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Abstract: A flexible curled optical cord is useful for a common-path optical
coherence tomography (OCT) system because a bending-insensitive
arbitrary length can be chosen for the endoscopic imaging probe. However,
there has been a critical problem that the partial reflector needs to be placed
in between the sample and the objective lens. It limits the structure design of
optical probe and leads to a low transverse resolution OCT imaging. Instead
of a conventional single common-path interferometer, we propose a novel
double common-path interferometer configuration in order to generate an
interference signal that is independent of the optical distance between the
partial reflector and sample. Due to the limitless tuning of the objective
distance, an objective lens with a high numerical aperture (NA) up to 0.85
can be successfully used for phase-sensitive optical coherence tomography
to achieve a 3-dimensional profile image of a transverse resolution of 0.7
um. The intensity and phase terms of the interference signal can be obtained
simultaneously from a Fourier-domain mode locked swept laser source for
fast data acquisition with a phase stability of 979 pm.
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1. Introduction

Optical coherence tomography (OCT) is useful for various sensing applications, including
medical imaging diagnostics as well as industrial surface profilometry [1, 2]. A flexible
optical probe is one of the key components of the OCT system, delivering the reflected optical
signal from the sample to the imaging system at a remote location. We have suggested a
curled optical cord based on a holey fiber to be used as a bending-insensitive arbitrary-length
optical imaging probe for a common-path OCT system [3]. However, there has been a critical
problem with this common-path OCT configuration in that the partial reflector needs to be
placed in between the sample and the objective lens [4-7]. It is critical to overcome this
limitation in order to achieve the flexibility of sample positioning in front of the optical probe.

There has been another problem of the fixed path-length difference in a common-path
interferometer configuration, especially for the phase-sensitive OCT applications [8-15].
Since the common-path interferometer uses the copropagation of reference and sample beams,
it has the advantage of less phase noise compared to the other interferometer configurations,
and thus it is suitable for phase-contrast profile imaging. However, the transverse resolution
cannot be reduced below one micrometer because it is difficult to use an objective lens with a
high numerical aperture (NA) due to the limited path-length difference between the partial
reflector and sample in a conventional common-path interferometer.

In this paper, we report a novel double common-path interferometer configuration that
enables the limitless tuning of the objective distance of the sample location. We add an extra
duplicate common-path interferometer along the post-path of the interfered optical signal from
the original common-path interferometer to generate an interference signal that is independent
of the optical distance between the partial reflector and sample.

2. Background
2.1 Limit of Mach-Zehnder interferometer for OCT

Before we investigate the proposed configuration in detail, it is necessary to review the
traditional OCT configurations and clarify the limitations of various conventional optical
interferometers. Figure 1(a) shows a schematic of the conventional OCT setup based on a
Mach-Zehnder interferometer (MZI) and a curled optical fiber probe. When the path-length
difference between the sample and reference mirror, Is — I, is less than the coherence position
of light, the wavelength-swept light source can induce the depth-resolved information of an
OCT image. A detailed explanation of the experimental setup will be described later in
Section 3. Although the polarization dependence of two optical paths (a sample arm and a
reference mirror arm) can affect the OCT image, it has not been a critical issue when a
conventional optical cord is used in both arms. However, when a curled optical cord is used in
the sample arm as the flexible optical probe, we can clearly see that the OCT image quality
varies considerably, depending on the relative polarization state of the two separate arms.
Figure 1(b) shows two examples of the OCT image on a fish eye sample generated by tuning
the polarization controllers of the two separate arms (one good quality and one poor quality).
As the curled optical cord is hanging down freely between the sample and imaging system,
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the amplitude of the interference signals becomes extremely sensitive to the shape and
location of the curled optical cord. Thus, the quality of the OCT image also varies rapidly in
real time between good and poor due to the variation in the dynamic range of the signal. Since
the logarithm intensity signal of Fig. 1(b) is normalized to the highest peak signal level in
each A-scan, the decayed dynamic range is displayed with a vertical strip noise pattern due
the enhanced noise level relatively. Otherwise, if the logarithm intensity signal is normalized
to the noise signal level, the decayed dynamic range will be displayed with the reduced peak
signal in each A-scan. In conclusion of this section, we simply showed the problems in using
MZI for a flexible optical probe OCT.
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Fig. 1. (a) Schematic of the conventional OCT setup based on a Mach-Zehnder interferometer
and a curled optical fiber probe. (b) Variation of OCT image quality depending on the
polarization state by tuning polarization controllers.

2.2 Limit of conventional common-path interferometer for OCT

Because the MZI is not suitable for the flexible optical probe of OCT, a common-path
interferometer has been developed to overcome the polarization mismatch between the
reference mirror arm and sample arm of the curled optical cord [3]. Since there is only one
path in the common-path interferometer, as shown in Fig. 2(a), the reflected signals from the
reference mirror and sample are propagating separately through a commonly shared optical
path [4-7]. However, there is still a critical problem with the conventional common-path OCT
in that the partial reflector must be located inconveniently close to the sample because the
interfered optical signal can be produced only when the delay between the sample arm, Is, and
the reference mirror arm, Iy, is less than the coherence position. Figure 2(b) illustrates an
experimental example of this limitation. When the objective distance between the partial
reflector and sample, Is — Ig, is 1 mm, the amplitude of the interference signal is strong enough
to obtain the OCT image clearly. As we increase the objective distance to 2 mm and 3 mm by
moving the partial reflector position, it is clear that the amplitude of the interference signal is
decreased and the quality of the OCT image is proportionally degraded due to the increased
sampling frequency and decayed dynamic range of the signal. This result indicates that the
flexibility of a curled bending, an arbitrary probe length, and a polarization match can be
achieved successfully due to the common-path interferometer; however, the flexibility of the
sample position in an optical probe is still a problem that needs to be solved. In conclusion of
this section, the conventional common-path interferometer has also the problems for a flexible
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optical probe OCT. It is critical that we find a method that will enable us to get a good-quality
image without requiring us to position the sample close to the partial reflector.
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Fig. 2. (a) Schematic of the conventional OCT setup based on a conventional common-path
interferometer and a curled optical fiber probe. (b) Variation of OCT image quality depending
on the objective distance by moving the position of the partial reflector.

3. Experimental setup
3.1 Setup for double common-path interferometer

Since neither the MZI nor the conventional common-path interferometer is suitable for the
flexible optical probe of OCT, we propose a novel configuration for a double common-path
interferometer, as shown in Fig. 3(a). To generate an interference signal regardless of the
optical distance between the partial reflector and sample, an extra duplicate common-path
interferometer can be added along the post-path of the interfered optical signal from the
original common-path interferometer. The output of the wavelength-swept laser passes
through circulator 1, common-path 1, circulator 2 and common-path 2, in series, and the
photodetector. Light from the second port of circulator 1 is partially reflected in order to
generate a reference signal (Eg) from the partial reflector 1. The rest of the transmitted light is
focused on the sample in order to generate a sample signal (Es) from each surface of the
sample. Assuming a single reflection in the sample, the electric field (E;) for common-path 1
is represented by

E =E; +E

~i2%nely —j22(nelg +nad;)
:/RRe ¢ +‘fRSe ¢

where o (= 2nv) denotes the temporal angular frequency of the light source, ng and n, denote
the refractive indexes of corresponding media of mainly optical fiber and air, respectively, Rg
and Rs denote the reflection coefficients of partial reflector 1 and the sample, respectively,
nad; denotes optical path-length difference between the partial reflector and sample, and nglg
denotes the common optical distance from circulator 1 to the partial reflector 1.

@
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Fig. 3. Schematic of the proposed double common-path OCT setup.

Common-path 2 induces an additional path-length difference of 2n,d, to acquire the
interference signal in any case in which the objective distance between the partial reflector
and sample, 2n,(ls — Ig) or 2nad;, is larger than the coherence position, Ic. The signal E; from
common-path 1 enters circulator 2 and common-path 2, in series, and is then reflected by
partial reflector 2 and the mirror in common-path 2. Since Eg and Es are reflected together,
four terms (Egry, Es1, Ery, and Egp) are generated in common-path 2. We can represent the
electric field (E,) for common-path 2 as

E, =Ep +Eg +Egy + Eg,

—izg(nle +nelp) —izg(nplp +nelp +n,d;)
:JRRRPe ¢ +1jRSRPe ¢ (2)
—j22(nglg +nglp +nad,) —j22(nplg +nglp +nady +nad, )
+‘fRRRMe ¢ +4RRye °©

where Rp and Ry denote the reflection coefficients of partial reflector 2 and the mirror,
respectively, and nglp denotes the common optical distance from circulator 2 to partial

reflector 2. In the case of tuning the relative path-length difference to |2nA(dl —d2)| <l , the

Es; and Eg, terms in Eq. (2) can be used to generate an interference fringe. The detected
photocurrent I can be expressed as

I = p<(ER1+ Esi+Eg, + ESZ)(ER1+ Eqi+Epo + ESZ)*> ®)

where p is the responsivity of the detector, and the angular bracket denotes integration over
the response time of the detector. In this case, the interference term of the detected
photocurrent I can be expressed as

| oc RRRSRPRM COSKZ%nA(dl _dZ)J (4)

This theoretical description implies that an optical distance that is larger than 2nad;
between a sample and partial reflector 1 in common-path 1 can generate interference
successfully by adjusting the extra length of 2n,d, in common-path 2.

For the generation of an interfered optical signal for the OCT image, we applied a swept-
source OCT configuration by using an FDML swept laser with a 2.8 km delayed fiber in the
ring cavity to operate at a repetition rate of 71.09 kHz [16]. The tuning range was 102 nm
centered at a wavelength of 1295 nm, and the output power was 9 mW. The coherence
position (Ic) was around 14.7 mm, which was estimated from the spectral linewidth of 0.05
nm for the laser [17]. The laser output was not filtered or amplified to ensure phase stability.
A total of 5% of the laser output propagated to the MZI for resampling the acquired data by
interpolating to a uniform spacing in k-space. The MZI generated a comb-like signal
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corresponding to a frequency shift of 103.3 GHz. The recalibration signal was recorded on the
second channel of an A/D converter. The interference signal recorded from the first channel
was recalibrated to a frequency shift of the MZI to compensate for the nonlinear frequency
sweep of our swept laser. It was then interpolated and fast Fourier transformed to acquire
exact phase values [18].

For achieving improved stability for the OCT imaging, same kind of an objective lens and
a partial reflector were used in common-paths 1 and 2 because the similar optical beam
condition of the objective lens and partial reflector between the two common-paths will
reduce the mismatch of length, polarization, and dispersion condition of the interfered optical
signal [5]. To reduce environmental vibration, the partial reflector and sample in common-
path 1 were mounted on one stage. The partial reflector and mirror in common-path 2 were
also mounted on one stage. The partial reflectors in common-paths 1 and 2 consist of a cover
glass with two sides. One side, with an antireflection coating, had a reflectivity below 0.002,
and the other side had a normal reflectivity of 0.05 in the 1300 + 50 nm region. For the
optimal interference signal, the reflectivity of the partial reflector and mirror could be tuned
by an additional surface coating. Since the reduced sensitivity can be caused by the addition
of a partial reflector in common-path 2, the analysis of sensitivity is required to provide a
quantitative optimization using Eqg. (4). Considering the reflectivity of mirror, Ry is 1 in
common-path 2, we can obtain the optimally enhanced sensitivity when the reflectivity of the
partial reflector Rp in common-path 2 is around 0.33 [4]. By using an additional coated
reflector, we expect to enhance the sensitivity of the present method The location of the
partial reflector along the focal beam also helped to control the reflected signal intensity from
the partial reflector [5].

Depending on the application of OCT, it is sometimes necessary to insert an additional
objective lens between the partial reflector and sample in the common-path OCT system. This
can be implemented successfully by using the proposed double common-path interferometer.
For example, the length of a commercial objective lens body in our laboratory was measured
to be between 28 mm (the lowest NA of 0.1) and 41 mm (the highest NA of 0.85), and thus
the path-length difference of 2n,d; between Eg and Es is always more than I (~14.7 mm) of
the wavelength-swept laser light in our OCT system. Therefore, an interference fringe cannot
be observed in general when detecting the optical signal of E; from common-path 1. To deal
with this case, an interferometer with an extra common-path 2 can be useful. This can be
achieved by preparing two identical objective lenses and partial reflectors to adjust the path-
length difference without limitation, as shown in Fig. 4.

3.2 Phase-sensitive OCT probe with high NA objective lens

To illustrate the usefulness of an arbitrary distance between the sample and partial reflector
due to the proposed double common-path interferometer, we demonstrate a phase-sensitive
OCT experiment with an enhanced performance achieved by using an objective lens with a
high NA over 0.85. This phase-sensitive OCT technology [11] is also known as Spectral
Domain Phase Microscopy (SDPM) [12, 13] or Spectral Domain Optical Coherence Phase
Microscopy (SD-OCPM) [14]. In order to improve the axial resolutions of OCT below the
typical resolution level of a few micrometers, which results from the conventional intensity
information of the interference signal, the phase term from the interference signal can be used
to measure the sub-coherence-length variations in the axial dimension of the sample.
Recently, phase-sensitive OCT has been demonstrated to achieve sub-micrometer axial
resolution using the common-path interferometer configuration [11]. Since phase stability is
critical for measuring the variation in interference, the common-path interferometer is
preferred over other interferometers with separate beam paths, such as the MZI and Michelson
interferometer [11-14].

In contrast, the transverse resolution cannot be reduced below one micrometer because it
is difficult to use a high-NA objective lens for the conventional common-path interferometer
[11-14]. Since, in general, a thin cover glass (thickness 160 x«m) should be inserted in the
short working distance between the objective lens and sample to serve as a reference reflector,
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sub-micrometer lateral resolution has not been demonstrated with the common-path
configuration because there is a limited space between the sample and high-NA objective lens
to insert a cover glass [11-14]. However, in the case of the double common-path
configuration, a high-NA objective lens can be positioned near the contact location of the
sample successfully by moving the partial reflector far from the sample, as shown in Fig. 4.
For improved transverse resolution in phase-sensitive OCT, we used two identical objective
lenses (NA = 0.85) for both common-path interferometers. These 0.85-NA objective lenses
are the ones with the highest NA in our laboratory, and the focal length is as short as 2.9 mm
(working distance = 300 um; focal depth = 0.4 um). The theoretical transverse resolution is
1.5 um for an objective lens with an NA of 0.4, but this can be improved up to 0.7 um for an
objective lens with a high NA of 0.85. If we use a single common-path interferometer by
placing a cover glass with a thickness of 160 um within a working distance of 300 um, there
may be surface damage on the lens or sample and limited control of the reflected signal beam
from the partial reflector.

Common-pathl .

i Partial Working distance
' Reflector 160 um =300 xm Samplé
i <— - \
e ]
HighNA: 0.85 |
(60x)

Focal depth

Objective
LensBody=41mm  Mirror
S >

3 A High NA: 0.85
; (60x)

Fig. 4. Schematic of a phase-sensitive OCT probe based on the double common-path
interferometer setup, as shown in Fig. 3.

4. Experimental results

Based on the proposed configuration of double common-path OCT, we performed two
experiments. The first is the deep OCT imaging independent of the optical distance between
the partial reflector and sample using a low-NA objective lens, and the second is the improved
transverse-resolution phase-sensitive OCT using a high-NA objective lens.

4.1 Low-NA objective lens probe for deep OCT imaging

Figure 5 shows the cross-sectional images of a fish eye (Balantiocheilos melanopterus)
acquired at different objective distances between the partial reflector and sample using a
double common-path OCT system. The results are compared with those in the case of the
previous OCT imaging obtained with the same sample using single common-path OCT, as
shown in Fig. 2, where the image quality is degraded due to the dynamic range roll-off as the
objective distance increases. In the measurement of Fig. 5, the objective distance between the
partial reflector and sample, Is — Iz or d;, is increased to 6 mm and 16 mm in common-path 1
only that results in degradation of quality and disappearance of the OCT image, respectively.
As we also increase the extra delay distance, d,, in common-path 2 to move the peak for the
point spread function (PSF) toward the 0 mm position of the optical path-length difference,
the OCT image can be restored to its original quality, where the sample is near the partial
reflector. We can see that the quality of both Figs. 5(a) and 5(b) is similar to that of Fig. 2(b),
where Is — Iz = 1 mm. The images consist of 360 axial scans (transverse pixels) with 630
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points (axial pixels) per scan. The identical objective lenses used in the measurements of
Fig. 2 and Fig. 5 have a low NA of 0.1 for deep OCT imaging. It seems that the dynamic
range of double common-path OCT is less than that of Mach-Zehnder- or Michelson-type
OCT due to the extra loss term in Eq. (2); however, this configuration has the advantage of
enabling a flexible OCT image based on a curled optical cord, as proven by a comparison of
the experiment results of Fig. 1 and Fig. 2. Although the extra delay distance, d,, may be
implemented by other interferometers of Mach-Zehnder or Michelson type instead of
common-path 2, the common-path interferometer with an identical objective lens has the
advantage of enhanced environmental stability [5].

(@)ls—1lz =6 mm (o) Is— 1z =16 mm

4.5mm

3.0mm

Fig. 5. Maintaining OCT image quality for different objective distances of (a) 6 mm and (b) 16
mm, respectively, using the proposed double common-path OCT system with a low NA
objective lens (NA = 0.1).

4.2 High-NA objective lens probe for phase-sensitive OCT

The characteristics of a high-NA objective lens, including high transverse resolution, short
working distance, and shallow focal depth, enable us to obtain a phase-contrast profile image
with a fine structure, which is a good application of phase-sensitive OCT [19]. Before
showing the profile measurement for the proposed phase-sensitive OCT configuration, we
compare the effect of the transverse resolution of objective lenses with different NA values by
using two en-face optical coherence microscopy (OCM) images of the USAF 1951 resolution
target (group 7), as shown in Figs. 6(a) and 6(b). We selected a small imaging area of group 7
to demonstrate a marginal comparison of transverse resolutions of different NA values. An
objective lens with a low NA of 0.4 is used to generate the en-face OCM image with a
conventional common-path OCT system shown in Fig. 2 because it has a relatively long
working distance between the sample and objective lens to insert the partial reflector. In
comparison, using the double common-path OCT configuration shown in Fig. 4, two identical
objective lenses with an NA of 0.85 are also used to generate the en-face OCM image. Since
the theoretical transverse resolution is 1.5 um and 0.7 um for the objective lenses with an NA
of 0.4 and 0.85, respectively, the experimental results clearly show the difference in quality
between these two configurations. Figure 6(a) illustrates that a conventional phase-sensitive
OCT with of 0.4 NA can marginally distinguish the spacing in element 2 with a somewhat
blurred image. In contrast, we can clearly resolve the smallest spacing in element 6 using a
double common-path configuration with an objective lens of 0.85 NA, as shown in Fig. 6(b).
It is noted that the linewidths of elements 2 and 6 are 3.10 um and 2.19 um, respectively. Two
axis-translation stages are used to move the sample along the transverse axis under the fixed
position of the objective lens in the sample arm. The slight distortion in the OCM image can
be improved by tuning the path angle of the translation stage. Though the high NA lens with a
short working distance is less convenient to scan along transverse direction, the removal of
partial reflector between lens and sample can be an advantage of the proposed double
common-path configuration. A pair of Galvano mirrors can replace the translation stage to
enhance the imaging speed.
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In Figs. 6(c) and 6(d), the phase stability is compared for both the single and double
common-path configurations, respectively. For the same light source as for the FDML swept
laser, we measured the phase variations in both configurations during 500 axial scans for a
mirror sample in a static position. The measured phase variations were converted into time
traces of displacement variations. The displacement variations were computed using the
relation 6z = 4,Ap/4zn, where /,is the center wavelength of the light source, and n is the

average group index between the partial reflector and mirror sample reflectors [12]. After
measuring Ag from both configurations during 500 axial scans, the displacement variations

were determined. The standard deviations were 505.2 pm and 979.2 pm for the conventional
and proposed double common-path configurations, respectively. It appears that the increased
phase noise is the result of extra environmental instability and aberration associated with the
addition of common-path 2. We expect that the additional instability can be reduced by a
shorter length for extra optic components and the replacement of the circulator with a
directional coupler. Nevertheless, it is a more critical advantage that the double common-path
interferometer can enhance the transverse resolution due to the use of a higher-NA objective
lens and can support the flexibility of the sample position from the objective lens. Even with
the increased displacement variation, the system can measure a nanometer-scale axial-
displacement profile.

180 tm 180 um

120 tm 120 ym

5000 = :ooo
T E
IR TTINRTY | U a8 b
£ Pt 2 M
E &
0053 a4 s 6 7 % 2 3 4 5 6 7

Time [ms] Time [ms]

Fig. 6. Conventional phase-sensitive OCT (NA = 0.4) measures (a) en-face OCM image and (c)
time trace of displacement; double common-path phase-sensitive OCT (NA = 0.85) measures
(b) en-face OCM image and (d) time trace of displacement.

Figure 7 shows nanometer-scale 3D phase-contrast profile images that were obtained
using a double common-path phase-sensitive OCT configuration with an objective lens with a
high NA of 0.85. For a sample of the USAF 1951 resolution target, the 3D OCT data set,
consisting of 1024 x 512 x 1000 voxels, is recorded for both the en-face OCM images and the
phase-profile images. The intensity profile (Fig. 6(b)) and phase profile (Figs. 7(a) and 7(b))
are imaged from one data set measurement. The measurement of the phase variation
corresponds to the sub-coherence-length variation in the selected sample layer given by the
simple relation 6z =A,A@/4zn, where 4, is the center wavelength of the light source, A¢

is the unwrapped phase variation, and n is the refractive index between the partial reflector
and sample [12]. The converted height profile of the patterned chromium layer has a
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nanometer-scale axial resolution. By using a high-NA objective lens, the spacings of the
smallest elements can also be clearly resolved with sub-micrometer transverse resolution.

180 zm

nm

I 110

100 zm

100 zm

Fig. 7. 3D phase-contrast surface profile images of (a) group 7, (b) enlargement of elements 5,
6 of the USAF 1951 resolution target, (c) a hologram pattern with 100 x 100 zm? area, and (d)
enlargement of the marked region (20 x 20 um?).

To demonstrate potential industry applications, we repeated the experiment using a
hologram pattern on a photoresist substrate. A positive photoresist substrate (AZ 151) was
exposed to UV light in order to create holes that were 2 um in diameter and 200 nm in depth.
This sample was an intermediate product before electroforming. From the 3D surface profile
images of Figs. 7(c) and 7(d), small variations within the sub-coherence length, such as hole
depth, cone shape symmetry, and surface debris defects, can be clearly monitored with high
axial and transverse resolutions. Figure 7(c) was imaged from a 3D data set of 1024 x 500 x
500 voxels. The entire 3D data were acquired by recording each 2D data set in sequence on a
computer system memory. This 3D imaging information is useful to check for a match with
the designed parameters and to provide feedback to optimize the fabrication process in real
time. Using the phase-sensitive OCT system, it was impossible to measure the same sample
with a similar axial and lateral resolution simultaneously. When the same sample was
measured by atomic force microscopy (AFM), it was difficult to get an exact profile because
the sample surface was damaged by the physical contact of the AFM probe tip with the target.

5. Conclusion

In summary, we demonstrated a novel OCT system based on a double common-path
interferometer that enables flexible curled bending, arbitrary probe length, and probe-sample
separation. Our proposed configuration enhanced the convenience of sample position in
common-path interferometer, like the other Michelson and Mach-Zehnder interferometers. By
adjusting the additional delay time by the second common-path interferometer, the optical
path-length difference of sample position can be moved to near the zero-delay position where
high dynamic range is obtained by lowering the sampling frequency. In addition, with the all-
fiber double common-path configuration, the phase noise can be reduced so that our system
can be applied to the phase-sensitive OCT imaging with high transverse resolution. We
obtained simultaneously a high axial-resolution imaging with nanometer-scale phase stability
and a high transverse-resolution imaging with sub-micrometer resolving power using a phase-
sensitive OCT configuration with two identical high-NA objective lenses. We expect that the
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3D surface profile image will be more practical for the in-line product inspection of fine-
structure samples and for in vivo endoscopic imaging of biomedical samples.
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