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The image quality evaluation in fiber-optic image bundles was addressed by the modulation transfer
function (MTF). With the definition of the contrast transfer function (CTF), the MTF model of line-array
fiber-optic image bundles was established and analyzed numerically. The average MTF was carefully
evaluated by considering the influence of phase match on the MTF between input pattern and fiber-optic
image bundles. In this paper, the average MTF is mean arithmetical value on the MTFs of eight different
phases. The results show that, for certain fiber diameter and spatial frequency, the relationship between
the core diameter and the average MTF is inverse proportion; for certain fiber cladding thickness, the
relationship between the core diameter and the average MTF is also inverse proportion. And at Nyquist

frequency, the MTF value is near 0.5.
OCIS codes: 060.2360, 110.4100, 350.5030.

The modulation transfer function (MTF) of an imaging
system is important to the initial specification and design
of the system and any image analysis. While line-array
fiber-optic image bundles are discrete systems and linear
within an operating rangel'l, they are not space invari-
ant because they have fixed sampling locations. So the
average MTF means the average value of the MTF's for
different sampling locations!?!. For the MTF evaluation
of fiber-optic image bundles, Arefiev[’] measured a cen-
tral irradiance in the image of variable slit on the bundles
and calculated the average MTF by Fourier transforma-
tion of line-spread function. Barnard et al.l] derived the
average MTFs of both rectangular and hexagonal pixel
shapes according as the MTF is defined as the ratio of
the spectrum of the output to the spectrum of the input.
Player!®! derived spread function and the average MTF
with ‘long-slit’ approximation according as the MTF is
Fourier transformation of line-spread function. Conde et
al.l®] compared the influence of the spatial sampling and
the cross-talk on the MTF. The influence of the core di-
ameter on the MTF according to the definition of the
contrast transfer function (CTF) is discussed in this pa-
per.

According to the definition of CTF, suppose the pat-
tern distribution projected upon line-array fiber-optic
bundles is

I(u) = 14 Co(f) cos2m fu + ®). (1)

After transmission through the fiber-optic bundles, the
intensity distribution at the fiber-optic bundles output
can be expressed as

I'(u) =1+ Ci(f) cos(2n fu + ®'), (2)
and the MTF of the fiber-optic bundles is defined as

mrr(f) = S 3)

— Co(f)’
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wherel”]
I_max - Imin
C,; == 4
Z(f) Imax + Irnin ( )
Imax and Iy are the maximum average and minimum
average of fiber-optic sampling respectively. Supposing
Co(f) =1, then we obtain

Ima.x - Imin
MTF(f) Irna.x + Imin ) (5)
As shown in Fig. 1, let & be the phase match parame-
ter between the input pattern and the fiber bundles. ®
is the phase offset between the maximum of the input
pattern and the bundles, and in the range of 0—27.
For certain frequency of the input pattern, several I«
and iy occur by the fiber sampling. Then the averages
of the maximum and the minimum values are

n1 mai

- 1 = 1
Im = Irn i Imin = Imin i 5
ax = o ; axis — ; o (6
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Fig. 1. Phase offset between the input pattern and the bun-
dles for phase offset ® =0 (a) and ® = & (b).
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where n is the number of the maximum output and
the number of the minimum output. Substituting Eq.
(6) into Eq. (5), we obtain
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MTF(®) = —=! =l

(7)
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When simulating the MTF of the line-array fiber-optic
image bundles as shown in Fig. 2, for a common one-
dimensional spatial coordinate system wu, the input is the
sine intensity distribution g(u), the output is the scan-
ning image I(u') passing through the fiber-optic bundles.

The sine intensity distribution can be written as

g(u) =1+ cos2rn fu, (8)
where f is spatial frequency.

With the core diameter d = 2r, the cladding thickness
b, and the fiber diameter D, there is D = 2R = 2r + 2b.
With the sampling interval Awu (a invariant value) and
the original phase ug, there is

u; = up + Au - 4, (9)
u; is spatial coordinate of the sth Au and ranges from 0
to ug +n X D, n is the number of fiber.
In Fig. 3, the area for the ith Aw is

i(Au)
m; = / v R? — u?du, (10)
(i—-1)(Au)

m; is the shadow area shown in Fig. 3. It is needed
to calculate each parallel stripes like Au, with a = &
the stripes number. In intervening space of fiber core,

m; = 0. The area of Au in fiber cladding is zero. S = 7r?
a
is the area of fiber and S = 2 3 m;. M; is the ratio of

=1
each Aw area to the whole cross section of the fiber, and

M; =2, (11)

g; is the input sine intensity distribution of the ith Aw,
and

gi =1+ cos2n f(ug + Au - 7). (12)

Fig. 2. Sketch map of line-array fiber-optic image bundles.
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Fig. 3. Sampling sketch map of the fiber-optic.

I; is the scanning image output of the jth fiber, and

i=2aj, k=2a

I; = >

i=142a(j—1), k=1

gi - M. (13)

Then the extremum I,,, can be determined as

Inini = I (Ij(.iHI— IjI)(Ij — Ij_1) <0
an < I
I, = J J . 14
m Imaxz‘ = I] (Ij+1 — Ij)(IJ — Ij—l) <0 ( )
and Ij > Ij—l

According to Egs. (6) and (7), MTF value correspond-
ing to the original phase up and the spatial frequency f
can be obtained. Taking different original phases, the
different MTF is gotten. The average of the tth different
MTF is MTF,, and

t
S MTF;

MTF, = % (15)

Taking different, spatial frequency, the MTF is gotten,
and the MTF versus spatial frequency relationship can
be fitted with polynomial regression.

When the fiber diameter is identical and the core di-
ameter is different, the average MTF of the bundles is
calculated. The simulation results are shown in Figs.
4 and 5. Here we adopted sampling interval Au = 0.1
pm, n = 1000, and ¢ = 8. In Fig. 4, two groups of data
were given, they are: d =28 ym, b =1 pym, D = 30 pm
(the first group); d = 29 ym, b = 0.5 ym, D = 30 ym
(the second group). In Fig. 5, also two groups of data
were given, they are: d = 16 ym, b = 1 ym, D = 18
pm (the first group); d = 17 pm, b = 0.5 ym, D = 18
pm (the second group). When the cladding thickness is
identical and the core diameter is different, the average
MTF versus spatial frequency relationship is shown in
Fig. 6. Here we adopted Au = 0.1 ym, n = 1000, and
t = 8, three groups of data were given, they are: d =
15 pm, b = 0.5 pm, D = 16 pm (the first group); d =
20 pm, b = 0.5 pm, D = 21 ym (the second group); d
= 30 pm, b = 0.5 pgm, D = 31 pym (the third group).
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Fig. 4. Relationship of average MTF to spatial frequency.
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Fig. 5. Relationship of average MTF to spatial frequency.
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Fig. 6. Relationship of average MTF to spatial frequency.

The results shown in Figs. 4 and 5 indicate that, for iden-
tical fiber diameter and different core diameter, when the
frequency of the input pattern is less than the Nyquist
frequency, with frequency increasing, the MTF value re-
duces, and at Nyquist frequency, the MTF value is near
0.5. The relationship between the core diameter and
the average MTF is inverse proportion for the certain
fiber diameter and spatial frequency. For identical fiber
cladding thickness and spatial frequency, when the fre-
quency of the input pattern is less than the Nyquist fre-
quency, with fiber core diameter increasing, the MTF
value reduces.
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