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ABSTRACT

The problem of instantaneous source location estimation
with passive differential delay measurements is considered.
A maneuvering source is assumed to move close to a few
sensors and radiates both broadband and narrowband noise.
Differential doppler compensation is required to estimate
differential delays between sensors. As near field source
motion induces high dynamics in range and signal level,
threshold variation linked with inherent signal ambiguity
is the prevailing effect in delay estimation. These effects
are studied through the calculation of multiple passband
Modified Ziv Zakai Lower Bound. Taking these effects into
account, an instantaneous estimator of location, speed and
course is presented. The new and conventional estimators
performance are then compared on simulation and with an
at sea experiment.

1. INTRODUCTION

In underwater acoustics, extensive work has been performed
both on Time Delay Estimation and Target Motion Analy-
sis. In modern devices, there has been an increasing require-
ment for Delay Differences TMA since numerous heteroge-
neous sensors can be used to localize targets. A new per-
spective is provided by the use of test ranges constituted by
a field of several seabed localized sensors to passively local-
ize high speed targets. In this context, differential doppler
compensation is required to estimate differential delay be-
tween pairs of sensors (3], [2], [13}, [14], [9].

Besides this decorrelation effect, the most important phe-
nomenum that must be considered is signal level and spec-
trum variations. As the radiated spectrum is both com-
posed by broadband and high energy narrowband compo-
nents, Time Delay estimation is largely dependant on sig-
nal ambiguity considerations. These effects are pointed out
with a calculation of the Modified Ziv-Zakai Lower Bound
(MZZLB) [7] in Section 3; Then the related location accu-
racy is derived through Cramer-Rao Lower Bound showing
that the delay ambiguity has direct location ambiguity con-
sequences.

2. PROBLEM STATEMENT

2.1. Target location estimation

Let’s consider a set of N sensors distributed in the 3D space
and denote X; the 3-component sensor location vector of
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the ith sensor. Let’s assume that 7;;(?) are the estimated
differential delays between sensors i and j at time t. These
measures can be gathered into a single measurement vector
denoted M(t). Then assuming that the measurement errors
are gaussian, conventional Maximum Likelihood estimator
of location is given by the least squares estimator:

X() = agminl| MX)-MOIE )

where M(X) is the model vector linking the state vector
X = (z,y) and the measurements. The practical estima-
tion procedure is then the following :

- estimation of X°, an initial guess of the state vector [15],
{4]). N

- estimation of X with a Newton-like algorithm [17].

The remaining problem consists in choosing the best inde-
pendant pairs of sensors among all possible pairs. This will
be provided through differential delay estimation accuracy
analysis.

2.2. Multiple Passband Modified Ziv-Zakai Lower
Bound

The effect of ambiguities in Time Delay Estimation has been
adressed for a long time by various authors in two ways:
- statistical analysis of cross-correlator output [16]
- suboptimal decision process qualification (Modified Ziv-
Zakai Lower Bound) [7].
The first approach is particularly effective in the case of low
pass signals, but band pass extension proves to be difficult.
The second approach is more general and allows calculation
of a lower bound of Time Delay Estimation for any signal
and noise spectrum. Nevertheless practical results are only
available for bandpass case ie. constant SNR on the fre-
quency band [fo — B/2, fo + B/2]. We recall and introduce
hereafter the equations allowing us to apply general MZZLB
results to the 2-passband case. The objective of this calcul-
taion is to show the high variability of the first ambiguity
threshold with respect to signal spectrum.

Let’s denote P.(z) the probability of error related with
the Delay estimation. The expression of the Modified Ziv-
Zakai Lower Bound is the following [7] :

T
1
oMzzLE 2 T zF (Pe(z))dz (2
)
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where F is the non linear operator transforming the globally
decreasing function P.(z) in a strictly decreasing function;
P.(z) is provided by the Chernoff bound formula [7], [8] :

P.(z) = exp (a(z) + b(z)) erfc(+/2b(z)) 3)
and
a(z) = -T / - In (1 + sin® (xfz)SNR(f)) df (4)
®  sin®(xfz)SNR(f)
=) = T /0 T+smizfasNRpy O
SNR1(f)SNR2(f)

SNR() = TTSNR,(FSNR.(D) ®)
with as usual (7)

erfe(u) = ‘/%/ exp(—%)dv (8)

3. AMBIGUITY FLUCTUATION
CHARACTERISTICS : MULTIPLE
PASS-BAND CASE

As seen before the calculation of MZZLB relies on the 2
functions a(z) and b(z); let’s consider a the prototype prob-
lem linked with a 2 pass band signal. This example must
be considered as an illustration of the ambiguity thresh-
old variation with small signal spectrum variation. Let’s
consider that f; and f, are the central frequencies of the
two bands of width B. Then the spectral integration sup-
port is limited to the intervals [f; — B/2, fi + B/2] and
[f2 = B/2, f2+ B/2] Thus :

fi+B/2 fa+B/2
a(z) = /f f(z)dx+‘/f f(z)dz  (9)

1—B/2 3—B/2
h+B/2 fatB/2

bz) = / g(z)dz+/ g(z)dz (10)
Ji—-B/2 fa—B/2

with f(z) and g(z) defined by eq. (4) and eq. (5).

Then the two pass band MZZLB has been computed by
means of numerical integration. The variation of this
threshold has been plotted on figure 1 in the case of the
following prototype problem :

- two pass band processing

- elementary bandwidth : 10Hz

- f1 = 200Hz

- f2 varying from 100Hz to 130Hz

(the two bands have the same spectral level)

A threshold variation of 10 dB is then observed for a fre-
quency shift of 13 Hz (f; = 100Hz and f; = 113Hz). In ad-
dition the corresponding MZZLB vs. SNR plots are given
on figures 2 and 3. This threshold must be compared with
single band pass first ambiguity threshold [7] :

”(fo,B) = [T e (2 (1)

7(fo = f1,2B) = 25dB which is an evident upper bound of
2-passband threshold. In addition the corresponding MZ-
ZLB vs. SNR plots are given on figures 2 and 3 : the Time

Delay estimation accuracy is decreased within a range of
100 in standard deviation for the same 13 Hz frequency
shift.
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Figure 1. First ambiguity threshold

4. LOCATION ESTIMATION

Following the results of previous section, the accuracy of
Time Delay estimation can be described as follows:

- Large sensitivity to SNR variations (eq. 6) induced by
space variations (distances in a range 1 to 10)

- Ambiguity threshold sensitivity to little spectrum varia-
tion even with constant radiated energy.

Then an improved Location estimator would consist in esti-
mating all the possible Time Delays between sensors (with
Differential Doppler compensation}. In a four sensor case
this leads to increase the whole system computation load
by approximately a factor 2 (6 Doppler compensated Time
Delay computations vs. 3 computations in the conventional
processor case). In order to cope with Time Delay estima-
tion accuracy variations an alternative way is to define a
new location estimator processor ; it is based on on-line De-
lay Track variance estimation and reference sensor switching
with the following rules :

- initialization : selection of a reference sensor

- reference sensor update :

- computation of each delay track variance (estimated on
few last recurrences) (N-1 tracks)

- comparison of minimum and maximum track variance

- exchange of reference sensor if the maximum variance to
the minimum variance ratio exceeds a given threshold : the
new reference sensor corresponds to the minimum variance
track.

5. RESULTS

Let us describe the real experiment : the recorded signals
are given by 4 sensors located close to the sea bed with an
approximate immersion of 250 m; 3 sensors are equispaced
on a 1000 m radius circle. The 4th sensor is located at the
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center of this circle. A moving surface ship has had a ma-
neuver constituted by 5 rectilinear segments separated by
circle trajectories. Its speed was constant (15 Knots). The
useful bandwidth was 500 Hz and the coherent integration
time 2s. Differential Delay and Doppler estimates are pro-
vided by a SCOT Differential Doppler compensated Cross
Correlation [3], [5]. Processed tracks examples are showed
on figures 4 and 5 . The two processors have been compared
with this available data.

Then two X,Y plots show the processing results:
Figure 6 : Conventional processing ; 3 pairs of independant
sensors are used, sensor 1 taken as reference. Figure 7: New
processing scheme : a set of 3 independant sensors are used
taken among 4 possible sets, the best set beeing choosen
with on line variance control. Processor parameters :
- track variance estimation computed with 8 time recur-
rences.
- track variance threshold = 4.
The estimations are similar when the moving source is close
to sensor 1, whereas important improvement is observed
when it is near one of the peripheral sensors (especially
sensor 2).

6. CONCLUSION

The first contribution of this paper has been to show ex-
amples of Modified Ziv-Zakai Lower Bound in the case of
multiple pass band signals. Then variation with respect to
relative frequency centers of first ambiguity threshold effect
has been showed leading to important estimation accuracy
variation. Then the induced location effects have been pre-
sented, leading to an estimator taking into account these
effects. At last the estimation improvements are showed on
an at sea experiment.
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Figure 2. MZZLB f, from 100 Hz to 114 Hz



MZZLB
T=1s B=10Hz f1=200Hz f2 from 116 Hz to 130 Hz

0.0t —— 116 Hz
:q? Jr— 1 18 :Z Y (m) 1000.0+ * (1) : sensor i
N 120 Hz . : successive locations
=X (D N 122 Hz *® of moving source
-~ - 124 Hz
g-25¢ — 126 Hz e
3 N — 128 Hz "
=1 o 130 Hz ul
[o] » (1)
4
-5.0 + * * \
-10 0 10 20 30 ‘
sS\R@®8 “
Figure 3. MZZLB f, from 116 Hz to 130 Hz '
o) [ 1000.0 X (m)

Time Deloy Trock

ey () Sensors 1 ond 2 Figure 6. Estimated location (conventional processor)

4

0.H

L0,

R TR TR TR TR TR T R TR Y)
Time (s)

‘ ] Y (m) wes * (i) : sensor i
Figure 4. Time Delay track (sensors 1 and 2) . successive locations
" of moving source

Differentiol Doppler Track

Sensors 1 ond 2 ;
Deloy rale et i

00156,
JOR

0.008¢-

00030 s

-0 e (1] 0000 X (m)

-0.003%

-00me] Figure 7. Estimated location (new processor)

-0.0158 — e
.0 i3 758 s 100 w1 50 w25 LI
Time (s)

Figure 5. Differential Doppler track (sensors 1 and 2)

3562



