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separation are discarded. This method can reject
most signals from other sonar sources.
In our implementation in this paper, random
double pulse separations down to about 100
microseconds (approaching the duration of the
pulse itself) and up to several milliseconds can be
used. A difference as small as 1 microsecond can
be
distinguished,
although
differences,
proportional to the pulse separation, of several
microseconds can be introduced by movement of
targets or the sensor.
The paper is organised as follows. Section 2
introduces the double pulse coding approach and
the signal processing required for implementation.
Section 3 describes a pulse overlap problem when
the environment contains two targets at a critical
separation. Assigning pulse spacings is discussed
in section 4. The sensor hardware and signal
processing are described in sections 5 and 6, whilst
experiment results that validate the random pulse
approach are presented in section 7. Results are
presented from multiple targets in the environment
and also from two interfering sonar systems, where
one system is building a map of a wall.
Conclusions are presented in section 8.

Abstract
Double pulse coding is used to give sonar sensors
a distinctive 'voice', allowing several to operate
concurrently in the same acoustic space. This
paper describes the use of random spacing between
the two pulses to overcome interference problems
arising when the same spacing.occurs between
targets or ··is used by another •· ·•. sensor. Results
demonstrate the robustness ·of this method in
comparison with previous approaches. The echoes
are digitised by a ·1 MHz, 12 bit ADC and
processed on a custom DSP system.

1 Introduction
As use of sonar sensing methods increases [1-6,
8-11], situations arise where multiple sensors must
share the same airspace. When several sensors,
whether on one robot or many, must work in the
same acoustic environment, crosstalk occurs [1, 2,
9]. With simple sonar pulses, a sensor cannot
determine whether a signal it receives originated
from itself or some other source, resulting in many
incorrect measurements. Two robots attempting to
pass each other in the corridor could become
hopelessly confused unless, by some means, each
is able to distinguish its own sonar signals.
Other researchers have attempted to solve the
interference problem using random inter-sensing
times. For example, Borenstein [1] has employed
alternating firing patterns. to statistically eliminate
crosstalk problems.
These techniques require
more than one measurement cycle to reject
interference. Pseudo random pulse sequences have
been used in sonar [2], but incur a significant
processing overhead and require long pulse
sequences.
To reject sonar interference, each sensor may
be given a distinctive 'voice' by transmitting two
pulses with a specific interval separating them
within one sensing cycle. This is known as double
pulse coding, [9]. Only if two pulses are received
with the correct separation and matching
amplitude are they accepted. Pulses without a
partner of the same amplitude and specific

2 Double Pulse Coding
Previous work [9] validates echoes by finding
any two returned pulses with approximately the
required separation and the same shape. This is
achieved by a' simple processing approach
whereby the maximum difference between pulse
waveforms, taken sample by sample, must fall
below a threshold to be validated. Doppler-like
effects slightly change the separation of returns
from a moving target, and since the robot itself
moves, many returns exhibit this effect. To allow
for this variation, the two returns may be shifted
slightly relative to each other and tested again.
This work uses a similar algorithm. The chief
difference is the use of correlation rather than
difference, and the result is rather like using the
first return to define a matched filter that will
identify the second.
Pairs of returns with approximately the required
separation are selected, each one's correlation
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series 'transducers are used for two upper
transmitters (only one is used in this work) and
two lower receivers in a square with 40 rom

coefficient is tested against a threshold, and the
waveforms may be shifted to compensate for
Doppler effects. If shifting is used, the maximum
correlation
coefficient
is
estimated
by
interpolation. Additionally, the amount of shift
required corresponds to the radial velocity of the
target relative to the sensor; although we presently
make no use of this, it could be valuable for path
planning in busy environments, or to exclude
moving objects from map building.

3 Pulse Overlap due to Target Spacing
Sonar is poor at distinguishing two targets that
are very close to each other in range - even with
matched filtering the interference between the two
echoes makes accurate arrival time estimation
difficult or impossible due to overlapping pulses.
Of course, the more airborne sound the greater
potential for pulse overlap, and with double pulse
coding an echo of the first pulse might overlap an
echo of the second. For example, if the separation
between two transmitted pulses is 1 IDS, and there
are two targets separated by 17 cm range,
interference will occur because the time of flight,
two ways, over the 17 cm is about 1 IDS.
Figure 1 - DSP Sonar mounted on the robot Werrimbi

4 Choosing a 'voice'
Two. sonar receiver channels are digitised at
1 MHz and 12 bit precision after low pass filtering
and amplification. An Analog Devices 33 MHz
ADSP2181 is the central controller and workhorse
of the system, featuring an on~chip 80 kbyte RAM,
allowing echo pulses to be stored on the chip. It is
interrupted at 1 MHz for pulse forming and pulse
capture operations. A high speed buffered DART
interfaces to the serial port.

There are a number of ways each sensor could
be assigned a particular pulse separation, ranging
from preset to random. However, they all have the
same two flaws: a permanent 'blindness' to targets
with a corresponding spacial separation, and the
possibility that at some time, two sensors operating
with the same voice will encounter one another. A
dynamic solution is required.
We choose a random pulse separation for each
each sensing cycle . . because it is simple. Both the
'blindness' and 'same voice' problems remain, but
in most cases they will not persist over repeated
firings of the sensor. The occasional spurious
results when two sensors use the same separation
are left for higher level processing, which must
handle false returns and noise problems anyway.
In theory, two sensors could follow the same
pseudo-random number sequence - however this is
extremely unlikely due to timing differences
resulting in lack of synchronisation and also since
the random number seed can be generated using
noise from, for example, the AID converter.

6 Processing
The processing algorithm is summarised here.
The two receiver channels are treated separately,
though concurrently.

6.1. Pulse' fOfming and Pulse captufe
The DSP is interrupted every microsecond. During
pulse forming, it writes oirectly to the transmit
hardware thus forming the pulse. The pulse shape
(e.g. length, double pulse separation) can be
changed every transmit cycle. During pulse
capture, the DSP re3;ds a sample from each
receiver.

5 Hardware
The sensor is self-contained in a box about
15 cm x 10 cm x 7 cm, requiring a 5,V supply and
a serial link to a host computer. Polaroid 7000

6.2. Pulse Extfaction· on the Fly
Any sample exceeding a predetermined threshold
is deemed part of an echo, along with a window of
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samples before and after it. Windows that overlap
are merged on the assumption that they are
adjacent cycles of a pulse, and stored..

6.3. Pulse splitting
Frequently, two or more returns will overlap, or be
merged during step 6.2. If the distortion is not too
severe, they are separated based on the relative
amplitudes of waveform peaks.

6.4'. Double pulse recognition

Rod 0 33mm

Pairs of returns with approximately the required
separation are compared and if found to match, the
first is retained. All other pulses are discarded.
Waveforms may ·be shifted to compensate for
Doppler effects, and·. the maximum correlation
coefficient estimated by interpolation.
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6.5. Template matching
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Figure 2a- Configuration of two target experiment.

Time-of-flight is determined by matched filtering
[5]. Because pulse shape depends on range and the
angle of arrival, several •. filters are trialled, each
being defined by a template, or ideal pulse shape
for a particular range and angle. Parabolic
interpolation gives. a. time-of-flight estimate to a
fraction of a microsecond accuracy. [5]
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From each receiver channel we obtain a list of
arrival times, pulse amplitudes, pulse durations,
and correlation coefficients with the template· set.
Lists from two receivers are associated to obtain
bearings and ranges to targets. The process of
association solves the correspondence problem.
Because th~ receiver physical spacing is just
40 rom, the correspondence problem is usually
easy to solve and is simply based on matching the
arrival times and pulse amplitudes within
predefined tolerances.
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Figure 2b- Interference rate, constant separation

6.7. Triangulation
Bearing estimation to targets is performed using
geo~etric modelled discussed in [5]. This
processing is performed by a host computer
separate from the DSP sensor.

Distance between pole centres (m)

Figure 2c - Interference rate, random separation
with those having random separation, in terms of
their susceptibility to interference caused by
multiple targets.
As in Figure 2a, the sensor is stationary,
measuring the positions of two cylinders (wooden
rods of 33 rom diameter) upright in front of the

7 Experimental Results
7.1 Multiple target interference
The purpose of this first experiment is to
compare double pulses having constant separation
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sensor. One rod is 1 m from the sensor at about +3
degrees bearing. The second rod starts 20 cm
closer and is moved away until it is 20 cm further
than the first cylinder; keeping about 100 mm to its
right (roughly -3 degrees bearing). As the rod is
moved, the sensor makes the measurements,
alternating between preset (20011s) and random
(200 J..Ls to 799 Jj.s) separation modes.
The typical length of a received pulse is 60 l1s,
so two pulses arriving within 60 l1s of each other
are likely to overlap and be rejected.
This
corresponds to features with a physical separation
of ±10 mm, so it is expected that results from both
methods will be poor when the rods are separated
by less than 10 mm in range. Similarly, the 200 J..Ls
constant separation corresponds to 34.6 mm, so
poor results are also expected for this range and
method.
In contrast, the random separation
method should have a lower error rate spread over
a wider range of target spacings: from 34 ~ to
137 rm:i:l the error rate should be "range of
separations causi~g interference + range of
separations available" = 120/(800-200) = 20%.
The analysis divided the 40 cm total travel into
regions of 0.5 em, and calculated the failure rate in
each region, where 'failure' means that a target
was overlooked.
No false returns occurred.
Figure 2b and 2c show that these results
correspond well with expected results. Note that
the 'poor results' expected actually manifest as
100% failure rate, indicating total blindness to
those targets. The constant separation method has
three such regions of blindness, whereas the
random separation method has only one. Also the
failure rate for the random separation method is
somewhat less than the 20% predicted because
60 l1s is a generous estimate of pulse length, and
because often two pulses with only a small degree
of overlap can be separated, enabling them to be
correctly received.

1 J..Ls). Additionally, no interference is used to give
a baseline for comparison. The maps show the
results of each combination of sensor and
interference. Good targets are marked with tiny
black circles. Targets that are deemed 'unreliable'
(for example, if they only barely passed the
matched filter test) are grey. Targets that were
only detected by one of the two receivers are
yellow/pale grey, and although shown at the
correct range the bearing may be somewhat wrong.
The path taken by the robot is marked by a series
of crosses. Scales are in metres.

Figure 3 - Two sensors aligned to cause interference.

All the maps show the wall at 1 m, and the
comer of the wall with the floor in pale grey
immediately beyond it. Most also show several
double echoes of the wall. The double echoes arise
when sound returned from the wall reflects off
various parts of the robot, then back via the wall to
the receiver. The. total path length depends on
which part of the robot reflects it, hence several
may appear. They are all phantom targets.
The results from the single pulse sensor are all
in the left column in figure 4. Clearly, it is highly
susceptible to interference. Double pulse coding
with constant separation, in the second column,
has much better noise rejection [9]. The effect of
interference with the same 'voice' is seen in figure
4i
(the graph labelled IEX-I.LOG, for
'interference experiment I'). It is this result which
motivated development of the random double
pulse method.
Double pulses with random separations in the
presence of double pulse interference - whether
random or not - could be expected to produce false

7.2 Interference from another sensor
To demonstrate the severity of cross-talk
between sensors, two sensors were mounted on the
mobile robot Werrimbi, moving parallel to a wall
at 1 m range - see figure 3. One sensor trialled
three sensing methods to map the wall in the
presence of four types of interference generated by
the other sensor. The maps produced are presented
in a grid in figure 4. Each run comprises about
230 readings. The sensing and interference
methods used are: single pulse, double pulse with
constant separation (200 Jj.s), and double pulse
with random separation (200 to 499 J..Ls, in steps of
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targets about 1 time in 300 in this experiment. This
is the probability that the random separation
chosen for a given reading will be the same as that
currently in use by the interfering sensor. Since
each part of this experiment has only about 230
readings, we might not see a false target at all.
The results show many more false targets than
this theory predicts - see figures 4m, 4n and
perhaps 4k. Even figure 4g, where the interference
is only single pulses that should never be accepted,
displays two obvious false targets.
This increase in interference must be expected
for complex objects, such as a bookcase. When
times of flight from two targets differ by the same
separation as is in use by the sensor, they
effectively forge its signature and are incorrectly
accepted as a valid target. In this experiment the
complexity arose from the double echoes off
Werrimbi itself.
When the experiment was
repeated with the sensors 2 m from the wall, the
double echoes are weakened and the error rate
drops to the expected level of about 1 in 300.
Results from the sensor are limited to the five
nearest returns; consequently only the five nearest
targets can be triangulated, and mapped. This
limitation can be seen, for example, in figure 4d.
The false targets, apparently sprayed across the
map, cease abruptly at around 2 m range. At this
time, double echoes arrive from the wall, filling up
the last available slots, and any further returns are
discarded. For a similar reason, most of the false
targets in figures 4h and 41 appear closer than the
wall - those apparently further away were lost.
Early observations made while setting up this
experiment indicate that the source of interference
should be close to the sensor to cause many false
targets. Beamwidth effects and the discriminating
ability of the matched filter eliminated most false
returns.
However, interference that causes
jamming is less well rejected, and leads to missed
targets.

problems. By using random pulse separation, as in
this paper, these problems will not occur
consistently between measurements. Extensive
experiments have been performed to show the
effects of different interference rejection strategies.
The random pulse separation approach was found
to be a practical and reliable technique.
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8 Conclusions
This paper has presented a new approach to
crosstalk rejection between multiple sonar sensors.
The approach is to use randomly spaced double
pulses on each sensing cycle. By using random
spacing the method can tolerate multiple identical
sensors operating in the same environment with
error rates better than 1 per 300 measurements.
Previous work [9] requires sensors to be
configured individually to have different double
pulse spacing. Also, two reflectors at a critical
spacing can cause 'blindness' due to pulse overlap
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Figure 4 - Performance of sensing methods in the presence of interference. (Scales in metres)
86

