic signal separated from 
autocorrelation, constant intensity offset (DC) and complex conjugate terms [15]. We assume 
that the aberrations present in the system primarily originate from the sample and sample 
optics L2, and can be represented by an effective phase error at the pupil plane. 

 

Fig. 1. Schematic diagram for the interferometric setup. Lens L1 and L2 form a 4-f telecentric 
imaging system. Dotted rays show the imaging path of a point on the object in focus. Camera 
is at the focal plane of lens L1. 
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In case of FF SSOCT, the complex signal ( ),sI zξ , obtained after k z→  Fourier 

transformation, containing field information about the object’s thz  layer can be written in the 
discrete from as 

 ( ) ( )2
, ,, , ,s m n zI z I m n z Iξ ξ ξξ = Δ Δ Δ =  (4) 

where ξΔ  is the detector pixel pitch assumed to be the same in both directions, ( ),m n  

determine the pixel location in the image plane. Let the size of the sample be M M×  pixels. 
After embedding the 2-D signal into an array of zeros twice its size ( 2 2M M× ), we 
calculate the 2-D DFT of the signal , ,m n zI on the computer to propagate it to the Fourier/pupil 

plane. 

 
2 1 2 1

, , , , ,
0 0

exp 2
2 2

M M

x y m n z m n z
m n

mx ny
D DFT I I i

M M
π

− −

= =

   = = − +      
   (5) 

where ( ),x y  determine the pixel location in the Fourier plane. In Eq. (5), we have neglected 

the constant complex factor due to propagation as it does not affect the reconstruction of 
intensity images, which we are finally interested in. The extent of the spatial frequency is 
limited due to the square pupil aperture. Let the extent of spatial frequencies in Fourier plane 
be N N×  pixels ( 2M N> ), then according to the paraxial approximation 

 0

2

f
L N x N

M

λ
ξ

≈ Δ ≈
Δ

 (6) 

where L  is the length of the side of the square aperture, 0λ  is the central wavelength, f  is 

the focal length of the lens, and xΔ  is the pixel pitch in the pupil plane. We window out the 
N N× pixel data ,x yD  at the Fourier plane, embed it into the middle of array of zeros of 

size 2 2M M×  and segment it into K K×  subapertures with size N K N K×        pixels, 

where .    is the floor function. K  is usually odd so that the central subaperture can be 

selected as a reference as shown in Fig. 2. In the absence of aberration the wavefront has 
same slope everywhere across the pupil plane, and hence all the images due to subaperture 
will be formed at the same position in the image plane. But, in the presence of aberration the 
slope of the wavefront will vary across the pupil which will result in relative shift between 
the images of the subaperture. Since we have a circular centro-symmetric optical system we 
chose the location of the image formed by central subaperture to be the reference where we 
want all images due to subapertures to be formed after aberration correction. We can also use 
aperture overlap as shown in Fig. 2 to increase the number of sampling points for local slope 
data. 

We assume that in each subaperture the local phase error can be approximated by the first 
order Taylor expansion. We measure the translation between the intensity of the images 
formed by the different subapertures with respect to intensity of the image formed by the 
central subaperture after normalizing them to the same level [16]. We use this information to 
calculate the relative local wavefront slope in each subaperture given by 

 
, ,

 and  ,
po qo po qo

p q p q
x y

m n
s s

x x M y y M

φ φ φ φπ π∂ ∂ ∂ ∂Δ Δ= − = = − =
∂ ∂ ∂ ∂

 (7) 

where mΔ  and nΔ  are the shift in terms of pixels in horizontal and vertical direction in the 
image plane, ,po qo  are the center points in the thp  and thq  subaperture to which local 
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slope data value is assigned . We assume the thq  subaperture to be the central reference 

subaperture. We see that the slope data obtained is independent of any system parameters. 
We use this slope information to reconstruct the estimated wavefront error using Taylor 
monomials as basis function for modelling phase error. The detailed description of the 
method is given in Appendix A. 

 

Fig. 2. Segmentation of Fourier data into KxK subapertures with K = 3. Green square dots 
represent sampling points of the average local slope data due to non-overlapping subapertures. 
Red dotted boxes represent subapertures with about 50% overlap in both directions. Blue 
circular dots represent sampling points of the slope data due to overlapping subapertures. 
With overlapping subapertures we can increase the sampling points to reduce the error in 
phase estimation. 

After we have estimated the phase error, eφ  we apply a phase correction ( )exp eiφ−  to 

the Fourier data D  and then perform the 2-D IDFT to get the phase corrected image , ,m n zI  

given by 

 ( )
2 1 2 1

, , ,2
0 0

1
exp , exp 2 .

2 24

M M

m n z x y e
x y

mx ny
I D i x y i

M MM
φ π

− −

= =

  = − +        
    (8) 

This process is repeated for all the layers in case of a 3-D volume image to get an aberration 
free volume image. We assumed a 4-f system with the pupil and the Fourier plane being the 
same. As we have shown that the method is independent of any system parameters, it can be 
applied to the Fourier transform of the image even if the pupil is not at the Fourier plane. But 
one should take care that the image is bandlimited. Otherwise, aliasing of higher spatial 
frequencies might disturb proper reconstruction when performing 2-D DFT on the image. 
Figure 3 shows the schematic diagram for the estimation of the phase error based on split 
aperture method. 

 

Fig. 3. Schematic of the subaperture correlation based phase correction method. 
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3. Computer simulation 

For the computer simulation we consider the same optical setup shown in Fig. 1 with focal 
length of lens L1 and L2 as 50f =  mm. We consider a sweeping laser source with center 
wavelength 0 850 nmλ =   and bandwidth 80 nmλΔ =  Fig. 4(a) shows the normalized power 

spectrum with respect to wavenumber k . We assume that the sweeping is linear in k . For 
simplicity, just for the demonstration of the working principle of the method, we consider 
only a 2-D object which gives diffuse reflection on illumination. Our object is a USAF bar 
target of size 512 512×  pixels, multiplied with circular complex Gaussian random numbers 
to simulate the speckle noise. We zero-pad the object to the size of 1024 1024×  pixels and 
apply the fast Fourier transform (FFT) to get to the pupil plane. We multiply the result with a 
square aperture, which is an array of unity value of size 512 512×  pixels zero padded to size 

1024 1024×  pixels. To apply a phase error we multiply the result with a factor ( )exp eiφ  

using Eq. (16) and then compute the IFFT to get to the image plane. In the last step, we 
compute the IFFT instead of FFT simply to avoid inverted images without actually affecting 
the phase correction method. We multiply the resulting field at the image plane with a phase 
factor of ( )exp 4i kf  to take into account the propagation distance, then add the delayed 

reference on-axis plane wave with phase factor of ( )exp 4ik f z+ Δ    with 120 mz μΔ =   

and compute the squared modulus to obtain the simulated interference signal. This is done 
for each k  in the sweep to create a stack of 2-D interference signal with k  varying from 

6 17.0598 10 m−×  to 6 17.757 10 m−×   in 256 equal steps. The reference wave amplitude was 
100  times the object field amplitude. Figure 4(b) shows the spectral interferogram at one 
lateral pixel. 

 

Fig. 4. (a) Normalized power spectrum, (b) amplitude of spectral interferogram at a lateral 
pixel, (c) A-scan, (d) image slice at the peak location in red dotted box in (c), (e) phase error 
in radians applied at the pupil plane, (f) aberrated image due to phase error in (e). 

For the reconstruction, we first calculate the FFT along k , being 256 spectral pixels after 
zero padding to size 512 pixels, for each lateral pixel of the detection 
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plane ( )1024 1024 pixels×   to separate the DC, autocorrelation and the complex conjugate 

term from the desired object term. The resulting sample depth profile (A-scan) is plotted in 
Fig. 4(c). It allows separating the DC, autocorrelation and the complex conjugate term from 
the desired object term (red dashed rectangle). Figure 4(d) shows the image slice from the 
reconstructed image volume at the position of the peak in Fig. 4(c) without any phase error. 
The simulated phase error consisted of Taylor monomials up to 6th order and the coefficients 
were selected from the random Gaussian distribution such that peak to valley phase error 
across the aperture is 58.03 radians. Figure 4(e) shows the simulated phase error in radians 
and Fig. 4(f) is the corresponding aberrated image obtained after applying it. We have 
assumed that the phase error is independent of the light frequency and that the system is 
compensated for any dispersion effects. 

 

Fig. 5. (a), (b), (c) and (g) show the phase corrected images for non-overlapping subaperture 
with values of K equal to 3, 5, 7 and 9 respectively, and (d), (e), (f) and (j) are the respective 
residual phase error in radians. (h) and (i) are the images for subapertures with 50 percent 
overlap for K equal to 3 and 5, and (k) and (l) are the respective residual phase error in 
radians. 
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Figure 5 shows the results for the various cases of aperture segmentation. In Fig. 5(a) 
with 3K =  we have 9 sampling points, and hence we could fit only first 9 Taylor 
monomials according to Eq. (16). Comparing the degraded image in Fig. 4(f) to the corrected 
image in Fig. 5(a) we immediately see the improvement in visual image quality. Except for 
the image obtained in the case when 3K =  with 50 percent shown in Fig. 5(h), all the 
images obtained for different cases are of similar visual quality. We found in our simulation 
that in order to see any significant smearing or blurring in the images, the peak to valley (P-
V) aberration should be more than 15 radians. Otherwise the image is close to the diffraction 
limited image in visual quality. After phase corrections are applied under different conditions 
of pupil splitting, we find that the P-V residual phase errors are below 10 radians in all cases 
under consideration except for the case when 3K =  with 50 percent overlap, shown in Fig. 
5(k). Hence, we judge the performance of the different pupil splitting conditions based on the 
residual phase error maps. In Fig. 5(b) with 5K =  we have 25 sampling points and hence 

we could fit Taylor monomials upto 6th  order with 25 coefficients. We see that the residual 
phase error has further reduced as compared to the 3K =  case in Fig. 5(d). In Fig. 5(c) and 
(g) we have 7K =  and 9K =  respectively, but we fit only Taylor monomials upto 6th order 
to see the effect of increasing sampling points. We see that residual error decreases for 

7K =  but increases for 9K = . This is because with increasing K  the size of the 
subapertures becomes smaller and hence the resolution of the images corresponding to these 
subapertures also reduces leading to registration error for shift calculations. This results in 
false slope calculation and phase error estimation. Obviously increasing the number of 
apertures allows in principle for higher order phase correction, but the smaller number of 
pixels in the subaperture leads to increasing phase errors. A possible solution is to use 
overlapping apertures as shown in Fig. 2. 

We used overlapping subapertures with 50 percent overlap in order to increase the 
sampling points with uniform spacing and to maintain the number of pixels of the 
subapertures. 50 percent overlap ensures that we have maximum number of sampling points 
without the over redundancy of the subaperture data due to overlap. In case of overlapping 
apertures, K no longer stands for the number of subapertures but defines the size of each 
subaperture as N K N K×        pixels. Nevertheless, for 3K =  we have a higher residual 

phase error as compared to the non-overlapping case, also visible in the image in Fig. 5(h) as 
compared to Fig. 5(a). This is because we have assumed in our algorithm that phase error in 
each subaperture can be described by a 1st order Taylor series. However in the presence of 
higher order aberrations this assumption is no longer true if the size of the subaperture is big 
enough to capture large variation of phase error. This can result in an error in phase 
estimation, and using overlapping with large subapertures of same size can further add up the 
errors. Betzig et.al refer to errors induced due to overlapping subapertures as “residual 
coupling between the subregions” [7]. This is what we see in the case of 3K =  with 50 
percent overlap. It shows that for 3K =  the size of subapertures are not optimal for the 1st 
order Taylor approximation of local phase error. However, the residual error decreases 
rapidly for the overlapping case when 5K = . In case of 5K =  the subaperture size is small 
enough for the approximation to be valid and we see a significant reduction in the residual 
phase error in Fig. 5(l). 

Figure 6 shows the plot of rms residual phase error for different values of K  for both 
non-overlapping and overlapping subapertures with different percentage of overlap. We see 
that with overlapping subapertures of appropriate size with respect to the overall aberrations 
we obtain in general a lower residual phase error. Only if the subaperture size is chosen too 
large to cover significant amount of aberrations, which cannot be approximated by the 1st 
order Taylor series, the overlapping aperture approach performs worse. A smaller size of 
subapertures ultimately leads to loss of resolution and increased registration error, which in 
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consequence leads to an increase in residual phase error. For bigger size of subapertures the 
wavefront is sampled with less points and hence one can find coefficients only for the lower 
order Taylor monomials. The optimal number, size and percentage of overlap of sub-
apertures depend of course on the amount of aberrations present. However, from the plots in 
Fig. 6 we can see that the overlapping subapertures do not yield significantly different results 
from the non overlapping case for K = 5, 7 9 and 11. Also, increasing the percentage of 
overlap to more than 50 percent between subapertures does not significantly reduce the 
residual phase error. This is due to the redundancy of data caused by the overlap. We can see 
that for K = 3 the residual rms errors are lower for the cases of more than 50 percent overlap 
as compared to the 50 percent overlap case. But still the residual rms errors are higher than in 
the non overlapping case. On the other hand, for K = 13, the residual rms errors for the cases 
of more than 50 percent overlap are higher than both the 50 percent overlap and the non-
overlapping case. Since both K = 3 and K = 13 fall in the regimes where the approximations 
and assumptions of the presented algorithm are no longer valid, it is difficult to explain the 
exact reasons behind the observed differences. Nevertheless, in Fig. 6 we can see that the 
condition 5K =  with 50 percent overlap has performed the best with residual rms of 0.3412 
radians which is well within the Marechal’s criterion of rms error of 0.449 radians for 
diffraction limited performance. 

 

Fig. 6. RMS residual phase error in radians for different values of K and different percentage 
of overlap between subapertures. For the same value of K the size of subapertures in non- 
overlapping and overlapping cases are the same. 

In the case of symmetric quadratic phase error across the aperture which results in 
defocus aberration, we can find the estimate of the phase error with just two subapertures. 
The aperture can be split into two equal halves vertically or horizontally. The phase error 
term in each half has a linear slope with equal magnitude but opposite direction. The opposite 
slopes in each half cause the images formed by each half to shift in opposite direction relative 
to each other. Using the relative shift information by cross correlating the images formed 
using two half apertures, one can easily derive the estimate of the coefficient of the quadratic 
phase as 

 
m

a
MN

πΔ=  (9) 

where mΔ  is the shift in terms of pixels in x  direction, 2M  is the total size of the data 
array in pixels and N is the size of the aperture in pixels. From Eq. (9) we can estimate the 
quadratic phase error. This method is simple and fast as compared to the defocus correction 
method based on sharpness optimization which requires long iterations. 
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4. Experimental results 

The schematic of the FF SS OCT setup for the proof of principle study is shown in Fig. 7(a). 
The system is a simple Michelson interferometer based on Linnik configuration with same 
type of microscope objectives (5 × Mitotuyo Plan Apo NIR Infinity-Corrected Objective, NA 
= 0.14, focal length f = 40 mm) in both the sample and the reference arm. The sample 
consisted of a layer of plastic, a film of dried milk and an USAF resolution test target (RTT). 
A thin film of dried milk was used to produce scattering and diffuse reflection. The plastic 
layer of non uniform thickness and structure to create random aberration was created by 
heating a plastic used for compact disc (CD) cases. The output beam from the sweeping laser 
source (Superlum BroadSweeper 840-M) incident on the lens L1 is of diameter 10 mm and 
the field of view on the sample is ~2 mm. The power incident on sample is 5 mW. The RTT 
surface was in focus while imaging. The image of the sample formed by L2 is transferred to 
the camera plane using a telescope formed by lens L3 and L4 with effective magnification of 
2.5× . A circular pupil P of diameter 4.8 mm is placed at the focal plane of lens L3 and L4 to 
spatially band limit the signal. Figures 7(c) and 7(e) show that the image obtained is speckled 
due scattering at the milk film and aberrated by the plastic layer. 

 

Fig. 7. (a) Schematic of the experimental setup: M is the mirror, B.S. is the beam splitter, MO 
is the 5X NIR microscope objective, L1 and L2 are lens with focal length f = 200 mm, L3 and 
L4 are lens with f = 150 mm and 75 mm and P is the pupil places at the focal plane of L3 and 
L4, (b) sample consisting of layer of plastic sheet, film of dried milk and the RTT, (c) image 
of the RTT surface obtained with non-uniform plastic sheeting, (d) Fourier transform of the 
image shows it is band limited, and (e) zoomed in image of (c) showing 390× 390 pixels . 
Focus was placed on the RTT. 

For imaging, the laser is swept from wavelength 831.4 nm to 873.6 nmλ λ= =   , with 
0.0824 nmλΔ =   step width, and the frames at each wavelength are acquired using a CMOS 

camera (Photon Focus MV1-D1312I-160-CL-12) at the frame rate of 108 fps synchronized 
with the laser. A total of 512 frames are acquired. After zero padding and to kλ   mapping of 
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the spectral pixels, a 1-D FFT is performed along the k  dimension for each lateral pixel, the 
standard FDOCT procedure, which provides the depth location of the different layers of the 
sample. The layer corresponding to the RTT is picked for aberration correction and the 
corresponding enface intensity image is displayed in Fig. 7(c). Figure 7(e) shows the zoomed 
in image of Fig. 7(c) consisting of 390 390×  pixels. The numbers 4 and 5 indicate the 
location of the 4th and 5th group elements. We can barely resolve the RTT element (4, 3). 
The horizontals bars are visually more affected by the aberration due to the anisotropic nature 
of the distorted plastic layer. FFT of the image after zero padding shows the spatial frequency 
information within a circular area. For further processing we filtered out a square area 
( 600 600×  pixels) from the spatial frequency distribution. The side length was chosen 
approximately equal to the diameter of the circular pupil (dotted square in Fig. 7(d)). 

 

Fig. 8. Phase corrected images of the one in Fig. 7, obtained using (a) non-overlapping 
subapertures with K = 3, (b) non-overlapping subapertures with K = 5 and (c) overlapping 
subapertures with K = 5. (d), (e) and (f) are the detected phase error across the aperture in 
radians in the case of (a), (b) and (c) respectively. 

Figure 8 shows the phase correction results after subaperture processing. The Taylor 
monomials upto 5th order are fitted to determine the phase error. Figure 8(a) shows the result 
obtained using 9 non-overlapping subapertures with 3K = . In this case we could fit only 
upto first 9 monomial terms given by Eq. (16), and hence monomial fitting limited to the 4th 
order. We also tried non-overlapping subapertures with 5K =  and overlapping subaperture 
with 50% overlap for 5K = . Note that Figs. 8(d)-(f) show only the estimation of the phase 
error that may be present. Unlike the simulation where we calculated the residual phase error 
knowing the reference phase error, here we look for the improvement in image quality to 
judge the best pupil splitting condition. We can clearly appreciate the improvement in 
resolution as the bars are more evident after phase correction. We can resolve horizontal bars 
upto element (5, 1) in Fig. 8(a) and (5, 4) in Figs. 8(b) and 8(c). This corresponds to the 
improvement in resolution by a factor of 1.6 for Fig. 8(a), and a factor of 2 for the case in 
Fig. 8(b) and (c) respectively over the aberrated image with the highest resolvable element 

being (4, 3). The improvement in resolution is calculated using the relation 62
mΔ

 where mΔ  
is the improvement in elements. Vertical bars in the corrected images appear much sharper 
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after phase correction. The theoretically calculated diffraction limited resolution of our 
experimental setup is 6.5 mμ . Note that in our experiment the resolution is limited by the 

size of the pupil P. The best resolution obtained in case of Figs. 8(b) and 8(c) corresponding 
to element (5,4) is about 11 mμ which seems to be far from the theoretical limit. This is 

primarily because of the strong local variations of the wavefront across the pupil plane due to 
the highly distorted plastic layer causing anisotropic imaging condition. Also, this may be the 
reason why phase maps shown in Figs. 8(d)-8(e) appear different. However, they have the 
same general profile. 

We also investigated the effect of refractive index change within the sample. We replaced 
the non uniform plastic layer of the sample with an uniform plastic layer of thickness ~1 mm. 
Without plastic layer the RTT was placed at the focal plane of the microscope objective 
while imaging. The presence of Plastic layer causes the image to be defocused as seen in Fig. 
9(a). Figure 9(b) shows the result using nonoverlapping subapertures with 3K = . The 
corresponding estimated phase error in Fig. 9(d) shows the presence of quadratic and 4th 
order terms which is expected due to the presence of defocus and spherical aberration caused 
by the change in refractive index within the sample. Since spherical aberration can be 
balanced with defocus, we applied a simple half aperture method to find the effective defocus 
error according to Eq. (9) as shown in Fig. 9(e) Successful focusing is clearly evident in these 
images as elements upto (6, 1) in Fig. 9(b) and (5, 6) in 9(c) can be resolved which 
corresponds to resolution of 7.8 mμ and 8.7 mμ respectively. These values are close to the 

calculated theoretical diffraction limited resolution of 6.5 mμ . In the subaperture processing 

we filtered out the square aperture, whereas the actual pupil was circular. So the subapertures 
at the edges were not completely filled with spatial frequency data. This may have 
contributed to the residual phase error. 

 

Fig. 9. (a) Aberrated image obtained using uniform plastic sheet, (b) phase corrected image 
using non-overlapping subapertures with K = 3, (c) image obtained by only defocus correction 
using two non-overlapping subapertures as in Fig. 7, (d) phase error in radians estimated for 
case (b) shows strong quadratic and fourth order terms, (e) quadratic phase error detected for 
case (c). Here defocus balances the spherical aberration. 

#186181 - $15.00 USD Received 28 Feb 2013; revised 17 Apr 2013; accepted 23 Apr 2013; published 26 Apr 2013
(C) 2013 OSA 6 May 2013 | Vol. 21,  No. 9 | DOI:10.1364/OE.21.010850 | OPTICS EXPRESS  10861

28



For demonstrating the method on a biological sample we applied the defocus correction 
using two non-overlapping subapertures to the 3-D volume image of a grape. The digital 
refocusing method enables to effectively achieve an extended depth of focus. The first layer 
of the grape was at the focal plane of the microscope objective. Since the theoretical depth of 
field is only 130 µm in the sample (assuming refractive index of 1.5), the deeper layers out of 
focus get blurred. Figure 10(a) shows a tomogram of the grape sample with an arrow 
indicating a layer at the depth of 424.8 mμ from the focal plane. Figure 10(c) shows an 

enface view of that layer and Fig. 10(d) shows the defocus corrected image. We can 
appreciate the improvement in lateral resolution as the cell boundaries are clearly visible 
now. 

 

Fig. 10. (a) A tomogram of the grape sample, (b) 3-D image volume with dotted line showing 
location of the tomogram shown in (a), (c) enface image obtained at the depth of 424.8 µm in 
the grape sample indicated by arrow in (a), (d) is the digitally focused image of (c). 

 

Fig. 11. Comparison of coefficients of defocus error with depth z obtained theoretically and 
using the two subaperture method for a grape sample. 

In Fig. 11 blue dotted plot shows the coefficients of the defocus error calculated using the 
two subaperture method, given by Eq. (9), for each layer of a grape sample. Whereas, the 
solid red line shows the theoretically calculated coefficients using the knowledge of the 
optical distance of each layer of the grape sample from the focal plane given by 
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where zzNΔ  denotes the optical distance of the thz  layer from the focal plane with zΔ  

being the pixel pitch in depth and zN being the location of layer in terms of pixels. Green 

dotted line indicates the theoretically calculated depth of focus at 130 mz = μ . Here the 

number of pixels in the image is 500M =  and pixel pitch of the camera is 8 mξΔ = μ . The 

pixel pitch in depth is calculated assuming uniform refractive index of 1.5n =  in the sample 
given by 
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with 0 852.5 nmλ =  and 42.2 nmλΔ = . The effect of applying theoretically calculated 

defocus correction is basically the same as Fresnel propagating the field of out of focus 
layers to the focal plane. We can see from the plot that after a depth of about 380 mμ , there 

is increasing deviation of the result obtained by using the two subaperture method from the 
theoretically calculated one using Eq. (10). This may give an impression that the subaperture 
method is inaccurate in estimating defocus error at greater depth. We further investigated the 
effect of defocus correction, calculated theoretically, on the visual quality of the images and 
compared it with the defocus corrected images obtained using the two subaperture method. 
We found that the images obtained using both methods appear similar in visual quality till a 
depth of about 380 mμ . However, the images obtained using theoretically calculated defocus 

corrections appear blurry at greater depths. Whereas, in case of the two subaperture method 
the images obtained at increased depth are visually in sharp focus. This shows that for deeper 
layers the theoretically corrected defocus error requires further optimization or processing to 
achieve the level of performance demonstrated by the single step subaperture method. Media 
1 shows the fly through the depth of the original and digitally focused 3-D volume images of 
the grape sample. Here we can clearly see that the same lateral resolution is maintained 
throughout the depth after defocus correction. 

 
Fig. 12: (a) Original grape sample layer at 285 μmz = , (b) image obtained by applying 

theoretically calculated the phase  error correction to (a), (c) theoretically estimated phase 
error in radians for (b), (d) defocus corrected image of (a) obtained using the two subaperture 
method, and (e) estimated phase error in radians for the case (d). (f) Original grape sample 
layer at 511 μmz = , (g) image obtained by applying theoretically calculated the phase  error 

correction to (f), (h) theoretically estimated phase error in radians for (g), (i) defocus corrected 
image of (f) obtained using the two subaperture method, and (j) estimated phase error in 
radians for the case (i) (See Media 1). 
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The result shown in Fig. 12(b) show that at the lower depth of z = 285 mμ  the image 

obtained by applying theoretically calculated defocus correction is visually sharp. However, 
at z = 511 mμ  the image obtained appears blurry as shown in Fig. 12(g). On the other hand, 

the images obtained by subaperture method appear in sharp focus for both z = 285 mμ  and z 

= 511 mμ  as shown in Figs. 12(d) and 12(i) respectively. This shows that higher P-V 

defocus errors estimated by the two subaperture method at greater depths do in fact yield 
better focusing performance. The difference in results between the theoretically calculated 
defocus error and the ones estimated using the two subaperture method may be due to the 
fact that for the theoretical calculations we assumed the sample to be of uniform refractive 
index. However, the sample may have random local refractive index fluctuations which may 
cause spherical aberration and with increasing depth this effect can add up. In our 
experimental result in Fig. 9, we have demonstrated that the two subaperture method is 
capable of balancing spherical aberration to achieve a focused image. The better results 
obtained for deeper layers of a grape sample using the subaperture method only supports this 
fact. The quantification of induced spherical aberration requires accurate knowledge of 
refractive index fluctuations within the sample. This will also require theoretical modelling 
of the sample and the system which is out of the scope of the present paper and will be 
investigated in future. Also, it is difficult to understand exactly the reason behind the abrupt 
strong defocus induced in the images after a certain depth which is also noticeable in Media 
1. This is currently under investigation and will be answered by future research. 
Nevertheless, we have clearly demonstrated that the two subaperture method can correct for 
the defocus and spherical aberrations which are commonly encountered while imaging 
biological samples. 

5. Discussion and conclusion 

In this paper we investigated the subaperture correlation based phase correction as post 
processing technique for interferometric imaging where phase information can be accessed. 
In the theoretical analysis we showed that this method is independent of any system 
parameters such as propagation distance or physical detector size. We can correct for the 
aberration present in the images without knowing the system details provided the image is 
band limited and not severely aliased. The method works very well when the spatial 
frequency content is spread uniformly across the pupil which is the case when imaging 
diffuse scattering object with laser light. We further divided the pupil plane into overlapping 
subapertures to obtain more sampling points to reduce error in estimation of the phase error. 
We used Taylor monomials for fitting the phase estimate which are simple and easy to use. 
In our simulation we showed that the least square method for finding the coefficients of the 
monomials is reliable. We also conducted simple experiments to show the proof of principle 
using a FF SS OCT system. We were able to reduce the aberration introduced in the sample 
using the theory of subaperture processing. The images obtained after processing clearly 
shows an improvement in resolution. This method does not require long iterations as in case 
of optimization methods used for phase correction [10,11] and provides the phase error 
estimation in a single step. It can thus be seen as digital equivalent of a Hartmann Shack 
wavefront sensor. We have demonstrated the method using Taylor monomials as basis 
functions which are not orthogonal over the square aperture. Hence, in the presence of higher 
order aberration there might be coupling of errors between the coefficients of Taylor 
monomials which could leave the accurate quantification of the contributions due to various 
components of aberration such as defocus, spherical etc. difficult. Nevertheless, we have 
demonstrated that by using Taylor monomials we can reduce the overall aberration to 
achieve performance close to the diffraction limit. However, in the future it would be 
interesting to use Zernike like polynomials that are orthogonal over the sampled square 
aperture. This would help for an accurate quantification of various higher order aberration 
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contributions. A potential application would be the characterization and quantification of 
aberrations present in the human eye while imaging the retina. For results presented in this 
paper the cross correlation of the subapertures were done in a sequential manner in 
MATLAB. The processing time for each frame is around 2 to 4 seconds. However, the speed 
can be greatly improved with parallel processing on a graphics processing unit (GPU). In 
case of 3-D imaging, the phase error correction can be applied throughout the isoplanatic 
volume as for example done in [18], where the aberration is uniform and the sample has 
uniform refractive index, using the phase error estimation from a single layer. Furthermore, 
subaperture processing opens the possibility of doing region of interest based phase 
correction if the aberrations and the sample are not uniform across the volume. 

6. Appendix A 

Let pD  and qD  represent any two square subapertures of the discretized, filtered and 

segmented pupil data D given by 

 ( ) ( ) ( )exp exp p p
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x y

φ φ
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 ∂ ∂   = ≈ + − + −  ∂ ∂   
   (12) 
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where pS  and qS  represent ideal aberration free data with pφ  and qφ  phase error, 
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 are the average slope, ( ),po pox y  and ( ),qo qox y  are the 

center pixels respectively in the thp  and thq  subaperture. We assume that any given 

subaperture is small enough such that the phase error can be approximated by the first order 
Taylor series. We calculate the 2-D IDFT of pD  and qD  given by 
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We arrive at Eq. (14) and (15) by using the Fourier shift theorem. pI  and qI  are the low 

resolution image version of sI  and we assume that both have the same intensity. This is a 

valid assumption if back-scattered light from the sample is diffuse which is generally the case 
when imaging tissue with coherent illumination. However, the Gaussian profile of the 
illumination and the presence of specular reflections from the sample can cause intensities to 
vary between subapertures. Therefore we normalize the intensities of the images to the same 
level. We subsequently cross correlate the intensities of pI  and qI  to determine the relative 
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shift between the two images, from which we derive the relative slope information as given 
in Eq. (7). 

We model the phase error eφ  as a linear combination of Taylor monomials JT  given by 

 ( )
1 2 0

, ,
Z J

j J j
e J Jj

J J j

T X Y a X Yφ
Ζ

−

= = =

= =   (16) 

 
...0 2 1
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X x M x M

Y y M y M

= − ≤ ≤ −
= − ≤ ≤ −

      

       
 (17) 

where X  and Y  represent the pixel location in Cartesian coordinate with the center pixel in 
the whole data array as the origin, Z is the highest order of the monomials and ja  are the 

coefficients we wish to determine. We have neglected constant and linear terms in eφ  as they 

do not cause the blurring of the image. The gradient of the phase error is then given by 

 ( )
2 0

Z J
j J j

e Jj
J j

a X Yφ −

= =

∇ = ∇  (18) 

By comparing the slope data ( ),1 , ,1 ,... , ...
T

x x Ns y y NsS s s s s=       with the gradient of the phase 

error in Eq. (18) at the locations of central pixels in each subaperture, we have a solution in 
the matrix form as 

 GA S=  (19) 

where G is the gradient matrix and ( )20 ...
T

A a aΖΖ=    is the coefficient matrix which we need 

to determine, sN  is the number of subapertures and the number of 

coefficients ( )( ){ }1 2 2 3g sN Z N= + Ζ + − ≤   . We find the least square solution to Eq. 

(19) as 

 ( ) 1
.T TA G G G S

−
=  (20) 

Once we have estimated the coefficients, we can estimate the phase error using Eq. (16). We 
are working with Taylor monomials as they are simple to use. Zernike polynomials can be 
also used, but one has to take care that they are orthogonal over the sampled aperture and the 
solutions are different for apertures of different shapes [19]. We show in our simulations that 
Taylor monomials work well enough in the determination of the phase error. 
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3.3. Erratum to the original paper 

The expression of theoretically calculated coefficient presented in Eq. (10) is incorrect. The correct 

expression is given by  

 
2

2 24
o z

Tz

zNa
nM

κ πλ
ξ

Δ
=

Δ
  (10) 

where κ  is the lateral magnification of the imaging system. For the other variables please refer to the 

original paper. The factor 2κ  arises due to the fact that longitudinal magnification varies as the square 

of the lateral magnification in the image domain. Thus defocus of distance z in object domain will 

translate into defocus of 2zκ  in the image domain. As a result of the above mistake, the plot for the 

theoretical defocus coefficient in Fig. 11 is also incorrect. The correct figure is given below: 

 

Figure 13: Comparison of coefficient of defocus error with depth z obtained theoretically and experimentally using 
the two sub-aperture defocus correction method for a grape sample. 

 From correct Fig. 11 we can say that the plot for the theoretically calculated defocus error 

coefficient with z fits the experimentally determined defocus coefficients from the sub-aperture 

method quite well. The results presented in the subsequent figure, i.e. Fig. 12, also needs to be 

changed. The correct results are presented below. From corrected Fig. 12, we can observe that defocus 

correction based on theoretical calculation and the one based on sub-aperture method yield similar 

results. The defocus corrected enface images at the depths of 285 mz µ=  and 511 mz µ= , obtained 

by both the methods are quite similar in terms of resolution enhancement. The images obtained from 

both the methods show similar cell wall sharpness and have similar visual details. Also, as shown in 

the figure the P-V of the defocus phase error maps obtained using theoretical calculation and the sub-

aperture method have similar range. The differences in P-V defocus error for theoretical and sub-
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aperture method at the depths of 285 mz µ=  and 511 mz µ= are about 2.6 and 1.8 radians 

respectively. However, these differences do not cause any visual dissimilarity in the obtained 

corrected enface images shown in the corrected Fig. 12. 

 
Figure 14: (a) Original grape sample layer at 285 µmz = , (b) image obtained by applying theoretically calculated 
the phase  error correction to (a), (c) theoretically estimated phase error in radians for (b), (d) defocus corrected 
image of (a) obtained using the two subaperture method, and (e) estimated phase error in radians for the case 
(d). (f) Original grape sample layer at 511 µmz = , (g) image obtained by applying theoretically calculated the 
phase  error correction to (f), (h) theoretically estimated phase error in radians for (g), (i) defocus corrected image 
of (f) obtained using the two subaperture method, and (j) estimated phase error in radians for the case (i). 

 

Also, based on the results in Fig. 11 and Fig. 12 in the original paper, it was incorrectly 

hypothesized that difference in the theoretical calculated defocus error and sub-aperture based defocus 

estimation may be due to the refractive index fluctuation within the sample. However, it seems from 

the corrected results that the grape sample has largely uniform refractive index background. Although 

the sub-aperture based defocus correction has the same performance as the theoretical modelling based 

defocus correction in terms of resolution improvement, the real advantage of sub-aperture method lies 

in the fact that, unlike theoretical modelling based correction, it does not require the knowledge of any 

system parameters like magnification, wavelength and bandwidth of the light source, detector pixel 

pitch or the refractive index of the sample. 

Note that the inaccuracies in Eq. (10) and the subsequent results based on it in Fig. 11 and Fig. 12 

does not in any way affect the derivation of the sub-aperture based DAO technique or the other 

simulation and experimental results presented in the original paper. 
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Chapter 4  
Comparison of numerical focusing methods in OCT 

4.1.  Interlude 

In OCT, the lateral resolution, which depends on NA of MO, is mostly decoupled from the axial 

resolution which depends on the spectral bandwidth of the light source. NA of the optical system is 

usually kept low (< 0.1) in order to have uniform lateral resolution over the longer DOF, thus avoiding 

the need for focus scanning. This often results in lower lateral resolution in comparison to the axial 

resolution in OCT. There are several techniques to extend the DOF while maintaining high lateral 

resolution, such as Bessel beam illumination using axicon lens [51, 52], use of phase masks in the 

Fourier plane [53, 54], use of phase delay elements to differentially modify the sample wavefront [55] 

and introducing spherical aberration using AO system to balance defocus [56]. However, all these 

methods require specialized hardware, and make the overall system design complex. In recent years, 

the numerical defocus correction methods, that use accessible phase information encoded in the 

complex valued OCT data, have gained considerable interest [32, 33, 57]. All these numerical methods 

have shown the capability to achieve extended DOF without requiring any extra hardware in optical 

systems where defocus is the major issue. In the second paper of the thesis, three main methods for 

numerical defocus correction are compared for objective benchmarking. First method, called the 

forward model (FM) defocus correction method applies phase conjugation in the k-space to get rid of 

defocus phase error. The phase correction estimate is based on wave propagation and geometrical 

modelling of the optical system. The second method is based on inverse scattering (IS), similar to 

ISAM [33], which reconstructs the 3-D image with depth invariant lateral resolution by resampling the 

data in k-space to account for the defocus error. The third method uses sub-aperture based DAO 

method [17]. In this paper FF SS OCT signal is modelled using the angular spectrum wave 

propagation approach, and it is shown that both IS and FM based defocus correction methods can be 

derived using the same signal model. It is demonstrated through experimental results that FM is the 

fastest in terms of computational speed and have the same performance in terms of DOF extension as 

IS or DAO when the sample has uniform refractive index with depth. However, in the case of sample 

with non-uniform refractive index, DAO performs the best in terms of DOF extension. The best 

strategy for defocus correction in presence of high NA (> 0.15) and inhomogeneous sample is also 

discussed in the paper. 

4.2. PDF of the original paper 
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1. Introduction 

In OCT, the axial and lateral resolutions are mostly decoupled from each other. The axial 
resolution is inversely proportional to the spectral bandwidth of the light source. The lateral 
resolution, on the other hand, is inversely proportional to the numerical aperture (NA) of the 
microscope objective (MO) [1]. Consequently, DOF depends inversely on the square of the 
NA. Thus, even though a very high axial resolution can be obtained by using a broadband 
light source, the NA is usually kept low in OCT, so that uniform lateral resolution can be 
maintained throughout the image depth. This is done especially in Fourier domain (FD) OCT 
where depth scanning can be avoided. As a result the lateral resolution is lower than the axial 
resolution. Researchers over the years have come up with novel techniques to overcome this 
limitation. Ding et al. demonstrated the Bessel beam illumination using an axicon lens to 
extend DOF in time domain (TD) OCT [2]. Later Leitgeb et al. (2006) implemented it in a FD 
optical coherence microscopy (OCM) setup [3]. Lee et al. (2008) and Blatter et al. (2011) 
followed similar approaches to achieve larger extended DOF in a spectrometer based and a 
swept source (SS) based FD OCT system respectively [4, 5]. Improvement of DOF in OCT is 
reported with the use of phase masks [6, 7]. Sasaki et al. demonstrated extended DOF by 
introducing AO-controlled third-order spherical aberration [8]. 

Although, the above methods have successfully demonstrated the ability to achieve 
extended DOF, they all require implementation of specialized hardware. Their 
implementation often makes the system complex and expensive. To circumvent this, many 
researchers in recent years have suggested the use of numerical focusing techniques [10-13]. 
These techniques usually apply numerical correction to the aberrated wavefront in the post 
processing step to get a focused volume image [25,26]. As a result, these methods often rely 
on the phase information. In case of TD OCT system, phase information can be retrieved by 
using phase shifting methods [9]. Fortunately, in FD OCT complex data is accessible simply 

#209330 - $15.00 USD Received 11 Apr 2014; revised 12 Jun 2014; accepted 13 Jun 2014; published 23 Jun 2014
(C) 2014 OSA 30 June 2014 | Vol. 22,  No. 13 | DOI:10.1364/OE.22.016061 | OPTICS EXPRESS  16062

38



after Fourier transformation which encodes the phase information needed for the numerical 
correction. Yasuno et al. demonstrated defocus correction for DOF extension in FD OCT that 
applies numerical phase correction, which basically relies on Fresnel wave propagation and 
knowledge of system geometry [10]. A similar approach was applied to line field FD OCT 
[12]. Ralston et al. have proposed a computational method called interferometric synthetic 
aperture microscopy (ISAM), which provides 3-D object structure information with uniform 
resolution throughout the image volume [13]. This is similar to diffraction tomography, 
developed in 1970’s, that reconstructs object structure based on the solution of the inverse 
scattering problem, taking into account scattering, diffraction and other imaging parameters 
[14]. In this method the acquired data is resampled in k-space and a regularized pseudoinverse 
solution is found based on a forward model (FM). Finally, the 3-D inverse Fourier transform 
gives a volume image with depth invariant focus. ISAM has been successfully applied in real 
time to point scanning based FD OCT systems [15]. However, point scanning systems may 
suffer from phase jitter during scanning and require phase referencing to correct it [16]. Using 
parallel detection with the help of FF OCT, this problem can be avoided and phase stability 
can be maintained across the lateral plane. Numerical defocus correction in FF TD OCT has 
been implemented based on wave propagation and modelling of system geometry [17, 18]. 
ISAM for SS FF OCT has also been proposed. However, only computer simulation studies 
were presented and no real experimental data was presented [19]. Recently, Kumar et al. 
demonstrated a novel DAO method based on subaperture correlation, which is in fact the 
digital equivalent of the Hartmann sensor, to achieve depth invariant lateral resolution in FF 
SS OCT [20]. Higher order aberration correction, apart from defocus correction, was also 
demonstrated using this method. 

In this paper we compare the performance of three methods using the same data sets 
acquired with the same FF SS OCT setup. The first method is the FM which is based on wave 
propagation and geometrical modelling of the system which is similar to the one presented by 
Yasuno et.al [10]. However, to our knowledge it is the first time that this method is 
implemented for FF SS OCT. The second method is based on IS, and is similar to ISAM as it 
also resamples the data in k-space to account for the defocus error [13]. Also, it is similar to 
holoscopy in the sense no regularized pseudoinverse solution was calculated [21]. However, 
the data in our case was acquired in the imaging plane, whereas in holoscopy the data is 
acquired in the Fourier/Fresnel plane. Finally the third method is the DAO based on 
subaperture correlation demonstrated by Kumar et.al [20]. There is a strong interest in the 
OCT research community to see an objective and quantitative benchmarking of different post 
processing refocusing techniques. To our knowledge it is the first time that the performances 
of the three numerical methods are compared using the same OCT data sets. In section 2 we 
formulate a theoretical model for FF SS OCT using the angular spectrum wave propagation 
approach [27], and based on it, derive the expressions for defocus correction for both FM and 
IS. We also present a brief concept of DAO. In section 3 we present the experimental results 
evaluating the performance of the three methods in terms of resolution enhancement, SNR 
improvement and processing time. Finally we present our conclusions and discussion in 
section 4. 

2. Theoretical modeling of FF SS OCT signal 

For the theoretical modelling of the detected signal, we consider a FF SS OCT system based 
on a simple Michelson interferometer as shown in Fig. 1(a). A telescopic imaging system 
forms the image of the object field onto the 2-D camera with magnification 4 2M f f=  as 
shown in Fig. 1(b). We assume that the first surface of the sample indicated by plane ( ),ξ η  is 

in focus and imaged onto the camera plane ( ),x y , and the sample lies completely on one side 
relative to the reference mirror plane as shown in Fig. 1(b). 
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Fig. 1. (a) Schematic of the FF SS OCT system based on Michelson interferometer: SSL is the 
swept source laser, L1-L4 are the lenses, BS is the beam-splitter, M is the mirror, RM is the 
reference mirror, and S is the sample. (b) Unfolded schematic of the telescopic imaging 
system. 

The interference of the fields from the sample and the reference is recorded by the camera 
with the sweeping laser frequency 2k , which is given by 

 
2 2

, , , , , , , ,d I R I R I RI x y k E x y k E k E x y k E k E x y k E k (1)

where  is the wavelength of illumination, dI  is the detected interference signal, IE  is the 
image of the object field, RE  is the reference field which is assumed to be a constant plane 
wave over the recorded field of view for simplicity. Since we have assumed that the sample is 
completely on one side relative to the reference mirror position, the term I RE E  is spatially 
separated from its complex conjugate mirror term I RE E after k z  FFT as in the case of the 
usual SS OCT reconstruction. Hence, from now-onwards our signal of interest will be 

 , , , , .s I RE x y k E x y k E k  (2) 

The image of the object field IE  is given by 

 
exp

, , , , ,R s
I o

ik z z x yE x y k E k P d d
M M M

  (3) 

where oE  is the object field convolved with the point spread function (psf) P of the telescopic 
imaging system with magnification M . We assume that the field of view is iso-planatic and 
also, the psf P does not vary with k. The phase factor exp R sik z z  is due to the field 

propagation from the ,  plane to the ,x y  plane. The object field oE  is the 
integration/summation of all the fields from the different layers in the sample within the depth 
Z, which is given by 

 

1
,

2 2 2

, , exp , ,

exp 2 2

o R o o z
Z

o

E k FT ik z zn i E f f k

i z kn f f dz                     
 (4) 

where 1 . . exp 2FT i f f df df  is the 2-D inverse Fourier transform, 

,o zE is the 2-D spatial Fourier transform of the back-scattered field ,o zE  from the depth z in 
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the sample which is propagated to the ( ),ξ η  plane as shown in Fig. 1(b) using angular-

spectrum propagation, and ( ),f fξ η  is the coordinate in the spatial Fourier domain. In Eq. (4), 

the factor ( )exp R oik z zn iϕ+ +    is due to the phase accumulation caused by the planar 

illumination beam in whichϕ  is the initial reference phase, and on  is the average background 
refractive index of the sample. The reference field RE is given by 

 ( ) ( ) ( )expR sE k S k ikz iκ ϕ= +  (5) 

where ( )S k  is the power spectral density function of the source at a frequency k, and κ  
denotes the attenuation caused by the reference arm and the beam splitter. Using Eqs. (3) to 
(5), we can write the signal sE  in Eq. (2) as 
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   × − − − −      

∫∫ ∫ 

                     

 (6) 

Taking the 2-D spatial Fourier transform of the signal sE  in Eq. (6) and using the convolution 
theorem leads to 

 
( ) ( ) ( ) ( ) ( )

( ) ( ) ( )
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Z

o x y
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 × − −  

∫  

                       
 (7) 

where 2x xk fπ= , 2y yk fπ= , and P  is the 2-D Fourier transform of the psf P. For 
convenience, we can rewrite Eq. (7) as 

 ( ) ( ) ( ) ( ) ( ),, , , exp 2 2 , ,s x y x y R o o z x y
Z

E k k k MS k P Mk Mk ik z zn E Mk Mk k dzκ ′= +  ∫   (8) 

where 

 ( ) ( ) ( ) ( ) ( )22 2
, ,, , , , exp .o z x y o z x y o o x yE Mk Mk k E Mk Mk k ikzn iz kn Mk Mk ′ = − + − −  
   (9) 

In OCT systems the NA of the imaging system is typically kept low (< 0.1). Hence, we can 
also apply paraxial approximation to the model in Eq. (9) as 

 ( ) ( ) ( )
2

2 2
, ,, , , , exp

4
o

o z x y o z x y x y
o

zM
E Mk Mk k E Mk Mk k i k k

n
λ
π

 
′ = − + 

 
    (10) 

where oλ  is the center wavelength. The exponential term in Eq. (10) can be recognized as 
being similar to the Fresnel wave propagation kernel expect for a 2M  factor due to the 
system magnification. Also, dispersion has been neglected. 3-D FFT of Eq. (8) yields the 
depth resolved field information about the sample, given by 
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( ) ( ) ( )

( ) ( ),

, , , , exp

= , , ,

s s x y x y x y
Z

o z
Z

E x y z E k k k i k x k y kz dk dk dkdz

x y x yP S z E z z z dz
M M M M M
κ δ

 ′ ′= − + + 

    ′ ′ ′⊗ ⊗ −    
    

∫ ∫∫∫

∫



                  
 (11) 

where ( )S z′  and ,o zE′  are the Fourier transform of ( )S k and ,o zE′  respectively, ⊗  denotes 

convolution, and ( )2 R oz z zn′ = + . The term inside the square bracket in Eq. (11) is the 
typical Fourier domain OCT signal which implies that the optical path length difference 
between the sample layer at a depth z  and the relative reference mirror position is R oz zn+ , 
and the signal from depth z is located at a distance of ( )2 R oz zn+ +  from the origin along the 
axial dimension in the obtained image volume. The factor of 2 is due to the double pass in a 
Michelson interferometer. ,o zE′  is the blurred version of the ideal field ,o zE  reflected from the 
sample layer at depth z. The blurriness increases with the sample depth due to the defocus 
aberration caused by the additional phase factor associated with the Fourier transform of the 
ideal signal ,o zE  as shown in Eq. (9) and Eq. (10). We are now in position to describe various 
defocus correction methods that allow us to get rid of the phase error to obtain a defocus 
corrected volume image. 

2.1. Phase correction based on FM 

We assume that we have access to the data ( ), ,sE x y z′ containing information about the 
object field along the positive axial dimension. We can calculate the 2-D inverse Fourier 
transform of ( ), ,sE x y z′ along the lateral dimensions as 

 ( ) ( ) ( ) ( ) ( ),, , , , ,s x y x y o z x y
Z

E k k z MP Mk Mk S z E Mk Mk z z z dzκ δ
 

′ ′ ′ ′= ⊗ − 
 

∫  (12) 

where we write ( ), , ,o z x yE Mk Mk z′ using Eq. (10) as 

 
( ) ( ) ( )

( ) ( )

, ,

2
2 2

,

, , , , exp , ,

, , exp .
4

o z x y o z x y e x y

o
o z x y x y

o

E Mk Mk z E Mk Mk z i k k z

zM
E Mk Mk z i k k

n

φ

λ
π

 ′ =  
 

= − + 
 

 

                              
 (13) 

To remove the defocus error, we need to multiply ( ), , ,o z x yE Mk Mk z′  with a correction factor 

γ  that can cancel the exponential term in Eq. (13), given as 

 ( ) ( ) ( )
2

2 2, , exp , , exp .
4
o

x y e x y x y
o

zM
Mk Mk z i k k z i k k

n
λ

γ φ
π

  = − = + +    
 (14) 

The distance z of a given layer in the image volume from the focus position, which is the first 
surface of the sample in our case, can be calculated using parameters of the OCT system as 

 
2

.
2

z o

o

N
z

n
λ
λ

=
∆

 (15) 
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Here zN  is the axial distance in terms of axial pixels and  is the bandwidth of the swept 
source laser (SSL). After multiplication of Eq. (12) with the correction term we are able to 
calculate the 2-D Fourier transform to obtain the defocus corrected image volume with depth 
invariant lateral resolution. Note that by using Eq. (13), the extra Fourier transforms along the 
axial direction are avoided, which reduces the computational time. Even though based on 
paraxial approximation, we show that the results obtained by this method are comparable to 
the other methods described in the following sections. In summary, the phase correction 
method based on the FM applied to the acquired 3-D digital data consists of the following 
steps: 

1) Calculate 1-D FFT ( k z ) of the acquired signal , ,dI x y k  and filter out the signal 

along the + z axis, i.e. , ,sE x y z . 

2) Calculate 2-D FFT ( ,x yx k y k ) of the filtered data: , , , ,s s x yE x y z E k k z . 

3) Multiply , ,s x yE k k z with the phase correction term given in Eq. (14). 

4) Finally calculate the 2-D IFFT of the phase corrected data to get the focused volume 
image with depth invariant lateral resolution. 

The steps for the phase correction of a volume image involve two 2-D FFTs and a pixel-
by-pixel multiplication by a 3-D correction term. Thus, the total computational complexity of 
the above method for an image volume of size L N K  ( , ,x y z ) pixels 

is 2 logLNK LNK LN . The method can also be applied to process 2-D B-scan data as 

shown in the schematic in Fig. 2. We assumed that the initial B-scan data ,dI x k  is of size 
4N K  pixels, which is obtained after zero padding and k  mapping. As shown in Fig. 

2, the phase correction for a single B-scan requires two 1-D FFTs and a pixel by pixel 
multiplication by a 2-D correction term. Hence, the computational complexity for a final B-
scan of size N K  pixels is 2 logNK NK N . 

,e xf z
exp ei

N

4K

N

K

FFT

k z

FFT
xx f

Filter

Phase 
correctionIFFT

xf x

Refocused 
B-scan

,dI x z,dI x k
,sE x z

,sE x z

 

Fig. 2. Schematic of defocus correction of a B-scan image based on FM. 

2.2. Defocus correction using IS 

We have assumed that the FF SS OCT data is acquired uniformly in x, y and k. As a result, 
the 2-D Fourier transform of the acquired data along the lateral dimension is uniformly 
sampled in xk , yk  and k. However, the exponential term in Eq. (9) causes the effective k to 
be non uniform across the lateral dimension at a constant k. In order to obtain uniform image 
reconstruction upon 3-D FFT, the data needs to be sampled uniformly in the effective k-
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space. Again, we assume that we can filter out the structure data ( ), ,sE x y z′ of size 
L N K× × which contains + z depth information. We zero-pad this data along the z  direction 
to size 2L N K× × , and shift the volume image such that the sample layer in focus is at the 
origin along the axial coordinate. Since we assumed the first surface of the sample to be in 
focus, we shift the volume image by 2 Rz−  along the axis. We calculate the 3-D IFFT of the 
resulting data set ( ), ,sE x y z′ ′ , which can be written as 

 ( ) ( ) ( ) ( ) ( )22 2
,, , , , exps x y o z x y o o x y

Z

E k k k E Mk Mk k ikzn iz kn Mk Mk dzα  ′ ′′= − + − −  ∫  (16) 

where ( ) ( ), ,, , , , exp(2 )o z x y o z x y oE Mk Mk k E Mk Mk k ikzn′′ =   and ( ) ( ),x yMS k P Mk Mkα κ=  . 

Equation (16) is same as Eq. (8) except for the phase factor ( )exp 2 Rikz  which is cancelled 

according to the Fourier shift theorem. Now, ( ), ,sE x y z′ ′  itself can be written as 

 
( ) ( ) ( )

( ) ( ),

, , , , exp

= , , exp

s s x y x y x y
Z

o z x y x y eff x y
Z

E x y z E k k k i k x k y kz dk dk dkdz

E Mk Mk k i k x k y k z dk dk dkdzα

 ′ ′ ′ ′= − + + 

 ′′ ′− + + 

∫ ∫∫∫

∫ ∫∫∫



                  
(17) 

where 

 ( ) ( ) ( )22 23 1
2 2eff o x y

o

k k kn Mk Mk
n

= − − −   (18) 

with 2 oz zn′ = . In the paraxial regime the variable effk  can also be approximated as 

 ( )
2

2 2
2 .

8
o

eff x y
o

M
k k k k

n
λ
π

= + +  (19) 

From Eq. (18) or Eq. (19), we see that effk  is a variable function that depends on xk , yk  and 

k. Now if ( ), ,s x yE k k k′  is interpolated to be uniformly sampled in the variables xk , yk and 

effk , and the 3-D Fourier transform is carried out with respect to xk , yk and effk , we can get a 

focused volume image ( ), ,sE x y z′ ′  with uniform lateral resolution over the whole imaging 
depth, given as 

 

( ) ( ) ( )

( ) ( )

,

,

, ,  , , exp

= , , , .

s o z x y eff x y eff x y eff
Z

o z
Z

E x y z E Mk Mk k i k x k y k z dk dk dk dz

x y x yP S z E z z z dz
M M M M M

α

κ δ

 ′ ′ ′′ ′= − + + 

    ′ ′⊗ ⊗ −    
    

∫ ∫∫∫

∫



                   
(20) 

There is another way of looking at the above problem of IS. Since the data is originally 
sampled uniformly in k, we can alternatively find a non-uniform k which is uniform in effk , 
based on Eq. (18), as 

 ( ) ( )2 2 2 23 1 2 .
4 4eff o eff x y

o

k k n k M k k
n

 
= + − + 

 
 (21) 
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Using paraxial approximation, the above expression can be reduced to the same Eq. (19). 
Thus, if we interpolate the data , ,s x yE k k k  to be non-uniform in k according to Eq. (21), 

we can arrive at the same result in Eq. (20). In Eq. (21) the value of effk varies linearly 
between the minimum and the maximum of the sweeping range of k. 

In summary the steps involved in defocus correction using IS for a 3-D data set are as 
follows: 

1) Calculate 1-D FFT ( k z ) of the acquired signal , ,dI x y k  and filter out the signal 

along the + z axis, i.e. , ,sE x y z . 

2) Zero pad (size LNK pixels to size 2LN K pixels) and shift the volume image 

, ,sE x y z along the axial dimension such that focal plane is at the origin. 

3) Calculate 3-D IFFT of the resulting data set , ,sE x y z to get , ,s x yE k k k . 

4) Interpolate , ,s x yE k k k to be uniformly sampled in xk , yk and effk using cubic spline 
interpolation according to the relation given in Eq. (18), or Eq. (19), or Eq. (21). 

5) Finally, calculate the 3-D FFT to get a focused volume image with depth invariant 
lateral resolution. 

Note that for the experimental results, Eq. (21) was used for the interpolation of data. The 
IS involves two 3-D FFTs and 1-D cubic spline interpolation of spectral sampling points of 
size 2K pixels at all L N  lateral pixels. Thus, the computational complexity of the method 
is 2 4 log 2LNK KLN LNK  [22]. We can see that the IS method is computationally 
more expensive as compared to the phase correction method based on FM described in 
section 2.1. Thus, for a 3-D image of size 100 100 512  pixels ( L N K ), the 
computational complexity increases by a factor of 3.4x over the FM based defocus correction 
of a 3-D image of same size. The IS can also be applied to individual 2-D B-scan images as 
shown in Fig. 3, where we have assumed that the initial data is obtained after zero-padding 
and k mapping. The computational complexity for defocus correction of a B-scan image 
using IS is 2 4 log 2NK KN NK . Thus, for a B-scan of size 400 512  pixels ( N K ), 
the computational complexity increases by a factor of 4.1x over FM based defocus correction 
of a B-scan of the same size. 
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Fig. 3. Schematic of the defocus correction method based on IS applied to 2-D B-scan image. 
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2.3. Defocus correction using DAO based on subaperture correlation 

The defocus aberration in the field at the depth z from the focal plane is caused by the 
quadratic phase error in the Fourier plane as shown in Eq. (13). If we divide the whole 
aperture in the Fourier plane into two equal halves, then the quadratic phase error in each half 
plane can be described as the sum of a quadratic component and a linear component. The 
quadratic component in each half are identical, whereas the linear components in each half 
have equal but opposite slopes. The visualization of this fact is shown in Fig. 4, showing only 
one dimension for simplicity. This concept has also been used in MAP-drift autofocus 
algorithm for synthetic aperture radar (SAR) (chapter 6, Ref. 23). Now, according to the 
Fourier shift theorem, the Fourier transform of linear phases with opposite slope will cause an 
opposite shift. The 2-D FFT of each sub-aperture form low resolution images which are 
shifted with respect to each other. We can cross-correlate the intensity images, assuming both 
have the same intensities or otherwise normalized to be the same, to estimate the shift and 
then calculate the defocus error using the shift information as: 

 ( ) ( )2 22,e
np q p q

MD
πφ ∆

= +  (22) 

where 2 2L p L− < <  and 2 2N q N− < <  are the coordinates in the ( ),x yk k plane in terms 
of pixel, D D×  is the size of the aperture in the Fourier plane in pixels, and n∆  is the relative 
shift between the images also in terms of pixels. Once we know the phase error estimate we 
can calculate the phase correction term ( )exp eiγ φ= − , multiply it with the whole 
Fourier/aperture data and calculate the 2-D FFT to get a focused image. This method works in 
the enface image plane, and thus requires processing of each layer at different depths to be 
selected and processed individually. We can see from Eq. (22) that this method is independent 
of any system parameters, unlike the defocus correction methods based on the FM and IS. 
Those require the knowledge of OCT system parameters such as optical band-width, center 
wavelength, pixel-pitch, magnification, refractive index of the sample and the focal position. 
The schematic of the algorithm for defocus correction for an enface image in shown in Fig. 5. 

 

Fig. 4. Visualization of the quadratic phase error in the two-equally divided subaperture in 1-
D. 
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The steps involving defocus correction using DAO are:

1) Calculate 1-D FFT ( k z ) of the acquired signal , ,dI x y k  and filter out the signal 

along the + z axis, i.e. , ,sE x y z . 

2) Select an out of focus enface image field at a depth iz (1 i K ). 

3) Process the image field as shown in Fig. 4(b). Use Eq. (22) to estimate the phase error 
correction term ,exp

i iz e zi . 

4) Go to next enface image at depth 1iz  and multiply the phase correction term 
iz  to 

the Fourier data before pupil splitting. Find the residual phase error correction ,iz res

as in step 3. The effective phase error correction term at depth 1iz  is 
1 ,i i iz z res z . 

5) Repeat step 4 for depths 2iz  to Kz . 
The advantage of using phase error correction calculated for an enface image at a given 

depth as an initial estimate for the next enface image in depth, as in step 4, is that it 
compensates for the major part of the phase error and only residual phase error is left to 
correct. This is especially helpful at greater depths where blurring of enface images due to 
defocus is severe. The subaperture images corresponding to a severely blurred enface image 
are also severely blurred if phase error correction estimate from lower depth is not applied. 
The registration of severely blurred subaperture images, for shift calculation, is prone to error 
which can lead to inaccurate phase error estimation [see Eq. (22)]. This can affect the 
performance of the DAO algorithm at greater depths. Using step 4 ensures that the 
performance of DAO is uniform at all imaging depth. 

Pupil splitting

2D 
IFFT

2D 
IFFT

Cross correlate images to calculate 
shift, estimate quadratic phase error

Apply 
phase 

correction

2D 
FFT

2D 
IFFTDefocused 

image field

Focused image

Fig. 5. Schematic of the DAO technique for defocus correction of an enface image. 

The DAO algorithm involves four 2-D FFTs of size L N  pixels, a 2-D cross-correlation 
for shift calculation and a pixel-by-pixel multiplication by a phase factor for each depth pixel. 
For shift calculation a fast sub-pixel registration algorithm was used. This algorithm first 
finds an initial estimate of the location of cross-correlation peak by the FFT method with an 
upsampling factor of 2, and then refines the estimate in the small neighborhood of the peak 
location by employing a matrix multiply discrete Fourier transform (DFT) to reduce the 
computation time [24]. The total numerical complexity of the above method for a 2-D image 
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of size L N×  pixels is ( ) ( )O 5 6 log 4 log 4LN LN LN LN LN LNβ+ + +   . Thus, for an 
enface 2-D image of size 400 512×  pixels ( N K× ), the computational complexity increases 
by a factor of 8.4x over FM based defocus correction of a 2-D B-scan of the same size. For a 
3-D image of size L N K× ×  pixels the computational complexity is 

( )O 5 6 logLNK LNK LNK LNβ+ + ( )4 log 4LNK LN+  , where β  is the upsampling factor 
used for sub-pixel registration [24]. We used β  = 10 in our experiments, which means the 
shift was measured to within 1/10th of a pixel. Thus, for a 3-D image of size100 100 512× ×  
pixels ( L N K× × ), the computational complexity increases by a factor of 5.8x over the FM 
based defocus correction of a 3-D image of same size. 

3. Experimental results 

We basically used the same FF SSOCT experimental setup based on a Michelson 
interferometer described in the paper by Kumar et al. [Fig. 7(a) of [20]. A FOV of ~2.3 × 2.3 

2mm  is imaged on a 2-D camera. The theoretically calculated diffraction limited lateral 
resolution is 9 mµ which is limited by the size of the pupil (diameter ~3.5 mm, NA = 0.06) 
placed at the Fourier plane of the imaging system. The overall system magnification is M = 
2.5. We briefly describe the image acquisition process: the laser (Superlum BroadSweeper 
840-M) is swept from wavelength 831.4 nm to 873.6 nmλ λ= = and the frames (of size 
400 400×  pixels per frame) at each wavelength are acquired using a CMOS camera 
(Mikroton Eosens CL, pixel size = 14 mµ ) at a frame rate of 330 fps. A total of 1024 frames 
per sweep are acquired. After zero padding and  to kλ  mapping of the spectral pixels, a 1-D 
FFT is performed along the k  dimension for each lateral pixel, which provides the depth 
location of the different layers of the sample. The measured axial resolution is 11.2 mµ and 
total imaging depth in air is 4.4 mm. After k z→  FFT, we can select the data along the 
positive z-direction for defocus correction. 

For our first experiment, we imaged an iron oxide (Fe2O3) nano-particle phantom with a 
uniform refractive index background. The focal plane of the imaging microscope objective 
(MO) was placed about 340 mµ  inside the sample. The results of applying different defocus 
correction methods are shown in Fig. 6. All the B-scans and enface images, shown in Fig. 6 
and subsequent Fig. 7, in case of FM, IS and DAO are taken from the 3-D volume images 
after applying the respective methods. In the original B-scan, shown in Fig. 6(a), we can 
clearly see the degradation of lateral resolution with depth due to defocus aberration. This is 
also evident in the original enface images at the depths of 1.3 mm and 2.2 mm shown in Figs. 
6(b) and 6(d) respectively. From Fig. 6 we can say, that the defocus correction performance 
of all the three methods, i.e. FM, IS and DAO, are about the same. We observe the lateral 
resolution enhancement visually upto a depth of about 2.6 mm in Fig. 6(a) for all the three 
methods. For defocus correction using the FM and the IS, a uniform background refractive 
index of 1.4 is assumed for the phantom sample. Note, that the digital adaptive optics 
approach does not need any assumption on the sample refractive index. The theoretically 
calculated DOF is 660 mµ , which implies an improvement of ~4x after defocus correction for 
all methods. A greater improvement can also be shown for imaging depths greater than 2.6 
mm by increasing the spectral sampling points during the laser sweep, and using a more 
transparent sample. However, the imaging depth of 2.6 mm is sufficiently large (~4x in this 
case) compared to the DOF for a fair comparison between different refocusing methods. 
Figures 6(b) and 6(d) show the defocus corrected enface images at the depth of 1.3 mm and 
2.2 mm respectively. To quantify the improvement, we take horizontal profiles at the same 
position of the original and the defocus corrected enface images obtained by all three methods 
at the depth of 1.3 mm and 2.2 mm, as shown in Figs. 6(c) and 6(e) respectively. The peaks in 
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the horizontal cut in Fig. 6(c) appear to be higher for IS method, whereas the peaks in Fig. 
6(e) appear to be higher for DAO. However, the differences are only marginal and cannot be 
distinguished visually in the enface images in Figs. 6(b) and 6(d). The calculated full width 
half maximum (FWHM) of the peaks in Figs. 6(c) and 6(e) after defocus correction are about 
9.1 m  and 9.4 m  respectively. These values are close to the theoretical diffraction limited 
lateral resolution of 9 m . 
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Fig. 6. (a) B-scan images of a uniform iron oxide nano-particle phantom showing the 
comparison of performance of the three defocus correction methods based on FM, IS, and 
DAO. Comparing enface images at depth (b) z = 1.3 mm and (d) z = 2.2 mm. (c) and (e) are 
the horizontal cuts through the enface images at the location shown by white arrows in the 
original enface images in (b) and (d) respectively. The imaging NA is 0.06 and magnification 
M = 2.5x. 

The calculated SNR values for the original enface images at the depths of 1.3 mm and 2.2 
mm are 22 dB and 19 dB respectively. The SNR values for the defocus corrected enface 
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images at the depths of 1.3 mm and 2.2 mm obtained by FM, IS and DAO are about the same. 
The calculated values are about 36 dB at 1.3 mm and 30 dB at 2.2 mm. Thus an improvement 
of about 14 dB and 11 dB is obtained after applying defocus correction using all three 
methods at the depth of 1.3 mm and 2.2 mm respectively. A more pronounced difference 
between the methods is found when calculating the processing time on a CPU (3.30 GHz, 10 
GB RAM, 64 bit OS) for the three methods when applied to 2-D and 3-D data sets. We found 
that the method based on FM is the fastest among the three. It took only 0.01 seconds to 
process a 2-D B-scan of size 400 512×  ( x z× ) pixels, and 0.17 seconds to process 3-D 
volume data of size 100 100 512× × ( x y z× × ) pixels. 

Although based on the same theoretical model, IS is more time consuming as compared to 
the FM. This is because the IS requires an extra FFT and an IFFT along the axial direction. It 
also requires zero padding to preserve the spectral sampling rate, and 1-D cubic spline 
interpolations along the spectral dimension at all lateral points, which increase the 
computational cost. Thus to process a 2-D B-scan of size 400 512×  ( x z× ) pixels, IS requires 
zero padding to size 400 1024× pixels. Similarly, a 3-D volume data of size 
100 100 512× × ( x y z× × ) pixels will require zero padding to size100 100 1024× × pixels. 1-D 
cubic spline interpolation was done using the MATLAB function interp1 at all lateral points 
using a for-loop. The total time taken to process a 2-D B-scan of size 400 1024× pixels was 
0.2 seconds, whereas a 3-D volume data of size 100 100 1024× ×  pixels took 4.97 seconds. To 
avoid for-loop, interp2 for 2-D B-scan processing and interp3 for 3-D processing was also 
tried. But the large arrays due to zero padding significantly increased the computational time. 
Using interp2 to process the same B-scan of size 400 1024× pixels took 0.42 seconds, 
whereas using interp3 to process the 3-D volume data of size 100 100 1024× ×  pixels took 
30.7 minutes. Also, data of size bigger than 100 100 1024× ×  pixels triggered an “out of 
memory” error despite the 10 GB RAM. Thus interp1 was found to be better suitable for 
large data sets. The defocus correction by DAO based on subaperture correlation is found to 
be the most computationally expensive among the three. As noted in section 2.3, this method 
works in the enface plane, and thus each enface image at different depth has to be processed 
individually. The DAO method needs 0.22 seconds to process a 2-D enface image of size 
400 512×  pixels, and 5.54 seconds to process 3-D volume data of size 100 100 512× ×  pixels. 
Thus, the increase in time complexity of IS and DAO over the FM for 3-D data 
(100 100 512× ×  pixels) processing is 29x and 32.6x respectively. For 2-D processing 
( 400 512×  pixels), the increase in time complexity of IS and DAO over the FM is 20x and 
22x respectively. However, according to the theoretical numerical complexity calculations of 
section 2, the increase for 3-D processing should be 3.4x and 5.8x for IS and DAO 
respectively. For 2-D processing, the increase should only be 4.1x and 8.4x for IS and DAO 
respectively. This large difference can be attributed to the time consuming cubic spline 
interpolation using MATLAB’s interp1 routine and the use of for-loops to process large zero–
padded data in case of IS. Whereas in case of DAO, the large difference can be attributed to 
the fact that additional image arrays need to be created for images from sub-apertures. Also, 
the subpixel registration requires the creation of an extra array of twice the size for initial 
cross-correlation peak estimation. All these extra image arrays occupy considerable memory 
space and slow down the computational speed of the algorithm when running on MATLAB. 
The time consuming for-loops needed to process each enface image further increase the 
computational time. 

Although using DAO based on subaperture correlation for defocus is computationally 
expensive as compared to the phase correction method based on FM and IS, it offers 
particular advantages: it does not require a priori knowledge of any system parameters, 
performs better for layered samples with variable refractive index, and helps to balance any 
residual spherical aberration, which may arise due to the refractive index mismatch, with 
defocus [20]. This is demonstrated using a sample with changing bulk refractive index. The 

#209330 - $15.00 USD Received 11 Apr 2014; revised 12 Jun 2014; accepted 13 Jun 2014; published 23 Jun 2014
(C) 2014 OSA 30 June 2014 | Vol. 22,  No. 13 | DOI:10.1364/OE.22.016061 | OPTICS EXPRESS  16074

50



sample was the Fe2O3 nano-particle phantom as before, but with a 100 m thick glass plate 
placed on top. The focal plane was positioned in the glass plate medium as shown by the 
green dotted line in the original B-scan in Fig. 7(a). This creates a sample with changing 
refractive index with depth. The imaging NA was 0.1 due to the pupil diameter of 6 mm at the 
Fourier plane, and the overall system magnification was M = 3.33. The theoretical diffraction 
limited lateral resolution in this case is 5.2 m , and the depth of focus is 238 m . 
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Fig. 7. (a) B-scan images of iron oxide nano-particle phantom with glass plate on top, showing 
the comparison of performance of the three defocus correction methods based on FM, IS, and 
DAO. Green dotted line shows the location of focal plane. Comparing enface images at depth 
(b) z = 2.4 mm. (c) the horizontal cuts through the enface images at the location shown by 
white arrow in the original enface image in (b). (d) Plot of SNR with depth comparing images 
obtained by different methods. The imaging NA is 0.1 and magnification M = 3.3x. 
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From B-scan images in Fig. 7(a) we observe that the FM and the IS defocus correction 
have about the same performance. At greater depth beyond 1.9 mm, down to 2.6 mm, as the 
region indicated by the blue dotted box in Fig. 7(a), we can see that DAO defocus correction 
performs better and more details are visible. On the other hand, the performance of the FM 
and the IS has degraded in this region. This is also confirmed by enface images obtained at a 
depth of 2.4 mm and the plot of SNR versus depth in Figs. 7(b) and 7(d) respectively. The 
SNR at each enface plane is calculated using the formula: 

( )1010 log Peak intensity pixel value variance(Noise)   . Note that the variance of the noise is 
calculated in the region where there are no peaks. The enface image obtained after DAO 
correction appears visually sharper as compared to those obtained by the FM and the IS 
method. Cuts through the enface images in Fig. 7(b) help to quantify the improvement in 
lateral resolution due to the three methods [Fig. 7(c)]. It is clearly visible that DAO has 
performed better as the peak values are higher. As shown in Fig. 7(c), the FWHM of the peak 
obtained by DAO is about 4.8 mµ , which is less than the diffraction limited lateral resolution 

of 5.2 mµ . The lower value may be due to the fact that FWHM is about 1 2ln 2 0.85=  
times the diffraction limited spot radius. The FWHM of the peaks obtained by FM and IS are 
around 11 mµ . Peak values obtained by IS are lower than the ones obtained by the FM. Also, 
the enface image at a depth of 2.4 mm obtained by the IS method [Fig. 7(b)] appears noisier. 
This may be attributed to numerical errors in the cubic spline interpolation. The quantitative 
comparison of the performance of the three methods for the non-uniform sample imaged at 
NA of 0.1 is given in Table 1. 

Table 1. Comparison of different defocus correction methods 

Defocus 
correction 
algorithm 

Processing 
time (s)* 

Performance 
(Improvement) Comments 

2-D 3-D SNR  DOF  

FM 0.01 0.17 

20 dB at  
z = 1.5mm, 

 
5 dB at 

 z = 2.5mm 

7x Fastest among the three, 
same performance as IS 

IS 0.20 4.97 

20 dB at  
z = 1.5mm, 

 
4 dB at  

z = 2.5mm 

7x 
Computationally expensive, 
achieves same performance 

as FM 

DAO 0.22 5.54 

25 dB at  
z = 1.5mm, 

 
17 dB at  

z = 2.5mm 

11x 

No knowledge of system 
parameters required,  

works better for 
inhomogeneous sample,  

computationally expensive 
*Using Intel core i3-21020 CPU @ 3.30 GHz, 10 GB RAM, 64 bit OS. 2-D image consisted of 
400 512×  pixels, 3-D image contained 100 100 512× ×  pixels with single precision (32 bit) 
pixel value. In case of FM and IS, 2-D corresponds to B-scan, whereas for DAO, 2-D 
corresponds to enface plane. 

 
In the case of the sample with non-uniform refractive index, FM and IS based defocus 

corrections have failed to provide uniform diffraction limited lateral resolution over the whole 
depth. This is because in the modelling of these methods, a uniform background refractive 
index of the sample with depth [see Eq. (14) and Eq. (21)] was assumed. Thus in these 
models, at a given lateral location, defocus error varies linearly with depth. However, by 
using a glass plate of a different refractive index on top of the nano-particle phantom and 
positioning the focal plane of the imaging MO inside the glass plate, a non-linear defocus 
aberration with depth was introduced due to variable optical path length caused by variable 
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refractive index change along the depth. If the refractive index change with depth is known, 
the expression used for the FM and IS can be modified to account for the variable defocus. 
However, this will lead to significantly higher complexity of the algorithm used for the FM 
and IS. Also, for biological samples, the exact value of refractive index change with depth is 
usually unknown. In contrast to this, as pointed out in section 2.3, DAO based defocus 
correction does not require the knowledge of the focal plane location and refractive index 
change in the sample, or any other system parameters. Thus it is highly suitable for numerical 
focusing in inhomogeneous samples, especially when imaging at higher NA and at higher 
system magnification. 

From Eq. (13), the residual defocus error introduced due to refractive index mismatch, 
assuming a simple two-layer sample, is ( )2 2 2 2

, 4e res o x y onzM k k nφ λ π= ∆ + , where n∆  is the 
difference in refractive index, and z in this case is the distance from the focal plane. Thus, the 
peak to valley (P-V) residual defocus error in terms of waves ( Phase in radians 2π ) is given 
by 

 ( )
2 2

2 2
020, 2 2 2 2max8 8

o o
res x y

o o

nzM nzM
W k k

n x n
λ λ

π
∆ ∆

= + =
∆

 (23) 

where we have assumed a circular aperture in the Fourier plane with the distance of maximum 

spatial frequency coordinate from origin as ( )2 2

max
x yk k xπ+ = ∆ , with x∆  being the pixel 

size of the camera. 
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Fig. 8. Plot of 020,resW  with respect to the distance from the focal plane for different 

magnification factors of M = 2.5x, 5x and 10x. ( 850 moλ µ= , 1.4on = , 0.1n∆ = , 
14 mx µ∆ = ). 

Figure 8 shows the plot of 020,resW  with respect to the distance from the focus for different 
magnification factors. We consider the refractive index change n∆  to be 0.1, which is typical 
in a biological sample. The residual P-V defocus error 020,resW  has to be greater than the 
Rayleigh’s 4λ  P-V criterion to observe any significant blurring. In Fig. 8, at the 
magnification of 2.5x, 020,resW  crosses the Rayleigh limit at the distance of 1.4 mm from 
focus. At higher magnification of 5x and 10x, the Rayleigh limit is crossed at even shorter 
distance of 390 mµ and 109 mµ  respectively from the focal plane. Thus, with higher 
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magnification the residual defocus error in the presence of refractive index mismatch 
becomes significantly large even at lower sample depth. This shows that the performance of 
FM and IS based defocus corrections, which assume uniform refractive index of the sample, 
will degrade at higher magnification. Usually higher magnification is used in optical systems 
with high NA. These systems also suffer from higher order aberrations apart from defocus 
which can be corrected by DAO using multiple subapertures [20]. 

4. Conclusions and discussion 

From the analysis presented in this paper, it is clear that the FM is the most simple and 
straightforward method for defocus correction. It is the fastest in terms of computational 
speed, and its performance is comparable to IS in terms of DOF improvement. This is true 
even at NA of 0.1 (which is considered high according to OCT standards where 
conventionally even lower NA is used), in spite of the fact that the paraxial approximation 
was used for FM based on Eq. (13), whereas in case of IS, the interpolation was done using 
the accurate effk  based on Eq. (21). At higher NA (> 0.1), IS is expected to perform better 
than FM. Note that a more accurate FM without the paraxial approximation can be found for 
higher NA based on Eq. (9). This will require multiplication of phase correction term in k-
space and thus, the same number of FFTs will be needed as in case of IS. Thus, computational 
complexity will increase for the accurate FM. However, the computationally expensive 
interpolation can still be avoided. A FM can also be found for Holoscopy, which can avoid 
the interpolation of data and speed up the overall processing time [21]. Real time in-vivo 
defocus correction has been demonstrated for ISAM, which is based on IS, using GPU [28]. 
But based on the fact that the FM is numerically less complex, as it requires fewer FFTs and 
no interpolation of data, its GPU implementation will be even faster than the IS approach. 
Also, FM, IS and DAO have the same phase stability requirements regarding the point 
scanning systems. Although all the three defocus correction methods are presented for FF SS 
OCT in this paper, they can be applied to the data obtained by a phase stable point scanning 
system as well. Especially, the application of FM will improve the computational speed of 
defocus correction in case of point scanning OCT in comparison to ISAM. However, FM and 
IS do not provide uniform performance throughout the full depth when the sample has 
variable refractive index with depth, especially at higher NA and higher system 
magnification. In this case, the method based on DAO has shown the potential to provide 
better and more uniform performance over the full imaging depth. Thus the best strategy for 
defocus correction, when the given sample is layered, is to first apply the FM based phase 
correction and then to run the DAO based phase correction to remove residual defocus error. 
This will ensure uniform performance over the whole imaging depth. In this paper, DAO 
algorithm was applied to each enface image in depth to ensure uniform performance. 
However, to further speed up the processing time, a fewer enface images can be selected at 
some given depth intervals. The phase error estimate at these depth intervals can then be used 
to interpolate phase error estimate at all other depths. The number of enface images required 
for accurate interpolation will depend on the uniformity of the sample. Also, in the future, 
with a GPU implementation of DAO, we believe a real time defocus correction of complex 
samples (with variable refractive index with depth) will be possible. 
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Chapter 5  
Region of interest based digital adaptive optics for anisotropic 

aberration correction  

5.1. Interlude 

DAO methods have been shown to achieve space invariant diffraction-limited resolution when the 

field of view (FOV) lies within the iso-planatic patch. In mathematical terms, iso-planatic FOV is the 

region where the obtained image is given by the convolution of the object with the same system point 

spread function (PSF). However, there can be situations where the PSF varies within the FOV due to 

space-variant or anisotropic optical aberrations. This problem is more severe in high resolution optical 

setups where NA is close to unity, and can be exacerbated due to system misalignment and 

inhomogeneous samples. DAO methods like hardware based AO apply phase conjugation in the 

Fourier plane which contains spatial frequency information of the entire imaged FOV. Thus, they can 

only correct aberrations that are space-invariant over the FOV. Sub-aperture based DAO also suffers 

from the same problem. In the third paper of this thesis, a region of interest based DAO method, using 

sub-aperture correlation technique, is presented that can solve the problem of anisotropic aberration in 

a high resolution OCT system to achieve space invariant diffraction-limited lateral resolution 

throughout the whole image volume. In this method, enface image fields at different depth layers in 

the tomogram are digitally divided into smaller ROIs where the aberrations are assumed to be the 

same. Subaperture based DAO is applied to each ROI in order to recover the diffraction-limited 

image. Finally, the ROIs with aberration correction are stitched together to obtain an image with 

space-invariant diffraction-limited resolution over the whole FOV. The proof of principle is shown 

using an iron (III) oxide nano-particle phantom sample imaged with a fiber based point scanning SD 

OCT setup at a high NA of 0.6, and a limited DOF of 7 mµ . A sub-micron lateral resolution is 

obtained over a depth range of 218 mµ , thus achieving DOF improvement by ~30x .The 

implementation of this method is also demonstrated in ex vivo mouse adipose tissue.  
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1. Introduction 

Recently, the numerical defocus and higher order optical aberration correction methods have 
generated strong interest among researchers working in the field of digital holography and 
interferometric optical imaging techniques, such as OCT, where the phase of the signal can be 
accessed [1–12]. This is mainly because the numerical techniques obviate the need for any 
additional expensive adaptive optics hardware, spatial light modulator (SLM) or any 
additional wavefront sensing cameras, thereby reducing the system complexity and cost [13–
18]. The numerical aberration correction is applied after the data acquisition, as a post 
processing step, on the computer. This also allows high speed image acquisition without the 
need of adjusting the optical system or the object being imaged. Especially, in case of optical 
coherence microscopy (OCM), where a high NA (close to unity) microscope objective (MO) 
is used, and the DOF is very shallow. In this case the effective DOF can be extended by 
numerical defocus and higher order aberration correction in the out of focus regions of the 
volume image. Thus the need of focus scanning through the imaging depth is avoided, 
enabling high speed volumetric imaging [10]. 

Numerical aberration correction requires an estimation of the phase correction factor that 
needs to be applied in the spatial Fourier domain, which can be done using either the 
optimization based methods [6–11] or by using the subaperture correlation based DAO 
demonstrated by Kumar et al. [12]. Optimization based techniques use an image metric to 
find the best estimate of the coefficients of the polynomial phase correction function in an 
iterative manner [7–9]. Whereas, the subaperture correlation based DAO technique gives the 
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local slope information of the wavefront error, from which the phase correction polynomial 
function can be determined analytically in a single step [12]. The above methods work well in 
case of low NA imaging systems where the entire FOV is within the iso-planatic patch- the 
region across which the aberrations, and hence the point spread function (PSF), do not vary. 
This is due to the fact that the same phase correction is applied to the Fourier transform of the 
entire FOV. However, in case of a high resolution imaging system, where NA approaches 
unity and a large acceptance angle is involved, the point spread function is not the same 
across the lateral FOV. This situation is illustrated in Fig. 1. The anisotropic aberration across 
the FOV may be caused due to imperfect optics, an inhomogeneous sample, or misalignment. 

 

Fig. 1. A situation where point objects A and B, lying within the same FOV, are imaged 
differently through an imperfect optics. Both points A and B see different wavefront aberration 
resulting in different PSFs. 

In this paper, a method is presented to deal with the problem of anisotropic aberration in a 
high resolution OCT system to achieve a uniform diffraction limited lateral resolution 
throughout the whole volume. The recorded enface image field at different depths in the 
tomogram is selected, digitally divided into smaller ROIs and processed individually using 
subaperture based DAO. The aberration corrected ROIs are finally stitched together to yield a 
final image with a uniform diffraction limited resolution across the entire FOV. In section 2, 
we describe in detail the proposed algorithm and the experimental setup for the fiber based 
point scanning SD OCT system. In section 3 we present our experimental results, showing the 
proof of principle using an iron(III) oxide nano-particle phantom sample imaged using a SD 
OCT setup at an effective NA of 0.6. The application of the method is also shown in ex vivo 
mouse adipose tissue. Finally we present our conclusions in section 4. 

2. Methods 

2.1 ROI based DAO for anisotropic aberration correction 

After the volume data acquisition and standard Fourier domain OCT signal processing; i.e. 
zero-padding, kλ →  mapping, dispersion compensation and k z→  FFT, the complex 
valued enface image data at different depths is selected for the DAO based aberration 
correction. The schematic of the algorithm used for anisotropic aberration correction is shown 
in Fig. 2. In the first step, the entire FOV of M M×  pixels is divided into smaller κ κ×  sub-
regions of size ~ M Mκ κ×  pixels. The value of κ  depends on how much the aberrations 

vary across the FOV. The ROI is selected by multiplying the image with mask of unity value 
of size M Mκ κ×  pixels. The size of the mask is empirically chosen such that the 

aberration within the ROI is about the same. In our experiments, value of 5κ =  was 
sufficient to achieve a uniform lateral resolution after the DAO processing. 
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Fig. 2. Schematic of the algorithm using ROI based DAO for anisotropic aberration correction 
for a given enface plane. The processing steps 2-7 belong to the sub-aperture based DAO 
method described in detail in Ref [12]. The above processing steps are repeated for each enface 
image in depth to achieve depth invariant lateral resolution. 

The sub-aperture based DAO is described in detail in Ref [12]. In brief, the 2-D FFT is 
calculated for the masked ROI to get to the spatial Fourier plane. The aperture in the Fourier 
plane is split into K K×  subapertures and the 2-D IFFT of each sub-aperture is calculated to 
get the image of each sub-aperture. The image from the central subaperture is taken as the 
reference and cross-correlated with images of other sub-apertures to calculate the relative 
shifts in pixels between different images. The local slope of the wavefront error in the thm  
subaperture is calculated using the relative shift mxΔ  and myΔ  as 

 , ,and .
2 2

m m
x m y m

x y
s s

π πΔ Δ
= =          (1) 

Note that the factor of M  (size of the image in pixels) is missing in the above equation as 
compared to equation for the slope given in Ref [12]. This is because for the experiments 
presented this manuscript, the phase error is represented in terms of orthogonalized Zernike 

polynomials [18], instead of Taylor polynomials [12], as ( ) ( )
1

, ,
P

e i i
i

x y a Z x yφ
=

= , where the 

co-ordinate (x, y) in the Fourier space is normalized such that the aperture lies within a circle 
of unit radius. By comparing the gradient of the phase error function with the calculated slope 
data, we have a solution in the matrix form as 

 S GA=  (2) 

where ;x yS S S =    with ,1 ,,...,
s

T

x x x NS s s =    and ,1 ,,...,
s

T

y y y NS s s =   as the 2
sN K=  

element column vector containing x and y slope components, [ ];G Z x Z y= ∂ ∂ ∂ ∂   is the 
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gradient matrix with Z x∂ ∂  and Z y∂ ∂  as ( )sN P×  matrices of partial derivate of Zernike 

polynomials ( ),iZ x y  with respect to x and y, and [ ]1,...,
T

PA a a= is vector containing the 

Zernike coefficients. The least square solution to estimate the coefficients in Eq. (2) is given 
by 

 ( )1ˆ .T TA G G G S−=  (3) 

Once the coefficients are determined, the phase error correction is calculated. In our 
experiments, the pupil was divided into 5 5K K× = ×  subapertures, and the first 25 Noll 
Zernike terms (till 6th order) were fitted to estimate the phase error [18]. The phase correction 
factor ( )exp eiφ−  is multiplied with the whole aperture data in the Fourier plane and the IFFT 

is calculated to get an aberration free ROI. The procedure described above can then be 
repeated for each ROI. Finally, all ROIs can be stitched together to get an aberration free 
image with a uniform lateral resolution across the full FOV. 

2.2 Experimental setup: fiber based point scanning SD OCT system 

The schematic of the SD OCT system is shown in Fig. 3. It consists of a fiber based 
Michelson interferometer with a 90/10 coupler. A home built Ti-sapphire laser with a center 
wavelength of 800 nm and full broad band width of 290 nm is used as the light source [19]. 
The measured axial resolution is in air is 1.6 mμ . The sample arm is equipped with a 40x 

NIR MO (Nikon CFI Apo 40xW, NA = 0.8). A spectrometer using a grating (1200 l/mm, 
Wasatch Photonics Inc.) with a 2048 pixel line scan camera (Amtel AviiVA EM4 2014) is 
used in the detection arm. The data is acquired at an A-scan rate of 37 kHz using a frame 
grabber (National Instruments, NI-PCIe 1427). The phase stability was maintained at this 
recording speed, and hence no phase noise correction was required [2]. A X-Y galvanometer 
scanner (Cambridge Technology, 6220H) in the sample arm scans a lateral FOV of 
~250x250 2mμ . The mid-point between the galvo mirrors was imaged at the back aperture of 

the MO by a telescope ( 1 2 75 mmf f= = ). The coherence gate curvature, which is difficult to 

avoid in case of high NA MO when the scanning is not perfectly telecentric, was corrected 
numerically in the post processing step [20]. The measured sensitivity of the system is 92 dB 
with 1.5 mW power incident on the sample. 

 

Fig. 3. Schematic of the fiber based point scanning SD OCT system. 

The lateral scanning step size, determined using a high-frequency resolution test target 
(Thorlabs, NBS 1963A), was found to be 0.54 mμ . Figure 4(a) shows the enface OCT image 

of scanned horizontal and vertical line sets with frequency of 203 cycles/mm. The peak-to- 
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peak distance of a cycle, both along vertical and horizontal direction, is 4.9 mμ  and 

corresponds to 9 pixels. The lateral resolution was measured using an iron (III) oxide nano-
particles (mean diameter < 400 nm, embedded in polyurethane matrix) phantom sample. 
Figure 4(b) shows the lateral point spread functions (PSF) corresponding to the nano-particles 
in the focal plane, and a cut through one of the PSF marked by white arrows is shown in Fig. 
4(c). The measured full width half maximum (FWHM) of the cut through the intensity 
profile, which corresponds to the system lateral resolution, is 0.81 mμ . We use in the present 

work the FWHM of the lateral linearly scaled PSF as quantitative figure of the lateral 
resolution. The effective NA of the imaging is only 0.6, even though the MO has NA of 0.8. 
This is due to the fact that the scanning beam under-fills the back aperture of the MO. The 
measured DOF is ~7 mμ . 

 

Fig. 4. (a) Enface OCT image of NBS 1963A resolution test target showing line set with 
frequency of 203 cycles/mm. The measured lateral scanning step size is 0.54 mμ . (b) Enface 

image showing lateral PSFs corresponding to nano-particles in the focal plane, (c) the cut 
through the intensity profile of the PSF marked by white arrows in (b). The measured FWHM 
of the intensity profile, and hence the lateral resolution of the system, is 0.81 mμ . The scale 

bar in (b) corresponds to 20 mμ . 

3. Experimental results 

3.1 Nano-particle phantom imaging 

Figure 5(a) shows the enface image of iron (III) oxide nano particle phantom at a distance of 
46 mμ from the focal plane. Here, we can clearly see the effect of anisotropic aberration as 

the PSFs across the field of view are different. For example, in the region near the green 
dotted box, the spots appear to be suffering from spherical aberration, whereas in the region 
near red dotted box, they appear to suffer from coma. This observation is confirmed by the 
wavefront error maps shown in Figs. 5(l) and 5(m). The wavefront error map shown in Fig. 
5(l) for the ROI at the location of green dotted box has a dominant primary spherical 
aberration and has a root mean square (RMS) wavefront error value of 2.96 radians. Primary 
horizontal coma aberration dominates the phase error map shown in Fig. 5(m) for the ROI at 
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the location of red dotted box and has a RMS wavefront error value of 5.11 radians. As 
shown in Fig. 5(b), the overall aberration has reduced after global DAO correction where 
phase correction is applied to Fourier data of the whole image. However, we can still see 
smearing around the PSFs. After ROI based corrections, in the final stitched image in Fig. 
5(c), we can see that the spots appear sharper and smearing has been reduced. This is clearly 
evident in the zoomed-in views in Figs. 5(d)-5(f) and Figs. 5(h)-5(j). Profile plots across the 
spots at the locations marked by white arrows in zoomed-in images, shown in Figs. 5(g) and 
5(k), show the quantitative improvement in resolution and SNR. We observe that the intensity 
of spots is almost doubled and the FWHM spot size is almost halved after the ROI based 
DAO correction as compared to after the global DAO correction. The FWHM of the cuts 
through the spots in Figs. 5(g) and 5(k) after ROI based DAO correction is ~0.95 mμ , which 

is close to the measured diffraction limited resolution of 0.81 mμ . 

 

Fig. 5. (a) Original enface image of iron oxide nano particle phantom at a distance of 46 
mμ above the focal plane, (b) image obtained after applying global phase correction, (c) final 

image after stitching phase corrected ROIs together, (d)-(f) zoomed in images at the location of 
green dotted box in (a)-(c), (g) cut through plots at the location of arrow in (f) for each case, 
(h)-(j) zoomed in images at the location of red dotted box in (a)-(c), (k) cut through plots at the 
location of arrow in (j) for each case, (l) and (m) show wavefront error maps in radians for 
ROIs at the location of green and red dotted box respectively. O: original, G: global in the 
plots (g) and (k). Scale bars in (a) represent 20 mμ  and applies to (b) and (c). Same gamma 

correction is applied to all the images for the visual comparison of SNR levels. 
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Fig. 6. (a) Original B-scan of iron oxide nano particle phantom showing a depth range of 218 
mμ , (b) after applying global aberration correction, and (c) after ROI based correction. (d) 

Variation of SNR with the distance from the focal plane for each case. O: original, G: global in 
the plot (d). (e) 3-D rendering of the images for each case. Horizontal scale bars in (a)-(c) 
represent 30 mμ . Same gamma correction is applied to all the images. 

Figure 6(a) shows a B-scan slice form the original phantom volume image affected by 
anisotropic aberration. We can see the smearing in the lateral direction of the PSFs 
corresponding to the nano-particles located away from the focal plane in depth, indicated by 
the yellow arrow in Fig. 6(a), due to defocus and other higher order aberrations. After the 
global DAO aberration correction, shown in Fig. 6(b), the smearing has visibly reduced in the 
regions away from the focus. However, after applying ROI based DAO correction, we 
appreciate more uniform lateral resolution throughout the depth of 218 mμ , which indicates 

an increase in DOF by a factor ~30x. The zoomed in view of the regions at the top and 
bottom layers of the tomograms marked by the green and the red dotted box respectively 
clearly show the improvement after the application of global and ROI based DAO aberration 
correction. The profile plots along lateral direction across one of the PSF corresponding to 
nano-particle located at a distance of 57 mμ above the focal plane, in the region marked by 

the green dotted box, show that the FWHM of the lateral spread improves from 3.5 mμ  in 

case of the original to 2.1 mμ  after the global aberration correction. It further improves to 0.8 

mμ  after ROI based correction, which is the same as the measured diffraction limited 

resolution. This indicates that an improvement of lateral resolution by 4.4x is achieved after 
ROI based correction over the original at a distance of ~8 times the DOF from the focal plane. 
Similar improvement can be seen for the PSF located at a distance of 90 mμ  below the focal 

plane (~13x DOF) marked by the red dotted box. Figure 6(d) shows the variation of SNR with 
distance from the focal plane for the original volume image, after global aberration correction 
and after ROI based correction. The SNR values at several enface planes in depth are 
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calculated using the formula: [ ]1010log Peak intensity pixel value variance(Noise)   . We notice 

that the SNR is improved after global and ROI based aberration correction, and the 
improvement is more pronounced as the distance from the focal plane increases. SNR 
improvement of ~8 dB and 10 dB is observed after ROI based correction over the global 
aberration corrected image and the original image respectively at distance of −60 mμ  (8.5x 

DOF) above the focal plane. Also, SNR improvement of ~6 dB and 10 dB is observed after 
ROI based correction over the global aberration corrected image and the original image 
respectively at distance of + 150 mμ  (21.4x DOF) below the focal plane. Figure 6(e) shows 

the 3-D rendering of the original, global aberration corrected and ROI based aberration 
volume image over the depth range of 218 mμ , where we can clearly appreciate the 

improvement in resolution after global and ROI based aberration correction, and the fact that 
the resolution is more uniform after ROI based correction. 

3.2 Ex vivo imaging of mouse adipose tissue 

Ex vivo imaging of mouse white adipose tissue was also performed using the high resolution 
SD OCT setup described in section 2.2. White adipose tissue was excised from the inguinal 
and properitoneal fat pads, shortly immersed in Dulbecco's Modified Eagle Medium (DMEM, 
Gibco) and fixed with 4% Paraformaldehyde (PFA, Sigma) adjusted to pH 7.0 with 10 x 
Dulbecco’s Phosphate Buffered Saline (DPBS, Gibco). PFA fixed samples were washed 
twice with 1 x DPBS and stored in 1x DPBS supplemented with 20% Ethanol (Sigma) until 
use. Figure 7(b) shows the result of application of ROI based DAO correction to a layer of ex 
vivo mouse adipose tissue located at a distance of 54 mμ  above the focal plane. Here, we can 

see that the resolution has improved in comparison to the original image in Fig. 7(a) as cell 
boundaries appear sharper and thinner. Zoomed in images at the location of the asterisk in 
Fig. 7(a) and cuts through the cell boundary, shown in the insets, in Figs. 7(c)-7(e) clearly 
show that the cell walls of the adipocytes appear sharper and thinner in the ROI based DAO 
corrected image in comparison to the global DAO corrected image and the original image. 
The measured FWHM thickness of the cell wall in the original image is 8.7 mμ . After ROI 

based correction it reduces to ~1.5 mμ , which is within the known anatomical mouse adipose 

cell wall thickness range of 1-5 mμ , indicating a lateral resolution improvement by almost 

6x. The bright spots, marked by white arrows in Fig. 7(e), representing highly scattering 
nuclei appear more tightly focused after ROI based DAO correction. Figure 7(f) shows the 3-
D rendering of the original, the global aberration corrected and the ROI based aberration 
corrected ex vivo mouse adipose tissue image. We can observe that in the ROI based 
aberration corrected image cell boundaries appear shaper than the global aberration corrected 
image, and the resolution has improved dramatically as compared to the original image. 
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Fig. 7. (a) Original enface image showing a layer of ex vivo mouse adipocytes at a distance of 
54 mμ above the focal plane, (b) final image after ROI based DAO correction. Zoomed in 

images at the location of asterisk sign in (a): (c) original, (d) obtained from the image after 
global phase correction (figure not shown here), (e) after ROI based phase correction. Cut- 
through the cell boundary at the location marked by the green arrows in (c)-(e) is shown in the 
insets. Scale bars in (a) and (b) represents 50 mμ . Scale bar in (c) denotes 20 mμ  and applies 

to (d) and (e). (f) 3-D rendering of original, global aberration corrected and ROI based 
aberration corrected image. 

4. Conclusions/discussion 

We have demonstrated that by using ROI based DAO we can correct anisotropic aberration 
across the lateral FOV that affect high resolution OCT setups. The proof of principle is 
demonstrated using an iron (III) oxide nano- particle phantom imaged with a SD OCT system 
at an effective NA of 0.6. After the ROI based correction, the overall SNR is improved and 
sub-micron lateral resolution is achieved throughout the whole volume, with an increase in 
DOF by a factor of ~30x. The application of this method is also shown in ex vivo mouse 
adipose tissue. The method uses sub-aperture based DAO, which requires splitting of aperture 
into smaller sub-apertures and cross-correlation of the image formed by each sub-aperture 
with reference image of the central sub-aperture in order to estimate local wavefront error 
slopes [12]. However, these steps are independent of each other and can be parallelized in 
GPU. Parallelization using GPU in optimization based techniques that require long iterations 
especially for higher order phase correction is a challenge, as each iterative step is dependent 
on the preceding iterative steps. Thus, we believe that with its implementation in GPU, the 
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ROI based DAO using subaperture method has the potential to outperform optimization based 
techniques in terms of computational speed. However, a more detailed study is required in the 
future to compare sub-aperture method with optimization based methods, which is out of the 
scope of the current paper. Also, in the iso-planatic volume, the knowledge about aberration 
in a given depth plane may be used to correct aberration in the other depth planes which can 
further speed up the overall processing time for the subaperture method. Furthermore, with 
the numerical motion correction techniques, it may be possible to apply the DAO technique to 
in vivo biological samples [21]. The ROI based DAO can also be used in conjunction with 
AO (hardware based) aided OCT or holography systems to numerically correct for 
aberrations in the image regions outside the iso-planatic patch, which are left uncorrected by 
the AO. Like other digital phase correction methods, the sub-aperture based DAO works in 
the single-scattering regime where the OCT signal is strong. With the recent development of 
techniques for increasing the penetration depth and suppressing the multiple scattering of 
light in the tissue [22–24], it is promising to state that numerical/digital phase correction 
methods can be extended to the multiple-scattering regime in the future. 
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Chapter 6  
Conclusion and discussion 

In this thesis a novel DAO technique based on sub-aperture correlation is presented and its 

implementation in both full field and point scanning FD OCT system is demonstrated. The major 

advantages of this method are listed below: 

i) Being a numerical method, the sub-aperture based DAO avoids the need for any adaptive optics 

hardware such as Shack-Hartmann WFS, deformable mirror, SLM or any additional wavefront 

sensing cameras. This helps in making the overall optical system simple in design and reduces the 

economic cost. 

ii) Since this method is the digital equivalent of the Shack-Hartmann method, it provides the local 

slope data of the wavefront error, from which the phase correction polynomial function can be 

determined analytically in a single step. Hence, it is non-iterative in nature as opposed to 

optimization based techniques that use an image metric to find the best estimate of the coefficients 

of the polynomial phase correction function in an iterative manner. It can help in reducing 

computation time, especially for higher order aberration correction. 

iii) Most importantly it does not require any knowledge of system parameters such the wavelength of 

light, the focal length of MO or NA of the imaging system, the detector pixel pitch or the scanning 

step size. This is particularly helpful when system aberrations are unknown or cannot be modelled 

accurately and also, when the aberrations are mainly introduced by a highly inhomogeneous 

sample. 

iv) In OCT, it is used as a post-processing step to obtain space-invariant lateral resolution throughout 

the whole image volume. This avoids the need for focus scanning through the sample, especially 

when using high NA MO with shallow DOF. This can enable high speed volumetric imaging. 

v) DAO combined with OCT also provides the possibility of obtaining depth resolved wavefront 

aberration measurement. 

In the first paper of the thesis, the theoretical description of the sub-aperture based DAO method is 

presented. It is shown through simulation that sub-aperture based DAO method can recover 

diffraction-limited images from the aberrated image field affected by 6th order phase error. A FF SS 

OCT system is used for the experiments where the sample consisted of a resolution test target and a 

plastic plate that introduced random optical aberration. Experimental results show that the sub-

aperture based DAO can recover near diffraction-limited images. The method is also used to show 

depth of focus extension in a biological (grape) sample. In the second paper of the thesis, sub-aperture 

based DAO method for defocus correction is compared with ISAM based image reconstruction and a 
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simple digital phase conjugation method based on a forward model. It is demonstrated through 

experimental results that FM is the fastest in terms of computational speed and have the same 

performance in terms of DOF extension as IS or DAO when the sample has uniform refractive index 

with depth. However, it is shown that in the case of sample with non-uniform refractive index, DAO 

performs the best in terms of DOF extension. In the third paper of the thesis, a region of interest (ROI) 

based DAO is presented that corrects anisotropic aberration across the lateral field of view (FOV). The 

proof of principle is shown using an iron (III) oxide nano-particle phantom sample imaged with a fiber 

based point scanning SD OCT setup at a high NA of 0.6 and a limited DOF of 7 mµ . A sub-micron 

lateral resolution is obtained over a depth range of 218 mµ , thus achieving DOF improvement by 

~30x.The implementation of this method is also demonstrated in ex vivo mouse adipose tissue. Thus, 

sub-aperture based DAO has been successfully implemented in FD OCT to achieve depth invariant 

diffraction-limited lateral resolution throughout the image volume. However, there are some 

limitations of this method: 

i) For proper working of the subaperture based DAO, it is necessary that the spatial frequency 

content of the scene being imaged is distributed uniformly over the whole aperture. Otherwise the 

images formed from the sub-apertures can differ in spatial details from each other, apart from 

being transversely shifted. Hence, images may not correlate well and can lead to error in relative 

shift estimation between the images determined using cross-correlation. 

ii) The resolution of the images decreases as the size of the subapertures ( N K N K×  pixels) 

decreases when splitting the whole aperture ( N N× pixels) into more number ( 2K ) of sub-

apertures. Hence, there is a limit to the number of the subapertures that the whole aperture can be 

split into, as the resulting low resolution images from smaller subapertures may not correlate well 

with each other. This also puts a limit to the order of the polynomial function that can be fitted for 

phase error estimation. 

iii) The computational complexity of the sub-aperture based DAO increases as the number of sub-

aperture increases. More number of sub-apertures implies more number of 2-D FFT calculations 

to obtain images from the sub-apertures and more number of cross-correlations for slope 

calculation. 

The first mentioned limitation is not a major issue when imaging biological tissue as they produce 

diffuse reflection when illuminated by a coherent laser source that fills the aperture of the MO. The 

second limitation can be a problem when the optical system has higher order (> 6th order) aberrations. 

However, it has been demonstrated through both simulations and experiments that optical aberrations 

upto 6th order can be corrected to obtain diffraction-limited performance using sub-aperture based 

DAO for a Nyquist sampled image at a standard size of 512 512×  pixels. In most practical cases, 

especially in ophthalmic imaging, the optical aberrations upto 4th order are the main cause of concern. 

Hence, sub-aperture based DAO can be useful in these cases. Regarding the third limitation, it should 



69 
 

be noted that the steps involved in sub-aperture based DAO are independent of each other and can be 

parallelized in GPU. Parallelization of optimization based techniques using GPU is a challenge as each 

iterative step is dependent on the preceding iterative steps. Thus, parallelization of sub-aperture based 

DAO can provide better performance over optimization based techniques in terms of computational 

speed. However, a more detailed study is required in the future to compare the sub-aperture method 

with optimization based methods. Also, the knowledge about aberration in a given depth plane in the 

iso-planatic volume may be used to correct aberration in the other depth planes. This can further speed 

up the overall processing time for the subaperture based DAO method. Furthermore, with the 

implementation of numerical motion correction techniques, it may be possible to apply the sub-

aperture based DAO technique to in vivo biological samples [36]. The ROI based DAO can be used in 

combination with hardware based AO-OCT or AO-DH systems to numerically correct for aberrations 

in the image regions outside the iso-planatic region which cannot be corrected by the deformable 

mirrors in AO. Similar to other DAO methods, the sub-aperture based DAO also works in the single-

scattering regime. However, with the recent development of techniques that can enable increased 

penetration depth and suppression of multiple scattering of light in the tissue [58-60], there is enough 

reason to believe that sub-aperture based DAO method can be useful in the multiple-scattering regime 

in the future. 
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