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Fibered image guides for confocal reflectance endomicroscopy suffer from Fresnel reflections at the fiber
terminals, which can limit signal-to-noise ratio in these systems. A model that describes these terminal
reflections is presented to better understand how they can be managed most effectively. An expression for
the refractive index of termination that minimizes the reflection as a function of the fiber’s normalized
frequency is derived for step-index fibers, while a graphical solution is presented for graded-index fibers.
The model predicts that terminal reflections from graded-index fibers are more sensitive to variations in
fiber size and changes in wavelength than step-index fibers. A method is also presented to measure the
refractive index that allows one to minimize the terminal reflections in an image guide. The technique
uses the inherent mode coupling of the fibers in the image guide, allowing the isolation and measurement
of reflections from only one end of the fiber. An achievable minimum backreflection of −36 dB was measured at 635 nm in a commercial image guide with 30,000 fibers. © 2009 Optical Society of America
OCIS codes:
060.2270, 060.2350, 110.2350, 120.3890, 170.2150, 170.1790.

1. Introduction

Optical image guides composed of thousands of optical fibers are used in many optical instruments to
relay images from inaccessible or inhospitable areas.
Unless an optical coupling medium is employed,
there is a small Fresnel reflection as light is coupled
into the fibers of the image guide and again as the
light exits. Even when a refractive index (RI) coupling medium is used, it is difficult to completely attenuate these terminal reflections. The terminal
reflections do not pose a problem in conventional endoscopes, laparoscopes or other instruments that
employ separate illumination and imaging pathways. Confocal instruments that employ a fiber-optic
image guide [1] use the fibers in a bidirectional mode
for both illumination and detection and, as a consequence, the contrast of these instruments can be limited by terminal reflections from the image guide.
Image contrast in fiber-optic confocal instruments
is generated through either reflectance or fluorescence [2,3]. In fluorescence-contrast systems [4,5],
the illumination (excitation) and detection (emission)
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light are separated in wavelength so the backreflected illumination light is easily attenuated
using an appropriate long-pass filter. Attenuation of
backreflected light in a reflection-contrast system is
more difficult. Contrast in tissue reflectance imaging
is generated by microscopic RI variations in the tissue [6]. A simple reflectance calculation based on RI
data alone (ignoring the scattering effects that would
reduce contrast even further) reveals that the backscatter contrast due to melanin [7] is −20 dB relative
to the incident light and that due to amelanotic
tissue [8,9] is −35 dB. The signal-to-noise ratio implications for these confocal systems become clear when
one considers that the minimum image-guide backscatter is of the same order of magnitude (minimum
terminal reflection of −36 dB measured at 635 nm in
this study).
As evidenced by studies involving conventional (as
opposed to fiber-optic) confocal microscopy of surgical
specimens, both fluorescence [10,11] and reflection
[7,12–14] contrast provide imagery that can be used
for disease diagnosis. Fibered image-guide systems
for confocal fluorescence endomicroscopy have been
deployed for pilot clinical trials by several research
groups [15,16] and a commercial system is available
from Mauna Kea Technologies (Paris, France). Even

though reflection contrast can provide diagnostic
imagery, there have been few devices reported in the
literature [17] and currently no systems are available commercially. The reason for this is likely the
technical challenges involved in achieving sufficient
reflection contrast due to terminal reflections.
The problem of terminal reflections in an image
guide is illustrated in Figure 1. The figure shows a
fiber-optic image guide (Schott LB5567) with stepindex fibers hexagonally packed on 8:5 μm centers.
The fibers are illuminated for reflectance contrast
and terminated with oils of different RI. As shown
in the top-left panel (*), the terminal RI n0 ¼ 1:49
matches that of the cladding and only the cores scatter incident light. Similarly, in the bottom row (**),
the terminal RI n0 ¼ 1:62 matches that of the cores.
As illustrated, RI matching to minimize terminal
reflections would appear to be straight forward, however, most high density image guides used in practical devices employ graded-index fibers rather that
the step-index fibers illustrated. As one might expect, the task of RI matching becomes more difficult
in graded-index fibers where it is not possible to index match the entire fiber core, and, as will be shown,
variations in fiber size, shape, and wavelength lead
to variations in the optimum RI for index matching.
In this paper a model of terminal reflections in step
and graded-index fibers is derived and a method is

proposed to measure the optimum RI of a terminating medium to minimize these backreflections under
given operating conditions. In addition to RI matching, there are other common techniques available to
reduce terminal reflections; however, most are not
applicable to image guides. For example, return loss
in telecom fibers is kept below −60 dB by using angle
polished connectors (APCs) that incorporate a polished face at an 8° angle to redirect the reflection
into the cladding. Although this principle could be
applied to images guides, their large diameter and
NA necessitates large polishing angles and further
complicates the design of the downstream optics.
Other techniques include a time or coherence gate to
remove the unwanted reflections, masking the cladding region of the fibers [18], or attenuation of the
reflections during image post processing [19].
In the first half of this paper a model of terminal
Fresnel reflections from the fibers of an image guide
is derived. A general expression for the terminal
backreflection as a function of termination RI is derived and special cases are derived for step and
graded-index fibers. An expression for the terminal
RI that minimizes the backreflection as a function
of the fiber’s normalized frequency is derived for
the step-index case while a graphical solution is presented for the graded-index case. In the second half a
novel method is presented to measure the RI that
minimizes terminal reflections in an image guide.
Measured backreflection data as a function of termination RI for a Sumitomo image guide are reported.
2.

Terminal Reflection Model

The symbols used in the termination model are defined schematically in Fig. 2. Three fibers from an image guide are represented in the figure as the shaded
regions. The terminal RI, n0 , is constant while the RI
in each fiber, nðrÞ, has a radial dependence parameterized by the core RI, n1 , and cladding RI, n2 . Complex amplitude U 1 is the guided field of the central
fiber moving toward the terminal interface (down).
Complex amplitude U 2 is the reflected part of U 1 after
reflection from the terminal interface. It is assumed
that U 1 and U 2 represent the complex amplitudes
near the interface and that the guided modes are free
to couple into other fibers as they propagate along the
fiber farther away from the interface.
It is also assumed that most of the optical power is
coupled into the fiber’s fundamental mode. This assumption is typically valid in practice where a Gaussian beam is launched into the fibers of the light
guide. The complex amplitude of the propagating
field U 1 is, therefore, defined as a fundamental mode
with a Gaussian amplitude distribution,
Fig. 1. Terminal backreflections from a fiber-optic image guide
terminated with oils of different RI, n0 . The image guide (Schott
LB5567) has step-index fibers hexagonally packed with an 8:5 μm
center-to-center pitch. The terminal RI matches that of the cladding at n0 ¼ 1:49 (top left, *) and that of the core at n0 ¼ 1:62 (bottom row, **).

U 1 ðrÞ ¼

 2
pﬃﬃﬃﬃﬃ
r
I 0 exp − 2 ;
w0

ð1Þ

where I 0 is the optical intensity of the field, r is the
radial dimension of the fiber, and w0 is the Gaussian
waist radius of the mode. The complex amplitude
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describes the fraction of power reflected at the interface due to the Fresnel reflections, while the second
term,

R
 ∞
 2 ðrÞrdr 2
 0 U 1 ðrÞU
R∞
ηðU 1 ; U 2 Þ ¼ R ∞
;
2
2
0 jU 1 ðrÞj rdr 0 jU 2 ðrÞj rdr

Fig. 2. Schematic illustrating the symbols used in the termination model. The terminal RI, n0 , is constant while the RI in each
fiber, nðrÞ, has radial dependence parameterized by the core RI, n1 ,
and cladding RI, n2 .

of the field reflected by the terminal interface is
efined by
   
r
U 2 ðrÞ ¼ r n
; n0 U 1 ðrÞ;
a

ð2Þ

and the amplitude reflectance function is
rðη1 ; η2 Þ ¼

η1 − η2
;
η1 þ η2

ð3Þ

where η1 and η2 are refractive indices on the incident
and transmitted sides of the interface, respectively,
and n0 is the RI of the termination medium. The amplitude reflectance function assumes that the angle
of incidence is small (almost normal incidence). This
assumption is valid in practice as typically the marginal rays are incident to the fiber at less than 20°
and the Fresnel equations are relatively insensitive
to angle when the angle is small. This assumption
greatly simplifies the analysis as there is no distinction between TE and TM polarizations.
Fiber backreflection is defined as
ℛðn0 Þ ¼ ℛterm ðU 1 ; U 2 ÞηðU 1 ; U 2 Þ;

ð4Þ

which is the fraction of optical power propagating in
the fiber that is reflected at the terminal interface
and then recoupled back into the same fiber propagating in the opposite direction. The first term, defined by,
R∞
jU ðrÞj2 rdr
ℛterm ðU 1 ; U 2 Þ ¼ R0∞ 2
;
2
0 jU 1 ðrÞj rdr
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ð6Þ

accounts for the recoupling of the reflected power
back into the fiber. Equation (6) is the normalized
overlap integral between the spatial distribution of
the fiber’s fundamental mode, U 1 , and the reflected
wavefront amplitude incident on the fiber, U 2 . The
overbar in Eq. (6) indicates complex conjugation and
the overlap integral in the numerator allows for the
normalization against the incident and guided optical powers.
An expression for fiber backreflection is obtained
as a function of terminal RI, n0 , by substituting the
reflection and recoupling expressions [Eqs. (5) and
(6)] and the expressions for the guided and reflected
complex amplitudes [Eqs. (1)–(3)] into Eq. (4),

ℛðn0 Þ ¼

2
w0

 4 Z



∞

exp

0

2

−2r2 n0 − nðar Þ
rdr
: ð7Þ
w20 n0 þ nðar Þ

The expression for backreflection is parameterized
by the Gaussian radius of the mode, w0 , and the
RI profile of the fiber, nðr=aÞ, where a is the radius
of the fiber core. As expected, the backreflection is
zero for the special case when nðr=aÞ ¼ n0 .
In Subsections 2.A and 2.B, the specific cases of step
and graded-index fibers are considered to determine
the terminal RI that minimizes backreflection. The
step-index fiber has asimple analytic solution for minimum backreflection but unfortunately this does not
apply to typical image guides, which employ gradedindex fibers. The graded-index solution is more
complicated and a graphical solution is presented.
A.

Step-Index Profile

Consider now the approximate Gaussian solution to
the scalar wave equation for a circular waveguide
with a step-index RI profile defined by

nðRÞ ¼

n1 ;
n2 ;

r≤1
r>1

ðcoreÞ
;
ðcladÞ

ð8Þ

where R ¼ r=a has been introduced as the radial
coordinate normalized to the fiber core radius and
W 0 ¼ w0 =a as the normalized Gaussian radius.
Under the Gaussian approximation [20], the field
distribution of the fundamental mode for the stepindex profile defined by Eq. (8) is given by the Gaussian of Eq. (1) with a normalized Gaussian radius
defined by
W 0 ¼ ðln VÞ−2 ;
1

ð9Þ

where V ¼
−
is the normalized frequency of the fiber. The normalized frequency is used
2πða=λÞðn21

n22 Þ1=2

here to describe the confinement of the fundamental
mode in the fiber and its dependence on wavelength.
Substitution of Eqs. (8) and (9) into Eq. (7) yields
an expression for the backreflection in a step-index
fiber,
ℛstep ðn0 Þ ¼



2

n2 − n0
n2 þ n0

 
n − n0 2
:
þ ðV 2 − 1Þ2 2
n2 þ n0
1
V4

Δ
;
2 − 2V 2 þ V 4

ð10Þ

ð11Þ

B. Graded-Index Profile

Now consider the approximate Gaussian solution for
a circular waveguide with a Gaussian RI profile defined by
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 − 2Δ½1 − expð−R2 Þ:

ð12Þ

The profile decreases gradually from n1 to n2 as R
increases from 0 to ∞ and leads to a simple Gaussian
approximation of the field distribution [20]. While
the infinite parabolic RI profile also leads to a Gaussian solution of the scalar wave equation, its profile
decreases to −∞ as R goes to ∞ leading to numerical
instabilities during integration over R. The field distribution of the fundamental mode for the step-index
profile defined by Eq. (12) is given by the Gaussian of
Eq. (1) with a normalized Gaussian radius defined by
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
W0 ¼
:
V −1

ð14Þ

rðRÞ ¼

where Δ ¼ ðn21 − n22 Þ=2n21 is the RI contrast of the fiber, and the normalized terminal RI is given by N 0 ¼
n0 =n1 . The error introduced in Eq. (11) by the approximation is much less than 1% for Δ < 0:05 and V > 1.

nðRÞ ¼ n1

0

where

The first and second terms in Eq. (10) go to zero when
the terminal RI matches that of the cladding and
core, respectively. In the limit, as V approaches 1 (the
guided mode becomes less confined to the core), the
second term goes to zero and the backreflection is determined by the difference between the cladding and
terminal refractive indices.
An expression for the terminal reflective index
that minimizes Eq. (10) can be derived analytically;
however, the solution is quite cumbersome. The firstorder approximation to the solution is
N step
¼1−
0

ℛGauss ðn0 Þ ¼ 4ðV − 1Þ2
Z
2
∞
2
×
exp½−ðV − 1ÞR rðRÞRdR ;

NðRÞ − N 0
nðRÞ þ N 0

ð15Þ

is the amplitude reflectivity, NðRÞ ¼ nðRÞ=n1 is the
normalized RI profile, and nðRÞ is the Gaussian RI
profile defined by Eq. (12).
The normalized RI profile NðRÞ and the power reflectance jrðRÞj2 for a typical image-guide fiber with
Δ ¼ 3:16% are plotted in Fig. 3. The dashed horizontal lines indicate the normalized terminal (upper)
and cladding (lower) refractive indices. As shown,
the power reflectance goes to zero at R ¼ R0 for N 0 ¼
0:995 where the RI of the graded-index profile
matches that of the termination medium. The incident (U 1 ) and reflected (U 2 ) field amplitudes are
shown in Fig. 4 for a fiber with V ¼ 7. As shown,
for R > R0, the field experiences an external reflection [n0 > nðRÞ] and the wavefront undergoes a
phase shift. The backreflection defined by Eq. (14)
can, in principle, be completely attenuated if N 0 is
chosen such that it divides the regions of internal
and external reflectance so the area under the curve
is zero. This is a consequence of the definition of
backreflection being the integral of reflected amplitude squared rather than the integral of reflected
power as would have be the case if one did not consider recouping of the reflected field.
Backreflection as a function of normalized
terminal RI for different normalized frequencies is
plotted in Fig. 5. Normalized frequency describes
the confinement of modes propagating in the fiber
(larger V means tighter confinement) and, therefore,
strongly influences backreflection as the width of the
wavefront scales inversely with V while the RI profile is fixed. In the limit, as the mode becomes completely confined to the core, the normalized terminal
RI that minimizes backreflection approaches 1.

ð13Þ

This expression is physically meaningful when
V > 1, however, most cases of practical interest when
the fundamental mode is reasonably confined to the
core satisfy this condition. Substitution of Eq. (13)
into Eq. (7) yields an expression for the backreflection in a graded-index fiber with Gaussian RI profile:

Fig. 3. Normalized RI and reflectance as a function of normalized
radius for a graded-index fiber with a Gaussian RI profile. The normalized terminal RI is N 0 .
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Fig. 4. Incident and reflected field amplitudes as a function of
normalized radius for a graded-index fiber with a Gaussian RI profile and a terminal reflective index of N 0 ¼ 0:995. When R > R0 ,
the incident wave function undergoes an external reflection and
experiences a phase shift on reflection.

Finally, the normalized terminal RI than minimizes backreflection in a graded-index fiber is shown
graphically as a function of normalized frequency.
Figure 6 shows the normalized terminal refractive
indices required to minimize backreflection and normalized spot size versus normalized frequency. The
shaded region indicates the normalized frequency
of an image guide with 3 μm diameter cores operating
in wavelength ranges from 400 nm (V ¼ 1:8) to 2 μm
(V ¼ 8:9). Single-mode cutoff is at V ¼ 2:405 and the
dashed line indicates the conditions for minimum
terminal reflection at 635 nm (V ¼ 5:6). The normalized terminal RI required to minimize backreflection
in a step-index fiber [Eq. (11)] is shown for comparison (dashed curve).
3. Termination for Minimum Backreflection

Here a method is presented to measure the terminal
RI that minimizes the backreflection in a commercial
image guide. Only basic specifications are provided
by the manufactures for their image guides, making
it very difficult to validate the model from the Section 2 without measuring the RI profile directly.

Fig. 6. Normalized terminal refractive indices required to minimize the backreflection and normalized spot size versus normalized
frequency. The shaded region indicates the normalized frequency of
an image guide with 3 μm diameter cores operating in wavelength
ranges from 400 nm (V ¼ 1:8) to 2 μm (V ¼ 8:9). Single-mode cutoff
is at V ¼ 2:405, and the dashed line shows the conditions for minimum terminal reflection at 635 nm. The normalized terminal RI required to minimize the terminal backreflection for a step-index
fiber is shown for comparison (dashed curve).

Further complicating model validation is the manufacture’s definition of core RI and whether it is defined as the maximum on-axis RI of the fiber (as
used here) or as an effective value averaged over
the fiber core. In addition, there is a large variability
in the shape [21,22] and RI profile [23] of the fibers,
further complicating the measurement of theses
parameters. Direct comparison with the model would
therefore need to be done on a fiber-by-fiber basis
rather than using averaged parameters from a population of fibers.
For these reasons, the terminal RI that minimizes
backreflection for a small number of fibers within a
bundle is measured. An exact comparison with published image-guide specifications is not possible;
however, the model presented in Section 2 serves
to explain the process, and ultimately, it is the terminal RI that is of primary importance rather than a
detailed characterization of the RI profile.
A.

Fig. 5. Terminal reflections as a function of normalized terminal
RI for different normalized frequencies. At large normalized frequencies, the fundamental mode is tightly confined and the terminal RI that minimizes the terminal reflection is equal to the core
RI (N 0 ¼ 1).
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Measurement Model

A common technique used to measure the backreflection due to RI mismatch is to measure the light reflected back from the input end of a fiber while the
output end is terminated for effectively zero backreflections. This method is employed by backreflection meters for telecom applications where it is easy
to achieve backreflections better than −60 dB from
APC connectors, a mandrel wrap, or a RI matching
fluid. These termination methods are not applicable
to image guides that have a large NA and are
mechanically stiff. In particular, the optimal RI
matching fluid is not known a priori and, unlike a
step-index telecom fiber, the RI that minimizes backreflection in a graded index, as shown, is sensitive to
fiber geometry and wavelength. For these reasons, a
new technique to measure backreflection was developed that takes advantage of the inherent mode

coupling of the image guide to relax the requirements
of fiber termination.
Light is launched into one fiber and the reflected
light returning along an adjacent fiber is measured
to avoid the terminal reflection going into the fiber.
This technique is illustrated schematically in Fig. 7.
Light launched into fiber 1 from the microscope objective lens is partially coupled into fiber 2 due to
mode coupling [21] as it propagates along the length
of the light guide. Light from fiber 2 undergoes a reflection at the distal end and is guided back to the
proximal end where its intensity is measured. Because the reflection due to launching light into the
light guide (fiber 1) is spatially separated from the
reflection due to light leaving the light guide (fiber 2),
only the reflectance from the distal end of the fiber is
measured.
This offers two significant advantages. First, measurement of the terminal reflection from the distal
end can be isolated from the reflection at the proximal end. Second, from an experimental point of view,
it is much easier to change the RI oil at the distal end
as opposed to changing it at the proximal end, where
each RI oil change necessitates that the fiber be
defocused, cleaned, and refocused to change the oil.
This is difficult to do without accidently translating
or rotating the image guide even slightly, making it
impractical (time consuming) to recouple light into
the same fiber.
The terminal backreflection is assumed to be described by a power reflectance function plus a constant reflectance offset as follows:

Fig. 7. Schematic illustration of mode coupling between two fibers in an optical image guide: (a) Light coupled into fiber 1 from
the microscope objective lens is partially coupled into fiber 2 due to
mode coupling along the length of the fiber. Light measured from
fiber 2 is due to a reflection from the distal end only. (b) Image intensity distributions measured from fibers 1 and 2.

ℛ12 ðn0 Þ ¼

I 2r
¼ 2κ 12
I1



neff − n0
neff þ n0

2


þ ℛ0 :

ð16Þ

The functional form and shape of this equation are similar to those presented earlier [Eqs. (7), (10), and
(14)]; however, here the normalized frequency and
RI profile are wrapped into an effective RI parameter,
neff , which is a function of fiber geometry and wavelength. Our group has shown that the constant backreflection term ℛ0 is due to Rayleigh scatter along the
length of the fiber and has a λ−4 wavelength dependence [24]. The third parameter in Eq. (16), κ12 , is
the power-coupling coefficient illustrated schematically in Fig. 7. The factor of two is due to the measurement of identical reflections from both fibers.
Higher-order interactions due to multiple coupling
between fibers are assumed to be negligible.
B.

Materials and Methods

The setup used to measure backreflection is illustrated schematically in Fig. 8. Light from a singlemode fiber pigtailed 635 nm laser diode was coupled
exclusively into one fiber of the image guide under
test. A seven-times relay system composed of a fiber
port (Thor Labs, p/n PAF-X-18-PC-B) and microscope
objective lens (Zeiss 63X/1.4) coupled light from the
fiber pigtail (Fibercore, SM600) onto the input face of
the image guide. The mode-field diameter (MFD) of
the fiber pigtail projected onto the image guide was
0:8 μm. A 50=50 beam splitter in the path between
the fiber port and the objective lens allowed for the
inspection of the image guide using a tube lens and

Fig. 8. (Color online) Schematic illustration of the experimental
setup used to measure terminal reflection as a function of terminal
RI: microscope (MS), laser diode (LD), tube lens (TL), single-mode
(SM), charge coupled device (CCD).
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CCD camera. Back-illumination of the image guide
enabled targeting of individual fibers by translating
the image guide while viewing the image of the laser
spot on the back-illuminated image guide. A power
meter measured the reference power reflected from
the 50=50 beam splitter.
The objective lens was optically coupled to the image guide using a (fixed) RI matching fluid, and the
opposite end of the image guide was coupled into a
tilted microscope side using a (variable) RI matching
fluid. The fixed RI matching fluid is used to optically
couple light to and from the image guide, while the
variable RI matching fluid is varied to affect a change
in the signal backreflected from light exiting the image guide.
The variation of backreflection from three fibers in
two Sumitomo images guides (IGN-08/30) was measured. The light guides were measured as-shipped
from Sumitomo and were not cut or repolished. The
RI oil used to couple the microscope objective to the
¼ 1:500. The RI oil
image guide was fixed at nFIXED
0
at the opposite end of the light guide was varied and
the resulting backreflection was measured. The following RI values were used: 1.000, 1.330, 1.440,
1.460, 1.480, 1.500, 1.520, 1.540, 1.560, 1.580, and
1.600. The first and second RI media were air and
water, respectively, while the remainder was RI oils
from Cargille Laboratories (Cedar Grove, New
Jersey). The RI oils were specified at 589:1 nm and
25 °C with a tolerance of 0:0002.
Light was coupled into a single fiber by translating
the light guide with respect to the microscope objective lens and monitoring the alignment using the
CCD camera. Illumination-detection fiber pairs
(fibers 1 and 2 in Fig. 7) were chosen that coupled
strongly to maximize the signal detected. The end
of the fiber proximal to the microscope objective
was fixed for the remainder of the experiment after
the illumination fiber was selected and focused. The
coupling medium at the distal end was replaced in
sequence and a CCD image of the illuminationdetection fiber pair was recorded for each RI value.
The image guide and microscope slide were cleaned
with xylene between each step to avoid mixing the
oils. The complete sequence of 11 RI values was measured three times and a mean and standard deviation was calculated for each.
The CCD images were processed to measure the
intensity returned by the detection fiber. The intensity was calculated as the sum of backgroundcorrected pixels corresponding to the fiber core. The
intensity was normalized by the laser power detected
by the power meter to account for variations in laser
power. Finally, the set of 11 intensity measurements
were referenced to the intensity produced by a mirror
of known reflectance when measured in the same
manner. The mirror was focused and coupled to the
microscope objective in a manner identical to the image guide. The dataset was fit to the model of Eq. (16)
using a nonlinear least-squares fit based on the
Levenberg–Marquardt algorithm.
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C.

Results

Measured reflectance data and least-squares fits
are plotted in Fig. 9. Reflectance data from the single
fiber core measured in the first image guide (core 1)
are shown in part (a), while that from the two fiber
cores measured in the second image guide (cores 2
and 3) are shown in part (b). The error bars represent
the standard deviation of three replicate measurements. Best-fit estimates and 95% confidence intervals for the three parameters (κ12 , neff , and ℛ0 ) and
the goodness of fit (R2 ) for the three cores are presented in Table 1.
4.

Discussion

The model is a good fit to the measured data as
shown in Fig. 9 as evidenced by the high values for
goodness of fit in Table 1. One of the best-fit estimates for the RI that minimized the terminal reflection appears to be different from the other two. A
Student’s t test was used to compare the best-fit
values for neff from the three experiments. The value
for core 2 was not statistically different from the
other two cores; however, core 1 was significantly different from core 3 (P ¼ 0:05). The difference between
cores is consistent with the observation that the size
and shape of the cores varies in an image guide. Because terminal reflections are sensitive to fiber shape

Fig. 9. Measured terminal reflectance versus terminal RI for two
different fiber-optic image guides: Reflectance data from (a) a single fiber core from the first image guide and (b) two fiber cores in
the same image guide. The curves are nonlinear least-squares fits
to the data points, and the best-fit parameters are indicated.

Table 1.

Nonlinear Least-Squares Fit Resultsa

^ eff
n

Core 1
Core 2
Core 3
Average

^ 0 ½dB
ℛ

^κ 12

Est  SE

95% CI

Est  SE

95% CI

Est  SE

95% CI

R2

1:5061  0:0013
1:5061  0:0028
1:5119  0:0011
1:5080  0:0011

(1.5031, 1.5090)
(1.4996, 1.5127)
(1.5094, 1.5144)

0:0366  0:0003
0:0352  0:0036
0:0288  0:0013
0:0335  0:0013

(0.0359, 0.0372)
(0.0270, 0.0435)
(0.0258, 0.0318)

−35:0  0:1
−37:1  0:6
−37:2  0:3
−36:4  0:2

(−35:2, −34:9)
(−40:0, −35:8)
(−38:1, −36:5)

0.9997
0.9800
0.9970

a

SE, standard error; CI, confidence interval.

and wavelength, as shown in Figs. 5 and 6 through
the normalized frequency parameter, one would also
expect neff to be sensitive to fiber size, shape, and
wavelength. It is not practical to individually match
the RI of each fiber core to achieve a minimum reflection; however, it is possible to minimize the average
reflection of all fiber cores taken as a whole at a particular wavelength. For the measurements reported
here, the average of the three best-fit estimates for
the RI that minimized the terminal reflection at
635 nm was neff ¼ 1:508  0:001. Data from Sumitomo [25] on RI specified an average core RI of 1.49
(1.50 on axis) and a cladding RI of 1.45; however,
it was not clear how these measurements were made.
A similar comparison using the Student’s t test
was completed between the minimum reflection
parameter ℛ0 for each core measurement. The minimum reflectance for core 2 was not statistically different from core 3, however, there was a significant
difference between core 1 and the other two cores
(P ¼ 0:05). Our group has shown than the minimum
reflectance from fibers in an image guide is due to
Rayleigh scattering [24]. Although the intensity of
Rayleigh scattered light is primarily dependent on
wavelength, there may also be a fiber size and shape
dependence. The portion of the wavefront propagating close to the fiber axis, where the Ge doping is typically quite high in Sumitomo and Fujikura image
guides, Rayleigh scatters more than the portion of
the field propagating far from the axis. One would
therefore expect more Rayleigh scatter for highly
confined modes associated with small normalized
frequencies. The size differences between fibers (and
the corresponding variation in V) may therefore have
a measurable effect on Rayleigh backscatter. The
average of the three best-fit estimates for minimum
backreflection at 635 nm was ℛ0 ¼ −36:4  0:2 ½dB.
Crosstalk in image guides due to mode coupling is
well documented [22,26,27]. Reichenbach and Xu recently showed that the subtle nonuniformities in fiber size reduces mode coupling between fibers in an
image guide [21] and, in fact, the variations in fiber
size and shape are required for the transmission of
high resolution imagery in a fiber-optic light guide.
The best-fit parameter measured for power coupling (κ12 ) ranged between 3 and 4% and is consistent
with values reported by Chen et al. [22]. The crosstalk estimated here is typical of the maximum value
for the image guide because fiber pairs with large
coupling were located to increase the signal-to-noise

ratio of the reflectance measurements. Power coupling at 635 nm was measured; however, one would
expect the coupling to increase with wavelength due
to decreased confinement (smaller normalized frequency) of the guided modes. Poor image quality due
to increased mode coupling at longer wavelength was
also noted by Chen et al. [22].
The terminal reflection model presented here was
derived for the exit reflection of a guided mode propagating in the fiber at the distal end of an image
guide. The conditions that minimize this exit reflection were determined. If light is launched into and
detected from the image guide using an optical fiber,
the same terminal reflection model can also be applied to the entrance reflections at the proximal end
of the image guide. It was assumed that a single
optical illumination and detection fiber is optically
coupled by a relay system with appropriate magnification to a designated fiber in the image guide. Assuming the relay system does not introduce any
optical aberrations, the Gaussian wavefront illuminating the fiber, U 1 , is given by Eq. (1) where 2w0
is now the MFD of the illumination-detection fiber
scaled by the magnification of the relay system. Similarly, the reflected wavefront, U 2 , is given by Eq. (2)
where, as before, a is the core radius of the imageguide fiber. This model could be used to predict the
variation of the entrance reflection as it changes with
the MFD of the illumination–detection fiber relative
to the size of the image-guide fiber (w0 =a).
5.

Conclusions

A model that describes the terminal Fresnel reflections from the fibers within an image guide was derived. The model can be applied to the exit reflections
due to light leaving the image guide and to the
entrance reflections due to the injection of light. A
general expression for terminal backreflection as a
function of terminal RI was derived and special cases
were derived for step and graded-index fibers. An
expression for the terminal RI that minimizes backreflection as a function of the fiber’s normalized
frequency was derived for the step-index case, while
a graphical solution was presented for the gradedindex case. The model predicted that terminal reflections from graded-index fibers (typically used in
commercial image guides) are more sensitive to variations in size and shape and changes in wavelength
than step-index fibers.
20 October 2009 / Vol. 48, No. 30 / APPLIED OPTICS

5809

A method to measure the RI that minimizes terminal reflections in an image guide was also presented.
The technique uses the inherent mode coupling of the
fibers in the image guide, allowing for the isolation
and measurement of reflections from only one end of
the fiber. The terminal RI that minimizes terminal
reflections should be selected (either empirically and/
or theoretically) for the specific image guide and operating wavelength. As the RI that minimizes backreflections is dependent on wavelength, owing to the
variation in confinement at different normalized
frequencies, image-guide characterization for the
purpose of instrumentation development should
be completed at the operating wavelength of the
instrument.
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