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This technical note specifies the displacement performance of 

the interferometric displacement sensor (IDS) in terms of 

measurement uncertainty and describes the uncertainty model 

used to derive the specification. It provides a transparent and 

traceable error budget for precision-engineering applications, 

enabling users to reliably assess system-level performance and 

identify the relevant uncertainty contributions for their specific 

operating conditions, such as measurement bandwidth, travel 

range, working distance, and ambient or vacuum operation. 

1 Introduction 

The IDS laser interferometer uses a wavelength-stabilized DFB 

laser, a fiber-coupled optical head, a free-space measurement 

path to the target, and phase-based interferometric 

displacement readout. The specified measurand is the relative 

displacement of the target.  

The displacement measurement uncertainty is governed by 

several dominant contributions including wavelength-related 

scale errors, additive phase/readout noise, cyclic 

interferometer nonlinearities and, for ambient operation, 

refractive-index compensation errors. The environmental 

contribution is derived from Environmental Compensation Unit 

(ECU) measurements of temperature, pressure and relative 

humidity and includes calibrated ECU input accuracy, stability 

and drift, refractive-index model uncertainty,  

path-representativity effects and finite ECU response time.  

Sub-dominant phase effects and setup-dependent 

contributions, such as target reflectivity, Abbe error, cosine 

error, external dead paths or mechanical expansion, are not 

included in the baseline model and must be evaluated 

separately where relevant. For general IDS metrology 

terminology and traceability background, see Technical Note 02 

“Metrology Aspects of the IDS3010” [1]. 

Not all error contributions scale in the same way. Additive 

readout noise and cyclic nonlinearities are mainly relevant for 

short displacements. Wavelength and refractive-index accuracy 

act as scale contributions and become more relevant for longer 

travels. Time-dependent wavelength or environmental 

variations may also depend on the nominal optical path length 

if the start and end measurement states are not fully 

correlated. Therefore, the uncertainty model explicitly 

accounts for the correlation of each contribution between start 

and end position of the displacement measurement. 

The individual uncertainty contributions are first described 

separately in terms of their data source, physical interpretation 

and conversion into standard uncertainties. They are then 

combined using a covariance-based uncertainty model 

following the approach of the Guide to the Expression of 

Uncertainty in Measurement (GUM) [2], where wavelength, 

phase and refractive-index uncertainties are propagated 

through the interferometer measurement equation. The 

resulting displacement uncertainty is evaluated for 

representative use cases, since vacuum operation, short-travel 

ambient measurements and long-travel ambient 

measurements are limited by different dominant error 

mechanisms. 

The purpose of this note is therefore not to define a single 

universal uncertainty value, but to provide a transparent and 

traceable framework for deriving application-specific 

displacement uncertainty estimates.  

2 Laser Wavelength 

2.1 Accuracy 

Achieving precise and reliable displacement measurements 

fundamentally requires rigorous control of a single key physical 

parameter: the accuracy of the laser wavelength. In 

interferometric measurements, the measured displacement is 

directly proportional to the optical wavelength. Consequently, 

even femtometer-level deviations in wavelength can translate 

into nanometer-scale measurement errors over practical 

measurement distances. 

At the core of the IDS system is a laser source stabilized by 

locking to a well-defined absorption line of a gas cell. The 

locking principle, along with its associated stability, precision, 

and repeatability, has been continuously refined and optimized. 

Comprehensive characterization measurements performed on 

multiple interferometer systems at the Physikalisch‑Technische 

Bundesanstalt (PTB; German National Metrology Institute) in 

2018 and 2026 provide a robust experimental basis for 

quantifying the achievable wavelength accuracy. Based on 

these results, the wavelength accuracy of the IDS can be 

specified as follows: 

Nominal wavelength: λ = 1 530 371 078 fm  

Specified relative wavelength error: Δλ = 15 fm (k=1)  

𝒖𝝀𝑺𝒑𝒆𝒄;𝟏𝟎 𝒚𝒆𝒂𝒓𝒔
=  

Δ𝜆 

𝜆 
=

15

1 530 371 078 
≈ 𝟏𝟎 ppb (k=1) 

 

This value (10 ppb = 0.010 ppm) defines the systematic 

displacement uncertainty contribution originating from the 

laser wavelength. This specification is guaranteed over a period 

of ten years.  



 

 

 

 

 
 
2 / 9 
 

IDS Interferometric System Measurement Uncertainty 
Specifications and Error Propagation 

 

Technical Note: Motion & Sensing 21 

 

©
 2

0
2

6
 a

tt
o

cu
b

e 
sy

st
em

s 
G

m
b

H
. V

0
7/

2
6

. A
ll 

ri
gh

ts
 r

es
er

ve
d

. 

To experimentally validate this wavelength accuracy, an IDS 

system with serial number A01-0011, in operation for more 

than eight years, was calibrated at the PTB. The results are 

documented in an official PTB calibration certificate, which is 

available upon request.  

The average wavelength determined over a total measurement 

duration exceeding 77 hours was:  

 λPTB A01-0011 = 1 530 371 078.35 fm 

The deviation from the specified nominal wavelength amounts 

to only 0.35 fm. This result demonstrates that (i) the specified 

wavelength is well defined and reproducible, and (ii) the 

interferometer system maintains excellent long-term stability 

over more than eight years of operation. 

From the perspective of component manufacturers (e.g., the 

laser source and the gas cell), the high MTBF value for the 

electronics (> 50 years) as well as based on long-term 

operational experience, there is no indication of significant 

ageing effects in any system component. This assessment is 

consistent with the PTB calibration results, which 

experimentally confirm the long-term stability of the overall 

interferometer system. 

These findings provide a solid basis to guarantee the stated 

wavelength accuracy over a ten-year period without the need 

for recalibration, representing a level of long-term stability that 

is rarely achieved by compact industrial interferometer 

systems. 

2.2 Stability 

Laser wavelength stability is a key parameter in interferometric 

measurements, as any drift directly translates into a change of 

the laser wavelength and thus the displacement measurement 

changes. Therefore, achieving ppb-level wavelength stability is 

essential to ensure reliable, drift-free measurements in 

demanding applications, particularly in vacuum environments. 

The wavelength stability specification is: 

𝑢𝜆𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦, 𝑆𝑝𝑒𝑐 60 ℎ𝑜𝑢𝑟𝑠
< 10 ppb (k=1) 

 

This specification is based on extensive experimental 

characterization of multiple IDS interferometer systems at the 

Physikalisch-Technische Bundesanstalt (PTB), including the 

evaluation of a unit that has been in operation for more than 

eight years. The datasets provide strong evidence for the 

robustness and stability of the overall system performance 

across different instruments and over extended time periods.  

In the following, selected results from calibration 

measurements conducted at the Physikalisch-Technische 

Bundesanstalt (PTB) are presented. The official PTB calibration 

certificates can be provided upon request. 

In March/April 2026, an IDS interferometer with serial number 

A01-0011 was calibrated over a total measurement duration 

exceeding three days. During the calibration, an absolute 

distance of 2.54 m was maintained along Axis 1, while the 

wavelength characteristics were continuously monitored on 

Axis 2. Data points were recorded at intervals of 10 s, resulting 

in more than 27,900 samples and a total averaging time 

exceeding 77 hours. 

The analysis focused on the laser wavelength stability. The 

average wavelength was determined to be: 

𝜆 = 1 530 371 078 fm. 

The relative wavelength uncertainty was determined to be 

5.1 fm (k=1), which corresponds to 3.3 ppb with respect to the 

mean wavelength: 

𝑢𝜆𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦; 𝑃𝑇𝐵; 2026; 77 ℎ𝑜𝑢𝑟𝑠
=  

Δλ 

λ 
=

5.1

1 530 371 078
 

≈ 3.3 ppb (k=1) 

In 2018, during a continuous measurement of an IDS system 

exceeding 62 hours, a long-term wavelength stability of 4.5 fm 

(k=1) was confirmed. The official PTB calibration certificate 

from 2018 is also available upon request. The relative 

wavelength uncertainty of this IDS is: 

𝑢𝜆𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦; 𝑃𝑇𝐵; 2018; 62 ℎ𝑜𝑢𝑟𝑠
=  

Δλ 

λ 
=

4.5

1 530 371 078
 

≈ 2.9 ppb (k=1) 

Both results not only verify the specified performance but also 

demonstrate the robustness of the IDS laser system under 

realistic, multi-day measurement conditions. 

Compared to the specified stability of < 10 ppb (k=1) over 

60 hours, these results demonstrate a clear performance 

margin. 

Both wavelength accuracy and stability are essential 

prerequisites for achieving high-precision displacement 

measurements, particularly in demanding environments such 

as vacuum systems. By providing well-defined and 

experimentally validated specifications, the IDS enables a clear 

and reliable evaluation of measurement uncertainty over 

extended durations. 

Overall, the IDS interferometer combines ppb-level wavelength 

accuracy with exceptional frequency stability, including a 

specified stability of < 10 ppb (k=1) over 60 hours, thereby 

establishing a highly stable interferometric scale over 

timescales of days.  

 



 

 

 

 

 
 
3 / 9 
 

IDS Interferometric System Measurement Uncertainty 
Specifications and Error Propagation 

 

Technical Note: Motion & Sensing 21 

 

©
 2

0
2

6
 a

tt
o

cu
b

e 
sy

st
em

s 
G

m
b

H
. V

0
7/

2
6

. A
ll 

ri
gh

ts
 r

es
er

ve
d

. 

Specification Summary Laser Wavelength 

 Guaranteed 
(k=1)  

Typical 
(k=1) 

Condition 

Accuracy 10 ppb  > 10 years 

Stability < 10 ppb 5 ppb 60 h 

  4 ppb 1 h 

  1 ppb 1 min 

  0.4 ppb 10 s 

3 Readout and Signal Noise 

The electronics and phase readout noise is treated as an 

additive equivalent displacement noise. It is specified as a one 

sigma (k=1) RMS value for a defined measurement bandwidth 

and is used as a starting parameter for the phase-noise 

contribution in the uncertainty model. A detailed analysis of the 

IDS noise performance is given in Technical Note 16, “IDS Noise 

Analysis” [3]. 

Technical Note 16 [3] distinguishes between two measurement 

configurations. The first is a compact 40 mm monolithic Invar 

cavity at room temperature, where the sensor head and mirror 

are mechanically integrated and partially isolated from 

vibration and thermal influences. This setup is used to estimate 

the intrinsic IDS readout-noise floor, although residual 

environmental effects cannot be fully excluded. The second 

configuration is a large-scale ambient free-space setup using a 

C7.6 sensor head and a corner-cube target on a motorized 

stage, without dedicated vibration isolation or climate control. 

This configuration represents a non-optimized laboratory 

environment, where optical signal level, alignment, target 

return, air-path fluctuations and laboratory noise can increase 

the observed displacement noise. 

Table 1: IDS RMS readout noise from Technical Note 16 [3] 

Configuration Bandwidth 
RMS noise 
(k=1) 

Invar cavity, RT, 40 mm 1 kHz – 10 kHz 0.033 nm 

Invar cavity, RT, 40 mm 10 kHz – 200 kHz 0.104 nm 

Ambient, free-space 200 
mm 1 kHz – 10 kHz 0.243 nm 

Ambient, free-space 
1000 mm 1 kHz – 10 kHz  0.940 nm 

 

Both configurations were measured with 1 MHz bandwidth via 

Ethernet streaming and without additional filtering during 

measurement or post-processing. In the ambient free-space 

setup, measurements were performed over working distances 

from 200 mm to 1000 mm. The table lists the lowest and highest 

working-distance cases to show the observed distance 

dependence. The ambient measurements shown here are 

therefore used as conservative application-level starting values, 

whereas the Invar-cavity values represent the intrinsic IDS 

readout-noise floor under controlled conditions. 

4 Nonlinearities 

Interferometer nonlinearities are cyclic, position-dependent 

errors caused by effects such as residual parasitic interference, 

imperfect quadrature, polarization mixing or phase 

interpolation errors. Unlike wavelength or refractive-index 

errors, they are not scale errors and do not increase with the 

absolute optical path length. They are most relevant for short 

displacements and high-resolution applications, where a few 

nanometers of cyclic error can dominate over wavelength or 

environmental scale contributions. 

For the C7.6 sensor head, the interferometer nonlinearity is 

specified as < 5 nm peak-to-peak (p-p) over the full travel range. 

With an optimized optical setup, lower values, typically below 

3 nm peak-to-peak, are expected, compare Technical Note 20 

“Dynamic Compensation of Periodic Nonlinearities” [4]. More 

information on the nonlinearity compensation algorithms 

implemented in the IDS and a guideline on the optimization 

options is also given in [4].   

In the uncertainty model, the nonlinearity is treated as a cyclic 

sinusoidal displacement error with unknown initial phase. As a 

result, the nonlinearity uncertainty contribution 𝑢𝑁𝐿 depends 

on the displacement 𝑑  and the nonlinearity amplitude 𝐴𝑁𝐿, but 

not on the nominal start distance: 

𝑢𝑁𝐿(𝑑)  ≈ 𝐴𝑁𝐿  √1 − cos (
4𝜋𝑑𝑛

𝜆
) 

0  ≤  𝑢𝑁𝐿  ≤  3.5 nm (k=1) 

 

Specification Summary Nonlinearities 

 Guaranteed 
p-p  

Typical 
p-p 

Condition 

Nonlinearities < 5 nm < 3 nm C7.6 Sensor 
head, full 

range 

5 Environmental Compensation 

In interferometric measurements performed in ambient air, the 

interferometer measures optical path length rather than purely 

geometric displacement. The relation between optical and 

geometric length depends on the refractive index of air (𝑛), 
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which is governed by environmental parameters such as 

temperature, pressure, humidity, and gas composition. 

Importantly, this refractive index applies to the entire laser 

beam path - from the fiber end at the sensor head to the  

target - so that variations directly affect the absolute distance 

measurement and the resulting displacement scale. 

To reduce this contribution, an Environmental Compensation 

Unit (ECU) can be used. The ECU measures the local ambient 

temperature (T), pressure (P), relative humidity (H) and derives 

the refractive index of air from these quantities. The calculated 

refractive index is then used to correct the interferometer 

displacement output in real time. In this context, the ECU is 

available with two calibration options: factory calibration under 

controlled manufacturing conditions and calibration by a DAkkS 

(Deutsche Akkreditierungsstelle GmbH, the German national 

accreditation body)-accredited testing laboratory, each 

ensuring a transparent and traceable calibration chain. 

The ECU accuracy is evaluated in two steps:  

• First, the ECU calibration chain and the resulting 

guaranteed total sensor performances are described in 

5.1. 

• Second, these sensor contributions are combined with 

the refractive-index model uncertainty in 5.2. 

This gives the overall ECU accuracy used for the length 

correction.  

In addition to the accuracy budget, ECU precision, stability, and 

drift are treated separately to account for repeatability and 

temporal changes in the ECU readings in 5.3. 

Air-path gradients and ECU placement are also considered 

separately in 5.4 because they have different physical origins 

and different correlation behavior. 

5.1 ECU Calibration Chain and Sensors Accuracy Specification 

Within the factory calibration, each newly produced ECU is 

calibrated against an ECU calibrated by a DAkkS-accredited 

laboratory. The current factory acceptance limits are used as 

the guaranteed specification for ECU accuracy and are defined 

to include the traceability contribution of the reference ECU. 

This ensures that the environmental quantities are referenced 

in the actual ECU configuration, including sensor integration, 

thermal coupling, electronics and firmware processing. The 

reference ECU is determined with significantly smaller 

uncertainty than the final production acceptance limits. The 

calibration certificate by the DAkkS-accredited laboratory 

reports uncertainties (k=1) of typically 32 ppb for the reference 

ECU. This reference uncertainty is used to establish traceability 

of the factory calibration chain. The final factory acceptance 

limits for the ECU input quantities are listed in Table 2 and 

converted into equivalent refractive-index uncertainties using 

the local Ciddor-based sensitivities. 

Table 2: ECU sensor specification and equivalent refractive-
index uncertainty 

 Guaranteed  Conditions 
Uncertainty 
(k=1) 

T-sensor ± 0.1 °C  0 – 50 °C 54 ppb 

P-sensor ± 1 mbar 
300 – 1100 
mbar 

156 ppb 

H-sensor ± 2 %  10 – 90 % 10 ppb 

Total TPH 
sensor 
accuracy 

  165 ppb 

 

The total factory-calibrated TPH sensor accuracy is given by 

root-sum-square of the individual sensor uncertainty 

contributions: 

𝑢𝑛, 𝑇𝑃𝐻 𝑠𝑒𝑛𝑠𝑜𝑟   =  √𝑢𝑇
2 + 𝑢𝑃

2 
+ 𝑢𝐻

2 ≈165 ppb (k=1) 

Based on the specified sensor performance and the SI-traceable 

calibration procedure, each produced ECU achieves a total TPH 

sensor accuracy of 165 ppb (k=1). The factory-calibrated ECU 

specification is deliberately based on the calibrated system 

output and conservative acceptance limits, ensuring 

traceability and reproducibility at product level. 

5.2 Combined Accuracy Contribution 

The overall guaranteed ECU accuracy is obtained by combining 

the uncertainty contributions from the previous section based 

on the calibrated total TPH sensor accuracy with the refractive-

index model uncertainty.  In addition, the Ciddor-based 

refractive-index calculation has a residual model uncertainty of 

approximately 30 ppb [5]. The individual uncertainty 

contributions and their propagation into the overall ECU 

accuracy are summarized in Table 3.  

Based on this uncertainty analysis, the achievable standard 

factory-calibrated ECU accuracy is calculated: 

𝑢𝑛, 𝐸𝐶𝑈, 𝑎𝑐𝑐   =  √𝑢𝑛, 𝑇𝐻𝑃 𝑠𝑒𝑛𝑠𝑜𝑟
2 + 𝑢𝑛, 𝐶𝑖𝑑𝑑𝑜𝑟

2  

≈168 ppb (k=1) 

To ensure a robust and conservative specification, the 

guaranteed ECU-based accuracy is defined as: 

𝑢𝑛, 𝐸𝐶𝑈, 𝑎𝑐𝑐, 𝑠𝑝𝑒𝑐   =
Δ𝑛

𝑛
=  200 ppb (k=1) 

For customers requiring even lower uncertainty through a 

shortened calibration chain, we offer an ECU directly calibrated 

by a DAkkS-accredited laboratory as an alternative to the 
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standard factory calibration. This reduces the uncertainty to 

approximately 45 ppb (k = 1), enabling a specification of 100 

ppb (k = 1). 

Table 3: ECU-based refractive-index accuracy budget   

Contribution 

Factory-
calibrated 
uncertainty 
(k=1) 

DAkkS-
accredited 
calibrated 
uncertainty (k=1) 

Calibrated sensor 
accuracy 

165 ppb 32 ppb 

Ciddor model 
uncertainty  

30 ppb 30 ppb 

ECU-based accuracy 
uncertainty 

168 ppb 45 ppb 

The specified accuracies are valid for a period of one year. To 

maintain this level of performance over time, we recommend 

annual recalibration. ECUs can be periodically recalibrated 

through a coordinated recalibration service managed in 

collaboration with the sales team. The appropriate 

recalibration interval should ultimately be determined by the 

user based on the operating environment, required 

measurement uncertainty, and internal quality requirements. 

5.3 ECU Precision and Drift Estimates 

In addition to the absolute sensor accuracy, short-term stability 

and precision-related specifications are used to estimate 

possible changes in the ECU readings during a displacement 

measurement, i.e. between the initial and final position of the 

motion. These changes are derived from the available sensor 

specifications, including RMS noise, repeatability, and 

resolution where no explicit noise or repeatability value is 

provided. The resulting estimates are summarized in Table 4. 

Table 4: ECU stability and drift contributions   

Sensor 
Stability 

Short-term 
variations (k=1) 

12-month drift/ 
stability variations 
(k=1) 

T-sensor 0.003 °C (3 ppb) Not specified 

P-sensor 0.2 µbar (0.06 ppb) 160 µbar (43 ppb) 

H-sensor 0.08 % (0.7 ppb) 0.2 % (1.8 ppb) 

Overall 
stability 

2.9 ppb 43 ppb 

 

The analysis demonstrates that the resulting variations are 

confined to only 2.9 ppb (k = 1) for short-term measurements 

and 43 ppb (k = 1) over a 12-month period, confirming the 

excellent stability of the ECU inputs over both short and long 

timescales. 

 

These values are treated as estimated ECU stability inputs for 

the uncertainty model: 

𝑢𝑛, 𝐸𝐶𝑈, 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦  =  2.9 ppb (k=1) 

5.4 Air-Path Gradients and ECU Placement 

The ECU measures local environmental conditions, while the 

interferometer is affected by the refractive index averaged 

along the optical beam path. A mismatch between the ECU-

derived refractive index and the beam-path average can 

therefore remain even if the ECU itself is well calibrated. 

Relevant sources are ECU placement, spatial temperature 

gradients, local heat sources, air stratification, air flow, slow 

laboratory drift and the finite thermal response time of the ECU. 

After environmental changes, the ECU must reach equilibrium 

with the surrounding air. During this settling time, the 

measured ECU values may lag behind the effective path-

averaged refractive index and introduce an additional 

compensation mismatch. 

The dominant sensitivity is usually temperature. Around the 

nominal operating point, a temperature mismatch of 0.01 °C 

corresponds to approximately 9 ppb in 𝑛 (compare Table 5). 

Table 5: Path mismatch examples converted to refractive-index 
uncertainty 

Environmental mismatch 𝑛-equivalent (k=1) 

T = 0.01 °C 9 ppb 

T = 0.05 °C 47 ppb 

P = 0.1 mbar 27 ppb 

H = 1 % 9 ppb 

 

Specification Summary Environmental Compensation 

 Guaranteed 
(k=1)  

Condition 

Accuracy  200 ppb Factory calibration 

 100 ppb DAkkS-accredited calibration  
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6 Combined Uncertainty Model 

The individual uncertainty contributions are combined in a two-
state uncertainty model following the approach of the Guide to 
the Expression of Uncertainty in Measurement (GUM) [2]. The 
model represents the interferometer at two nominal absolute 
distances, 𝐿1 before and 𝐿2 after the displacement 
measurement. The measurand is the relative displacement 

𝑑  =  𝐿2  −  𝐿1 

with nominal start distance 𝐿1 and end distance 𝐿2. The 

uncertainty of the initial estimate of 𝐿1 is not propagated and 

only used as a path-length parameter for evaluating path-

length-dependent effects. 

For each state 𝑖 , the interferometric length is modeled as 

𝐿𝑖  =  
𝜆𝑖 𝜙𝑖  

4 𝜋𝑛𝑖 
 

where 𝜆𝑖 is the laser wavelength, 𝜙𝑖 the interferometric phase 

and 𝑛𝑖 the effective refractive index.  

The combined standard uncertainty 𝑢 (k=1) is calculated using 

linearized covariance propagation: 

𝑢2(𝑑)  =  𝑔𝑇𝐶𝑔 

where 𝑔 is the sensitivity vector of the displacement with 

respect to the input quantities (i.e. the partial derivatives) and 

𝐶 is the covariance matrix of the quantities reflecting how much 

a given error contribution is common during displacement and 

therefore correlated.  

For example, a fully common wavelength calibration offset, or 

a static refractive-index offset affects both states in the same 

way. It therefore acts mainly as a scale error on the 

displacement 𝑑. In contrast, a time-dependent wavelength 

instability or a changing air gradient may affect the start and 

end state differently. In this case, time-dependent or spatially 

varying optical effects can change the optical length of the 

existing path, causing the apparent displacement uncertainty to 

scale with the nominal path length 𝐿  rather than only with the 

displacement. Table 6 lists the uncertainty contributions used 

in this model and summarizes whether each contribution acts 

mainly on the measured displacement 𝑑 , on the nominal 

absolute path length 𝐿 , or as an additive/cyclic error. 

Fast continuous incremental measurements may justify higher 

correlation, while time-separated position samples or changing 

environmental conditions may require lower correlation. The 

use-case-based specification in the following section defines 

which assumptions are applied for representative operating 

conditions. 

 

Table 6: Overview of the modeled displacement measurement 
uncertainty contributions and their type of impact to either the 
absolute distance (equals sum of absolute distance at 
initialization plus measured displacement) or only the 
displacement.   

Uncertainty Scales with Values used 

Wavelength 
accuracy 

displacement 10 ppb (k=1) 

Wavelength 
stability 

absolute 
distance 

Use-case dependent, 
e.g. 1 ppb or 5 ppb (k=1) 

Refractive index 
stability 

absolute 
distance 

Use-case dependent, 0 
ppb or 2.9 ppb 

ECU calibration 
accuracy 

displacement 
Use-case dependent, 0 
ppb or 170 ppb 

Nonlinearities 
phase λ/2-
dependent 

5 nm (p-p) 

Readout noise 
floor 

Additive 
displacement 

Use-case dependent, 
e.g. 0.1 nm or 0.2 nm 
RMS 

 

7 Use-Case-Based Specifications 

The combined uncertainty model is evaluated for 

representative measurement scenarios. The resulting values 

are overall standard uncertainty estimates and are intended to 

show which uncertainty contributions dominate under typical 

operating conditions. The use cases differ in measurement 

bandwidth, averaging time, environmental compensation and 

the assumed correlation of time-dependent effects between 

start and end position. Air-gradient effects and non-

representative ECU placement are excluded from these use 

cases. 

The uncertainty maps show the calculated displacement 

uncertainty as a function of nominal start distance and 

displacement. This representation is useful because additive 

noise and nonlinearities mainly affect short displacements, 

while wavelength and refractive-index related effects become 

more relevant for longer displacements or longer optical paths. 

7.1 Use case A: Vacuum Measurement, 10 kHz – 200 kHz 

bandwidth, 1 min 

This first use case represents a vacuum application without 

refractive-index compensation. All ECU-related uncertainty 

contributions are disabled. The remaining contributions are 

wavelength accuracy and stability, electronics/readout noise 

and interferometer nonlinearity. 
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Figure 1. Combined displacement standard uncertainty 𝑢(𝑑) for 
vacuum operation. The x-axis shows the nominal absolute start 
distance, the y-axis shows the displacement and the color scale 
indicates the combined standard uncertainty (k=1). 

At small displacements, the uncertainty is dominated by the 

readout noise and nonlinearity. The striped image results from 

local uncertainty minima at specific displacement values, such 

as around 750 nm, result from cyclic nonlinearity cancellation 

when start and end positions fall on approximately the same 

phase of the cyclic error. At larger displacements, the 

wavelength accuracy becomes more visible as a scale 

contribution.  

At a starting absolute position of 100 mm and a displacement 

of 200 mm, the combined standard uncertainty is 3.2 nm (k=1) 

dominated by phase/readout and nonlinearity contributions 

(90 %), with a smaller wavelength contribution (10 %). 

7.2 Use case B: 1 min ambient measurement with ECU 

This use case represents an ambient measurement with active 

refractive-index compensation and good environmental 

shielding. The ECU is assumed to operate under stable 

laboratory conditions, with reduced air gradients and good 

coupling between the ECU measurement location and the beam 

path. 

 

Figure 2. Combined displacement standard uncertainty 𝑢(𝑑) for 
short-term ambient operation with ECU-based refractive-index 
compensation. The uncertainty (k=1) is shown as a function of 
nominal absolute start distance and displacement. 

At short displacements, readout noise and interferometer 

nonlinearity still dominate. For increasing displacement, the 

ECU-based refractive-index uncertainty and wavelength 

accuracy become more relevant as scale contributions. At 

larger nominal start distances, time-dependent laser 

wavelength stability and ECU-related stability terms become 

more dominant. 

At a starting absolute position of 100 mm and a displacement 

of 200 mm, the combined standard uncertainty is 17 nm (k=1). 

The uncertainty is dominated by the ECU-based refractive-

index contribution (97 %), while phase/readout and 

nonlinearity contributions are small (3 %) and the wavelength 

contribution is negligible below 1 %. 

7.3 Use case C: 8-hour ambient measurement with ECU 

This use case represents a longer-duration ambient 

measurement with lower measurement bandwidth and ECU 

compensation. The 1 kHz – 10 kHz readout noise band is used. 

Since this use case covers longer measurement times, time-

dependent wavelength stability and ECU drift are treated with 

no correlation. This makes the impact of time-dependent scale 

variations visible: with increasing nominal start distance, these 

differential stability terms scale more strongly with the existing 

optical path and therefore become the dominant contribution 

at larger absolute distances.  
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Figure 3. Combined displacement standard uncertainty 𝑢(𝑑) for 
long-term ambient operation with ECU compensation. The 
uncertainty (k=1) is shown as a function of nominal absolute 
start distance and displacement. 

8 Excluded Effects and Limitations 

The baseline uncertainty model focuses on the dominant 

sensor-internal and environmental-compensation 

contributions: wavelength, phase/readout noise, 

interferometer nonlinearity and ECU-based refractive-index 

correction. Several setup-dependent or application-specific 

effects like target reflectivity, signal level, mechanical or 

thermal expansion or Abbe and Cosine errors are not explicitly 

included and must be evaluated separately where relevant.  

The magnitude of these effects can range from negligible to 

dominant depending on the application setup. For example, 

cosine and Abbe errors can easily exceed the intrinsic sensor 

uncertainty if alignment or mechanical geometry are not 

controlled. Similarly, poor target reflectivity or unstable optical 

feedback can increase the effective readout noise beyond the 

values used in the baseline model. External dead paths and air 

gradients can dominate ambient measurements if the ECU does 

not represent the actual beam-path refractive index and 

temperature-dependent lens or optics effects can create 

thermo-optical or opto-mechanical path-length changes of 

several nm.  

The uncertainty propagation used in this note follows a 

linearized, covariance-based approach inspired by the GUM [2]. 

It assumes small perturbations around the nominal operating 

point and represents each contribution by standard 

uncertainties and start/end correlations. This is appropriate for 

the stated use cases, but it does not capture all possible 

nonlinear, dynamic or non-Gaussian effects. Strong 

environmental transients, large signal dropouts, cycle slips, 

hysteresis, non-stationary noise or deterministic worst-case 

alignments may require a dedicated measurement model, 

Monte-Carlo analysis or application-specific validation. 

Therefore, the uncertainty estimates in this note should be 

interpreted as baseline sensor and compensation uncertainty 

estimates for defined operating conditions. System-level 

uncertainty budgets for specific applications must include 

additional setup-dependent terms where applicable. 

9 Conclusion 

This technical note provides a structured uncertainty 

framework for specifying the displacement performance of the 

interferometric displacement sensor. The dominant 

uncertainty contributions were identified and evaluated 

separately: laser wavelength accuracy and stability, additive 

electronics and phase readout noise, cyclic interferometer 

nonlinearities, and environmental compensation based on ECU-

derived refractive-index correction. 

The wavelength contribution defines the interferometer scale 

and must be separated into an accuracy-related term and a 

time-dependent stability term. Additive RMS readout noise is 

specified for defined bandwidths and treated as a displacement 

noise floor, while interferometer nonlinearities are treated as 

cyclic, position-dependent errors specified by their peak-to-

peak amplitude. 

For ambient operation, the ECU contribution was separated 

into calibrated ECU input accuracy, stability and drift, Ciddor 

model uncertainty, and ECU-to-beam-path mismatch effects. 

The calibrated ECU input accuracy is specified at product level 

through factory acceptance limits with traceability established 

by a reference ECU calibrated by a DAkkS-accredited 

laboratory. The ECU-based refractive-index accuracy is then 

obtained by combining this ECU input accuracy with the Ciddor 

model uncertainty. 

The individual contributions were combined in a covariance-

based uncertainty model following the GUM approach [2]. The 

model propagates wavelength, phase and refractive-index 

uncertainties through the interferometer measurement 

equation and explicitly accounts for start/end correlations. This 

is essential because common scale errors mainly act on the 

measured displacement, while differential stability or 

environmental terms can scale with the nominal optical path 

length. 

Three representative use cases were evaluated: vacuum 

operation without ECU compensation, short-term ambient 

operation with ECU compensation in a well-shielded 



 

 

 

 

 
 
9 / 9 
 

IDS Interferometric System Measurement Uncertainty 
Specifications and Error Propagation 

 

Technical Note: Motion & Sensing 21 

 

©
 2

0
2

6
 a

tt
o

cu
b

e 
sy

st
em

s 
G

m
b

H
. V

0
7/

2
6

. A
ll 

ri
gh

ts
 r

es
er

ve
d

. 

environment, and long-term ambient operation with 

differential wavelength and ECU stability contributions. These 

cases show that no single uncertainty value is representative for 

all applications. Short displacements are typically limited by 

additive readout noise and nonlinearities, while longer travels 

and ambient measurements are increasingly limited by 

wavelength stability, refractive-index accuracy and 

environmental stability. 

The resulting uncertainty maps and contribution budgets 

provide a practical basis for application-specific displacement 

uncertainty estimates. Overall, this technical note provides the 

metrological transparency required for users of the IDS to 

confidently quantify and manage their individual error budgets, 

enabling reliable system integration and reducing uncertainty 

in demanding precision engineering applications. 
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