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This thesis focuses on research in the technology development space and it is aimed at 

characterising and improving the image quality by virtue of beam shaping with the aid of 

optical simulations in OCT and OCE.  

Low coherence interferometry, and thus OCT, can be implemented in either time-

domain (TD) or Fourier-domain (FD) forms. In TD-OCT, the interference signal between 

sample and reference arm is sampled temporally, with a time varying reference arm mirror 

axial scanning position (see Figure 2-8(a)), before being converted to a depth dependent 

signal. In FD-OCT, the interference signal is sampled as a function of wave number, or 

optical frequency (time’s Fourier space pair), by recording the interference signal’s optical 

spectrum with a stationary reference arm mirror, before being transformed into time (see 

Figure 2-8(b)) and converted into depth. 

 
Figure 2-8. Optical coherence tomography (OCT) setups. (a) Time-domain OCT setup. (b) Fourier-domain OCT setup. 
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2.1.1 Low coherence interferometry 

Low coherence interferometry uses a broadband light source. Electromagnetic radiation, 

such as light, propagating through free space, is a transverse wave; the oscillations are 

perpendicular to the direction of travel [80]. The electric (𝑬𝑬) and magnetic (𝑯𝑯) fields are 

related through Maxwell’s equations [81], such that a light wave can be fully specified by 

either field. By convention, we specify the electric field, as, in general, it interacts more 

strongly with physical matter [80]. 

From Maxwell’s equations, under a source-free assumption, i.e., in a region without 

charges or currents, one can derive the wave equation: ∇2𝑼𝑼(𝒓𝒓, 𝑡𝑡) −  1
𝑐𝑐2

𝜕𝜕2𝑼𝑼(𝒓𝒓,𝑡𝑡)
𝜕𝜕𝑡𝑡2

=  0, where 

𝑼𝑼 is the electric (or magnetic) vectorial field, and 𝑆𝑆 is the speed of light.  

The vectorial nature of the electric field is very important, as the electric field 

orientation determines the polarization state, which could be linear, circular, elliptic, or 

random, depending on its temporal (or spatial) evolution. For the sake of simplicity, we are 

going to discard polarization and the vectorial nature of the electric field in the following 

treatment of low coherence interferometry, so we will only consider the scalar wave 

equation.  

When the field temporal evolution can be expressed as a complex exponential 𝑒𝑒𝑖𝑖𝑖𝑖𝑡𝑡, 

where 𝜔𝜔 is the optical angular frequency, the wave equation takes the form of the Helmoltz 

equation: 

𝛻𝛻2𝑈𝑈(𝒓𝒓) + 𝑘𝑘2𝑈𝑈(𝒓𝒓) = 0, (2-1) 

where the wavevector 𝑘𝑘 = 2𝜋𝜋
𝜆𝜆

= 2𝜋𝜋𝜋𝜋
𝑣𝑣𝑝𝑝

= 𝑖𝑖
𝑣𝑣𝑝𝑝

, 𝜆𝜆 is the wavelength, 𝜐𝜐 is the optical frequency, 

and 𝑣𝑣𝑝𝑝 is the phase velocity. A solution for Eq. (2-1) is a spherical wave, or a linear 

combination of offset spherical waves, along the plane perpendicular to the propagation 

direction, i.e., a plane wave, of the form: 

𝐸𝐸(𝑧𝑧, 𝑡𝑡,𝜔𝜔) = 𝐸𝐸0(𝜔𝜔)𝑒𝑒𝑖𝑖(𝑘𝑘𝑘𝑘−𝑖𝑖𝑡𝑡+𝜑𝜑0), (2-2) 

where 𝜑𝜑0 is the intial phase. 

There are several ways to represent a broadband plane wave. One way is to add 

multiple spectral components with a weight 𝐸𝐸0 proportional to the power spectral density 

at each wavelength. Equation (2-3),  

𝐸𝐸𝑏𝑏𝑏𝑏(𝑧𝑧, 𝑡𝑡) = ∫ 𝐸𝐸0(𝜔𝜔)𝑒𝑒𝑖𝑖(𝑘𝑘𝑘𝑘−𝑖𝑖𝑡𝑡+𝜑𝜑0)∞
−∞ 𝑠𝑠𝜔𝜔, (2-3) 

where 𝐸𝐸𝑏𝑏𝑏𝑏 is the spectrally broadband electric field, and Figure 2-9 illustrate the principle. 

In Figure 2-9, we chose a typical near infrared source, with Gaussian-shaped frequency 
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spectrum, with centre wavelength at 840 nm and 50 nm full-width at half-maximum 

(FWHM) bandwidth. The initial phase of each wave is assumed to be the same for 

convenience. The temporal evolution of a wave generated in such a way is that of a pulse, 

as in a mode-locked laser. As all the spectral components are locked together with the same 

initial phase, the pulse is ideally transform-limited, i.e., its time-frequency bandwidth 

product is the smallest that it can be. 

 
Figure 2-9. Transform-limited pulse generation by addition of weighted spectral components with their phases locked to 
each other. 

By contrast, a polychromatic continuous wave (CW), as the one generated by a super 

luminescent diode (SLD), can be generated by adding several spectral components with 

their initial phases randomly assigned, as shown in Figure 2-10. 
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Figure 2-10. Temporal evolution of polychromatic wave generated by addition of weighted spectral components with 
their phases randomly assigned. 

Alternatively, an entirely time-domain representation of a broadband CW wave is also 

possible, by applying to a monochromatic wave at uniformly distributed random time 

intervals a series of zero-mean Gaussian-distributed random phase discontinuities (jumps). 

This representation is very helpful when it comes to evaluate the interference between 

two low-coherence waves, as each one is represented by a single time waveform, making 

the computational treatment much easier than it would be by considering all spectral 

components separately in time.  

Figure 2-11 shows the spatial (top panels) and temporal (middle panels) evolution over 

time, and the frequency spectrum (bottom panels) of the wave being generated for a 

monochromatic case (on the left) and a broadband CW case (on the right), with typical 

specifications for a SLD light source (S-840-B-I-20, Superlum, Ireland): 840 nm centre 

wavelength and 50 nm FWHM bandwidth. 
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Figure 2-11. Temporal evolution of monochromatic (left) wave and a polychromatic CW (right) wave. The CW wave is 
generated by stochastic phase discontinuities (jumps) with zero-mean Gaussian-distributed amplitude and uniformly 
distributed frequency. Top panel: 1D wave in space. Middle panel: Temporal evolution of waves at the detector. Bottom 
panel: Frequency spectrum of the corresponding waveform in the middle panel.   

The narrow and broadband spectra become readily apparent after a sufficiently long 

evaluation time. Figure 2-12 shows both spectra after a temporal evolution of 143 ps, a 

time still much shorter than the integration time used by any spectrometer. 

 
Figure 2-12. Spectra (in green) of the monochromatic (left) and polychromatic (right) waves shown in Figure 2-11 after 
143 ps. 

Let 𝐸𝐸(𝑡𝑡) describe the scalar electric field of light emitted by the source at time 𝑡𝑡, and 𝐼𝐼0 

denote the irradiance of the light source, and 𝛤𝛤(𝜏𝜏) denote the temporal autocorrelation 

function of 𝐸𝐸(𝑡𝑡), referred to as the self-coherence function of the source [34], thus, we have 





