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Abstract. Multiple reference optical coherence tomography (MR-OCT) is a technology ideally suited to low-cost,
compact OCT imaging. This modality is an extension of time-domain OCT with the addition of a partial mirror in
front of the reference mirror. This enables extended, simultaneous depth scanning with the relatively short scan
range of a miniature voice coil motor on which the scanning mirror is mounted. This work details early stage
development of the first iteration of a miniature MR-OCT device. This iteration utilizes a fiber-coupled input from
an off-board superluminescent diode. The dimensions of the module are 40 × 57 mm. Off-the-shelf miniature
optical components, voice coil motors, and photodetectors are used, with the complexity of design depending on
the specific application. The photonic module can be configured as either polarized or nonpolarized and can
include balanced detection. The results shown in this work are from the nonpolarized device. The system was
characterized through measurement of the input spectrum, axial resolution, and signal-to-noise ratio. Typical
B-scans of static and in vivo samples are shown, which illustrate the potential applications for such a technology.
© 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.21.12.126020]
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1 Introduction
Optical coherence tomography (OCT) is a recently developed
imaging technology that has the ability to noninvasively
visualize three-dimensional (3-D) structural information of
a biological sample on the scale of microns.1 Generally, the
method is based on a Michelson-type interferometric set up
that utilizes a broadband light source to coherence-gate light,
which is scattered from the sample. In time-domain OCT
(TD-OCT), the reference mirror is longitudinaly translated
in time to provide remote depth scanning of the sample.
Spectral-domain OCT (SD-OCT) and swept-source OCT (SS-
OCT) systems utilize a spectrometer and frequency swept
laser source, respectively, to acquire a depth-resolved interfer-
ence signal without the necessity of scanning a reference mirror.
Both SD-OCT and SS-OCT have been shown to have numerous
advantages over TD-OCT in terms of speed and sensitivity.
Commercially, OCT systems have been shown to have a diverse
range of clinical and surgical applications in areas such as
opthalmology, cardiology, oncology, and dermatology, among
others;2 however, to date, commercial systems have been
large and expensive. Successful development of a miniature
and affordable version of this technology opens the door to com-
pletely novel fields of application. Recently, other groups have
reported the development of silicon-based integrated systems for
SD-OCT3,4 and SS-OCT.5,6 However, swept source lasers and
InGaAs cameras remain expensive, which is currently limiting

the development of consumer-level SS-OCT and SD-OCT
devices.

Multiple reference OCT (MR-OCT) is an extension of TD-
OCT through the addition of a partial mirror in front of the refer-
ence mirror. This recirculation of light between the partial mirror
and reference mirror results in multiple orders of reflection,
which can interfere with the light coming from the sample over
an extended depth range. This combination allows simultaneous
scanning of multiple segments, successively deeper in depth by
scanning the reference mirror a relatively short distance (∼30 to
40 μm). The MR-OCTapproach enables the use of low cost, off
the shelf mechanical components such as voice coils that have
been shown to be effective miniature, low-voltage actuators.7–9

Hence, this technology has the potential to produce a fully func-
tional OCT system (excluding processing and display) with a
bill of materials of approximately $10.10 Furthermore, we expect
MR-OCT devices to be available before photonic integrated cir-
cuit-based devices reach their full potential.

There exists a multitude of potential applications for
consumer-level OCT technology. One example is the use of OCT
for the purposes of enhancing fingerprint technology.11–14 The
presence of a subsurface fingerprint (sometimes called the pri-
mary fingerprint) at the epidermis–dermis boundary, which is
an exact copy of the surface (secondary) fingerprint, means
that detection of descrepencies between the two patterns can
signify the presence of an artificial fingerprint. Liu et al. has
also shown that visualizing the distribution of sweat (eccrine)
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glands enhances the accuracy of fingerprint detection.15 In
addition to structural information, the ability of OCT to detect
functional information such as blood flow, heart rate, and per-
spiration contributes to liveness detection and can potentially
contribute to a very secure biometric system.16 Until now, the
capabilities of OCT to provide fingerprint authentication infor-
mation have been irrelevant because OCT systems have been
too large and expensive to deploy to field applications.

Another field that would benefit hugely from a consumer-
level OCT device is opthalmology. Because of the availability
of photodetectors across a wide range of wavelengths, MR-OCT
can be designed for both 1300 nm for tissue imaging and
850 nm for ophthalmic applications. For example, the useful-
ness of OCT for monitoring the progress and treatment of
age-related macular degeneration, a leading cause of blindness,
has been well documented in the literature.17–19 An MR-OCT
device could potentially take the form of a home-based moni-
toring system, in which the user could take daily scans that
could automatically record thickness measurements of their
retina and relay the information to their practitioner.

Other potential applications of this technology, previously
demonstrated by the Tissue Optics and Microcirculation
Imaging Group at NUI Galway, include dermatology,7 non-
destructive testing,9 and dentistry.8 All of these works were per-
formed via bench-top systems using bulk optics. This current
work describes the first steps in the transition to a truly miniature
OCT system. Two versions of the miniature module (unpolar-
ized and polarized) have been thus far developed, the first of
which is described in this work. This module is an unpolarized
version with a very simple design of just eleven components.
A schematic and image of the device can be seen in Fig. 1.

2 Experimental Set Up and Methods

2.1 Optical Design

Assembly of the module was done using the NanoGlue active
alignment workstation by Nanosystec.21 The NanoGlue is
composed of two independent stages, which use a customized
gripper appendage to pick and place optical components onto
the substrate. Each stage has six degrees of freedom (x, y, z,
pitch, roll, and yaw) with a linear and rotary axis resolution
of 20 nm and 0.0005 deg, respectively. A vertically mounted
camera provides machine vision capability and visual feedback
to the operator. A scanning slit beam profiler (Thorlabs, BP209-
IR/M) is mounted on a translation stage, which provides beam

profiling capabilities as well as simple off-board optical power
detection of NIR wavelengths. Each component was glued to the
substrate using a low shrinkage UV cured adhesive (Dymax,
6-621-VT).

The light source used in this device is a Denselight (DL-
CS3184A) superluminescent diode (SLD). This source has
a central wavelength, λ0 of 1310 nm, with a bandwidth, Δλ of
40 nm, giving an axial resolution Δz ∼ 19 μm. The light from
the SLD is collimated using a fiber collimator, which is mounted
directly on the module giving a beam diameter of 350 μm.
A 5-mm beam splitter is used to split the input beam into the
sample and reference paths. The sample and reference paths
contain an achromat focusing lens (Ross Optical, L-MAC000)
with a 3-mm diameter, resulting in a spot size of 30 μm and
a Rayleigh range of 570 μm. On the reference arm, a partial mir-
ror having a reflectivity 80% is placed a distance of 100 μm in
front of the reference mirror. The reference mirror is mounted on
a voice coil (Alps, ATMC1Z301A). The detection side of the
design consists of a focusing lens and an InGaAs photodiode
detector (ThorLabs, FDGA05) with a 500 μm active area.
The photo detector is connected to a custom designed transi-
mpedance amplifier, which sits underneath the optical bench.
All surfaces of the optical components (except for the reference
mirror and partial mirror) are AR coated.

During assembly of this photonic module, it was observed
that the overall performance is heavily dependent on the move-
ment of the voice coil. The pointing stability of a particular voice
coil affects the quality of the interference fringes observed at the
detector. This sensitivity was alleviated somewhat through the
use of focusing lenses on the sample and reference arms.
Operation of the voice coil is based on a sinusoidal input voltage
at 152 Hz with a scan range of ∼35 μm. Tuning the DC offset is
of vital importance since this has an effect on the spacing
between the partial mirror and reference mirror and hence the
separation between consecutive orders of reflection from the
reference mirror.22 It should be highlighted that the voice coil
used in this work was being used outside of its design param-
eters. This particular voice coil was designed for focusing a lens
in the camera of a mobile phone and does not normally operate
in a bipolar mode. For this reason, tuning is required. In future
iterations, a custom voice coil with improved pointing stability
will be used.

The substrate on which all the optical components were
placed is made of aluminum with dimensions of 40 × 57 mm.
The design of the substrate included a raised central “rail” on

Fig. 1 (a) Schematic of the MR-OCT set up.20 SLD, superluminescent diode; ISO, optical isolator; C,
collimator; BS, beam splitter (50:50); ND, neutral density filter (OD ¼ 0.5); L1, sample and reference
focusing lenses (EFL ¼ 6 mm, spot size ¼ 30 μm); PM, partial mirror (80% reflectivity on the reference
mirror side); RM, reference mirror; VC, voice coil (oscillation of 152 Hz); OB1, optical blank 1 (compen-
sation for ND filter); OB2, optical blank 2 (compensation for partial mirror); L2, detector lens (EFL ¼
6 mm, spot size ¼ 30 μm); D, photo detector (active area diameter ¼ 500 μm). (b) SolidWorks drawing
of the miniature MR-OCT device. Note that the components ND and OB1 are not included in this drawing.
(c) Photograph of the miniature MR-OCT device.
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which the main optical components were placed. Mechanical
mounts for the optical components were custom designed and
manufactured.

2.2 Alignment Procedure

Extensive planning went into the design of the alignment pro-
cedure. Since it was not possible to remove or alter the orienta-
tion of individual components after gluing, the sequence of
adding components had to be planned within the constraint
of allowing spatial clearance of the arms of the NanoGlue sys-
tem at each step. In terms of the alignment of each of the indi-
vidual optical components, a number of methods were used to
optimize the position and tip/tilt of each component.

The NanoGlue system has an onboard beam profiler and
photodiode, both of which were used during alignment. The
detector could be used by monitoring a DC signal or an AC sig-
nal in cases where interference fringes were being optimized.
When using a DC signal, a feedback control system could be
employed to perform “active” alignment. During assembly, a
circulator was used on the input side of the module. This proved
to be extremely useful in eliminating alignment variables of
other components by maximizing power reflected back into
the collimator. During alignment, a mirror (the same as the refer-
ence mirror) was used on the sample side. When optimizing
alignment using interference patterns (or interferograms), an
oscilloscope was used to maximize the interference amplitude.
Specially designed alignment tools for fine-tuning the direction
and position of the beams were manufactured. These were made
from precision-machined aluminum and consisted of a 450-μm
diameter hole with a datum surface that was in contact with the
corresponding datum surface on the substrate. This served to
locate the position of the beam center consistently (within
the machined tolerance of �10 μm) when the tool was in con-
tact with the substrate. The alignment of optical components
was based on achieving maximum power transmitted through
the tool. Two alignment tools were utilized when necessary.

The choice of optical components was aided by the use of
Zemax to model the beam characteristics into and out of
each component. The working distances of the lenses were
modeled, and the position of each of the components could
be approximated. These measurements were imported into
SolidWorks 3-D CAD software, where the prototype was devel-
oped for assembly.

The steps of alignment were as follows. The first component
placed on the bench was the collimator. This was first glued to a
mount, and the mount was then aligned with respect to the sub-
strate. Two alignment tools were used to ensure that the colli-
mated beam was both horizontal and not deviating from the
optical axis. The on-board beam profiler was used to provide
a feedback signal to optimize alignment. Next, the voice coil
and reference mirror were aligned. The voice coil was fixed
into its mount, and the reference mirror was glued to the barrel
of the voice coil. The voice coil was actuated during alignment,
and the input collimated beam was reflected straight back into
the collimator by the reference mirror. The angle of the voice
coil mount was optimized by maximizing the reflected signal
observed at port 3 on the circulator signal. Next, the beam split-
ter was aligned. An alignment tool was placed on the turned
path (sample arm), and by maximizing the signal observed
by the beam profiler, the position and angle of the beam splitter
were optimized. Next, a sample mirror was positioned off-
board. This was mounted on a tip/tilt stage and a translation

stage. It was placed at the zero-path length position, thereby
allowing interference to be observed at the circulator signal
using an oscilloscope. At this stage, the photodiode detector
was aligned at the output side of the interferometer. Its output
was connected to the transimpendance amplifier, and the inter-
ference pattern could then be monitored using this detector and
an oscilloscope. The detector was held in place with one of the
arms of the NanoGlue. A removable aluminum mount was
screwed onto the sample side of the interferometer, and an opti-
cal blank was glued to it. This blank acts as dispersion compen-
sation for the partial mirror. Next, the partial mirror was put in
place. This was first roughly aligned using the circulator feed-
back and was then fine-tuned by maximizing the amplitude
of the interference fringes and, most importantly, the number
of orders seen. Typically, 20 orders could easily be seen.
Moving the sample mirror through the orders of reflection
and measuring the displacement tuned the position of the partial
mirror relative to the position of the reference mirror. Next, the
sample and reference lenses were aligned. Maximizing the DC
signal seen on the circulator optimized the position of both of
these. The detector lens was aligned to achieve maximum signal
intensity on the photodiode detector. The lens, and then the
detector, were glued into place.

2.3 System Control and Experimental Set Up

System control for the photonic module was done via a custom-
built FPGA board. The FPGA board interfaces with a PC to pro-
vide a user interface and display the acquired images. As with all
time-domain OCT systems, the depth-information is achieved
by mechanical movement of the reference mirror, which is
mounted on the voice coil. Lateral scanning is achieved by
mounting the module on a translation stage. The oscillation
of the voice coil and synchronization with the lateral translation
stages is controlled via the FPGA board. During data acquisi-
tion, the photonic module is mounted in the vertical orientation,
so the voice coil is symmetrically loaded. The analog data are
acquired and conditioned by the transimpedance amplifier. The
data are then digitized by an analogue to digital converter. The
FPGA is used to stream the data from the A to D to a laptop, via
a USB 3 interface, where the data are processed. This is shown
diagrammatically in Fig. 2.

3 Multiple Reference Optical Coherence
Tomography Processing

The details of MR-OCT signal processing can be found in
Dsouza et al.;7 however, the following is a brief explanation.
Figure 3 shows a graphical representation of the processing
steps used to visualize a single reflection from a plane mirror.
For each sweep of the reference mirror, the photodetector cap-
tures the interference fringe pattern for all orders of reflection.
Each order of reflection is distinct, in that both the effective scan
range and the frequency of the respective interferogram are in
direct proportion to the order number n. This increase in fre-
quency with order is very convenient and is utilized in the
processing steps to separate out each of the individual orders.
Furthermore, the overlap of orders is defined by the scan
range of the reference mirror s and the distance between the
reference mirror and partial mirror d [both labeled in Fig. 1(a)].

First, the DC is removed from the raw interference signal.
Figure 3(a) shows the interference signal for a single reflection
from a sample mirror after DC removal. Note that there are two
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interferograms present because these involve reflections from
orders 5 and 6 of the reference signal, and at this particular posi-
tion, there is an overlap in space. The motion of the reference
mirror is sinusoidal, so it is necessary to linearize the inter-
ferogram, the result of which is shown in Fig. 3(b). The time
axes for Figs. 3(a) and 3(b) range one forward sweep of the
reference mirror, i.e., half a period of oscillation. Note that
these interferograms have different frequencies. Next, a poly-
phase filter bank is applied to separate out each of the individual
orders, which can be seen in Fig. 3(c). The next step is signal
demodulation, which is done by finding the envelope of the
interferogram. The envelope corresponds to the amplitude of
the reflected light from the sample and is found via the
Hilbert transform. Finally, the demodulated signals from each

order are stitched and reconstructed into a depth-dependent
A-line, which is shown in Fig. 3(d).

A simple experiment, which is commonly performed for the
calibration of MR-OCT systems, is done by acquiring A-lines of
a single-reflecting surface (such as a mirror or optical blank) and
stepping it toward or away from the system with successive
scans.7 If all of the processing steps outlined above are
employed correctly, the resultant image is a clean, straight line.
An example of the calibration of the miniature MR-OCTmodule
used in this work can be seen in Fig. 3(e). In this experiment,
1024 A-lines were acquired and the sample reflector was
stepped in distances of 2 μm. The scan range of the reference
mirror is 30 μm, and the distance between the reference mirror
and partial mirror is 98 μm.

Fig. 3 (a) Raw interferograms of a single reflection from a sample mirror after removal of the DC signal.
Two interferograms are present due to the mirror being at a position corresponding to the overlap of
orders 5 and 6. (b) The interferograms after linearization. (c) Each order is separated by applying filtering
thresholds due to the fact that each order has a distinct frequency. (d) Reconstructed A-line after
demodulation and stitching of each of the individual orders. (e) Reconstructed movement of a sample
reflector. The x -axis corresponds to position of the sample reflector and the z-axis corresponds to axial
position or depth.

Fig. 2 (a) Schematic of the system control design. (b) Picture of the overview of the experimental set up.
The critical system components are highlighted and correspond to the colors in (a). Note that the photonic
module is highlighted in yellow. The inset image labeled (c) shows a close-up of the photonic module.
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4 Results and Discussion

4.1 System Characterization

The spectrum of the SLD used with this device was measured
using a spectrometer and is shown in Fig. 4(a). A Gaussian
function was fit to this profile, and a central wavelength, λ0
of 1311 nm and a bandwidth, Δλ of 40.9 nm were measured.
Using these values, the “round trip” coherence length,
lc ∼ 18.5 μm (which corresponds to the axial resolution of
the system) was approximated. This was verified experimentally
by analyzing the axial point-spread function of a single reflector
by using a plane mirror as the sample [Fig. 4(b)]. The definition
of the round-trip coherence length is the full-width half-max
of the point-spread function,23 which was measured to be
∼19.4 μm. The lateral resolution of the system is equal to
the spot size of the scanning beam, which is ∼30 μm.

To characterize the signal-to-noise ratio (SNR) for each
order, a mirror was used as the sample and was moved in
depth through the scanning range. A-lines were acquired for
each position of the sample, all of which are shown in Fig. 5(a).

For each A-line, a Gaussian function was fit to the data points
and the maximum amplitude Amax was recorded in each case.
An example of a single A-line with its Gaussian fit are
shown in Fig. 5(b). A “noise” A-line was also acquired when
no sample was present and the standard deviation σ was calcu-
lated. The SNR for each mirror position was calculated in
decibel according to the following equation:

EQ-TARGET;temp:intralink-;e001;63;276SNR ¼ 20 log10

�
Amax

σnoise

�
; (1)

and are shown in Fig. 5(c). In the case of overlapping regions,
the lower order A-line was used. Dsouza et al. have previously
shown that the sensitivity of a benchtop MR-OCT falls off
linearly (in dB) at a rate of 1.1 dB per order.7 The primary
explanation for this is that the reference intensity for each
order decreases as a function of the transmission percentage of
the partial mirror, i.e., a higher transmission value of the partial
mirror will cause the intensity to fall off at a higher rate per
order. However, the result shown in Fig. 5(c) implies a maxi-
mum SNR at a depth of ∼400 μm. A possible explanation for
this is that the focal plane of the sample lens occurs at this depth
and the fall-off of SNR at shallower and deeper depths is due to
the confocal parameter of the lens. In all applications, it is
beneficial to align the system such that the focal plane occurs
at the depth of interest to maximize the use of the confocal
parameter.

4.2 Sample Images

Examples of the imaging capabilities of the miniature MR-OCT
device can be seen in Fig. 6. Figure 6(a) shows an image of the
cross section of a roll of highly scattering translucent tape. The
individual layers of the tape can clearly be seen. Figure 6(b)
shows the cross section of the surface of a metallic screw.
This is relevant to applications of MR-OCT such as nondestruc-
tive testing where cost-effective means of detecting scratches
and defects on objects produced in high-volume are necessary.
Figures 6(c) and 6(d) show in vivo images of the human finger.
[All experiments were approved by the ethics committee of the
Galway University Hospitals (Ref: C.A. 1053).] Figure 6(c)
shows the palmer region of the finger-tip. The epidermis and

Fig. 4 (a) Input spectrum of the SLD. The central wavelength λ0 ¼ 1311 nm and the full-width half-max
bandwidth Δλ ¼ 40.9 nm. This results in a “round-trip” coherence length and axial resolution lc of
18.5 μm. (b) The coherence length was verified experimentally by measuring the full-width half-maximum
of the point-spread function of a single A-line taken from a mirror.

Fig. 5 (a) A-lines of a mirror were acquired at multiple depths. (b) An example of a single A-line with
a Gaussian fit. The maximum amplitude is used to calculate the SNR. (c) Normalized SNR for each
position of the sample mirror.
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dermis layers of the tissue can clearly be distinguished (labeled
“ED” and “D”). The undulations of the surface of the skin are
seen replicated in the deeper dermis–epidermis boundary. This
is the subsurface primary fingerprint to which reference was
made in the introduction of this paper. Furthermore, the presence
of eccrine sweat ducts, which transport sweat to the surface of
the skin, can be seen. These appear as bright spiral features and
are labeled “SD.” Figure 6(d) shows the nailfold region of the
finger. The nail (N), cuticle (C), and nail fold (NF) regions can
clearly be distinguished.

5 Conclusions
This work has demonstrated the assembly and alignment of a
miniature MR-OCT imaging system with a dynamic range and
sensitivity appropriate for imaging highly scattering media
including human tissue. The in vivo images shown in the results
section are especially relevant for applications of this technol-
ogy to biometric security via subsurface finger print imaging.
As a first iteration, significant progress has been made in terms
of miniaturization. It is expected that this can be progressed
further to a target footprint similar to that of the pick-up
head contained within a CD/DVD player. All of the components
used in this device are available off-the-shelf, meaning that
the potential bill-of-materials for an assembly of a miniature
module such as this can be kept very low, especially in large
quantities.

It is important to highlight that the voice coil motor used in
this device is not design-specific. This component is designed

for positioning a focusing lens in front of a camera sensor on
a smartphone and is not designed to be driven continuously
at high frequency. Despite this, this component has performed
way beyond expectations and has fulfilled the purpose of dem-
onstrating that off-the-shelf components are feasible for use in
an MR-OCT device. Currently, a design-specific voice coil with
superior pointing stability, which operates at higher frequencies,
is under development. Furthermore, it is worth nothing that for
this work, only the forward sweep of the reference mirror was
used. It is entirely feasible to utilize both forward and backward
sweeps to effectively double the speed of acquisition.

The alignment of a miniature MR-OCT device is extremely
important and can impose limitations on the detection sensitivity
of a particular device. An advantage of the polarized version
of the device is the ability to perform balanced detection; how-
ever, the additional optical components (polarizers, wave-plates,
detector) means assembly and alignment becomes more com-
plex. Inevitably, the optimal configuration of MR-OCT depends
on the application (e.g., a polarized design is not necessary for
ophthalmic applications due to minimal scattering).

The next phase of this work will attempt to mount the light
source directly on the module. There are numerous ways in
which this can be accomplished, and both TO can mounted
and chip-on-submount SLD designs will be investigated. The
contribution of the cost of an on-board SLD to the overall
bill-of-materials is an important point of discussion. Currently,
SLDs can cost in the range of $1500, but there has never been
a market for high volume production. Our argument is that
finding an appropriate high-volume application will provide
the path to reducing the cost of the SLD to an amount compa-
rable to that of the laser diode.

Finally, the issue of lateral scanning is being looked at in
numerous ways. It could be possible to implement internal scan-
ning through the introduction of scanning mirrors in the path of
the sample beam, as is common in traditional OCTarchitectures.
A simpler approach is, by further reducing the dimensions of the
device to those comparable to a pick-up head contained within
a CD/DVD player, it would be feasible to laterally scan the
whole device (as demonstrated in this work). Alternatively, par-
allel detection, which has previously been shown to be effective
with other modalities of OCT,24,25 is also a possibility.
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Fig. 6 B-frames of various samples. These images have dimensions
of 4 mm across by ∼1.1 mm in depth. (a) Highly scattering translucent
tape. (b) Surface of a metal screw. (c) Human in-vivo finger-tip. Note
that interesting structural features such as sweat ducts (SD) and
the dermal (D) and epidermal (ED) layers can easily be identified.
(d) Human in-vivo nail fold (NF) region of the finger. The NF, cuticle
(C), and nail (N) can easily be distinguished.
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