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Abstract. We show two different absolute distance measurement methods with micrometer
accuracy based on frequency combs, and we discuss possible applications. Using a mode-
locked laser and MEMS-based tracking optics, we measure the 3D position of a retroreflector
within 10 ms and with a 24 um volumetric accuracy. We also investigate modulator-based
combs and show that they enable highly sensitive surface topography measurements with
microsecond acquisition times and micrometer precision. Moreover, the potential for photonic
integration of frequency comb sources is explored.

1. Introduction

Dimensional metrology such as measurement of distance and position in three-dimensional (3D) space
are of great importance in many scientific fields as well as in industrial applications such as inline
inspection, robotics and machinery assembly. Optical 3D position measurement systems can be used
for large-scale or inline measurements, ideally in combination with an optical sensor head to enable
non-contact, fast and precise investigation of object surfaces. In this paper, we will present the use of
optical frequency combs to fulfil these measurement tasks, first discussing the optical measurement of
3D coordinates and then the realization of an optical surface sensor.

Different approaches for an optical position measurement have been taken in the past, such as laser
trackers [1,2], photogrammetry [3,4], camera or diode-based triangulation [3,5,6] and
multilateration [7—11]. Two main parameters for such systems are accuracy and measurement range.
This parameter space is sketched in Figure 1 for the different measurement principles employed. In
terms of accuracy, only schemes based on laser trackers, measuring two angles and one distance, and
trilateration or multilateration schemes, measuring at least three distance or distance differences, can
potentially compete with the classical coordinate measurement machines (CMM) based on serial
kinematics, where a high-precision actuator is used for each degree of freedom. However, while the
accuracy of laser trackers is mainly limited by the angular accuracy, multilateration and trilateration
schemes can achieve a measurement uncertainty similar to that of the underlying length measurement
system, depending on the configuration of the measurement geometry [8].
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Figure 1. Accuracy and range of classical mechanical coordinate measurement machines (CMM) in comparison to different
optical measurement principles, adapted from [3].

While many of the works on multilateration employ single-wavelength heterodyne laser
interferometers with sub-pm distance measurement uncertainties [9, 10, 12, 13], the practical
applicability of this approach is limited. The interferometric distance measurement has to be
incremental, and no absolute distances can be measured. This forbids any interception of the line-of-
sight to the retro-reflector target. A measurement principle capable of measuring absolute distances is
of key importance for applications in an industrial environment. In this context, optical frequency
combs as a metrological tool for precise and absolute distance measurements have received a lot of
attention in the last years [14—20]. However, these works concentrate on distance measurements, and
no 3D position measurements have been demonstrated so far.

In this paper, we demonstrate 3D position measurements based on trilateration using optical
frequency combs. The distances to the retroreflector are absolutely measured using the 240™ and 241"
harmonic inter-mode beats of the frequency comb formed by a femtosecond pulsed laser with
100 MHz repetition rate. Comparing length measurement results of our system to those obtained from
a commercial interferometer, we achieve a length measurement accuracy of 2.2 pm with an integration
time of 10 ms. For the used triangular arrangement of three measurement modules spaced by 200 mm
this results in a volumetric accuracy of 24 um. Target tracking is based on MEMS mirrors and four-
quadrant diodes. Furthermore we present developments towards a high-sensitivity surface topography
sensor employing modulator-based frequency combs with the potential for photonic integration. We
demonstrate distance measurements to natural scattering surfaces with acquisition times of 8.3 ps and
accuracies better than 10 um. These data are maintained over a dynamic range of more than 37 dB.
Modulator-based frequency comb sources are well suited for photonic integration, which is
demonstrated using the silicon-organic hybrid (SOH) integration platform.

2. Distance measurement with inter-mode beats of a frequency comb

The distance measurement scheme employed here is based on the phase evaluation of inter-mode beats
of a frequency comb, as first published by Kaoru Minoshima in 2000 [18]. Direct detection of light
from a mode-locked laser (MLL) with a high-bandwidth photodiode leads to an electrical signal
comprising a multitude of harmonic beat frequencies at integer multiples of the repetition rate. The
stability and accuracy of these higher-order harmonics is directly linked to the pulse repetition rate,
which can be measured and compared to a frequency standard. Thus, the broad spectrum of a
femtosecond pulse laser offers a convenient access to accurate high-frequency signals.

In this work we use a MLL with a repetition rate of 100 MHz and a 3 dB bandwidth of 10 nm
centered at a wavelength of 1556 nm. The experimental setup is depicted in Figure 2. Light from the
MLL is split using a fiber coupler. One part is incident on a reference photodiode (PD) with a
bandwidth of 40 GHz, the other part is directed to a free-space path towards a retroreflector. The
reflected light is guided via a circulator to a measurement PD with identical specifications as the
reference PD. A heterodyne scheme with two intermediate frequency stages is used to evaluate the
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phases of the 240™ and 241" harmonic at 24 GHz and 24.1 GHz simultaneously. After pre-
amplification and bandpass filtering, the lines of interest are mixed with a 24.04 GHz local oscillator
(LO), which is phase-locked to the repetition rate of the MLL. This generates the first intermediate
frequencies at 40 MHz and 60 MHz, which maintain the phase relations of the original signals. To
evaluate the phases of both lines in reference and measurement paths, the signals are split and the
individual lines are filtered by additional bandpass filters, which suppress the corresponding unwanted
frequency. Additional LO with frequencies of 39.875 MHz and 39.9 MHz mix the signals to second
intermediate frequencies at 100 kHz and 125 kHz. These signals are then analog-to-digital converted,
and the phase differences are evaluated in the digital domain.
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Figure 2. Schematic overview of distance measurement unit and electrical signal spectra (below). Light from a mode-locked
laser (MLL) is split in a fiber coupler. One part is detected directly by a reference photodiode (Ref), the other part propagates
to the retroreflector (Retro) before it is incident on a measurement photodiode (Meas). The generated electrical beat signals at
multiples of the MLL repetition rate are amplified, the 240™ and 241™ harmonics are band-pass filtered and mixed to first
intermediate frequencies of 40 MHz and 60 MHz with a local oscillator (LO) at 24.04 GHz. Further band-pass filters isolate
each line, before second intermediate frequencies at 100 kHz and 125 kHz are generated by mixing with a second LO. These
signals are analog-to-digital converted (ADC), and the phase differences of reference and measurement signals are evaluated
in the digital domain.

The phases ¢,,,,, and ¢,,, of the signals at f,,,, =24.0GHz and f,,, =24.1GHz are measured

relative to the reference signal. The optical path length difference 2D can be directly calculated from
these phases, although the 27 periodicity of the phase limits the unambiguity range of the
measurement:

2Df 01, 2D

Dosoth = (271'—) mod 2z = [27r
C

]modZﬂ (1.1

40th
The free-space wavelength of the evaluated beat signal is A,,,, =12.5mm. To extend the absolute
measurement range of this fine-scale measurement, the phase difference @,,;4 — @,y i €valuated as
well:

(1.2)

2D(f, . — f
Donrst — Posoth = [277 ( 2415; 240t )) mod 2z = (272 %j mod 27
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This large-scale measurement with a wavelength A=f—=3m extends the absolute
241th — '240th

measurement range significantly. An absolute distance measurement can be made even if the line-of-
sight to the retroreflector has been intercepted temporarily.

The measurement results can be seen in Figure 3. The repeatability of the measurement and the
influence of the measurement rate were evaluated by repeatedly measuring the distance to a fixed
target for different integration times per measurement. The standard deviation is as low as 0.5 pm for
an integration time of 50 ms, and fast measurements with update rates of 10 kHz are possible while
standard deviations remain in the single-um regime. The absolute accuracy of the distance
measurement was evaluated by comparing to a commercial heterodyne laser interferometer with a
specified resolution of 20 pm (Sios MI 5000). The target was incrementally moved along a line with a
length of 1 m while recording the relative displacement with the interferometer and simultaneously
measuring the distance with our system. The difference in measurement values is plotted in Figure
3(b). The standard deviation of the measurement differences amounts to 2.2 pum. We attribute the
observed systematic deviations to residual phase nonlinearities.
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Figure 3. a) Standard deviation of repeated distance measurements to a fixed target as a function of integration time. For
integration times of 50 ms, the standard deviation is as low as 0.5 um. b) Differences of measurement results with 10 ms
integration time compared to a commercial HeNe laser interferometer (Sios IFM) for a distance of up to 1 m. The standard
deviation of the measurement differences amounts to 2.2 pm.

The optical part of the distance measurement setup relies mainly on comparatively cheap
telecommunication-grade fiber-optic components. With the use of fiber couplers and splitters, the light
of the single MLL with an optical power of 16 dBm can be easily distributed to three identical receiver
units. Combined with MEMS-based tracking optics, this opens the way to measure the 3D-position of
a retroreflector by measuring three distances in a trilateration-based approach.

3. nGPS position measurement by trilateration

Many approaches for 3D localization reported in literature use a minimum of four stations and relative
distance measurements, e.g. by using single-wavelength interferometry. The redundant number of
stations enables a self-calibration with respect to the relative spatial relationship of the stations [9—11].
Such a configuration also allows to determine the initial offset distance to the retroreflector, which is
especially important for schemes employing relative distance measurements. However, an interception
of the line-of-sight requires a recalibration to again determine the current offset distances to the
retroreflector, which have to be added to the measured relative distances. In contrast to these works,
we employ a trilateration scheme using only three absolute distance measurements. Our system is
calibrated using a similar algorithm as employed in the Global Positioning System (GPS), measuring
the distances to a number of known retroreflector positions [21].

Our system comprises only three distance measurement modules with the capability of tracking a
retroreflector which are combined in a triangular configuration as depicted in Figure 4(b). The spacing
of the modules was chosen to be 200°mm along the sides of the triangle to realize a relatively compact
measurement unit. Larger module spacing would result in higher measurement precision at the cost of
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a bulkier experimental setup. To calibrate the distance measurement offsets |, ; as well as the relative

coordinates (xj,yj,zj) of the pivot points of each module j, the distances d;; to a number i of

retroreflector positions with known coordinates (x;,y;,z) are measured for each module. To obtain a

good precision, in practice at least 10 different known retroreflector positions are used to obtain pivot
point coordinates and the distance measurement offsets. This corresponds to a least-square solution of
an over-determined set of equation The wanted parameters are obtained by a minimization:

S, :Z‘\/(Xi —xj)2+(yi —yj)2+(zi —zj)2 +1o; —d; ; 2

Sj — min

(1.3)

Experimentally, this is realized by attaching the reflector to a high-precision CMM (Zeiss Eclipse).
Once the system is calibrated, three distance measurements are enough to determine the 3D
coordinates of the retroreflector, as a possible second solution can be omitted by the known physical
layout of the system configuration [22,23].

The tracking of a retroreflecting target while it is moved through space was realized with a MEMS
mirror and a four-quadrant (4Q) photodiode. The optical setup is sketched in Figure 4(a). The beam
from the fiber collimator is steered by a MEMS-actuated mirror with a mechanical angular range of
+5.5°. To realize a larger tracking volume, angle enlargement optics are used to realize an optical
beam deflection of +30° around a pivot point. The target-tracking feedback loop processes the output
of a 4Q photodiode, which is illuminated by using a beam splitter in the optical path.
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mirror AN N\
‘2{'_"_; _____ - .dl
' ] Fiber
““““““ couplers - d :
'L-" ! ‘ N 3 -r-:'.'f";i:;
m splitter Virtual pivot point ) S 0du|e3 e
4Q diode (Module2 | =-""d;
— ' Pivot points
/ Collimator
YFlber

Figure 4. a) Schematic of optical setup for one module. The target is tracked with a four-quadrant photodiode (4Q) and a
MEMS mirror. To realize a scanning range of £30°, optical elements enhance the +5.5° angle of the MEMS mirror. The
beam is mainly deflected around a single pivot point. b) Schematic overview of the GPS-like coordinate measurement. Three
fully functional distance measurement modules are arranged in a triangular geometry. They are fed by the same laser source
and track a single retroreflector. Coordinate measurements are possible after a calibration, determining the relative
coordinates of pivot points and distance offsets 1 ;, given by the length of the fibers that connect each of the modules.

To characterize the system’s accuracy, the same high-precision CMM used for calibration is used
to position the target at different locations within a field of 350 x 450 mm” roughly 1 m away from the
modules. The 3D coordinates are calculated based on the three measured distances d; acquired with
10 ms integration time. The results are shown in Figure 5. The deviations of the measured coordinates
to the set coordinates are plotted as a histogram for X,Y and Z. The measurement geometry and the
definition of the axes are the same as defined in Figure 4(b). It is not unexpected that the deviation
along the Y axis is the smallest with a standard deviation of 4.4 um, as the compact module
configuration leads to a geometry tending to collinearity for the measurement volume. The
measurement standard deviation along X and Z axes amounts to 16...17 pm, leading to a volumetric

accuracy of \/(16.1|Jm)2 +(4.4pm)2 +(17.5|.1m)2 =24.1um. These values fit well to a simulation of

the measurement geometry with an estimated distance measurement error of 2.2 pm. The simulation
leads to a standard deviation in Y direction of 3.4 um and to standard deviations of 15.0 um in X, Z
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directions. If different geometrical configurations are used, e.g., by placing the modules farther apart,
also better accuracies can be achieved [8].

a) sof X std. dev=16.1pm | b) 125f Bl Y, std. dev.=4.4 ym ] <) sof HZ st dev=175um
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Figure 5. Deviations of optically measured coordinates to set coordinates of a CMM. The measurement geometry and the
coordinate axes correspond to those depicted in Figure 4. Values along Y exhibit a smaller variance with a standard deviation
of 4.4 uym, while standard deviations along X and Z amount to ~17 pum, resulting in a volumetric error of 24 pm, close to
expected values for the chosen configuration with a 200 mm spacing between modules.

4. Modulator-based frequency combs for multi-heterodyne surface topography measurements
Frequency combs generated by mode-locked femtosecond lasers (MLL) typically provide a broadband
spectrum with bandwidths of tens of nanometers. Combined with direct detection of the inter-mode
beat signals as demonstrated in the sections above, accurate absolute distance measurements are
possible. At the expense of increased complexity in the optical domain, the high-frequency electronics
for photodetection and phase evaluation can be replaced by slower components with bandwidths of
only hundreds of MHz, by employing a second MLL with slightly different line spacing for multi-
heterodyne detection [14]. However, considerable technical effort is required to ensure stable drift-free
operation of two femtosecond lasers in an industrial environment.

Here we demonstrate distance measurements using continuous-wave (cw) lasers and electro-optic
modulators for generation of two frequency combs [24]. In this scheme, the line spacing of the
frequency combs is determined by the frequency of the electrical drive signals, which can be precisely
adjusted by highly stable RF synthesizers. In contrast to schemes generating only two modulation
sidebands for synthetic wavelength interferometry or frequency sweeping methods [25, 26], we
generate spectrally flat frequency combs that comprise a multitude of lines with equidistant 40 GHz
spacing. The sensitivity of the presented distance measurement method is investigated for different
levels of return loss: For optimum return power levels of —13 dBm, we obtain measurement errors of
less than 3 um in an acquisition time of only 8.3 us, and a measurement error of less than 10 um can
be maintained over a dynamic range of more than 37 dB. The high dynamic range allows a proof-of-
principle demonstration of the measurement scheme as a sensitive and fast surface topography sensor.
The height of a step in a metal surface is measured and the results are compared to a tactile
measurement.

Modulator-based frequency comb sources lend themselves to optical integration, thereby increasing
robustness while decreasing size and cost. We demonstrate the realization of nanophotonic frequency
comb sources using silicon-organic hybrid (SOH) integration [27]. These sources can be co-integrated
with other optical elements available on the silicon-on-insulator SOI platform such as waveguides,
splitters and photodiodes, thereby forming a miniaturized distance sensor with a footprint in the mm?-
range.

4.1. Experimental setup and measurement principle

The experimental setup of our modulator-based distance measurement system is shown in Figure 6. A
pair of Mach-Zehnder modulators (MZM) with carefully adjusted sinusoidal drive signals is used to
generate two flat-top frequency combs [28] featuring 7 lines within a power range of 1.25 dB (9 lines
within 5.45 dB), see Insets 1 and 2 of Figure 6. The line spacings of the two combs differ by 50 MHz,
leading to discrete beat notes when the optical signals are superimposed on a balanced detector (BD)
for multi-heterodyne detection, see Inset 3 of Figure 6. To extract the phases of the individual beat
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notes, both detector signals are analogue-to-digital converted (A/D, sample rate 3.6 GS/s) and a fast
Fourier transform is performed. A portion of the first frequency comb is coupled into the free-space
measurement arm, and interferes with a portion of the second comb on BD 1. The phases @, of the
detected beat notes are directly linked to the phase shifts that the optical waves accumulate along the
measurement arm. As a reference, a second balanced detector (BD 2) is used to detect the beat note
phases #, of the frequency combs before propagation through the measurement arm. After calibration
of the initial phases, the phase differences Ap, =®, -¥, are given by

Ag, =(2ALma, /c+Agq, , )mod27z, where 2AL is the optical path length difference, w, is the line
spacing of the comb propagating the measurement arm and Ag,, is a constant phase offset. After

unwrapping the phases obtained from the various beat notes, AL can be obtained by a linear fit of
A as a function of m. This corresponds to a synthetic wavelength interferometry with a redundant

number of wavelengths, making the scheme robust against fluctuations of the measurement signal. No
knowledge of the absolute optical wavelengths is needed, as the synthetic wavelengths are solely
defined by the spacing ®, of the measurement comb lines, which is given with very high precision by
the RF source used to drive the modulators. The largest synthetic wavelength is linked to the line
spacing o, of the measurement comb and amounts to A =7.5 mm, which leads to a range of non-
ambiguity of A/2 =3.75 mm. The measurement path is equipped with a lens system, leading to a
Gaussian beam with a waist radius of wy =13 um and a confocal parameter of » =340 um on the
sample side. Less than —8 dBm of output power at around 1550 nm are emitted towards the sample.
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Figure 6. Experimental setup. CG 1,2: Comb generators, TLS: Tunable laser source, MZM: Mach-Zehnder modulator,

BD 1,2: Balanced detectors, PM: Power meter, A/D: Analog-to-digital converter; Dashed lines: Electrical connections, Solid
lines: Optical fiber. Inset 1+2: Optical spectrum. Inset 3: Electrical spectrum
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4.2. Experimental demonstration

To characterize the system, we measure the distance to a plane mirror on a motorized linear translation
stage that features a linear encoder with 0.1 pm resolution. The use of the lens system leads to strongly
varying power levels at BD 1 when the mirror is moved through its focus. This effect is used to
characterize the sensitivity of the system. For measurements of natural scattering surfaces, the sample
is kept in focus and the lens system captures scattered light. Each measurement is based on recorded
photodiode signals with a duration of 8.3 us, and the measurement is repeated ten times for each stage
position. Figure 7(a) shows the measured distance as a function of stage position along with the
corresponding measurement errors; Figure 7(b) shows the power levels along with the standard
deviations that were calculated from the ten measurement results obtained at each position. As
expected, measurement errors increase for decreasing power levels. Nevertheless, we find that the
absolute errors remain smaller than 10 pm over virtually the full range with standard deviations below
4 um, even though the returned optical power drops by more than 37 dB. Oscillations in the error are
attributed to thermal fluctuations in the optical fibers during the experiments, which influence the
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optical path lengths. For optimum power levels between -13 dBm and —24 dBm, the error is smaller
than 3 pm and sub-um standard deviations are achieved.

To confirm the viability of the technique when used with naturally scattering surfaces, we measure
a step milled into a steel surface, Fig. 2(c). Using a tactile coordinate measurement machine (Carl
Zeiss O-Inspect 442), a step height of 464.4 pum was obtained. This is in excellent agreement with the
height of 461.2 um as measured with our system, given the roughness of the steel surface and the
limited uniformity of the milled step.
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Figure 7. Measurement results obtained with our modulator-based setup. a) Measured distances and errors vs. stage position.
Error bars denote the standard deviation from the mean for 10 subsequent measurements taken at each position. Red dotted
line marks an error of +3 um, green dashed line marks an error of £10 pm. b) Power coupled back to the measurement
detector as a function of stage position along with the standard deviation of 10 subsequent measurements at each stage
position (black). ¢) Measured values for a step milled into a steel surface. The step height as measured with our setup
deviates by 3.2 um from a tactile reference measurement. Inset: Microscopic picture of the surface. The step is indicated by
an arrow.

5. Towards an integration on the silicon photonic platform

Silicon photonics offers tremendous potential for large-scale photonic-electronic integration through
joint processing of photonic and electronic circuitry and by fabless fabrication. The silicon photonics
platform offers a broad portfolio of optical components such as waveguides, phase shifters, splitters
and photodetectors [29]. However, to realize a miniaturized distance sensor system on a chip
following the principles discussed in the preceding section, it is necessary to realize miniaturized
frequency comb sources on the silicon chip. This is a challenging task: The generation of broadband
frequency combs requires a large modulation depth to achieve a large number of sidebands along with
a high modulation frequency to obtain useful line spacings of tens of gigahertz. This is hard to achieve
using conventional silicon photonic phase modulators that exploit free-carrier depletion or injection in
p-n, p-i-n, or metal-oxide-semiconductor (MOS) structures [30]. To overcome the limitations of all-
silicon devices, we use the concept of silicon-organic hybrid (SOH) integration [31, 32] which
combines nanophotonic SOI waveguides with organic cladding materials to realize highly efficient
broadband phase shifters [33, 34]. This hybrid integration leads to devices that exhibit voltage-length
products down to U_L =0.5 V. mm at DC, which allows high modulation depths at low voltages [35].

Using a dual-drive SOH Mach-Zehnder modulator (MZM), we demonstrate generation of a flat-top
frequency comb comprising 7 lines with a spacing of 40 GHz and a spectral flatness of 2 dB that are
perfectly suited for high-speed data transmission [27].

The SOH phase modulator [33, 35, 36] consists of an optical slot waveguide [37] electrically
connected to metallic transmission lines through 60 nm thick doped silicon strips. A schematic cross
section and a simulated mode profile of the optical slot waveguide are depicted in Figure 8(a). The
modulation voltage applied to the transmission lines drops across the narrow slot, which has a typical
width of 100 ... 150 nm. This results in a high electric field that strongly overlaps with the optical
mode, and this strong overlap leads to highly efficient electro-optic interaction and hence to a low
voltage-length product U L. The silicon waveguides are fabricated on a SOI wafer with a 2 pm thick

buried oxide and a 220 nm thick device layer using 193 nm deep-UV lithography. After processing the
slot waveguides and the transmission lines, the structures are covered with the electro-optic
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chromophore DLD164 [35], which entirely fills the slot. The electro-optic cladding is applied by spin
coating and poled at elevated temperatures with a DC voltage across the slotline electrodes. More
details about the phase modulator can be found in [36]. Our comb generators consist of two phase
modulators in a Mach-Zehnder interferometer. These phase modulators are driven independently in a
dual-drive configuration and have a length of about 2 mm.

EO-Organic Cladding

n*-Si Si strip

I\l

Fo—WWA—2
c R

1536 1538
Wavelength [nm]

Si0; R

DUT
Figure 8. Dual-drive frequency comb generator and corresponding optical spectrum. (a) Schematic cross-section and
simulated optical mode of a silicon-organic hybrid (SOH) slot-waveguide phase modulator. The two rails of the silicon slot
waveguide are electrically connected to metal electrodes by 60 nm high n-doped silicon strips. The waveguide is covered by
an electro-optic cladding material (DLD164), which entirely fills the slot. (b) Integrated dual-drive frequency comb
generator: A tunable laser source (TLS) is coupled to a dual-drive SOH Mach-Zehnder modulator (MZM) via grating
couplers. The arms are driven by two sinusoidal 40 GHz signals. Flat combs are obtained by carefully adjusting the signal
powers and phases along with the bias voltage Ug,,,. Fiber-chip coupling losses are compensated by an erbium-doped fiber
amplifier (EDFA). (c) Flat-top spectrum obtained for electrical drive powers of 28 dBm and 23 dBm measured at the output
of the amplifiers, showing 7 lines within 2 dB flatness. The lines are spaced by 40 GHz.

The experimental setup for characterizing the frequency combs is shown in Figure 8(b). A tunable
laser source (TLS) is coupled to the chip via grating couplers [38], and the electrodes for the
sinusoidal drive signals are contacted with RF probes. Using sinusoidal drive signals with carefully
adjusted amplitudes and phases [28], a spectrally flat frequency comb can be generated. The voltage-
length product of each phase modulator was measured at DC to be U_L =2 V mm. This allows an

efficient generation of higher-order optical sidebands with electrical drive powers of approximately
28 dBm and 23 dBm in the interferometer arms. The resulting optical spectrum is shown in Figure
8(c). We achieve a spectral flatness of 7 lines within 2 dB for spacings 40 GHz. By comparing the
measured optical spectrum to simulations, we estimate a peak-to-peak modulation depth in the two
MZM arms of 3.6 x and 2.7 =, respectively. The estimated phase difference of about » matches
nicely to theoretical predictions for achieving an optimal flat comb [28].

6. Conclusion

We demonstrate the use of frequency combs for trilateration-based 3D position measurements, and for
sensitive surface topography measurements. A frequency comb generated by a MLL is used in
combination with direct detection and electrical heterodyne down-mixing to measure the distances
from three MEMS-based tracking units to a retroreflector target. The measurements allow a position
determination of the target within a measurement time of 10 ms, and a volumetric accuracy of 24 pm
using a compact triangular configuration of the measurement modules with 20 cm side length. In a
second set of experiments, modulator-based frequency combs are generated from cw lasers and are
used with a sensitive multi-heterodyne detection technique for measuring distances to natural
scattering surfaces. Measurement errors are below 10 um over a dynamic range of more than 37 dB.
For optimum power levels and integration times of 8.3 ps, the absolute errors become smaller than
3 um. The comb-generation principle lends itself to photonic integration, and frequency comb sources
based on silicon-organic hybrid (SOH) electro-optic modulators are shown.
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