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Self-Mixing Interferometry (SMI) is a laser measurement technique that leverages interference at
the laser source. Commonly implemented using inexpensive semiconductor diode lasers, this method
is able to perform displacement measurements at the wavelength scale. There has been substantial
research into the technology over the last two decades, and an increasing number of complicated
and accurate configurations have been developed that are useful in general metrology scenarios.
Instead of pushing for higher performance in general, here we instead focus on understanding,
characterizing, and finding applications for a very simple and cheap SMI architecture that can be
built for approximately $100. Most notably, we measure a diode temperature dependence that
aligns closely with theoretical expectations and report on a method to achieve extreme sensitivity
by biasing the sensor towards its critical point when operating in the moderate-coupling regime.
This suggests that simple, robust SMI sensors that are several orders of magnitude cheaper than
competing solutions may be usable in very specific industrial applications.
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Figure 1. A) The basic mechanism of self-mixing interferom-
etry in which a laser is bounced off of the target back into
the laser cavity where the interference between the emitted
and reflected beams is measured by an integrated photodiode.
B) A simulated SMI signal in the moderate coupling regime

showing the fringe structure.

I. INTRODUCTION

Self-mixing interferometry is a method of laser mea-
surement which operates via the interference of a beam
which has been backscattered into the laser source by
a remote target. This method of interferometery differs
drastically from conventional configurations as it does
not employ a reference arm and can thus be implemented
with very inexpensive optics. The signal measured by
this interferometer is an amplitude modulated current
generated by a photodetector measuring the resultant op-

tical power created by the superposition of the backscat-
tered beam and the reverse emission of the laser.

The components of the most basic SMI system are
a single-mode laser with a photodetector to measure
the mixed signal, a single aspheric collimating lens,
an attenuator to control the coupling regime, and a
reflective target which couples the laser back into itself
to form the external cavity. This configuration was first
implemented with a HeNe laser by [I]. The measurement
process can be simplified greatly by the use of GaAs
diode lasers with integrated photodiodes, and was first
demonstrated by [2]. SMI setups based on visible laser
diodes are attractive due to their extremely low cost and
will be the primary focus of this paper.

The SMI mechanism can be explained by the physics
of a compound-cavity laser [3]. In SMI systems an ex-
ternal cavity is formed between the reflective target and
the emission window of the laser. When the optical path
length of this external cavity is less than the coherence
length, interference will occur between the backscattered
beam and that emitted by the laser. This optical con-
figuration is sensitive to changes in the position of the
target since any change to the length of the external cav-
ity will alter the resonant modes possible within it. A
displacement of the reflective target has been shown to
impart both an amplitude and a wavelength modulation
in the cavity field which can be measured at any point
in the laser path [I]. As shown in (1] these modulations
have components of sin 2kd and cos 2kd where k = 2{ is
the wavenumber and d is the displacement. The quan-
tity ¢ = 2kd is known as the total accumulated phase
in the external cavity and is a measure of the optical
path length (OPL). ¢, as opposed to distance, is the fun-
damental measured quantity in SMI and for this reason
any perturbation to the effective wavelength in the cavity
is inseparable from displacements by measuring the SMI
signal alone. The general form of these modulations are
given as the solutions to the set of non-linear equations
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where P is the optical power and « is the linewidth en-
hancement factor. Here the subscript f denotes condi-
tions subject to feedback while 0 denotes the free-running
state of the laser.

By changing the position of the external reflector we
induce both amplitude and frequency modulations in the
internal laser cavity which can be measured by a pho-
todetector. An important note is that this modulation
is strongly periodic, repeating with every 27 of accumu-
lated phase. This gives rise to a "fringe” structure as
shown in figure [1| B with each fringe corresponding to a
displacement of 5.

In general, there are multiple solutions to the equations
in |1} These solutions depend heavily on the value of the
coupling parameter C which describes the strength of op-
tical coupling between the internal and external cavities
of the SMI system. The effect of this coupling is the gen-
eration of drastically different signal morphologies falling
into one of several distinct regimes as shown in figure
[[0] These so-called coupling regimes arise due to the
competition between oscillation modes within the com-
pound laser system. When coupling is low, a single mode
dominates and the feedback signal is a simple cosine of
the accumulated phase. However, when coupling reaches
a critical point (C=1) the phase equations admit 3
possible longitudinal modes within the external cavity.
The laser system will tend to oscillate at the external
cavity mode (XCM) with the lowest linewidth, however
any slight perturbation in the external cavity length will
induce mode-hopping between these possible XCMs [4].
The effect of this mode-hopping is hysteresis in the sys-
tem’s response to displacement which forms the char-
acteristic discontinuities in the signal [3]. At very high
coupling, C' > 4.6 the laser will enter a chaotic regime
where it is multistable, leading to random mode-hopping
and a loss of coherence. This regime is rarely useful for
practical measurements.

The most important factor affecting this coupling is
the intensity of the backscattered beam relative to that
emitted by the laser. As can be seen in equation [I} the
phase directly depends on this ratio cos ¢y = = ( L)
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A. State of the art

At the current state of the art, several issues with the
most basic implementations of SMI have been observed.
A significant fraction of the research in the SMI field
has been towards relatively exotic methods of physical
or algorithmic compensation in order to apply this tech-
nology to general-purpose measurements. In 2011, Do-
nati reviewed these developments[5] and identified chal-
lenges including sensitivity of coupling to speckle and

target distance, laser wavelength instability, and the diffi-
culty of finding suitable general-purpose DSP algorithms.
Because the SMI signal morphology changes drastically
with coupling and wavelength is a linear factor in the
measurement, these issues greatly reduce the practical
accuracy of SMI systems. Without corrections, SMI has
very poor accuracy over large displacements, when mea-
suring diffuse surfaces, in the presence of high-frequency
vibrations, or environmental fluctuations. For this rea-
son, SMI often requires manual in-place calibration of the
setup and fine-tuning of processing algorithms before any
measurements can be performed which limits the appli-
cability of SMI as a commercial technology.

In literature, the coupling sensitivity issues have been
approached using piezoactuated lenses [6] and online cou-
pling control using liquid crystal attenuators [7]. These
systems have the advantage of precise control over cou-
pling so that the sensor be used over large motion ranges
and on diffuse surfaces at the expense of complexity, cost,
and more rigorous calibration. Further papers have ex-
plored multi-modal polarized gas laser sources for direct
measurement of the frequency modulation [I] via hetero-
dyne conversion at the photodetector. This gives addi-
tional information which can be used to improve the the
displacement reconstruction while necessitating more ad-
vanced analog signal demodulation. Another important
development was a method of obtaining absolute position
measurements developed by [8] based on the principle of
applying slight wavelength shifts to the laser source via
pump current modulation.

B. Algorithms

The selection of algorithms for SMI signal processing
is another primary challenge of the technology. Given
the vastly differing signal morphologies and applications
of SMI there is no catch-all method for obtaining use-
ful measurements from the photodetector signals. These
algorithms come in several classes depending on the de-
sired measurement. Processing algorithms exist for dis-
placement reconstruction, as well as applications within
vibrometry, velocimetry, and the measurement of laser
properties.

The most common displacement reconstruction meth-
ods include simple fringe counting via gradient or mul-
tiscale edge methods, the wavelet transform [9], hilbert
transform [I0], and phase unwrapping [II]. This last
method is the most promising by far since it is a direct
approach to invert the laser feedback relations described
by the LK equations. However this presents challenges of
its own, specifically estimation of the coupling parameter
C must be done online which in itself requires a separate
class of optimization-based algorithms [12]. Measure-
ment of laser properties such as linewidth enhancement
factor is commonly done through the reconstruction of
a known displacement and performing an iterative opti-
mization [I3] to minimize the error of the reconstruction



result.

Practical vibrometer and velocimeter solutions often
use additional hardware to provide the requisite infor-
mation. These include fringe-locking feedback loops [14]
or bimodal polarized laser sources which directly read
the doppler frequency shift via analog heterodyne con-
version [2]. However, it is possible to perform either of
these tasks via the simple SMI setup using displacement
reconstruction methods or frequency analysis such as the
Morlet wavelet transform [J] and FFT analysis[I5].

C. Detailed Physics

Given the wide range of SMI configurations available
and physics that depend heavily on the laser source se-
lected, we will focus here on semiconductor laser SMI.
The definitive work describing the behaviour of semicon-
ductor lasers subject to external feedback was developed
by Lang and Kobayashi [3] and later extended by [16]. A
full discussion of the field equations resulting from laser
feedback provided by [3] are beyond the scope of this
paper. Instead, we will attempt to identify all impor-
tant parameters and practical effects of the system. The
following equations pertain exclusively to semiconductor
lasers operating well above their lasing threshold such
that they exhibit a single longitudinal mode.

As discussed above, due to the external cavity formed
between the laser emission mirror and the reflective tar-
get there exist many closely spaced XCMs. The possible
XCMs are given by the solutions to phase equation [2]
where A¢r, = n2win € N [16].
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The coupling parameter C as introduced by [17] is de-
fined by equation[3] It should be noted that many papers
introduce varying notation here, for consistency we will
follow the notation and form introduced by [I8] and [16],
equation [3
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Where € < 1 is the mode coupling efficiency typically
taken as 0.5[I8], R is the laser facet reflectivity, and
A= % is the round-trip power attenuation of the back-
reflected beam. Here L is the cavity length of the diode
and n its refractive index.

In some papers, the ratio of optical path length (OPL)
of the external and internal cavities is expressed in terms
of flight time.
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From this it is clear that C will change linearly with dis-
tance to the target.

For C' < 1 equation [2] admits a single solution for
the optical frequency v [16] and the returned amplitude
signal is a simple cosine as described in equation [1| with
the modulation coeflicient m given by

RS VIR
m= ATy~ ) 5)
generally on the order of 10E-3 for moderate feedback
[18].

For C > 1 the laser exhibits mode-hopping as de-
scribed in detail by [3]. This multistability and hystere-
sis is possible due to the broad gain spectrum width and
the dependence of gain and refractive index on carrier
density in most semiconductor lasers. These effects as
described by Lang and Kobayashi allow different longi-
tudinal modes in the laser to be easily induced via exter-
nal feedback conditions. For modelling and simulation of
the SMI response we refer the reader to[4] and [12] which
provides Matlab code for simulation.

Given the form of the phase equation for this system
and the documented dependence of system dynamics on
the coupling factor C' it is clear that any external fac-
tors which affects these parameters introduce consider-
able errors in both signal morphology and displacement
reconstruction accuracy. A practical interferometer must
minimize these effects on the system’s performance. The
major environmental effects on the system are summa-
rized as follows:

A change in diode pump current will change the re-
fractive index of the gain medium[3] via changes to its
temperature. In SMI with C > 1 this effect can induce
mode-hopping which is unrelated to target motion. In
their testing, Lang and Kobayashi noted that the ten-
dency to exhibit mode hopping with current variations
was maximized when the external cavity length is an in-
teger multiple of the the effective diode cavity. [3] (when
the ratio in {4]is a whole number).

The temperature dependence of the gain medium re-
fractive index in laser diodes can be practically approxi-
mated as linear.

on
as — =T
Nias = No + T (6)
With 2% ~ 5.5 x 10~*/K for GaAs [3].

This establishes a clear dependence of C on tempera-
ture since the effective laser cavity lengths depend on the
refractive index of the medium. This is true for both the
internal and the external cavity.

For an external cavity operating in air, the refractive
index is given by Ciddor in [I9]. The empirical correla-
tions are lengthy and case-dependant so they will not be
included here. In general the refractive index is a func-
tion of pressure, temperature, Co2 concentration, and
air humidity. The refractive index is a parameter in the
effective OPL of the external cavity. To gauge the sensi-
tivity of n, a parameter study was performed using the
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equations shown in [T9] where the input parameters were
individually varied through the ranges shown in table [I}
Parameters not varied were held at 22°C', 101.325 kPa,
50% RH, and 400 ppm xco,. The calculations were done
at a wavelength of 640 nm. As can be seen from ta-
ble [Il the effects of temperature, pressure, and relative
humidity have non-negligible effects and should be mon-
itored, while the effects of carbon dioxide concentration
can likely be ignored for general purposes.

| Input Range Variation in n [ppm]‘
Temperature 18 —-20°C 9.4
Pressure 80 — 120 kPa 106.5
Relative Humidity 0 — 100% 1
CO2 Concentration 400 — 1000 ppm 0.08

Table I. Sensitivity Analysis of Refractive Index

The final effect on the system is that the gain pro-
file of a diode laser will change with temperature and
current density. Combined with the change in refractive
index, the result of this is that the emission wavelength of
a semiconductor laser will increase with the temperature
of the diode and increasing current [20]. While the lasing
wavelength response to temperature is a common feature
of laser diode datasheets the current sensitivity is less
commonly available. Fukuda et al. estimated the cur-
rent coefficient to be on the order of 0.008nm/mA when
diode temperature was held constant. [20] It should be
noted that the emission wavelength is quantized by the
longitudinal mode spacing of the laser cavity according
to

c

In summary, the above equations admit a set of pa-
rameters which must be controlled or calibrated for:

e A, power attenuation factor, the total optical losses
experienced by the backscattered beam. This di-
rectly influences the coupling parameter and allows
control via variable attenuators.

d’ﬂem

T , the ratio of external to diode cavity OPL.
Couphng is directly proportional to this ratio and
when close to an integer multiple it will drastically
change the response to current/temperature fluctu-
ations. This is affected by the laser diode temper-
ature as well as the refractive index of the external
cavity medium (typically air).

e )\, the center wavelength. Given that displacement
reconstruction requires the assumption of wave-
length, control or knowledge of this directly affects
reconstruction accuracy. The lasing wavelength is
influenced by both diode temperature and pump
current.

II. SYSTEM DESIGN & CHARACTERIZATION

Here we discuss the design for a SMI system aimed to
produce the lowest-cost displacement measurement setup
with a maximum of configuration. We provide details
of the characteristics and issues encountered with such
an inexpensive system which closely match the physics
described in section [[C] A full component list for the
critical components of the constructed system is given in
table [[T] and the completed system can be seen in figure

Figure 2. The constructed SMI system. A) USB-DUX Fast
DAQ. B) Telemetry Amplifier Board. C) Laser driver and
SMI signal amplification board. D) Collimation cage plate.
E) Piezo stage with affixed retroreflective tape. F) ND filter.

A. Optics

The optical design of the constructed SMI system was
chosen to be as simple and inexpensive as possible. The
selected laser diode was a HL6358MG with a nominal
wavelength of 639nm. It was chosen for its low cost
and low-power operation while having the desired electri-
cal configuration of the monitor photodiode (TO-can pin
code A). Higher resolutions may be possible with shorter
wavelengths, however as will be discussed in section [[TE|
the resolution is practically limited by the noise floor. A
moulded glass aspheric lens was selected for collimation
to avoid spherical abberation. The spot astigmatism did
not present any issues in the operation of the system so
it was left uncorrected. Semiconductor laser diodes typ-
ically have high divergence and astigmatism, as such the
numerical aperture (NA) of the lens was selected to be
sufficiently large for the divergence of the slow axis of the
laser. NA > sin(f,,4,) During the initial testing of the
system it was noted that a large 5mm laser spot was less
sensitive to misalignment on the tape retroreflector due
to optical averaging over a greater surface. As such, a
collimation lens with a large (f=11mm) focal length was
chosen. The large clear aperture of this lens also serves to
maximize the amount of backscattered light re-entering
the laser cavity as it is able to refocus a greater range of
imperfectly reflected beams. This is important in SMI
as any losses due to poor retroreflection will drastically
reduce the effective optical coupling which may limit the



system to operating in the low-coupling regime.

For the target, a retroreflective CCR microprism tape
was selected primarily due to cost. This method has the
additional benefit of providing radial misalignment tol-
erance due to the fact that the retroreflective elements
are tiled over a large surface. While a plane mirror or
TIR prism retroreflector would provide excellent cou-
pling, they must be carefully adjusted such that the re-
flection is not only parallel but also coaxial with the inci-
dent beam. The tape reflector was affixed to a PI preci-
sion piezo stage with Inm resolution. This motion stage
served as a ground truth reference for testing and cali-
bration development.

Interchangable ND filters were used to select the de-
sired coupling regime. An important item of note is that
the ND filter or attenuation method should be angled
with respect to the beam to avoid formation of a tertiary
resonator cavity as a result of reflections off the attenua-
tor [I]. This may inject additional noise from vibrations
of the attenuator. This could also be addressed with an-
tireflective coatings, however the angling was observed to
be very satisfactory in practice.

B. Circuitry & Sensors

With the exception of applied science’s[21] video on
the topic, the authors were not able to find any detailed
descriptions of the signal acquisition hardware used in
current SMI research systems. In order to process the ac-
quired SMI signal and provide requisite telemetry about
the environment conditions several boards were devel-
oped and are provided open-source at github.com/SMI.
The components of the system are:

The data acquisition (DAQ) system selected was the
USB-DUX Fast. This simple device is capable of sam-
pling at up to 3MHz over 16 input channels. This allows
for concurrent capture of all relevant data from the pho-
todiode signal to the telemetry sensors without resorting
to various sampling rates over multiple devices. Time
synchronization of the received signals is then a trivial
matter, and the high sampling rate allows the system to
resolve fringes for rapidly moving targets. The low cost
of this system and the direct python interface makes it
ideal for capture in any kind of commercial application.

A transimpedance amplifier (TIA) is required to ac-
quire a usable voltage signal from the photodiode cur-
rent. The TTA must be tuned to the expected current of
the photodiode and must be sufficiently high bandwidth
to resolve high frequency structures in the signal. In or-
der to provide adequate amplification of the SMI signal
it must be highpassed using a cutoff frequency of 1Hz
to remove the DC component which is several orders of
magnitude larger than the desired modulation signal.

A highly stable constant current driver to avoid laser
power fluctuations. This was designed using a precision
voltage reference as shown in figure[3] The current driver
can be tuned to the desired supply current using a trim-

mer pot. The laser drive current is given by the voltage
across the resistor R1, and was designed for operation at
30mA with a ripple measured to be less than 5uA.
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Figure 3. Laser constant current driver with current monitor-
ing

The wavelength of a semiconductor laser is strongly de-
pendant on its temperature and so this must be closely
monitored. NB-PTCO-002 RTDs were selected to mea-
sure both diode and ambient temperatures for their ex-
ceptional linearity and very low noise. A whetstone
bridge amplifier circuit was designed, balanced at room
temperature, and provides a gain of several thousand to
resolve minute changes in operating temperature. To
achieve in-situ measurement of diode temperature, a
miniature RTD was affixed to the back of the LD package
using thermal epoxy. While the measured case tempera-
ture will be offset from that of the diode junction this can
easily be addressed via a calibration. Additional RTDs
and a pressure sensor were added to measure the ambient
properties for calculation of the air refractive index.

C. Issues

During construction and calibration of the system, a
number of practical issues with this simple setup were
observed.

The optical system encountered problems as a result of
the inexpensive retroreflector selection. The microprism
tape retroreflector solution has a power dropoff worse
than the expected sin(6;) greatly limiting the allowable
misalignment between the laser source and the target. As
a result, coupling varied drastically with slight changes
in angle as shown in figure This was only partially
mitigated by the large spot size discussed in section [[TA]
It is recommended that a TIR retroreflector prism be
used to solve this issue.

The designed circuitry lacked several features which
would have increased the ease of use of the system.
Firstly the feedback resistance of the TIA required care-
ful calibration in order to achieve an appropriate gain
while avoiding saturation of the OP-amp due to the large
DC offset of the photodiode current. Since a high pass
filter was only applied after the amplification step, the
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unfiltered signal is not amplified sufficiently to provide
the DC shift information required for complete phase-
unwrapping. This can be addressed by implementing a
voltage shift circuit instead of a high-pass for removal
of the DC component. A schematic for implementation
of this system using a microncontroller-generated voltage
offset is provided in the supplementary materials.

The use of a pizeo-actuated motion stage as a motion
reference introduced unique issues as compared to the
speaker cones or piezo actuators used in literature. While
the selected pizeo stage is incredibly precise (repeatable
to 100nm), it utilizes a friction pusher mechanism which
introduces undesirable vibrations and does not provide
smooth motion. This sub-micron scale vibration creates
significant sub-fringe structures in the signal as can be
seen in figure 5] B. These "micro fringes” are the result of
rapid direction change as the system vibrates. It should
be emphasized that this is not noise, it is physical signal
which matches the simulated response fairly closely. This
was confirmed by comparing against a secondary motion
reference which showed a total lack of these micro fringes.
However, the use of this stage demands an exceedingly
robust fringe detection method which can correctly de-
termine between true noise and these fine structures.

D. Characterization

In order to analyze the performance of the system and
establish the ability to control or calibrate for the pa-
rameters in section m, characterization tests were per-
formed. The most important of these were measurements
of the noise floor, temporal drift, coupling response, and
the system temperature response.

To evaluate the noise floor of the system, it was affixed
to a vibration-isolating optical table and a signal was
recorded at either end of a 50um displacement while the
system was completely stationary. As shown in figure[5JA,
a power spectrum was computed using Welch’s method.

To establish the temporal stability of the system, SMI
signal for identical motion was collected and compared
over a period of 24 hours. When overlayed as shown in
figure [6] the signals show a small (< 1 fringe) offset due
to a difference in timing but little to no observable change
in signal morphology. The system is relatively stable over
this timeframe.

The coupling sensitivity of the system was character-
ized by installing a fixed ND filter with and OD of 0.3
and commanding a motion of several mm using the pre-
cision stage. By the Lang and Kobyashi equations, it is
expected that coupling strength should be a linear func-
tion of distance to the target. To evaluate whether this
was indeed the case for our device, a 2mm out-and-back
motion was recorded and is shown in figure[7} The fringe
amplitude (and therefore coupling of laser light back into
the cavity) changes roughly linearly with distance, how-
ever there are severe oscillations. A possible explanation

of this variation is the speckle phenomenon which is likely
present due to the high scattering of light from the many
elements retroreflector tape.

Using the RTD sensor applied to the back of the laser
diode, an experiment in temperature response was per-
formed. The diode was heated and the ambient tem-
perature was held constant to isolate the effects of diode
temperature on lasing wavelength. Signals were collected
using a precision motion stage to move a known distance.
The number of fringes detected were plotted as a function
of temperature, as shown in figure The fringe count
changes linearly in accordance to the linear increase in
wavelength expected from [[C] This measurement sug-
gests that a simplistic temperature calibration is possible
for this system without necessitating active temperature
control.

E. Limitations

Beyond the encountered issues, the constructed sys-
tem has several inherent limitations. The most egregious
of these is that the coupling control via ND filters is a
manual process with fairly coarse steps between available
filter densities. This required the system to be essen-
tially calibrated in place for each measurement and did
not allow for fine-tuning of the coupling regime. This ef-
fectively limits the maximum displacement range of the
sensor to at best 1-2mm before the signal morphology
is excessively altered. While it may be possible to over-
come this with matched filter methods that adapt to the
changing fringe structure over time this is a fundamental
challenge of any SMI system which does not have active
coupling control.

A more fundamental limitation of the system is the
maximum resolvable velocity. This is directly propor-
tional to the sampling rate available since a fringe will
occur at every % Applying the Nyquist criterion, the
maximal velocity, v, for a given sampling rate is given by
equation [§

-2 8)

For our system which is able to sample at up to 1MHz the
theoretical maximum is approximately 0.6m/s. However
in practice it was observed that in order to appropri-
ately sample the discontinuities we needed to exceed the
Nyquist criterion by 5x, setting a practical upper bound
at 0.13m/s. Furthermore, the maximum range of the
sensor is limited by the coherence length of the laser. To
ensure coherence at the laser source, the OPL of the ex-
ternal cavity must be less than half the coherence length
due to the out-and back path taken. This requirement re-
stricts the range of any self-mixing system, however even
diode lasers with typically large FWHM linewidths are
sufficient for a wide range of practical measurements.
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Figure 4. Effect of moving the laser around on the retro-reflective tape on signal morphology.

III. A PRACTICAL APPLICATION: THE
QUANTUM SWITCH

Given the challenges in the measurement of macro-
scale motions while retaining a simple and low-cost hard-
ware configuration it would be highly advantageous to
focus on the other strengths observed. Given the peri-
odic nature of the signal and the discontinuities present
at each fringe in the medium coupling regime, it was hy-
pothesized that a system initialized very near to one of
these discontinuities should be able to obtain exceptional
sensitivity as was discussed by [14].

The detected amplitude signal has the form given by
equation[I]and is a cosine of the accumulated phase, ¢ =
2kd which has a maximum sensitivity when ¢ = /2

given by equation |§| [14].
(AI/Ip)? = ¢ 9)

While the resolution of the conventional interferom-
etry system inherently requires a robust displacement
reconstruction method to be meaningful, this ”quan-
tum switch” could operate by simply observing the level
change in the signal and resolve displacements on the or-
der of 10nm. This method of measurement allows the
system to operate at close to the quantum noise limit.

Applying equationproposed by Donati in [T4] which
we can compute the noise equivalent displacement of the
system based on the SNR with respect to shot noise on
the photodiode current measurement. The shot noise is
given by Al = 2elyB where B is the bandwidth and I is
the photodiode current.

A A
omv/eBl, 4mVSNR

Using the approximate SNR of 10 measured from the
amplified signal observed in practical use the NED can
be estimated at ~16nm. With improved vibration isola-
tion and more optimized electrical hardware with a lower
bandwidth this could likely be substantially improved
down into the single digit nm or even picometer range

as suggested by [14].

NED = (10)

With fairly minimal effort towards biasing the system
close to the half-fringe point, the constructed was able to
consistently resolve an out-and-back motion of 25nm as
shown in figure[0} At this scale, the SNR is fairly low but
considering the cost of the system this is an impressive
result. Based on this experience, the 10-15nm range is
likely a practical bound for this simplistic SMI setup.

Signa [

Figure 9. Experimental SMI signals captured for 50nm and
25nm motions

This ”quantum switch” application may be useful in a
variety of nano-sensing systems. It has the advantage of
being an order of magnitude less expensive than conven-
tional Fabry-Perot interferometers and nano-capacitive
sensors of similar resolution. The measurement is non-
contact and can be extended to ranges well in excess of
those available using common capacitive sensing. These
specific advantages could allow SMI to compete in multi-
sensor configurations or where direct integration into ac-
tive systems is required. SMI also has the potential
advantage of a remote sensor head via fiber-optic cou-
pling, allowing extremely low-profile and minimally inva-
sive measurements. This advantage could be crucial in
environments with high radiation or magnetic fields such
as within a nuclear reactor or MRI.

Half-fringe locked SMI is of specific interest in vibrom-
etry [14] since it allows the resolution of nano-scale vi-
brations at very high frequencies. These systems can
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Figure 5. Analysis of the additive and structured noises ob-
served in the signal. A) Power spectrum of the additive noise
constructed using Welch’s method [22]. It is approximately
1/f, as typical for semiconductor devices. B) Close up on the
structured noise. It can be seen to be composed of fringes
at a much higher frequency than the main signal. These
high-frequency fringes were found to be due to mechanical
vibrations induced by the motion stage.

also be integrated directly into optical systems to pro-
vide deflection and pointing drift measurements in satel-
lites, telescopes and high-power laser applications. Cur-
rent applications for nanoscale sensing include nano po-
sitioning feedback control, silicon wafer and lithography
mask inspection, beamline alignment in synchotrons, and
atomic force microscopy. These applications currently all
use high cost piezoelectric, capacitive, or interferometric
sensing [23] which may be either augmented or replaced
by SMI-based systems.

IV. CONCLUSIONS

Through design and characterization of a basic SMI
setup, we have demonstrated and described the practical
issues inherent to such a simple system. We have con-
ducted a review of all practical considerations involved in
the development and specification of such a system and
provided a open-source hardware solution to allow signal
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Figure 6. Fringes observed over the course of an hour (A) and
a day (B). Fringe morphology does not noticeably change.

Fringe amplitude envelope

Figure 7. Signal recorded from a 2mm out-and-back motion.

acquisition for general SMI systems.

The lack of control over coupling and temperature in-
stability was found to complicate the development of
an accurate long-range displacement reconstruction algo-
rithm. In this paper, we have demonstrated an alternate
application for SMI to nano-scale measurements which
can circumvent the majority of these challenges.

The total BOM cost of our sensor using exclusively
off-the-shelf components was $309 USD. By substituting
comparable low-cost plastic lenses and a simplistic fixed
collimation assembly, this could be brought down below
$200 even at low-volume purchase prices. This is easily
an order of magnitude less than capacitive sensors, and 3
orders of magnitude better than commercial interferom-
eters.

To compare our device against similar sensors of dif-
ferent technologies we selected Micro-Epsilon’s CS005 ca-
pacitive distance sensor, the Renishaw RLD10+REE400
differential interferometer, and the SP 5000 NG Fabry-
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Figure 8. Number of fringes as a function of diode tempera-
ture.

Perot interferometer. This comparison is shown in ta-
ble [[IT] Quite clearly SMI cannot compete on resolution
or accuracy with high-price interferometery instruments.
However it is quite competitive with capacitive sensors
and handily beats them on price and operational range.
This suggests that inexpensive SMI sensors may be best
suited to replace capacitive sensors in nano-sensing ap-
plications as compared to general interferometry applica-
tions. These sensors should be able to achieve resolution
on the order of 10nm with accuracy in the low PPM us-
ing environmental calibrations developed based on the
characterizations presented herein.
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Appendix A: Component List
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Component Price| Supplier f13
HL6358mg Laser diode 17 | Thorlabs y
C22TMD-A Aspheric Lens 80?7 | Thorlabs =
LDH56-P2 Collimation Cage Plate | 120 | Thorlabs =
BRT-THG-1-100 Retroreflective tape| 43 Banner
Q-545 Piezo Stage 5000 PI
E873 Motion Controller 1000 PI
USB-Dux Fast DAQ 200 |USB-DUX
NB-PTCO-002 RTD 30 | Digi-Key

Table II. Components of the constructed system

Fabry- SMI | Capacitive | Differential
Perot (CS005)  |(RLD10)
(SP5000N )
Resolution [nm]|0.005 0.6 |0.5 0.395
Accuracy [nm] |5 100 200 2.5
Range [m] |5 1 10.01 4
Price (est.) 20000 200 | 3000 15000

Table III. Comparison to commercial precision distance sen-

SOrs
PlezoiStage SN
Diode RTD __
) Inpiat wnd Rasulling SNE Sgral 5 Ambient RTD
IJ'; ¥ L I .l'!-:—g: )
N[\ USB DUX-Fast
a4 | "\I \ I'\‘ Ir'l ll'l
s If | \I ll'.l { II|
A * .'II. " \ II'. I'u \ ! .'II
i II { r'l |I I|II .I\... .I__-': rII
|, | \ ¥
4 \| \ | e
S o A s u \so'u L] . m

Samples

Figure 10. Simulated SMI signals for low (C=0.5) and mod-

erate (C=2) coupling regimes

W

Figure 13. System overview showing DAQ layout and motion
stage target
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