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Abstract
As standard concepts for precision positioning within a machine reach their limits with increasing measurement volumes, 
inverse concepts are a promising approach for addressing this problem. The inverse principle entails other limitations, as for 
high-precision positioning of a sensor head within a large measurement volume, three four-beam interferometers are required 
in order to measure all necessary translations and rotations of the sensor head and reconstruct the topography of the refer-
ence system consisting of fixed mirrors in the x-, y-, and z-directions. We present the principle of a passive heterodyne laser 
interferometer with consequently separated beam paths for the individual heterodyne frequencies. The beam path design 
is illustrated and described, as well as the design of the signal-processing and evaluation algorithm, which is implemented 
using a System-On-a-Chip with an integrated FPGA, CPU, and A/D converters. A streamlined bench-top optical assembly 
was set up and measurements were carried out to investigate the remaining non-linearities. Additionally, reference measure-
ments with a commercial homodyne interferometer were executed.

Keywords Heterodyne laser interferometer · He–Ne laser · Optical fiber coupling · Beat frequency · Non-linearities

1 Introduction

Recent developments in semiconductor production technolo-
gies, namely the increased diameter of processed wafers and 
the simultaneous diminishment of structure pitches, lead to 
challenging requirements with regard to production as well 
as the measurement of the produced structures. Therefore, 
the demand for high dynamic measurements with high pre-
cision in large measurement volumes is growing. In order 
to address these tasks, nano positioning and nano measur-
ing machines (NPMMs) were developed. Figure 1 depicts 
the basic layout of two prominent representatives of this 
category, the NMM1 and NPMM-200, developed at the 
Technische Universität Ilmenau [1, 2]. The NPMM-200 has 
a measurement volume of 200 × 200 × 25  mm3, whereas 
the movement is realized by a stage on which the measured 
object is located. The displacement measurement is realized 
with fiber-coupled laser interferometers, typically used for 
accurate non-contact, traceable length measurements with 

high dynamic demands and resolutions in the sub-nanometer 
range [3]. Three interferometers, one for every spatial axis, 
are mounted to a fixed metrological frame. The virtual point 
of intersection of the individual homodyne interferometer 
beams is located in the contact point of the fixed probe and 
the measurement object, hence the Abbe principle is fol-
lowed consequently, which allows for nanoscale accuracy by 
the elimination of first-order measurement errors.

With the mentioned increasing demands on the size of 
the measuring volume, this principle reaches its limits as 
the size of the stage needs to be scaled up with a growing 
measuring volume, which consecutively leads to an increase 
of the mass to be moved. This stands in contrast to the high 
dynamic demands on the movement of the stage, as with 
increasing measurement volume and constant measuring 
time, the velocity and acceleration of the stage need to be 
increased. In order to evade this undesired development, 
a new inverse concept for an NPMM is proposed in [4]. 
The core element of this new concept is a moving meas-
uring head to which the interferometers and the probe are 
attached. The reference system consists of fixed mirrors in 
x-, y- and z-directions. With the measurement object also 
being fixed, all heavy elements are at rest. Therefore, the 
mass to be moved for a comparable measurement volume 

 * Guido Straube 
 guido.straube@tu-ilmenau.de

1 Technische Universität Ilmenau, Ehrenbergstraße 29, 
98693 Ilmenau, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s41871-021-00101-x&domain=pdf


201Nanomanufacturing and Metrology (2021) 4:200–207 

1 3

is significantly smaller when using the inverse concept than 
when utilizing the classic one. In order to control the posi-
tion and orientation of the sensor head when moving through 
the measuring volume, in theory two interferometer axes 
per movement direction are sufficient. However, as the fixed 
mirrors are not perfectly flat, especially when considering 
large dimensions up to an axis length of 1 m, this poses a 
new challenge, as the reconstruction of the mirrors topog-
raphies is of essential importance for the achievable preci-
sion. Determining the mirrors’ topographies with an external 
calibration is not practical, as the shape would change sig-
nificantly when mounting the mirrors to the machine frame. 
Thus, an in situ calibration of the measurement mirrors is 
advisable. This can be done with data obtained from two 
length-measurement systems, which need to be arranged 
one behind the other in direction of the movement [5, 6]. 
Therefore, in every spatial axis, three interferometer beams 
are necessary.

In order to measure displacement as well as angular 
deviations, the use of several individual interferometers is 
conceivable. However, for the above-described application 
with limited installation space and, in order to fulfill the high 
dynamic demands on the movement of the measuring head, 
a weight as low as possible, a single interferometer with 
multiple measuring beams is a more convenient solution.

2  State of the Art

Heterodyne laser interferometers (HIFs) rely on periodic 
alternating phase signals in order to obtain length values. 
The phase of a measuring beam is evaluated against a refer-
ence beam, hence amplitude and offset of the signals are of 
minor importance. For this reason, HIFs are typically uti-
lized for applications where multiple measuring beams need 
to emerge from one interferometer head because the require-
ments for the intensity of a single beam are significantly 
lower than the case of a homodyne interferometer. Further-
more, the concept allows for straightforward implementation 
of multiple beams when designing the optical beam path.

Extensive research on HIFs has been carried out and pub-
lished, whereas HIFs are utilized for displacement measure-
ments by Lawall et al. [7], Gillmer et al. [8], Yan et al. [9], 
and Yu et al. [10]. Other publications, such as Shi et al. [11] 
or Jin et al. [12], use heterodyne multi-beam interferometers 
for straightness and roll angle measurements. All the men-
tioned publications, except for Jin et al., use optical setups 
based on the classic Michelson interferometer design. HIFs 
based on this design typically provide the ability to compen-
sate for source intensity changes, but are prone to systematic 
periodic errors because of the possibility of mixing of the 
different frequencies [13], as well as ghost reflections and 
deviations in the evaluation electronics [14]. These effects 
are analyzed in depth by Wu et al. [15] and Xing et al. [16].

The main difference between the above-mentioned HIF 
setups and the novel one proposed here, is the number 
and arrangement of the measuring beams and their spa-
tial separation. Additionally, the two laser frequencies are 
not realized by acousto-optic modulators but by two phase 
locked He–Ne lasers [17]. The described inverse concept for 
NPMMs relies on at least three measuring beams in one spa-
tial axis, but, for symmetry reasons, four measuring beams 
instead of the required three are implemented in the concept. 
A measuring head in an NPMM with an inverse concept 
would hence consist of three modules of the proposed HIF; 
one for the x-, one for the y- and one for the z-direction. The 
effect of frequency mixing related non-linearities is mini-
mized by consequent spatial separation of the individual 
beam paths. The remaining non-linearities are analyzed and 
discussed in Sect. 4.2.

3  Principle of Operation

3.1  Beam Path and Characteristics

Figure 2 represents a simplified beam path of the proposed 
HIF, designed to comply to the demands mentioned in 
Sects. 1 and 2. In order to achieve four measuring beams on 

Fig. 1  Basic layout of the NMM1 and NPMM-200: 1 x-interferome-
ter, 2 y-interferometer, 3 z-interferometer, 4 Zerodur frame, 5 roll and 
yaw angle sensor, 6 pitch and yaw angle sensor, 7 probe system, 8 
measuring object, 9 mirror corner, 10 mounting points for probe sys-
tem [1]
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the measuring mirror while spatially separating the two fre-
quencies, eight beams need to enter the PBS. Accordingly, 
the beam path is split into two levels, whereas Fig. 2 only 
displays one level. Therefore, the beam splitting assembly 
depicted on the left side is also simplified.

The two beams with the frequencies f
1
 and f

2
 emerge 

from He–Ne lasers which are beat frequency controlled by 
a phase-locked-loop. As the light with the frequencies f

1
 and 

f
2
 originates from individual He–Ne lasers and is delivered 

to the bench-top setup by separate polarization maintain-
ing fibers, mutual influence is ruled out. Additionally, the 
beat frequency is tunable and experiments showed a beat 
frequency stability of 4.5 ⋅ 10−5 [17]. The relation between 
the two frequencies is described in Eq. (1).

After the beam splitting assembly, the incoming beams 
pass adjustable wedge plate pairs, which serve as compen-
sation tools for deviations from the ideal geometry of the 

(1)f
beat

= f
1
− f

2
= 4MHz

preceding and following optical elements and ensure that all 
beams are parallel. When entering the PBS, the light is lin-
early polarized at 45°. The eight parallel beams pass through 
the PBS, where the s-polarized proportion of each beam is 
deflected towards the moving mirror M

m
 and the fixed mir-

ror M
f
 . In this arm of the HIF, the polarization is altered 

by quarter-wave plates, through which the beams pass two 
times. Therefore, the reverting beams are p-polarized and 
pass straight through the splitting layer of the PBS.

The p-polarized proportion is guided through the PBS to 
the retroreflecting reference mirror M

r
 , where the beams pass 

a half wave plate. Therefore, the returning beams are deflected 
because of their s-polarization and united with the beams from 
M

m
 and M

f
 . The superimposed beams will not interfere, as 

their polarizations are in planes which are perpendicular to 
each other. After passing through the polarizers set to 45°, the 
superimposed beams interfere. The composition of the signals 
detected by the photodiodes D

1−4 is shown in Fig. 2, whereas 
the indices of the frequencies correspond to the mirrors they 
are reflected by, except for the mirror M

r
 , as the beams passing 

through this arm serve as reference and are present on every 

Fig. 2  Simplified beam path 
of the HIF. BS: non-polarizing 
beam splitters, WPP: wedge 
plate pairs, PBS: polarizing 
beam splitter, QWP: quarter 
wave plate, HWP: half wave 
plates, M

m
 : moving mirror, M

f
 : 

fixed mirror, M
r
 : reference mir-

ror, pol: 45° polarizers, D
1−4 : 

photodiodes
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diode. This notation is used in Eqs. (2) and (3) too. Presuming 
M

m
 is fixed, the signals of both photodiodes D

1
 and D

4
 show 

the beat frequency. When M
m

 does move, the interference pat-
tern on the photodiode D

1
 still shows the beat frequency, while 

the pattern on D
4
 represents the beat frequency overlaid with 

the Doppler frequency f� , as shown in Eq. (2).

Equation (3) displays the theoretical signals s
beat

 and s
meas

 
detected by the photodiodes D

1
 and D

4
 . Since the frequen-

cies f
1
 and f

2
 are known, the absolute value and sign of 

f� can be determined by comparing s
meas

 and s
beat

 . Hence, 
the direction and velocity of the mirror, respectively of the 
measuring head in the proposed inverse concept, can be cal-
culated. Equation (4) describes the relation of beat frequency 
and mirror velocity v

m
 . As an example, a numerical value 

for an assumed Doppler frequency of f� = 0.3478MHz and 
the typical wavelength �L = 632.8 nm for a He–Ne laser is 
calculated in Eq. (4).

(2)

f
1f
= f

1

f
2f
= f

2
= f

1
− f

beat

f
1m

= f
1
+ f�

f
2m

= f
2
+ f� = f

1
− f

beat
+ f�

(3)
D

1
∶ s

beat
= f

1
− f

2f
= f

1
− f

1
+ f

beat

D
4
∶ s

meas
= f

1m
− f

2
= f

1
− f

1
+ f

beat
+ f�

(4)v
m
=

1

2
⋅ f� ⋅ �L = 0.11

m

s

To avoid a zero-crossing when comparing the beat and Dop-
pler frequencies, a maximum velocity and therefore, a maxi-
mum Doppler frequency needs to be chosen. With a beat 
frequency of 4 MHz, the maximum measurable velocity of 
the measuring mirror is ≈ 1.27

m

s
.

3.2  Signal Processing

In order to obtain the phase difference between s
beat

 and s
meas

 , 
the lock-in-principle is utilized. Therefore, the signals need 
to be mixed and filtered in order to shift them to the base 
band. Subsequently, the conventional homodyne arc tangent 
demodulation can be used. Figure 3 gives an overview of the 
signal processing sequence, which is implemented on a “Red 
Pitaya” [18], a System-On-a-Chip with an integrated FPGA, 
CPU, and two A/D converters. The clock frequency of the 
system is 125MHz.

In Fig. 4a, the theoretical raw signals are shown; Fig. 4b 
depicts the Fourier transformation of the signals. These dia-
grams correspond to the position of marker (1) in Fig. 3. By 
multiplying the signals s

beat
 and s

meas
 with f

LO
≈ f

beat
 , the 

signals are shifted to the base band. This corresponds to the 
position of marker (2) in Fig. 3. From this mathematical opera-
tion, unwanted mixing products outside the base band occur, as 
Eq. (5) shows. Here, the part cos(f

1
+ f

2
) describes the higher 

frequency, in Fig. 5c visualized as the second peak at approxi-
mately 8 MHz. This superimposed oscillation is suppressed 
by a low-pass filter, whose threshold frequency needs to be 
greater than the beat frequency. Hence, a value of 5 MHz is 
chosen.

Fig. 3  Signal flow of the data acquisition platform, s
meas

 is the signal detected by D
4
 , s

beat
 the signal detected by D

1
 (see Fig. 2), f

LO
= 4MHz 

and �� the phase angle difference in between both signals
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From these signals, the phase angle is calculated by the arc 
tangent. When subtracting these signals one from the other, 
the phase angle difference �� and thus, the optical path dif-
ference between measurement and reference arm of the HIF 
is obtained. The result is depicted in Fig. 6. Caused by the 
layout of the beam path, the presented HIF has a sensitivity 
of �

2
 . Hence, to obtain length values L, the operation denoted 

in Eq. (7) needs to be applied.

(5)sin(f
1
) ⋅ sin(f

2
) =

1

2

(

cos(f
1
− f

2
) − cos(f

1
+ f

2
)
)

(6)�� = �
meas

− �
beat

(7)L =
��

2π
⋅

�

2

(a)

(b)

Fig. 4  Theoretical raw values; see position (1) in Fig. 3

(a)

(b)

(c)

Fig. 5  Theoretical values after mixing; see position (2) in Fig. 3
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4  Experimental Results

4.1  Setup

In order to determine the extent of the remaining non-lin-
earities and environmental errors, a streamlined bench-top 
optical assembly of the proposed HIF is set up, as depicted 
in Fig. 7. In this minimal configuration, only one of the 
four beams on the measuring mirror is present. Hence, 
only the displacement of the mirror can be measured. To 
realize the movement of the mirror M

m
 , it is mounted to a 

heatable brass rod. Opposed to the representation in Fig. 2, 
after passing through the optical system, the superim-
posed beams are coupled into multi-mode optical fibers 
by lenses. On the output side, the fibers are connected 
to Hamamatsu C5658 avalanche photo diode modules 
[19]. The obtained analog signals are then passed to the 
“Red Pitaya” board where the signals are A/D converted 
and analyzed as described in Sect. 3.2. The phase angle 

difference values �� , together with time stamps to ensure 
the evaluability, are then transmitted to a PC via Ether-
net. The proposed full HIF setup, as well as the here-used 
streamlined bench-top version, are completely passive, as 
optical fibers are used to supply the heterodyne frequen-
cies to the optical assembly and to return the interferom-
eter signals to the evaluation unit. This holds an advantage, 
as there is no power dissipation inside the measuring head 
and therefore no heat and no electrical disturbance input 
into the measuring volume.

In order to generate comparative data, reference measure-
ments with a commercial homodyne laser interferometer are 
carried out, utilizing the same heatable brass rod as mount for 
the measuring mirror.

4.2  Results

The heated rod is brought to temperature and the cooling 
process is measured one after the other with both measuring 
devices, the minimal bench-top setup of the proposed HIF and 
the commercial homodyne laser interferometer. None of the 
devices is vibrationally decoupled from the environment and 
the obtained data is not corrected for changes in the refractive 
index of the ambient air. Therefore, both measurement systems 
are biased by comparable environmental influences and thus, 
can be assumed to be in the same range. Furthermore, multiple 
measurements were carried out to ensure the peaks found in 
the Fourier transform are not caused by random environmental 
influences.

As the length change of the rod caused by a temperature 
change is proportional to the e-function, the named function is 
fitted to the obtained length data, as shown in Figs. 8a and 9a 
and subsequently subtracted. At this point, the non-linearities 
become visible as periodic deviations from an ideal straight 
line, as shown in Fig. 8b and 9b, whereas the red lines depict 
the data set filtered by a moving average filter with a window 
size of 500 values. To characterize the non-linearities, a Fou-
rier transformation is applied to the unfiltered data set. The 
results are displayed in Figs. 8c and 9c.

The data obtained by the proposed HIF setup shows a 
peak at approx. �

2
 with an amplitude of 0.22  nm. The refer-

ence measurement shows no distinctive peak at �
2
 , but one at 

approx. �
4
 , with an amplitude of 0.35  nm and one at approx. 

�

8
 , with an amplitude of 0.55  nm. Hence, the non-linearities 

observed with the HIF setup are significantly smaller than the 
ones observed with the commercial homodyne interferometer 
setup, namely by a factor of 2.5.

When comparing these results with the measurements 
published in [16], it becomes clear that there is potential for 
improvement, as the minimal periodic nonlinear error found 
with the setup proposed by Xing et al. can approach 0.086 nm.

As the frequency mixing inside the optical path of the HIF 
is minimized by design, the present non-linearities are caused 

Fig. 6  Resulting phase angle with minimum shifted to zero

Fig. 7  Schematic representation of the setup: M
m

 : measuring mirror 
mounted to heatable brass rod, “H1” and “H2”: Hamamatsu C5658 
avalanche photo diode modules [19], (t,L): time stamps and length 
signals
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by deviations in the signal processing and ghost reflections. 
Nevertheless, the error is lower by a factor of 2.5 than the 
one present in the reference measurements, which testifies to 
a great potential of the proposed HIF.

5  Conclusions and Outlook

A heterodyne interferometer concept with four inter-
ferometric axes has been investigated. As a functional 
verification, a streamlined bench-top version was set 
up and an algorithm for data acquisition and evaluation 

was developed. This algorithm allows compensating for 
changes in the laser source intensity and for changes of 
the beat frequency. The optical design of the HIF focuses 
on the minimization of periodic non-linearities by con-
sequent spatial separation of the beam paths of the indi-
vidual heterodyne frequencies. Additionally, in order to 
avoid heat dissipation into the measuring volume, the 
optical assembly of the interferometer is fiber-coupled 
and therefore completely passive. Measurements were 
carried out to determine the characteristics of the HIF 
concept regarding non-linearities. It is shown that these 
non-linearities are smaller than 0.22 nm at �

2
 . Additionally, 

Fig. 8  Measurement results, recorded with minimal benchtop setup of 
the proposed HIF

(a)

(b)

(c)

Fig. 9  Reference measurement results, recorded with commercial 
homodyne laser interferometer
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reference measurements were performed with a commer-
cial homodyne interferometer, which shows significantly 
higher amplitudes at �

4
 and �

8
 . Nevertheless, attention will 

be paid to further decrease the amount of the deviations 
present in the measurements carried out with the HIF by 
optimizing the optical layout as well as the electronic 
phase evaluation.

In the next step, the setup will be expanded to all four 
measuring beams, which will allow for angular measure-
ments. The results of these measurements will be compared 
to high-accuracy autocollimators and commercial two beam 
laser interferometers. Additional measurements include the 
determination of drift characteristics and the resolution 
limit, as well as the performance over large distance ranges 
and the reconstruction of sampled mirror topographies with 
the method proposed in [5].

The further development, also in regard to the proposed 
inverse concept for NPMMs, includes a miniaturized HIF 
module. As three modules need to be attached to the moving 
sensor head, the focus will lie on lightweight and compact 
design as well as on simple and convenient adjustability.
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