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Abstract: In order to improve safety, lifetime and energy
efficiency of turbo machines, the behavior of the tur-
bine blades has to be monitored during operation. This
is a great challenge for metrology, since small, robust
and non-contact position measurement techniques are
required that offer both micrometer accuracy and micro-
second temporal resolution. The Laser-Doppler-Distance
(LDD) -Sensor proved to be an adequate technique to per-
form such measurements. However, the usage in turbo
machines requires a miniaturized and temperature-stable
sensor-head. In this paper we introduce a miniaturized
design of the LDD-sensor that is based on common-path
detection. First results indicated that the numerical aper-
ture of the common-path detection is small in compari-
son to former implementations that used separate paths
for illumination and detection. We find that decreasing
the numerical aperture strongly increases the systematic
measurement uncertainty. For this purpose a novel dif-
fractive optical element containing a diffracting-lens was
designed and used to increase the numerical aperture of
the common-path detection without affecting the sensor
size. Experiments prove that the new element reduces the
relative systematic measurement uncertainty by a factor
of ten. The mean systematic position measurement uncer-
tainty amounts to Az___~16 um. The resulting sensor has
dimensions of 25x25x60 mm’, offers temperature-stabil-
ity and achieves micrometer resolution.
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1 Introduction

In-process measurements of position as well as dynamic
deformations and vibrations of rotors in turbo machines
are important tasks to optimize the rotor design and
to validate numerical models of novel composite rotor
designs [1]. Such measurements are a big challenge for
metrology, as non-incremental and contactless measure-
ment techniques are needed that provide high position
resolution and concurrent high temporal resolution. Gen-
erally, optical techniques are advantageous over tactile
methods as they operate contactless and offer high accu-
racy. However, the measurement rate of techniques like
optical coherence tomography or confocal microscopy
[2, 3] is limited by the speed of mechanical scanning or, in
case of triangulation and digital holography, by the detec-
tor frame rate and minimum exposure time required [4—6].
Another drawback occurs when measuring rough surfaces
because the coherent speckle noise fundamentally limits
the measurement uncertainty of optical sensors [7]. Thus,
highly dynamic measurements with pm precision of rotat-
ing rough objects which move at several hundreds of m/s
are prohibited for most optical sensors.

A sensor based on Laser Doppler velocimetry was
introduced that fulfills these requirements and enables
measuring concurrently the tangential velocity and the
radial position of rotating objects in a non-incremental
manner [7-9]. The biggest advantage of this technique is
that the measurement uncertainty is generally independ-
ent of the object speed. Hence, precise measurements even
at high speeds over 600 m/s are feasible, as was already
demonstrated in several model applications [10, 11]. These
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unique properties of the sensor potentially open up appli-
cations in turbo machinery, e.g., for the realization of
active clearance control systems, which could drastically
improve the efficiency of turbo machines [10]. However,
the sensor variants reported up to now were too bulky
for the limited optical access present in turbo machines,
because they used separate optical paths for illumination
and detection. The required sensor for the usage in turbo
machinery has a diameter in the range of 8-15 mm and
has to be robust, which makes a lipstick-shape desirable.
Furthermore, it has to potentially enable measurements at
high ambient temperatures.

In this paper, we analyze the performance of a mini-
aturized LDD sensor-head that employs a common-path
axial detection scheme. First measurements show that
this implementation has a reduced numerical aperture,
which leads to an increase of the systematic measurement
uncertainty of the position. To improve the performance
of the miniaturized sensor, a diffractive optical element
is designed to increase the numerical aperture without
changing the setup, as just one element is replaced. The
performance of the improved miniaturized sensor is
finally described.

2 Sensor principle

The LDD sensor is an extension of the conventional Laser-
Doppler velocimeter. Instead of using one interference
fringe system with constant spacing, the measurement
volume of the LDD-sensor is created by two superimposed
fan-shaped fringe-systems that have a fringe-spacing gra-
dient along the axial direction [7]. Using a contrary ori-
entation, i.e., one convergent and one divergent fringe
system, introduces a position coding in axial direction.
Separation of the two systems is achieved by wavelength
division multiplexing.

With this setup, two Doppler frequencies from the
two fringe systems can be measured simultaneously. The
calibration function g, which is the quotient of the two
Doppler frequencies f,, does not depend on the object
velocity but just on the position (Equation 1).

f,(v,z) w(z)]d,(z) d(z)
f(v2) w(z)/d(z) d(z2)

q(z) (1)

The relation between the axial position z and the calibra-
tion function g(z) can be expressed as: z=m'.q+z,, with
m=0dq/dz being the slope of the calibration function and z a
constant. Hence, the axial position of an object crossing the
measurement volume can be determined when the sensor
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is properly calibrated. When the position z is known, the
object velocity is accessible by using the local fringe spacing
and applying the Doppler relationship v=d -f,=d,-f,. Hence,
the LDD sensor enables simultaneously determining at
which axial position z and with which transverse velocity v
an object crosses the measurement volume.

3 Miniaturized sensor head

For measurements in turbo machines it is advantageous to
create a modular setup which consists of an illumination
unit, a detection unit and the passive optical sensor head,
that are coupled with fibers. This approach allows sepa-
rating the active optical elements from the rough ambient
and proved to be beneficial in former investigations [7-11].
The illumination unit supplies the passive sensor head
with two beams of different wavelengths using a single
mode fiber. The sensor-head has to fulfill two tasks: First,
it has to create the measurement volume. As the technique
is interferometric the measurement head has to split the
beams and overlap them in such a manner, that the two
fan-shaped fringe systems are created. Second, the light
scattered by the sample has to be coupled into a multi-
mode fiber, which guides the light to the detection unit,
where the signals are divided and detected separately for
each wavelength. In former implementations of the sensor
the illumination and the detection was implemented in
separate arms [7-11]. Although these sensors were suc-
cessfully used, the resulting setups were too bulky for
some applications. In order to increase the applicability
and pave the way for usage in turbo machinery, a further
reduction of sensor size was necessary.

In this paper we propose a novel miniaturized
design of the sensor head that applies a common-path
setup for illumination and detection. An aspheric lens
focuses the light of the single-mode fiber into the meas-
urement volume. In order to minimize the number of
optical elements in the sensor-head, the interferometer is
implemented using diffractive elements [12]. A transmis-
sion-grating (g,=4 um) located on a glass substrate in the
beam path splits the light into different grating orders.
While the zeroth and higher orders are blocked at the fol-
lowing element, the remaining four beams, i.e., the +1st
orders for each wavelength, pass a second transmission-
grating (gzzg3:3.3 um). These gratings create convergent
beams that intersect in front of the sensor leading to inter-
ference patterns. The aspheric lens introduces dispersion,
which is intentionally used to create longitudinally shifted
beam waists for the two wavelengths. This shift is essen-
tial for the technique as it leads to the converging and a



DE GRUYTER

Aspheric Wedged Transmission

lens prism

N. Koukourakis et al.: Miniaturization of a distance sensor using diffractive optics =—— 389

Transmission
gratings 2 and 3:

grating 1:
BS DEF

Passive sensor-head

Fibre coupled

25x25x60 mrh

830 nm

laser diodes ‘
lllumination-unit j 2x1.coupler
658 nm

Figure1 Modular setup with miniaturized sensor-head.

..... L
Bort Measurement
' hole volume

Fibre-coupled
demultiplex Multi-mode —————]
fibre ——
N ——
X ———'—_
l ———

Photodetector

y Z %
—__’__-———-_-——"—_=—_—_
PC A e———————————
Front view %
e D ETECTION-UNIE. &

BS is a 1x3 beam-splitter and DEF is a deflection grating. The passive sensor-head creates the measurement volume which consists of two
overlapping fan-shaped fringe-systems with contrary orientation, created at two different wavelengths.

diverging fan-shaped fringe system with contrary fringe
spacing gradients (see Figure 1). In this initial configura-
tion the measurement volume is located approximately
60 mm in front of the measurement head.

The most compact and robust detection design is to
use the optical elements of the illumination also for the
detection in a coaxial common-path scheme. Therefore
a double-core fiber is employed, which bears the single-
mode illumination core and a multi-mode detection core.
The aspheric lens couples the backscattered light into the
multi-mode core. To compensate for the lateral displace-
ment of the cores, a wedged prism is located between the
lens and the splitting grating. This prism has a bore-hole
on the optical axis so that the illuminating-light passes
without being affected. The detected light is then coupled
into a fiber-based de-multiplexing unit which divides the
two spectral components and allows for separate detec-
tion of two Doppler frequencies.

According to this concept, the size of the all-passive
fiber-coupled sensor head can be miniaturized to dimen-
sions of 25x25x60 mm?. In contrast to former optical
setups, all optical elements of the sensor-head can be
manufactured of fused silica, which withstands tempera-
tures up to 1000°C. Using sapphire fibers [13] for coupling
the modular units and a temperature stable housing [11]
could enable measurements at high-temperatures present
in turbo-machines.

4 Experiments

At first, the calibration function g(z) of the sensor is
determined. For this purpose a rotating disc containing a

pinhole is translated through the measurement volume of
the sensor by a motorized stage. The disc is rotated with
a stabilized known velocity. The light that propagates
through the pinhole in axial forward direction is coupled
into a separate multi-mode fiber. Thus, the calibration is
performed with a separate detection path in order to gain
precise knowledge of the fringe-systems, where errors due
to the speckle-effect are excluded.

The two Doppler frequencies are measured and used
to determine the fringe-spacing functions d (z) and d,(z) of
both fringe systems. To reduce the random errors, averag-
ing over several roundtrips was used. The resulting cali-
bration function q is shown in Figure 2 (left). It has a mean
slope of about s=0.37 mm™. The fringe spacings are plotted
on the right of Figure 2. The different fringe-spacing gradi-
ents for the two wavelengths required for the LDD-sensor
are clearly visible.

4.1 Measurement at rough surface with
common path detection

The moving pinhole used for calibration creates a single
point scattering, like the single particles that cross the
measurement volume would do. At rough surfaces such
as turbine blades, scattering will concurrently take place
at multiple points located in the measurement volume. All
individual scattering signals interfere at the photodetec-
tor resulting in time-varying speckle signal with a random
envelope. The nature of the speckle pattern depends on
the detection optics [14].

To analyse the performance of the common-path (CP)
detection in comparison to separate-path (SP) detection,
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Figure 2 (A) Measured calibration function g(2). (B) Fringe-spacing along the z-axis.

the setup was implemented as sketched in Figure 3. We
use the illumination-path of the miniaturized sensor to
create the measurement volume. The setup allows using
both CP- and SP-detection. For SP-detection a mirror is
introduced, that deflects the scattered light towards the
separate detection arm, where two lenses are used for
coupling into the multi-mode fiber. For CP-detection, the
mirror is removed and the scattered light is coupled into
the multi-mode core of the double-core fiber. The meas-
urements are performed sequentially, as the same detec-
tion unit is used for both detection architectures.

lllumination-path

The test objects for the exemplary measurements
were metal strip rotors with different degrees of surface
roughness. The rotating sample was measured at several
axial positions throughout the measurement volume and
a function q__ (z) was obtained. For the CP-detection the
measured slope is decreased compared to the slope of the
calibration function g(z) and amounts to s =0.27 mm?!
(Figure 4).

According to this measurement the fringe spacing
seems to have changed. As the setup which is responsible
for the fringe-properties is unchanged and the mean slope
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Figure 3 Sketch of the used setup.

The single-mode core of the double-core fiber is used for illumination. Using the separate-path (SP)-detection and common-path
(CP)-detection sequentially allows comparing the performance of both detection architectures.
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Figure 4 The slope of the measured function q, for the common-
path detection is strongly decreased in comparison to the calibra-
tion function.

for the measurement with separate path s . .,=0.36 mm*
is comparable to the slope of the calibration function,
this phenomenon can only be introduced by the different
detection architectures.

Analysing the differences between the SP and CP-
detection, we find that the common-path detection has
a relatively low numerical aperture of NA_=0.02, which
is considerably smaller than the numerical aperture
for common setups that use separate detection arms
of NA,,~0.1. The reduced NA leads to an increase of the
speckle size, which reduces the speckle number used
for signal formation. The consequence of the changed
speckle-effect is a spectral broadening of the Doppler-
peaks, which shifts the peak frequencies and thus directly
affects the slope of the calibration function. A comparable
dependence between speckle-number and spectral broad-
ening of the Doppler-peak was observed in a Laser-Dop-
pler velocimeter [15].

Consequently, the change of the speckle-properties
changes the slope of g, which results in a strong deviation
of the measured position to the default position Az. This
corresponds to an increase of the systematic measurement
uncertainty, which is inhomogeneous across the measure-
ment volume. At the borders of the measurement volume
the maximum deviation for the common-path detection
reaches Az =225 um. The described behavior was
observed for all measured surfaces, while the exact degree
of slope-change and the consequent systematic error Az
depend on the speckle-path used. For detection with sepa-
rate-path, the maximum deviation is Az o &~13 um which
is comparable to the experiences with other setups.

The random errors of the position measurement
are obtained by the standard deviation of consecutively
repeated measurements. The mean random error of the
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position across the measurement volume for the common-
path detection amounts to o, . ~3.75 um. It is nearly
homogeneous across the measurement volume and just
increases at the borders, as here the intensity is decreased
compared to the center. The mean random uncertainty
for the common-path detection is about three times larger
than for separate detection. This is due to the reduced col-
lection efficiency of the common-path detection, which
results in a drop of the SNR by a factor of ~10. Hence, there
is no evidence of an influence of the speckle-effect on the
statistical measurement uncertainty.

The results presented in this section prove that
the illumination-path of the miniaturized sensor-head
works adequately, as the separate-path detection shows
an expected performance. The common-path detection
instead suffers of a reduced numerical aperture, which
enforces strong improvement, to enable the aimed high-
quality measurements. For this purpose, the numerical
aperture of detection has to be increased to reduce the sys-
tematic uncertainty. In order to keep the advantage of the
miniaturized setup, this has to be achieved without any
increase of sensor size. Two approaches are discussed in
the next section.

5 Improved common-path detection
employing diffractive optics

The numerical aperture of the common-path detection
design is low, as the distance between the measurement
volume and the aspheric lens that couples the scat-
tered light into the multi-mode core is large. We use two
approaches to increase the NA.

5.1 Reduction of working distance

As a first step of improvement, the measurement volume
is moved closer to the measurement head by replacing
the diffracting transmission grating 1 with g=4 um by
another grating of g* =5 um. This change has influence;
First, as purposed the measurement volume is created at
a halved distance d=30 mm. As a result, the detection NA
is increased from NA_,=0.02 to NA_,,=0.03. Second, the
change leads to an increased intersection angle, which
decreases the axial extent of the measurement volume to
about 600 um and changes the fringe-number and also
the fringe-spacing. The resulting value for the maximum
deviation is Az ~30 pm.

max,with g*
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Figure 5 The simple DEF transmission grating (left) is replaced
by the composite diffractive element containing the transmission
grating and a diffractive lens (right).

The length of the measurement volume is different
than before we introduce the relative systematic uncer-
tainty, which is given by the quotient of the maximum
position deviation Az___to the length of the measurement
volume. The grating change improved the relative devia-
tion by a factor of 4.5. Hence, the shift of the measure-
ment volume closer to the sensor successfully decreased
the systematic uncertainty and showed that a further

improvement of NA would be beneficial.

5.2 Increased NA by using a diffractive lens

A novel composite diffractive optical element (DOE) was
designed and fabricated by standard mask-based litho-
graphy [16], to replace the DEF transmission gratings
(Figure 1). It consists of a diffractive lens which was imple-
mented with three discrete phase levels. The diffractive
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lens also contains two inserted gratings that are used to
replace gratings g, and g.. Thus, the introduction of this
DOE-element does not change the illumination-path and
the setup-size is kept constant. The diffractive lens is used
to collimate the scattered light and thus to increase the
light-collecting efficiency of the common-path detection.
Its focal length is f=54 mm. The introduction of the novel
DOE-element readjust the axial position of the wedged
prism to compensate for changes of the image position.
The deflecting element and the novel DOE composite
element are depicted in Figure 5. Using the diffracting
element the numerical aperture is improved by a factor of
about 3.5 to 0.07. At this time, we did not aim particularly
at high performance. Parameters like NA and efficiency
might still be improved with a further improved design.
In the following experiment the configuration with
the grating g=4 um was used again. Using the CP-
detection with DOE, the maximum deviation amounts to
Az . or~21 um. The systematic measurement uncertainty
of the position is homogeneous across the measurement
volume and just slightly higher than for the separate-path
detection (Figure 6A). An increased uncertainty noise for
CP-detection is observable in Figure 6A. This can be attrib-
uted to the difference of speckle-size and speckle-number
used for signal-formation and to spurious reflections from
surfaces across the optical path that are coupled into the
detection fiber and lead to interference effects. The incor-
poration of the novel diffractive element decreased the rel-
ative systematic uncertainty by a factor of 10 compared to
the original common-path detection due to the improved
NA. With this setup the mean systematic measurement

uncertainty amounts to Az .~16 pm. The random
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Figure 6 (A) Systematic measurement uncertainty for the position. As a result, the incorporation of the diffractive lens enabled to miniatur-
ize the LDD-sensor and to achieve a sensor-performance comparable to the sensor with separate detection. (B) The relative systematic
measurement uncertainty for all tested detection architectures. The common-path implementation with DOE nears the performance of the
separate-path detection. A combination of the approaches A and B promises further improvement.
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errors are also decreased to a mean value of 5, =~2.1
um, as the improved NA is accompanied by a four-fold
increase of the light-collecting efficiency of the sensor.

Figure 6A shows a summary of the relative systematic
measurement errors for all tested configurations. The per-
formance of the common-path detection with DOE nears
the performance of the setup with separate detection path.
Further improvement can be achieved, when approaches
A and B are combined, i.e., the common-path detection is
implemented with DOE and the changed grating configu-
ration that shifts the measurement volume closer to the
sensor head. For this purpose an adjusted focal length of
the DOE element is required.

6 Conclusion

In this paper we investigate a concept for miniaturization
of a Laser-Doppler-Distance-sensor with common-path
detection. We find that the simple change of the setup
to common-path detection is accompanied by a reduced
numerical aperture, which leads to an increase of the
systematic measurement uncertainty due to the speckle-
effect. As the reduction of NA decreases the SNR, also the
random measurement uncertainty increases.

We proposed two approaches to compensate for these
effects, that both proved to be beneficial. First, the meas-
urement volume was moved close to the sensor head
using a changed grating configuration. This led to an
increase of the NA and to strong reduction of the system-
atic measurement uncertainty. For the second approach,
the DEF element on simple glass-substrate was replaced
by a novel composite diffractive optical element incorpo-
rating a diffractive lens. This change increases the NA for
the common-path detection by a factor of 3.5.

The increased NA led to a decrease of both the random
and the systematic measurement uncertainty. The relative
systematic measurement uncertainty is improved by a
factor of 10, with the the mean systematic measurement
uncertainty amounting to Az__ =16 um. The random
errors are decreased to a mean value of o, . ~2.1 um as
the improved NA is accompanied by a four-fold increase of
the light-collecting efficiency of the sensor.

Most importantly, these improvements are achieved
without increasing the sensor size. Despite the miniaturi-
zation of the sensor, the gap between the performance of
a separate detection arm and the common-path detection
diminished by the usage of the novel composite diffractive
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element and could be completely closed with further opti-
mization of the used elements, for example using a com-
bination of the two presented approaches.

The achieved size of the miniaturized sensor is
25x25x60 mm?. All optical elements used can be made
of fused silica, so that the sensor potentially offers high-
temperature stability up to 1000°C. To compensate for
thermal expansion the setup could be implemented in
a temperature stable housing introduced in [10]. The
presented results can be seen as a first step towards the
miniaturized sensor required for in-process measure-
ments at turbo-machines, which could e.g., allow for tip-
clearance control.
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