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ABSTRACT: 

Optical Coherence Tomography (OCT) imaging technique has emerged as a non- or minimally invasive modality in the 

clinical pathogenesis such as deep tissue examining and optical biopsy etc. The OCT imaging increases the Depth of 

Focus (DoF) by devising mechanisms to increase an Optical Transfer Function (OTF) of the imaging system. This is 

achieved through an apodization technique on the surface of lens in conjugation with the femtosecond Bessel-type laser 

beam. An investigation on postulation of OTF through a masked aperture, or specifically a micro-dot is investigated to 

measure variations of intensity profile at the optical coordinates in the radial as well as axial directions. The intensity 

variations in the radial and axial coordinates are calibrated to obtain the information, which significantly helps in 

devising of OCT imaging system. A theoretical investigation of OTF matching the experimental relationship between 

spot size and DoF in response to obscuration ratio is presented in this paper. This mathematical approach could be 

applied to different types of masking functions by meticulously exploring the parameters of optical coordinates. 
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1.  INTRODUCTION 

The advancement in an Optical Coherence 

Tomography (OCT) imaging technique has 

revolutionized the cell biopsy in accurate diagnosis of 

the disease and its treatment during pre- and post- 

surgical procedures [1]. It is preferred over the common 

stained histological examination due to one of the robust 

reasons that an OCT imaging is a real-time non- or 

minimally invasive diagnostic technique involving 

minimal sampling errors [2]. Moreover, due to its high 

resolution, such OCT has numerous applications in the 

area of retinal imaging in ophthalmology [3-4], brain 

tissue imaging [5], and deep tissue imaging [6-7], etc. 

The high resolution of  OCT is achieved via increasing 

the depth of focus (DoF) of an  optical beam and via 

minimizing an  attenuation of backscattered light from 

the tissues by selecting the wavelength of the order of 

ca. ~1300 nm [7]-[8]. The common endoscopic type of 

OCT imaging system such as Stratus OCT is composed 

of swept laser source (probe beam), single-mode optical 

fiber, Gradient Index (GRIN) lens, and small prism to 

deflect focused light onto a tissue [4],[6]. 

The imaging system relies on studying an optical 

probe beam of two important factors such as its spot size 

and the depth of focus (DoF) [9]-[10]. The spot size of 

the focusing lens is given by 𝜆 (2NA)⁄ , where λ is the 

wavelength and NA is the numerical aperture of that 

optical system. Another definitions uses the Full Width 

at Half Maximum (FWHM) and (1 𝑒2⁄ ) times the 

maximum of transmitted intensity at the focal plane of 

the optical system. The estimation of DoF is 

approximately proportional to the product of the 

wavelength λ and the square of the f-number (the ratio 

between the focal length f, and the diameter D, of the 

imaging lens), i.e., λ(𝑓 𝐷⁄ )2. In terms of intensity, the 

DoF is the distance between the focal point and the point 

where the intensity decreases to 90%, while in 

application like imaging systems, it is 50% [11].  

The deep tissue imaging could be achieved by 

increasing the DoF by using numerous types of the 

aperture of the imaging lens such as axicon [12], 

diffractive axicon [13], annular aperture [14], binary 

phase array of annuli [15], and cubic phase mask [16], 
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etc., however, limiting the resolution of the imaging 

system [10]. The resolution could be overcome by 

utilizing the non-diffracting beams such as Bessel beam 

[17] or Airy beam [18] with patterned aperture through 

the process of lithography [19-20]. The combination of 

Binary Phase Masks (BPM) such as Axicon (AXI), 

Defocus (DF) and Spherical Aberration (SA), namely 

BPM of Defocus+Axicon (BPM-DF-AXI) and BPM of 

Defocus+Spherical Aberration (BPM-DF-SA) have 

significantly extended the DoF multiple fold in the 

domain of OCT [21]. 

In this article, we formulate the OTF of a masked 

aperture having obscuration in the center of the clear 

aperture. The definitions of spot size and DoF are 

applied for masking functions with circular obscuration, 

which is a kind of filter with a quadratic radial 

transmittance [22]. The section 2 delve into the 

analytical analysis of OTF of an obscured mask, also 

referred as pupil function. Results are discussed in the 

section 3, and the concluding remarks are made in the 

section 4. 

 

2.  ANALYTICAL APPROACH 

An understanding of the coordinates system and 

extended Depth of Focus (E-DoF) is essential in the 

examining the Optical Transfer Function (OTF) to 

investigate the spot size and DoF of the imaging system. 

The coordinate systems encompass geometrical and 

optical coordinate systems, the former one refers to point 

at the center of the lens on the principle axis, whereas 

the latter one refers to the focal point on the principle 

axis. The radial (𝑟) and axial (𝑧) geometrical distances 

are transformed into the radial (𝑣) and axial (𝑢) optical 

normalized coordinates which are utilized in estimating 

the spot size and DoF. It must be remembered that at the  

focal point, 𝑟 = 𝑧 = 0 = 𝑣 = 𝑢. The schematic of the 

masked aperture, coordinate systems and E-DoF is 

shown in Fig. 1. 

Fig. 1. Schematic of Obscuration, Optical Coordinate 

and Depth of Focus (DoF). 

 

The masking of the aperture extends the intensity 

from point 𝑃 to 𝑃′ (cf. Fig.1), and the Depth of Focus 

(DoF), ∆𝑧 is measured by analyzing axial optical 

coordinate 𝑢 in the amplitude equation 𝑈(𝑣, 𝑢) of the 

Optical Transfer Function (OTF). On the other hand, 

spot size is calculated by analyzing 𝑣 in the amplitude 

equation. The masking of aperture or obscuration 

introduces a mathematical function, say 𝑀(𝑚) in the 

amplitude equation, otherwise it is unit when an aperture 

is clear one. The Optical Transfer Function (OTF) in the 

radial (v) and axial (u) optical coordinates for a masking 

function M(m), where 𝑚 is a normalized pupil, radius is 

written as [22]-[25], 

 

U(𝑣, 𝑢) =
2

(1−𝜖2)
∫ 𝑀(𝑚) 𝐽0(𝑣 𝑚) 𝑒𝑥𝑝(𝑖 𝑢 𝑚2 2⁄ ) 𝑚 𝑑𝑚

1

0
            (1) 

                                     

     Where, 𝐽0 corresponds to zero order Bessel function 

of the first type, and 𝜖 is the central obscuration ratio. 

The expression for the radial and optical coordinates 

can be expressed as, 

 

v = k r sinα                                                                    (2)                                                                                                                       

u = 4 k z 𝑠𝑖𝑛2(𝛼 2⁄ )                                                     (3) 

                                                                                         

Where, k = 2𝜋 𝜆⁄ , sinα is numerical aperture,  

Eq. (1) can be disintegrated further to estimate the 

spot size and DoF by eliminating u and v in the optical 

planes, respectively. The mathematical integral for the 

spot size and DoF can be expressed by Eq. (4) and Eq. 

(5), respectively 

 

U(𝑣, 0) =
2

(1−𝜖2)
∫ 𝑀(𝑚)

1

0
𝐽0(𝑣 𝑚) 𝑚 𝑑𝑚                     (4) 

                                                                                       

U(0, u) =
2

(1−𝜖2)
∫ 𝑀(𝑚) 𝑒𝑥𝑝(𝑖 𝑢 𝑚2 2⁄ ) 𝑚 𝑑𝑚

1

0
      (5) 

                                                                               

It should be noted that the expression 𝑈(𝑣, 0) and 

𝑈(0, 𝑢) gives the identical amplitude of the OTF values 

at the Focal Point, P. The square of the amplitude 

equation, U(𝑣, 𝑢) gives the intensity transmitted through 

the obscured aperture, which are then calibrated to 

estimate the spot size and depth of focus. 

 

3.  RESULTS AND DISCUSSION 

The mathematical function of the various pupil 

functions such as Axicon (AXI), Defocus (DF), and 

Spherical Aberration (SA) are studied to be 𝑀𝐴𝑋𝐼(𝑚) =
𝑒𝑥𝑝(−2𝜋𝑖𝛼𝑚), 𝑀(𝑚) = 𝑒𝑥𝑝(−2𝜋𝑖𝜓𝑚2), and 

𝑀𝑆𝐴(𝑚) = 𝑒𝑥𝑝(−2𝜋𝑖𝛾𝑚4), respectively; where 𝛼, 𝜓, 

and 𝛾 refers to the slope coefficient of the axicon, 

defocus parameter, and strength of the spherical 

aberration, respectively. The pupil functions AXI, DF, 

and SA are combined as DF-AXI, and DF-SA as [21] 
 

𝑀𝐷𝐹−𝐴𝑋𝐼(𝑚) = 𝑒𝑥𝑝(−2𝜋𝑖(𝜓𝑚2 + 𝛼𝑚)),                   (6) 

 

and 
 

𝑀𝐷𝐹−𝐴𝑋𝐼 = 𝑒𝑥𝑝(−2𝜋𝑖(𝜓𝑚2 + 𝛾𝑚4)),                         (7) 
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Respectively, the intensities are investigated by 

adjusting the values of 𝛼, 𝜓, and 𝛾. The DoF is measured 

by estimating the Strehl ration (S) which is also referred 

to as DoF gain (GDoF), defined as the ratio of DoFs of 

combined pupil function with respect to the clear 

aperture. The DoF gains for the pupil functions 

expressed by Eq. (6) and Eq. (7) which were, 5.04 and 

5.03, respectively. While the Strehl ratio (S) for the pupil 

functions expressed by Eq. (6) and Eq. (7) were ~19.5% 

and ~15.6%, respectively. The increase in the Strehl 

ratio (S) is an indication of the increase in the DoF 

We focus on the result of the pupil function created 

through the laser micro-marking technique which is 

shown in Fig.1, and the masking function for the clear 

and masked apertures are considered as M(𝑚) = 1 and 

M(𝑚) = (𝑚2)𝑛, respectively [22]. It should be noted 

that the n could be integer and rational numbers. For 

example, M(𝑚) could be functions of types m2, 

(𝑚2)1 𝑛⁄ , (2𝑚2 − 1)2 𝑛⁄ , etc. [22]. Utilizing the masking 

expression M(𝑚) = 𝑚2 in Eq. (1), the intensity 

variation at the focal plane for the various obscuration 

ratio is shown in the Fig.2. 

 

 
Fig. 2. Intensity variation at the focal plane with 

respect to obscuration ratio. 

 

It is observed that with the increasing obscuration 

ratio, the intensity increases at the focal plane. The spot 

size is related to the distance between the extremes of 

the curve in Fig. 2 where the intensity drops to 1 𝑒2⁄  

times the maximum intensity, upon calibration of Eq. 

(4), the spot size was observed to be of the order of 𝜇𝑚. 

Similarly, utilizing the concept of variation of the 

intensity of the optical beam in the axial direction where 

the intensity drops by 50% of the maximum intensity, 

depth of focus calibrated using Eq. (5) was observed to 

be of the order of 𝑚𝑚. The plot of variation of spot size 

and depth of focus with varying obscuration ratio is 

shown in Fig. 3. 

The parameters used to solve the amplitude equation 

(Eq. 1) are D = 120 μm, λ = 1.3 μm and numerical 

aperture, sinα = 0.14. The experiments that were 

conducted to obtain the simulation parameters are 

described briefly to corroborate the parameters. The 

different diameter micro-dots were marked on the 

surface of the glass tube induced by a femtosecond laser 

(Pharos, Light conversion) with pulse duration of 230 fs 

and a pulse peak power of 4.3 MW using a 20 objective 

lens with a focal length of 10 mm, a spot diameter of 3 

m, and a DOF of 1.7 m. The high peak intensities with 

femtosecond pulses activated micro-processing of 

miniature transparent modules with a high precision. 

The obscuration was defined as the ratio of the micro-

dot area and the beam propagation area of the glass tube 

which is perpendicular to the optical axis.  A 5 

objective lens (LSM03, Thorlas) with an effective focal 

length of 36 mm was used to magnify the OTF.  To 

measure the axial and radial OTFs, a light source (BM-

100-SCA-1310-9/125-S, OZ optics) centered at 1310 

nm with a bandwidth of 40 nm and the beam profiler 

(BP209-IR/M, Thorlabs) were utilized.  Optical 

simulation using ZEMAX software (ZEMAX 

Development Corp., WA, USA) was also performed to 

compare theoretical and experimental values.  

For a clear aperture, a spot diameter and a DOF were 

38.5 m and 1.25 mm, respectively. However, with the 

increase in the obscuration ratio(𝜖), a DoF enhanced, but 

a spot diameter slightly decreased. The DOF was 

enhanced by 2.2 mm at 𝜖 = 0.7 with a spot diameter of 

33 m. This analysis could propel devising a low cost 

OCT device to fabricate and implement in the clinical 

investigations commercializing the E-DoF optical 

probes 

 

 
Fig. 3. Spot Size at the focal plane with respect to 

obscuration ratio. 

 

4.  CONCLUSION 

The motivation of this communication was to find a 

correlation between the variation of spot size and depth 

of focus in the optical coordinates with respect to the 

obscuration ratio for the micro-dot pupil function which 

were not well documented in the research journals. The 

complete understanding of 𝑣, 𝑢 and M(𝑚), and 

subsequently the mathematical verification of 

experimental variation of spot size and DoF with respect 

to the obscuration ratio might entail an exhaustive 

analysis of masking functions incorporated in the Optics 

Express research article. The understanding of 

amplitude equation and masking functions would be 
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significantly helpful in designing the probe of an 

imaging system comprising of a combination of 

elements such as graded-index fiber, no-core fiber, 

dispersion-shifted fiber etc. The imaging elements may 

be considered lumped into a single black box, and the 

significant properties of the system can be completely 

described by specifying only the terminal properties of 

an aggregate, that is, entrance and exit pupils. The 

optical transfer function of an entrance pupil could be 

Circular Function, while the masking function of the 

exit pupils could be Quadratic and Exponential for 

circular and ring type obscurations, respectively. 
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