
Distal-scanning common path probe for optical
coherence tomography

Zhengyu Chen *,†, Bin He*,†, Zichen Yin*,†, Zhangwei Hu*,†,
Yejiong Shi*,†, Chengming Wang*,‡, Xiao Zhang§, Ning Zhang¶,

Linkai Jing||, Guihuai Wang|| and Ping Xue*,†,**
*State Key Laboratory of Low-dimensional Quantum Physics and

Department of Physics, Tsinghua University, Beijing, China

†Frontier Science Center for Quantum Information, Beijing, China

‡Jinsp Company Limited, Beijing, China
§Beijing Institute of Technology, Beijing, China

¶Institute of Forensic Science, Ministry of Public Security
Beijing, China

||Department of Neurosurgery, Beijing Tsinghua Changgung Hospital
School of Clinical Medicine and Institute of Precision Medicine

Tsinghua University, Beijing, China
**xuep@tsinghua.edu.cn

Received 13 November 2023
Accepted 26 December 2023
Published 9 February 2024

In this paper, we present a distal-scanning common path probe for optical coherence tomography
(OCT) equipped with a hollow ultrasonic motor and a simple and specially designed beam-
splitter. This novel probe proves to be able to e®ectively circumvent polarization and dispersion
mismatch caused by ¯ber motion and is more robust to a variety of interfering factors during the
imaging process, experimentally compared to a conventional noncommon path probe. Further-
more, our design counteracts the attenuation of backscattering with depth and the fall-o® of the
signal, resulting in a more balanced signal range and greater imaging depth. Spectral-domain
OCT imaging of phantom and biological tissue is also demonstrated with a sensitivity of
� 100 dB and a lateral resolution of � 3�m. This low-cost probe o®ers simpli¯ed system con-
¯guration and excellent robustness, and is therefore particularly suitable for clinical diagnosis as
one-o® medical apparatus.
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1. Introduction

Optical coherence tomography (OCT) is a high-
resolution and nondestructive 3D imaging technol-
ogy widely used in biomedical research and clinical
applications.1–7 By combining with endoscopic
probes, OCT has been extended from ophthalmol-
ogy,1 neurosurgery,2 and dermatology3,4 to in vivo
imaging of internal organs, such as cardiovascular
system,5 airways,6 and gastrointestinal tract.7

During imaging, mechanical vibrations caused by
rotation and pullback may result in polarization
and dispersion mismatch between the reference arm
and sample arm.8 Therefore, improving the vibra-
tion tolerance of the imaging system to obtain high-
quality images is a critical issue in endoscopic OCT.

The common path design has been demonstrated
to improve the stability of imaging systems9,10 and
is more compact, simple, and cost-e®ective than
traditional designs that use polarization-maintaining
¯bers (PMFs) and polarization controllers. In some
clinical applications, disposable probes are used to
meet safety and health standards. The common
path structure allows for easy replacement of de-
tachable sample probes of any length without wor-
rying about the length mismatch between the
reference arm and the sample arm. There is also no
need to adjust the reference arm to achieve polari-
zation and dispersion matching after replacing the
probe.8 In early common path probe designs, the
Fresnel re°ection at the ¯ber tip was used as
the reference light, while power adjustment was
achieved by selection of the polishing angle of the
¯ber tip to achieve better system sensitivity.11,12 To
provide higher lateral resolution, various methods
can be employed such as chemical etching to fabri-
cate negative axicon,13 conical lens,14,15 or installing
barium titanate microspheres at the ¯ber tip.16

Using the light re°ected from the surfaces of graded-
index (GRIN) lenses,17 ball-shaped lenses18 as a
reference is also an option. By adding a right-angle
prism to re°ect the light beam, the aforementioned
forward-looking probes can be converted into side-
looking probes.18 However, this approach has a
large optical path di®erence between the reference
and the sample arm, causing increased signal fre-
quency, reduced dynamic range, and even artifacts.
As a result, the quality of OCT images will be
greatly degraded due to the limited spectral reso-
lution in the spectral domain (SD)-OCT and
sampling frequency in swept-source (SS)-OCT.19

This problem can be solved by adding additional
circulators and re°ectors,19 or circular-obscuration
apodization design,20,21 at the expense of increasing
system complexity and cost. In addition, common
path probes for circumferential scanning are all
based on proximal scanning, which can be a®ected
by irregular passageways in clinical applications,
resulting in distortion and artifacts in OCT images.

In this study, we demonstrate an endoscopic
probe for common path OCT based on a hollow
ultrasonic motor.22,23 The common path design for
a side-looking probe is achieved with simple and
low-cost optical components. It successfully avoids
the complex processes of chemical etching and
optical machining, and also the problem of large
optical path di®erences between the reference and
the sample arm. To the best of our knowledge, this
is the ¯rst common path distal-scanning endoscopic
probe. Through comparative experiments, it has
been demonstrated that this novel probe can
maintain polarization and dispersion matching even
during ¯ber motion. Imaging of biological tissues is
also achieved with the probe.

2. Materials and Methods

2.1. Common path probe design

Figure 1(a) illustrates the schematic diagram of the
common path probe. The main body of the hollow
ultrasonic motor is composed of an aluminum ped-
estal, a brass square column and a steel stator. Four
pieces of piezoelectric plates are bonded to the sides

Fig. 1. (a) Schematic of the common path probe. (b) Optical
simulation. (c) Photograph of the fabricated common path
probe.
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of the brass square column with glue. The center of
the motor contains a hollow channel with a diam-
eter of � 250�m, which allows the optical ¯ber
and protection needle to pass through. A 0.25-pitch
GRIN lens and a machined rectangular beam-
splitter are ¯xed on the magnet rotor using UV-
cured adhesive. The light emitted from the optical
¯ber is ¯rst focused by the GRIN lens and then split
on a coated inclined surface in the beam-splitter.
The transmitted light re°ects back along the same
path at the right end surface of the rectangular
beam-splitter and acts as the reference light.
Figures 1(b) and 1(c) show the optical simulation
and photograph of the fabricated common path
probe, respectively. The distance between the
GRIN lens and the optical ¯ber a®ects the focus
position. The greater the distance, the closer the
focus position, meaning a shorter working distance.
Therefore, in the design process, we initially deter-
mined the working distance of the probe and the
length of the GRIN lens. Based on these para-
meters, we established the distance between the lens
and the ¯ber. This also helped in determining the
length of the beam splitter, ensuring that the ref-
erence light could be coupled back into the ¯ber as
e±ciently as possible. The diameter of the probe is
2mm and the length is about 13mm. It is worth
mentioning that the size of the ultrasonic motor can
be further reduced to less than 1mm in diameter.22

In contrast to the traditional design, where the
reference arm has a shorter optical path than the
sample arm, our probe has the optical path length of
the reference arm greater than that of the sample
arm. This change enables the signal from deep tis-
sue to correspond to a lower frequency and therefore
have little fall-o®. This is equivalent to signal en-
hancement of the signal from deep tissue, compared
to the traditional design where the signal from
deep tissue has severe fall-o® while backscattering
attenuates quickly with depth. So, our design
counteracts the attenuation of backscattering with
depth and the fall-o® of the signal, resulting in a
more balanced signal range and greater imaging
depth.

2.2. Optical coherence tomography
system

An SD-OCT system was built to validate the im-
aging capability of this common path probe, as
shown in Fig. 2(a). The light source is a broadband

super luminescent diode (SLD) (Inphenix, Inc.,
Livermore, California, USA) with output power
of 6.5mW and bandwidth of 90 nm centered
at 850 nm. The light emitted from the SLD was
directly coupled to the probe through a circulator.
The light returning from the probe passed through
the circulator again and reached the spectrometer,
where we employed a wavenumber-linear spec-
trometer to avoid the need for wavenumber linear-
ization in post-processing. The signal light was
¯nally detected by a 2048-pixel line scan CMOS
camera (Teledyne-e2v, OCTPLUS, UK) with a line
rate of 117 kHz and an integration time of 8.3�s.
Meanwhile, we also built a traditional SD-OCT
system equipped with a noncommon path probe, as
shown in Fig. 2(b). Di®ering from the system illus-
trated in Fig. 2(a), the light emitted from port 2 of
the circulator would pass through an optical ¯ber
coupler. One output of the coupler directed the light
to the noncommon path probe. The light emitted
from another output passed through a collimator
and a lens, then was re°ected by a mirror.

2.3. Stability analysis experiment

For noncommon path probe, the polarization con-
trollers need to be adjusted to match the polariza-
tion of the two arms to maximize the signal peak.
However, as previously mentioned, the rotation and
pullback of the sample arm may inevitably cause
vibrations, changing the polarization state of the
sample arm ¯ber. To evaluate the impact of ¯ber
vibrations on imaging quality and demonstrate that
our new design can overcome polarization mis-
matches caused by motion, we conducted a com-
parative experiment by imaging a mirror under the
common path and noncommon path conditions.
The corresponding systems are shown in Figs. 2(a)
and 2(b). Continuous measurement of the point
spread function (PSF) of a mirror was performed
while quickly shaking ¯bers. The experimental
results are shown in Fig. 3.

2.4. Imaging experiments

We conducted imaging experiments on phantoms
and biological tissues to evaluate the imaging
capability of the common path probe. First, we im-
aged a phantom, which was made by coiling trans-
lucent tape (Scotch, 3M, Saint Paul, Minnesota, US)
on a glass tube. The A-line rate and integration time
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of the camera were set to be 117 kHz and 8.3�s. The
rotation speed of the probe was 36.56 r/s, so each
image consisted of � 3200 A-lines. Next, we dug a
hole in an onion with an annular blade of 1.5mm

diameter and inserted the probe to acquire images,
using the same integration time and image data
processing as for the phantom imaging. The exper-
imental results are shown in Fig. 4.

(a) (b)

Fig. 3. PSF stability analysis with polarization and dispersion change. (a) Imaging results under the common path condition.
(b) Imaging results under the noncommon path condition. Each color represents one di®erent measurement.

Fig. 2. (a) Schematic of the common path endoscopic SD-OCT system. (b) Schematic of traditional endoscopic SD-OCT system.
(c) The return signal of 63.5 dB from the mirror after an attenuation of 36.4 dB. (d) The light transmission intensity against the
moving distance of a sharp edge. Measurement of the lateral resolution de¯ned as the 16–84% bandwidth of the curve. (e) Huygens
PSF. C, collimator; G, grating; FC, ¯ber coupler; P, triple prism; PC, polarization controller.
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3. Results

3.1. Common path probe driven

by a hollow ultrasonic motor

Ultrasonic motors utilize the inverse piezoelectric
e®ect of piezoelectric plates.22,24 When a positive or
negative voltage is applied to a piezoelectric plate,
the plate correspondingly elongates or contracts.
Therefore, when a sinusoidally varying voltage is
applied, the plate undergoes periodic elongation and
contraction. By applying sinusoidal voltages of
the same frequency to the four piezoelectric plates
on the stator, but with a phase di®erence of �/2
between adjacent plates, they each undergo their
periodic motion, but elongate to their maximum
values sequentially in time. The rotor of the ultra-
sonic motor, designed to match the stator's edge, is
made of magnetic material. Hence, a magnetic force
exists between it and the stator's steel ring, pro-
viding a preload. When the stator vibrates at a ¯xed
period, there is always a contact point between the
rotor and stator at any given moment. This point is
where the plate causes the stator to elongate to its
maximum value. The frictional force generated by
the aforementioned preload at this point can ac-
celerate the rotor tangentially. This action drives
the rotor, resulting in stable rotation, much like
how a person uses waist movements to rotate a

hula hoop. Compared with traditional motorized
distal-scanning probes, the ultrasonic motor can
be designed to be hollow, allowing ¯ber to pass
through. So, the motor's position can be moved
to the front of the GRIN lens, and the wires of
the motor will not pass through the imaging ¯eld
of view. Therefore, 360� unobstructed circular
imaging can be achieved. In OCT imaging, the
power and optical path length of the reference
light can a®ect the sensitivity of the imaging. In
this design, the coating types, the size of the
rectangular beam-splitter, and the shape of its top
surface can be easily determined to achieve opti-
mal sensitivity if light source and camera model
are predetermined.

3.2. Simpli¯ed system structure

and operational requirements

As shown in Fig. 2, OCT system equipped with
common path probe can save one ¯ber coupler,
two polarization controllers and the optics for an
additional spatial optical path of the reference arm.
This design not only reduces the system cost but
also simpli¯es its structure and hence enhances its
stability. Then we tested the system performance.
After an attenuation of 36.4 dB, the measured
signal-to-noise ratio (SNR) is 63.5 dB, as shown
in Fig. 2(c), so the system sensitivity is � 100 dB.
To measure the lateral resolution of the probe, a
sharp-edge blade was used and moved across at the
focal position. The light transmission against the
moving distance of the blade is shown in Fig. 2(d).
The 16–84% width of the slope region, which is
equal to the beam waist radius at which the inten-
sity attenuates to 1/e2 of the central intensity, is
also de¯ned as the lateral resolution. The measured
result is 3.12�m, slightly larger than the simulated
result of 2.95�m, as shown in Fig. 2(e). Moreover,
unlike the conventional noncommon path probe
which often su®ers from large dispersion mismatch
between reference and sample arm, our probe is able
to optimize dispersion matching and thus there is no
need for hardware and software dispersion com-
pensation as is needed in the conventional system.
As we know, the probes should generally be single-
use device in clinical applications. Each time to use a
new probe, it is necessary to re-adjust the reference
arm, software parameters and dispersion compensa-
tion again. However, with our common path design,
each new probe is automatically optimized for

Fig. 4. OCT images obtained with probes. (a)–(c) are images
obtained with the common path probe. (d) and (e) are images
obtained with the noncommon path probe. (a) The phantom of
translucent tape. (b) OCT image of an onion. (c) Part of (a).
(d) The phantom of translucent with polarization matching. (e)
The phantom of translucent with polarization mismatching.
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dispersion compensation and no re-adjustment is
needed to achieve high-quality image. This really
means that our probe is a plug-and-play probe.
Therefore, our novel probe can not only reduce the
di±culty of clinical examinations but also save the
computational cost of dispersion compensation, and
is therefore particularly suitable for clinical diagnosis
as one-o® medical apparatus.

3.3. Stable polarization matching
under ¯ber motion

Polarization matching is crucial for achieving high-
quality imaging; therefore, before imaging with a
traditional probe, it is necessary to adjust the po-
larization controllers on both arms. While adjusting
the polarization controllers can match the polari-
zation of the two arms under static conditions,
it is hardly possible to compensate the dynamic
changes in polarization due to movement during
high-speed imaging, resulting in a decrease in signal
intensity and image quality as well. The results of a
comparative experiment by imaging a mirror illus-
trated this problem. We used di®erent colors to
represent the mirror image at di®erent times. For a
noncommon path probe, as shown in Fig. 3(b), the
blue line with the highest intensity represented the
signal before shaking the ¯ber, because the polar-
ization states of the two arms were equal after
adjusting the polarization controllers and thus the
signal was optimal. However, when shaking ¯bers,
there was nearly a 10 dB decrease of the signal
amplitude. At the same time, the signal width, i.e.,
the axial resolution, also deteriorated to some ex-
tent due to the changes of dispersion and polari-
zation caused by the irregular bending of ¯bers. It
is obvious that the static dispersion compensation
cannot compensate for the dynamic dispersion
changes due to the uncontrollable movement of
¯bers, leading to signal broadening. In contrast,
our probe was quite robust to the movement of
¯bers and therefore the signal peak and width
remained stable throughout all the measuring
process, as shown in Fig. 3(a). Therefore, we have
veri¯ed that this probe has a high tolerance to
vibrations and can avoid image quality deteriora-
tion caused by polarization and dispersion mis-
match, making it more suitable for three-
dimensional imaging of complex tubular structures
within the body.

3.4. Imaging results on phantoms
and biological tissues

As shown in Fig. 4(a), the multilayered structure of
the tape was clearly visible. Furthermore, the use of
the hollow ultrasonic motor allowed for unob-
structed 360� imaging, which could ensure complete
imaging of lesion areas without the obstruction of
wires. The relatively dark areas in the deeper parts
of the tape were caused by strong re°ections from
one of its surfaces. As shown in Fig. 4(b), the cel-
lular walls of the onion were also clearly visible
throughout the entire imaging ¯eld. It was worth
mentioning that the image was quite steady during
the imaging scan, owing to the interference ro-
bustness of the common path probe. The partial loss
and blurring of the structure in the shallow area
were due to damage caused by the blade during the
cutting process. Figures 4(d) and 4(e) show the
imaging results of the noncommon path probe on
tape. As previously mentioned, for the noncommon
path probe, there is signi¯cant dispersion between
the sample and reference arms, therefore it is nec-
essary to use software methods to remove the
background and perform dispersion compensation.
When the light returning from the surface of the
probe's optical components is not eliminated by the
angled cuts of the ¯ber and the GRIN lens and
°uctuates in intensity during rotation, software
compensation may not be e®ective, adversely
impacting the image quality. The noise in Figs. 4(d)
and 4(e) is an example of this issue. In contrast,
common path probe does not require software-based
dispersion compensation. Furthermore, Figs. 4(d)
and 4(e) represent imaging results under polariza-
tion-matched and polarization-mismatched condi-
tions, respectively. The signi¯cant intensity
di®erence between the two clearly illustrates the
importance of maintaining polarization matching
during the imaging process. Another advantage of
our design is that the OCT signal is more uniformly
distributed throughout all the depth because our
design counteracts the attenuation of backscatter-
ing with depth and the fall-o® of the signal. Our
imaging system has a 6 dB fall-o® at 1.27mm.25

Unlike typical OCT system, if we set the optical
path length of the reference arm longer than that of
the sample surface by 1.27mm, the signal re°ected
from the depth of 1.27mm will not su®er from fall-
o® e®ect, equivalent to a SNR enhancement of
� 6 dB. As we can see, both Figs. 4(a) and 4(b) had
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more uniform brightness from the surface to the
deep and are more likely to real biopsy, compared to
conventional SD-OCT image like Fig. 3(a) in
Ref. 23. In fact, the equivalent SNR enhancement
for deep depth also results in a larger imaging
depth, because more signal of deep depth can be
detected due to the enhancement. It is obvious that
the imaging results have successfully demonstrated
the excellent capability of the common path probe
for imaging biological tissues.

4. Discussion

In traditional common path probe design, the light
re°ected from the ¯ber tip or the surfaces of GRIN
lens are used as the reference. To improve SNR and
lateral resolution, complex etching and processing
of the probe tip are required. Such a scheme is
commonly used in forward-looking probe applica-
tions. This design concept can also be applied to
side-looking probes by adding right-angle prism for
light de°ection. However, a signi¯cant challenge
arises due to the large optical path di®erence
between the two arms, resulting in reduced image
dynamic range. Moreover, circumferential-scanning
common path probes are typically based on proxi-
mal scanning, which is more prone to image dis-
tortion compared to distal scanning. The new
design we propose in this paper can address these
issues mentioned above.

First, the fabrication and installation of a rect-
angular beam-splitter are straightforward and do
not impose any additional requirements on the
overall probe structure. By replacing the right-angle
prism with a beam-splitter, the traditional probe
can be converted into a common path probe.

Second, by adjusting the dimensions and coat-
ings of the beam splitter, we can regulate the optical
power and path length of the reference light to meet
the requirements for high-quality imaging. In this
validation experiment, we chose a commercially
available rectangular beam-splitter to avoid addi-
tional processing. The proportion of transmitted
light and re°ected light on the interface was 50:50,
therefore we had to adjust the distance between the
¯ber tip and the GRIN lens to reduce the reference
light back into the ¯ber to avoid extra noise and
achieve high sensitivity. This results in a loss
of optical power, which is equivalent to a � 5 dB
attenuation in SNR. In the future, we will modify
the coating of the beam-splitter to reduce the

reference light and increase the sample light and
hence further improve the system sensitivity. After
optimization, the system sensitivity can reach more
than 105 dB. In addition, the new design eliminates
the large optical path di®erence between the two
arms without additional circulators and re°ectors,
or circular-obscuration apodization design, reducing
the e®ect of fall-o®.

Third, we have ¯rst achieved the distal scanning
common path probe. In proximal scanning, optical
¯bers are often a®ected by bending and pressure
changes during high-speed rotation, leading to
changes in refractive index and adverse e®ects on
imaging, such as distortion. Therefore, compared to
previous common path probes, imaging stability
with our new probe is further improved.

Meanwhile, our probe has the optical path length
of the reference arm greater than that of the sample
arm to enhance the signal from deep tissue. In our
experiment, the initial design featured the reference
arm's optical path being about 1mm longer than
that of the sample arm. However, to reduce the
power of the reference arm, I shortened the distance
between the lens and the ¯ber in the experiment.
This adjustment was measured as a 0.23mm change
on the translation stage scale. Therefore, the optical
path length of the reference arm is correspondingly
reduced. The current imaging depth was limited
because the optical path length of the reference arm
was only � 0:8mm longer than that of the sample
surface by using this commercial beam-splitter,
which is less than 6 dB fall-o® depth of 1.27mm. We
may extend the length of the beam-splitter or alter
the materials to increase the optical path length of
the reference arm, achieving the enhancement of
the signal of deep tissue and thus greater imaging
depth. After enlarging the length of the beam-
splitter, the focus point along the reference arm may
be in front of the right end surface of the beam-
splitter. This may lower down the coupling e±-
ciency of the reference light back into the ¯ber.
However, a high coupling e±ciency is still possible
by polishing the right end surface of the beam-
splitter into an optimized spherical surface.

5. Conclusions

In summary, we propose a common path endoscopic
probe design for distal-scanning mode based on a
hollow ultrasonic motor, which is cost-e®ective,
easy to manufacture and assemble, and allows for
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easy optimization of optical power and path length
of reference arm for best system sensitivity. The
experimental results have demonstrated that the
probe can instinctively maintain polarization and
dispersion matching during ¯ber motion and is more
robust to a variety of interfere factors during im-
aging process. Furthermore, this probe counteracts
the attenuation of backscattering with depth and
the fall-o® of the signal, resulting in a more bal-
anced signal range and greater imaging depth. The
common path structure allows for easy replacement
of detachable sample probes of any length with
instinctive match of path length and polarization or
dispersion between the reference and the sample
arm. There is thus no need to adjust the reference
arm after replacing the probe. We believe that this
low-cost probe o®ers simpli¯ed system con¯gura-
tion and excellent robustness, and is therefore par-
ticularly suitable for clinical diagnosis as one-o®
medical apparatus.
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