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The characterization of an amplified piezoelectric actuator (APA) as a new axial scanning method for multiple-
reference optical coherence tomography (MR-OCT) is described. MR-OCT is a compact optical imaging device
based on a recirculating reference-arm-scanning optical delay using a partial mirror that can enhance the imaging
depth range by more than 10 times the reference mirror’s scanning amplitude. The scanning amplitude of the used
APA was varied between 30 μm and 250 μm, depending on the scanning frequency of between 0.8 kHz and
1.2 kHz. A silver-coated miniature mirror was attached to the APA via ultraviolet-cured optical adhesive,
and the light source was a super-luminescent diode with 1310 nm center wavelength and 56 nm bandwidth.
The sensitivity was measured with and without the partial mirror in the reference delay line as a function of
scan speed, frequency, and range, therefore providing results for MR-OCT and TD-OCT modes. It was found
that the APA provides more than twice the mechanical scanning range compared to other opto-mechanic actua-
tors, but results indicate degradation of signal-to-noise ratio and sensitivity at larger imaging depths. In conjunc-
tion with MR-OCT, the scan range of maximum 200 μm can be enhanced up to 1–1.5 mm by using a reduced
amount of orders of reflections, which could be of interest to increase sensitivity in the future. © 2018 Optical

Society of America

OCIS codes: (170.4500) Optical coherence tomography; (260.3060) Infrared; (060.2420) Fibers, polarization-maintaining.
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1. INTRODUCTION

Optical coherence tomography (OCT) is a biomedical
imaging technology that can obtain cross-sectional structural
information with micrometer-scale resolution in depth [1].
Applications range from medical areas in ophthalmology
allowing high-resolution imaging of the retina, iris, and cornea
or highly scattering samples imaging of human skin, among
others. It is evident that portable and affordable OCT systems
could support the increasing demand for preemptive health
screening and point-of-care needs for future generations, and
miniaturization efforts are experiencing fast-growing interest
in science and industry. Notably, FD-OCT attracts most of
the interest, as it appears to be suitable for integrated photonic
circuits and promises the smallest form factor component
designs [2,3]. Another option that gains more and more interest
is to use a simple miniature Michelson interferometer
with a partial mirror in its reference arm. Such a so-called

multiple-reference OCT (MR-OCT) system, owing its name
to the MR reflections originating from the partial mirror,
can be designed from readily available and low-cost optome-
chanical components (Fig. 1). Consequently, the MR-OCT
method can provide optimal scalability while achieving suffi-
cient performance for low-spec hardware at low costs and
allowing sufficient reduction in size, depending on the appli-
cation. The optical unit of an MR-OCT system with the size
of a handheld device was already reported, demonstrating the
first step to build an operational unit with minimal efforts [4].

MR-OCT enhances the axial scan range in depth by more
than 10 times, achieving more than 1 mm imaging depth com-
pared to the otherwise shallow scan range of the optomechan-
ical scan system used in the optical delay line of the Michelson
interferometer. Other methods to overcome the shallow scan
range of the optical delay line have included using a stack of
multiple mirror interfaces [5], which may cause problems
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due to the weight of the mirror stack. The physical principle of
the MR-OCTmethod is based on the recirculation of the refer-
ence wave using a static partial mirror that allows a reduced
weight of the scanning mirror and higher scan frequencies
[6]. Multiple different scanning system configurations were al-
ready reported, including a piezo stack and a voice coil dem-
onstrating the flexibility of the MR-OCT configuration [7–9].

For maximum scan rates, so-called resonant scanners are
described but, depending on the application, have limited scan
amplitude [10] or require a multitude of further optical compo-
nents [11]. The amplified resonant piezoelectric actuator (APA)
from Thorlabs (PK2FSF1) was therefore of interest due to its
specified scan amplitude of 220 μm at 1 kHz scan frequency.

2. METHODS

To characterize the interference signal using the APA, the
sensitivity and SNR were measured for different operational
conditions, such as varying frequency, scan-amplitude, and
the order of reference reflection N . The SNR and sensitivity
were also measured in a TD-OCT configuration without
the partial mirror (PM) installed to obtain baseline values to
compare with MR-OCT.

The APA was prepared using a silver-coated mirror with
a diameter of 5 mm using UV-curable adhesive (Norland,
NOA 61). The mirror was positioned with a custom-built
fixture to achieve best axial alignment with emphasis on min-
imal cost implementation. The MR-OCT was equipped with a
super-luminescent diode (SLED) from DenseLight (CS3207A)
with a center wavelength of 1310 nm and a bandwidth of
56 nm. The SLED was coupled into the interferometer over
fiber optics via an optical isolator and a final collimator.

To calculate the axial resolution of an OCT system, we
know that the coherence length is inversely proportional to
the light source bandwidth. A light source that has a broad
spectral bandwidth has a short coherence length and hence bet-
ter resolution. If the light source is assumed to have a Gaussian
spectrum and line shape, we can estimate that the coherence
length, l c , is given by

l c �
4 ln 2

π

λ20
Δλ

, (1)

where λ0 is the light source central wavelength, and Δλ is
the full width at half-maximum (FWHM) [12]. The axial res-
olution Δz given by l c∕2 is then

Δz � 2 ln 2

π

λ20
Δλ

: (2)

Because the axial resolution of an OCT system is decoupled
from the transverse resolution, both values must be calculated
and measured independently. The measured axial resolution of
the system was measured with approximately 14 μm in air. The
lateral resolution was calculated based on the sample lens
parameters, which determines the transverse beam diameter
at the sample:

Δx � 4λ0
π

f
d
: (3)

Using lens parameters for diameter d � 3 mm and focal length
f � 50 mm (Thorlabs AC254050C) and the center wave-
length λ0 � 1310 nm of the used light source, the lateral
resolution Δx was calculated with 27 μm.

The SNR was measured and calculated using

SNR � 20 log10

�
P
σ

�
, (4)

where P is the peak of the envelope of the interference signal,
and σ is the root mean square (RMS) of the noise. The mea-
surement was performed on the fast Fourier transform (FFT) of
the interference signal, in which case, the spectral signal power
and spectral noise power were used.

The sensitivity S was calculated based on the measured SNR
by attenuating the sample arm with a neutral density (ND)
filter (OD 2) and calculated

S�N � � SNR�N � � 2 ×OD, (5)

where OD corresponds to optical density value of 20 dB [13].
Each higher-order interference signal will have a higher fre-

quency related to the relative Doppler frequency due to the
scanning mirror motion, and the reflection counts N . The
motion of the scanning reference mirror (SRM) in the case
of the amplified resonant piezo stack was assumed to behave
closely to a spring-mass system, in which case, simple harmonic
motion describes the time-dependent position and the velocity
vz�t�, and position z�t� of the SRM can be calculated using

z�t� � A cos�ωSRMt � ϕ�, (6)

and

vz�t� � AωSRM sin�ωSRMt � ϕ�, (7)

with ωSRM � 2πf SRM, A the scanning amplitude, and initial
phase ϕ, which is assumed to be zero.

The Doppler frequency in TD-OCT for a scanning mirror
with linear motion v̄M is calculated using

f D � 2v̄M
λ0

: (8)

If we consider one half of the oscillation cycle (ωt � π) for the
scanning mirror, then the maximum Doppler frequency occurs
at ωt � π∕2, in which case, the sine function becomes unity,
and the scanning mirror has a maximum velocity v̂z�t� �
2Aπf SRM. Due to Eq. (8), the Doppler frequency is the
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Fig. 1. Components: L, lenses; SLD, super-luminescent diode; BS,
beam splitter; SRM, scanning reference mirror; PM, partial mirror;
PD, photodetector; PZT/VC, piezoelectric actuator (or voice coil)
with reference mirror attached; TM, turning mirror. Seven scanned
ranges in depth are indicated (blue) based on seven orders of reference
reflections resulting in a total scan range of zMRO, and the spacing D
between the SRM and PM. The “space” occurs due to the scan range
being smaller than theD, as otherwise, the SRM would touch the PM.
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maximum at v̂z�t�, and we can rewrite Eq. (8) for maximum
values as f̂ D � 2v̂M∕λ0. For each higher order N , the maxi-
mum Doppler frequency is then calculated as

f̂ D�N � � 4Aπf SRMN
λ0

: (9)

It should be noted that after digitizing, often the sinusoidal dis-
tortions of the interference signal are removed by digital process-
ing, and the frequency correlates to a linear mirror motion with
constant velocity v̄M � 2A∕Δt and Δt � 1∕f SRM. However,
the peak frequency is of relevance to characterize the perfor-
mance of the detector and detection electronics. The increase
of the Doppler frequency of each higher order is expressed by
simple multiplication with a factor N based on the order num-
ber. This means the phase velocity is adding up for each reflec-
tion from the PM to the SRM velocity, increasing the Doppler
frequency by N.

Rearranging Eq. (9), the scanning range can be calculated
based on the measured Doppler frequency

A � f Dλ0
4Nπf SRM

, (10)

which is useful to investigate the scan range versus the scan
frequency f SRM.

3. RESULTS

A. TD-OCT SNR and Sensitivity
Multiple parameters such as peak sensitivity, SNR, resonance
frequency, and sensitivity versus scan range were measured
for the ordinary time-domain mode, meaning the interferom-
eter was operated without the PM in the reference arm.

The sensitivity of the TD system was characterized next.
The sample arm was attenuated with an ND filter (OD2),
and the reference arm power was adjusted with a variable ND
filter. Multiple measurements for different reference arm
powers were recorded to find the maximum sensitivity (Fig. 2)
[13]. The uncertainty of the sensitivity values are indicated as
error bars and indicate the repeatability of the measurements.
The repeatability is of significance to understand the intermedi-
ate stability of the overall system, but should also be sensitive to
changes in the scanning system. For example, we can expect

that small changes in the spring characteristics should become
visible in the change of sensitivity. The resonance characteristics
of the actuator have been measured (Fig. 3). The resonance
frequency of the scanner with a mirror attached is approxi-
mately 975 Hz, somewhat less than specified (1 kHz) due to
the mirror mass, which weighed approximately 5 g. It was re-
ported that with traditional non-resonant mechanical actuators
(such as a first voice coil actuator), the sensitivity degrades at
a higher frequency due to a pointing instability at large scan
ranges [14].

Figure 4 shows the dependency of the sensitivity versus dif-
ferent scan frequencies. The scan range was kept constant in
this TD configuration (without PM) to understand the effect
of the scan frequency that is not at resonance. Although the
variation of sensitivity between 900 Hz and 950 Hz, which
is close to the measured resonance point, is larger than the esti-
mated uncertainty, it is not sufficient yet to conclude if there
is any significant effect visible.

Changing the scan range, however, does change the sensi-
tivity (Fig. 5), which is expected due to the increasing pointing
error of the SRM. Because the spring lever is subjected to larger
forces at larger travel distances, non-isotropic material constants

Fig. 2. Sensitivity of TD signal versus reference attenuation (OD).

Fig. 3. Resonance curve of the scan range at different scan frequen-
cies with constant voltage.

Fig. 4. Sensitivity measured at different frequencies with constant
scan range.
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may become increasingly dominant, causing deviations that
affect the axial pointing of the SRM. Any axial pointing
deviation of the SRM reduces the overlap of the reference
and sample beam on the detector and consequently reduces
the power of the interference signal and hence reduces the
sensitivity.

B. MR-OCT SNR and Sensitivity
For the MR-OCT configuration, a partial mirror with a split-
ting ratio 80/20 (CVI Melles Griot, PR1-1310-80-1025) was
installed in front of the reference mirror with 80% reflectivity
towards the scanning mirror. The sensitivity roll-off was mea-
sured for 10 orders of reflections (Fig. 6). The roll-off is deter-
mined by the partial reduction in power for each higher order
of reflection and has as expected linear characteristics. The mea-
sured slope of 2.1 dB is somewhat more substantial compared
to previously published values [14].

The frequency stability describes the variation of the inter-
ference frequency for each higher order (Fig. 7). The impor-
tance of the frequency stability is related to the efficiency of
filter performance based on the frequency bands and the ability
to separate the signal for each order. The increasing variance of
the frequencies will cause a washout in the image for higher
orders of reflections.

4. COMPARATIVE SENSITIVITY
MEASUREMENTS

The sensitivity of the APA was compared for the TD and MR-
OCT versus a first generation voice coil at 300 Hz (Fig. 8). The
APA was actuated at less than its resonance frequency at about
950 Hz to reduce its scan range allowing for optimal placement
of the PM. It was possible to tune the scan range to about 70 μm
which severely affected the pointing accuracy of the SRM and
consequently reduced the sensitivity. Due to theMR-OCTprin-
ciple, a reengineering of the APA for shorter scan ranges at res-
onance could improve the sensitivity while the availability of
higher orders would allow keeping the imaging depth constant.

5. CONCLUSIONS AND FUTURE WORK

The characterization of an APA for the reference delay line
of an MR-OCT system was described. The current results

Fig. 5. Sensitivity measured at 975 Hz with increasing scan range.

Fig. 6. Roll-off of sensitivity versus order.

Fig. 8. Comparison of the APA in TD mode and MR-OCT mode
at about 950 Hz versus results of a first generation MR-OCT voice coil
(VC 1G) at 300 Hz [14]. The roll-off for the TD mode of the APA
spans about 200 μm as specified at resonance from about 110 dB sen-
sitivity. To allow proper placement of the PM, the scan range was
reduced, by operating off resonance, which resulted in a lower sensi-
tivity. Notwithstanding, the sensitivity of the APA matches that of a
first generation VC at three times the scan speed.

Fig. 7. Doppler frequency versus order.
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indicate that at larger scan ranges, the axial pointing error of the
scan axis of the SRM is significantly reducing the sensitivity of
higher orders. The measured sensitivity for the first order was
85 dB, and the roll-off was 2.1 dB. The strong roll-off causes a
significant reduction in sensitivity of higher orders which cur-
rently limits the imaging capabilities using the selected APA.
It can be hypothesized that a purpose build resonant scanner
with less scan range could provide better pointing stability
which can improve the roll-off and hence conceivably the image
quality in scattering samples. So far, the investigated APA can
be still of interest for applications to image weak scattering sam-
ples. A follow-up study can investigate the increase of the SRM
to PM spacing, such that the orders with higher sensitivity are
projected to layers of interest, which could be used to image the
retina of the eye [15]. Another aspect demonstrated in this
study was the relatively simple modification of the scanning
system of the delay line of the interferometer for MR-OCT,
which allows a broader range of applications compared to other
OCT systems.
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