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I. INTRODUCTION

The advent and development of optical fibers and
fiber-devices led to dramatic changes in various optical
fields including biomedical optical imaging. The employ-
ment of optical fibers and fiber devices has promoted
the implementation of simple, efficient, compact and
cost-effective biomedical optical imaging systems. In
the fiber based optical imaging systems, optical fibers
are used to transmit the optical signals between system
and samples. For example, the fiber optic version of the
optical coherence tomography (OCT) system, which
provides cross-sectional microstructure images of a bio-
logical tissue using the interferometric technique [1~3],
has utilized single mode fiber (SMF) and SMF coupler
for light transmission and beam-splitting. Furthermore
various fiber optic scanning probes have been reported
for endoscopic applications of OCT systems [4]. Another
optical imaging modality widely using optical fibers is
fluorescence spectroscopy (FS). It gives the information

of biochemical and morphological properties of tissues
in a fast and non-invasive mode [5]. The sample probes
in spectroscopy systems are usually multimode fibers or
fiber-bundles, which enable the delivery of the excitation
beam and fluorescence signal [6].
Recently, attempts to combine a fiber optic OCT

with a spectroscopy system have been reported [7, 8].
Although these hybrid systems have also been imple-
mented mainly with fiber optic devices, the use of bulk
optic elements such as dichroic mirrors was unavoidable
to handle dual-wavelengths for the hybrid systems [7].
In addition, the employment of different kinds of optical
fibers was necessary to isolate the fluorescence signal
from the OCT signal [8]. In our previous work, we have
reported the use of double clad fiber (DCF) and DCF
devices to get a common probe for both modalities [9,
10]. The core of DCF was used for the OCT and to
launch the excitation beam. At the same time, the
concentric inner-cladding having a large mode area was
used to effectively collect the weak fluorescence signal
excited from the sample.
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In this report, we propose a simple method to fabri-
cate DCF and DCF coupler which can be used for the
true fiber based imaging systems. Unlike the conven-
tional DCFs which require the dual cladding preform
for drawing, the proposed DCF is drawn from a
conventional SMF preform having a single cladding. To
form the additional cladding layer during the drawing
process, a low-index polymer is coated as both the pro-
tective jacket and the outer cladding. The DCF coupler
which couples the light between the inner cladding layers
of two pieces of a DCF has been usually fabricated with
the complicated side-polishing process or with the
fusion process by using a huge coupler machine. However,
with the proposed DCF, we could fabricate the coupler
by simply contacting two stripped DCFs owing to the
polymer based outer cladding. With the help of home-
made DCF devices, a hybrid OCT-FS system was imple-
mented for the simultaneous measurements of OCT
images and fluorescence signals from a plant tissue.

II. FABRICATION OF DCF AND DCF
COUPLER

1. Double clad fiber
To fabricate the polymer-clad DCF, a preform for a

conventional SMF was drawn using a conventional drawing
tower. However, the fiber was coated with a low-index
polymer (UVF PC-409 AP, Luvantix) instead of a high-
index polymer during the drawing process. Therefore,
the polymer layer acted as a protective jacket as well
as an outer cladding layer of the fiber. The schematic
cross-sectional view and the refractive index profile of
the fabricated DCF are shown in Fig. 1. The radii of

the core, the inner cladding and the outer cladding
were 10 m, 125 m, and 250 m, respectively, in a stepμ μ μ
refractive index profile. Based on this design, a beam
over the cut-off wavelength of ~1100 nm can be trans-
mitted with single mode through its core and the beam
launched into the inner cladding can be guided with
multimode owing to large diameter cladding area of the
DCF.
Since the size of the core and the inner cladding of

the DCF were the same as those of a conventional
SMF, the coupling loss between the DCF and the
conventional SMF was negligible. In the OCT-FS
multi-modal system, it is important to match the core
radius of SMF with that of the DCFs in order to reduce
the coupling loss and to avoid the artifacts in OCT
image due to the mode mismatch. When the core radius
of DCF is smaller than that of SMF, the additional
inner cladding modes are guided along the core of the
SMF. And then, they produce the undesirable phantom
peaks in the OCT signal. This is the case when the
commercialized DCF that has a core radius smaller
than that of the SMF is used instead of the proposed
polymer-clad DCF.

2. Double clad fiber coupler
The DCF coupler based on the proposed polymer-

clad DCF was fabricated by a simple contact method.
The DCF coupler was realized simply by allowing phy-
sical contact between the inner cladding regions of two
pieces of DCFs. This process did not require additional
fabrication equipment or complex fabrication processes
generally used for the conventional fabrication methods
such as the side polishing method [11] and the fused
bi-conical tapered (FBT) method [12]. To secure the
contact, a pair of DCFs was twisted around each other
after removing the polymer jackets (the outer cladding)
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FIG. 1. The schematic cross-sectional structure (bottom)
and the refractive index profile (top) of the double clad
fiber (DCF). The DCF has a step index profile with the
radii of the core, the inner cladding, and the outer cladding
of 10 m, 125 m and 250 m, respectively.μ μ μ
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FIG. 2. (a) The schematic of the DCF coupler formed
by twisting two pieces of a DCF after stripping the jacket
(outer cladding). (b) The schematic side-view of the DCF
coupler. The excitation beam shown at the input port
passes through the core of the through port and the
collection beam is guided to the cross port through its
cladding area.
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as shown in Fig. 2(a). Schematically, as represented in
Fig. 2(b), the beam launched into the core of the input
port propagates through the core of the through port,
and the beam launched into the cladding of the through
port passes through the cladding area, and then is
coupled into the cross port.
As shown in Fig. 3, the efficiency of the coupling into

the cross port was measured over the wide spectral
range. We were able to couple the beam into the cross
port at L=3 cm (~6 turns); the coupled power was rapidly
increased at the increasing coupling length up to L=6
cm (~11 turns); and then it was slowly saturated up
to L=15 cm (~27 turns). Experimentally, the maximum
cladding mode coupling efficiency of the DCF coupler
was obtained about 30% at a 680 nm ~ 900 nm wave-
length range as shown in Fig. 4(a) measured at L=16
cm (~28 turns). A small amount of index matching oil
with the lower refractive index than that of the inner
cladding layer was applied in the coupling region to get
a better contact.
Although the fabrication method is very simple and

does not require any additional equipment, it requires
longer coupling length than that of the conventional
fabrication methods. However, that is the compromise
we are willing to make in order to avoid the consider-
ably complicated equipment such as hydrogen torch or
ceramic heater, precisely calibrated translation stages,
the pulling systems to fuse and pull the fibers in the
FBT technique, and the tedious but unreliable polishing
required in the side-polishing technique. The length of
the coupler does not play any critical role in the perfor-
mance of the system. Further, the proposed contact
method has an additional advantage of adjusting the
coupling efficiency by adjusting the coupling length or
the number of twists.
The guiding performance of the DCF coupler was

verified by measuring the mode field images at the
through port and the cross port as shown in Fig. 4(b)
and (c), respectively. A 633 nm He-Ne laser beam was
launched to the input port of Fig. 2(b). The focusing
of the input beam was kept loose so that not only the
core but also the cladding mode beams were launched
at the same time. The modal field image of the through
port was obtained by taking the CCD image at the end
of the through port of Fig. 2(b). Figure 4(b) shows that
the core mode beam has a strong intensity and the
cladding mode beam has appreciable intensity also. To
get the modal field image of the cross port, the CCD
image was taken at the unused port of Fig. 2(b), the
right bottom port. As Fig. 4(c) shows, we could not see
any appreciable core mode beam. From these measure-
ments, we can conclude that only the cladding mode
beam is coupled to the cross port in the DCF coupler.

III. OCT-FS SYSTEM IMPLEMENTED WITH
DCF AND DCF COUPLER

1. Combined OCT-FS system
The schematic diagram of the all-fiber hybrid OCT-

FS system, based on the proposed polymer-clad DCF
coupler, is shown in Fig. 5. The OCT system is com-
posed of a SMF coupler, a broadband super-luminescent

FIG. 3. The coupling power measured at the cross port
of the DCF coupler with respect to the coupling length.
The coupling power increased with the length of the
contact region.
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FIG. 4. (a) The measured maximum coupling efficiency
of the DCF coupler. The coupling efficiency was ~30% at
680 nm ~ 900 nm, with a contact length of 16 cm. (b) The
mode-field image at the through port. (c) The mode-field
image at the cross port. The mode-field images were
measured by a CCD camera at 633 nm.
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diode (SLD; 1310 nm center-wavelength, 45 nm spectral
bandwidth), a moving-mirror in the reference arm, and
a InGaAs photodetector. The FS system is mainly
composed of a DCF coupler, a monochromatic Ar-ion
laser (488 nm center-wavelength, 300C FreD, Coherent)
and a spectrometer (QE65000, Ocean optics Inc., Dunedin,
Florida). Two systems are combined by using a wave-
length division multiplexed (WDM) fiber coupler, which
couples the OCT source and the FS excitation beam
into the core mode of the DCF coupler (input port).
Both beams propagate to the through port of the DCF
coupler unperturbed by the coupling region in the
DCF, as they are well confined to the core. For focusing
the fluorescence excitation beam and the OCT input
beam and for efficient collection of both OCT and fluore-
scence signal beams, a single-body fiber lens was formed
at the end of the through port of the DCF coupler
[10,13]. The back-scattered OCT signal is re-coupled
into the core of the DCF coupler with the aid of the
same DCF lens, while the weak fluorescence signal is
mainly coupled into the inner-cladding modes due to
their large mode-area. The back-scattered OCT signal
re-enters the OCT system and it interferes with the
reference signal at the 50/50 SMF coupler. The inter-
ference signal is detected by a photodiode, electrically
band-pass filtered and then demodulated. Finally, the
signal was digitized and converted to the gray scaled
two dimensional OCT images by scanning the sample
arm. On the other hand, the FS signal collected by the
same DCF lens was mainly guided through the inner
cladding of the DCF, and coupled to the cross port of
the DCF coupler through the inner cladding area.
Since, the DCF coupler exclusively couples the inner
cladding modes, the fluorescence signal is only directed
to the FS detector after long-pass filtered at 500 nm
for rejection of the excitation beam.
The coupling ratio of the SMF coupler implemented

for the experiments was 50% at 1310 nm and 53% at

488 nm. In addition, the coupling efficiency of the
WDM coupler was 92% at 1310 nm and 54% at 488
nm. After passing all optics, the 34% of the SLD power
for OCT and 43% of the Ar-ion laser power for fluore-
scence excitation were ultimately delivered to the sample.
The measured focal length of DCF lens was 740 m andμ
its 1 dB tolerance range was ~1000 m at a wavelengthμ
of 1310 nm. The measured spot size was 9 m. Theμ
resolution and the sensitivity of the OCT signal were
18 m and -85 dB, respectively. Theμ fluorescence spec-
trum was measured by a spectrometer with spectral
resolution of 3.5 nm and calibrated with a tungsten
halogen lamp (LS-1-CAL, Ocean Optics, USA).

2. Simultaneous measurement of OCT image and FS
signals
We measured OCT image and FS signal indepen-

dently with the implemented OCT-FS multi-modal system.
At first, the OCT image of a pearl was measured (Fig.

FIG. 5. The combined OCT-FS multi-modal system
that is based on the proposed polymer-clad DCF and the
DCF coupler. The DCF coupler works as a concentric com-
mon probe with the help of the DCF lens. (SMF coupler:
single mode fiber coupler, WDM coupler: wavelength division
multiplexed coupler, NDF: neutral density filter, LPF:
long pass filter, PD: photodetector).
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FIG. 6. (a) The measured OCT image of a pearl (image
size: 2.5 mm 3 mm). (b) The measured fluorescence spec× -
trum of quantum dots (Invitrogen, Qdot○R605). The main
peak was at 605 nm. Here, the OCT image and FS signal
were measured independently.
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6(a)). The cross sectional structure of the pearl was
clearly observed for a depth of ~3 mm. The image size was
2.5 mm 3 mm in the transverse and the longitu× dinal
directions. As a test sample for the fluorescence spectrum
measurement, a quantum dot (Qdot○R605, Invitrogen) was
employed. The known emission wavelength of Qdot○R
605 was 605 nm and the main peak of the measured
spectrum appeared at 605 nm (Fig. 6(b)). The excitation
beam was at 488 nm.
To demonstrate the simultaneous measurement of

the proposed OCT-FS system, both a two-dimensional
OCT image and a series of fluorescence spectra of a
plant tissue were taken at the same time. The FS measure-
ments were repeatedly performed at every 10 m tranμ -
sverse OCT scanning (B scan) by using a translation
stage. Figure 7 shows the measured OCT image and
the corresponding fluorescence spectra of a gingko leaf.
The scanning was done on a part of gingko leaf along a
lateral direction. Figure 7(a) represents the measured
OCT image. The image size was 1.5 mm 0.6 mm in×
the transverse and longitudinal directions, respectively.
Figure 7(b) shows the pseudo-colored fluorescence spectra

measured along the scanning direction. As shown in
Fig. 7(c) the spectrum has peaks mainly at 690 nm and
740 nm, which are the well-known red and far-red
fluorescence peaks of chlorophyll a of green plants [14].

IV. CONCLUSION

In this work, we have designed and fabricated DCF
(double clad fiber) and DCF coupler suitable for a multi-
modal optical imaging system. The DCF was drawn
with the same process as the conventional SMF s, however’
we replaced the conventional high-index polymer with
a low-index polymer. The DCF coupler was fabricated
by stripping the polymer coating of two pieces of a
polymer-clad DCF over a required coupling length and
the two pieces were twisted over each other. Although
the length of the contact region was much longer than
that of the conventional fabrication techniques, the process
was much simpler. The dual channels of DCF and the
DCF coupler provided the concentric common probe in
the combined OCT-FS system that required a single mode
channel and a large area collection channel at the same
time. The feasibility of the DCF and the DCF coupler
were ascertained by simultaneously measuring the OCT
image and the FS signal of a gingko leaf from the
combined OCT-FS system. Since the design parameters
of the DCF and the DCF devices are controllable in
a wide range and the fabrication process is extremely
simple, they can be easily adopted for various optical
imaging systems and multi-modal systems also.
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