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Abstract
In early 2019 a ground-breaking new system came to market: 
the Leica Absolute Tracker ATS600. For the first time, a 
laser tracker that could not only track a spherical mounted 
reflector but was also uniquely able to scan surfaces directly 
with no handheld device or part preparation required.

To make this possible, the core expertise of Hexagon 
was applied to enable direct laser tracker measurement 
in the most demanding situations. Key challenges in 
the development of the ATS600 included ensuring good 
performance on a diverse range of materials and in spite 
of the shallow angle of incidence with surfaces often faced 
during measuring tasks, as well as achieving sub-millimetre 
accuracy without any part preparation. Combined with 
this was the need to retain the capacity for high-accuracy 
measurement with reflectors that would allow for properly 
aligning point clouds captured from multiple stations.

This white paper describes in detail the different strategies 
applied to meet those requirements. Its focus is on the 
fundamentals and peculiarities of the Wave Form Digitiser 
(WFD) technology on which the ATS600 is built. The paper 
also describes some of the strategies taken to ensure the 
metrology-grade quality of point cloud data on a wide range 
of different materials. Information on areas such as signal 
accumulation and attenuation are also covered, to provide 
a more complete foundation for understanding the working 
principles of the ATS600.  
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Introduction
As data analysis has become increasingly important in the 
world of industrial production, manufacturers are applying 
the tools of metrology in ever more areas. This includes 
large-scale measurement that is beyond the scope 
of, or too time-consuming to perform with, traditional 
metrology equipment. A solution taken up by more and 
more manufacturers of extremely large parts has been 
the application of terrestrial laser scanners within the 
industrial context. Such equipment means sacrificing 
accuracy and workflow, but for many applications this 
still represents a better solution than applying industrial 
metrology tools on a scale for which they are not designed.

However, in most industrial applications, the scanning of 
only selected areas would be much preferred to the full-
dome scanning delivered by terrestrial laser scanners.  
While the data acquisition aspect of a full-dome scan can 
be quickly completed, the post-processing required to 
clean all the unnecessary data and stitch the point cloud 
as accurately as possible is very time consuming. Some 
terrestrial scanners even require several separate pieces 
of software to enable: a) point-cloud acquisition; b) point 
registration or the combination of multiple point clouds into 
a common coordinate system; c) comparison with CAD; and 
d) the production of a usable inspection report.

The Leica Absolute Tracker ATS600 was designed to fill 
this gap in the market as the first scanner for ultra-large-
scale measurement that delivers both metrology-grade 
results and a productive workflow in step with that of 
existing industrial metrology processes. It was built on 
the experience gained in developing multiple proven 
technologies: the Leica Nova MS50, Leica BLK360 and 
other scan stations that successfully established Wave 
Form Digitiser technology in geomatics applications; 
the revolutionary design and motorisation of the Leica 
Absolute Tracker AT930 and AT960 laser trackers; and the 
Leica Absolute Tracker AT403 with its PowerLock automatic 
target recognition functionality when tracking reflectors.

The key challenge in creating the ATS600 was improving 
the accuracy of WFD technology. The ‘time-of-flight’ 
measurement concept on which the technology is based 
has until now typically been used in surveying applications, 
where tolerances are much less stringent than in 
industrial metrology. A number of strategies were applied 
in combination to meet this goal, as will be outlined in the 
following pages.

A straightforward integrated measurement process was 
also considered vital to the success of the ATS600. The 
easiest way to achieve this was to ensure the system was 
compatible with metrology packages already known in 
the industrial metrology world, so the established Leica 
Metrology Foundation (LMF) platform became an important 
part of the development.

It was clear that some potential customers would also 
require traditional laser tracking capabilities in order to use 
high-accuracy reflector measurement for specific tasks. 
This added another layer of complexity to the development 
of the ATS600.

The Wave Form Digitiser
Time-of-flight measurement 

The basic principle behind WFD technology is based on 
time-of-flight measurement. The sender emits a pulse of 
light, which is returned to the receiver from the target. The 
distance to the target can then be calculated using half the 
time it takes the pulse to reach the target and return.

Many time-of-flight systems use an electronic trigger to 
start the clock for the measurement. The WFD technology 
used in the ATS600 expands on this technique by diverting 
a small part of the emitted light onto the same receiver 
used for the return-pulse. Therefore, the time-of-flight is 
the difference between the two pulses (called the start and 
stop pulses respectively).

Figure 1: Principle of WFD time-of-flight measurement.

The signal is digitised with a fast analogue-to-digital 
converter. At a common sampling rate of 1 gigahertz, 
sample points are 1 nanosecond apart. With the 
aforementioned relation between distance and time, this 
equals approximately 15 centimetres. That means that 
determining the peak of each pulse will yield a distance 
precision of only 15 centimetres.

To achieve the required sub-millimetre accuracy, a model 
function is fitted to each pulse. Since both optical pulses 
originate at the same source, they generate an identical 
signal on the detector and can then fit the same model. 
Using an advanced, proprietary algorithm, the Hexagon 
WFD is able to estimate the time difference between the 
two pulses with an accuracy of fractions of a nanosecond, 
allowing for distance measurements accurate to better 
than a tenth of a millimetre.
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Figure 2: Start and stop pulse positions are approximated by a model 
function.

 Signal accumulation 
The WFD distance measurement system delivers up to a 
thousand distance measurements per second (repetition 
rate of 1 kilohertz) to the application software through 
LMF. A single distance result is not the result of a single- 
shot measurement, however. Instead, the system emits 
a million light pulses per second, or a thousand per 
distance measurement. Instead of just averaging those 
thousand distances, the system internally accumulates 
1000 signals and evaluates the resulting signal vector 
in a single calculation. This approach greatly increases 
signal-to-noise ratio and makes it possible to detect very 
small return signals, which otherwise would have been 
lost to noise.

Figure 3: Accumulation of raw signals makes it possible to detect very 
small return signals.

By default, the ATS600 always accumulates every pulse 
emitted within 1 millisecond. To further increase the 
accuracy and dynamic range of the system, it is possible 
to extend the accumulation time up to 250 milliseconds, 
in 1 millisecond steps. This happens automatically when 
selecting one of the different measurement profiles offered.

Signal delay 
As shown above, to make subsampling work, the 
detected pulses must be longer than the sampling rate 
of 1 nanosecond. On the other hand, if the start and stop 
pulses are close together, they disturb each other’s pulse 
shape. For the required accuracy, even slight changes 
in pulse shape can result in significant distance errors. 
Therefore, it is necessary for the pulses to have a minimal 
time difference to ensure reliable results. For the required 
level of accuracy, this can mean a time difference of at least 
a few dozen nanoseconds, or several metres.

To avoid worsening the accuracy at close range, where the 
pulses would begin to slightly overlap, an additional optical 
delay is introduced into the path of the stop pulse within 
the device. This is done with an optical fibre that generates 
a time offset between start and stop pulse. 

Figure 4: Distance to measurement object artificially increased using a 
glass fibre to avoid overlay of the signals.

 

Figure 5: Pulse separation without optical delay (above) vs pulse separa-
tion with optical delay (below).
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This offset must be subtracted from the determined time 
difference before making a distance calculation. It is 
calibrated along the distance to a reference prism, located 
in the carry handle of the ATS600. The system will measure 
the distance to this prism during every initialisation or re-
initialisation and correct the offset accordingly. As with 
any previous Absolute Tracker from Hexagon, the offset is 
calibrated at the factory, but can be easily recalibrated by 
the customer as needed. 

Additionally, the optical length of the glass fibre used 
to create the offset is by physical nature sensitive to 
temperature change. To take this into account, the offset 
is corrected with a sophisticated thermal model that is 
calibrated for each device individually at the factory, keeping 
the offset accurate even under varying temperature.

Dynamic attenuator

Many real objects scanned in industrial metrology vary 
widely in returned signal intensity due to the properties 
of different materials. Also, a surface observed 
perpendicularly might reflect a lot of light to the 
detector, but when viewed at an angle the same surface 
could return only a fraction of the emitted light. In either 
case the variation can be enormous, reaching several 
orders of magnitude.

While the WFD detector can measure return signals 
across a wide dynamic range, low intensity return signals 
often have a low signal-to-noise-ratio. This can degrade 
distance accuracy.

To mitigate these effects, a fast attenuator can be 
introduced into the emitted beam. At the beginning of 
each 1-millisecond measurement cycle, the attenuator 
will consider the return signal of the last 1 millisecond 
measurement and adjust the emitted laser intensity for 
optimal detector saturation. The attenuator has a dynamic 
range of about four orders of magnitude. Only when full 
laser power is emitted and the return signal is still less than 
optimal for the detector is the full dynamic range of the 
detection system used, for example on very dark surfaces.

The combination of a fast attenuator with signal 
accumulation and the high sensitivity of the detection 
system allows the ATS600 to detect return signals with a 
high level of accuracy over a dynamic range of more than 
six orders of magnitude.

Figure 6: Return signal intensity as seen by the ATS600. Left with linear 
scaling, right with logarithmic scaling. Observe nearly five orders of 
magnitude change in returned signal intensity.

Figure 7: A measured dark part returns almost no signal. On the bottom,  
the fast attenuator increases the power of the laser source and the return 
signal is correctly detected. 

Angle of incidence

Objects are not always made of flat planes positioned 
perpendicular to the instrument; in fact in the real world 
this is almost never the case. In order to ensure good 
measurement performance on, for example, curved shapes 
or inclined planes, the ATS600 has been exhaustively 
tested under the most demanding conditions.

Figure 8: The ATS600 is capable of scanning objects of different colours 
and angles under the most challenging conditions.

Many materials were selected for testing, beginning with 
a white plane of 78 percent Albedo – used as a standard 
reference for accuracy by many scanners. Also tested 
were parts made of brushed steel, dark carbon fibre, shiny 
aluminium and more – a selection designed to represent 
a wide range of the materials often measured in various 
metrology tasks.

The ATS600 measured each sample at different angles 
of incidence and the results have shown that the system 
can capture data from surfaces with an angle of incidence 
far beyond 45 degrees with no need for spraying. 
Depending on the material in question, even surfaces 
with an incidence angle of greater than 70 degrees can be 
successfully scanned.
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Figure 9: Results of measurements to planes of different materials at 
various angles of incidence at 10 metres distance from ATS600.

  
Beam width and angular resolution

One characteristic of the laser beam of the ATS600 is its 
different beam profile compared to other Absolute Tracker 
models. While the actual Wave Form Digitiser beam uses a 
wavelength in the near infrared and therefore cannot be 
seen, the visible red pointer is – for user convenience and 
laser safety – of a similar size to the measurement beam, 
so the measurement beam width can effectively be seen 
by the user.

Although the large diameter of this beam provides good 
visibility of the laser on the part, it is not optimal for edge 
and feature detection, as a portion of the laser beam can be 
on the object surface while another portion is on another 
object, resulting in a mixed-distance measurement. 

This characteristic limits the angular resolution of 
the scanning functionality of the ATS600 (the angular 
resolution of the laser tracking function is not affected).

Since the actual measurement beam is not visible, the 
easiest way for the user to accurately determine the 
resolution of a device is to measure a feature, for example 
an edge.

In this case a simple step between two parallel planes 
perpendicular to the beam was measured at different 
distances from the ATS600. The blurring of the sharp step 
observed in the measurement data is a good indication 
of the angular resolution of the instrument. The resulting 
resolution is between 5 millimetres at close range and 25 
millimetres at the far end.

Therefore, features smaller than the angular resolution 
may not appear as sharp edges in the scan data. However, 
for certain applications, for example in completeness 
inspection, a smaller point-to-point can be beneficial. The 
lower limit of the point-to-point distance of the scanning 
system is half a millimetre.

Considering these effects, special algorithms have been 
developed to detect surface boundaries with reasonable 
accuracy for large objects based on information from 
the return signal, such as the intensity, quality and 
sharpness of the signal. As materials differentiate in 
colour, reflectivity, shape and distance from the sensor, 
different levels of filtering have been developed to 
enable the user to control the number of points in critical 
regions.

The user can choose from three levels of filtering: low, 
mid and high. This setting will define which points will be 
rejected in the case where the measurement achieves a 
certain value that triggers a threshold based on the value 
of neighbouring points.

Optimised measurement modes

The system is capable of two measurement modes, 
which can be described as cooperative and uncooperative 
modes. The cooperative mode is used on reflective targets: 
retroreflectors, prisms and mirrors. The uncooperative 
mode is used for scanning, including scanned targets like 
spheres.

For measuring points without using a reflector, the system 
emits a laser beam using a high-power setting. If the same 
intensity were applied when measuring to a reflector, the 
return signal would be so strong that the sensor would not 
be able to process the data. To overcome this limitation, an 
aperture is switched into the beam path when measuring 
to a reflector, allowing only a defined portion of the light to 
pass. The activation and deactivation of this mechanical 
device can be heard when one is near the instrument.

Other key features and 
characteristics
Overview camera and PowerLock

Absolute Tracker systems have used an overview camera 
(OVC) since the introduction of the Leica LTD500 in 1995. 
It provides the operator with the ability to visually see any 
reflectors within range of the tracker on the PC screen. In 
the ATS600, the OVC has a 10-degree field-of-view (FOV), 
and any targets within this FOV will be highlighted using 
a reflected infrared light source. The operator can simply 
select any of the available targets shown on the OVC 
display to take a measurement.

There are times when the operator may want this process 
of selecting targets for measurement to be automated, 
which is where PowerLock comes in. The PowerLock 
function was first introduced by Hexagon with the Leica 
Absolute Tracker AT901. It uses a blinking infrared light 
source paired with an infrared detector to identify any 
target within the detector’s FOV and automatically lock 
onto it.
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With the ATS600, the PowerLock module has a 10-degree 
FOV to match the 10-degree FOV of the OVC. Its high frame 
rate (up to 200 frames per second) allows the ATS600 to 
easily track a moving reflector.

The optics for the PowerLock vision tracking system have 
been designed to allow only a narrow bandpass of light 
to reach the CMOS. This bandpass is matched to the 
output frequency of the infrared diodes that illuminate 
the reflector. By combining this with Hexagon’s specific 
algorithms for differential imaging, the PowerLock module 
can distinguish between measurable reflectors and stray 
reflections in the workplace.

The OVC camera on the other hand uses a higher 
resolution sensor that produces 30 frames per second of 
VGA quality video. It has been designed to allow the user 
to see to which surfaces the sensor has line-of-sight. 
Latest generation versions of the ATS600 OVC have a 5 
Megapixel camera, allowing for better visual acuity when 
zooming to see small details on distant surfaces under 
measurement.

Selective scanning

A key function of the OVC in the ATS600 is its role in the 
system’s unique selective scanning function, applicable 
when using the direct scanning capabilities. Selective 
scanning is one of the characteristics of the ATS600 that 
makes it a more productive device for large-scale industrial 
measurement than terrestrial laser scanners.

Such terrestrial laser scanners typically operate on a 
full-dome-scanning basis, essentially producing a full 
360-degree image of everything around and above the 
scanner. While this scanning process can be completed 
relatively quickly, the post-processing of the collected 
data to isolate only the required measurement data can be 
extremely time-consuming, typically requiring additional 
dedicated software.

The ATS600 avoids this long-winded process through 
selective scanning, which allows a user to select a small 
area for measurement in advance. This therefore limits 
scanning operations to only the area that needs to be 
measured, and means minimal post-processing is required 
to refine the part dataset. 

Figure 10: Selection of the area to be scanned using the OVC.

The selected measurement area can be indicated in one of 
two ways: either using the displayed footage from the OVC, 
or by selecting an area from CAD file of the part.

Laser safety

Laser safety is the safe design, use and implementation 
of lasers to minimise the risk of laser accidents, especially 
those involving eye injuries. Since even a relatively small 
amount of laser light can lead to permanent eye injury, the 
sale and usage of lasers is typically subject to government 
regulations.

A Class 2 laser is considered safe because the blink 
reflex (glare aversion response to bright lights) will limit 
the exposure to no more than 0.25 seconds. The ATS600 
is categorized as a Class 2 system, which is the same as 
Hexagon’s other Absolute Tracker systems. There is no 
need to use protective gear when operating the ATS600 
as is recommended for Class 3R lasers, which is the class 
specified for some terrestrial laser scanners.

Accuracy specifications

The Leica Absolute Tracker ATS600 suits not only industrial 
metrology applications, but also some of the ultra-large-
volume scanning applications typically performed by 
terrestrial laser scanners. For this reason, the system’s 
specifications were developed with the aim of allowing for 
comparison with both markets. 

Reflector measurement specifications are based on the 
ISO 10360-10:2016 standard. The angular performance 
of the ATS600 is the same as any other Absolute Tracker 
model (±15 microns plus 6 microns per metre). To measure 
spatial length, which is typically checked against scale 
bars, the two components of the measurement influence 
the result: the angular performance and the distance 
performance.

The current specifications for spatial length measurement 
to a reflector with the ATS600 show that a ±100-micron 
accuracy is guaranteed for distances up to 10 metres. 
Although this number may look high compared to other 
models of Absolute Tracker, that represents only a 12 
percent reduction in accuracy when compared to an 
AT930 or AT403 at 5 metres distance. From 10 metres 
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onwards, the accuracy is exactly the same as with other 
Absolute Tracker models. The further the scale bar is from 
the instrument, the lesser the influence of the distance 
measurement accuracy.  For distances larger than 10 
metres, the specifications are ±21 microns plus 8.5 
microns per metre. 

Figure 11: Scale bar measurements of ATS600 and AT960 compared. Note 
that both systems deliver the same performance from 10 metres onward.

The ISO 10360-10 test aims to test the angular and distance 
performance of an instrument. The positions 1 to 29 
correspond to several 2.3-metre scale bar measurements 
at various distances and orientations. At positions 30 to 35, 
a length of 7-to-9 metres is measured at a distance of 7-to-9 
metres from the instrument. And in positions 36 to 40, the 
distance measurement accuracy is tested by measuring 
lengths in line with the instrument, from 1.5 up to 50 metres.
 

Figure 12: Measurement results of a test as per ISO 10360-10 Table 4, 
positions 1 to 40.

For reflectorless measurement (direct scanning), two main 
topics are specified with regard to accuracy: the range of 
the noise affecting the measurement and the position of 
the artefact in space.

For the range noise, standard planes of differing brightness 
are perpendicularly positioned 30 metres away from the 
tracker and an area of each is then scanned in standard 
mode. A best-fit is calculated, and the range of the points 
is calculated at 1-Sigma value. The result is range noise of 
±80 microns for the bright plane (78 percent Albedo) and 
±150 microns for the dark one (18 percent Albedo).

The absolute positions of the plates are also calculated, 
with an accuracy of ±300 microns specified. 

Figure 13: Results of measurements to a reference plane of 78 percent 
Albedo at different distances and angles of incidence.

Figure 14: Illustration of the ATS600 reflectorless specifications: range 
noise (±80 µm) and absolute accuracy, i.e. position of the plane (< ±300 µm)

Accessories

The ATS600 is based on the same platform as the Leica 
Absolute Tracker AT930 and AT960 systems, allowing 
for sharing most of the available accessories for those 
models. That is an important cost-saving argument, as 
many existing customers already have spare batteries, 
battery chargers, power supplies, tripods, reflectors 
and other items in their existing metrology toolbox. 
Accessories are easily interchangeable and there is no 
need to modify the instrument’s settings. 

Applications

The Leica Absolute Tracker ATS600 combines the high 
accuracy of a laser tracker when using reflectors and 
offers in addition the capability of measuring several types 
of surfaces and shapes with just a few mouse clicks. The 
only requirement for a successful scan is to have line of 
sight to the measurement surface. In case the complete 
area of interest cannot be scanned from a single position, 
the laser tracker can be moved to different positions. With 
the use of reflector measurements, the produced point 
clouds can be accurately combined.

If for any reason there is no reflector available, any sphere 
with diameter larger than 40 millimetres can be used and 
the system will automatically calculate a centre point that 
can be used for referencing the point clouds.

The ATS600 is a powerful instrument for measuring large 
steel structures like vessels, containers and train coaches. 
Many large-scale measurement tasks have previously 
required, for example, an operator to climb a scaffold 
carrying a reflector in order to measure points. Such a task 
can now be comfortably performed by selecting the area 
of interest using the OVC or by simply clicking on the CAD 
surface, if available.
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The ATS600 can also be used in automated applications, 
like the final inspection of the shape of an aeroplane after 
assembly (a process known as “harmonisation” in the 
aerospace industry). The ATS600 can be mounted on an 
autonomous guided vehicle (AGV) that can drive around 
the plane, using pre-installed reflectors to reference its 
position as it performs an automated scanning operation 
for the area of interest, covering for example vertical and 
horizontal tail planes, wings and fuselage. Due to its fully 
wireless capability, the ATS600 can navigate around the 
plane by transmitting data via WiFi and will be powered 
for at least five hours by its internal battery.

Figure 15: ATS600 mounted on autonomous vehicle for completeness 
check of an aerospace part.

A further application in this industry is an automated 
completeness check. The ATS600 can automatically 
scan a part and, by comparison with CAD models, detect 
whether there is a missing bracket or a foreign object left 
in place.

Reverse engineering of landmarks also presents a potential 
application for the ATS600. Its high-resolution scan data 
combined with reflector measurements for accurately 
stitching the point clouds when moving the tracker to 
different positions results in top-quality meshed data.

 

Figure 16: Reverse engineering of the famous tiger at Comerica Stadium 
in Detroit, USA.



Summary of benefits
In the Leica Absolute Tracker ATS600, the innovation of 
the enhanced Wave Form Digitiser delivers large-scale 
direct scanning capability that is four times more accurate 
than other terrestrial scanners in the market. This 
performance is based on a range of advanced embedded 
technologies such as time-of-flight measurement, fast 
dynamic attenuation and signal accumulation.

Combining the high-accuracy reflector performance of 
existing Absolute Tracker systems with high-density direct 
scanning at sub-millimetre noise level has created an 
entirely new type of solution for large-scale measurement 
applications. Even operations like build and inspect can 
now be done completely remotely, with fully contactless 
measurement.

The system can measure a huge variety of materials, 
even at very steep incidence angles, allowing for minimal 
system repositioning. Up to 1000 points per second can 
be measured by simply selecting the area of interest using 
an OVC or clicking on a CAD surface. Results are delivered 
immediately thanks to integration within a typical metrology 
workflow.

And with its modern software platform foundations, 
there is high potential for many new functionalities to be 
developed that will further enhance the user experience 
and make large measurement tasks even easier.
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