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Neuromorphic Biophotonic Sensor Based on Near
Infrared Optical Reflectometry
Jae-Ho Han, Member, IEEE, and Jin U. Kang, Member, IEEE

Abstract—A biophotonic image sensor has been demonstrated
by depositing a thin Au (gold) film on the single optical fiber
by sputtering process to incorporate a self-contained reference
plane, as well as to be sustainable for different contact interfacial
medium. This side-viewing optical probe has been polished for
43 –49 angle in order to unilaterally reflect the beam to be focused with a micro dome-shape lens simply formed by high-energy
melting process at the distal end of the standard single-mode fiber.
The all fiber interferometric optics using a low (partial) coherence
double-sided autocorrelator performing as a high-precision optical reflectometer at 1300 nm range noninvasively conducted a
direct profiling of the depth information inside a biological tissue
and for diagnosing brain tumors, as well as imaging subsurface
depth profile for other turbid organic/inorganic samples. The
optical probing imager, which normally operates in low power
of 3 mW–7 mW has 35 dB signal-to-noise ratio (SNR) and a
15 m axial resolution (3-dB width of the reflected peak curve).
Index Terms—Biomedical measurements, biomedical transducers, image sensors, optical fiber devices, optical reflectometry.

I. INTRODUCTION

H

IGH-resolution cross-sectional noninvasive and
real-time optical imaging has been used to measure
depth-resolved images to differentiate between the cancer
and normal tissues in esophagus, colon, and coronary [1],
[2]. Particularly, for neuromorphic (structural) and functional
imaging and image-guided surgery, there have also been great
efforts to early diagnose various kinds of tumors and cancers
such as glioma and melanoma, as well as detecting the vein
in which information directly inside the tissue if is necessary
[3], [4]. However, there is only limited space within biological
object so that most of conventional scanning probes are limited
for their endo/microscopic in vivo imaging of internal micro
tissues [5]–[7]. Thus, to meet the above mentioned concerns
for a specific circumferential visualization, various kinds of
side-viewing micro-optic probes have been suggested in a
Manuscript received October 29, 2010; accepted November 24, 2010. Date
of publication December 06, 2010; date of current version February 01, 2012.
This work was supported in part by the NIH grants BRP 1R01 EB 007969-01
and 1R21NS063131-01A1. This research was supported by the World Class
University (WCU) program through the National Research Foundation of Korea
funded by the Ministry of Education, Science and Technology (R31-10008).
The associate editor coordinating the review of this paper and approving it for
publication was Prof. Aime Lay-Ekuakille.
J.-H. Han was with the Department of Electrical an d Computer Engineering,
Johns Hopkins University, Baltimore, MD 21218 USA. He is now with the Department of Brain and Cognitive Engineering, Korea University, Seoul, 136-713
South Korea (e-mail: jhhan16@gmail.com).
J. U. Kang is with the Department of Electrical and Computer Engineering, Johns Hopkins University, Baltimore, MD 21218 USA (e-mail:
jkang@jhu.edu).
Digital Object Identifier 10.1109/JSEN.2010.2097587

variety of sensing and imaging modalities [8]–[14]. Especially,
in the previous report in [15], feasibility of the bare-fiber
side-viewing probe was demonstrated with inserting a separate
external microlens that can focus the output beam to have a
better lateral resolution than that of normal diverging bare
fiber-optic probes without beam concentration. Furthermore,
it has failed to achieve an appropriate strong level of self-contained interferometric reference that can practically work due
to the small reflectance at the polished fiber interface so that an
external partial reflector has been employed instead to accomplish that purpose only for free-space standing specimens (it
usually requires a air gap between the imaging probe and the
sample for having a reference signal). Those external bulk optic
components eventually make the probing imaging sensor to
be greater in overall size, as well as embrace alignment issues
in between. In this work, a true integrated micro side-viewing
m) has been fabricated that can
fiber-optic probe (
be inserted directly into the brain for profiling depth images
coated with a semitransparent thin gold (Au) film that allows a
self-incorporated reference plane, an essential part for optical
reflectometry-based interferometric imaging, from the distal
end of the probe without using additional external semitransparent and/or partial reflectors for achieving references or other
bulk optics. This technique, in principle, is similar to the conventional electrical or optical time-domain reflectometry (TDR,
OTDR), where it localizes and determines the discontinuity or
faults from the reflected waveforms for the specimen with a
finer dead zone or resolution by using the mixing interference
of a broadband light source. Additionally, gold coating which is
a biomedically safe material provides and optical protection by
avoiding the effect of refractive index dependence of an interfacial contact medium on the reference amplitude whether the
probe works in a free-space standing or aqueous environment,
even in contact with the specimen. Moreover, in order to achieve
beam focusing, a micro dome-shape lens has been fabricated
which enables a simple integration without adapting external
focusing elements by a high-energy melting process. The angle
polished fiber aims the beam for circumferential view by strong
interface internal reflection on the gold-coated layer in which
one-way directional beam is suitable for the integration with
conventional medical hypodermic needles having asymmetrical
shapes where one side can be considered as an optical biopsy
window. The fiber-optic probe has been characterized as well
as its signal-to-noise ratio (SNR) performance and its ability for
depth imaging for various specimens including a brain sample
of a rat for the potential usage in noninvasive optical biopsy and
diagnosis as well as cross-sectional subsurface image profiler.
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Fig. 1. Example photo of the fabricated thin-film gold-coated side-viewing
fiber-optic imaging microprobe and its layout.

Fig. 3. SNR versus output power: circle-measured, solid line-fitted trend curve.

Fig. 4. Experimental setup for all fiber-optical interferometric-based sensor.
(a) Schematic view. (b) Push-pull fiber-based double-sided autocorrelator
configuration.

Fig. 2. Characteristics of side-viewing microprobes. (a) Reference coherence
autocorrelated amplitude signal. (b) Beam far-field profile (circle: measured result, solid line: curve fitting).

II. THIN-FILM GOLD-COATED SIDE-VIEWING IMAGER
The side-viewing microprobe in the inset of Fig. 1 (
magnification, photo taken by a digital microscope, scale bar
indicates 100 m) was fabricated from a standard single-mode
optical fiber (SMF-28), where a micro-ball lens was formed either (diameter of ball size is around 200 m) by exposing to a
high-power CO laser or by melting with using a commercial
arc-fusion fiber splicer. It was angled (43 –49 ) by polishing in
one side for internal beam reflection so that the remaining lens
is used to focus the forward directed beam. A thin gold film was
optimized for its reflection and transmission to be deposited for

approximately 20 s using a conventional semiconductor sputtering process (Denton Vacuum DESK II) with a gold-palladium
(Au-Pd) alloy on the end face of the fiber tip in order to fabricate
a uniform metallic layer [16].
The gold-coated probe was characterized by measuring the
reference coherence peak signal (or the point spread function
of the probe) from the probe tip, as shown in Fig. 2(a), having
dB amplitude above noise backa symmetrical peak of
dB
ground. The measured A-scan (depth) resolution or the
width of the reference peak of 15 m was determined by the coherence length of the low-coherence light source. At this point,
we should mention that, without the gold coating, it was rather
hard not only to couple back certain level of reference amplitude [coherence peak as in Fig. 2(a)] from the bare fiber probe
with the same structure due to the fractional reflectance from
the distal end of the fiber between the glass-air interface, as
well as its structural dimension so that additionally, instead, an
external bulk partial reflector would preferably be inserted for
stronger reference signal [15], accordingly, but also to reconstruct the returned sample signal for sensing. In this case without
gold-coating, even if there exists a small amount of reference
amplitude in a free-space, once the probe is in contact with a
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Fig. 5. Captured image using a gold-coated side-viewing fiber tip: (a) polymer tape layers; (b) IR sensing card (single polymer layer
skin; (d) Rat brain (solid line: normal, dotted line: tumor).

specimen or put in an aqueous condition the reference magnitude significantly drops by the reduced refractive index difference between the glass fiber and the contact medium. Here, the
reference level of the gold-coated probe depends not only on
the thickness of the gold coating but on the dimension of the
microlens to have enough distance for diverging before making
a focus, where the Rayleigh distance is approximately 70 m
[16]. The far-field pattern of the beam is measured (circle) depending on the angles in Fig. 2(b), where the full width at half
maximum (FWHM) is around 43 and the beam has a Gaussian
line shape (solid line). The SNR of the probing system is measured to be stable around 30–35 dB throughout the normal operating power range of 3–7 mW. The result is shown in Fig. 3
where the solid circle and the line curve are the measured and
fitted trend curve results, respectively. Although this SNR result
is relatively lower than conventional forward viewing CPOCT
by 10–15 dB [17] due to the signal attenuation that can occur
possibly in the metallic layer, it is still comparable with the SNR
reported in [15] having SNR of 35 dB. However, only limited
reports have already provided SNR (7–11 dB) [8] or minimum
sensitivity (130 dB, 80 dB) [10], [12] for side-viewing imagers
in different modalities that can be compared with the proposed

+ organic material); (c) onion

side-viewing probe. The lateral (transverse) resolution of an optical fiber-based imager is limited by its core dimension (numerical aperture of optical fiber) which is approximately 10 m [15]
or 6.8 m [12].
III. EXPERIMENT AND RESULTS
The introduced all fiber-optical imaging system is based on a
near infrared (IR) optical reflectometer, where a 1.3 m range
source of super-luminescence diode (SLD) having a Gaussian
spectral shape was used as a low coherence light, as in Fig. 4(a)
is par[17]. In the design described above, the electric field
tially reflected to form a reference, while the transmitted part of
the light illuminates the sample. The total electric field signal
collected from the fiber probe comprises of the reference,
and the sample,
with a time delay . The optical
autocorrelator extracts the depth information from the convolution between those reference and the sample signals where the
time delay or path difference for determining different depths
is accomplished by the piezo-electric controlled fiber stretchers
and Faraday reflector mirrors, as shown in Fig. 4(b). Here, a
path-balanced autocorrelator for the upper and the lower paths
produces a symmetric double-sided signal, like the scan region,
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e.g., from minus 4 mm to positive 4 mm in the system, with
the position of the coherence peak at the center. However, introducing an offset in the two arms—the difference between the
path lengths of two arms in the scanning interferometer, such
as a 3 mm offset can be used to achieve desired longitudinal
scan region from minus 1 mm to positive 7 mm. Hence, this
autocorrelator with a correct offset in optical path lengths can
mimic a typical Michelson interferometer for all practical purposes. Here, the interference pattern occurs only if the path difference lies within the coherence length of the low coherence
source, which is the depth resolution of the imaging system. The
photodiode (PD) detects the amplitude of each path changes to
map the autocorrelation result as a function of distance. For the
common optical path-based interferometer configuration, the
reference signal is achieved from the partial reflection at the
distal end of the fiber probe and the sample signals are from
the reflections at the specimen’s surface and inner substructures
with different refractive indices or with tissue scattering [18].
Using 1300 nm near IR source supports longer penetration depth
than that of other shorter infrared sources due to less scattering
in the tissue in a rather constant attenuation by photon absorption. The behavior of photons is dominated by scattering and
the individual path of a given single photon is modeled as a
random walk so that a large number of photons exhibit diffusion
in the medium [19]. The low coherence interferometric imaging
is based on the detection of coherent photon transport in which
the light photons travel through a scattering turbid medium. In
this turbid medium, most of the incident photons experience a
random scattering and absorption whereas, for a short distance,
a few photons can diffuse in a straight path.
For internal structure sensing from the specimen, the goldcoated fiber probe was placed in close proximity to the ex vivo
sample. Typical images for the different specimens are shown
in Fig. 5. We can observe multiple-layer stacks of organic cellophane represented as peaks in Fig. 5(a); high reflection at the
front polymer surface of the infrared detection card as well as
the inner organic structures in Fig. 5(b); the multiple reflections
were observable due to the hyper reflection of the onion skin
cells or inner microstructures in Fig. 5(c); and a rat brain having
parts of normal and tumor (melanoma) can be differentiated by
the subsurface scattering or reflection patterns in Fig. 5(d). The
normal healthy part (solid line) has a thin but strong surface reflection, whereas tumor has highly scattered features shown by
broader overlapped peaks (dotted line) near the surface, which
match to the previous results [17]. It is also able to observe
deeper cerebral cortex layers represented by satellite peaks apart
from the brain surface.
IV. CONCLUSION
The internal depth information sensing of biological tissue
(onion) and diagnostic feature of brain tumor as well as other organic/inorganic (polymer layers) specimens have been successfully demonstrated using the microlens integrated side-viewing
gold-coated microfiber probe based on optical autocorrelator
using partial coherence reflectometer at 1.3 m. The fabricated
gold-coated microtip was able to conduct noninvasive cross-sectional imaging without external bulk reference plane and focusing lens, which are desirable features for the potential use in
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m) neua variety of minimally invasive high-resolution (
romorphic imaging and disease diagnostic/biopsy procedures.
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