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Abstract
This paper describes a standing-wave interferometer with two laser sources of different wavelengths, diametrically opposed 
and emitting towards each other. The resulting standing wave has an intensity profile which is moving with a constant veloc-
ity, and is directly detected inside the laser beam by two thin and transparent photo sensors. The first sensor is at a fixed 
position, serving as a phase reference for the second one which is moved along the optical axis, resulting in a frequency 
shift, proportional to the velocity. The phase difference between both sensors is evaluated for the purpose of interferometric 
length measurements.

Keywords Standing wave · Interferometer · Heterodyne · Ultrathin photo diode

1 Introduction

Laser interferometers have been beneficially used for many 
years for high-precision length measurements in industry, 
precision engineering, and semiconductor processes. The 
applications include for example positioning stages, adjust-
ment tasks or calibration purposes. However, in contrast to 
the simple optical principle, the real setup of commercial 
interferometers, usually based on the known "Michelson 
principle", is rather complex and requires elaborate adjust-
ment during assembly. Therefore, those measurement 
devices are quite expensive and are only used for tasks 
with the highest demands for resolution, repeatability, and 
uncertainty. Furthermore, the potential for miniaturization is 
limited for those interferometer types because of the cross-
wise optical beam path, inherent to the Michelson principle, 
defining the minimum size of the optical components.

In contrast to the complex optical setup, consisting of 
several voluminous, precision-made optical parts, standing-
wave interferometers (SWI) offer a simple linear structure 
with only a small number of components [1]. The basic 
homodyne principle requires only two transparent photo 
detectors, which build the actual interferometer, additional 
to the laser source and a measuring mirror [2].

The heterodyne SWI described in this paper utilizes an 
additional laser source of a similar wavelength to the first 
one for reducing the requirements for the transparent photo 
sensors, which are quite tight in the homodyne case. With 
the proposed structure, a heterodyne SWI offers an excellent 
potential for miniaturizing the complete interferometer down 
to a pair of transparent photo sensors with dimensions only 
slightly larger than the beam diameter. Additionally, these 
sensors can be manufactured with standard semiconductor 
technologies, enabling a cheap mass production of interfer-
ometer components.

2  Principle of the Standing‑Wave 
Interferometer

2.1  The Heterodyne Standing Wave

Typically, the interference of electromagnetic waves 
is considered with two waves of the same wavelength, 
propagating in the same direction, resulting in a static 
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interference pattern [3]. In contrast, the SWI utilizes the 
interference of two waves propagating and interfering in 
opposite directions. In the homodyne case, the counter-
propagating wave is induced by simply inserting a mir-
ror in the optical path. The resulting interference pattern 
forms a stationary standing wave, coupled to the inserted 
measuring mirror [4] (see Fig. 1).

In the setup described in this paper, the counter-prop-
agating wave is generated by a second laser source and 
hence in general, it is independent of the first wave con-
sidering wavelength and phase. As in the homodyne case, 
the two electromagnetic waves interfere in opposite direc-
tions and form an optical standing wave. In contrast to 
the homodyne standing wave, which has a static intensity 
profile coupled to the measuring mirror, the intensity pro-
file of the heterodyne standing wave will move along the 
optical axis with a velocity żSW depending on the wave-
length difference of the two laser sources [5] (see Fig. 2).

Assuming the same amplitude and a phase angle of 
zero, the electromagnetic waves of Fig. 2 can be described 
as

with the electric field intensity E, amplitude Ê , frequency of 
the laser source f, optical axis z, speed of light c, and time t. 
When the two electromagnetic waves interfere in opposite 
directions, the final field intensity results from the superposi-
tion of E1 and E2:

By applying the addition theorem for cos , Eq. (3) can be 
rewritten as

(1)E1 = Ê cos

(
2πf1

(
z

c
− t

))
,
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(
2πf2

(
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z
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(3)Eres = E1 + E2 .

As the two laser sources have almost the same frequencies 
f1 ≈ f2 , the terms containing f1 − f2 can be considered as 
an amplitude modulation for the terms containing the much 
higher frequency f1 + f2 [3]. Thus, the electric field intensity 
is not constant over space and time in a heterodyne standing 
wave. Instead, the heterodyne standing wave is moving along 
the optical axis z.

State-of-the-art photo detectors are too inert to detect elec-
tromagnetic waves at optical frequencies directly. Therefore, 
the mean energy flux density, the intensity of the wave, cal-
culated by the magnitude of the Poynting vector, is detected. 
The intensity ISW of a heterodyne standing wave at the position 
z = 0 is therefore given by

Hence, at a fixed position, the intensity of the standing wave 
is modulated with the difference frequency f1 − f2 of the two 
laser sources, called beat frequency fb . This modulation is 
caused by the motion of the standing wave along the optical 
axis with a velocity of
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.

Fig. 1  Stationary homodyne standing wave between a laser source 
and a measuring mirror. The intensity profile of the standing wave is 
phase coupled to the mirror surface, so moving the mirror will also 
shift the standing wave along the optical axis z 

Fig. 2  Heterodyne standing wave between two laser sources of dif-
ferent frequencies f1 , f2 . The intensity profile of the standing wave is 
moving with a velocity żSW along the optical axis z 

Fig. 3  Heterodyne standing wave, moving along the optical axis, vir-
tually emitted by a single laser source (compare Fig. 2). The intensity 
profile can be detected by a thin and transparent photo detector
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So between two laser sources, placed diametrically opposed 
on the optical axis, emitting towards each other, an opti-
cal standing wave arises, moving with the given speed żSW , 
causing a periodic modulation of the local beam intensity 
with the frequency fb . Depending on fb , the standing wave 
seems to be emitted by a virtual source and can be detected 
by a thin and transparent photo detector (see Fig. 3 and next 
section).

2.2  Detection of the Optical Standing Wave

The intensity profile of the standing wave can be detected 
by a photo sensor, which is inserted into the optical beam 
path. As this sensor must not affect the standing wave, it 
has to be transparent to further allow the interference of 
the two opposed laser beams. Because of this and further 
requirements, special photo detectors are necessary, called 
standing-wave sensors (SWSs).

When such a sensor is at rest, the modulated intensity of 
the standing wave will induce an sin-shaped sensor signal 
with the beat frequency fb . For a sensor moved with a veloc-
ity żSWS along the optical axis, the current sensor position for 
a given time t can be calculated by

Inserting Eq. (7) into Eq. (4) and assuming the starting point 
z0 = 0 leads to

The amplitude modulated sensor signal is therefore affected 
by a Doppler shift with a proportion of

resulting in an overall detected frequency of

So, for a given beat frequency fb , it is possible to calculate 
the Doppler shift fD from fSen . Based on the value and the 
sign of the Doppler shift, the moving direction and velocity 
żSWS of the photo detector can be calculated for known f1 
and f2.

In summary, the heterodyne standing-wave interferom-
eter (HSWI) in its fundamental implementation consists 
only of two diametrically opposed laser sources and a sin-
gle transparent standing-wave sensor. Based on the detected 
frequency, the moving direction and velocity of the sensor 
can be determined, allowing length measurements inside 
the space between the two laser sources. As the principle 

(7)z = żSWSt + z0 .

(8)

ISW ∼

Ê2

(
1 + cos

(
2π

[(
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)
−
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) żSWS

c

]
t

))
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(9)fD = −
(
f1 + f2

) żSWS

c
,

(10)fSen = fb + fD .

contains no further parts, the HSWI has a simple linear 
structure with a cross section only slightly larger than the 
laser beam diameter, see Fig. 4.

3  State of the Art

3.1  Heterodyne Laser Source

The principle of the HSWI requires two laser sources with 
well-defined frequencies f1 and f2 . The obvious solution, 
utilizing two independent stabilized laser sources is not suf-
ficient in practice. The reason is the long-term drift of the 
frequency of every single laser. Because of that drift, the 
beat frequency fb is not constant over time. So, it can be 
possibly zero if accidentally f1 = f2 . Or it can exceed the 
cut-off frequency of the SWS if fb > fc . It can even reverse 
the moving direction of the standing wave, in the case fb 
changes sign.

Therefore, a coupling of the two laser frequencies is 
necessary. This can be achieved by different approaches, 
the most common ones are splitting the emission line of 
the laser by an external magnetic field (Zeeman effect [6]), 
modulating the laser beam by an acousto-optic modulator 
(AOM) [7] or using a two-mode helium–neon (He–Ne) laser 
source [8].

In a two-frequency He–Ne Zeeman laser, the maximum 
frequency difference is up to fb = 3MHz [9]. As the fre-
quency difference fb defines the maximum velocity of the 
sensor in the HSWI (Eq. (6) and (9)), there is a restriction of 
approx. żSWS < 0.83m s−1 , which limits the fields of applica-
tions. Furthermore, the two frequencies are coaxial and have 
to be separated, which can only be achieved imperfectly. The 
resulting polarization leakage leads to non-linearities in the 
interferometer signal [10].

The widely used two-frequency laser system based on the 
frequency modulation of one or two He–Ne lasers with an 
AOM can be implemented with one or two AOMs. With one 
AOM, the minimum beat frequency is approx. fb > 20MHz , 
which raises enormous demands for the utilized SWSs. For 
creating an arbitrary beat frequency, two AOMs are neces-
sary. However, the cost of such a system is enormous.

Fig. 4  Fundamental principle of a heterodyne SWI with two coaxial, 
diametrically opposed laser sources (here realized as fiber collima-
tors) and a moving SWS in between
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Creating two frequencies for the HSWI by a two mode 
He–Ne laser [11] results in an extremely high beat frequency 
up to fb ≈ 750MHz . This raises enormous challenges in the 
field of high-frequency signal processing. Furthermore, the 
two frequencies are coaxial and have to be separated, too.

Most of the heterodyne interferometers are free beam 
interferometers, where the laser beams are directly guided 
into the optical setup. This causes additional effort to be 
taken for a stable beam guidance with additional optical 
parts. Furthermore, it is hard to separate the laser source 
from the sensitive interferometer to avoid heat transfer and 
other disturbances. Because of these problems, fiber coupled 
laser sources are usually used for convenience. They offer 
more flexibility, a smaller form factor in critical optical set-
ups, and reduce heat dissipation to almost zero. However, 
the two heterodyne frequencies should not be guided in a 
common fiber, as this can lead to polarization leakage and 
frequency mixing due to mechanical stress inside the fiber 
[12, 13].

To enable a separated generation of the two laser beams 
as well as a separate fiber coupling, two-frequency coupled 
Ne–Ne laser sources with a free adjustable beat frequency 
according to [14, 15] are used in this project. The advantages 
of using stabilized He–Ne lasers are a narrow line width of 
down to 1 Hz and a visible wavelength of 632.8 nm, allow-
ing the usage of standard optical and optoelectronic com-
ponents. The setup consists of two He–Ne lasers where one 
of them is the master laser, which is frequency-stabilized 
by the two-mode stabilization technique [16], defining the 
absolute frequency f1 with a stability of ±5 × 10−9 [17]. This 
master laser is the frequency reference for the slave laser. 
The frequency coupling between master and slave is realized 
by a phase-locked loop (PLL), which controls the frequency 
difference, determined by the interference of the two emitted 
laser beams on a photo diode (Fig. 5). The reference signal 
for the PLL can be generated by a crystal resonator or a 
frequency generator, allowing a tunable, well-defined and 
long-term stable beat frequency fb.

The beams of the master and the slave laser are separately 
coupled into an optical fiber and guided to the HSWI, thus 
preventing sources of non-linearities like frequency mixing 

and polarization leakage in the interferometer setup, reduc-
ing thermal effects, etc., as described above. Furthermore, 
the two laser beams can be adjusted separately inside the 
interferometer setup.

3.2  Standing‑Wave Sensor

As described earlier, special photo detectors are required for 
detecting the local intensity of a standing wave.

The existence of optical standing waves was already 
shown by Wiener [18] in 1890. There, a glass plate was cov-
ered with a thin, photo-sensitive layer to detect the periodic 
intensity of a homodyne standing wave in front of a mirror.

The first proposal for a standing-wave interferometer for 
length measurements was made by Büchner [1] in 1983. In 
his patent, the basic structure of a homodyne standing-wave 
interferometer with laser source, measuring mirror and two 
serially arranged, 90◦ phase shifted sensors is described.

The particular requirements for an SWS in a standing-
wave interferometer are a sufficient transparency, a thickness 
smaller than the optical wavelength, an excellent flatness, 
and a low reflectivity [19].

Adequate electro-optical sensors for detecting a stand-
ing wave were described by Silvertooth [20] and later by 
Sasaki [21]. Sasaki’s SWS is made of a quartz plate, which 
is coated with a thin, transparent silicon layer. In this sen-
sor, the two photo diodes for forward-backward counting are 
arranged side-by-side. The phase shift between both sensors 
is achieved by local etching of the quartz substrate, changing 
the optical path length for one sensor by π∕2.

An SWS made of amorphous silicon on a glass plate is 
described by Bunte and Mandryka [2, 22]. Here, the two 
sensors for obtaining phase-shifted quadrature signals are 
arranged consecutively along the optical axis by succes-
sively depositing appropriate doped silicon layers on the car-
rier substrate, resulting in two stratified p-i-n photo diodes.

The described SWSs and their application in standing 
waves for length measurements use homodyne standing 
waves, which occur after the reflection of a laser beam at 
a mirror. The principle and application of a heterodyne 
standing-wave interferometer was first described in [5]. For 
a heterodyne setup according to Fig. 4, there is an additional 
demand for a fast electro-optical response of the photo sen-
sor in order to ensure a reliable detection of the moving 
standing wave. The requirements, manufacturing, structure, 
and properties of such sensors are extensively described 
in [5, 19, 23]. Figure 6 shows the cross section of such a 
transparent SWS suitable for an HSWI and Fig. 7 shows an 
exemplar, used in this project.

The minimal implementation of the HSWI with a sin-
gle SWS [5], as shown in Fig. 4, lacks a reference for 
the beat frequency fb . In this setup, fb is detected inside 
the heterodyne laser source (Fig.  5). Due to possible 

Stabilized

Fig. 5  Principle of the heterodyne laser source. The master laser is 
a two-mode stabilized He–Ne laser and the slave is controlled by a 
PLL, guaranteeing a tunable and stable beat frequency fb . [5]
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disturbances in the transmission of the laser light to the 
actual interferometer, mainly because of fluctuations 
of the refractive index in the transmission path (optical 
elements, air, fiber), a varying phase shift between the 
beat frequency determination and the interferometer may 
occur. These fluctuations can be long-term drifts as well 
as high-frequency phase noise, in particular, when using 
fiber coupled laser sources. The phase of the standing 
wave in the HSWI is the reference for the length meas-
urement. Therefore, any phase variations directly affect 
the calculated position of the SWS in the interferometer, 
because with a single SWS, it is impossible to distinguish 
between phase shifts due to transmission errors and phase 
shifts due to sensor movement and the resulting Doppler 
shift.

To overcome this problem, an advanced principle is 
used, described in the next section.

4  Principle of Operation

4.1  Optical setup

As described above, a single-SWS setup is not suitable for 
reliable length measurements because of the uncertainty for 
the phase of the reference frequency fb . The problem can be 
solved by adding a second SWS into the optical beam path. 
In contrast to the first SWS, the second sensor is placed at a 
fixed position and serves as a reference for determining the 
current phase of the beat frequency, see Fig. 8. The sensor 
is at rest at all times ( ̇zSWS = 0 ), hence it is not affected by 
the Doppler shift. From Eq. (9) and (10) it can be deduced 
that for the second sensor is fSen = fb.

Any phase shift in the transmission between laser source 
and the actual interferometer will affect both sensors, the 
moving one as well as the second, fixed, sensor. In this 
implementation, it is now possible to calculate the phase 
difference between the moving and the fixed SWS, effec-
tively measuring the distance between them, unaffected by 
phase displacements in the laser light transmission from the 
source to the interferometer.

4.2  Signal Processing

The principle described earlier requires determining the 
phase difference between the signals of the two SWSs: sb of 
the fixed SWS as reference for fb and sm of the moving SWS.

The phase difference between two signals can be deter-
mined by different techniques:

– measuring the time difference between the zero crossings 
of both signals,

– calculating a Fourier transform of both signals,
– approximation by an ideal signal,
– calculating the cross correlation between both signals and
– transferring both signals to the base band and executing 

an arctan demodulation.

In this project, the transfer to the base band is used and 
realized by a lock-in technique as described in [25]. 
For that purpose, both sensor signals are mixed with an 

Fig. 6  Cross section of the SWS, based on a silicon-on-insulator 
wafer. For transparency, the base silicon is etched in the region of the 
photosensitive p-i-n diode. Additionally, the front and rear side of the 
sensor is anti-reflection (AR) coated. The glass plate stabilizes the 
ultra-thin membrane (thickness ≈ 600 nm ). [5]

Fig. 7  Detailed view of the SWS with transparent, photo active area 
and stabilizing glass plate. View along the optical axis

Fig. 8  Optical setup of a two-SWS HSWI with a fixed sensor as a ref-
erence for fb and a moving measuring sensor. [24]
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artificial signal of a local oscillator with a frequency fLO 
and the resulting product is low pass filtered afterwards.

For that purpose, the sensor signal

of the SWS with the phase �S and the signal

of the local oscillator (LO) with the phase �LO are mixed. By 
lowpass filtering the resulting signal, higher-order mixing 
products are eliminated.

If the mixing is carried out with two LO of different phase 
angles, it is possible to generate two 90◦ phase-shifted 
quadrature signals. These signals can be fed into an arctan 
demodulation, allowing to determine the phase difference 
�D . Figure 9 shows the algorithm of the described principle.

The computations in this section are done by a system-
on-chip. On this board, the signals of the SWSs are A/D 
converted and then processed in the FPGA part of the sys-
tem. The calculated fringe and phase information ( �D ) as 
well as a timestamp are transferred to the operating system 
and made available via an Ethernet connection to a client 
computer (see Fig. 10). The system and the algorithm are 
further described in [24].

(11)sm = ŝ∼ cos(2𝜋fSent + 𝛿S)

(12)sLO = ŝLO cos(2𝜋fLOt + 𝛿LO)

(13)smsLO = cos(2�(fSen − fLO)t + �S − �LO) .

5  Measurements

Prior to the utilization in an optical standing wave, the sen-
sors have intensively been investigated regarding their opti-
cal, electrical and electro-optical properties [19, 24, 26].

5.1  Single Standing‑Wave Sensor

The HSWI was in a first place realized according to Fig. 4 
to prove the basic function of the proposed interferometer 
type. The laser source for providing the two laser frequen-
cies f1 and f2 consists of two PLL coupled He–Ne lasers 
according to Fig. 5, which are fiber coupled and connected 
to the actual interferometer. In the interferometer, two fiber 
collimators form the diametrically opposed laser sources, 
emitting towards each other. In between these collimators, 
the SWS is placed and the investigations in this section are 
made.

Fig. 9  Signal processing of the HSWI for determining the phase dif-
ference �D between sm and a reference signal sb

Fig. 10  Scheme of the signal processing and communication. The 
signals sm and sb from both SWSs are digitized and their phase differ-
ence �D is calculated by the field programmable gate array (FPGA). 
�D and a timestamp t are transferred via an advanced extensible inter-
face (AXI) to the operating system and from there distributed to the 
client via TCP

Fig. 11  Spectrum of the photo signal of a fixed SWS in an optical 
setup according to Fig. 4 at a beat frequency fb = 3.98MHz
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At first, the signal sm of the SWS was recorded. From 
Eq. (10) it can be deduced that in this situation the sensor 
frequency fSen should equal the beat frequency fb . Fig-
ure 11 shows the spectrum of the recorded signal.

As can be seen in Fig. 11, the frequency of a fixed SWS 
is fSen = fb . Furthermore, the exact beat frequency of the 
laser source (Fig. 5) is 3.98 MHz.

To verify the Doppler shift claimed in Eq.  (9), the 
SWS was mounted on a motorized linear axis and moved 
with different velocities in +z and −z direction, thus with 
the motion of the standing wave ( ̇zSW , Figs. 2 and 3) and 
against it. The setup is shown in Fig. 12.

During the time period of constant velocity, the sensor 
signal was recorded. Figure 13 shows the resulting spectra 
for different velocities of the SWS.

As anticipated, the sensor frequency fSen is shifted from 
the beat frequency fb when moving the SWS along the 
optical axis. The sign and value of the measured fD corre-
sponds to Eq. (9), as can be seen when comparing Fig. 13 
to Table 1.

5.2  Heterodyne Standing‑Wave Interferometer

After the basic investigations in the last section, a second 
SWS as depicted in Fig. 8 was inserted in the optical path. 
The second SWS was held at rest as a reference for the 
beat signal while several motions were carried out with 
the first sensor.

5.2.1  Measuring velocity

To prove the ability of the HSWI for high measuring 
velocities, the motorized linear axis from Sect. 5.1 was uti-
lized again. This time, the SWS was driven with maximum 
velocity of 0.1 m s−1 over the whole positioning range of 
100 mm of the axis. Meanwhile, the signals of both SWS 
were fed into the system-on-chip for signal processing 
(Figs. 9 and 10). The demodulated length and velocity 
information can be seen in Fig. 14.

5.2.2  Resolution

A major reason for using interferometric length meas-
urement systems is their inherent high resolution in the 
nanometer range. To show the resolution of the developed 
HSWI, the measuring SWS was mounted to a piezo actua-
tor and moved in nanometer steps back and forth along 

Fig. 12  Setup according to Fig. 4 with the SWS mounted to a motor-
ized linear axis with a moving range of 100 mm. The laser sources 
for f1 and f2 are fiber collimators, fed by the PLL coupled lasers 
described in Sect. 3.1

Fig. 13  Spectra of the photo signal of an SWS moving along the 
optical axis at different speeds żSWS ranging from −50mm s−1 to 
+50mm s−1 in an optical setup according to Fig. 4. The motion of the 
SWS induces a direction and speed dependent Doppler shift of fSen

Table 1  Doppler shift for a moving SWS in a setup according to 
Fig. 4 respectively 12, calculated using Eq. (9) and a beat frequency 
of fb = 3.98MHz

żSWS / mm s−1 fD / kHz fSen / MHz

50 158 3.82
20 63.2 3.92
−20 −63.2 4.04
−50 −158 4.14

Fig. 14  Proof of the ability of the heterodyne interferometer for track-
ing mirror motions with high velocities over a large range. [24]
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the optical axis. Figure 15 shows the calculated position 
of the sensor.

5.2.3  Periodic non‑linearities

Although interferometric measurement techniques offer res-
olutions down to the picometre range [25], the actual accu-
racy is, among other things, limited by periodic non-lineari-
ties of the length signal. For state-of-the-art Michelson-type 
heterodyne interferometers, these non-linearities originate 
from frequency and polarization mixing, misalignment of 
optical parts, etc. For the HSWI, these considerations are 
not applicable, as there are no additional optical parts except 
the SWSs, no reference and measuring arm in the classical 
sense, and hence no undesired frequency mixing. However, 
due to the working principle of a standing-wave interferom-
eter, the SWSs need to be aligned exactly perpendicularly 
to the optical axis [19]. For that reason, the SWSs in an 
HSWI are almost perfectly parallel to each other and form 
an optical resonator, resulting in multi-beam interferences, 
harmonics, and hence periodic non-linearities.

To quantify the non-linearities of a measurement system, 
an ideal motion, itself free from any periodic non-linearities, 
is required. Measuring such an ideal motion with the inter-
ferometer should result in an ideal, linear length signal. Any 
remaining non-linearities can then be assigned to the laser 
source, the interferometer, and the signal processing. Such 
motion was realized by a simple heated brass rod, using its 
thermal expansion as the actuation for the measuring SWS. 
In theory, the thermal expansion follows an exponential 
increase or decline and is assured to be free from periodic 
non-linearities, especially at integer fractions of the laser 
wavelength �.

In the experiment, the measuring SWS was mounted to 
the brass rod, which was heated to a certain temperature. 
After the heating was switched off, the length signal of the 
HSWI was recorded, eliminating any influence from the 
electrical supply for the heating. Afterwards, the length of 
the signal was approximated by an exponential function and 

the residuals were calculated. Figure 16 shows the corre-
sponding spectrum.

As can be seen in Fig. 16, the major periodic non-line-
arities are at the half laser wavelength with an amplitude 
of 22 nm. As stated above, these are mainly caused by an 
imperfect anti-reflection coating of the SWSs [24].

6  Conclusions

In this paper, a heterodyne standing-wave interferometer 
with improved phase stability is proposed. Heterodyne 
standing waves arise between two diametrically opposed 
laser sources of different wavelength. The counter propagat-
ing beams interfere in opposite directions and form a peri-
odic intensity profile moving along the optical axis with a 
constant velocity. The sensors for detecting this intensity 
profile are transparent and have a thickness of only 40 nm, 
so they do not interfere with the standing wave. When a sin-
gle sensor is used inside the standing-wave interferometer, 
phase deviations of the laser source directly lead to length 
measurement errors. Therefore, in this paper a second sensor 
is included in the optical setup, serving as a reference for 
the current phase angle of the standing wave and this way 
improving the phase stability of the interferometer. The ref-
erence sensor is permanently fixed, providing a stable signal, 
which the signal of the moving sensor can be compared to. 
Furthermore, an algorithm is developed to allow for a flex-
ible signal demodulation and processing of the reference 
and the measuring signal. Finally, different experiments are 
made to show the parameters of the developed interferom-
eter type like dynamic properties, resolution, and periodic 
non-linearities.

While the resolution of the system as well as the dynamic 
behavior is excellent and should be sufficient for many 
length measurement applications, the non-linearities will 
be subject to further investigations in the future. The main 

Fig. 15  Stepwise motion of the measuring SWS along the optical axis 
(sampling rate 233 Hz). The mean step height is 0.8 nm

Fig. 16  Periodic non-linearities of the developed HSWI. The major 
peak at �∕2 = 316 nm is caused by multi-beam interferences between 
the parallel SWSs and the cross talk between the analogue channels 
of the signal processing unit [24]
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parameter to improve is the reflectivity of the sensors, which 
should ideally be zero but currently is in the range of 10%.
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