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Optimized Working Distance of a Micro-optic OCT Imaging Probe

Da-Seul Kim and Sucbei Moon*
Department of Physics, Kookmin University, Seoul 02707, Korea

(Received March 4, 2020 : revised May 20, 2020 : accepted May 21, 2020)

We have investigated optimization of the working distance (WD) for a highly miniaturized imaging
probe for endoscopic optical coherence tomography (OCT). The WD is the axial distance from the distal
end of the imaging probe to its beam focus, which is demanded for dimensional margins of protective
structures, operational safety, or full utilization of the axial imaging range of OCT. With an objective
lens smaller than a few hundred micrometers in diameter, a micro-optic imaging probe naturally exhibits
a very short WD due to the down-scaled optical structure. For a maximized WD careful design is required
with the optical aperture of the objective lens optimally filled by the incident beam. The diffraction-involved
effect was taken into account in our analysis of the apertured beam. In this study, we developed a simple
design formula on the maximum achievable WD based on our diffraction simulation. It was found that
the maximum WD is proportional to the aperture size squared. In experiment, we designed and fabricated
very compact OCT probes with long WDs. Our 165-um-thick fiber-optic probes provided WDs of 3 mm
or longer with reasonable OCT imaging performance.
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I. INTRODUCTION

The endoscopic techniques of optical coherence tomo-
graphy (OCT) and other imaging modalities have been
rigorously researched for minimally invasive medical imaging
based on highly miniaturized imaging probes of catheter
and needle forms [1, 2]. The size of very compact OCT
imaging probes ranges from 0.1 mm in diameter fabricated
with graded-index (GRIN) optics, ball-shaped lensed fibers,
or lens-less configuration [1-6]. In endoscopic OCT imaging,
such micro-optic probes can be inserted more deeply into
the targeted imaging areas with minimal concern. They can
also be more easily integrated with conventional instruments
owing to the small sizes [7, 8]. There are growing interest
and demand for compact endoscopic solutions in various
applications of OCT and other imaging modalities.

Ultimate miniaturization of optical assemblies inevitably
brings performance limitations involving technical difficulties

of optical design and the fundamental limits of micro-optics
[5, 9, 10]. One of the most common and critical problems
is concerned with the optical performance of the working
distance (WD). As a convention, the WD is defined by
the distance of the beam’s focus on the object side from
the structural end of the imaging probe. It provides a
dimensional margin for the main imaging region located
in the vicinity of the focal point. The WD unavoidably
decreases as the optical eclements are scaled down in
micro-optic devices. However, a certain level of WD is
often necessary for small imaging probes operated with
protective structures such as tubings or windows. Some
applications may require sufficient WDs simply for safe
operation. Particularly in OCT imaging, the axial imaging
range available is restricted by a very short WD. For the
very compact OCT imaging probes thinner than 200 um in
the literature, the WDs were mostly shorter than 1 mm.
This level of WD might not provide sufficient dimensional
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margins and it might limit the applicability of highly
miniaturized OCT probes in some cases.

In this study, we have systematically investigated how
to optimize WD performance for a very compact OCT
imaging probe. The questions of interest are what the
optimal mode of the optical beam filling is, and how long
the maximized WD can be for given requirements of focal
beam size and lens size. In our study, the WD perfor-
mance was analyzed by diffraction simulation for apertured
Gaussian beams. We were able to develop a simple design
formula that easily estimates the maximum achievable WD
as a useful design guide. Our theoretical analysis was
validated by experimental results with our fabricated micro-
optic imaging probes. Our analysis and findings on the
WD performance will provide a useful design guide for
developing structurally compact but optically far-reaching
OCT imaging probes.

II. THEORETICAL ANALYSIS

Since single-mode (SM) fiber mostly produces a nearly
Gaussian beam at its output, extensive studies have been
carried out for the beam-focusing optics of OCT imaging
probes based on the Gaussian beam model [11], in which
the beam is not spatially restricted by the lens aperture.
The Gaussian beam parameters and the lens transfer
matrix, better known as the ABCD matrix, provide a
simple formalism for performance estimation. In practice,
the beam-aperturing effect limits the WD achieved with a
real-world lens of definite size. For a demanded focal beam
size which constrains the object-side numerical aperture
(NA), a small lens cannot provide a large aperture and a
long WD at the same time. A Gaussian beam of wavelength
A and focal beam size wy gives a beam divergence angle
of AM(mwy) out of its focal region. In approximation, a
low-NA lens of diameter D is desirably underfilled only if
the WD is as short as

Dw,

WD < s
22

M

for the beam to be still effectively Gaussian. Otherwise,
the beam is spatially filtered in the beam overfilling, and
prone to aperture-induced diffraction. This brief analysis
suggests that the maximum achievable WD depends upon
the lens size and the demanded focal beam size. And the
simple Gaussian beam model fails in successfully estimating
the beam focusing performance. The actual WD limit can
be estimated only by formally taking the diffraction effect
into account.

An OCT imaging probe that equips a micro-optic
objective lens can be modeled by scalar diffraction theory.
In our diffraction model, the optical beam fed to the
objective is a Gaussian beam produced by SM fiber. This

beam is refocused by an objective lens of circular aperture
determined by the lens diameter. The beam at the exit plane
of the lens, called S, becomes an apertured Gaussian beam
with a curved wavefront in spatial phase modulation. Its
field on S, denoted by Eg(u,v) in the Cartesian coordinate
variables of u and v, is given by

Es<u,v)=E0exp{_r;—ik(£H-U (r=R,), 2
Wy

¢

where r is the radial distance defined by the square root of
#? +12, ws is the initial beam size on S in the Gaussian
measure, k=2a/A is the radial wavenumber, R. is the
curvature radius of the wavefront or the phase modulation
constant, R, is the aperture radius, and E, is an amplitude
constant. Here, U({) is the aperture step function, equal to
1 for {<0 and 0 for (>0. In the thin-lens case, R,
automatically equals half of the lens diameter, D.

The apertured Gaussian beam of FEg propagates in
diffraction after the lens. By the well-known Huygens-
Fresnel formula, the diffracted field of Egs is obtained by
the surface integral on S as

1 ik
Edg[f(xsysz):ﬁ[IES(u,V)'ydudv’ (3)

where x and y are the Cartesian coordinate variables of the
lateral plane of observation, and z is the axial variable.
The illumination plane of S is expressed by z=0. Here,
q is the geometrical distance to a point on S, obtained
by the square root of (x-u)’+ (y-v)* +z%. Figure 1 shows a
graphical illustration of our model. As a relative measure
of the initial beam size, the beam filling factor of F is
defined by F=wgR, The condition of overfilled or
underfilled launch to the lens is roughly discriminated by
the matched-launch condition of F=100% with ws=R,.
When overfilled (F>100%), a considerable portion of the
optical power is lost by spatial filtering. For an apertured

§': illumination plane WD

e Focal plane

FIG. 1. Diffraction of the apertured Gaussian beam. The beam
filling factor, F, relatively measures the beam size at the lens
input while  measures the relative size of the focal beam in
regard to the aperture size, R,.
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Gaussian beam defined by R,, F, and R, the focal point is
found by the smallest beam size of Ezz And the WD is
determined by its axial position. The beam size at the
focal plane is evaluated by the full width at half maximum
(FWHM) of the intensity profile. It is measured relatively
by f, which is the FWHM normalized by R..

From Egs. (2) and (3), computational searching for WDs
was carried out by our MATLAB code for a working
wavelength of =13 pm. Figure 2 shows the calculated
WDs and the focal beam sizes obtained with R,=70 um
for varying R.. Four different beam-launch conditions were
tested with F'=50%, 75%, 100%, and 200%. In the surely
underfilled launch of F=50%, we found that the nearly
Gaussian beam exhibits a peak in WD at a certain curvature
of R.. In the other cases of F=75%, 100%, and 200%
where the aperture effect is not negligible, the focal beam
size steadily increases with the wavefront curvature until
the beam becomes divergent without any focusing behavior.
There, the maximum in WD can be technically determined
at the focus-vanishing point. Those maximum WDs are
marked by colored circles in Figs. 2(a) and 2(b). Notice that
the initial beam size is quantified by ws in the Gaussian
measurement, which is the beam radius of intensity e”.
The FWHM beam size can be estimated as 1.18 x wg for
the Gaussian beam.

For the apertured Gaussian beams of F'=75%, 100%, and
200%, growth of the WD is accompanied by increase of the
focal beam size. A practical maximum in WD should be
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FIG. 2. Increase of the WD (a) and the focal beam size (b) with
wavefront curvature, 1/R., theoretically calculated for the
four different beam filling factors. Note that the aperture size,
R,, was kept constant in all the cases. The beam filling factor,
F, is the ratio of the Gaussian beam width at the lens incidence
to the aperture size of R,,.
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determined in regard to the focal beam size. For instance,
if the focal beam size is required to be below 50 pm, the
maximum achievable WD is found to be 3.3 mm, 3.5 mm,
and 3.9 mm for the three cases of F=75%, 100%, and
200%, respectively. It is obvious that a higher value of F
gives a longer WD as expected. However, the increment is
not so high. This comes from the fact that the curves for
WD shown in Fig. 2(a) follow the same trend, despite the
different filling factors, and those for the focal beam sizes
are dispersed very little, as observed in Fig. 2(b). Therefore,
excessive filling or increasing F' is not a power-effective
strategy for practically maximizing the WD. An optimal
level for F' was found to be around 100%. Further increase
of F provides a slightly enhanced WD, but with an
excessive optical power loss above 13.5% or 0.6 dB. This
is a useful finding for optimization of the WD performance.

The maximum achievable WDs were further investigated
under the optimal launch condition of F'=100%. The focal
beam size was relatively measured by p, i.e., the ratio of
the focal beam size in FWHM to the aperture radius R,.
Figure 3 shows the maximum achievable WD for a wide
range of R, calculated for the three cases of f=0.35, f=
0.59, and S =0.83. Both the horizontal and vertical axes
are normalized by A for scaling analysis. An empirical
formula for the maximum achievable WD was obtained by
curve fitting of the simulation results. The curves for the
maximum WDs were nicely approximated by parabolas. In
the range of R/A=20 to 180, the maximum achievable
WD is expressed by

WD, RY
W o (L], @

where a is the fit coefficient. Our curve fitting gave a=
0.52 for f=0.35, a=0.83 for #=0.59, and a=1.10 for
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FIG. 3. Maximum achievable WD as a function of aperture
radius for three different relative focal beam sizes. Both axis
scales are normalized by 1. The dotted curves show the
computational results while the solid lines are their parabolic
curve fits. The inset gives a magnified view around R,/A =
53.8, marked by the vertical dashed line. Note that the relative
focal beam size, 3, is the ratio of the FWHM size at the focus
to the aperture size, R,.
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£ =0.83, respectively. One can easily calculate the maxi-
mum achievable WD for given values of A and R, by using
Eq. (4).

The results shown in Fig. 3 and Eq. (4) are scalable
for different working wavelengths. In diffraction theory,
reduction of the wavelength is equivalent to extension of
the structural dimensions. Thus, the same value for the
maximum WD normalized by 4 is found for a normalized
aperture radius of R,/A. Eq. (4) suggests that the maximum
WD is inversely proportional to the wavelength in the
same optical structure. For example, with R,=70 pm and
£=0.59 for F=100%, the maximum WD is found to be
3.1 mm at 4=1.3 um. Reducing 4 by half simply doubles
the normalized aperture radius, and quadruples the norma-
lized WD. Accordingly, the maximum WD for A=0.65 pm
is calculated to be 6.3 mm from Eq. (4).

II. EXPERIMENTAL VALIDATION

We designed and fabricated very compact, long-WD
imaging probes in this study. GRIN lens elements were
utilized in our micro-optic probes. Our GRIN lenses came
originally from custom-fabricated graded-index optical fiber,
cleaved and polished carefully for making short GRIN
lenses. The full diameter of the fiber was 165 um including
the cladding layer while the real diameter of the GRIN
profile was 140 pum, hence, giving approximately R, =70
um. Figure 4 shows the schematic diagram of our imaging
probe and the microscopic picture of a fabricated probe.
The GRIN lens was assembled with standard SM fiber by
using a spacing element of coreless silica fiber. All of them
were in fiber form and could be fusion-spliced one by one
for a compact and robust structure [1]. The free design
parameters in our micro-optical assembly were the length
of the spacer, L, and the length of the GRIN lens, L,. The
lens power was determined by L, for a given GRIN lens
coefficient. The pitch of our GRIN lens was found to be
2.27 mm. The working wavelength was A=1.3 pum.

SM fiber Coreless fiber  GRIN lens
(b) GRIN lens
_ b
S— ;= O (SRR
SM fiber Coreless fiber

FIG. 4. Schematic diagram of our imaging probe with the
design parameters defined (a), and the microscopic view of a
fabricated probe (b).

The length of the spacer element, L, was carefully
chosen at first so that the beam filling factor of F' was set
to be 100%. We experimentally found the length of L, for
which the beam size immediately after the spacer matched
the aperture size of the lens. In the next step, the GRIN-
lens fiber was spliced to the spacer. And the GRIN-lens
fiber was cleaved at the other end by a fiber cleaver while
carefully measuring the length with a microscope-equipped
translation stage. Two factors affected our controlled
determination of the lens length, L.: First, the precision of
our cleaving work was not fine enough with an error of
+10 um. Second, fusion splicing deformed the lens slightly
in the fused region. Note that the required precision of L,
was finer than a few microns in making a long WD.
Additional polishes were applied to the outer plane of the
GRIN lens for fine adjustment of L.

It is worth noting that our GRIN lens was not a thin
lens. The real aperture stop was located in the middle of
the GRIN lens. Due to its finite size, the optical fields that
reached the cylindrical boundary of the GRIN part radiated
out of the lens. In our experiment, index-matching gel was
applied to the cladding to keep the unconfined fields from
interfering with our beam characterization. As a conse-
quence of the thin-lens approximation, F' could be slightly
underestimated in our experiment, and the measured WD
could be slightly shortened. Those effects were not so
strong, though, because the lens length was no more than
0.2 mm in our probes.

After fabrication of our probes, the WDs and the focal
spot sizes were evaluated with an SLD light source and
an optical microscope equipped with an IR camera. The
lengths of L; and L, were carefully measured by micro-
scopic inspection. Table 1 summarizes the results of our
probe fabrication and testing. For given parameters of A=
1.3 pm, R,=70 pm, and F'=100%, simply calculated from
Eq. (4), the maximum achievable WDs are 2.0 mm, 3.1 mm,
and 4.1 mm for relative focal beam sizes of f=0.35, 0.59,
and 0.83, respectively. The experimentally obtained WDs

TABLE 1. Results of probe fabrication and testing

Probe | Design parameters Performance factors
sample L L, WD Focal beam size,
ID (mm) | (mm) | (mm) FWHM (pum)
A 1.03 0.16 42 59.4 (5 =0.85)

B 1.03 0.16 3.6 51.3
C 1.03 0.17 2.9 35.1 (=0.50)
D 1.03 0.17 2.8 31.8
E 1.03 0.18 2.5 28.5
F 1.03 0.19 23 27.4
G 1.03 0.20 22 25.7
H 1.03 0.19 1.9 22.3 (=0.32)
I 1.02 0.20 1.6 20.2
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shown in Table 1 approximately agreed with the theoretical
predictions in the three cases of Samples H, C, and A.
Note that their relative focal beam sizes were £=0.32,
0.50, and 0.85, respectively, in the experimental results. The
performance of the fabricated probes was slightly inferior
due to imperfect index profile of the GRIN lens or other
phase perturbations [9]. The longest of the WDs obtained
in our experiment was 4.2 mm with f=0.85 (Sample A).
We found it very difficult to successfully obtain a longer
WD by simply decreasing L,. Formation of the focus was
very sensitive to the lens length for the loosely focused
beam. Very often the focal point could not be reliably
determined with asymmetric beam shapes. Unintended
curvature of the lens plane might sensitively affect the beam
quality. In our fabrication, obtaining a very loose focus of
£>0.9 was technically challenging for those reasons.

For the apertured Gaussian beams, the diffraction
behaviors appeared to be very different from those of
simple Gaussian beams. Figure 5 shows the axial evolution
of the beam size experimentally observed with our probes
of Samples C and Sample H. Unlike for simple Gaussian
beams, convergence and divergence of the beams turned
out to be very asymmetric. They focused in faster than
they focused out. In OCT imaging with Gaussian beams,
the axial imaging range is conventionally estimated by a
multiple of the confocal parameter or the Rayleigh range,
simply calculated from the focal beam size [1]. This simple
method of estimation is no longer valid for the apertured
Gaussian beams. The real characteristics can be engineered
only through diffraction analysis, using the integral formula
of Eq. (3) or other numerical schemes such as the beam
propagation method (BPM) [9]. It is apparent that our
WD-prioritized design does not automatically maximize the
axial imaging range of OCT. The axial imaging range was
roughly halved in regard to the Gaussian-beam case of the
same focal beam size. Still, a long axial range could be
attained owing to its loose focus of our WD-prioritized
design, compared to those of the conventional resolution-
prioritized designs.
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FIG. 5. Axial evolution of beam size (FWHM) for our
fabricated probes (Samples C and H), shown together with
some of the beam images experimentally acquired.
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IV. DISCUSSION

Our formula of Eq. (4) is a useful design guide. One
can easily estimate the relation of the achievable WD to
the lens size. This enables a WD-prioritized design strategy
by which the required WD is defined at first, and then the
probe size or the resolution performance is compromised.
This must be useful when obtaining a long WD is indis-
pensable. In conventional designs, the focal beam size is
first defined for the lateral resolution accepting the resulted
WD subject to the lens size. As suggested by Eq. (4), the
maximum achievable WD is proportional to the square of
the lens size. Obtaining a few millimeters of WD is not so
difficult if the lens diameter exceeds 300 um. However, a
micro-optic imaging probe demands careful optimization
for an acceptable WD when the lens diameter is thinner
than a few hundred micrometers. The WD-prioritized design
can be useful in such a case.

As a consequence of its diffractive nature, there is a
tradeoff relation between lateral resolution and imaging WD
in OCT imaging. A longer WD is achieved by partially
sacrificing the lateral resolution. The required level of
resolution depends on the type of application. For example,
a simple ranging application does not need fine lateral
resolution [7]. OCT imaging of layered tissues can still
take advantage of high axial resolution, even with a loose
beam focus. It is worth noting that fine lateral resolution
is only achieved in the vicinity of the focal region with a
relatively high NA objective. A maximized WD provides
a long imaging range with moderate resolution and an
extended depth of focus. Thus, some endoscopic OCT
applications may accept or prefer poorer lateral resolution
in favor of longer WD or wider axial range of imaging.

To determine the effect of the increased WD and the
reduced resolving power, an OCT imaging test was carried
out with our fabricated long-WD probe (Sample C). In our
imaging test, beam scanning was performed simply by
translating the imaging probe. A typical system configu-
ration for swept-source OCT was utilized. Figure 6 shows
the obtained OCT images of a human fingertip. In Fig.
6(a) the very long imaging range of our probe is verified,

FIG. 6. OCT images of a human fingertip obtained with our
imaging probe (Sample C). The sweat glands are marked by
the colored arrows.



Optimized Working Distance of a Micro-optic OCT Imaging Probe - Da-Seul Kim and Sucbei Moon

as depicted by horizontal dashed lines labeled with the
axial distances. The image shows reasonable resolution
quality, acceptably maintained up to 6 mm. The effective
axial range of imaging was estimated to be wider than 4
mm based on the data of Figs. 5 and 6. Locating the tissue
under imaging at the focal distance, the best resolution is
demonstrated in the OCT image of Fig. 6(b). Marked by
the arrows, sweat glands of spiral form were reasonably
resolved. The lateral resolution of our probe was 35 um
at best, much lower than those of typical OCT imaging
systems by a factor of 2 to 4. However, Fig. 6(b) demon-
strates that our probe offers reasonable performance for the
case of fingertip imaging. It is still remarkable that a very
long WD of 2.9 mm was achieved by a micro-optical
structure that was only 165 pm thick.

V. CONCLUSION

In summary, we have investigated the optimization of
WD in making a very compact OCT imaging probe. The
WD was computationally evaluated by the apertured Gau-
ssian beam model. It has been observed that the diffraction
behavior of the apertured beam is quite different from
that of a classic Gaussian beam, necessitating diffraction
analysis in the probe design. We found that the matched
beam filling of F'=100% is an optimal compromise for a
practically maximum WD. For a design guide, we obtained
a simple formula for the maximum WD. It was found that
the maximum WD is proportional to the square of the lens
size. We developed a simple design guide for predicting
the practically maximized WD, which will be useful in the
future development of highly miniaturized imaging probes
with long WDs.
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