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(54) PHASE NOISE MITIGATION IN PHOTODETECTION CHAINS WITH AN OPTICAL PILOT TONE

(57) Systems and methods for operating an optical
arrangement (100) are described. An optical pilot tone
with an original phase is applied to a detector arrange-
ment (28) and received by the detector arrangement (28).
The detector arrangement (28) senses a phase of the
received optical pilot tone and determines a pilot tone
delay between the phase of the received optical pilot tone
and the original phase of the optical pilot tone. A delay
correction value is determined based on the determined

pilot tone delay. The delay correction value is applied to
a signal of a first beam (19) containing measurement
information received by the detector arrangement (28),
wherein the detector arrangement (28) senses a phase
or time delay of the first beam. Thereby, phase noise
introduced by the detector in the optical and electrical
domain of the optical arrangement (100) into the first
beam can be quantified and reduced.
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Description

Technical Field

[0001] The description generally relates to optical ar-
rangements and optical signal transmission and process-
ing. In particular, the description relates to an optical ar-
rangement and a method for operating an optical ar-
rangement for determining and eliminating a delay intro-
duced into a signal by opto-electrical components.

Technical Background

[0002] Optical signals can be used to transmit informa-
tion between two communication components (transmit-
ter, receiver). Optical signals may also be used to meas-
ure a runtime of a signal between a transmitter and a
receiver. Such approaches are used, for example, in te-
lemeters. Another use case is Interferometry, a technique
that is used to extract information and measure physical
parameters based on interference of superimposed elec-
tromagnetic waves, in particular optical beams of coher-
ent light, as can be realized by a laser.
[0003] For example, an interferometer in accordance
with a so-called homodyne approach uses a beam of
light from a single coherent source. The beam of light is
split into two beams that travel along different optical
paths. Typically, an interferometer has two arms which
build the optical paths. At some point, the two beams are
combined and brought to interference to generate an in-
terference signal. When the length of one of the optical
paths varies, the phase information of the interference
signal also changes. Therefore, the phase of the inter-
fered signal can be used as an indicator for changes of
the length of an optical path with respect to the optical
length of the other path. In a so-called heterodyne ap-
proach, two beams of light with slightly offset frequencies
are superimposed to thereby generate an optical beat
node.
[0004] For example, interferometry is used to measure
distance changes with a very high precision and is able
to detect variations in distance with a resolution of Pi-
cometers (1 3 10-12 m).

Summary

[0005] It may be seen as an object to increase the ac-
curacy of phase or time delay measurement with optical
detection and eliminate undesired noise in the measure-
ment signal. This object is solved by the subject matter
of the independent claims.
[0006] An optical interferometer arrangement and a
method for operating an optical interferometer arrange-
ment according to the features of the independent claims
are provided. Further developments can be derived from
the dependent claims and from the following description.
[0007] Many of the features described with reference
to the optical arrangement may be implemented as meth-

od steps, or vice versa. Therefore, the description pro-
vided in the context of the optical arrangement applies
in an analogous manner also to the method. In particular,
the functions of the optical arrangement and of its com-
ponents may be implemented as method steps of the
method and the method steps may be implemented as
functions of the optical arrangement.
[0008] According to an aspect, an optical arrangement
comprises a first optical path for transmitting a first beam,
and a detector arrangement for receiving the first beam.
The optical arrangement is configured to apply an optical
pilot tone with an original phase to the detector arrange-
ment. The detector arrangement is configured to receive
the optical pilot tone, to sense the phase of the received
optical pilot tone, and to determine a pilot tone delay be-
tween the phase of the received optical pilot tone and
the original phase of the optical pilot tone. The optical
arrangement is configured to determine a delay correc-
tion value based on the determined pilot tone delay and
to apply the delay correction value to a signal of the first
beam containing measurement information received by
the detector arrangement. The detector arrangement is
configured to sense a phase or time delay of the signal
of the first beam.
[0009] According to an embodiment, the optical ar-
rangement comprises a second optical path for transmit-
ting a second beam. The detector arrangement is con-
figured and arranged for receiving the second beam and
for sensing a beat between the first beam and the second
beam. The optical interferometer arrangement is config-
ured to determine a relative length change between a
first length of the first optical path and a second length
of the second optical path based on a phase of the beat.
[0010] In this embodiment, the optical arrangement
may be an optical interferometry arrangement. Several
embodiments may be described with reference to inter-
ferometry. However, it is to be understood that the prin-
ciple of applying an optical pilot tone and determining a
delay introduced by the detector arrangement into the
signal of the first beam can be applied to an optical ar-
rangement that is not related to interferometry.
[0011] Interferometry implements the principle of su-
perposition to combine or superpose electromagnetic
waves in a way that will cause the superposed electro-
magnetic waves to have some characteristic that is an
indicator of the original state of the electromagnetic
waves. For example, when two electromagnetic waves
with the same frequency are superposed, the resulting
intensity pattern is determined by the phase difference
between the two electromagnetic waves as follows: elec-
tromagnetic waves that are completely in phase (no
phase displacement) undergo constructive interference
while electromagnetic waves that are out of phase (phase
displacement of π) undergo destructive interference.
Electromagnetic waves with a phase displacement dif-
ferent to zero or any integer multiple of π have an inter-
mediate intensity pattern, which can be used to deter-
mine the relative phase difference between the two elec-
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tromagnetic waves.
[0012] Different interferometry techniques exist. For
example, interferometry may be categorized by the type
of detection, which can be homodyne or heterodyne. In
homodyne detection, the interference occurs between
two beams at the same wavelength. The phase differ-
ence between the two beams results in a change in the
intensity of the superposed electromagnetic wave that is
detected by the detector arrangement. The resulting in-
tensity of the light after mixing of these two beams is
measured.
[0013] The heterodyne technique makes use two elec-
tromagnetic waves in the optical range of different optical
wavelengths. This can be achieved, for example, by shift-
ing an input electromagnetic wave to another frequency
range using optical modulators.
[0014] For example, the input electromagnetic wave
of frequency f1 is mixed with a reference input electro-
magnetic wave of frequency f2 which has not passed
through the measurement path (LO). The combination
of the input electromagnetic wave creates two new fre-
quencies, one at the sum f1 + f2 of the two frequencies,
and the other at the difference f1 - f2. These new fre-
quencies are called heterodynes or beat, whereas typi-
cally the difference beat is of interest, and the sum beat
is outside the measurement bandwidth of the detector.
[0015] The beat typically has an intensity proportional
to the square-root of the product of the intensities of the
input electromagnetic waves. The optical interferometer
arrangement described herein may be of the heterodyne
category.
[0016] For example, the first optical path is the refer-
ence path or local path while the second optical path is
the sample path or measurement path. When the length
of one of these paths (e.g., the measurement path) var-
ies, the phase of the beat varies, and the relative length
change can be determined based on the phase informa-
tion of the beat in accordance with the principles of inter-
ferometry.
[0017] It was recognized that the detector arrangement
may introduce phase noise to the phase of the received
signal, and thereby cause measurement errors. These
measurement errors particularly have an impact on high
precision length measurements, e.g., measurements for
detecting gravitational waves. The optical pilot tone has
a constant and known phase and is applied to the detec-
tor arrangement. Particularly, the optical pilot tone as well
as the first and second beams are received by the same
detector arrangement. The detector arrangement deter-
mines the phase noise introduced into the optical pilot
tone by the optical domain and the electrical domain, i.e.,
by the components configured for sensing the optical pilot
tone and determining its phase. Because the original
phase of the optical pilot tone is known, the phase noise
can be determined as the difference between the deter-
mined phase of the received optical pilot tone and the
original phase of the optical pilot tone. A phase correction
value can be determined based on the phase noise in-

troduced into the optical pilot tone. This phase correction
value is applied to a signal retrieved from the first beam
and/or to the second beam, thereby eliminating the phase
noise introduced by the optical domain and the electrical
domain, especially by optical components that are part
of the detector arrangement.
[0018] For example, the optical pilot tone is a signal
with a sinusoidal waveform of constant frequency, where-
in the intensity or another suitable property of the elec-
tromagnetic wave carrying the optical pilot tone, like for
example its polarization, varies in accordance. The opti-
cal pilot tone is received by the detector arrangement
and the received signal allows the detector arrangement
to determine the phase of the optical pilot tone.
[0019] This approach increases the accuracy of length
measurement with interferometry by eliminating phase
noise that is introduced by the optical and/or electrical
domain components. For example, phase noise may be
introduced in the optical domain by variations of mean
intensity of the light incident to the detector, or tempera-
ture and bias voltage noise of the detector arrangement.
[0020] According to an embodiment, the optical inter-
ferometer arrangement further comprises a light source
and a beam splitter. The light source is configured to
generate and emit at least one coherent light beam to-
wards the beam splitter. The beam splitter is arranged
to split the coherent light beam to obtain the first beam
and the second beam. An optional optical modulator in
either of the two beams or in both beams can be used to
provide a heterodyne offset frequency between both
beams.
[0021] According to another embodiment, the optical
interferometer arrangement is configured to vary an in-
tensity of the first beam with a constant frequency.
[0022] The optical pilot tone may be generated and
transmitted towards the detector arrangement continu-
ously or intermittently. For example, the optical pilot tone
may be generated with a known and constant frequency
while the optical interferometer arrangement is operated
to determine a length variation of the first and/or second
optical path.
[0023] According to another embodiment, the optical
interferometer arrangement is configured to generate the
optical pilot tone by using light that does not interfere with
the first beam and/or the second beam.
[0024] The optical pilot tone may be transmitted by a
distinct light beam or by modulating a signal onto one of
the beams. When the optical pilot tone is transmitted by
a distinct light beam, it needs to be identified by the de-
tector arrangement, i.e., the detector arrangement needs
to separate the pilot tone from the beams. In particular,
light with a wavelength is used that does not interfere
with the first and/or second beam. For example, the
wavelength of the optical pilot tone differs from the wave-
length of the first and/or second beam so that they do
not interfere, and the pilot tone frequency differs from the
frequency of the signal retrieved from the first and/or sec-
ond beam so it can be separated in the electrical domain
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as well.
[0025] According to another embodiment, the optical
interferometer arrangement is configured to generate the
optical pilot tone by using non-coherent light.
[0026] The optical pilot tone may be emitted by a dis-
tinct light source that emits non-coherent light. Non-co-
herent light does not interfere with coherent light that is
used for the first and second optical path.
[0027] In an alternative embodiment, the optical pilot
tone is generated by another light source that emits co-
herent light that is intensity-modulated with the frequency
of the optical pilot tone. However, in this example, the
coherent light of the optical pilot tone needs to have a
certain wavelength so that the optical pilot tone does not
interfere with the light of the first and second optical path.
[0028] According to another embodiment, the optical
interferometer arrangement is configured to transmit the
optical pilot tone via at least a part of one of the first optical
path and the second optical path.
[0029] In this embodiment, the optical pilot tone is
transmitted via at least a part of the first or second optical
path and is thereby detected by the detector arrange-
ment. Preferably, the optical pilot tone is transmitted via
the reference path or local path.
[0030] According to another embodiment, the optical
pilot tone is intensity modulated to the first beam or to
the second beam.
[0031] The first beam or the second beam is varied in
its intensity in accordance with the frequency of the op-
tical pilot tone. Therefore, the phase information of the
optical pilot tone is transmitted by the intensity modulated
first or second beam. The detector arrangement senses
the intensity of the first or second beam and is thereby
able to determine the phase of the pilot tone in order to
identify the difference between the original and known
phase of the pilot tone and the sensed phase.
[0032] According to another embodiment, the optical
arrangement further comprises a signal generator which
is configured to operate with a given modulation scheme.
The signal generator is configured to control the light
source to generate the first beam and/or the second
beam. The signal generator is further configured to gen-
erate the optical pilot tone which is then applied to the
first beam and/or the second beam.
[0033] For example, the signal generator generates a
control signal (e.g., an electric command signal) which
is provided to the light source and controls the light source
to generate and emit the first and/or second beams. Fur-
thermore, the same signal generator also generates a
control signal for generating the optical pilot tone which
is applied to the first beam and/or to the second beam.
In other words, a single signal generator is used for gen-
erating the first and/or second beam as well as for gen-
erating the optical pilot tone. Phase noise introduced by
the signal generator thus is also corrected by subtracting
the correction value obtained from the pilot tone from the
retrieved signal. The single signal generator may also be
used to apply the beat to the first and second beams,

when the optical arrangement is implemented in an em-
bodiment with first and second beams.
[0034] Applying the optical pilot tone to the first and/or
second beams may be done by using several techniques.
For example, the pilot tone may be applied to the first
and/or second beams in respective optical paths by mod-
ulating a light source in its intensity based on the control
signal for generating the optical pilot tone. Alternatively,
the optical pilot tone may be applied to the first and/or
second beams by means of an optical modulator located
in the respective optical path and controlled based on
the control signal for generating the optical pilot tone.
Another example for applying the optical pilot tone to the
first and/or second beams is to superimpose light from a
dedicated further light source with the first and/or second
beam, wherein the further light source is controlled based
on the control signal for generating the optical pilot tone.
[0035] According to another embodiment, the optical
arrangement comprises a first photodetector as part of
the detector arrangement and additionally a second pho-
todetector, wherein the detector arrangement is ar-
ranged to receive the beat and the pilot tone, whereas
the second photodetector is arranged to only receive the
pilot tone.
[0036] The second photodetector is separate from the
detector arrangement and does not receive the beat, but
only the pilot tone. The second photodetector is not af-
fected by any noise or other effects that affect the first
photodetector of the detector arrangement. The pilot tone
received by the second photodetector may be used as a
reference for determining the phase and/or time delay of
the pilot tone received by the first photodetector.
[0037] According to another aspect, a method for op-
erating an optical arrangement is provided. The method
comprises the steps: applying an optical pilot tone with
an original phase to a detector arrangement of the optical
arrangement; receiving the optical pilot tone by the de-
tector arrangement; sensing a phase of the received op-
tical pilot tone; determining a pilot tone delay between
the phase of the received optical pilot tone and the orig-
inal phase of the optical pilot tone; determining a delay
correction value based on the determined pilot tone de-
lay; and applying the delay correction value to a signal
of a first beam containing measurement information re-
ceived by the detector arrangement, wherein the detector
arrangement is configured to sense a phase or time delay
of the first beam.
[0038] This method may be implemented to measure
the phase delay of an intensity modulated beam (telem-
eters). Alternatively, it may be implemented in optical
clocks, time of flight sensors, and other optical devices
that are based on time delay or phase delay of an optical
signal.
[0039] By identifying the (time or phase) delay of a de-
tector arrangement with an optical pilot tone, a correction
value can be determined and applied to a measurement
signal to reduce errors of phase or delay measurement
with optical detection instruments (i.e., the detector ar-
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rangement).
[0040] Generally speaking, the method may be
summed up as follows: a signal of interest may experi-
ence an undesired (phase or time) delay in an optical
detector arrangement. For example, the optical detector
arrangement may include an optical detector chain that
includes an opto-electrical converter and consecutive
electrical conditioning. The opto-electrical converter
and/or the electrical conditioning may contribute to the
delay in the measured signal. To identify and eliminate
this effect from the measured signal, an optical signal
like the pilot tone with a known shape and phase is ap-
plied, from which phase information can be obtained after
passing through the optical detector arrangement. As the
first signal experiences similar retardations like the opti-
cal pilot tone, the reconstructed phase from the optical
pilot tone indicates the influence of the detector arrange-
ment onto the original phase thereof. This phase infor-
mation can be used to eliminate phase noise from the
acquired first signal.
[0041] For example, the optical pilot tone may be a
sinusoidal signal. The original phase of the optical pilot
tone may have a constant phase. The method may use
the time delay or phase delay experienced by the optical
pilot tone when passing the detector arrangement. The
delay correction value may be an additive value. The
signal of the first beam may include phase information
to which a phase correction value is applied.
[0042] In one embodiment, the method is a method for
operating an optical interferometer arrangement. Ac-
cording to this embodiment, the method comprises the
steps: applying an optical pilot tone with an original phase
to a detector arrangement of the optical interferometer
arrangement; receiving the optical pilot tone by the de-
tector arrangement; sensing a phase of the received op-
tical pilot tone; determining a pilot tone delay between
the phase of the received optical pilot tone and the orig-
inal phase of the optical pilot tone; determining a delay
correction value based on the determined pilot tone de-
lay; and applying the delay correction value to a signal
of a first beam containing measurement information re-
ceived by the detector arrangement, wherein the detector
arrangement is configured to sense a phase or time delay
of the first beam.
[0043] With respect to the details of the method of this
example, reference is made to the description of the func-
tions of the optical interferometer arrangement, which
applies to the method.
[0044] According to an embodiment, the method com-
prises varying an intensity of the first or second beam
with a constant frequency. In this embodiment, the inten-
sity of the carrier signal, i.e., of the first or second beam,
is varied which corresponds to applying a intensity mod-
ulation to the first/second beam so that the optical pilot
tone is modulated onto the first/second beam.
[0045] According to another embodiment, the method
comprises generating the optical pilot tone by using an
additional light source that does not interfere with the first

beam.
[0046] According to another embodiment, the method
comprises generating the optical pilot tone by using an
additional non-coherent light source.
[0047] According to another embodiment, the signal of
the first beam includes phase information of the first
beam, and the delay correction value is a phase correc-
tion value that is applied to the phase information of the
signal of the first beam.

Brief description of the drawings

[0048] The subject matter will hereinafter be described
in conjunction with the following drawing figures, wherein
like numerals denote like elements, and wherein:

Fig. 1 is a schematic representation of the principle
of interferometry;

Fig. 2 is a schematic representation of an optical
path for transmitting an optical signal and applying
an optical pilot tone;

Fig. 3 is a schematic representation of a heterodyne
interferometer;

Fig. 4 is a schematic representation of the method
steps of a method for operating an optical interfer-
ometer arrangement;

Fig. 5 is a schematic representation of an optical
arrangement.

Detailed description of the drawings

[0049] The following detailed description is merely ex-
emplary in nature and is not intended to limit the invention
and uses of the invention. Furthermore, there is no in-
tention to be bound by any theory presented in the pre-
ceding background or the following detailed description.
[0050] The representations and illustrations in the
drawings are schematic and not to scale. Like numerals
denote like elements.
[0051] A greater understanding of the described sub-
ject matter may be obtained through a review of the il-
lustrations together with a review of the detailed descrip-
tion that follows.
[0052] Fig. 1 schematically shows the principle of inter-
ferometry with reference to the interferometer 10. The
interferometer 10 comprises a light source 12 that emits
a coherent light beam 14. The coherent light beam 14 is
split by the beam splitter 16 into a first beam 19 and a
second beam 23. The first beam 19 follows the first optical
path 18 towards a first mirror 20 and is reflected by the
first mirror 20 back to the beam splitter 16. The second
beam 23 follows the second optical path 22 towards a
second mirror 24 and is reflected by the second mirror
24 through an optical modulator 55 back to the beam
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splitter 16. The reflected beams are superposed and re-
sult in the interfered light beam 26. The detector arrange-
ment 28 senses the interfered light beam 26 and is able
to determine properties of the interfered light beam 26.
[0053] The first optical path 18 and the second optical
path 22 may be referred to as arms of the interferometer.
When the length of one of these arms varies, the inter-
fered light beam 26 also changes in its properties, e.g.,
the phase of the interfered light beam 26 changes, there-
by indicating the varied length of the arms of the interfer-
ometer.
[0054] The detector arrangement 28 may include one
or more photodetectors. It was recognized that the phase
readout of optical photodetectors can be affected by in-
tensity, reverse bias and temperature through different
principles of operation. To quantify and compensate
these effects, an approach is described herein, where a
local optical pilot tone is added to separate the measure-
ment from readout noise to provide a more performant
and intensity invariant length metrology.
[0055] In the following, the operation principle of the
optical interferometer arrangement is exemplarily de-
scribed with reference to a heterodyne interferometer. In
heterodyne optical length metrology, two coherent laser
beams of two frequencies, separated by the beat fre-
quency (f1 - f2), are superimposed and brought to inter-
ference. The optical beat, a sinusoidal signal, is convert-
ed to a photo-current on a photoelectric device, for in-
stance a photodiode. The electrical signal is then condi-
tioned, and its phase is determined. The measured phase
ϕ can then be converted to an optical pathlength (OPL)
relative to the wavelength of light λ through the correlation

 for a double-pass Mach-Zehnder
interferometer. The requirement for picometer metrology
corresponds to phase determination error just ppm of a
period for light in the NIR spectrum. However, typical
phase noise curves for length metrology expose a 1/f
behavior for frequencies below 10 MHz, impeding accu-
rate long-term measurements. Therefore, setups for pi-
cometer stable metrology often comprise mechanisms
to elaborate stabilization of light intensities, temperature,
and phase to reduce the noise. However not all meas-
urement setups can provide stable intensities during the
measurement period, for instance caused by changes in
reflectivity, polarization losses in the measurement path,
or parasitic interferometers.
[0056] Therefore, an approach that allows characteri-
zation and subtraction of these errors is described herein.
A precision phase readout is key to sub-nanometer me-
trology, and to enable accurate measurement of distance
and/or distance changes, as used, for example, in space-
based detection of gravitational waves.
[0057] It was recognized that several contributors exist
that couple into phase through intensity and temperature
originating in the read-out chain, such as photodiode in-
duced phase delays by p-n-junction field velocity, elec-

trical phase shift caused by low pass filters, analog-to-
digital-converter (ADC) phase shifts, and slew rate limi-
tations of operational amplifiers.
[0058] The photodiode transfer function is influenced
by the propagation velocity of the diode’s substrate, that
depends on the electrical field present. The electrical field
can be influenced directly by changes in the p-n-junction
bias voltage or photocurrent. Typically, the relation is
non-linear and can expose a working point between bias
and photocurrent that is insensitive to minor variations.
Hence, one possibility to reduce phase shifts is selecting
a working point that is insensitive to minor intensity var-
iations. Additionally, the aforementioned equilibrium can
be susceptible to temperature through changes of the
quantum efficiency of the photosensor. A second type of
coupling of temperature into phase may occur through
variations in the dark current, which typically increases
logarithmically over temperature. These two latter effects
also effectively limit the performance a photodiode based
intensity stabilization can achieve, effectively causing
out-of-loop intensity noise.
[0059] Electrical phase shifts can further be introduced
by a low-pass filter that is typically implemented before
ADC conversion to accommodate only the first Nyquist
zone. Such filters are typically implemented as resistor-
capacitor filter circuits. The phase shift that a frequency
f is subjected to in a first order filter is given as: 

[0060] Both components will expose a thermal coeffi-
cient of several ppm/K for real parts, e.g., temperature
compensated ceramic capacitors (NP0/C0G) still exhibit
a typical tolerance of 0630 ppm/K.
[0061] The operational amplifiers typically used to con-
dition the photodiode’s electrical signal and drive the an-
alog-to-digital converters may also introduce phase shifts
when their slew rate limit Vlim is exceeded with the am-
plitude output of the signal V.

[0062] Furthermore, ADC phase shifts have been ob-
served, caused by changes in the DC-offset.
[0063] However, in one example, the approach de-
scribed herein may contribute to identifying and eliminat-
ing phase shifts that are introduced in the optical and/or
electrical domain, in particular by the components that
sense and detect the optical signals.
[0064] Fig. 2 schematically shows a setup for demon-
strating how an optical pilot tone is applied in the optical
domain to identify and characterize phase noise that is
introduced to an optical signal by the optical and/or elec-
trical domain.
[0065] In one example, the setup comprises a first light
source 36 (e.g., a LED) and a second light source 38
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(e.g., a LED), of which the first light source 36 is driven
directly by an AC signal generator that provides a wave-
form for amplitude modulations at frequencies 30 and
32. Two electrical signals 30, 32 are electrically combined
in a combiner 34 and applied to the first light source 36.
The second LED 38 is used to vary the mean intensity.
Both beams emitted from the light sources 36, 38 are
combined by a beam splitter 16, before they are detected
in a photodiode 40 (which is part of or corresponds to the
detector arrangement 28 as shown in Fig. 1).The photo-
current of the photodetector 40 is amplified by a transim-
pedance amplifier 44, filtered by a low-pass filter 46, con-
verted by an analog-to-digital converter 48 in differential
mode, and then read into phase demodulators 54 (e.g.,
implemented in a field programmable gate array, FPGA)
to perform IQ demodulation at both frequencies by mul-
tiplication with a digital reference sine and cosine fol-
lowed by a digital 4th order low pass filter. The phase
demodulators 54 operate on a frequency 50 of the first
electrical signal and the frequency 52 of the second elec-
trical signal.
[0066] The second light source 38 is used to vary the
intensity of the light received by the photodetector 40. It
can be observed that the varying intensity has an impact
on the phase of the modulated light beam emitted by the
first light source 36 as detected by the photodetector 40.
Bias and intensity variation of the light beam at the pho-
todetectors may contribute to phase shift as detected by
the photodetectors.
[0067] Fig. 3 schematically shows a heterodyne inter-
ferometer which implements functions for phase noise
elimination in accordance with the principles described
herein.
[0068] Fig. 3 shows an optical interferometer arrange-
ment 100, with spatially separated beams along optical
paths 18, 22 and polarization routing in the primary meas-
urement path 22. Optical signals are fed into the first and
second optical paths by a first signal feeder 110 and a
second signal feeder 120, respectively. The first signal
feeder 110 feeds an optical signal with the frequency f2
into the local path and applies a pilot tone with the fre-
quency fa to the signal of the local path. In the optical
paths 18, 22, the pilot tone may be modulated onto a
respective light beam either directly (e.g., as shown in
Fig. 2 by modulating a light source) or by means of an
optical modulator which is located in the respective op-
tical path or by superimposing light from a dedicated fur-
ther light source with the first and/or second beam. The
second signal feeder 120 feeds an optical signal with the
frequency f1 into the measurement path.
[0069] Polarizing beam splitters like the one generally
indicated by reference numeral 130 and other beam split-
ters 16 reflect and guide the optical signals through the
heterodyne interferometer 100 in accordance with the
principles of interferometry. The optical pilot tone has a
known phase that is constant throughout the interferom-
eter arrangement 100. Phase noise introduced by the
optical or electrical domain can be identified as the dif-

ference between the known phase and the sensed phase
of the optical pilot tone.
[0070] Generally speaking, a method and an optical
interferometer arrangement 100 for characterizing and
eliminating phase shifts introduced by the optical readout
chain are proposed. In the example of Fig. 3, an additional
intensity modulated optical pilot tone signal is modulated
onto the photodiode 40 of the detector arrangement and
the second photodiode 42 to correct phase delays intro-
duced by the optical and electrical domain into the signals
used for interferometry measurement. The approach is
based on the premise that two closely related beat and
pilot frequencies will experience similar phase delays in
the photodiode 40 of the detector arrangement and rea-
dout.
[0071] For different sources of variation, the pilot tone
undergoes the same phase shift as the original meas-
urement signal. This particularly applies when the optical
interferometer arrangement is exposed to variations in
intensity, or variations of temperature of the photodiode
40.
[0072] In one example, the optical pilot tone emitted
via either of the two optical paths 18, 22 is generated
from the same signal generator as used in the heterodyne
interferometer 100. Using a second photodetector 42
which only receives the pilot tone allows to effectively
cancel out signal generator noise contributions as well.
The second photodetector 42 receives the pilot tone from
the beam splitter 16A.
[0073] The correction scheme also allows for detection
of phase offset differences within quadrant photodiodes
(QPDs). For example, a quadrant-to-quadrant phase dif-
ference of ≈240 mrad observed for an exemplary setup
of the interferometer as shown in Fig. 3 would imply an
angular offset of 80 nrad (assuming a center wavelength
of lambda = 1064 nm and a quadrant separation of 1 mm
in one example) when evaluated as a differential wave-
front sensor (DWS).
[0074] If the beat measurement was previously already
limited by the quantization noise, the white noise is slight-
ly increased with this method, as the beat amplitude for
each superimposed beat can only be half of the full scale.
This can be compensated by increasing the total dynamic
range of the measurement, e.g., higher ADC bit-rate,
oversampling, and driving the ADC input to full scale.
[0075] For this characterization, exemplary amplitude
modulations at frequencies fa =12.5 kHz (divider 800)
and fb ≈ 12.690 kHz (divider 788) are chosen as derivates
from 10 MHz reference clock that is used to synchronize
signal generators and FPGA, and such that no phase
cross talk is observed between both phase signals. When
the signal generator precision is limited, a postcorrection
of linear trend may be applied to compensate for the re-
mainder of the rational fraction of fb.
[0076] With further reference to Fig. 3, the phase noise
elimination based on an optical pilot tone applied to a
heterodyne interferometer is described in greater detail
for a certain exemplary implementation.
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[0077] A correction based on a locally generated pilot
tone can be implemented by intensity modulating one of
the beams of the first optical path 18 (local path) or the
second optical path 22 (measurement path) of the inter-
ferometer 100. Fig. 3 schematically shows a typical
Mach-Zehnder interferometer where the optical beam of
the first optical path 18 (local path) is superimposed with
a pilot tone fa. The two laser beams with frequencies f1
and f2 are brought into interference to generate a beat
(f1 - f2) that is detected by the first photodetector 40, to-
gether with the pilot tone. The pilot tone alone is also
detected by the second photodetector 42. When the het-
erodyne frequencies and the pilot tone fa are derived from
the same clock source, a pilot tone based correction can
compensate most phase noise present in the system in-
cluding electrical clock phase noise. The pilot tone can
be introduced by intensity modulation of one of the beams
of the first or second optical paths 18, 22 when optical
modulators (AOM) are used to generate heterodyne op-
tical frequencies, or alternatively through an additional
light source (see light source 38 in Fig. 2). The light source
may be laser sources that operate at λ =1064 nm.
[0078] In this example, the difference between both
pilot tones has a significantly lower error contribution. As
a single pilot tone detection itself can contain phase noise
(e.g., from the signal generators, or the process of signal
generation), a second or more pilot tone detections may
be used to establish the original pilot tone phase. This
may be done using the second photodiode 42. Subtract-
ing this measured pilot phase yields increased stabilities
over an uncorrected measurement.
[0079] Fig. 4 schematically shows a method 200 for
operating an optical interferometer arrangement as de-
scribed in Fig. 3. The method 200 comprising the steps:
applying an optical pilot tone with a known original phase
to a detector arrangement of the optical interferometer
arrangement in step 210; receiving the optical pilot tone
by the detector arrangement in step 220; sensing a phase
of the received optical pilot tone in step 230; determining
a pilot tone phase difference between the phase of the
received optical pilot tone and the original phase of the
optical pilot tone in step 240; determining a phase cor-
rection value based on the determined pilot tone phase
difference in step 250; and applying the phase correction
value to a signal that corresponds to the first beam and/or
a second beam received by the detector arrangement in
step 260.
[0080] Fig. 5 shows an optical arrangement 100. With
reference to Fig. 5, the general principle of an optical
arrangement 100 for compensating a delay experienced
by an acquired signal is described.
[0081] An optical signal emitted by the light source 12
may experience an undesired varying time delay in the
optical and/or electrical detection chain. The optical
and/or electrical detection chain comprises a detector
arrangement 28 and an in-phase quadrature demodula-
tor 54. The detector arrangement 28 and the in-phase
quadrature demodulator 54 may both contribute to the

delay experienced by the first electrical signal 30 output
by the optical and/or electrical detection chain.
[0082] To identify and compensate said delay, an op-
tical pilot tone 21 of known shape and phase is modulated
onto the optical signal emitted by the light source 12. The
optical pilot tone 21 and the signal from the light source
12 are combined in the beam splitter 16. Phase informa-
tion can be obtained from the optical pilot tone after pass-
ing through the optical and/or electrical detection chain.
The optical pilot tone and the optical signal emitted by
the light source 12 both experience similar retardations.
Therefore, the reconstructed phase from the optical pilot
tone indicates the varying phase information during tran-
sit through the detection path (i.e., the detector arrange-
ment 28 and the in-phase quadrature demodulator 54.
This phase information or the delay experienced by the
optical pilot tone can be used to characterize or subtract
phase noise from the acquired signal 30 for improved
performance.
[0083] By applying this approach, errors of phase or
delay measurement with optical detection are reduced
and undesired noise in the measurement signal is miti-
gated.
[0084] While at least one exemplary embodiment has
been presented in the foregoing detailed description, it
should be appreciated that a vast number of variations
exist. It should also be appreciated that the exemplary
embodiment or exemplary embodiments are only exam-
ples, and are not intended to limit the scope, applicability,
or configuration of the invention in any way. Rather, the
foregoing detailed description will provide those skilled
in the art with a convenient road map for implementing
an exemplary embodiment of the invention. It will be un-
derstood that various changes may be made in the func-
tion and arrangement of elements described in an exem-
plary embodiment without departing from the scope of
the claims.
[0085] Additionally, it is noted that "comprising" or "in-
cluding" does not exclude any other elements or steps
and "a" or "an" does not exclude a multitude or plurality.
It is further noted that features or steps which are de-
scribed with reference to one of the above exemplary
embodiments may also be used in combination with other
features or steps of other exemplary embodiments de-
scribed above. Reference signs in the claims are not to
be construed as a limitation.

List of reference signs

[0086]

10 interferometer
12 light source
14 coherent light beam
16 beam splitter
18 first optical path
19 first beam
20 first mirror
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21 optical pilot tone
22 second optical path
23 second beam
24 second mirror
26 interfered light beam
28 detector arrangement
30 first electrical signal
32 second electrical signal
34 combiner
36 light source, LED
38 second light source
40 first photodetector
42 second photodetector
44 transimpedance amplifier
46 low-pass filter
48 analog-digital-converter, ADC
50 frequency of first electrical signal
52 frequency of second electrical signal
54 in-phase quadrature demodulator
55 optical modulator
100 optical arrangement
110 first signal feeder
120 second signal feeder
130 polarizing beam splitter
200 method

Claims

1. An optical arrangement (100), comprising:

a first optical path (18) for transmitting a first
beam (19);
a detector arrangement (28) for receiving the
first beam (19);
wherein the optical arrangement (100) is config-
ured to apply an optical pilot tone with an original
phase to the detector arrangement (28);
wherein the detector arrangement (28) is con-
figured to receive the optical pilot tone, to sense
the phase of the received optical pilot tone, and
to determine a pilot tone delay between the
phase of the received optical pilot tone and the
original phase of the optical pilot tone;
wherein the optical arrangement (100) is config-
ured to determine a delay correction value
based on the determined pilot tone delay and to
apply the delay correction value to a signal of
the first beam (19) containing measurement in-
formation received by the detector arrangement
(28);
wherein the detector arrangement is configured
to sense a phase or time delay of the signal of
the first beam (19).

2. The optical arrangement (100) of claim 1, compris-
ing:

a second optical path (22) for transmitting a sec-
ond beam (23);
wherein the detector arrangement (28) is con-
figured for receiving the second beam (23) and
for sensing a beat between the first beam (19)
and the second beam (23);
wherein the optical arrangement (100) is config-
ured to determine a relative length change be-
tween a first length of the first optical path (18)
and a second length of the second optical path
(22) based on a phase of the beat.

3. The optical arrangement (100) of claim 2,

further comprising a light source (12) and a
beam splitter (16);
wherein the light source (12) is configured to
generate and emit at least one coherent light
beam (14) towards the beam splitter (16);
wherein the beam splitter (16) is arranged to split
the coherent light beam (14) to obtain the first
beam (19) and the second beam (23).

4. The optical arrangement (100) of any one of the pre-
ceding claims,
configured to generate the optical pilot tone by using
light that does not interfere with the first beam.

5. The optical arrangement (100) of any one of the pre-
ceding claims, configured to generate the optical pi-
lot tone by using non-coherent light.

6. The optical arrangement (100) of any one of the pre-
ceding claims,
configured to transmit the optical pilot tone via at
least a part of the first optical path (18).

7. The optical arrangement (100) of claim 6,
wherein the optical pilot tone is intensity modulated
to the first beam (19).

8. The optical arrangement (100) of any one of claims
3 to 7,

further comprising a signal generator which is
configured to operate with a given modulation
scheme;
wherein the signal generator is configured to
control the light source (12) to generate the first
beam (19) and/or to the second beam (23) and
to generate the optical pilot tone which is applied
to the first beam (19) and/or the second beam
(23).

9. The optical arrangement (100) of one of the claims
2 to 8,

wherein the optical arrangement (100) compris-
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es a first photodetector (40) as part of the de-
tector arrangement (28) and a second photode-
tector (42);
wherein the first photodetector (40) is arranged
to receive the beat and the pilot tone and the
second photodetector (42) is arranged to only
receive the pilot tone.

10. A method for operating an optical arrangement
(100), comprising the steps:

applying an optical pilot tone with an original
phase to a detector arrangement (28) of the op-
tical arrangement (100);
receiving the optical pilot tone by the detector
arrangement (28);
sensing a phase of the received optical pilot
tone;
determining a pilot tone delay between the
phase of the received optical pilot tone and the
original phase of the optical pilot tone;
determining a delay correction value based on
the determined pilot tone delay; and
applying the delay correction value to a signal
of a first beam (19) containing measurement in-
formation received by the detector arrangement
(28), wherein the detector arrangement (28) is
configured to sense a phase or time delay of the
first beam (19).

11. The method of claim 10, further comprising
varying an intensity of the first beam (19) with a con-
stant frequency.

12. The method of claim 10 or 11,
wherein the optical pilot tone is intensity modulated
onto the first beam (19).

13. The method of any one of the claims 10 to 12, com-
prising
generating the optical pilot tone by using light that
does not interfere with the first beam.

14. The method of any one of the claims 10 to 13, com-
prising generating the optical pilot tone by using non-
coherent light.

15. The method of any one of the claims 10 to 13,
wherein the signal of the first beam (19) includes
phase information of the first beam (19), and wherein
the delay correction value is a phase correction value
that is applied to the phase information of the signal
of the first beam (19).
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