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ABSTRACT

We proposed and demonstrated a novel technique of improving the spatial resolution of an optical coherence
tomography (OCT) system given a certain light source spectrum. By using dispersive materials in the reference
arm of the OCT system, the resultant dispersion compensation led to a FWHM of interference fringe envelope
smaller than the Fourier transform limited value, at the expense of significant tails. The effects of the tails, which
would blur the OCT images, were tremendously reduced with retrieval algorithms. Simulation results and
processed OCT scanning images have shown the capability of the proposed technique. Two retrieval algorithms
were proposed and compared.
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1. INTRODUCTION

Optical coherence tomography (OCT) has been proved useful for biomedical imaging applications. For higher axial
resolution, broadband light sources for OCT are required. A larger bandwidth leads to a higher axial resolution. So far, the
used broadband sources include semiconductor-based super-luminescence diode with the spectral width up to 80 nm centered
at 1310 nm [1], extremely short Ti:sapphire laser pulses with spectral width up to 350 nm centered at 800 nm [2],
nonlinear-optics broadened spectra in a tapered fiber or photonic crystal fiber [3,4], and superluminescent light source using a
Ti:AL,O; crystal pumped by a frequency doubled diode pumped laser [5]. Although the full-width-at-half-maximum (FWHM)
of the interference fringe envelope is usually used for defining the axial resolution of an OCT system, a light source with
non-Gaussian spectral shape will usually result in the effects of side-lobes and tails in the interference fringe envelope that
may blur the images. If the effects of the tails or side-lobes can be reduced through a certain signal-processing algorithm,
OCT resolution can be improved by reducing the FWHM of the interference fringe envelope through dispersion
compensation in one of the interferometer arms [6]. In this paper, we propose and demonstrate a novel method for improving
OCT axial resolution based on dispersion manipulation and a signal-processing algorithm. With the light source FWHM
spectral width of 100 nm centered at 780 nm, the FWHM of interference fringe envelope is 2.69 pum if the spectrum is
Gaussian distributed and dispersion is balanced. However, with dispersion manipulation the available non-Gaussian spectral
distribution resulted in a fringe envelope of only 1.7 um in FWHM with a significant tail intensity distribution. The effects of
tails in OCT scan images are significantly reduced with an image retrieval algorithm. With such a process, image quality is
significantly improved.

2. EXPERIMENTAL PROCEDURES
The experimental setup consisted of a typical free-space OCT system as shown in Fig. 1. The light source was a solid-state
laser pumped, mode-locked Ti:sapphire laser (Femtosource), providing 10 to 12 fsec pulses at 76 MHz. The FWHM of the
spectrum was about 100 nm. The spectral shape is non-Gaussian. A constant-speed translation stage was used in the reference
arm for phase modulation and depth scanning. After a photo-detector, OCT signals were digitized and processed on a
computer. Without dispersion manipulation, the interference fringe pattern (before de-modulation) of the front surface of a
glass slide is shown in Fig. 2(a), in which a multiple-peak feature of about 10 um in FWHM can be observed. The
multiple-peak feature of the interference fringe pattern is supposed to come from the non-Gaussian spectral shape and
possibly dispersion mismatch between the reference and sample arms. The dispersion mismatch may originate from the use
of the beam splitter and focal lenses in the interferometer. To implement dispersion manipulation, a stack of glass slides with
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thickness of 1.1 mm of each, was inserted into the reference arm. The interference fringe pattern was changed with the
number of used glass slides. Fig. 2(b) shows the result when 4 slides were used. This fringe pattern has a FWHM of about 6
um. Fig. 2(c) shows the result when 8 slides were used. This fringe pattern has a FWHM of only about 1.7 um. However, it
consists of quite significant tails. Note that in using the glass slides in the reference arm, it cannot be sure whether the
dispersion mismatch was enhanced or reduced.

3. RETRIEVAL ALGORITHM
To reduce the effects of the fringe tails on OCT scanning images, we proposed a computer algorithm based on the following
principles: First, an OCT image can be regarded as the superposition of fringe envelopes pixel by pixel with various
intensities, which depend on sample structures. This concept is demonstrated with the equation as

N
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Here, I’ represents the back-scattered irjl'?ensity and f'stands for the normalized interference fringe envelope, which symbolizes
the envelope of the oscillatory distribution in Fig. 2(c). After the convolution shown in (1), / represents the detected signal,
which is supposed to originate from depth z. Here N is the assumed pixel number and A4z is the pixel size of the OCT system.
We developed a computer algorithm based on an iteration method to retrieve the back-scattered intensity distribution 1°(3),

which represents the sample structure. We used the detected signal /(i) multiplied by a factor 2/(M+m) as the initial trial
function I’(i), where M and m are the rgllaximum and minimum values of function r(i) defined as

r(i) = Zl(j)f(i—j)/l(f) )

=1

We compared the detected inteflsity I(i) to the convolution of the trial function /°(i) and the normalized interference
fringe envelope function £, and obtained the difference between them at each pixel d(i). We neglected the difference when it
was smaller than /(i) multiplied by a factor ¢;, because small computer inaccuracies might be generated during the process
and resulted in noise. The proper value of ¢; was estimated to be 0.001. The difference d(i) was then multiplied by a factor ¢,
and added to the original trial function /’(i) to obtain a new function /”(i). The factor ¢, was used to adjust the retrieving
speed of the program. A larger value of ¢, resulted in a higher retrieving speed; however, the process would not approach to a
stable solution when the value of ¢, was too large. A suitable value of ¢, was 1/0.055N based on our experience. The new trial
function was obtained by replacing the negative values of 7”(i) with 0. Such a process was iterated until the processed image
was satisfactory.

4. RETRIEVED IMAGE RESULTS

In demonstrating the capability of the proposed algorithm in real OCT operation, Fig. 3(a) shows the scanning image of
an onion sample when 8 glass slides were inserted into the reference arm for dispersion compensation. Although the
structures of onion cells can be recognized, the effects of fringe tails (spiky features in the figure) did blur the image and
reduce the spatial resolution. This image was then processed with the proposed algorithm. After 100 iterations of the retrieval
procedure, the image quality has been improved, as shown in Fig. 3(b). The spiky features are now tremendously suppressed
and the image contrast is enhanced. Particularly, the layered structures near cell walls can now be clearly seen. It was
estimated that the required process time for 100 iterations of a depth scan of 1000 pixels was shorter than 0.25 sec. The
required process time of a frame of 1000 x 200 pixels (I mm in depth by 1 mm in width) should be shorter than one minute.
With such a process speed, we cannot claim a real-time operation. Although in terms of speed, this process procedure cannot
compete with a real-time fast scanning OCT system, which has a frame rate of 8-10 Hz, it is acceptable in certain applications.
Development of software should result in faster process.

4. CONCLUSIONS

In summary, we have demonstrated a novel technique of improving the spatial resolution of an OCT system given a certain
light source spectrum, which was not well shaped. By inserting dispersive materials into the reference arm of the OCT system,
the resultant dispersion compensation led to a FWHM of the interference fringe envelope smaller than the Fourier
transform-limited value of a Gaussian spectral shape with the same spectral FWHM, at the expense of significant tails. Such
tails would blur OCT images if their effects were not removed. In the proposed technique, the tail effects were tremendously
reduced with a retrieval algorithm. OCT real scanning images have shown the promising capability of the proposed
technique.
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Fig. 1 Experimental setup of the free-space OCT system: BS: beam splitter. L, and L,: lenses. RM: reflection mirror. BP filter:
band-pass filter.
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Fig. 2(a) and (b) Interference fringe patterns of the OCT system in the cases (a) without dispersion compensation, (b) and (c)
with dispersion compensation when 4 and 8 glass slides are used, respectively.
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Fig. 2(c) Interference fringe patterns of the OCT system in the cases (a) without dispersion compensation, (b) and (c) with
dispersion compensation when 4 and 8 glass slides are used, respectively.
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Fig. 3 OCT images of onion cells of the cases: (a) before process and (b) after process.
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