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ABSTRACT
The paper deals with laser range finding (LRF) technology for tracking fast-moving objects with kHz laser repetition
rates. The LRF is based on time-of-flight measurement, where a short emitting laser pulse is transmitted and its time-offlight is accurately measured by the electronics with respect to the received impulse from a non-cooperative target. The
emitted laser energy is in the near infrared wavelength region. The detector is based on a single-photon detection
principle of a silicon Avalanche photodiode, operated in so-called Geiger mode. A solution was devised to utilise single
photon detection even at strong daylight conditions. The LRF has been integrated in a robust and compact technology
demonstrator, and has successfully ranged to rapidly-moving and accelerating small targets. A detailed mathematical
model was developed to predict the ranging performance of the LRF for evolution of application-specific designs. The
current technology allows ranging up to a maximum range of 1.5 km with ± 0.5 m accuracy against large stationary
targets, as well as tracking of small targets of 75 mm diameter moving up to a range of 300 m with a speed resolution of
± 5 m/s. The LRF device uses a standard serial protocol for device communication and control, and operates at a
temperature range from 0 °C – 55 °C.
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1

INTRODUCTION

In recent times, the increasing threat of vehicle attack with rocket propelled grenades (RPG’s) has driven the requirement
for new protection systems to be developed [1]. Defensive systems that can actively identify, track, and deploy effective
countermeasures to defend against fast moving RPG’s require accurate information about the missile trajectory. R&D
groups at Electro Optics Systems (EOS) in Germany and Australia have been working on a high repetition rate Laser
rangefinder technology to be implemented as part of an RPG defensive system. EOS has examined various Laser
rangefinder system concepts and evaluated the performance of each part of the system. Different detector concepts were
evaluated, such as linear mode detection using PIN and Avalanche photodiodes (APD), and APDs in single photon
counting mode. For single photon counting, the Geiger mode operation of silicon and InGaAs APD’s were investigated
(as opposed to micro-channel plates or photo multiplier tubes). Lasers at different wavelengths, repetition rates and
output powers were evaluated (mainly solid state Lasers versus infrared Laser diodes). A detailed mathematical model
for the general principle of Laser ranging was developed, and was used to analyze the performance and was verified
against the experiment [2].

2

RANGE FINDER DESIGN AND CONSTRUCTION

A unique combination of Laser, detector and timing system was brought together to form a new Laser range finder
(LRF) technology demonstrator which is presented in this paper. The Laser rangefinder consists of the following submodules: Laser system (with kHz repetition rate), detector, and timing system along with interface electronics, optics,
software, and housing.
2.1

Laser

For purposes of system testing, feasibility, trade studies and model development the laser transmitter was implemented
using a miniature passive Q-switched oscillator (Laser head) at 946 nm wavelength in combination with a diode pumped
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Laser diode at 808 nm. The oscillator has a pulse energy output of 10µJ at 946nm wavelength, with an impulse full
width half maximum (FWHM) of 2ns. The beam profile is TEM00. A maximum repetition rate of the Q-switched
oscillator of 16 kHz was achieved, when driving the oscillator continuously with light fed by the pump diode. The pump
Laser diode module is capable of delivering 3 W of optical power at 808 nm when operating at a continuous current of
3.5 A.
A Peltier cooler inside the pump diode was deployed to manage the heat dissipation of the Laser diode itself, and to
stabilize the output wavelength of the Laser at 808 nm. A cooling control system maintains the temperature of the
Peltier system to a stability of better than 0.1°C to maintain Laser operation within 0.1 nm. This was found to be
important to maintain output beam characteristics as the laser is pumped on a low gain line, and is not tolerant of large
wavelength drifts in the pump source.
The laser can be pumped in so-called “free-running mode” or in a “pulsed” pumping mode. In free-running mode the
diode is continuously pumped until the required amount of output pulses are released. The pulses are detected by a
separate start diode detector and counted by the electronics. In pulsed pumping mode, the current through the pump
diode is disabled as soon as a single output impulse of the oscillator is detected by the start diode assembly.
In order to achieve a repetition rate of 16 kHz, the laser was pumped in free-running mode.

Figure 1. Miniature Q-switched oscillator in the same size as an AA battery cell (length 45 mm, diameter 15 mm), supplied
by company Arctic Photonics in Finland[3], connected to the pump diode via a standard FC fiber connector

2.2

Detector

For the presented detector system, a single photon detector based on an uncooled silicon Avalanche photodiode (APD)
was used. The quantum efficiency of the APD at the chosen 946 nm wavelength is less than ten per cent. The APD can
be used in either linear detection mode, or Geiger mode where single photons can be detected and discriminated.
In linear mode the multiplication gain of the APD has statistical variation that leads to excess noise. In Geiger mode the
concept of multiplication noise does not apply, however, and statistical detection probability applies [4]. In the so-called
Geiger mode, an Avalanche photodiode is biased above its breakdown voltage for operation at very high gain. The
device offers gain on the order of typically 105 to 106 by taking advantage of the Geiger discharge in the APD. When
biased above breakdown, an APD will normally conduct a large current. As soon as a breakdown is occurred, the current
needs to be limited either by means of passive or active quenching method. The passive quenching circuitry in general
suffers from long dead times due to the associated R-C time constant. Hence, a discrete active quenching circuit was
developed which accommodates even a programmable dead time and meets the requirement of a multi-stop timing
system. The minimum dead time of the APD quenching circuit can be set to a minimum value as low as 80 ns. As shown
in Figure 2, silicon APDs from various manufacturers were configured in Geiger mode and compared against each other.
One key specification is the dark count rate versus device temperature. Figure 2 shows that the type C30902S diode from
PerkinElmer shows the lowest dark count rate – even at very high ambient temperatures set in the temperature chamber
where the tests were carried out.
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Figure 2. Various silicon APD’s tested in Geiger mode without active Peltier cooling of the devices. Dark count rate versus
temperature is shown by processing mean-time-to-photoelectron of first avalanche breakdown.

A closer analysis of the dark count rate, Figure 3, shows a measurement yielding a figure of merit for “mean-time-tophotoelectron” at 78°C APD silicon temperature, with expanded scale to 1 µs. This mean value represents the processing
of the first breakdown only. The “mean-time-to-photoelectron” estimate is calculated to be µ = 345 ns which is
expressed in frequency 1/µ = 2.9 MHz = 2900 kilo-counts per second. This implies that statistically the first return
occurs within 345 ns, which in turn translates to a mean one-way range of 50 m for the first Avalanche breakdown.
These measurements show that by utilizing the carefully chosen APD in Geiger mode, even in an uncooled
configuration, can be used for ranging to targets. Figure 4 illustrates that the one-way range versus APD device
temperature gives a good indication of the achieved range for the first breakdown (for example at 50°C the range will be
500 m).
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Figure 3. Dark count rate of Avalanche photodiode operated in Geiger mode at 78°C temperature, shown as scattered plot
(left) as well as histogram with normal distribution curve (right) yielding a mean value of µ = 345 ns (expressed in
frequency 2.9 MHz = 1/345 ns).
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Figure 4. Mean-time-to-photoelectron of first breakdown versus temperature plotted against one-way range of uncooled
PerkinElmer APD in Geiger mode operation.

2.3

Timing System

The principles applied in the timing and range measurement system are inherently statistical, and were first developed by
C. Alley, E. Silverberg and B. Greene from 1972-1974 for lunar laser ranging [6].
The electronic timing system achieves a resolution of 180 ps in normal resolution mode. However, the ranging
resolution of the entire LRF system is determined mainly by the pulse width of the Laser. This is due to the singlephoton nature of detection. By multiplying the Laser FWHM of 2 ns by speed of light (≈ 3·108 m/s), the LRF’s ranging
resolution of 60 cm is obtained. In order to achieve the maximum specified ranging distance of 1.5 km, a multi-hit stop
timing system is used which will overcome the increase in dark count rate not only induced by the temperature but also
from background noise. Figure 5 shows a typical timing sequence of the time-of-flight measurement principle in the
range finder when utilizing a multi-hit timing system. Up to 10 synchronous stops (ie. breakdowns) can be processed
simultaneously associated with one single Laser start. The outgoing Laser impulse is detected by a separate detector
assembly which issues the start event signal for the timing system as a common start. The start board assembly is placed
inside the Laser beam collimation optics assembly, picking up sufficient stray light to trigger a start event.
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Figure 5. Typical detector timing sequence performed in LRF. Up to 10 breakdowns are processed by the timing system,
commonly started by outgoing Laser impulse which is detected by a start PIN diode. The range gate to capture/enable
stop events is opened by the detected Laser outgoing impulse. Up to 10 APD Geiger impulses are digitized upon being
detected by the comparator electronics. The quench time can be flexibly programmed by a field programmable gate
array (FPGA). The programmed quench time is 160 ns in the configured LRF.

The most basic timing sequence in the kHz LRF as shown in Figure 5 is as follows: Each Laser start is taken to turn on
the detector’s range gate. The timing system captures up to 10 detector Geiger breakdowns (either thermal noise,
background noise photon, or photon from the real target). 30 Laser starts and associated multiple stop hits are taken to
form the histogram as shown in Figure 6. The entire range of the timing system is partitioned into bins of approximately
10 ns width. The bins are filled by each Geiger breakdown. This implies that up to a maximum of 300 start/stop
measurements are taken to form the most basic histogram by the LRF software. The difference between the maximum
value in the histogram to the second highest value in the next histogram is regarded as a “confidence” bit in the software
and is used as an important parameter for detecting the real target. A software filter function is used to reject mean
values below a specified value of confidence level. Due to the high repetition rate (16 kHz) of the Laser, this
measurement cycle is performed several times within the required report time of 0.1 sec. A slope is computed by using
the least square fit algorithm method. This slope allows measuring the speed of the target (rate of change) which is also
reported through the RS232 interface protocol.
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Figure 6. Multi-hit timing system shows each individual breakdown and the histogram when ranging to trees during a hot
summer day. The target is 500 m away. The horizontal scale on the histogram is divided in bins. Each bin is 10 ns
wide, in other words the maximum range is 10 µs (1.5 km one way range). The vertical scale on the bottom graph
shows the number of hits per bin (count). The top graph is showing each individual breakdown and the readings in
hexadecimal value from the timing system. The multi-hit system make the breakdowns appear to blur as further the
number of stops are plotted referenced to the common start, due their asynchronous nature. Hence ranging to far distant
targets can be performed with single photon counting and strong background noise superimposed.

2.4

LRF system design

The device is intended as a platform for high rate measuring application in an uncontrolled environment. Figure 7 shows
a photograph of the completed Laser range finder, packaged in an existing vehicle-mounted LRF housing. The standard
RS232 is used as serial interface with 9600 baud, 1 start and 1 stop bit and no parity. This interface makes the system
compatible with almost any computer system. The LRF responds through this interface with range and rate data within
100 ms after a request from the control computer. The full angle field-of-view (FOV) of the detector optics matches the
Laser divergence which is 2 mrad. To ensure the LRF is in the correct orientation, dowel pins are provided which are
located to ensure repeatable location of the optical axes.
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Figure 7. Technology demonstrator of kHz Laser range finder, showing 30 mm receiving optics (upper), Laser transmitting
optics (lower). The dimensions are 271 mm x 90 mm x 37 mm.

In addition to the electronically multi-hit method, an enhanced receiving optics assembly is introduced to further filter
background noise to allow full daylight ranging at high ambient temperatures with single photon detection.

3
3.1

TEST RESULTS

Ranging to stationary targets

Various stationary targets were selected to test the LRF under outdoor conditions. A typical example of ranging to a
small profile target (power pole in 1.4 km distance) is shown in Figure 8. The data plot shows the bins where the
breakdowns from the single photon detector are being accumulated. The histogram is built up by 30 Laser fire starts
along with up to 10 paralleled multiple-stop hits, yielding to a maximum of 300 start/stop measurements. At the
beginning of the plot in Figure 8, strong photons from aerosol/backscattering are received and filled into the first set of
bins. However, returns from the target clearly build up on the histogram at around 1.4 km (one-way range).
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Figure 8. Ranging to a power pole at 1.4 km distance during strong daylight conditions. Data shown in histogram mode with
the raw data plot of the bins. The peak shows the returns from the target at around 1.4 km distance.

3.2

Ranging to moving targets

As shown in Figure 9, a basic test setup was devised to simulate tracking with the LRF against a rapidly approaching
target simulating an RPG [5]. In Figure 9, the RPG simulation device is being pulled along a line by use of a fine Kevlar
tow line wrapped around an electrically driven drum. A building’s roof was chosen to set up the experiment. The
maximum distance for this setup was approximately 50 m. A target speed of 10-15 m/s was achieved for these tests.
The ranging and tracking result as measured by the LRF are shown in Figure 10 and it can be seen that the RPG
simulator is tracked (the range starts to decrease). Prior to the “launch” of the RPG, range returns from the wall behind
are processed as target returns, and show a constant value of range. The minimum range resolution, i.e. granularity, of
the associated speed (rate of change) can be seen in the figure.
As the range starts to decrease with a constant rate the moving RPG target clearly tracked. The measured velocity was 10
m/s – 15 m/s as shown in Figure 10.

Figure 9. RPG tracking system set up at on a building roof. The LRF is mounted on a tripod with a telescope for alignment.
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Figure 10. Range and rate gained from approaching RPG tracking experiment: top graph shows range in meter, whereas the
bottom graph shows associated speed (rate of change) measured in meter per second. Each data cross point represents a
data report of 100 ms in time through the RS232 communication link. A maximum speed of approximately 10 m/s is
measured.

4

SUMMARY, DISCUSSION AND FURTHER WORK

In the paper a new LRF design is presented, namely the unique combination of a high repetition rate Laser with single
photon counting, and statistical processing by using a multi-stop capable timing system. The capability of a compact and
robust LRF to measure small, fast moving targets is demonstrated. This may make related LRF systems viable as part of
sensor systems for vehicle defence systems. The next generations of high repetition rate (kHz) LRF are already under
development at EOS to address specification variations, and practical shortcomings of the initial LRF devices.
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