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ARTICLE INFO ABSTRACT

OCIS codes: With advancements in high-resolution imaging optical fiber bundle fabrication technology, traditional photo-
060.2350 electric imaging system have become “flexible” with greatly reduced volume and weight. However, traditional
060.2270 image quality evaluation models are limited by the coupling discrete sampling effect of fiber-optic image
110.4850 bundles and charge-coupled device (CCD) pixels. This limitation substantially complicates the design,
120.4800 - . . . . . . .
optimization, assembly, and evaluation image quality of the coupled discrete sampling imaging system.
Keywords: Based on the transfer process of grayscale cosine distribution optical signal in the fiber-optic image bundle and

Fiber-optic image bundles
Evaluation of imaging quality
Modulation transfer function
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Oscillation convergence

CCD, a mathematical model of coupled modulation transfer function (coupled-MTF) is established. This model
can be used as a basis for following studies on the convergence and periodically oscillating characteristics of the
function. We also propose the concept of the average coupled-MTF, which is consistent with the definition of
traditional MTF. Based on this concept, the relationships among core distance, core layer radius, and average
coupled-MTF are investigated.

Results show that the coupled-MTF oscillation converges to a fixed value when the deviation between a
spatial frequency of input signal and Nyquist frequency is 1% and when the total number of pixels in the coupled
system is more than 1000. The minimal frequency deviation corresponds to the slow velocity of the oscillational
convergent. The oscillation amplitude of coupled-MTF differs in tangential and sagittal directions in a manner
related to the corresponding pixel coupling error. The coupled-MTF periodically oscillates with the alignment
error between the coupled pixel. One cycle is equivalent to the diameter of fiber cladding. The observation from
the simulations further reveal that the distance between adjacent fiber cores and the dimension of core layer are
directly related to the system imaging quality and the signal-to-noise ratio. Moreover, the average coupled-MTF
can be used to quantitatively describe the function of related parameters and the imaging quality of the system.

However, a two-level coupled discrete sampling system becomes
involved when fiber-optic image bundles are added to an optical

1. Introduction

Numerous single fibers can be arranged in accordance with a
certain rule and form a fiber-optic image bundle to transmit image
information, such as fiber-optic image bundles that have good arrange-
ment quality, 1024x768 resolution, ® 6 um cladding diameter, and
visible to near-infrared spectral range [ 1]. Comprehensive performance
can be improved by adding fiber-optic image bundles to a traditional
imaging system. For example, adding fiber-optic image bundles to a
Raman imaging system can improve signal-to-noise ratio (SNR) [2].
The scale of an optical system can be greatly reduced by using fiber-
optic image bundles coupled with array detector in a high-performance
ultra-wide-angled lens [3]. Combining fiber-optic image bundles in a
hyperspectral imager can also considerably enhance the side width of
slices [4].
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imaging system with an array CCD. This limits the application of the
traditional mathematical methods for MTF. First, the coupling error of
the pixels leads to the difficulty of mathematic derivation based on
Fourier transform. Second, for multistage discrete sampling systems,
the transmittance of intensity at different coordinates of the array is
different because of the coupling error of the pixels. Therefore, the
applicability of the MTF cascade multiplication and spatial invariant
assumption is no longer valid. These theoretical difficulties of tradi-
tional imaging quality evaluation models entail substantial research
work. For instance, Donald et al. [5] experimentally investigated the
influence of fiber-optic image bundles on the imaging quality of
optoelectronic circuits. Seki et al. [6] reported the relationship of single
fiber radius in the bundles with the imaging quality of a photoacoustic
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imager. Ford et al. [7] discussed the issue of system imaging quality
evaluation after fiber-optic image bundles are added to the swept-
source optical coherence tomography (OCT) from the angle of the SNR
and resolution. MTF can indicate the characteristics of imaging system
responses to different spatial frequency domains. For example, ob-
lique-edge scanning method is used to evaluate the coupled sampling
system with fiber-optic image bundles and CCD [8], or a cascade
multiplication method is still applied to calculate the MTF of a two-
stage coupled discrete sampling system [9]. Other studies have been
based on the output light intensity distribution of grayscale cosine
distribution signal from the coupled discrete sampling systems and
have discussed the model of MTF according to its definitions [10—13].
This concept aims to prevent discrete coupling characteristics from
interfering with transfer function calculation. The coupling contrast
transfer function (CTF) between line-array fiber-optic image bundles
and linear CCD is derived on the basis of the definition of CTF [14].
Related experiments have also revealed new features different from
traditional CTF. To extend its application in hyperspectral remote
sensing fields, we extensively investigated the coupled-MTF of pixels
between an array of fiber-optic image bundles and CCD. A mathema-
tical model of the coupled-MTF of a two-stage discrete sampling system
and an initial-position average coupled-MTF was established. Some
new characteristics of the function were also analyzed. Our study
provided a theoretical basis for the optical design of fiber-optic imaging
system and subsequent experimental verification.

2. Model and calculation

The main model of photoelectric imaging system using an array
fiber-optical image bundle is shown in Fig. 1. This model includes an
optical telescope, array fiber-optical image bundles, a coupling objec-
tive lens, and CCD array.

The principle sketch involves the front-telescope system, which
obtains the object image (A1-A2) to the focal plane at a certain
magnification. Fiber-optic image bundles do not change their numer-
ical aperture (N.A.), and the optical fiber core diameter is considerably
greater than the radius of an Airy-disk radius of a telescope system. The
coupling lens is used to couple with an optical fiber beam output image
to CCD. The input window of the fiber-optic image bundle is arranged
on the focal plane of the telescope lens. Moreover, the output window
of the bundle is positioned on the object surface of the coupling
objective lens. The CCD-sensitive surface is located on the imagine
focal plane of the coupling objective lens.

The ideal situation is shown in Fig. 2(a). The diameter of a single
fiber of a bundle is the same as the pixel size of CCD, hence allowing for
one-to-one coupling. The imaging quality of the whole imaging system
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Fig. 1. Principle of the array fiber-optic image bundles.
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agrees with the theoretical design. However, the actual alignment of the
imaging system introduces pixel alignment error. A coupling error
exists between the pixels of the fiber bundle and the CCD (Fig. 2(b)).
Consequently, the imaging quality of the system changes compared
with the theoretical situation.

The R in Fig. 2 represents the radius of the fiber cladding, whereas r
represents the radius of the fiber core. Ai and Aj represent the pixel
coupling deviations in the tangential and sagittal directions, respec-
tively, 8 denotes the initial positional deviation between the grayscale
cosine distribution target and the pixel coupling array. We define the
“coupled modulation transfer function” (coupled-MTF) of the system
according to the output response of the system to the input signal of the
grayscale cosine distribution to avoid the limitation of the spatial
invariant assumption. The physical model is shown in Fig. 3.

The optical target of the grayscale cosine distribution enters the
telescope imaging system after a two-time discrete sampling of the
fiber-optic image bundle and the CCD. Finally, the target image is
obtained in accordance with the grayscale level and its distribution of
each pixel. The modulation depth of the output image can be calculated
by using the concept of statistical averages. Then, we develop the
coupled-MTF mathematical model of the coupled discrete sampling
system through the intensity modulation definition. In addition, the
cosine signal is oriented in two directions orthogonal to each other in
the coupled-MTF model system. As such, the MTF model of the
coupled discrete sampling system in the tangential and sagittal
directions is established.

We should explain the simplified section before the detailed
derivation of the coupled-MTF expression. (1) The actual coupling
deviation exists in three-dimensional space. The coupling error with six
free dimensions between the coupled systems is existent. However, the
defocusing errors and tilt errors in three-dimension can be controlled
to sub-micron and sub-second order by the traditional method. The
accuracy of this magnitude can be ignored for the output image quality
for 1000x1000 coupled pixels. (2) The telescope and coupling objec-
tives are traditional optical system. Hence, the MTF (f) in each field of
view is the fixed value. (3) The long-distance transmission of the laser
through the fiber introduces strong Gaussian characteristics of output
signal. However, the fiber-optic image bundles mentioned in the paper
is only used for the image transmission of wide spectral (350—750 nm).
Moreover, the input beam itself does not have Gaussian characteristics.
Therefore, the Gaussian characteristics of the output beam caused by
the optical fiber transmission can be neglected [15]. Therefore we
assume that each individual fiber in the bundles only integrally
transmits the intensity distribution of the input beam rather than
changing it within a single fiber. (4) The reference indicates that a large
crosstalk in the fiber bundle is present when used to transmit laser
beam. The crosstalk rate is generally —60 dB to —10 dB when the fiber
bundle length is 100 m or more, whereas the fiber-optic image bundles
mentioned in the paper are only used for wide spectral image
transmission within a very short distance. In this case, the decrease
of modulation caused by crosstalk is less than 1% [16,17], and the
crosstalk rate is close to the fixed value. Therefore, in the following
mathematical derivation, C is defined as the degree of modulation
decrease caused by the average crosstalk rate in the fiber bundle.

First, the intensity cosine distribution target is used for the input
signal. In this case, the signal distribution in the input window of the
optical fiber is
I(x) =1 + Cy(f)cos2x f(x + 9)) D
where, f, Cy(f), and § are the spatial frequency, modulation, and initial
positional deviation of the input signal, respectively. With the Nyquist
frequency f,, = 1/(4R), the intensity of the output signal of any row i
and column j pixel in the fiber array is given by
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A sketch of the coupling situation between the pixel of the fiber
bundles and CCD is shown in Figs. 4 and 5. The mathematical model is
derived for these two kinds of situations according to the analysis of
alignment error.

In the first case, the coupling error between the pixel of CCD and
fiber-optic image bundle array only allows a single CCD pixel to receive

Fig. 4. Diagram of the first kind of pixel coupling error.
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Fig. 5. Diagram of the second kind of pixel coupling error.

the optical signal from three adjacent optical fiber pixels (Fig. 4).
Considering the radius difference between the fiber core and the
cladding, we can obtain the following relationship,

JR = 20 + (R = 4j)° > r. (3)

Then, a bow of light intensity receive area “AGCB” is obtained as
follows:

—4 —(R-A) X' = R-4).

A bow “DHEF” is shown below.

2 R
SiGep = r-arccos

4

Spure = r2arccos L (R=4) % r’ = R -4

6)

The effective area of the output light intensity of the adjacent pixels
is expressed as

S = mr’=§ S,

ij i+1,j — Pij+1

2 R — A 5 =
S;j+1 = rarccos —R=-4) X r" =R =-4),
R - A
Siv1j = r2arccos . J - (R - 4) x 2 _ (R—Aj)z, ©

In the presence of the first kind of coupling deviation, the
expression of the intensity of the output signal of the random 7 and j
pixels in the CCD array is

Si,j+1 %
ij+1°

+ M[,’

= i
ij = i T 7‘2 i+1,j

i,, ij
J T F2 J 7TV‘2

&)
The I; in Eq. (7) represents the output light intensity of the No. i

". is the expression of the output light intensity of the

and j fibers, and I/
No. i and j CCD pixels in the detector.
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direction.

In the second case, the coupling error between the pixel of CCD and
fiber bundles enables a single CCD pixel to receive an optical light
intensity from four adjacent optical fiber pixels (Fig. 5). Similar to the
calculation deduced above, the light transmission area of the four adjacent
fibers in the bundle is deduced as the following geometric relations:

Sij = Saprp = Saoa T Saoap + Sosrp

(PP = (R = A + R - 4) X (R - Ai)
- 2
L G = R -4 + R - 8 x R - &)
2

7?3z R — Aj - Ai]
+ —| — — arccos — arccos
r r

2 ®)
2 2 . 2| R — Aj
S‘-Jﬂz N = (R = 4)) X(R—AJ)+r(7z—a.rccos " )—S[J ©)
_ 2 a2 s of . R-4i)
Si+1‘/' = 4\/r (R—-Aiy X(R—-A4) +r (7[ arccos p ] SM (10)
Si+l,j+l =’ - Sz:,j - Si.j+1 - Si+1j 11)

In the second kind of coupling deviation, the expression of the
output signals from the random 7 and j pixels in the CCD is expressed
by:

Siv1j+t

I

i1+l

Sij1 I’

Siv1 r
ij+1 2
nr

I Sij r
ij = >+7rr2 i+ 1,

i.j 2%i.j
nr

Based on Egs. (1), (2), (7), and (12), and on the intensity
modulation definition of the MTF, we can deduce the coupled-MTF
of the system, as shown in Eq. (13):

= (12)

1 My . .
M &i=1 [max i,j(f’ Ai, A]v o) —

1 N ” . .
N Z,‘:] Lin i,j(fv Ai, 4j, 6)

The Ai in Eq. (13) represents the pixel coupling error of the sagittal
direction (Ai=R-OC), and Aj represents the pixel coupling error of the
tangential direction (Aj=R—-OE). M indicates the number of pixels in
the CCD with an output signal larger than the value of adjacent pixels,
and N indicates the number of pixels in the CCD with an output signal
less than that of the adjacent pixels. For the coupled discrete sampling
system, the coupled-MTF of the system is no longer a fixed value at a
given spatial frequency but related to the coupling deviation along the
two directions between the array fiber-optic image bundle and the
CCD. Furthermore, MTF is also correlated to the total number of pixel
in the array, as well as the initial position deviation between the cosine
signal and fiber array. The law can be derived by mathematical
simulation method.

3. Simulations and discussion
3.1. Convergence of the coupled-MTF

As mentioned above, when the grayscale cosine distribution optical
object is used as input signal, the target generating precision is difficult
to guarantee. Thus, we first study the convergence of the coupled-MTF
nearby the Nyquist frequency domain.

(1) One of our simulation conditions: optical fiber cladding radius R of
3 pm, core layer radius r of 2.5 um; the fiber-optic image bundles
of 1024x1024; the initial position deviation of 15% R; the pixel
coupling error along the x and y directions as 25% R and 55% R,
respectively; and the spatial frequency of the input cosine target as
99% of the Nyquist frequency (f=0.99fy). Given Eq. (13), the
simulation results of the oscillation convergence of the coupled-
MTF is obtained with the number increasing of pixels in the array

coupled — MTF(f, Ai, 4j, §) = C-

1 " . . 1 N ” . .
M Z:n:] [max i,j(f’ Ai, A]v 6) + N Z,‘:] Imin i,j(fv Ai, A]’ 5)

920

1Co(f).

13)
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(Fig. 6). The simulation of the oscillation convergence of the oscillation convergence of the coupled-MTF are shown as follows
coupled-MTF in the sagittal direction is shown in Fig. 6(a), and (Fig. 8).
the simulation in the tangential direction is shown in Fig. 6(b).

(4) When the fiber-optic image bundle, CCD parameters, and coupling

(2) When the fiber-optic image bundle, the CCD parameters, and deviation are similar to the first case, and the deviation of the
coupling deviation are similar to those of the first case, and the cosine target spatial frequency and the Nyquist frequency is 0.1%,
deviation of the spatial frequency is 0.5%, we simulate the the simulation of the oscillation convergence of the coupled-MTF
oscillation convergence of the coupled-MTF in the sagittal and in the sagittal and tangential directions with the number increasing
tangential directions (Fig. 7(a) and (b)). of pixels in the array is shown in Fig. 9(a) and (b).

(3) When the fiber-optic image bundle, CCD parameters, and the As revealed by the simulation results for the coupled discrete
coupling deviation are similar to those of the first case, and the sampling system, composing of array CCD and fiber-optic image

deviation of the spatial frequency is 0.2%, the simulations of the bundles, the MTF differs in the sagittal and tangential directions with

91
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the same spatial frequency. The value of the coupled-MTF is related to
the pixel coupling error in the two directions.

Regardless of sagittal or tangential direction of the coupling
discrete system, the value of coupled-MTF is not determined under
the following conditions: the pixel coupling error and initial position
deviation are present; the spatial frequency of input cosine signal and
the Nyquist frequency involve a small error. The coupled-MTF value is
related to the total number of pixels in the system. When the number of
pixels in the system increase, the value of the coupled-MTF oscilla-
tional convergent is fixed. The oscillational convergence rate of the
coupled-MTF is related to the deviation of the spatial frequency.
Particularly, the smaller differences between the spatial frequency of
input signal and Nyquist frequency result in slower oscillational
convergence rates of the coupled-MTF.

The pixel coupling deviation differs in the sagittal and tangential
directions. Hence, the final convergence value of the coupled-MTF in
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the sagittal or tangential directions is different, as well as the fixed
value of the oscillation also differs. However, the oscillation conver-
gence trend of the coupled-MTF in the sagittal and tangential direc-
tions remains constant with the increase in total pixel number in the
array.

When the other parameters are determined, the oscillation con-
vergence rate of the coupled-MTF in the tangential direction (or
sagittal direction) of the coupled discrete system is related to the
deviation of the spatial frequency (Fig. 10). For example, the spatial
frequency deviation is 99%, and the total number of pixels exceeds
5000x5000 under the above simulation conditions, as shown in
Fig. 10. The coupled-MTF oscillation amplitude is less than 0.001,
approaching a stable fixed value. The coupled-MTF oscillation ampli-
tude is approximately 0.01 when the spatial frequency deviation is
99.8%. Coupled-MTF oscillation converges to 0.003 only when the total
number of pixels reaches 10,000x10,000. Whereas the coupled-MTF
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oscillation of the coupled-MTF in the sagittal direction. (b) Simulation of periodic oscillation of the coupled-MTF in the tangential direction.

oscillation amplitude is close to 0.1 when the spatial frequency
deviation is 99.99% and when the array contains 5000x5000 pixels.
In addition, the coupled-MTF does not converge to a fixed value even if
the total number of pixels reaches 10,000x10,000.

3.2. Pixel coupling deviation of the coupled-MTF

Limited by alignment accuracy, a pixel coupling error always exists
between the fiber-optic image bundle and CCD. We then investigate the
relation between the coupling-MTF and the alignment error between
pixels based on Eq. (13).

(1) We assume a fiber cladding radius R of 3 pm, core layer radius r of
2.5 um, optical fiber array of 1024x1024, initial positional devia-
tion of 25% R, change in pixel coupling error along two directions
from O R to 4 R, and spatial frequency of the input cosine target of
99.75% of the Nyquist frequency (f=0.9975fx). The simulation
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results of the coupled-MTF with pixel coupling error in the sagittal
and tangential directions can be obtained in accordance with Eq.
(13) (Fig. 11).

When the fiber-optic image bundle, CCD parameters, and the
initial position deviation are similar to those of the first case, and
the deviation of the spatial frequency of the input cosine target and
the Nyquist frequency is 1%, the simulation results in the sagittal
and tangential directions are those shown in Fig. 12.

When the fiber-optic image bundle, CCD parameters, and initial
position deviation are similar to the first conditions, and the
deviation of the spatial frequency of the input cosine target and
the Nyquist frequency is 2%, the simulation results are those
shown in Fig. 13.

The simulation results show that when a small error exists between

coupled-MTF
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Fig. 12. Variation in the coupled-MTF with the pixel alignment error at a deviation of cosine target spatial frequency and Nyquist frequency of 1%. (a) Simulation of periodic oscillation
of the coupled-MTF in the sagittal direction. (b) Simulation of periodic oscillation of the coupled-MTF in the tangential direction.
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Fig. 14. Periodic oscillation simulation of the coupled-MTF value with pixel alignment
error.

the spatial frequencies of the input cosine signal from the Nyquist
frequency, the coupled-MTF in the sagittal and tangential directions
periodically oscillates with the coupling error. The oscillation spatial
period is the distance between two adjacent fibers, which is equal to
twice the radius of the optical fiber cladding (2 R). Moreover, smaller
deviations of the spatial frequencies generate larger oscillation ampli-
tudes of the coupled-MTF with pixel coupling error. In addition, when
the frequency deviation is determined, the minimum value of the
coupled-MTF appears when the pixel coupling error is equal to the
radius of the optical fiber cladding, and its value is close to zero when
the effect introduced by crosstalk is ignored. The periodic oscillation
characteristics of coupled discrete sampling system with pixel coupling
error exist in the sagittal and tangential directions simultaneously.
The coupled-MTF oscillates with the pixel coupling error in the
tangential (or sagittal) direction of the coupling system in accordance
with the same period (Fig. 14). The amplitude of the oscillation is
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positively correlated to the deviation of the input cosine signal and the
Nyquist frequency.

The above-mentioned simulation results indicate that the difference
in pixel coupling error in the sagittal or tangential directions of the
array led to the different transfer function values corresponding to the
two directions. In the presence of a small deviation between the spatial
frequency of the input grayscale cosine distribution signal and the
Nyquist frequency, the MTF of the system oscillation converged with
the increase in pixel number. Moreover, the oscillation is convergent
and periodic with the pixel coupling error.

4. Calculation of the average coupled-MTF

For a coupled discrete imaging system composed of an array fiber-
optic image bundle and an array CCD, the imaging quality of the
system is determined by the pixel size of the CCD, the cladding radius
of the optical fiber, and the diameter of the core layer. The dimension of
pixel in array CCD and the distance between random adjacent fiber
cores in the bundles are primary factors affecting the theoretical image
quality of the system. We then analyze and discuss the influence of
different parameters on the imaging quality of the coupled system to
provide basis for the design and optimization of similar systems.
However, simulation results based on Eq. (13) show that the initial
positional deviation between the grayscale cosine distribution target
and the coupled discrete system affects the convergence of the transfer
function. Furthermore, Eq. (13) cannot completely evaluate the image
quality of a coupled discrete sampled imaging system. For this reason,
the model of average coupled-MTF is deduced for evaluating the image
quality of the system, which is defined based on statistical average.

According to Eq. (13), K is the given initial positional deviations &
from the oscillation period 2 R of the coupled-MTF. In addition, the K
functions of coupled-MTF(f, Ai, Aj, and &;) can be calculated for
different initial positional deviations correspondingly. Similarly, the
sagittal and tangential directions of pixel coupled error (Ai and 4Aj) are
equal probability random errors. Hence, these directions can take H
and T values in their oscillation period (2 R) and then statistical
average. Subsequently, we defined the mean value of these functions as
the expression of the average coupled-MTF as follows:
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Fig. 15. Simulation curve of the average coupled-MTF with different cladding radii in the Nyquist frequency domain. (a) Simulation curve of the average coupled-MTF in Nyquist
frequency domain. (b) Simulation curve of the average coupled-MTF in the low frequency region.

Table 1
Effect of different cladding radii on the average coupled-MTF value.

R (mm) Nyquist frequency MTF (f), f=35.7 Ip/mm
0.002 125(lp/mm) 0.956
0.0025 100(Ip/mm) 0.922
0.003 83.3(lp/mm) 0.886
0.005 50(Ip/mm) 0.723
0.006 41.6(Ip/mm) 0.614
0.007 35.7(lp/mm) 0.522
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After the statistical average of the equal probability errors, the
average coupled-MTF is independent of the initial position deviation
and pixel coupled error between the fiber-optic image bundle and array
CCD. Eq. (14) shows that the average coupled-MTF is only a function of
the spatial frequency f, which is consistent with the definition of the
MTF of the traditional space invariant system. The MTF(f) of the
coupled discrete sampling system can be simulated by Eq. (14). R and r
still represent the optical fiber cladding and core layer radius. The CCD
pixel size is 2 R x2 R, and the total number of pixels is 1024x1024.

The simulation results in Fig. 15 indicate that for a coupled discrete
sampling image system consisting of a fiber-optic image bundle and a
CCD, the average coupled-MTF can be used to characterize the imaging
quality of the system. The cut-off frequency of the average coupled-
MTF is determined by the dimension of optical fiber and the CCD pixel.
When the distance of adjacent fiber cores, namely, the ratio of the
radius of the optical fiber cladding to the core layer, reaches a certain
value, a greater cladding radius would generate a lower cut-off
frequency of the average coupled-MTF. In the middle- and low-
frequency regions, the average coupled-MTF value is reduced. The
selection of the cladding radius and the corresponding CCD pixel size
considerably influence the ultimate resolution of the system and the
overall imaging performance in the middle- and low-frequency regions
(Table 1).

Therefore, investigating the effect of the ratio of the fiber cladding
radius to the core layer radius on the average coupled-MTF is
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necessary. We assume that the optical fiber cladding radii are 0.003
and 0.006 mm, which suggest that the distance between adjacent fiber
cores in the bundle is equal to these values. In some case, the fiber
bundles are manufactured that the cladding is the material that holds
the cores together. Hence, the definition of the distance between
adjacent fiber cores is stricter. In addition, the differences between
the cladding radii and core layer radii are 33%, 26%, 20%, 13%, and
6.7%. The simulation results are shown in Fig. 16(a) and (b).

The simulation results in Fig. 16 show that the distance of the
adjacent fiber cores and its corresponding CCD pixel size are deter-
mined. Choosing different fiber core layer radii would not change the
cut-off frequency of the coupled discrete sampling system but will affect
the value of MTF at the cut-off frequency. Larger ratios between the
deviation of the cladding and the core radii result in higher values of
the average coupled-MTF at the cut-off frequency. However, the
difference is not significant when the above ratios are 33% and 6.7%.
The transfer function value at the Nyquist frequency and the difference
between the values are shown in Table 2.

According to the comparison in Table 2, the deviation of the ratio of
core distance and core radius has a lesser effect on the value of MTF of
a coupled discrete imaging system. The effect on the limit resolution of
the system is not significant. However, selecting a small core layer
radius will greatly affect the transmission efficiency and SNR of the
system.

5. Conclusion

An instrument can become “flexible” when fiber-optic image
bundles are added to traditional optical imaging systems. Therefore,
the flexibility and design redundancy of an optical path layout are
improved. Moreover, the volume and weight of a photoelectric instru-
ment are reduced, and the performance of the imaging systems is
enhanced. With improvement in the manufacturing of fiber-optic
image bundles, new optical imaging systems involving fiber-optic
image bundles can be applied to various fields, including astronomy,
military affairs, and microscopic imaging.

However, the MTF model based on Fourier transform and cascade
multiplication theory shows some limitations affected by a two-stage
discrete sampling effect and existence of pixel coupled error. This paper
introduced a mathematical model of the coupled-MTF and the average
coupled-MTF. Furthermore, the mathematical model is established by
deriving the grayscale distribution of the output light intensity after the
signal is passed through a two-stage discrete sampling system. We
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Fig. 16. Average coupled-MTF curve in the Nyquist frequency domain under different cladding and core radius ratios. (a) Simulation curve of the average coupled-MTF with different
core layer radii at cladding radius R=0.003 mm. (b) Simulation curve of the average coupled-MTF with different core layer radius at cladding radii R=0.006 mm.

Table 2
Relative changes in the value of average coupled-MTF with different cladding layers and
core layer radius ratios.

(R-1)/R R=0.003 mm R=0.006 mm
33% MTF(fy)=0.5703 MTF(fy)=0.5647
6.7% MTF(fn)=0.4981 MTF(fp)=0.4921

AMTF(fy)=0.0722 AMTEF(fx)=0.0726

observed some new characters of coupled-MTF and its average by
mathematical simulation and analysis as follows:

(€Y

(@)

(3)

In the presence of an extremely small deviation between the spatial
frequency of the input signal and the Nyquist frequency, the
coupled-MTF oscillation converges to fixed values followed with
the number increasing of pixels in the array. The convergence rate
of the coupled-MTF is related to spatial frequency deviation. A
smaller deviation of the spatial frequency results in slower
convergence rates of the coupled-MTF.

The convergence properties of the coupled-MTF exist in the
sagittal and tangential directions simultaneously, but the conver-
gence value of two directions is related to pixel-coupled error. If
the pixel-coupled errors in a system are different in sagittal and
tangential directions separately, the deviation results in a different
MTF value in the sagittal and tangential directions.

The coupled-MTF periodically oscillates with the pixel-coupled
error. The cycle of the oscillation is equal to the diameter of fiber
cladding (or the core distance). The oscillation amplitude of the
coupled-MTF is positively correlated to the deviation between the
spatial frequency of the input signal and the Nyquist frequency.
The amplitude of the coupled-MTF oscillation caused by the pixel
coupling error is close to 0.5 when the deviation of the spatial
frequency is 1%. These patterns are observed in the sagittal and
tangential directions of the pixel array. The oscillation frequency
and amplitude of the coupled-MTF in the sagittal and tangential
directions are consistent.
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(b) Simulation curve of the average coupled-MTF with
different core layer radius at cladding radii R=0.006 mm
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(5)

The alignment error between the grayscale cosine distribution
signal and the coupled-pixel array affect the strictness of the
transfer function evaluation model. In addition, random pixel-
coupled error results in the oscillation of coupled-MTF. These
issues are solved by defining the average coupled-MTF. Moreover,
the average coupled-MTF can objectively evaluate the imaging
performance of the two-level coupled discrete sampling image
system in a manner consistent with the definition of the traditional
MTF. The simulation results indicate that smaller distance be-
tween adjacent fiber cores generates higher MTF values for the
coupled imaging system in the whole Nyquist frequency domain.
Consequently, the cut-off frequency of the system is greatly
improved. This greatly contribute to the improvement of the
imaging ability of target details and contour resolution for optical
imaging systems composed of array fiber-optic image bundles and
CCD.

The ratio of the optical fiber cladding layer to its core layer radius
slightly affects the imaging quality of the system. For example, the
MTF value in corresponding Nyquist frequency is only the varia-
tion of 0.07 when the ratio difference is five times. This result
shows that cladding radius or distance between fiber cores should
be determined in actual design processing based on the resolution
and imaging quality. Then, the fiber core layer should be identified
in accordance with the SNR of the system. However, the influence
of the core layer radius on the MTF should be disregarded. For
instance, the radius of the fiber core layer should be selected based
onSNR, and the imaging quality should be considered based on the
radius of the cladding in design processing in high-resolution
hyperspectral applications.

The development of a test light path is underway. We also aim to

report a comprehensive experimental verification of our theoretical
analysis and mathematical simulation in our future work. The authors
thank the National Scientific Fund of China (No. 61675198 and No.
61307114) for its financial support.
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