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The nonuniform distribution of interference spectrum in wavenumber k-space is a key issue to
limit the imaging quality of Fourier-domain optical coherence tomography (FD-OCT). At
present, the reconstruction quality at different depths among a variety of processing methods in
k-space is still uncertain. Using simulated and experimental interference spectra at different
depths, the effects of common six processing methods including uniform resampling (linear in-
terpolation (LI), cubic spline interpolation (CSI), time-domain interpolation (TDI), and K-B
window convolution) and nonuniform sampling direct-reconstruction (Lomb periodogram (LP)
and nonuniform discrete Fourier transform (NDFT)) on the reconstruction quality of FD-OCT
were quantitatively analyzed and compared in this work. The results obtained by using simulated
and experimental data were coincident. From the experimental results, the averaged peak in-
tensity, axial resolution, and signal-to-noise ratio (SNR) of NDFT at depth from 0.5 to 3.0 mm
were improved by about 1.9dB, 1.4 times, and 11.8 dB, respectively, compared to the averaged
indices of all the uniform resampling methods at all depths. Similarly, the improvements of the

HCorresponding author.

This is an Open Access article. It is distributed under the terms of the Creative Commons Attribution 4.0 (CC-BY) License. Further
distribution of this work is permitted, provided the original work is properly cited.

2350002-1


https://dx.doi.org/10.1142/S1793545823500025

Y. Yang et al.

above three indices of LP were 2.0dB, 1.4 times, and 11.7 dB, respectively. The analysis method
and the results obtained in this work are helpful to select an appropriate processing method in
k-space, so as to improve the imaging quality of FD-OCT.

Keywords: Optical coherence tomography; signal processing; uniform resampling; nonuniform
sampling direct-reconstruction; reconstruction quality.

1. Introduction

Optical coherence tomography (OCT)! can obtain
high-resolution cross-sectional images of probed
samples in noninvasive and noncontact ways, and
has been widely used for in wvivo high-resolution
imaging of eye, skin, cardiovascular plaque, gas-
trointestinal tract, etc.””® At present, the main-
stream OCT technology is Fourier-domain optical
coherence tomography (FD-OCT),% which has the
advantages of high speed, high signal-to-noise ratio
(SNR), and high system stability. FD-OCT can be
divided into spectral-domain (SD-) and swept
source (SS-) OCT according to the different acqui-
sition methods of interference spectrum.” The for-
mer uses a continuous broadband light source and
spectroscopic technology mainly composed of a
spectral dispersive element and a linear array de-
tector. The latter adopts the time-division spectrum
technology of sweep source and a point detector.
They have the same principle and similar data
processing flow and methods, and thus are no longer
distinguished in this paper and referred to as
FD-OCT.

FD-OCT obtains the object signal based on the
Wiener—Khintchine theorem: Wavenumber k and
axial depth z are a Fourier transform (FT) pair.
Therefore, the reflectivity profile along depth z
within the sample can be reconstructed from inter-
ference spectrum I(k) through inverse discrete FT
(IDFT). However, the collected interference spec-
trum is the function of wavelengths A, which needs
to be converted into k-space before performing
IDFT. Even the output A of a light source is a linear
distribution, nonuniform distribution in k-space is
obtained according to the relationship k = 2w/\.%
Direct IDFT on I(k) will cause the reconstruction
quality to degrade rapidly with increased imaging
depth.” The key to avoid this problem lies in how to
perform uniform resampling!’'! or nonuniform
sampling direct-reconstruction'?>"'* in k-space.

k-space uniform resampling can be realized by
hardware,'” 'Y but it is difficult to find an acquisi-
tion card to meet the frequency range of k-clock

signal, and is unable to flexibly adjust parameters to
meet different application requirements. In addi-
tion, a small part of the output light signal of source
can be delivered to a reference interferometer such
as a Mach—Zehnder interferometer,?’ and a uniform
calibration signal in k-space can be extracted by
using methods such as phase detection,’’ zero-
crossing detection®” or polynomial fitting.”? How-
ever, the main defect is that it needs to accurately
match the time delay between the reference clock
and the interference spectrum.

In addition to the hardware method, digital sig-
nal processing has become a common calibration
method in k-space, including uniform resampling
and nonuniform sampling direct-reconstruction
methods, which has the advantages of low cost and
flexibility. Uniform resampling method mainly
includes linear interpolation (LI),”* cubic spline in-
terpolation (CSI),”” time-domain interpolation
(TDI),”S and Kaiser-Bessel window convolution
(KBWC).?" Direct-reconstruction method mainly
includes Lomb periodogram (LP)?* and nonuniform
discrete Fourier transform (NDFT).?” Interpolation
method is an effective way to improve the recon-
struction quality.®?’ Liu et al*' demonstrated that
CSI had the highest cost performance. Eigenwillig
et al.'® presented that the SD zero-filling method is
more time-consuming compared to the interpola-
tion method. Vergnole et al?*’ built a SS-OCT
platform to experimentally compare and analyze
the reconstruction performance of LI, CSI, KBWC,
LP, and NDFT. It was concluded that KBWC with
an optimized window size has the best performance
in time-consuming and imaging quality. It remains
to be verified whether above the results are universal,
at least they need to be considered on the influence of
noise. Therefore, if simulated and experimental data
can be used to evaluate the reconstruction perfor-
mance of above the methods, the obtained results
will be more accurate and universal.

Based on the above background, the basic
principle of uniform resampling (LI, CSI, TDI, KBWC)
and nonuniform sampling direct-reconstruction (LP,
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NDFT) methods is presented in this work. Using
interference spectra at different depths obtained by
numerical simulation and practical experiment, the
influences of these methods on the reconstruction
performance are quantitatively evaluated by using
the peak intensity, SNR, and axial resolution ¢ of
point spread function (PSF). The obtained results
are helpful to select an appropriate k-space data
processing method, so as to improve the recon-
struction quality of FD-OCT in practical
applications.

2. Materials and Methods

2.1. Effect of k-space uniform resam-

pling on reconstruction quality

In FD-OCT, multidimensional image is recon-
structed by formatting multiple one-dimensional
depth profiles (i.e., A-scan signals) corresponding to
different lateral positions through a scanning de-
vice. Therefore, A-scan signal is the basic unit of
FD-OCT. Simulated I(k) at different depths can be
obtained by changing the optical path difference
between reference and sample arms, and the I(k) at
an optical path difference of 1 mm as an example is
shown in Fig. 1(a) (reshaped with Hamming win-
dow, the same below). Performing IDFT on the
I(k) in k-space to reconstruct A-scan signals would
generate point spread functions (PSFs) at different
depths, which are shown in Fig. 1(b).

In the simulation, A is uniformly sampled within
)‘min ~ )‘ma.xa i'e'7

n

A= Apin + ———
IIIIII+N_1

(Amax - )\IIlill) ) ( 1)
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Fig. 1.

where n is the sampling point and N = 1024 is the
length. According to k = 27/, k is nonuniform in
k-space,

27 27

k = — =
A >‘min + n()‘ma.x -

/-1 @

Thus, I(k) in k-space can be expressed as follows*":
I(k) =2P x Y VR\/Ry(z,)cos(2kz,), (3)

where 2z, is the optical path difference, R, is the
reflectance of the reference arm, and Rg(z,) is the
reflectance at depth z, within the sample. The sig-
nal amplitudes of the reference and sample arms are
the same of P. I(k) is shown in Fig. 1(a) with the
black line.

According to the Wiener—Khintchine theorem,
I(k) and R,(z) are FT relations, but the premise
for calculating IDFT is that I(k) is uniformly
sampled. As shown in Fig. 1(b), the black lines are
the PSFs obtained by performing IDFT on I(k)
under nonuniform sampling in k-space. It can be
seen that the axial resolution of the reconstruction
is decreased rapidly with increasing depth.

In order to improve the reconstruction quality,
I(k) should be resampled or preprocessed in k-space.
Uniform resampling in k-space will obtain k.,

m

kmax - m (kmax - kmin)

2m m 27 2m
= - - ) (4)
/\min M-1 >‘min )\max
where M (its value corresponds to oversampling

factor) is the resampling length and m is the
resampling point. The interpolation position 1.,

kCVCIl -
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—LI(a=1)
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(b)

(a) Simulated interference spectrum I(k) in k-space, (b) PSFs at different depths reconstructed without processing (W/O

proc) and with LI in k-space. All PSFs in this work are normalized relative to the peak intensity at depth of 0.5 mm under W/O proc.
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can be obtained by

(Tt m (1 Y
Theven = >‘min M -1 >‘min Amax i

N-1
_ )
8 )‘max - )‘min ( )

The uniformly resampled spectrum I(k..,) can be
obtained by LI method, and then the reconstructed
PSFs are shown in Fig. 1(b) (in the red lines). The
result shows that the axial resolution after uniform
resampling almost remains the same within the
depth range of 3mm. Thus, the data processing in
k-space can greatly improve the reconstruction
quality of FD-OCT.

2.2. Uniform resampling methods
in k-space

The k-space in nonuniform sampling can be trans-
formed to k.., by uniform resampling, and the
length will change from N to M, so the over-
sampling factor is defined as « = M/N.

Using the sampling data nearest to kg.,, the
resampled signal can be obtained by LI,

kcvcn B kn

I(Keyen) = P

I(kn) + (I(krz+1) - I<kn))»

(6)
where k, is the nonuniform sampling point in
k-space.

Using the sampling data adjacent to k., and its

second derivative, the resampled signal can be
obtained by CSI,**

I(keen) = a x I(kn) +bx I(k”'f‘l)
+c X I”(kn) + d X I”(kn+l>7 (7)

where I"(k,) and I"(k,.,) are the second deriva-
tives of I(k,) and I(k,, ), respectively. a =1 — b, b,
¢, and d are calculated by

keven - kn
b= knJrl - kn ’ (8)
1
c= E (a3 - a)(kn - kn+1)27 (9)
1
d:g(bS _b)<kn - kn+1)2' (10)

TDI is an improvement of the zero-filling interpolation
method in time-domain, which requires zero-filling

interpolation in time-domain and uniform resam-
pling in frequency-domain. It reduces the compu-
tational efficiency. Considering the conjugate
symmetry of real FT, the uniformly resampled
I(keyen) with TDI can be expressed as follows®:

1
axM+1

N M2
ST I(k)L 42 cos—z‘(ﬂ—n }
RO EDREHCD
(11)

In fact, Eq. (11) only needs several values at n =
TNeyen/ @ to determine the cosine weight, for example
the value of n is taken in the range of window size
W =11 in our experiment.

KBWC obtains the resampled data by using a K-
B window function as convolution kernel. The co-
efficient of K-B window®® is C(keyen, kn )y "

C(kevenv kn)

~a(fi- (B ) )

where = w\/ (L2) (o — 0.5)% — 0.8, &k = fmachun

a? Nxa
and By(e) is the first kind of zero-order modified
Bessel function. The typical value of length L is 3-8.
Then the uniform resampling signal is as follows:

I(keven) =

I(keven) - i I<kn)0(keven7 kn) (13)

As a summary, the resampled interference spectrum
I(kgyen) is first obtained by using LI, CSI, TDI, and
KBWC methods, and then the A-scan signal R(z)
is reconstructed by performing IDFT on the
I(kCVCH)7

R(z) = IDFT[I(keven)]' (14)

2.3. Nonuniform sampling
direct-reconstruction methods
in k-space

LP developed for estimating the power spectrum of
time-series signal is a DF'T under nonuniform sam-
pling.?® Based on the principle of DFT, the data for
each frequency can be calculated with an integra-
tion in time-domain. Thus, LP uses a least-square
fitting of a sinusoid to perform FFT. The fitted data
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will have a well-defined statistical behavior. The
information R(z) can be directly reconstructed
from the nonuniform sampling signal I(k).*!

‘ZnN I(k,)cos2z(k, — E)P
2 SN cos22z(k, — k)
R 2 = n n _
| B(2)| N . S0 I(k,) sin22(k, — k)|* [

SN sin? 22(k, — k)

S Nsin 42k,

tan4zk = N ,
> o cosdzk,

where k can be pre-calculated by Eq. (16).

NDFT is another direct-reconstruction method*®
which has been theoretically explained and can be
used as a benchmark for the nonuniform sampling.
Its expression is as follows:

2 N

2
= — & 17
P <J kmax - kmin n) ’ ( )

where ¢ is from 0 to N — 1. The expression in matrix
formis R=FE x 1,

I(ko) v X1
= | 0| | TN |
I(ky_1) T e YN
R(Zo)
R
r=| ") | (18)
R<2’N71)

where F is the Vandermond matrix.

Table 1.

2.4. Fwvaluation indices
of reconstruction performance

In this work, the peak intensity, axial resolution 8, and
SNR of PSFs at different depths are taken as the
evaluation indices to quantitatively analyze and com-
pare the effects of the methods on the reconstruction
quality of FD-OCT. SNR is defined as follows:

SNR = 20log <ﬁ> , (19)
Ay
where Ag is the mean value within the full width at half
maximum (FWHM) of PSF. Different from Ref. 32, the
noise A is defined as the mean value outside the twice
range of FWHM. ¢ is expressed by FWHM of PSF.

2.5. Comparison of computational
complexity

In order to evaluate the real-time performance of the
methods for an A-scan signal, computational com-
plexities of the calibration in k-space and IDFT when
a=1(Mand N =1024, W = 11, L = 5) are shown
in Table 1. Compared to the complexity of W/O
proc, the low computational costs of the uniform
resampling are mainly contributed to the fast Fourier
transformation and the window size of the weighting
factors. The significant higher costs of NDFT and LP
are related to the matrix operation. However, using a
fast algorithm such as Lagrange interpolating poly-
nomials®** or using GPUs CUDA library can get fur-
ther computational optimization in NDFT and LP.

3. Results and Discussion

3.1. Simulated interference spectra

without and with noise

The FD-OCT system simulated with the para-
meters shown in Table 2 is consistent with the

Computational complexity analysis.

Calibration in k-space

IDFT

Method Real addition Real multiplication = Cosine Real addition = Real multiplication = Complexity ratio
W/O proc 0 0 0 Nlogs N 0.5 Nlogy N 1

LI 2M M 0 Nlogy N 0.5 Nlogy N 1.20

CSI 8M IM 0 Nlogy N 0.5 Nlogo N 2.13

TDI NW+MW-1) (N/242MYW+M NW/2 Nlogo, N 0.5 Nlogy N 4.67
KBWC (L-1)M LM 0 Nlogy N 0.5 Nlogy N 1.60
NDFT N(2N -1) 2N x N 0 0 0 273.00

LP (2N - 1)N (2N +4)N 0 0 0 273.27
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Table 2. Parameters of FD-OCT system used
for simulation.

Parameter Value

Sweeping rate 50kHz
Duty ratio 0.45

Center wavelength 1312nm
Wayvelength range 1259-1366
3 dB range 70 nm

SS-OCT experimental system. By axial moving the
reflective surface position of the sample, the inter-
ference spectra without noise at depth z of 0.5, 1.0,
1.5, 2.0, 2.5, and 3.0 mm were generated and shown
in Figs. 2(a)-2(f).

0.5

To quantify the influence of noise, the SNR of the
interference spectrum is defined as follows:

Sk T2 (k)
SNR;c = 10lg | N =—20pe 2 20
' 8 ( Ek Ir%oise(k) ’ ( )

where Igype(k) and I,y (k) are the amplitudes of
the interference spectrum and the noise, respec-
tively. Noise agrees with the random normal dis-
tribution and the sources include light intensity
fluctuation, spectral sweep error, sampling error,
detector noise, optical path matching error, phase
random error, central wavelength or central wave-
number fluctuation,*” etc. When SNR;g = —10dB

—z=10mm (c)

(a) —z=0.5mm —z=15mm
|
-0.5
08 (d) —2z=2.0 mm (e) —z=25mm

-0.5

Amplitude (a.u.)
®©

E)

? (J) (1) —2z=3.0mm
1
0
-1
-4.6 47 438 49 5 46 47 48 49 5 46 47 48 49 5
x10° Wavenumber (rad/m) x10° x10°
1g. 2. at different depths under without (a)—(f) and wit — noise in 15 Of — .
Fig. 2. I(k diff depth d ith f d with (g)- (1 ise in SNR ;g of —10dB
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(the noise intensity is close to the signal’s), the I(k)
at different depths are shown in Figs. 2(g)-2(1).

3.2. PSFs without and with processing

method in k-space

The reconstructed PSFs at different depths can be
obtained from the I(k) shown in Fig. 2 after IDFT
in k-space. Without processing (W/O proc), the
PSFs without and with noise in SNR;g of —10dB
are shown in Figs. 3(a) and 3(b), respectively. It can
be seen that the peak intensity decreases with the
imaging depth (down about 4.2dB within 3 mm)
under without noise. And ¢ also decreases rapidly
with the imaging depth. When SNR;q = —10dB,
the background noise of the PSF increases obvi-
ously, and the object signal cannot be reconstructed
effectively when the imaging depth is greater than
1.5 mm.

Therefore, k-space data processing method is the
key to improve the reconstruction quality. For this
reason, uniform resampling and nonuniform sam-
pling direct-reconstruction methods in k-space are
used to extract the depth profile of sample. The
results are shown in Fig. 4.

Without noise, the reconstructed results after
uniform resampling and nonuniform sampling di-
rect-reconstruction are shown in Figs. 4(a)-4(f),
respectively. Figures 4(g)-4(1) show the PSFs at
SNR;g = —10dB. Figures 4(g)-4(j) show the
reconstructed results after uniform resampling, and
Figs. 4(k) and 4(1) show the reconstructed results of
NDFT and LP, respectively. It can be seen that the
PSF broadening with the imaging depth can be

20

Imm 1.5mm 2mm 2.5mm 3mm

0.5mm

Amplitude (dB)

05 1.0 15 20 25 30 35
Depth (mm)

(a)

significantly eliminated after the k-space data pro-
cessing, so as to improve the reconstruction quality.

From Figs. 4(a)—4(f), it is found that the recon-
struction quality of LP and NDFT is significantly
better than that of the other methods. In addition,
the reconstructed results of TDI and KBWC
(o = 2) are better than those of the other uniform
resampling methods. Compared to LP and NDFT,
the uniform resampling is easy to introduce inter-
polation noise, shown as the PSF's in Figs. 4(a)—4(d).
With the noise in SNR;g of —10dB (Figs. 4(g)-4(1)),
NDFT,LP, TDI (o = 1, &« = 2) and KWBC (v = 2)
can accurately reconstruct the structures within

3mm (SNR > 13dB).

3.3. Comparison of results using

simulated data

Figures 5(a)-5(c) show the peak intensity, 6 and
SNR of the PSFs without noise. It can be seen that
all the data processing methods can improve the
peak intensity and 6. The peak intensities of LP,
NDFT, TDI (e« =1, a =2), and KWBC (a=1)
keep above 0 dB and their fall-off within 3 mm is less
than 6 dB. § of all the methods are relatively stable
within 3mm. In addition, LI (o« =1, a =2), CSI
(=1, a=2) and KWBC (a = 1) cause obvious
noise. The SNRs of LP, NDFT, TDI (a =1, « = 2)
and KWBC (a = 1, a = 2) keep above 25 dB within
3mm. The detailed 6 values for the data without
noise are listed in Table 3. It can be seen that the
improvements of the averaged peak intensity, 6 and
SNR of NDFT at depths from 0.5 to 3.0mm
are 2.4dB, 1.3 times and 14.3dB, respectively,

20

Imm 1.5Smm 2mm 2.5mm 3mm|

—0.5mm

Amplitude (dB)

0 0.5 1.0 15 20 25 30 35
Depth (mm)

(b)

Fig. 3. Reconstructed PSFs without data processing in k-space under (a) without and (b) with noise.
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-40
-
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<20 .
E —LI(a=1) without noise (h) —CSI(a=1) without noise (1) —TDI(a=1) without noise
=
(="
g
<

-60

-80

-100

CSI(@=2) without noise ~1-TDI(=2) without poise

20

KBWC(a=1) without noise

-100

—NDFT without noise

—LP without noise

05 1.0
Dep

15
th

20 25 30 35 0 05 10 15 20 25 30 35
(mm)

Fig. 4. PSFs of simulated mirror sample at different depths obtained with different methods under (a)—(f) without and (g)—(1)

with noise.

compared to the averaged indices of all the uniform
resampling methods at all depths. Similarly, the
improvements of the above three indices of LP are
2.7dB, 0.7 times, and 33.5 dB, respectively.
Figures 5(d)-5(f) show the peak intensity, 6 and
SNR of PSFs at SNR;g = —10dB. It can be seen
that all the methods except KWBC (o =1) can
accurately reconstruct the structures within 3 mm.
Relative to W/O proc, the reconstructed results of
LP, NDFT, and TDI (« = 1, @ = 2) have improved
peak intensity within 3 mm. The peak intensities of
LP, NDFT, and TDI (a=1) can be kept above
0dB and their fall-off within 3mm are less than

6 dB. The SNRs of all methods except LI (a = 1),
CSI (o = 1), and KWBC (a = 1) are also improved
within 3mm. The changes of SNRs are less than
6dB for LP, NDFT, TDI (o« =1, a =2), KWBC
(o =2) and CSI (a=2). In addition, the 6§ of
NDFT, KWBC (a = 2), CSI (o = 2), LP and TDI
(o =1) are stable within 3mm. The detailed 6
values for the data with noise in SNR;g of —10dB
are shown in Table 3. In this case, the improve-
ments of the averaged peak intensity, 6 and SNR, of
NDEFT at depths from 0.5 to 3.0 mm are 2.9dB, 1.4
times and 2.2dB, respectively, compared to the
averaged indices of all the uniform resampling
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=
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150

Amplitude (dB)
<>
-
S
[—]

n
7]
)
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Full Width at Half Maximum (zm)

150

Amplitude (dB)
; —
B
-
S
=]

2
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Full Width at Half Maximum (zm)
n
=]

-30

SNR (dB)

<

0.5 1 15 2 25 3 0.5 1 2 25 3
Depth (mm)
Fig. 5. Peak intensity, 6, and SNR of PSFs at different depths using simulated data under (a)—(c) without and (d)—(f) with noise.
Table 3. Detailed 6 values of different methods using simulated data (units: pm).
Depth W/O LI LI CSI CSI TDI TDI KWBC KWBC
(mm) proc (a=1) (@=2) (a=1) (a=2) (a=1) (a=2) (a=1) (e«=2) NDFT LP
Without noise 0.5 36.8 22.1 22.1 221 22.1 22.1 22.1 221 221 74 221
1.0 3.7 14.7 14.7 14.7 14.7 14.7 22.1 14.7 221 74 221

1.5 110.5 14.7 14.7 14.7
2.0 154.7 14.7 14.7 14.7
2.5 191.5 14.7 14.7 14.7
3.0 220.9 22.1 14.7 14.7

With noise 0.5 221 14.7 22.1 14.7
1.0 51.6 22.1 14.7 221
1.5 125.2 22.1 14.7 221
2.0 154.7 14.7 14.7 14.7
2.5 221.0 14.7 22.1 29.5
3.0 191.5 29.5 22.1 66.3

14.7 14.7 14.7 14.7 14.7 14.7 221
14.7 14.7 14.7 14.7 14.7 147 221
14.7 14.7 14.7 14.7 14.7 147 221
14.7 14.7 14.7 22.1 14.7 14.7 221

221 221 22.1 221 221 74 221
14.7 22.1 14.7 221 14.7 221 147
14.7 221 14.7 221 14.7 14.7 221
14.7 14.7 14.7 14.7 14.7 147 147
14.7 14.7 14.7 221 22.1 147 221
14.7 221 14.7 44.2 14.7 14.7 221

methods at all depths. Similarly, the improvements
of the above three indices of LP are 3.3dB, 1.0
times, and 0.4 dB, respectively.

From the results obtained by using the simulated
data without and with noise in SNR;g of —10dB, it
can be concluded that when using data processing
methods in k-space to reconstruct PSFs within
3mm, the results of NDFT and LP are generally
better than those of the uniform resampling meth-
ods. In addition, the results of TDI (o =1) and
KBWC (a = 2) are suboptimal.

3.4. FEzxperimental verification

The SS-OCT system used for the experiment can be
found in our previous study®’ and the main para-
meters are listed in Table 4. Similar to the reference
mirror, the sample is also a mirror. By changing the
sample position, the I(k) at different depths (simi-
lar to the simulation) were collected and shown in
Fig. 6.

Using Hilbert transformation, the phase differ-
ence A® can be calculated from the I(k) at depth
zo- According to the linear relationship between Ad
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Table 4. Parameters of SS-OCT experimental system.

Parameter Value

Swept source Axsun Co.
Sweeping rate 50kHz

Center wavelength 1312nm
Wavelength range 1259-1366

3dB range 70 nm

Detector PDB410C, Thorlabs Co.

Data acquisition card PCI-5122, NI Co.

and k: A® = 2kz;, the uniform k distribution can be
obtained by uniform sampling of the A®. As shown
in Fig. 7(a), the k distributions of the nonuniform
sampling and the uniform resampling are shown

in the black and red lines, respectively. Figure 7(b)
shows the PSFs reconstructed from I(k)s without
processing (W/O pro) in k-space. It can be seen that
with the increment of imaging depth, the PSF gradually
broadens, and the reconstruction quality degrades.

The PSFs reconstructed from I(k)s processed
with the six methods in k-space are shown in Fig. 8.
It can be seen that all the methods can effectively
suppress the broadening of PSF with the increment
of imaging depth, which is conducive to keep the
axial resolution. Relative to the results of W/O proc
(Fig. 7(b)), LI, CSI, and KBWC (« = 2) have while
TDI has not increased the noise level.

The peak intensity, 4, and SNR, of the PSFs at
different depths are shown in Fig. 9. All the methods

(a) —2z=05mm (b)

—z=1.0 mm (C)

—z=15mm

(d) —z=2.0mm (9)

Amplitude (a.u.)

—
—
=

—z=25mm —z=3.0mm

46 47 48 49 5 46 47 48 49 5 46 47 48 49 5
x10° Wavenumber (rad/m) x10° x10°
Fig. 6. Experimentally captured interference spectra at different depths.

x10
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—Wavenumber Uniform

b
=
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& -
~ e

>
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200 400 600 800
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Fig. 7.
without processing.

20

2.5mm 3mi

L5Smm ——2mm
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(b)

(a) k distributions under nonuniform sampling and uniform resampling and (b) reconstructed PSFs at different depths
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—CSl(a=1)
-------- CSI(a=2)
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Fig. 8. PSFs at different depths reconstructed with different methods.

——W/O proc =~ LI(a=1) & LI(a=2) —& CSI(a=1) - CSI(a=2) =&— TDI(a=1) 7 TDI(a=2) —¥— KWBC(a=1) ¥ KWBC(a=2) —B—LP(a=1) ~&— NDFT(a=1)

60

5

—-
0
S

(a) ="[(0) )
= -
s £
g0 £ 100
i <
= 4
= ==}
£ E 50
s
z .
] M
= <
10 0 10
0.5 1 15 2 25 3 0.5 1 15 2 25 3 0.5 1 15 2 25 3
Depth (mm)

Fig. 9.
experimental data.

can improve the peak intensity and ¢, as shown in
Figs. 9(a) and 9(b), respectively. Among these
methods, TDI has the worst 6. In Fig. 9(a), the peak
intensities of LP, NDFT, and KWBC (« = 1) keep
above 0dB within 3mm, and their fall-off within
3mm are less than 6dB. In Fig. 9(c), LP, NDFT,
KWBC (a=1), and TDI (o =2) can effectively

(a) Peak intensity, (b) 4, and (c) SNR of PSFs at different depths reconstructed with different methods in k-space using

improve SNR. The detailed 6 values of all the
methods are shown in Table 5. For the results
obtained with the experimental data, the improve-
ments of the averaged peak intensity, 6 and SNR of
NDFT at depths from 0.5 to 3.0 mm are 1.9dB, 1.4
times and 11.8dB, respectively, compared to the
averaged indices of all the uniform resampling

Table 5. Detailed ¢ values of different methods using experimental data (units: pm).
W/0 LI LI CSI CSI TDI TDI KWBC KWBC
Depth (mm) proc (a=1) (a=2) (a=1) (a=2) (a=1) (a=2) (a=1) (a«=2) NDFT LP
0.5 36.8 16.7 16.7 16.7 16.7 22.1 22.1 16.7 16.7 16.7 16.7
1.0 66.3 16.7 16.7 16.7 16.7 22.1 22.1 16.7 16.7 16.7 8.3
1.5 88.4 16.7 16.7 16.7 16.7 22.1 22.1 16.7 16.7 16.7 8.3
2.0 110.5 16.7 8.3 16.7 8.3 22.1 14.7 16.7 8.3 8.3 8.3
2.5 110.5 16.7 8.3 16.7 16.7 22.1 22.1 16.7 8.3 8.3 16.7
3.0 132.6 16.7 16.7 16.7 16.7 22.1 22.1 16.7 16.7 8.3 16.7
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methods at all the depths. Similarly, the improve-
ments of above three indices of LP are 2.0dB, 1.4
times, and 11.7 dB, respectively.

The results obtained by using the simulated and
experimental data show that the reconstruction
quality of NDFT and LP is generally better than
that of the uniform resampling methods in k-space
under without or with noise. KWBC (a uniform
resampling method) is prone to introduce interpo-
lation errors, and KWBC (a = 1) cannot effectively
reconstruct the structure under SNR;g = —10dB.
In the experimental results, the SNR of KWBC
(e = 1) quickly decreases within the depth of 3 mm.
However, the window effect in KWBC can reduce
the sampling noise by averaging operation. So, the
reconstruction quality of KWBC is instable and we
should optimize the parameters of window size and
a according to the degree of noise. LI and CSI are
easy to introduce interpolation noise. TDI does not
increase the noise level and has the worst § in the
experiment. Thus, the comparison of the axial PSFs
at different depths demonstrates that NDFT and
LP can be used as a benchmark for k-space data
processing. In practical applications, especially
under an even worse SNRig or at deeper imaging
depth, the results will be helpful for the optimiza-
tion and selection of data processing methods. In
the future, we will focus on the quality of OCT
images reconstructed by these methods.

4. Conclusion

In this study, the uniform resampling methods in-
cluding LI, CSI, TDI, and KBWC, as well as the
nonuniform sampling direct-reconstruction meth-
ods including LP and NDF'T in k-space were used to
reconstruct PSFs at different depths. The effect of
the methods on the reconstruction quality was com-
pared and analyzed by using simulated and experi-
mental data. From the quantitative indices including
the peak intensity, 6 and SNR of PSF's at different
depths, it was concluded that the reconstruction
performance of NDFT and LP was generally better
than that of the uniform resampling methods in
k-space. Therefore, according to the imaging depth
and the SNR g of interference spectrum, the obtained
results will help us to optimize and select an appro-
priate data processing method in k-space, so as to
improve the imaging quality of FD-OCT.
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