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ABSTRACT Optical fiber is widely used in optical coherence tomography (OCT) to propagate light precisely
with low attenuation and low dispersion. However, the total optical path length within the optical fiber
varies in accordance with changes of the temperature. This leads changes in the total optical travel path
of the interfering signals and results in shifting of OCT image position to an unintended depth pixel
value. In this paper, we presented the temperature-based automatic path length compensating method in
OCT to limit the external temperature effect and control the image position in micro-scale without manual
movement of optical components. By utilizing developed hardware and software of automatic temperature
control system, the external temperature of optical fiber is precisely regulated that evokes thermal expansion
and finally changes the physical length of fiber, which is main mechanism of temperature-based path
length compensating method. The effectiveness of the presented method was verified by two-dimensional
OCT images of mirror and in vivo retina. The obtained results confirmed the path length variance due to
temperature change is computable and can be regulated in real-time for whole pixel range of OCT image.
Therefore, the proposed temperature-based path length compensating method can be used as an alternative
method to precisely control the position of OCT image, while eliminating the effect of external temperature
and apply to effectively configuring compact optical systems.

INDEX TERMS Optical fiber, automatic temperature control system, thermal expansion, micro position
control, optical coherence tomography.

I. INTRODUCTION
Optical coherence tomography (OCT) is a non-destructive
and high-resolution interferometric optical imaging tech-
nique that provides depth-resolved images in real-time [1], [2].
OCT has been employed in diverse applications, where
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cross-sectional imaging is requisite; few such areas
include ophthalmology [3]–[5], dermatology [6], [7],
dentistry [8], [9], gastroenterology [10], [11], cardiol-
ogy [12], [13] and in pulmonology studies [14], [15]. Optical
fiber-based OCT systems are widely used, as they can be
helpful in transferring light easily and precisely with low
attenuation and low dispersion [16]–[19]. Optical fiber con-
fines and propagates the light along with its core, which is
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fabricated from high refractive index materials. Various kinds
of fibers, such as single-mode [20], multimode [21], [22]
or polarization-maintaining fiber [23] are widely used as
per need. However, materials of both core and cladding are
subject to thermal expansion [24], [25] due to environmental
factors, and this results in changes in the physical properties
of the optical fiber.

When it comes to fiber optics-based OCT systems, the path
lengths of the reference and sample arm should be matched
within the coherence length of the light source to obtain an
interference signal [2]. Subsequently, this means the slight-
est change of coherence length may affect the interfering
signals, which in turn affects the obtained result of OCT
image. Among the various factors of affecting the path length
variance, the variance of external temperature is a well-
understood concept [26]. To minimize the changes in travel
path of the propagating light from varying temperatures,
the cladding of fiber is usually silicone coated and wrapped
in a protective outer jacket. As an alternative approach to
compensate for changes in total travel path of light result-
ing from varying temperatures, a heat-insensitive interfer-
ometer was fabricated using a fiber loop mirror as reported
in [27]. Similarly, a thermal silicon ring resonator fabri-
cated by overlaying a polymer around silicon waveguides
was reported as an option to overcome the aforementioned
problem [28].

As mentioned in above paragraph, compensating path
length difference should be controlled since the signal to
noise ratio (SNR) of the system decreases as the imaging
depth range increases [29], [30]. To compensate the path
length difference, manual or motor-driven implementations
are conventionally used. Manual adjustment can be subject
to user error, and it is constrained to the degree of attain-
able fine-tuning. Subsequently, this led to the rising need
for motorized movement. Motorized control movement of
the optical components can enable the user to adjust the
distance between the optical components in the micrometer
scale [31], [32]. The piezoelectric motor is opted-in surgi-
cal and endoscopic OCT applications, where precise con-
trol of optical components is needed, this is to minimize
the effect of micro-motion during measurements [33], [34]
and it is more convenient when compared to manual adjust-
ment. However, the operating range of the piezoelectric
motor is not wide, compared with translational stage, and
the operating range of motorized stage is limited due to its
spatial constraint. To overcome the aforementioned limita-
tions, optical delay line has been made and implemented
in OCT to maintain the path length. However, due to the
necessity of additional optical components to compose the
optical delay line, the unexpected dispersion and loss can
occur [35], [36].

In this study, we propose a novel path length compen-
sating method for maintaining the OCT image position by
directly varying the overall temperature of a selective region
in the optical fiber, which is able to control the wide depth
range of OCT image in real-time. To precisely regulate

the temperature of each interference arms, the automatic
temperature control system was developed and controlled
with customized software using LabVIEW. To reach and
maintain a set temperature, pulse width modulation (PWM)
and proportional integral derivative (PID) feedback control
were used to design the control software. The proposed
system is adept at varying the optical fiber temperature
within the range of 10 ◦C to 60 ◦C. The system perfor-
mance was evaluated by imaging mirror sample at various
temperature conditions. In addition, to evaluate the effect
of temperature and its length dependency of optical fiber
in OCT imaging, we obtained two-dimensional (2D)-OCT
images using 2 m and 5 m long optical fibers at different
temperatures. Additionally, by utilizing the proposed sys-
tem, we obtained in vivo retina image to evaluate the attain-
able path length compensating range using the proposed
system.

II. MATERIALS AND METHODS
A. OCT SYSTEM SETUP
Fig. 1(a) is a schematic of the SD-OCT hardware setup.
A super-luminescent diode (EXS210068-01, Exalos, Swiss),
is used for the broadband light source; it has an 854 nm center
wavelength and a 53 nm full width at half maximum band-
width. The light from the laser source was transmitted to a
fiber coupler (50:50, TW850R5A2, Thorlabs, USA) to attain
theMichelson interferometer configuration. The beam is then
divided into a reference arm and a sample arm path. To inves-
tigate the overall effect of temperature control, we used
2 m patch cables (P3-830A-FC-2, Thorlabs, USA) connected
using an FC/APCmating sleeves (ADAFC3, Thorlabs, USA)
to deliver light. Additionally, we also used 5m patch cables to
investigate the effective changes by the temperature control
system when using an extended fiber cable. It is worthy to
note that the automatic temperature control system is directly
connected to the reference arm and the sample arm of the
optical fiber in all experiments. Signals delivered to the con-
trol system are managed by a data acquisition (DAQ) module
(PCIe 6321, National Instruments, USA) hosted in a per-
sonal computer that executes the LabVIEW software-based
controller algorithm. The reference arm comprises a colli-
mator (F260APC-780, Thorlabs, USA), achromatic doublet
(AC254-050-B) lens for focusing the incident collimated
beam on to a protected silver mirror (PF10-03-P01, Thorlabs,
USA). A collimator of exactly similar specification is used
to deliver the laser beam to the sample arm and 2D and
three-dimensional (3D) scanning are achieved by using a gal-
vanometer scanning system (GVS012, Thorlabs, USA). Fol-
lowed by the galvanometer scanning mirrors, an achromatic
doublet (AC254-050-B) lens is used to focus the incident
laser beam on the sample surface. The backscattered light
from the reference and sample arms generated an interference
fringe signal in the fiber coupler. The signal is detected
by a customized spectrometer, which is detailed described
in [37].
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FIGURE 1. Schematic of the OCT system and photograph of laboratory customized automatic temperature control system. (a) shows an
overall system schematic of OCT system used in this experiment. (b) shows specific hardware composition of automatic temperature control
system. ATCS, automatic temperature control system; BLS, broadband laser source; C, collimator; CF, cooling fan; DG, diffraction grating;
FC, fiber coupler; GS, galvanometer scanner; H, heatsink; HM, holding mount; HMC, holding mount cover; L, lens; LC, line scanning camera;
M, mirror; OF, optical fiber; P, Peltier device.

B. HARDWARE CONFIGURATION OF THE AUTOMATIC
TEMPERATURE CONTROL SYSTEM
Two automatic temperature control systems consist of Peltier
device, thermistor, solid-state relay, heat sink, and cooling
fan, are attached respectively to the reference arm and the
sample arm of the optical fiber. The schematic diagram of
hardware composition is demonstrated in Fig. 1(b), which
is consisted of aforementioned electronic devices with cus-
tomized 3D-printer based holding mount. The Peltier device
plays a key role in regulating the temperature, while it pro-
vides both heating and cooling depending on the current
passing direction. The current direction is determined by the
difference between the detected current temperature and the
predetermined temperature that is to be maintained, which is
controlled by an output from the DAQ. The solid-state relay
works as an electrical switch to reliably control the Peltier
device. Additionally, the heatsink and cooling fan are used to
cool the Peltier device. The total length of the optical fiber
in contact with the Peltier device is 1.4 m of the optical
fiber at each arm. The thermistor is placed to be in contact
with the Peltier device surface to continuously monitor the
temperature around the patch cable. The temperature of the
two optical fibers (reference and sample arm) in the OCT
system are controlled by an automatic temperature control
system. Apart from the sample and reference arms (output
ports) of the fiber, the rest of the fiber is void of any changes
in hardware setup, as the generated interference signal is
not directly affected by the automatic temperature control
system. In addition, to precisely place and integrate the elec-
tronic components, we designed and produced the holding
mount shown in Fig. 1(b) using 3D-printer. By using a cus-
tomized holder of automatic temperature control system, the

temperature of both fibers is controlled under the equivalent
condition.

C. SOFTWARE ALGORITHM FOR THE AUTOMATIC
TEMPERATURE CONTROL SYSTEM
The two main concepts incorporated in the software algo-
rithm are PWM and PID feedback control. PWM is widely
used to control the LED brightness and the motor speed by
changing the duty cycle of a square wave power source. In our
temperature control system, the duty cycle was controlled by
the PWM to reach the desired value. Manual adjustment of
a duty cycle is usually inaccurate and difficult to execute
for an immediate response. Hence, a PID feedback control
is used in the algorithm. PID is a feedback control method,
which changes the system input in real-time according to the
difference between the output and reference input to reach
the set value. For effective utilization of the PID feedback
control, the coefficients Kc, Ti and Td, which determines the
accuracy and speed of the control, are set to with a predefined
value as per best suit.

The software algorithm for adjusting the temperature to the
desired value is shown in Fig. 2. For easier interpretation,
the operations are divided into PC, DAQ, and automatic tem-
perature control systems, with green, brown, and blue color
borders, respectively. The system was initialized by setting
the desired temperature and selecting the appropriate coeffi-
cients for feedback. The resistance value of the thermistor is
continuously measured, which offers the current temperature
of the fiber cables. The difference between the desired set
temperature and measured current temperature determines
whether the Peltier device should execute the heating or
cooling operation. In order to reach the set temperature as
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FIGURE 2. Software algorithm of the proposed system to reach and maintain the desired temperature. The border color of
each box signifies the operating position. PC, personal computer. PID, proportional integral derivative.

quickly as possible, the feedback control is proceeded based
on the temperature difference. The PWM conducted at a rate
of 50 Hz by the PID feedback control and the calculated duty
cycle is transferred to the main-solid state relay, which con-
trols the operation time per cycle of Peltier device. With this
continuous temperature control process, the temperature was
reached to the predefined desired value, and it is maintained
by the continuous operation as explained.

To better explain the temperature control cases, the descrip-
tions of hardware movement compared with linear stage
based method are shown in Fig. 3. At conventional method
shown in the first row of Fig. 3, the path length was changed
according to the direction indicated by the blue arrow as
the reference of zero-path delay. Similarly, at the tempera-
ture control-based method, the temperature of fibers (both
reference and sample arm) are regulated to generate the
equivalent path length compensation effect of conventional
method. Therefore, throughout the article, each case of pro-
posed method can be corresponded to 4 cases of conventional
method shown in Fig. 3.

III. RESULTS
A. 2D-OCT IMAGES AT REPRESENTATIVE TEMPERATURES
WITH DIFFERENT LENGTH OF FIBER
To test the capability of path length control in longer ranges
up to millimeters, the temperatures of the reference and
sample arms were set to a wider range between 10 ◦C
and 60 ◦C with multiple temperature selections within this
range, which is proper bounds that optical fiber can con-
duct the equivalent performance. Throughout the article,
the temperatures of the reference arm and sample arm
used in the experiments are presented as ‘‘(the value of

reference arm temperature (◦C), the value of sample arm
temperature (◦C))’’ in the text. The cross-sectional OCT
images obtained in this range using 2 m fiber are shown
in Fig. 4(a)-(i). We selected the temperatures (10, 60) to
observe the change in OCT image position when the inter-
fering arms are at the highest optical path delay, which can
be observed within the maximum range of line-scan camera.
As the temperature of reference arm increased and the tem-
perature of sample arm decreased, the rising tendency of the
OCT image position can be seen in Fig. 4(a)-(i). Fig. 4(m) is
the combined graph of eachA-scan profile of all themeasured
results using 2 m fiber from (10, 60) to (60, 10). Fig. 4(m)
shows that the pixel position of the intensity peak in the
A-scan graph is increased (towards the pixel number 800),
and the OCT image position is moved downward as the tem-
perature changes. The pixel number of the detected intensity
peak and from the respective displacement of theOCT images
are given in Table 1. The OCT image obtained at (10, 60)
and its respective measured value is taken to be the reference
point to calculate the displacement of the OCT image as the
temperature is changed. The maximum observed displace-
ment of the OCT image was 461 pixels, which converts
to 2005.35 µm.
To observe the impact of optical fiber length when a

temperature-based path control system is used for OCT image
position maintenance, a 2 m and 5 m length patch cable is
connected to the subsequent experimented sample and refer-
ence arms. A 2.8 m length of the 5 m patch cable is subject to
the automatic temperature control system, and this is twice
the length used for the 2 m optic fiber cable (which was
1.4 m). Fig. 4(j)-(l) are the obtained representative 2D-OCT
images of a mirror sample, using 5 m fiber at representative
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FIGURE 3. Description of each path length compensation cases utilized automatic temperature control
system-based method compared with conventional method using linear stage.

FIGURE 4. Obtained 2D-OCT images at various temperatures using two different length of fiber and the
respective plotted graphs. The temperatures of the reference arm and sample arm used in this figure are
presented as ‘‘(the value of reference arm temperature (◦C), the value of sample arm temperature (◦C))’’. (a)-(i)
are 2D-OCT images of a mirror at different selective temperatures using 2 m fiber. (j)-(l) are the representative
2D-OCT images using 5 m fiber. (m) is a combined A-scan graph obtained from OCT images using 2 m fiber
recorded at temperatures from (60, 10) to (10, 60). From (60, 10), temperature of reference arm decreased is
by 5 ◦C while the temperature of the sample arm is increased by 5 ◦C. (n) shows the linear correlation
between the temperature change and distance variance in the OCT images using 2 m and 5 m fiber. TRA,
temperature of reference arm; TSA, temperature of sample arm.

temperatures of (20, 50), (35, 35), and (50, 20). Under the
identical temperature conditions of 2 m fiber, the displaced
OCT image positions as a function of the difference in optic
fiber length are shown in Fig. 4(j)-(l). To demonstrate the
validity of this result quantitatively over a wider range of
temperatures, the position variation in the OCT images for
a 5 m optic fiber is indicated with red squares in Fig. 4(n)
compared with the results presented in Table. 1, which is the

result of using 2 m optical fiber represented as black squares.
The x-axis of the graph is the temperature difference between
the reference arm and sample arm, and the y-axis is the
distance between the observed pixel number of the intensity
peak. Fig. 4(n) shows the linear increasing tendency between
the temperature difference and the displaced OCT images
when connected with the 2 m and 5 m fibers. In addition,
the measured displacement of the OCT image for 5 m is
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TABLE 1. Calculated data of pixel difference and distance change according to the varying temperature.

almost twice the observed values obtained using 2 m long
fiber. This shows that the temperature-dependent pixel vari-
ation is computable and proving that the OCT image can be
shifted to a focused region by regulating the optical path delay
of the traveling laser beam. In addition, these results confirm
that using a longer fiber can move more OCT image position
with fewer temperature changes while maintaining linear
correlations between the temperature change and shifting of
the OCT image.

B. QUANTITATIVE ANALYSIS OF AUTOMATIC
TEMPERATURE CONTROL SYSTEM-BASED
PATH LENGTH COMPENSATION
To demonstrate the minimum attainable degree of the auto-
matic temperature control system, the displacement of OCT
image pixel position is measured while changing the tem-
perature by 0.1 ◦C with 5 m fiber. And this is followed for
measuring the increment of temperature by 0.1, 0.2, 0.3, 0.4,
and 0.5 ◦C from the stable temperature condition, the OCT
image position is observed to be displaced by 2, 4, 5, 7 and
9 pixels, respectively, which are shown in Fig. 5(a)-(f). The
peak intensity pixel at reference temperature is 220 demon-
strated in Fig. 5(a). Following the temperature increment,
the measured pixels of peak intensity are 218, 216, 215,
213 and 211, respectively. To better show the pixel changes
with 0.1 ◦C increments, we combined Fig. 5(a)-(f) and mag-
nified the peak pixel point which is shown in Fig. 5(g).
Hence, from these results, it is conclusive that the automatic
temperature control system can be used for maintaining the
OCT image position with 0.1 ◦C temperature accuracy, and
within a 2-pixel position accuracy in maintaining the OCT
image. In addition, if we use other fiber, which is shorter
than 5 m, we can more precisely control the pixel changes
at the equivalent experimental condition of measuring Fig. 5.

Furthermore, wemeasured the SNR, since additional stress
to optical fiber caused by thermal expansion generates an
unexpected noise. However, the acquired SNRmeasurements

revealed that SNR is not affected by automatic temperature
control system. The measured SNR at (20, 20), (40, 20)
and (60, 20) are 41.6, 42.1 and 42.1 dB which are much
the same at all three temperatures. Hence, the varying tem-
perature does not affect the SNR of the signal. In addition,
to minimize the control error between regulated tempera-
ture and set temperature, stabilization is an essential pro-
cess at automatic temperature control system. Therefore,
the total consumed time to reach the desired tempera-
ture by heating mechanism is measured for 5 ◦C, 10 ◦C
and 15 ◦C, and stabilization are 21, 22 and 23 sec respectively.
Likewise, the time consumed for stabilization and to reach
the desired temperature by cooling mechanism is measured
for 5 ◦C, 10 ◦C and 15 ◦C, and the total time is taken
for stabilization are 17, 15 and 15 sec, respectively. The
averaged stabilizing time is 18 sec; this suggests that the
stabilization process can be reliably used and applied for
any randomly set temperature for controlling a wide range
of path length compensation. Furthermore, whenever the set
temperature is changed at a non-stabilized state, the optical
fiber temperature is changed immediately and it is stabilized
according to the final set value. Hence, the repeatability of
the automatic temperature control system is not limited by
number of consecutive operations.

C. 2D-OCT IMAGES OF HUMAN RETINA OBTAINED USING
AN AUTOMATIC TEMPERATURE CONTROL SYSTEM
To evaluate the applicability of the automatic temperature
control system in ophthalmology studies and clinical prac-
tice, we imaged three healthy human volunteers (male,
25-30 years) for OCT imaging using the proposed method,
and the obtained results are shown in Fig. 6. As the unique-
ness of an individual sight and the distance between the lens
and retina (vitreous body in the eye) varies from one person to
another, this, in turn, makes the (optical path) light travelled
by the OCT beamwithin the eye different from one individual
to another [38]. This makes it a necessary step to adjust the
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FIGURE 5. Quantitative analysis of pixel changes with 0.1 ◦C increments from 0.1 ◦C to 0.5 ◦C from the reference temperature. (a)-(f)
are A-scan graph of mirror images attained at 6 different temperatures that differ by 0.1 ◦C. (g) demonstrates combined A-scan graph,
which magnified the peak pixel changes at aforementioned temperature conditions.

FIGURE 6. Retina OCT images obtained using the automatic temperature
control system to change the OCT image position. (a)-(c) are initial images
obtained at (20, 20). (d)-(f) are results of temperature control at (50, 20),
(60, 10) and (40, 20) respectively. The result of focus adjusting by
changing the position of the lens that comprises the beam expander at
the sample arm are shown in (g)-(i).

total optical path travelled by the OCT scanning beam in the
reference and sample arms in order to obtain a well-focused
retinal image. In this study, the compensation of path length
difference for the reference and sample arms is attained by
the proposed automatic temperature control system.

Fig. 6(a)-(c) are the initial retina images obtained at
(20, 20) which show different locations depending on the
subject. To adjust the OCT images to an identical focal point,
we changed the temperatures of the reference arm and sample
arm accordingly to shift the OCT image to its initial posi-
tion. Fig. 6(d)-(f) are the images acquired at temperatures of

(50, 20), (60, 10), and (40, 20), respectively. The specific
temperature applied differently for these subjects demon-
strates that the positional change of the OCT image through
automatic temperature control system can be flexibly adapted
as per the situation. After collecting these images, the focus
is re-adjusted by changing the position of the beam expander
lens in the sample arm. The focus adjusted retina images
are shown in Fig. 6(g)-(i). The process of acquiring an OCT
image of the human retina through temperature control and
focus adjustment is demonstrated in Video. 1. These results
demonstrate that the path length control with an automatic
temperature control system is possible for any sample, and
has demonstrated the possible applicability of the proposed
system can be utilized varied application in real-time.

IV. DISCUSSION
Here, we demonstrated the temperature-based automatic path
length compensating method to control the position of OCT
image and limit the effect of external temperature of optical
fiber. The competency of regulating temperature of optical
fiber suggests that the proposed method can control the wide
range of pixel in OCT without mechanical movement to
adjust the image position. In fact, attempts to minimize the
effects of temperature on optical fiber have been previously
studied. In addition to the results of aforementioned study,
various sensors and fibers have been manufactured and used
to limit and measure the natural temperature change of fiber.
On the other hand, we maximized the thermal expansion
effect of the fiber to locate the image at an intended position.
Conventionally, manual movement and motor stage-based
control methods are widely used to control the path length.
However, as an aspect of total price, there are a weakness
about using translation stage is 10 times more expensive
than comprising an automatic temperature control system,
which costs 17.67 $ to compose. In addition, motorized
stage-based control method can overcome the limitation of

VOLUME 8, 2020 77507



D. Seong et al.: Dynamic Compensation of Path Length Difference in OCT

manual method, but in order to control a wide range of pixel
values, the overall size of system becomes large. In con-
trast, the presented automatic temperature control technique
regulates a larger range of path length compensation and
is conducive to the design of a compact system without
mechanical movement. Moreover, the results showed that the
automatic temperature control system is able to achieve OCT
image shift for as minimal as single-pixel, was an efficient
means to change the beam path length while maintaining
OCT image resolution. In addition, even if the initial position
of OCT image is much out of focused point, demonstrated
method can precisely compensate the path length difference
and reposition the image up to several millimeters. Therefore,
the presented method of temperature control of optical fiber
is an alternative method to complement the limitations of var-
ious conventional position control methods in OCT. In addi-
tion, for the field of OCT miniaturization, which is actively
developed by various groups [39]–[41], automatic tempera-
ture control system can offer a wide compensating range of
path length maintaining a small size without spatial limita-
tions. Moreover, according to the emerged needs for applying
OCT to various outdoor applications, which includes agri-
culture [42]–[44], external examination and other on-field
experiments, this presented temperature based-path length
control method can be successfully applied to conduct an
aforementioned outdoor fields while offering an equivalent
experimental conditions.

V. CONCLUSION
In conclusion, an automatic path length compensation and
limiting the redundant temperature effect for OCT imaging
is demonstrated by controlling the external temperature of
the optical fiber. We control the overall travel path of the
optical beam within the optic fiber by changing the external
temperature of fiber. To precisely regulate and to maintain
the temperature, an automatic temperature control system
was developed using Peltier device, thermistor, solid-state
relay, cooling fan, and heat sink. In addition, the built Lab-
VIEW based control software, which used PWM and PID
feedback control, enabled an efficient and reliable automatic
temperature control system for the OCT image position con-
trol. 2D-OCT images, A-scan profiling showed the effective
changing of the OCT image position by means of temper-
ature regulation. In addition, we obtained in vivo human
retina image while changing the temperature respectively
in accordance with the initial position of each subject to
demonstrate the applicability of our system. The results suc-
cessfully demonstrate the ability to reach and maintain the
desired temperature rapidly and accurately. This suggests that
the proposed path length control can effectively compensate
for minute ambient and local temperature changes in all
application environments. The suggested temperature-based
position control method can be widely utilized in various
optical imaging fields, where the control of beam path
length is essential, and which needs to develop the compact
system.
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