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Erroneous samples caused by cross-talk between 
sensors may be detected according to  the technique 
presented in [13]. Methods for eliminating cross-talk 
problems by means of coded excitation are reported 
in [14, 151. The latter one is a very promising tool for 
designing next-generation sonar systems based on low 
bandwidth transducers. 

In this paper, a fast sonar sampling technique is in- 
troduced, that remedies the problem of low data rates 
in single target tracking applications, which for exam- 
ple occur in the context of mobile robot localization. 

The paper is organized as follows: A problem for- 
mulation is given in Sec. 2. Standard measurement 
techniques are reviewed in Sec. 3.1, the new pipelined 
sampling scheme is introduced in Sec. 3.2. Section 3.3 
then proposes a simplified pipelined sampling techni- 
que, ambiguity resolution is discussed in Sec. 3.4. Ex- 
perimental results are presented in Sec. 4 and followed 
by concluding remarks given in Sec. 5. 

2 Problem Formulation 
We consider a three-dimensional arrangement of a so- 
nar transmitter and N receivers, which are placed at  
known, but arbitrary positions. 

The position of a single target is determined by 
transmitting short ultrasonic bursts and measuring 
the travel times Ti, i = 1 , .  . . , N ,  from the transmit- 
ter to the receivers via the target. With the known 
velocity of sound in air c, associated distances Ri are 
calculated according to Ri = cTi, Fig. 1. Based on 
these distances Ri, the position of planar or point- 
like targets can be calculated for example with the 
closed-form solutions proposed in [16]. 

Due to the small velocity of sound in air, this kind 
of pulse-echo ranging device usually provides data at 
a rather low rate. Furthermore, measurements may be 
corrupted by multi-path reflections or environmental 
noise. This paper introduces a measurement techni- 
que, which on one hand increases the sampling rate 
by employing several measurement streams in paral- 
lel. On the other hand, receiver windowing is used to  

0-7803-4300-~-5/9 $10.00 0 1998 IEEE 281 3 

Authorized licensed use limited to: KIT Library. Downloaded on March 13,2026 at 10:07:05 UTC from IEEE Xplore.  Restrictions apply. 

mailto:Uwe.Hanebeck@e-technik.tu-muenchen.de


parasitic path 
through solid material 

Figure 1: Desired and parasitic signal paths for a 
pulse-echo ranging system. 

simultaneously reduce the probability of false measu- 
rements. 

In addition, parasitic signal paths from the trans- 
mitter to the receivers must be considered in most 
real-world ranging systems. These parasitic paths are 
caused by imperfect acoustical decoupling, Fig. 1. One 
of them is made up by solid material, allows for fast 
travel of sound waves, and provides little attenuati- 
on. The second path is given by the direct connection 
through air. 

While receiving the parasitic signals, the receivers 
are "blind" for the much weaker target echoes. Hence, 
the affected receivers are shut off during the associa- 
ted time period, which is called receiver blanking [17]. 
The method to  be proposed in Sec. 3 will consider 
this effect in such a way that target echoes are not 
truncated by receiver blanking. 

3 Sampling Methods 
In the following, standard sampling with ultrasonic 
time-of-flight sensors is reviewed. Subsequently, pi- 
pelined sampling methods are introduced. For simpli- 
city, only one transmitter / receiver pair is considered 
in all cases. 

3.1 Standard Sampling 
The standard operation of an ultrasonic transmit- 
ter/receiver pair for range measurements in pulse-echo 
mode is as follows: With pulse transmission, the re- 
ceiver is deactivated because of fast parasitic signals 
through solid material. Reactivation is then perfor- 
med after the time interval Tb'""', when the slower 
parasitic signals through air have also died out. The 
receiver then stays activated for the travel time of the 

burst from transmitter to receiver via the farthest con- 
sidered target. Before transmitting the next pulse, an 
additional waiting interval is often inserted to allow 
multi-path reflections to  die out. 

In case of a single target, the next pulse may imme- 
diately be transmitted after the echo return. Hence, 
the sampling rate increases with decreasing target di- 
stance. Nevertheless, large portions of the available 
channel capacity remain unused. Exploiting the fact, 
that the k-th target echo return time TL can be pre- 
dicted on the basis of previous measurements, it is 
sufficient to activate the receiver in a window of width 
2TF centered around TL, Fig. 2 a). The window width 

get and measurement device and the measurement un- 
certainty. The resulting unused time intervals can be 
filled with additional measurement sequences. 

2Tk % -  is a function of the relative velocity between tar- 

3.2 Pipelined Sampling 
In this section, the general concept of pipelined or 
time-multiplexed sampling is introduced. In Sec. 3.3, 
a simplified version will be presented, which may be 
used with off-the-shelf sensors. 

The basic idea of pipelined sampling is to  use more 
than one measurement stream at a time. Several mea- 
surement streams are interlaced in such a way, that ad- 
ditional pulses are already transmitted, when a mea- 
surement sequence is still in progress, Fig. 2 b), c). 
Hence, a measurement pipeline is set up. Of course, 
the measurement time for a specific pulse remains un- 
changed. Nevertheless, a larger number of pulses per 
unit time are obtained. 

When N interlaced measurement sequences are em- 
ployed in parallel, the unused time interval between 
transmitting and receiving for a single measurement 
sequence must be wide enough to  hold another N - 1 
sequences, i.e, 

+ ( 2 N - l ) T F .  (1) T P  > NTblank 
- 

The sampling rate is given by 

Figure 3 shows the sampling rate as a function of the 
target distance for different N .  The bold line charac- 
terizes the case when the maximum number of parallel 
measurement sequences N,,, is employed. 

The required prediction T P  of the echo return ti- 
me can be derived from two different sources: l. On 
the basis of previous measurements. In this case, a 
tracking control loop tries to center the echoes within 
the receive windows. 2. Based on a priori information 
about the target location. This is for example the case 
in mobile robot localization, where the prediction can 
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sampling rate for a transmitter 
using pipelined sampling given 
K, a receiver blanking time of 

d a fixed receive window width Tblank = 
of 2TF = 0.6 msec. 

3.3 Simplified Pipelined Sampling 
Many off-the-shelf sonar sensors employ hardwired 
sampling mechanisms. In most cases, receiver blan- 
king starts with pulse transmission and is immediate- 
ly succeeded by receiver activation. To perform fast 
sampling with this kind of sensors, a simplification 
is introduced. For that purpose, the measurement 
sequences in Fig. 2 are rearranged, so that the re- 
ceive windows immediately begin after the blanking 
periods. 

A Nassi-Shneiderman diagram of the simplified fast 
sampling technique is given in Fig. 5 ,  the associated 
time chart is shown in Fig. 4. The sampling rate 
achieved 

is a little less compared to the optimal sampling rate 
in Fig. 3. 

3.4 Ambiguity Resolution 
Performing pipelined sampling according to  the me- 
thods presented in the last two sections yields ambi- 
guous range measurements. For a single target, ambi- 
guity was resolved by using the predicted echo return 
time TF for the considered target, which is updated 
with every new sample. 
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Figure 4: Simplified uniform pipelined sampling. a) Two, b) Three parallel measurement sequences. 

When additional targets are present, two cases oc- 
cur. In the first case, additional echoes fall into the un- 
used time intervals between receiver activation inter- 
vals. Hence, appropriate receiver windowing as intro- 
duced in Sec. 3.3 and Sec. 3.2 is sufficient for avoiding 
ambiguity. In the second case, additional echoes fall 
into the receiver activation windows for the main tar- 
get. This requires extra considerations for ambiguity 
resolution. 

For that purpose, the transmission times (with re- 
spect to the previous transmission) are modulated by a 
triangular modulation sequence, Fig. 6 a).  As a result, 

Select the number of interlaced measurement 
sequences. The maximum number is given by 
rearranging (1) as N,,, = Floor (s) 

Transmit pulse; . . . , t z  = t l ,  tl = to,  to=now 

Wait for Tblank 

Activate receiver 

Wait until t o  + Tblank + 2TF, 
techo . . . echo return time 

Deactivate receiver 

4 ' I  I 

Figure 6: Modulation of relative transmission times. 
a) Modulation sequence. b) Resulting sequence of 
range variations for two, three, and four interlaced 
measurement sequences. 

the sampling frequency is periodically varied. The re- 
sulting sequence of ranges measured with respect to 
the last transmission is shown in Fig. 6 b) for two, 
three, and four interlaced measurement sequences. It 
is obvious, that the range ambiguity can be resolved 
on the basis of the range changes over time according 
to  

Figure 5: Simplified pipelined sampling. 
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Figure 7: Mobile service robot ROMAN equipped 
with multi sonar system. 

AT should be chosen large enough to have a suf- 
ficiently large effect in the presence of noise. On the 
other hand, the triangular modulation sequence must 
be long enough to  validate the largest considered N .  
Nevertheless, the constraint (1) must be kept all the 
time to  prevent truncation of desired target echoes. 

The conclusion of this section is, that it is not al- 
ways appropriate to  work with the maximum number 
N,,, of interlaced measurement streams, because out- 
lier elimination based on sampling rate variations can 
only be performed if there are unused time intervals 
available. Hence, in practical applications, N < N,,, 
is used to  cope with outliers. 

4 Expeirimental Validation 
For experimental validation of the proposed sampling 
techniques, the mobile service robot ROMAN is used, 
Fig. 7, which is equipped with a multi sonar sensor 
system [18]. A simple experiment is conducted, where 
ROMAN meamres the relative location of a wall while 
driving back and forth at a velocity of 200 "/sec. 

For measurement purposes, ROMAN employs a sin- 
gle ultrasonic transmitter and an array of 5 receivers 
oriented towards the wall under consideration. Fur- 
thermore, the robot's internal sensors are used. Si- 
milar to  the work presented in [19], fusion of the ul- 
trasonic sensors and the internal sensors is performed 
in a set-theoretic framework. Given the current un- 
certainty of the relative wall location and the relative 
velocity, a receive window T[ is calculated for the next 
measurement. 

The results are shown in Fig. 8 and Fig. 9. Fig. 8 a) 
shows the raw distances as being measured between 
the transmitter, the wall, and one of the receivers. The 
sampling rate achieved is shown as a function of time 

a) loooC! 260 400- 600 800 $00; 1200 1400 1600 1800 i 
10 

t / 20 msec --+ 

b) t / 20 msec ---+ 

') 200 400 660 8W 1000 1'200 1400 1600 1800 2JOO 

t / 20 msec + 
Figure 8: Experimental results. a) Measured range. 
b) receive window width T F .  c) Sampling rate. 

in Fig. 8 c). The associated receive window width T[ 
is given in Fig. 8 b). 

Fig. 9 shows the sampling rate as a function of the 
measured distance. The result is in good accordance 
with the theoretical results given for a fixed receive 
window width in Sec. 3.3. The vertical extent is caused 
by the time-varying receive window width TE shown 
in Fig. 8 b). 

Commercial threshold detectors are used for measu- 
ring echo arrival times. The threshold is time-varying 
and tuned to standard sampling by the manufacturer, 
i.e., decreases with time after receiver activation to ac- 
count for echo attenuation. Hence, the threshold is not 
appropriate for pipelined sampling, since even echoes 
from distant targets are obtained shortly after recei- 
ver activation. As a result, measurement noise grows 
with the number of interlaced measurement sequences, 
which is therefore limited to  three in the experiment. 
To summarize, this effect is not caused by the prin- 
ciple of pipelined sampling and will be eliminated by 
employing more sophisticated echo detectors. 
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Figure 9: Sampling rate as a function of the distance 
transmitter -+ target -+ receiver. 

5 Conclusions 
A fast sampling technique for pulse-echo time-of-flight so- 
nar has been proposed and experimentally validated. Be- 
sides the general method that makes optimal use of the 
available channel capacity, also a simplified method is in- 
troduced, which may be applied with off-the-shelf sensors. 

The presentation was limited to the single transmitter, 
single target case, which is especially useful for mobile ro- 
bot localization with respect to a sparse landmark configu- 
ration. However, the results given can easily be extended 
to several transmitters and multiple targets. Furthermore, 
the proposed method could be combined with the results 
in [14, 151 in the case of several transmitters. 
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