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Abstract. Ultrathin flexible fiberscopes typically have separate illumination and imaging channels and are available
in diameters ranging from 0.5 to 2.5 mm. Diameters can potentially be reduced by combining the illumination and
imaging paths into a single fiberoptic channel. Single-channel fiberscopes must incorporate a system to minimize
Fresnel reflections from air-glass interfaces within the common illumination and detection path. The Fresnel reflec-
tion at the proximal surface of the fiber bundle is particularly problematic. This paper describes and compares
methods to reduce the background signal from the proximal surface of the fiber bundle. Three techniques are evalu-
ated: (1) antireflective (AR)-coating the proximal face of the fiber, (2) incorporating crossed polarizers into the light
path, and (3) a novel technique called numerical aperture sharing, whereby a portion of the image numerical
aperture is devoted to illumination and a portion to detection. © 2013 Society of Photo-Optical Instrumentation Engineers
(SPIE) IDOI: 10.1117/1JBO.18.1.016013]
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1 Introduction

Clinical endoscopes are used to visualize tissues located inside
the body. To accomplish this, an endoscope must deliver light
to the tissue and collect the diffusely reflected light. A typical
endoscope has animaging channel, one or more illumination chan-
nels, an instrument channel, and an air/water delivery channel.!

The illumination channels typically consist of optical fibers
or fiber bundles coupled to a bright external white-light source.
Image contrast is based on variations in the strength and spectral
content of reflected (or backscattered) light. Color is an impor-
tant visual cue for diagnosis because pathology often has
modified biochemistry resulting in alterations to molecular dis-
tributions and associated tissue optical properties.

Modern flexible endoscopes are of two types: videoscopes
and fiberscopes. In a videoscope, a lens collects the diffusely
reflected light from the tissue and focuses it onto a video detec-
tor located within the tip of the videoscope. Videoscopes pro-
duce high-quality images, but are relatively large owing to the
size of the detector. Endoscopes with diameters smaller than
2.5 mm are typically fiberscopes. Fiberscopes use a bundle
of optical fibers to relay an image from the distal to the proximal
end of the catheter. Often, a graded-index (GRIN) lens at the
distal end of the fiberscope is used to image the tissue surface
onto the input face of the fiber bundle. On the proximal end, the
fiber face is imaged onto a camera or viewed through an ocular
by the user.

Fiberscopes can be very small and flexible. However, the
number of resolvable picture elements in a fiberscope image
is limited by the number of fibers in the bundle and, therefore,
there is a trade-off between the diameter of the scope and the
number of picture elements in the image. Fiber bundles used
in modern fiberscopes are at or near the theoretical limit on
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the packing density of individual fibers.> Thus, ultrathin fiber-
scopes with diameters of 0.5 mm are limited to only a few thou-
sand picture elements. For example, one of the smallest
commercially available fiberscopes is the 0.5-mm-diameter
Olympus AF-5, which has only 4000 picture elements.’

One way to increase the resolution and/or space-bandwidth
product (number of image pixels) of a fiberscope, without
impacting its overall size, is to use the fiber bundle for both
the illumination path and the detection path. In such a single-
channel fiberscope, unwanted Fresnel reflections from air—glass
interfaces within the optical system become problematic. To
achieve high image quality, the worst of these offenders, the
Fresnel reflection at the proximal surface of the fiber, must be
reduced. In this paper, we describe and evaluate three techniques
to reduce this background in ultrathin single-channel fiberscopes.

2 Basic Single-Channel Fiberscope

Figure 1 shows a single-channel fiberscope where a beamsplitter
has been inserted to couple illumination into the fiberoptic im-
aging bundle. An objective focuses the illumination onto the
input face of the fiber bundle, which relays the illumination
light to the distal end of the catheter. A GRIN lens distributes
the illumination light over the object. The diffusely reflected
light from the object is collected by the GRIN lens and relayed
back to the optical system by the fiber bundle. The light passes
through the objective and beamsplitter and is focused onto a
detector by a camera lens.

To characterize this single-channel fiberscope, one must
properly describe the measured signal. The signal out of the
detector can be separated into object (Sypiec) and background
(Spack) components. The background signal may be further
divided into (1) the dark-charge noise level of the camera,
(2) stray light and ghost reflections in the illumination path,
and (3) backscattered light and Fresnel reflections from the
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Fig. 1 Basic single-channel fiberscope.

fiber bundle/GRIN lens combination (catheter background).
The first two background signals are typically low compared
to the catheter background. As such, these signals are not
included in this analysis, which considers only background aris-
ing from the catheter (fiber/GRIN lens combination). For a more
detailed discussion of dark charge, stray light, and ghost reflec-
tions, see Ref. 6.

The model of the single-channel fiberscope breaks the optical
layout into three compartments: the catheter, the coupling
optics, and the detector (Fig. 2). The object signal and catheter
background signal for the basic single-channel fiberscope are

Snbjecl = Mobject Tcpl D ( 1 )

and
Sback = Mback TcplD’ (2)

where M i and My, are the radiant exitances from the proxi-
mal fiber bundle surface for the object and background, respec-
tively. The variable T, is an energy transfer term encompassing
the transmission and magnification of the imaging system
between the fiber bundle and the detector. The factor D
describes the mapping of the irradiance on the charge coupled
device (CCD) to a digital output value.

Light associated with both the object and catheter back-
ground can be expressed as a function of E,, the irradiance
of the illumination light incident at the proximal surface of the
fiber bundle over the collection angles of the fiber bundle. For
this paper, it will be assumed that the illumination is uniformly
distributed over the proximal fiber face. At each interface
throughout the catheter, some portion of this light will be
reflected and the rest transmitted (surface absorption is
neglected). Reflected or backscattered light from the catheter
will contribute to the background signal.

Catheter Coupling Optics Detector
[ [ ] / . H]”
M, v
M, back 711)/ D

Fig. 2 Compartmentalized model of the optical components in the
single-channel fiberscope.
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Fig. 3 Losses in the expected object signal of a fiberscope. Linewidth of
arrows indicates the transmission values across each interface as well as
transmission efficiencies through materials.

2.1 Object Signal

As shown in Fig. 3, illumination light incident on the proximal
face of the fiber bundle passes through an air—fiber interface
where a portion of the light is reflected. Of the light transmitted
through the air—fiber interface, only a fraction is coupled into the
fiber and transmitted to the distal end. The fiber couples the light
with an efficiency 7. jum Which is associated with the fiber
packing fraction as well as the numerical aperture (NA) of the
fiber bundle.®” Some of the light will be absorbed (or attenu-
ated) in the fiber, and a small fraction is backscattered as
light propagates through the fiber bundle. At the distal end
of the fiber bundle, the illumination light reaches the fiber/
cement/GRIN lens junction, where the light will encounter
losses from Fresnel reflections and material absorptions. The
distal surface of the GRIN lens is often antireflective (AR)-
coated to minimize back reflections at the GRIN—-air interface.
The illumination light exiting the lens will be distributed over
an object area determined by the magnification of the GRIN
lens. We model the object as a Lambertian reflector. Thus
light incident at the object surface will be diffusely reflected
into a solid angle of 2z steradians. Reflected light collected
by the GRIN lens will experience loss as it once again passes
through each interface in the catheter. The light reenters the fiber
bundle with collection-coupling efficiency zg,..o- The radiant
exitance from the object at the proximal fiber surface is

Rypic NA
o ject fb
Mobject = Ttb-illum Tfb-col Tcatheter m2 Eproxv 3

where T eter 1S @ transmission term that incorporates the losses
due to the four Fresnel reflections (two on either end of the fiber
and GRIN lens) and three material absorptions (fiber, cement,
and GRIN lens) within the catheter. Mg is directly propor-
tional to the illumination incident on the proximal face of the
fiber bundle E.,, the reflectivity of the object Rgpjec, and
the square of the NA of the fiber bundle NAyg,. Mgyjee is
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inversely proportional to the square of the magnification of the
GRIN lens m, from fiber bundle to object space.

The radiant exitance, M pjee, Will be a small fraction of
the incident irradiance Ey, due to low tissue reflectivity,
low collection NA, and high magnification in endoscopic imag-
ing systems. This highlights the need to minimize background
reflections that are significant relative to the object signal.

2.2 Background Signal

Each interface in the catheter will generate a Fresnel reflection
leading to unwanted background light. The three primary
sources of reflections are (1) the proximal air—fiber interface,
(2) the distal fiber—GRIN interface, and (3) the distal GRIN-
air interface. The latter two reflections can be minimized by
using index-matching optical cement and an appropriate AR
coating on the grin lens, respectively. The most critical source
of background signal for a single-channel fiberscope is the
Fresnel reflection at the proximal air—fiber interface.

The radiant exitance at the proximal surface of the fiber due
to the background can be expressed as

My = Mprox-reﬂ + M gisi.caths “4)

where M ,ox.en Tepresents the problematic proximal reflection
and M g;;.camn Tepresents all the other sources of background sig-
nal in the catheter. M,oy.cei can further be expressed as

Mpr0x~reﬂ = Rair~bepr0x > (%)

where R,;.g, is the reflection coefficient associated with the air—
fiber-bundle interface.

2.3 Image Contrast

The main challenge in fabricating a single-channel fiberscope
for conventional reflectance white-light imaging lies in reducing
the high background-signal levels relative to the typically low
object-signal levels. Fresnel reflections from the fiber bundle
lower image contrast to a level that is typically unacceptable
for practical use. The signal-to-background ratio (SBR), defined
as the ratio of the object signal (Sopje;) to the background signal
(Spack)> 18 @ measure that can be used to quantify this problem.
In principle, the background signal can be subtracted from the
image. However, the unwanted signal uses up valuable dynamic
range and contributes noise to the resulting background-
subtracted image. In the case where the detector output is limited
by photon noise, the noise standard deviation varies as the square
root of the number of incident photons, N (Ref. 8), which
includes contributions from the object signal and the background.
The signal-to-noise ratio (SNR) as a function of SBR is
SBR
SNR = \/Nl —SER" (6)
In the case of very low, almost negligible, background the
SBR > 1 and the SNR approaches v/N. When SBR < 1, the

factor ]iBTER ~ SBR and the SNR ~ v/NSBR. Typically an im-

aging system requires an SBR of at least 1 to produce acceptable
images (SNR = 0.5/N). Unfortunately, the low object-signal
collection efficiency and high background of the basic single-
channel fiberscope (Fig. 1) results in images that typically
have an SBR « 1. Therefore this system does not perform
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well without significantly reducing the background signal origi-
nating from the Fresnel reflection at the proximal fiber surface.

3 Reducing Background from
Proximal Fiber Face

Three techniques were investigated to reduce the background
arising at the proximal face of the fiber bundle: (1) AR coating,
(2) crossed polarizers, and (3) a technique called NA-sharing
whereby a portion of the numerical aperture is devoted to illumi-
nation and a portion to signal detection. The following subsections
describe the modifications that must be made to the system intro-
duced in Sec. 2 to properly model these three techniques.

3.1 Antireflection Coating

An AR coating on the proximal fiber surface is one method to
reduce the catheter background signal. A perfect AR coating
would result in the least amount of loss to both the incident illu-
mination and the detected image signal. Unfortunately, AR coat-
ings are not perfect and there will always be some amount of
residual reflection at the coated surface. To model this situation,
the transmission coefficient, T ,peer» in Eq. (3) and the reflection
coefficient, R,.f, in Eq. (5) are altered due to the AR coating.
This yields an increased transmission and a decreased reflection
of the beams entering and exiting the proximal face of the fiber
bundle. The object and background signals for this situation
become

SobjeCtAR = Mobjecl-AR Tcpl D (7)
and

Shack-AR = (Mprox-reﬂAR + Mdist-cath-AR) * Tcple ®)

where the AR subscript denotes variables and coefficients that
are specific to the AR-coated system.

3.2 Crossed Polarizers

Another way to reduce the background reflection from the
proximal face of the fiber is by inserting crossed polarizers
in the illumination/detection path. In general, polarization is
maintained upon specular reflection from a surface. Thus
crossed polarizers have a high extinction of the reflected signal
from the input fiber face. Imaging fiber bundles do not maintain
polarization on transmission, and thus the object signal and any
background arising after the illumination enters the fiber bundle
will be unpolarized. Crossed polarizers in the optical path there-
fore reduce the background signal from the proximal fiber sur-
face relative to the other signal components.

Figure 4 shows the layout for a crossed-polarizer single-
channel fiberscope. It is identical to the basic system except
for the polarizing beamsplitter, which reflects s-polarized
light and transmits p-polarized light. With the beamsplitter in
place, the coupling optics in the detection path have a transmis-
sion Teppor for the s-polarized proximal background reflection
and a transmission 7 c.unpol TOT the unpolarized object signal and
background components coming out of the catheter. The object
and background signals for this situation are

Snbjecl-pnl = MObjeCtTcp]-unpolD ©

and

Sback-pol = Mpr0x~reﬂ Tcpl-polD + Mdist-cath Tcpl-unpolD, (10)
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Fig. 4 A single-channel fiberscope with crossed polarizers.

where the pol subscript denotes variables and coefficients that
are specific to the crossed-polarizer system.

In an ideal system, the proximal reflection would be com-
pletely rejected by the polarizing beamsplitter, which would
eliminate the first term of Eq. (10). However, real polarizers
always pass some small amount of the light they are designed
to block. Therefore, to properly model the crossed-polarizer sys-
tem one must characterize the s and p components of the light
individually. Further description of this characterization is
beyond the scope of this paper but a detailed analysis® was
used for all necessary calculations.

3.3 Numerical Aperture Sharing

Another way to reduce the amount of background signal col-
lected from the proximal surface of the fiber bundle is called
numerical aperture sharing. The idea is to dedicate a portion
of the fiber bundle NA to illumination and a separate portion
to signal collection. Figure 5 shows a conceptual layout for a
single-channel fiberscope using the NA-sharing principle. A
ring light source is baffled to pass only rays with angles that
lie just inside the fiber bundle transmission cutoff angle. This
hollow cone of rays reflects off a mirror with a central hole
and converges onto the input face of the fiber. As depicted in

Iluminator

Fiber
Bundle Objective

GRIN
Lens

Fig. 5 A single-channel fiberscope using numerical aperture (NA)-
sharing.
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Fig. 6 Components of background signal at proximal fiber face for the
NA-sharing system.

Fig. 6, the benefit of this method is that the proximal Fresnel
reflection is blocked by the mirror and does not reach the
CCD. The majority of the light returning back through the
fiber passes through the central hole in the mirror and is imaged
onto the detector. With proper alignment, the background from
the proximal fiber face will be limited to surface scatter (i.e., no
specularly reflected component). To model the NA-sharing sce-
nario, the illumination coupling efficiency into the fiber bundle
as well as the effect of the mirror on the collected signal must be
incorporated.

The NA-sharing system illuminates the fiber at angles
just inside the geometrical NA of the fiber bundle. High-
resolution imaging fiber bundles propagate only a few
modes, and the coupling efficiency decreases with increasing
illumination angle.” As a result, the coupling efficiency in
the illumination path of the NA-sharing system is significantly
lower than the coupling efficiency in the case where the NA of
the fiber bundle is filled by the incoming illumination. In addi-
tion, the collection efficiency of the NA-sharing system is
decreased because some portion of the light exiting the proximal
surface of the fiber bundle will be blocked by the mirror. The
fraction of light that is transmitted by the mirror/objective sub-
assembly is represented by the transmission term, 7 piyor-

Whereas the light entering the fiber in the NA-sharing system
is limited to a narrow range of angles, the fibers within the bun-
dle do not maintain those angles as light propagates within the
fiber. Therefore, at the distal tip of the catheter the fiber bundle’s
NA is filled and the object is fully illuminated.

With the changes in coupling efficiency and mirror transmis-
sion, the object and background signals become

Sobject-NA = Mobject-NA T irror Tcpl D (11)

and
Sback-NA = (Mprux-reﬂ»NA + Mdist~calh»NATmirror) * TcplD’
(12)

where the NA subscript denotes variables and coefficients that
are specific to the NA-sharing system. Mo, .refina 18 the radiant
exitance associated with light scattered or reflected at the

January 2013 « Vol. 18(1)



Kano, Rouse, and Gmitro: Ultrathin single-channel fiberscopes for biomedical imaging

proximal fiber surface that passes through the mirror to the
CCD. A more detailed representation of this model can be
found in Ref. 6.

4 Expected Performance of the Constructed
Systems

We constructed three single-channel fiberscopes based on the
methods presented in the previous section. Each system used
a similar optical path with the addition and/or removal of a
few optical elements.

This section describes the improvement in SBR expected
with the three constructed systems over a basic system with
an uncoated fiber bundle. For the case when nothing is done
to reduce the reflection from the proximal surface of the
fiber bundle, the modeled SBR is only 0.029, whereas under
the ideal condition of zero background signal from the proximal
fiber surface, the SBR is 1.09 in each system. The ideal no-back-
ground SBR is the same for all three systems because both the
object and remaining background signals pass through the same
optics including the catheter. These worst-case and best-case
SBRs were obtained by using the detailed model developed
to characterize our specific systems. The values are sensitive
to various system parameters, most notably the working distance
of the catheter and the reflectivity of the object. As such, the
absolute numbers are unlikely to be relevant in a general
sense. However, the values still allow us to compare the relative
performance of the three systems, and this comparison will be
applicable to other setups and applications.

4.1 AR-Coated Fiberscope

To test the concept of an AR-coated fiberscope, we built a sys-
tem based on the basic single-channel fiberscope shown in
Fig. 1. We used a 10% reflective (90% transmissive) beam-
splitter in this system and applied an AR coating to the proximal
surface of the fiber bundle catheter. The measured reflectance
from the proximal surface of this catheter was 0.82%, which
yields an expected SBR of 0.20. This is an improvement
over the SBR of 0.029 obtained with an uncoated 3.9% proximal
reflection. Nevertheless, the proximal reflection is still the dom-
inant source of background.

4.2 Crossed-Polarizer Fiberscope

To investigate the use of crossed polarizers as a means to reduce
the proximal reflection, we constructed a system based on the
sketch shown in Fig. 4. Two additional elements (linear polar-
izers) were inserted into the beam path: a generator in the
illumination path and an analyzer in the detection path. The
polarizing beamsplitter'® reflects 99.5% of the s-polarized
light and 1.8% of p-polarized light in the illumination beam.
To improve the degree of illumination polarization, a generator''
rotated to pass s-polarization was placed before the beamsplitter.
In the detection path, the beamsplitter passes most of the p state
along with a small amount of the unwanted s state. An analyzer
was inserted before the camera lens to further reduce this
unwanted s-polarized light. The analyzer also removes s-polar-
ized internal reflections off the AR-coated surface of the beam-
splitter cube.

In this configuration, the illumination degree of polarization
(DOP) was 0.997 at the fiber plane, and the proximal back-
ground decreased to 0.01% of Ej.. This improvement in proxi-
mal background rejection increases the expected SBR to 0.81.
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4.3 NA-Sharing Fiberscope

The system constructed to demonstrate the NA-sharing concept
is shown in Fig. 5. It includes a ring light source with a 0.5 NA.
The baffles consist of two sets of ring apertures that pass rays
with angles ranging from 16.9 to 20.5 deg (NA range 0.29 to
0.35). As previously discussed, light incident on the fiber bundle
in this high-NA range is coupled with substantially lower effi-
ciency than would be expected under normal full-NA illumina-
tion. In our case, the transmission factor is 12% compared to
49% for a fully filled NA. On the detection side, the NA passed
by the mirror is 0.28. Based on measurements, the mirror will
pass 73% of the light coming out of the fiber bundle.

The NA-sharing system rejects the Fresnel reflection from
the proximal surface of the fiber bundle to the extent that surface
scatter becomes important to quantify. Some portion of this scat-
tered light will make it through the central hole in the mirror and
onto the detector. Based on scattering data for clean polished
glass,6 one can estimate a residual background contribution
from the proximal fiber surface of 0.006% of Ep. In this
case, the expected SBR is 0.85.

5 Measured Performance

There are a number of ways to evaluate and compare the per-
formance of single-channel fiberscopes. The proximal reflec-
tions of the crossed-polarizer and NA-sharing techniques are
approximately an order of magnitude lower than the proximal
reflection of the AR-coated system. However, to do a true com-
parison between the three systems, one must use a metric, such
as SBR, that is normalized to object signal. In addition to SBR,
the illumination and detection throughput of the three systems
may be important in some situations. Finally, the three tech-
niques can be compared in terms of overall cost and ease of
implementation.

5.1 Signal-to-Background Comparison

For each of the systems, the SBR can be calculated by collecting
three different images. /,, is a raw image taken with the object at
a prescribed working distance. I, is a raw background image
taken with the object removed. /. is a stray light image
taken with the source turned on but with the fiber bundle cath-
eter removed. These three images are related mathematically to
the true signal (Sopjec), the catheter background signal (Spyck)s
and the background signal due to stray light and dark current

(Sdelector»back) as

Ia = Sobject + Sback + Sdeteclor-backv Ib = Sback + Sdetector-backﬂ

I = Sgetectorback- (13)

The SBR is related to these three images by

Sobject _ I, -1,

SBR = = .
Sback Ib - Ic

(14)

Images of text (the letter O) acquired with the three systems
are shown in Fig. 7. The top row in Fig. 7 shows the raw image
data (/,) and the bottom row shows the background-subtracted
images (Sopject = I, — ;). A tegion of interest inside the letter O
was used to measure the SBR of each of the three single-channel
fiberscopes. In the case of the AR-coated system, a region of
interest was selected that avoided the two parallel scratches
running through the center of the images.
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Fig. 7 Raw (top row) and background-subtracted (bottom row) images
of the letter O on white printer paper taken by the antireflective-coated,
crossed-polarizer, and NA-sharing fiberscopes.

Table 1 shows a comparison of the SBR for the three tech-
niques. The first row gives the SBR for the three systems under
the ideal condition of zero background signal from the proximal
fiber surface. As mentioned previously, this ideal (no proximal
background) SBR is 1.09 for each system. The second row con-
tains the expected SBR based on the specifications for the opti-
cal components and values discussed in Sec. 4. The third row
contains the SBR measured using the calculation methods
described above.

We expected the measured SBRs in Table 1 to be slightly
higher than the predicted values because the real object (paper)
had a specular component with a slightly higher reflectivity than
the Lambertian object in the model. This was observed for the
crossed-polarizer and NA-sharing systems. However, for the
AR-coated fiberscope, we measured an SBR that was signifi-
cantly lower than the expected value. We attribute this discrep-
ancy to the damaged AR coating on the fiber bundle (some
damage is evident in the AR-coated results shown in Fig. 7).

All of the single-channel fiberscopes reduced the background
signal caused by the proximal fiber surface. For the crossed-
polarizer and NA-sharing fiberscopes, this reduction was quite
significant. In fact, the proximal reflection is no longer the dom-
inant contributor to the overall background signal for these two
systems. To determine the most significant contributor to the
remaining background signal, we calculated the relative contri-
bution for each background component normalized to the object

. . Sproxre .
signal, i.e., S”b—” Table 2 shows the resulting values for each of
ject

ol

the fiberscopes. Normalizing by the object signal removes the
dependence on the incident power, allowing for a direct

Table 1 Signal-to-background ratio (SBR) comparison for the three

Table 2 Background signal components normalized to the object
signal.

AR Crossed  NA-
Uncoated coating polarizers sharing

Proximal airfiber reflection ~ 34.2 7.18 0.35 0.24

Fiber internal backscatter ~0 ~0 ~0 ~0
Distal fiber—cement 0.003 0.003 0.003 0.003
reflection

Distal cement-GRIN 0.19 0.19 0.19 0.19
reflection

Distal GRIN-AR coating 0.54 0.54 0.54 0.54
reflection

Resulting SBR 0.03 0.13 0.92 1.03

comparison between the three systems. It also removes losses
that occur in both the image and background component signals,
e.g., transmission of the beamsplitter, transmission of the grin
lens and cement, and coupling efficiency into the fiber bundle.
In the better-performing crossed-polarizer and NA-sharing fiber-
scopes, the largest source of background is the reflection off the
AR-coated surface of the GRIN lens.

5.2 Throughput Comparison

Each of the three techniques presented in this paper can reduce
the amount of background signal from the proximal surface. In
the case of the crossed-polarizer and NA-sharing systems, the
residual surface contribution is similar. To investigate whether
there is an inherent advantage to using one technique over
the other, we should also investigate the light efficiency of
the three systems.

Table 3 shows the efficiency of the crossed-polarizer and
NA-sharing systems relative to the AR-coated system. By nor-
malizing the better-performing crossed-polarizer and NA-shar-
ing systems to the AR-coated system, one can easily see the
relative performance of the three techniques. The first row in
Table 3 covers the illumination path beginning at the input of
the source light guide (same source for all three systems) and
ending just outside the proximal surface of the fiber bundle.
Therefore, these numbers describe how efficient the three sys-
tems are at delivering light to the proximal face of the fiber bun-
dle. The crossed-polarizer fiberscope is the most efficient at 3.1

Table 3 Throughput comparison of the three methods. The efficien-
cies for the crossed-polarizer and NA-sharing systems are normalized to

methods. the AR-coated system values.

Antireflective Crossed Numerical aperture Crossed polarizers NA-sharing

(AR) coating polarizers (NA) sharing

[llumination efficiency 3.10 0.42

No proximal 1.09 1.09 1.09
reflection Coupling efficiency 0.97 0.24
Expected 0.20 0.81 0.85 Imaging efficiency 0.29 0.66
Measured 0.13 0.92 1.03 Total efficiency 0.87 0.07
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times that of the AR-coated system. The NA-sharing system is
the least efficient at only 0.42 times that of the AR-coated sys-
tem. It is important to point out that these numbers are highly
dependent on certain system components. For example, our AR-
coated system had a relatively low illumination efficiency
because it employed a 10% reflective beamsplitter.

The second row in Table 3 covers the relative efficiencies
of the three systems with respect to coupling the illumination
into the fiber. These efficiencies are affected by the reflectivity
of the proximal fiber face as well as the ability of the fiber to
accept and transmit the NA profile of the illumination. The AR-
coated and crossed-polarizer systems fill the NA of the fiber
bundle and therefore have coupling efficiencies that differ
only slightly due to the ARcoating. As previously described,
the NA-sharing system illuminates the fiber in a narrow
range of angles near the maximum acceptance angle of the
fiber. As expected, the trade-off in this system is a fairly low
coupling efficiency of roughly one quarter that of the other
two systems.

Light then travels through the catheter, interacts with the
object, is collected by the distal optics, and travels back through
the catheter to the proximal surface of the fiber bundle. Each of
these interactions is identical for the three techniques. The third
row of Table 3 compares the ability of each system to transfer
the collected light just inside the proximal face of the fiber
bundle to the detector. Unfortunately, it is impossible to measure
the amount of light inside the fiber, and any attempt to measure
the light coming out of the proximal fiber face necessarily
blocks the illumination. However, assuming identical catheters
and objects between the three systems, the illumination emanat-
ing from the distal tip of the catheter is an excellent representa-
tion of the signal returning to the camera just before it escapes
from the proximal tip of the fiber bundle. As shown in Table 3,
the crossed-polarizer and NA-sharing systems have imaging
efficiencies that are 0.29 and 0.66 times that of the AR-coated
fiberscope, respectively.

The final row of Table 3 compares total efficiency, which is
the product of the illumination, coupling, and imaging efficien-
cies of a particular system. This analysis shows that the
AR-coated fiberscope is the most efficient system and that
the NA-sharing system is the least efficient. However, even
with their poorer throughput efficiencies, the SBR results indi-
cate that the crossed-polarizer and NA-sharing systems are bet-
ter at producing high-contrast images. Based on these results,
the choice between imaging systems may depend on the specific
application. The NA-sharing system will produce the best SBR
and therefore the highest-contrast images. However, in light-
starved applications, it may be better to take a minor hit in
SBR in exchange for the significant increase in light efficiency
provided by the crossed-polarizer system.

5.3 Practical Considerations

Another way of comparing the three systems is to review the
practical aspects of constructing, aligning, and characterizing
the systems. The crossed-polarizer system is constructed from
standard optical components, whereas the AR-coated system
requires a specially coated fiber bundle and the NA-sharing
fiberscope uses custom machined baffles and a custom mirror.
Cost-wise, the components for the crossed-polarizer system are
more expensive but are likely to be more flexible to changes in
the design. The AR-coated fiberscope is the easiest to align,
whereas the alignment of the NA-sharing system is the most
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challenging, as the entire principle is dependent on careful posi-
tioning of the fiber bundle with respect to the ring light source
and mirror.

6 Discussion

An important factor that limits the SBR is the collection effi-
ciency of light from the object. While tissue can have a specular
component, it is essentially a Lambertian emitter.'>!* For the
catheters built during this study, the collection efficiency
from a Lambertian reflector at a working distance of 1.5 mm
is only 2.2%. Obviously the collection efficiency worsens
with increased working distance or lower reflectivity, both of
which may be encountered when imaging some tissues.
Unfortunately, this fact is largely unavoidable, and successful
in vivo use of a single-channel fiberscope will likely require
a further reduction in the background signal.

Even though the AR-coated fiberscope was the most light-
efficient of the three systems, it achieved the lowest SBR
improvement due to the residual reflectance from the proximal
fiber surface. To increase the SBR of the AR-coated system to a
level comparable with the other two techniques would require a
proximal reflection < 0.07% (SBR = 0.85), which is unrealistic.
Thus the next logical step is to further improve the performance
of the NA-sharing and/or crossed-polarizer fiberscopes. This
might be accomplished through the use of higher quality polar-
izers in the crossed-polarizer system or further improvements in
the baffle and mirror assembly of the NA-sharing system. In
addition, one might effectively combine two systems by
using an AR-coated fiber in a crossed-polarizer or NA-sharing
setup.

After the proximal surface reflection, the next largest source
of background in the three systems is the distal AR-coated sur-
face of the GRIN lens. Although a residual reflectance of 0.47%
is low, an even better coating would improve the SBR ratio.
However, the materials used to manufacture GRIN lenses
limit the quality of the available AR coatings.'* A further reduc-
tion in this distal reflection may require replacing the GRIN lens
with a different miniature optical component. It is important to
note that this study was performed with the endoscope and
object in an air space. When imaging in a liquid environment,
the glass—air AR coating on the GRIN lens would be replaced
with a glass—water AR coating. The resulting change in reflec-
tivity of the distal GRIN interface will clearly lead to slightly
different SBRs than those reported in this paper.

The model presented in this paper does not specifically
account for losses in the optical system caused by bends in
the flexible fiber bundle. Each of the three constructed systems
included an approximately 90-deg bend in the catheter. This
bend slightly increased the losses incurred by light traveling
in both directions through the bundle. However, since the indi-
vidual fibers in the bundle support only a few modes, one can
assume that the light propagating down the length of the fiber
bundle is identical in each of the three systems once normalized
for differences in overall power. Therefore, any deleterious
effects caused by the 90-deg bend were common to all three
systems and the comparison presented in this paper is still
valid. In addition, these losses are insignificant compared to
the proximal fiber—air and distal GRIN—-air reflections.

One additional method to reduce the proximal fiber—air back-
ground reflection is to polish a known angle into the proximal
face of the fiber. Alignment of such a system would involve tilt-
ing the source and the detector to maintain focus throughout the
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field, and one would expect some loss in coupling efficiency due
to the oblique fiber face. How this tilted illumination approach
compares to the three methods described in this paper is a topic
for future study.

7 Conclusions

The fiberscopes presented in this paper represent an attempt to
improve on ultrathin fiberscope technology by incorporating the
illumination and imaging paths into a single fiber bundle chan-
nel. Simply combining the two light paths via a beamsplitter
results in poor imaging performance due to a high background
signal from the Fresnel reflection at the proximal surface of the
fiber bundle. We identified and characterized three systems that
reduce the proximal Fresnel reflection: (1) AR coating the proxi-
mal fiber face, (2) incorporating crossed polarizers into the light
path, and (3) a novel technique called NA-sharing, whereby a
portion of the image numerical aperture is devoted to illumina-
tion and a portion to detection.

The results show that an AR-coated single-channel fiber-
scope, while the most light efficient, is inferior in terms of
SBR unless the residual reflectance from the proximal fiber sur-
face is <0.07%. Unfortunately, such a low residual reflectance
from an AR-coated fiber bundle is unattainable using currently
available technology. The crossed-polarizer system is the most
light efficient, but the NA-sharing system is superior in terms of
SBR because it virtually eliminates the proximal Fresnel reflec-
tion. The lower illumination efficiency of the NA-sharing sys-
tem compared with the crossed-polarizer system may be a
problem for light-starved applications.

Which technology to employ in a given system will depend
on the system requirements and the application. It may be that a
combination of an AR-coated fiber with either the crossed-
polarizer or NA-sharing system will be the best solution.
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