J. Innov. Opt. Health Sci. 2019.12. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 04/14/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

Journal of Innovative Optical Health Sciences [
Vol. 12, No. 2 (2019) 1950009 (7 pages) :3

© The Author(s)

DOI: 10.1142/S1793545819500093

Multi-frame speckle reduction in OCT using
supercontinuum pumped by noise-like pulses

Chengming Wang***, Yi-Jing You', Shengnan Ai*, Wenxin Zhang*,
Wenchao Liao*, Xiao Zhang§, Juicheng Hsieh*, Ning Zhang?,
Bihua Tangl, Ci-Ling Pan™* and Ping Xue* "

*State Key Laboratory of Low-Dimensional Quantum Physics
Department of Physics, Tsinghua University
Collaborative Innovation Center of Quantum Matter
Beijing, P. R. China

TDepartment of Physics, National Tsing Hua University
No. 101, Sec. 2, Kuang-Fu Rd, Hsinchu, Taiwan

tDepartment of Physics and Institute of Photonics Technologies
National Tsing Hua University, Taiwan

SSchool of Life Science
Beijing Institute of Technology, Beijing, P. R. China

Institute of Forensic Science Ministry of Public Security
Beijing, P. R. China

ISouthwest Medical University
Luzhou, Sichuan Province, P. R. China

**Nuctech Company Limited, Beijing, P. R. China
Mruep @tsinghua. edu.cn

Received 26 November 2018
Accepted 17 February 2019
Published 14 March 2019

World Scientific

www.worldscientific.com

In most coherent imaging modality, speckle noise is a major cause that blurs the boundary of
tissues and degrades the image contrast. By utilizing the unique properties of supercontinuum
(SC) generated by noise-like pulses (NLPs) and a simple multi-frame averaging technique, we
achieved significant speckle reduction in spectral domain optical coherence tomography
(SD-OCT). We quantitatively compared the speckle of our proposed method with those of
conventional swept source OCT (SS-OCT) and SD-OCT based on commercial light sources. The
experimental results show that SC pumped by NLPs combined with noncoherent averaging
method achieves better denoising performance in terms of contrast to noise ratio (CNR).
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1. Introduction

Optical coherence tomography (OCT) is an
emerging biomedical imaging modality based on
optical interferometric detection, which achieves
noninvasive, high-resolution and cross-sectional
imaging. However, like other laser imaging modali-
ties, OCT images contain speckles that depend not
only on the wavelength and coherent properties of
imaging beam but also on the structure of imaging
objects.! Numerous methods have been developed
to suppress the speckle noise and improve the image
quality. Hardware-based techniques, including spa-
tial,> angular,®* strain,” and frequency compound-
ing,%" can effectively reduce the speckle noise while
preserving weak structural signal. On the other
hand, these approaches usually require complicated
optical design and setup. Software-based techni-
ques, including digital filters,” wavelet-based
method,” real-time dual window method,'’ aniso-
tropic diffusion-based method,'' and probability-
based method,'?'* have also been developed rapidly
and can achieve speckle suppression effectively.
Suitable quantization method may also significantly
increase contrast, signal-to-noise ratio (SNR) and
visual fineness of the OCT image.'* Nonetheless,
most post-processing algorithms require prior
knowledge of the imaging object and may suffer
from resolution degradation or artifacts.'® In addi-
tion, some algorithms are complicated and time
consuming,' incapable of real-time high speed
OCT imaging.

Light source based on supercontinuum (SC)
generation provides extremely broad bandwidth
and high output power. Thus, SC is particularly
suitable for ultrahigh resolution OCT system. SC is
usually generated by wusing wultrashort pulses
through nonlinear phenomena in materials, e.g.,
optical fibers. Noise-like pulses (NLPs), caused by
the soliton collapse effect in the lasers,'” have the
advantage of broader and smoother spectrum
(usually of several tens of nm) compared with con-
ventional mode-locked short pulses.'® In the time
domain, the NLP pulse train consists of relatively
long (sub-ns), periodic wave packets, which exhibit
a fine inner structure of sub-ps pulses with

randomly varying amplitude and duration from one
wave packet to the next. Typically, the averaged
intensity autocorrelation trace of NLPs is double-
scaled with a sub-ps peak riding a wide sub-ns
pedestal. Since the NLP-based light source is ran-
dom in nature, its output exhibits low temporal and
spatial coherence. This unique property is very
helpful to solve the speckle problem of OCT imag-
ing. It has been reported that amplified NLPs could
be successfully used for SC generation with stan-
dard single-mode fibers.!” In our previous work,?’
we have also demonstrated the feasibility of SC
pumped by NLPs as the light source for ultrahigh
resolution spectral domain OCT (SD-OCT)
imaging.

In this paper, we present a simple multi-frame
averaging method for speckle reduction by utilizing
the inherent coherence properties of the SC gener-
ated by noise-like pulsed fiber laser. Our results
demonstrate that this unique light source has very
efficient denoising performance in terms of contrast
to noise ratio (CNR) and equivalent number of
looks (ENL) and cross-correlation (XCOR) value.

2. Principles and Experimental Setup
2.1.

As shown in Fig. 1, we constructed an amplified all-
normal dispersion (ANDi) Yb-doped fiber laser ca-
pable of generating NLPs. The laser utilized a ring
resonator consisting of a 6-m length of Yb-doped
fiber, a nonlinear polarization evolution (NPE)
port, an optical isolator and a long segment of single
mode fibers (SMF28). An optical combiner was used
to couple the signal and pumping light together
before being sent into the active fiber. The double-
cladding gain fiber had a 10-ym core (LIEKKI,
Yb1200-10/125DC). Pumping was performed by
multi-mode laser diodes (A =915nm). The NPE-
port consisted of a half-wave plate (HWP), quarter-
wave plates (QWP) and a polarization beam
splitter (PBS).

The ANDi Yb-doped fiber laser, i.e., the seed
laser, generated NLPs with an average power of
200mW (pulse energy of 62.5nJ). The NLPs

Experimental setup
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Fig. 1.
ISO: optical isolator; MM LD: multi-mode laser diodes.

exhibited a periodic pulse train at 3.2 MHz with a
spectral bandwidth of 83 nm and a double-scaled
intensity autocorrelation trace with FWHM of
100ps and 250fs for the pedestal and spike, re-
spectively. Output of the seed laser was coupled into
a 2-m length of Yb-doped fiber (LIEKKI, Yb1200-
10/125DC) also pumped with a 915-nm laser diode.
The amplified NLPs were then used to excite the SC
in a 50-m length of standard single mode fiber
(POFC, SMF980A). At a pump power of 4.5 W, we
were able to generate a flat SC spectrum at the
central wavelength 1320 nm with a spectral band-
width up to 420 nm (in 3-dB bandwidth), as shown
in Fig. 2. The average output power reached up to
560mW (pulse energy of 175nJ). The spectral
components of SC expanded to longer wavelength
at higher pump power, mainly due to cascaded
Raman scattering.'”
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Fig. 2. The SC spectra generated by the amplified ANDi
Yb-doped fiber laser.

Schematic of the fiber laser system for generating SC. FC: fiber coupler; HWP: half-wave plate; QWP: quarter-wave plate;

2.2.

To examine the possible improvement of imaging
quality by using the NLP-pumped SC source, some
coefficients were used for quantitative comparison.
In the previous studies, several blind speckle
denoising metrics were used to quantify the imaging
quality. They are SNR, CNR, ENL, and XCOR
value.
These coefficients can be defined as follows?*!:

Imaging processing

mean[[éyj)]
SNR = 10 x log;o | —— 9= |, (1)
om
CNR = 10 x logyy | —fem—Hb | (9)
agm + O'%
2
ENLm = (Q)m ) (3>

Z(i,j) Ibefore (ia j)Iafter(iv ])
\/Z(w) [Ibeforc(iaj)]Q Z(t,j) [Iaftcr<i7 .7)]2
(4)

where I; ;) is the intensity at location (7,7) in the
selected region of interest (ROI). o, and p;, are the
standard deviations of the intensity and the mean of
the intensity in the background region, respectively;
Hom 18 the mean of the pixel values in the mth ROI
and o,,, is the pixel standard deviation. [ . and
Lo are the intensity data before and after
denoising, respectively; (i, ) are the indices of the
IMages; flafters Tafters Mbefores and Obefore A€ the mean
and the standard deviation of the intensity in the
processed OCT images and original OCT images,

XCOR =

)

1950009-3



J. Innov. Opt. Health Sci. 2019.12. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 04/14/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

C. Wang et al.

Fig. 3. (a) The picture of fiber connector. The blue dashed
box illustrates the circular imaging plane. (b) SS-OCT cross-
sectional image of head cover of fiber connector. Scale bar
represents 500 pm.

respectively. We will discuss in detail the physical
meaning of SNR, CNR, ENL, and XCOR later.

In this experiment, we used a simple sample to
demonstrate the imaging quality by applying SC
generated by NLPs. As we know, it is relatively
easier to see speckle than real signal in the uniform
material and the coefficients can be calculated pre-
cisely. A sample with more structure would be more
intuitive, but how its CNR is calculated is unclear.
In order to illustrate our points quantitatively, we
used a head cover of fiber connector as the sample,
as shown in Fig. 3(a). The corresponding circular-
scan two-dimensional (2D) OCT image obtained
with a conventional 1310-nm SS-OCT setup is
shown in Fig. 3(b). In this image, there are two clear
round-shaped boundaries, which indicate the plastic
edge of the head cover. Between the two round-
shaped boundaries, there are many bright spots.
These bright spots apparently result from the
speckle noise. Otherwise, because the material of the
sample is uniform, there should exist no bright spot
and the intensity distribution between two bound-
aries should be uniform. Because of the sample’s
uniformity, it does not matter which area is imaged,
even though the three images are quite different. All
three systems have different lateral resolution and
axial resolution. Besides, each time we switch from
one imaging system to another, we cannot ensure to
image exactly the same place. Therefore, we finally
choose the most stable region for comparison.

To compare the difference between random noise
and speckle in OCT cross-sectional images, a simple
averaging method to superimpose the consecutive
B-scan images acquired at the same position can be
used. The random noise can be reduced in the
superimposed image while the speckle noise, as well

as the structural signal, will remain with conven-
tional OCT configurations. This is true for typical
light sources such as SLED, swept laser sources or
femtosecond lasers, because the speckle noise will
remain even after image processing of superposition.
In contrast, the amplitude, duration and even
wavefront of NLP-based light sources are randomly
varying from pulse to pulse. It is conceivable that
the use of the NLP-pumped SC source may actually
induce decorrelation of speckle noise from the
sample and thus enable the speckle suppression by
the simple method of averaging. Therefore, we uti-
lized it as the light source in a conventional OCT
configuration to get OCT images and then mea-
sured the denoising metrics of the original and the
superimposed images. With the image processing of
superposition, the random noise can be reduced and
the image quality can be enhanced.

3. Results and Discussion

The SD-OCT image obtained by using the NLP-
pumped SC light source is shown in Fig. 4. The
structure of fiber connector head cover is clearly
visible. We may therefore further analyze the ima-
ges in terms of the denoising metrics. In this study,

(a) (b) (d)

Fig. 4. (a) Single frame of head cover using SC pumped by
NLPs. (b) Denoised image combined six successive images. The
green boxes in these images mark three pairs of homogeneous
ROIs used for calculation of SNR, CNR, and ENL, while the
blue boxes mark regions of background that were used to obtain
SNR and CNR. (c, d) Enlarged and log scaled image in one pair
of green box in (a) and (b). Scale bar represents 200 pm.
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we actually use six frames and one is shown in
Fig. 4(a). Each frame is measured in the same
position and under the same conditions. Thereafter,
the superposition of the six images is implemented,
as shown in Fig. 4(b). Both Figs. 4(a) and 4(b) are
shown in linear scale. We calculated SNR, CNR,
and ENL by three different ROIs. All ROIs were
circled by green boxes in Figs. 4(a) and 4(b). In
order to observe the denoising effect more intui-
tively, we enlarge one pair of green box in Figs. 4(a)
and 4(b), then present them in log scale in Figs. 4(c)
and 4(d), respectively. In comparison with original
images, the superimposed images not only enhance
the signal intensity but also reduce the noise level.
Furthermore, the intensity distribution between
two arc-shaped boundaries is smoother than the
previous results as shown in Fig. 3(b), indicating
that using the SC generated by NLPs source in
OCT systems is helpful to reduce the speckle noise
and achieve high quality image.

To evaluate the performance of the light source,
we compared three OCT light sources: (1) SC
pumped by NLPs using a conventional SD-OCT
system, with central wavelength of 1320 nm, band-
width of 420nm, lateral resolution of 10um, and
system SNR of 89dB. (2) A commercial SC source
(Wuhan Yangtze Soton Laser Co., Ltd.) using the
same SD-OCT system, with central wavelength of
1320 nm, bandwidth of 300 nm, lateral resolution of
10 um, and system SNR of 92dB. (3) Commercial
swept source (HSL-2000, Santec Corp.) using a
conventional SS-OCT system, with central wave-
length of 1326 nm, bandwidth of 108 nm, lateral
resolution of 10um, and SNR of 110dB. Original
OCT images and corresponding superimposed
images are shown in Figs. 46, respectively. It is
worth to note that all of the above-mentioned light
sources are centered around 1310 nm and the OCT
setup is independently utilized to get OCT images
of the same sample under the same conditions.

The imaging quality metrics (SNR, CNR, ENL,
XCOR) of single frame and the average of six
frames obtained by using the three light sources are
calculated and compared with each other, as sum-
marized in Table 1. We choose three different pairs
of ROIs to calculate SNR, CNR, and ENL. Their
mean values and standard deviations are shown in
Table 1. The small standard deviations imply that
the choice of ROIs does not affect the results very
much. First, SNR measures the ratio between the
average amplitude of the intensity in the ROI and

Multi-frame speckle reduction in OCT

(b) (d)

Fig. 5. (a) Single image of head cover using commercial
SC. (b) Denoised image combined six successive images. The
green boxes mark three pairs of the ROIs, while the blue boxes
mark regions of background. (¢, d) Enlarged and log scaled
image in one pair of green box in (a) and (b). Scale bar repre-
sents 200 pm.

the standard deviation in the same region. As shown
in Table 1, the improvement of SNR after image
superposition is achieved for all the three light
sources due to the noise suppression and speckle
reduction. Second, CNR determines the contrast
between the ROI and the area of background noise.

(a) (d)

Fig. 6. (a) Single image of head cover using commercial
SS. (b) Denoised image combined six successive images. The
green boxes mark three pairs of the ROIs, while the blue boxes
mark regions of background. (¢, d) Enlarged and log scaled
image in one pair of green box in (a) and (b). Scale bar repre-
sents 200 pm.
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Table 1.

Quality metrics of speckle suppression for different OCT light sources.

SC pumped by NLPs

Commercial SC

Commercial SS

Single frame Denoised Single frame Denoised Single frame Denoised
SNR (dB) 6.4 (£0.1) 9.7 (£0.3) 66 (£01) 96(£04) 56(+01) 6.0(£0.1)
CNR (dB) 14 (£0.1) 34(x0.2) -11(x0.2) 07(£03) 20(x01) 23(£0.1)
ENL 34 (£0.1) 8.6 (£0.6) 36 (£01) 82(£0.8) 26(£01) 3.0(£0.1)
XCOR 0.794 0.944 0.985

From Table 1, the CNR enhancement of our SC is
3.4 — 1.4 = 2dB, while that of the commercial SC
and commercial swept source is 1.8dB and 0.3dB,
respectively. Thus for these metrics, the NLP-
pumped SC outperforms the other two light sources.
Third, ENL measures the smoothness of the ROI
which is homogeneous. Therefore, if the image is
more homogenous, the coefficient of ENL is larger.
The ENL becomes smaller when the homogenous
appearance is corrupted by speckle pattern. As we
can see, the ENL improvement of the NLP-pumped
C'is 8.6 — 3.4 = 5.2, while that of the commercial SC
and commercial swept source is 4.6 and 0.4, respec-
tively. This indicates that the SC pumped by NLPs
enables largest speckle suppression and achieves the
best smoothness of ROI in superposition OCT
image. Finally, XCOR is an indicator of the simi-
larity between the denoised images and original
images. In general, XCOR is usually smaller than 1.
But, it is very close to 1 when the denoised image is
very similar to the original image. The commercial
swept source has its XCOR of 0.985, very close to 1.
This means that OCT images with the swept source
have very low speckle decorrelation from frame to
frame and the denoised image makes little change or
improvement compared to the original image. Our
custom-built SC has its XCOR of 0.794, indicating
fairly good performance. As for the commercial SC, it
has its XCOR of 0.944 very close to 1, too. Compared
to the original image with the commercial SC, we
find that its denoised image after averaging does
show some changes and improvement. This is mainly
attributed to the reduction of the large intensity
fluctuation of the commercial SC after denoising
instead of speckle suppression. The large intensity
fluctuation increases the mean intensity of the
background and hence reduces the difference of mean
intensity value between ROI and background region.
In the same time, it increases the standard deviation
of ROI and background. According to Eq. (2), the

numerator is decreased and the denominator is in-

creased, which may lead to (tom — tp)/\/02m + 03

less than 1. So in Table 1, we get a negative value of
CNR. Furthermore, the improvement of CNR, ENL,
and XCOR after denoising with the commercial SC
and commercial SS is not as significant as that with
our SC. In summary, all light sources show the im-
provement of SNR using multi-frame averaging.
Significantly, SC pumped by NLPs performs better
as far as speckle reduction is concerned than other
light sources, judging from the CNR, ENL, and
XCOR. With the same SD-OCT setup, almost all
the imaging quality metrics of our SC are better than
the commercial SC source. Especially for the image
averaged over six frames, the ENL of our SC is the
largest one and the XCOR is the smallest, indicating
best smoothness of ROI in OCT image. Therefore,
SC pumped by NLPs has very good performance in
terms of suppressing speckle noise while preserving
image details. This is very important for biomedical
imaging.

4. Conclusion

To conclude, we have demonstrated that the unique
properties of SC pumped by NLPs can be combined
with simple multi-frame compounding method for
OCT speckle reduction. Compared with conven-
tional light sources, our approach is more favorable
for the decorrelation of successive B-scans and the
speckle suppression in terms of image quality
metrics of SNR, CNR, ENL, and XCOR value.
Because our custom-built SC light source is based
on fiber technology, the system is stable, compact,
relatively inexpensive, and easy to connect with
OCT system. We believe that it will be very
promising to be used as a new light source for ul-
trahigh resolution OCT imaging and other appli-
cations as well.
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