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Abstract

A sonar system that simulates the sensor configuration
of echolocating bats is described. Two estimators for range
and azimuth of an obstacle are developed, based on the
received signal envelope. The standard threshold detector
produces a biased time-of-flight (TOF) estimate. An unbi-
ased TOF estimate is derived by using the echo waveform
shape to estimate the object location. The estimates are
most accurate if the obstacle is located along the “line-of-
sight” and improve with decreasing range.

1 Introduction

Acoustic sensors provide an inexpensive means for de-
termining the proximity of obstacles for robot navigation (1,
2, 3, 4]. Reliable obstacle detection by sonar is achieved by

densely scanning the environment [5] which is usually time-

consuming. We propose an efficient, wide-beam sonar sys-
tem by mimicking the sensor configuration of bats with a
transmitter (the mouth) flanked by two receivers (the ears).
The useful information is extracted from the received signal
envelope through a parabolic fit method.

2 Description of the Sonar System

The Panasonic piezoelectric transducer is employed both
as a transmitter (T) and a receiver (R). In the far-zone of
the transducer, the beam forms a divergent cone(Fig. 1)
with half beam-width angle 6,=sin7![2822], where A=
and cis the sonic speed. For our system, fo—40kHz, a—7mm,
and 8,=48°. Previous results [6] indicate that in the far-
zone, the pressure amplitude of the propagating pulse at
range r and azimuth 6 can be approximated as:

p(r,0) = % exp (—%) (1)

where ¢, is the amplitude measured on the beam axis at
unity range. For a T/R pair, the product of the two beam
patterns determines the echo amplitude:

C e e [ ~2(62 + 92)]

where 8, and 6, are the angles, and r, and r; are the dis-
tances of the obstacle from T and R respectively, and ¢ is
the reflection coefficient of the object.
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Figure 1. The beam pattern for the Panasonic transducer.
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Figure 2. Sonar system configuration.

As illustrated in Fig. 2, T transmits an acoustic pulse,
and R1 and R2 capture the echoes. An obstacle is de-
tectable by both receivers if it lies in the active region of
the sonar system, defined by the intersection of the receiver
beam patterns. The range r and azimuth § of an obstacle
are measured relative to T.

3 Signal Observation Model

The detected echo is narrowband, with its spectrum
evenly spread about f,, and embedded in additive white
Caussian noise. Envelopes of the noisy echoes are extracted
and modeled as follows:

s(t) =a, e~ (t=tr) (t —tp) ult — tr) + n(t) 3)

where tp is the time-of-flight. The u(t — tr) is a unit-step-
function delayed by tp and a,,a, are the parameters of the
envelope. In Fig. 3, the form of the noiseless envelope is
shown whose maximum value A(ry,73,61,82) = 4a,(are)” -2
occurs at t =tp + = 2. In our system, the value of @; in
() is sufficiently sma.].l so that the exponential term can be

- 1273 -

CH2977-7/91/0000-1273 $1.00 © 1991 IEEE



-
N
] ¥ ]
¥ ¢ parabolic fit
v M
¥ 3
‘\ k < signal envelope
%
%
3
v
¥
P S, ot o ] ]
A3 /
o bl
4]\ I%*
03 tp t; t

Figure 3. Signal envelope and the parabolic. fit.
neglected, and a parabola is a good approximation in the
time interval [tp, tp + 5;—‘1 Then, the signal observation
model becomes

s(l) = aoft —tz) £ n(t) for t€ ﬁfp e+ %} @
‘ 2y )
Uniform sampling in time produces the sequence:

- ' g 1
3k = @ty — ﬁpi)“z +ng for &€ @tp, tp + 5&—} (5)
1)

4 Time-of-Flight Measurement

The range r and azimuth @ of an obstacle need to be
estimated from the TOF information, using the envelopes
of the noisy echoes detected by the two. receivers. Two dif-
ferent methods of estimating the TOF will be compared: tr
from simple thresholding method and ér from the envelope
shape information.

4.1 Simple Thresholding Method

The most common method for extracting the TOF infor-
mation from the echo is simple thresholding [7]. A system
threshold 7 is set to prevent false obstacle detection due
to noise effects. When the signal envelope exceeds 7, the
travel time from pulse transmission is measured with res-
olution T,. The noiseless signal envelope first crosses the
threshold + at time t} as shown in Fig. 3. Equating the
noiseless s(t) in (4) to 7, and solving for £}, we find:

. [r -
t,=tp+ «;——: (6)

However, the time t,, when the signal plus noise first ex-
ceeds the threshold need not equal t]. With a discrete sys-
tem, the TOF estimate is equal to {p=kpT,=t; + A where
A is @ random delay uniformly distributed in [0,T,).
Statistics for this estimator need to be derived to eval-
uate the bias and the variance of fp. Suppose that the
parameters g, and tp are known. When ¢ < tp, s is
a normally distributed random variable with mean § and
vatiance ¢2. The mean ¢ emerges due to the envelope de-
tection of noise when no signal is present. H &y > tp, the
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Figure 4. Probability mass function.
time-varying mean is equal to a,(ty — tr)”. The conditional
probability density function p(si|do,tr) is
( o [-4] for t < tr
p("klhut”l’ ) = d

532
ox —0a(ti -fp)? g

| e [t

} for ﬁ > t’p

The probability mass function p;,(fx) for the noisy sig-
nal to exceed the threshold first at time sample £ is

pi(te) = Prob{sy <t fort <ty and s > 7 for t =t}

Assuming independent. noise samples n,

Lk S oo
Piplte)=C, [H / - dsj; Pc"frza'artf‘)] f dsk p(sxlo, tr)

PAPT 3

= G [kI:Il erf.-.('w;)f]t 1 — erfu(zw)] "

and C, is a normalization constant. The mass function
Pi(tr)} has been evaluated for values of /o, = 3,6 with
the results shown in Fig, 4. For a particular obstacle, as
t}o, is increased by reducing o, and keeping 7 constant,
Pi,(te) approaches & Kronecker delta function located at
t; + A: the mean crossover time approaches ¢ + A and
the estimator variance decreases. When: considering the
set of all obstacles, A becomes & random variable that is
independent of t;. Taking expectations over A&, the variance
of £p for large values of r /o, approaches T?/12. Since Efip]
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becomes t! + Zt, the bias takes the value,
z T2

- r T,
Blisl= /= + 3 ®

The bias illustrates the problem inherent to thresholding:
for T > 0, the true tF occurs before the time ¢,.

4.2 Parabolic Fit to the Signal Envelope

To reduce the bias, a parabola is fit to the signal enve-
lope around its starting point tr. Since the signal model
of (5) is nonlinear in a, and tr, an explicit least squares
solution for the unknown parameters is difficult to find. In-
stead, an iterative algorithm proposed by Marquardt [8] is
employed. Suppose that N samples of the envelope fall
within the time interval [tg, tr + ﬁ] where the parabolic
model is valid. The algorithm starts with initial guesses
for a, and tp and minimizes the sum of the squared er-
rors between the signal samples and the model in (5), by
employing a variable-step gradient method. Depending on
the success of the trial parameters, the estimates &, and {p
are updated, the gradient step size is varied and new trial
values are generated. The algorithm terminates when the
change in the TOF estimate is less than a preset value.

To compare the two methods of measuring TOF, an
obstacle was placed at §=0° and r=500mm, for which the
true TOF is tp=2=2.91ms. The sampling rate is 50kHz,
corresponding to a sampling interval T,=20us and T was
set equal to 60,. A pulse was transmitted and the TOF
was estimated. 1000 trials were repeated to compute the
mean and standard deviation of both estimators.

With the simple thresholding method, E[fr]=3.00ms
and B[r]=90us or 4.5T,. In this case, the range measure-
ment is biased by 14.9mm. The standard deviation of the
threshold crossover point is equal 8.28us or 2.84mm. The
analytical value predicted by Eq. (7) is 2.99mm which corre-
sponds to the second case in Fig. 4. The standard deviation
component due to sampling is 5.77us or 1.98mm.

With the parabolic fit method, E[fp]=2.91ms. In this
case, the estimator is unbiased but the standard deviation
increased slightly to 9.30ps or 3.19mm. Hence, we have
an unbiased estimate of range having a standard deviation
comparable to thresholding.

5 Range and Azimuth Estimation

When the active region is occupied by an obstacle, two

TOF measurements i{p; and ir, are acquired from R1 and

R2, corresponding to the distances z=cip; and Zy=cip,
from the transmitter to each receiver. Measurement 2; re-
stricts the possible locations for the obstacle to lie on an
ellipse whose foci are at T and R1. Similarly, given Z;, the
possible obstacle locations lie on an ellipse with foci at T
and R2, as shown in Fig. 5. Both measurements are valid
only where the two ellipses intersect within the active re-
gion. From the geometry, the distances are given by

3 = Vri*4d?+2drsind +r + e;(r,0)
Vr? 4 d? — 2drsinf + 7 + e3(r,0) 9)
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Figure 5. Geometry of obstacle localization.

where e;(r,0) and e,(r,) are the zero-mean errors related
to the error in the TOF estimate by the sonic speed c.
Eq. (9) can be written in vector form as £ = f(r, 6) +e(r,8).
Since the error components at the two receivers are uncor-
related, e(r,6) is white Gaussian error with a diagonal co-
variance matrix C. Therefore, the conditional probability
density function of % is:

P(aln0) = g exp {~ 318 £, OG- €)1}

The Maximum Likelihood Estimates of 7 and 4 are:
2+ 23 — 242 b — sin-! (2125 + d?)(3: — 22)
2(% + 25) d(23 + 22 — 2d%)

6 Experimental Verification

=

A pole (1m height x25mm diameter) was placed at a set
of known locations within the active region of the sonar sys-
tem Yvith d=120mm. A pulse was transmitted and ipy,tp,
and tpy,ip; were computed. The range and azimuth were
estimated by both methods of TOF estimation. For a given
location, M=100 trials were conducted to compute the mean
and the standard deviation of the estimates. The experi-
ment was repeated for a collection of » and 6 values.

7 Results and Interpretation

The results are shown in Figs. 6 and 7 where the solid-
line curves represent the mean value of the estimate and
the dashed and dotted lines correspond to the *o values.
In Fig. 6, true »=500mm and 0 varies between —30° to
+30°. The upper curve corresponds to the biased range es-
timate from the simple thresholding method whereas the
lower curve is the range estimate from the parabolic fit
method. The thresholding result indicates that 7 is biased
and that the bias increases with {0 |. This result is expected
from (8) because for obstacles located at large |8|, the sig-
nal amplitude decreases and the crossover occurs closer to
the envelope maximum. This corresponds to smaller values
for a, and hence a larger bias by (8). The estimator # is ob-
served to be essentially unbiased. The resulting § in Fig. 7
is biased because at large |4|, the mean value deviates from
the true value by more than three standard errors of the
mean value given by 3¢,/ VM. For example, at §=30°, §
equals 40.8°. (30;/v/M=0.20°). This bias is mainly due
to the biased TOF estimates used in (5). The result  is
also slightly biased at large |f]. At 6=30°, 6 equals 32.3°.
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Figure 6. Comparison of the range estimators.
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Figure T. Comparison of the azimuth estimators.

(305//M=0.22°). The estimate § is less biased than § be-
cause the TOF estimates with this method are unbiased.
The small residual bias in § is due to the nonlinearity of
the azimuth estimator.

Note that the standard deviation of each estimator is
minimum. at §=0° and increases with [6{. The standard
deviations of § and § also increase with range [9]. These
results can be explained in. terms of the transducer beam
pattern given in (1), which indicates that the echo ampli-
tude decreases with range and with increasing deviation [¢]
from the transducer line-of-sight. Since the signal-to-noise
ratio is smaller at larger deviations from the line-of-sight,
the estimator variances are larger.

In the limit as 2d/r goes to zero, the behavior of the
three transducer system resembles a single transducer sys-
tem which can provide comparably accurate range esti-
mates. These systems are, however, limited in their angular
resolution, typically equal to. +,. Angular localization is
significantly improved with our three-transducer system.

As a measure of the parabolic fit estimator performance;

Cramér-Rao lower bounds for estimator variances have been
derived and compared to our experimental results in [9].
The bounds and the experimental results are of similar
shape. At r=500mm and §=0°, o, is comparable to the
lower bound and oy is only 1.2 times larger. The lower
bounds are not achieved by the experimental results be-
cause in estimating the TOF, a heuristic technique was used
instead of the optimal correlation method [10]. Since the
signal envelope parameters a, and a, vary with range and
azimuth, the optimal method requires the storage of a large
number of reference: signals. Our simple method gives an
attractive compromise between aceuracy and complexity.

8 Summary and Conclusions

We have described a three-transducer sonar system that
demonstrates a significant improvement in object localiza-
tion over the single transducer system. Simple thresholding
does not produce accurate resulfs due to the bias in the
TOF measurement. With the parabolic fit method, TOF
is extracted from the leading edge of the echo, eliminating
the need for the whole pulse to be processed. The results
provide useful insights about animal sonar systems. For
successful capture of prey, it is crucial that the accuracy is
best along the line-of-sight and at nearby ranges. This is
exactly the type of behavior our system exhibits.
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