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CHAPTER I

INTRODUCTION

The problem of estimating the time delay between noisy signals
received at two or more spatially separated sensors has attracted con-
siderable interest in recent years. One important application is in
the localization of an underwater acoustic source. If the source signal
is received at atleastthree remote sensors it is possible to estimate the
range, as well as the bearing to the source, from the time delay estimate
i

Many methods have been proposed to estimate the time delay parameter.
Some of the related schemes are: (i) the Roth processor [2 ], (ii) the
smoothed coherence transform (SCOT) [ 3], (iii) the phase transform (PHAT)
[4], and (iv) the Eckart pfocessor [5]. Also a maximum likelihood (ML)
estimator has been derived [ 6 ] and it has been shown that the ML esti-
mator is identical to that proposed by Hannan and Thompson [ 7 ]. The pre-
ceding methods have been shown to be related through a generalized cross
correlation approach [ 6 ], and an expression for the variance of the time
delay estimate for the generalized cross correlator has been derived [8 ].

The main objective of this work is to evaluate the performance of
the SCOT algorithm and an approximate maximum likelihood estimator, as
compared to the basic cross correlation method of estimating the time
delay, via a digital simulation. The particular case considered is that
of a narrow band random signal corrupted by white Gaussian noise received
at three remote sensors. Using the time delay estimates obtained from
the simulation, estimates of the range of the source are computed. The
variances of the time delay estimates and the range estimates are then

compared with the corresponding theoretical wvalues.



A brief review of the thecretical aspects of this problem 1s present-
ed in Chapter 2. Detalls of the simulation and the simulation results
are given in Chapter 3. Then in Chapter L, the implications of the results

are discussed and conclusicons are drawn.



CHAPTER IT

SOME THECRETICAL CONSIDERATIONS

A simple but useful model of the two sensor problem is as follows:
t
L (&)

sl(t+D) + ng(t)

xl(t) sl(t) +n

(2-1)

xe(t)

where x_ (t) and xz(t) denote the sensor outputs, s, (t) is the socurce signal,

1
and nl(t) and n

L

2(t) represent the additive noise sources. It is assumed

that s{t), nl(t) and n2(t) are uncorrelated and jointly stationary real
processes. The problem is then to estimate the time delay parameter D,

A ccommon method of determining the delay is to compute the cross
correlation function

Rxlxg(T) = E [xl(t) x2{t-r)] (2-2)

where E 1s the expectation operator. The parameter T that maximirzes

Rx - {1) in (2-2) is an estimate of the time delay D. The cross correla-
172

tion can be computed from the cross power spectral density function using

the Fourier Transform relaticnship

R (1) = [ _o  (£) 3BT gp, (2-3)
x1x2 - xlxg

However, in practice only an estimate, say G (f)}, of G (£) can be
A2 Sl
obtained due to the finite observation interval. Thus only an estimate,

Rx s (1), of the cross correlation function can be computed.

172

In an effort to reduce the error in the time delay estimate induced by
the spectral estimation, several other methods have been developed. It has
been shown by Knapp and Carter [ 6 ] that many of these methods, in particu-

lar those noted in the introduction, can be related by a generalized cross

correlation method. In this approach the sensor outputs x.(t) and x.(t)

L 2



are pre-filtered as depicted in Fig. 2.1. The cross power spectrum between

the filter outputs yl(t) and'yg(t) can then be computed [ 9 ] as

Gy, (1) = B () HHE) 6 () (2-1)

where * denotes the complex conjugate. The generalized cross correlation
function is then given by
o
R (1) = f_m w(g) o (f) eI ¢ (2-5)
17 1%2

where W(f) = Hl(f) HE*(f) is a weighting function.

Choosing Hl(f) = H2(f) = 1, hence W(f) = 1 in (2-5) yields the basic
cross correlation method. Other choices of W(f) yield the Roth processor,
the SCOT algorithm, the phase transform, the Eckart processor, and the
Hannan-Thompson or ML estimator as discussed in [6]. In this effort only
the SCOT and the ML estimator will be considered, other than the basic
eross correlation method.

The motivation behind the SCOT algorithm is the desire to counteract
errors in the estimate of lexe(f) caused by frequency bands where the
noise power, either Gnlnl(f) or Gn n (f) is large. The weighting function

272
is therefore chosen to be

_ il
wiz) = g (fr) G (£)11/2 {2-6)
S s XX
where
% (f} = § (£} + G Py 5 & =1,2. (2-7)
xixi Slsl nini

Substituting this weight function in (2-5) and noting that in most cases

the auto spectra G (£) and G (f) must be estimated as well as the
X, X XX
11 22
cross spectrum, one obtains
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; = G__ (£)
S
le2(T) = 5 -
4/Gx LB & (£)
i
Returning to the realization of Fig. 2.1, if Hl(f) = 1/ 4G (f) and

%

ar, (2-8)

He(f) = l/q/Gx - (f) , the SCOT method can be interpreted as two pre-
272

whitening filters which are followed by a cross correlator. Thus the

effect of any dominant frequency components in Gx X (f) is reduced when
172

computing the inverse Fourier Transform. In fact the guantity

G ()
%o
Yx x (f) = (2'9)
1%2 Al Gy x (£) 6, ()
;i Fato
which is the complex coherence function between xl and X55 has the property
: £ o i -
that 0 ¢ |Yx . (£)| £ 1. Further |Yx « (£)| = 0 if x, and x, are uncorre
172 12
lated and |y {£)] =1 2 x, end x, are linearly related. If the noises
X, X, 2

are uncorrelated G (f) = 0, then
Byt

(£) e"92TED

GX " (f) = Gs " (2-10)

12 171

Thus in frequency bands where the noise is dominant IYx - (£)| is small and
172
these bands are suprressed while frequency bands where the signal is domin-

ant and |Yx < (f)| approaches 1 are emphasized. Finally it should be noted
12

that the SCOT is obtained by taking the inverse Fourier Transform of

Y (f)i il.e.,
*1%g

(1) = fﬂm Yy 5 (£) 17T e, (2-11)



The maximum likelihood (ML) estimator is obtained by taking the weight-

ing function to be

CX X (f)
W(E) = kg (2-12)
|lex2(f)| [1 - Cxlxz(f)]
where
Cxlxz(f) - |Yxlx2(f)12 (2-13)

is the magnitude squared coherence {MSC). Note that as long as nl(t)

and nz(t) in (2-1) are not both zero processes, R o {f) < 1, and hence
172

W(f) in (2-12) is well defined. Again due to the necessity of estimating

G (f) ard C (f) in practice, it is not possible to achieve the ML
XX X, X

172 12
estimator exactly. Substituting the corresponding estimate of W(f) from

(2-12) into (2-5) yields the approximate maximum likelihood (AML) estimator

. B jenfr
) J Cxlxa(f) lexg(f) e
(1) = j_, —= - ar. (2-14)
V192 6, , (£)] [1-c, _ (£)]
1% 1%2

Thus the time delay estimate, D, for the generalized cross correlator

is given by the argument T that maximizes Ry o (t) in (2-5) where the cross
2
spectrum Gx X (f) and usually the weighting function W(f) must be estimated
12

from the data. An expression for the variance of the time delay estimates
in the neighborhood of the true delay for any given weighting function is

given by [ 8]

i Iw(f)i2 (en)? G (f) G (ry [z -~ (£)] ar
o J_m Xle X2X2 XlXZ (2-15 )

o = e i

D oo
T [ﬁ_ (21£)? Ilex (£)] wig) df} 2

o 2

where T dencotes the observation time in seconds.



To this point a two sensor model has been considered. The above
results are easily extended to the three sensor model by first considering
the time delay between sensor 1 and sensor 2, dencted by DEl’ and then the

time delay between sensors 2and 3 denoted by D Assuming that the sen-

32°
sors are collinear [see Fig. 2.2] and that the distance between sensors
and the speed of scund is knowu, an estimate of the range can be computed

from the time delay estimate. The range from the scurce to the central

sensor is given by [10]
2

. L, [1- (CDel/Ll)z] + T, [1 - (CDBQ/LE) ] (2-16)
2 [CD32/L2 - cnzl/Ll}
where
Ll = distance between sensors 1 and 2,
L2 = distance between sensors 2 and 3,
C = speed of sound,
and Dij= Di - Dj = the time delay between sensors i and j for 1,j =

1,2,3. Also it has been shown that the variance of the error of the range

estimate is given by [10]

&~ g (2-17)

where Le is the effective half array length, and KE is the variance of the
31

error in estimating the time delay from sensor 3 to 1.

In the next chapter the results of a digital simulation are presented
comparing the SCOT algorithm and the AML estimator with the basic cross
correlation method of estimating the time delay and the range of the source.
The variancesg of these experimental results are then compared with the

theoretical values obtained via (2-15) and(2-1T).
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CHAPTER 3

SIMULATION DETAILS AND RESULTS

3.1 The Model

The simulation implemented the following three sensor model:

xl(k) = s(k-Dl) + nl(k}
xg(k) = s(k) + ne(k)
x3(k) = s(k-D3) + n3(k) (3-1)

where k is the time index, and Dl and D_ are the time delays which were

3
chosen to be 8 and 4 samples, respectively. As before s(k) represents
the source signal, ni(k) is the addiivive nocise at the i-th sensor, and
Xi(k) is the output of the i-th sensof. Two source signals were consid-
ered. In the first case the signal consisted of low-passed white Gaus-
sian noise while the second signal consisted.of bandpassed white Gaussian
noise. Feor both signals the additive noises were uncorrelated white
Gaussian noise sequences. The generation and processing of the signal
and noise sequences are described in the following sections.
3.2 Generation of Signal and Noise Sequences

Four white Gaussian noise sequences with unit variances were gen-
erated using the pseudo-random number routine, GAUSS, from the XSU
Signal Processing Laboratory program library. Each of the four sequences
was divided into 32 equal lengih segments corresponding to the 32 trials
perfcrmed. The MSC was then computed for each pair of the four sequences
for all 32 trials to ensure the seguences were mutually incoherent and

therefore mutually uncorrelated. Some typical MSC plots are showmn in

Figures 3.1 and 3.2.
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Three of these four white Gaussian noise sequences were used to
represent the additive noises, nl(k), nz{k) and n3(k), at the remote
sensors. The fourth sequence was passed through two digital filters

Hl(z) and HQ(Z) which had the following characteristics:

_{ 1; 0s£<100 Hz
JHl(f)l h { 0; elsewhere
. ] 13 100=2f2200 Hz
IHE(f)| - [ 0; elsewhere (3-2)

The filter characteristics in (3-2) were realized via five second-order
Butterworth sections. The resulting outputs were thus low-passed and
bandpassed sequences which were used to represent the two signal sequen-
ces. These sequences were then scaled by a factor of 3.2 to again ob-
tain unit variances. Thus the signal to noise ratio (S8NR) was approxi-
mately unity; i.e.,

Vari _
SNR = ariance of source sequence _ ;- (3=3)
Variance of noise sequence

Also the mean values of both the source and noise seguences were approxi-
mately zerc. The source sequences were added to the noise sequences
as indicated in (3-1) to obtain the remote sensor outputs, Xl(k)’

xg(k) and x3(k)v

3.3 Processing of Sensor Outputs

The sensor outputs were processed two at a time to estimate the
time delays between sensors 1 and 2 and sensors 2 and 3.  The processing
was done using a "Coherence and Spectral Estimation' program developed
by Carter et. al. [11], which was adapted for use on the NOVA 1200
systen ét K5U. As stated previously 32 trials were conducted during
the simulation. TFor each trial the input sequences were procesgsed as

16 disjoint segments of 512 points each, with the sampling frequency

15



taken to be 2048 Hz. Thus each trial represents 512 x 16/2048 = L
seconds of data in real time. Tt is noted here that while the data
was processed as disjoint segments in the simulation, 1t may be desir-
able to use overlapped segments in practice as discussed in [12].

The data segments were smoothed by a ralsed cosine window and
then the Fast Fourier Transform (FFT) was computed via Singleton's
algorithm [13] to obtain estimates of the auto and cross power spectral
densities for each segment. These values were then averaged to obtain
an estimate of the true power spectra and the corresponding MSC was
computed for each trial. These estimates were used in turn to compute
the generalized cross correlation functions. This was accomplished
by multiplying the cross power spectral estimate by the appropriate
weighting function and taking the inverse FFT as discussed in Chapter
2. The weighting function used for the basic cross correlation func-
tion was W(f)=1, while those for the SCOT and AML functions are given
in (2-6) and (2-12) respectively. These computations were carried
out for both the low-passed and bandpassed signals. Finally an ideal-

ized correlation function was obtained using the weighting functions

_ }1: 02f<100 Hz
Wl(f) - {0; elsewhere
_ J1; 100<f<200 Hz
Wyle) = {O; elsewhere (3-1)

where Wl(f) and Wg(f) correspond to the low-passed and bandpassed
cases, respectively. The motivation for doing 20 was to determine the
effect of non-zero weighting in regions of the frequency domain where

the signal power was zero.

16



The above cross correlation functions, (say ﬁ(k)),were then
plotted (See Appendix B), and the corresponding time delay estimates
were determined from the argument that maximized ﬁ(k). The result-
ing time delay estimates were then used to estimate the range, and
the corresponding means and variances were computed. These results
are discussed in the next section.

3.4 Simulation Results

The results of the simulation are summarized in Table 3.1. The
results for each trial for the standard cross correlation, SCOT and
AMI, methods are presented in Tables 3.2 through 3.4, respectively.
The individual trial results obtained using the optimum weighting

funetion of (3-4) are omitted as the time delays, and D,, were

Doy 3

predicted correctly in all 32 trials for both the low-passed and band-
passed cases. The plois of‘these four correlation functions from
which the time delay estimates were obtained are shown in Appendix B.
The calculations of the theoretical variances of the time delay esti-
mates are given in Appendix A.

For the case of the low-passed signal the AML method performed
somevwhat better than the cross correlation method in terms of the var-
iances of the time delay estimates. Both the AML and the cross correla-
tion methods achieved significantly better performance than the SCOT
technique. The crosg correlation method also gave fairly good agree-
ment between the experimental and theoretical variances of the time
delay estimates. The theoretical variance for the AML method (i.e.
the variance of the ML processor) represents the minimum cbtainable
variance in theory as it has been shown [8] that the variance of the

ML processor obtains the Cramer-Rac lower bound. The effect of spectral

17
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Low-passed Case Bandpassed Case

Trial D2l D32 Range D21 D32 Range
1 ~8 : 306.7 -8 i 333.2
2 =7 3 Lo2.5 -8 4 333.2
3 =8 L 333.2 =8 L 333.2
L -9 5 283.3 -8 4 333.2
5 -8 L 333.2 -8 4 333.2
6 =7 L 365.2 w8 4 333.2
i -9 L 306.0 -8 L 333.2
8 -8 3 364.3 -8 b 333.2
9 -9 L 306.0 -8 L 333.2
10 -8 b 333.2 -8 L 333.2
11 -8 L 333.2 -8 L 333.2
12 -8 Hy 383+2 -8 L 333.2
13 - L 306.0 -8 L 339,28
14 =8 L 333.2 -8 L 383,28
15 -7 4 365.2 -8 4 333:2
16 -8 L 333.2 -8 L 333.2
17 -8 4 333.2 -8 L 333.2
18 -9 L 306.0 -8 L 3332
19 i L 333.2 -8 L 333.2
.20 -7 4 365.2 -8 L 333.2
21 PLs 5 283.3 -8 L 333.2
22 -8 3 364.3 -8 L 333.2
23 & b 365.2 ~8 L 333.2
24 T L 365.2 8 4 333.2
25 -8 3 36L4.3 -8 L 333.2
26 -8 L 333.2 -8 Y 333.2
27 -8 3 364.3 -8 Y 3352
28 =7 b 365.2 -8 4 333.2
29 -8 L 333.2 - L 3338
30 -8 5 306.7 -8 b 333.2
31 i N 365.2 =8 I 333.2
32 -8 5 306.7 -8 b 333.2
Mean -7.94% L,00 337.2 =B L 333.2
Std 0.66 0.56 28.1 0.0 0.0 0.0
Dev.

o{Range error) = 28.4 o{Range error) = 0.0



Low-passed Case Bandpassed Case
Trial DEl D32 Range DZl 32 Range
1 -6 5 365.6 -7 5 333.8
2 =T 3 Loz.s -7 3 402.5
3 -6 6 334,0 -8 L 333.2
L -6 5 365.6 ~9 5 283.3
5 -9 6 263.5 ~9 L 306.0
6 -7 L 365.2 ~T L 365.2
T -9 ) 263.5 -9 L 306.0
8 -8 3 364.3 -8 3 36k4.3
9 =10 Yy 282.,5 -9 h 306.0
10 -8 2 401.3 -8 L 333.2
11, -10 6 245,86 -8 L 3332
12 -7 5 333.:8 -8 5 306.7
13 -9 L 306.0 =T Y 365.2
14 -8 9 230.5 -8 L 9332
35 T % 504 .k . 4 365.2
16 =8 L 333.2 -8 L 393.2
17 -8 3 364.3 -8 L 333.2
18 -6 N 4£03.3 -9 4 306.0
19 -8 b 333.2 -8 L 333.2
20 -7 L 365.2 -7 L 365.2
21 -9 5 283.3 -9 5 283.3
22 -8 3 36L.3 -8 3 364.3
23 -7 b 365.2 -7 L 365.2
24 -10 N 282.5 ~9 L 306,0
25 -5 3 506.8 -8 3 36k.3
26 -8 4 333.2 -8 I 333,02
27 -6 3 449.0 -8 3 364.73
28 -7 L 365.2 =T 4 365.2
29 -6 5 365.6 -9 L 306.0
30 -8 5 306.7 -8 5 306.7
31 =T 5 333.8 =7 5 333.8
32 -8 1 LLE,3 -8 5 306.7
Mean -7.59 L4L.19 350.9 -7.97 L.06 334L.6
5td. 1.87 1.53 65.5 0.73 0.61 28.6

Dev.

o(Range error) = 67.8

Table 3.3 8SCOT Results

o(Range error) = 28.7

20



Low-passed Case Bandpassed Case

Trial D21 D32 Range DQl D32 Range
1 -8 3 364.3 -8 L 333.2
2 wlf 3 402.5 -8 k 333.2
3 il L 365.2 -8 4 333.2
Y =g L 306.0 -8 L 333.2
5 -8 L 333.2 -8 e 333.2
6 =T I 365.2 -8 L 233:2
T -9 n 306.0 -8 L 333.2
8 -8 5 306.7 -8 L 333.2
9 =T n 365.2 -8 L 333.2
10 -8 4 333.2 -8 L 333.2
11 -8 L -~ 338.2 -8 L 333.2
12 -8 3 364.3 -8 L 3332
13 -8 b 333.2 -8 L 333.2
14 -8 h 333.2 -8 L 333.2
15 -8 4 333.2 -8 L 333.2
16 -8 L 333.2 -8 L4 333.2
17 -8 L 333.2 -8 L 33342
18 -3 L 333.2 ~5 L 333.2
19 -8 L 333.2 -8 N 333.2
20 - Y 333.2 -8 b 333.2
21 -8 Y 333.2 ~f i 333.2
22 =B 5 306.7 -8 b 333.2
23 -8 L 333.2 -8 L 333.2
2k -8 L 333.2 <0 4 333.2
25 -8 3 36Lk.3 -8 L 333.2
26 -8 L 333.2 =8 L 333.2
a7 ~H i 333.2 -8 b 333.2
28 - L 333.2 -8 4 3332
29 -9 3 332.2 -8 L 333.2
30 -8 4 333.2 -8 b 333.2
31 -7 L 365.2 - 4 333.2
32 -8 3 364.3 -8 L 3332
Mean -7.94 3.88 3ko.1 -8 I 333.2
Std. 0.50 0.49 21.7 0.0 0.0 0.0
Dev.

g{Range error) = 22.1 g{Range error) = 0.0

Table 3.4 AMI, Results



value for the experimental variance of the time delay estimates. The
best performance was obtained using the optimum weighting function

as expected, when the time delays were estimated correctly in every
trial. As can be seen from the experimental values for the variance
of the time delay estimates, the sub-optimum weightings of the other
techniques caused a degradation in performance.

For the bandpassed signal the AML method, the cross correlation
method, and the processor using the optimum weighting function all
correctly estimated the time delays in all 32 trials. This improved
performance was expected based on the smaller values obtained for the
theoretical wvariances of the time delay estimates. The SCOT methed
also performed better for the bandpassed signal than for the low-
passed signal, but again showed poorer performance than the other
techniques. Using the 32 estimates of the time delays, Dzl and D32,
32 estimates of the range were computed as in (2-16) using the values
Ll=L2=lOO ft and C = 5000 ft/sec. These values are alsco given in
Tables 3.2—3,&. In addition, the variance of the range error was
computed from{2-17) with L, = 100 ft, and the theoretical variance

of the time delay estimate was used for cg . From Table 3.1 it is
- 3L

seen that good agreement between the experimental and theoretical
variances of the range error was obtained for the low-passed cross
correlation case., However, there was relatively poor agreement for
the SCOT method where thé theoretical variance is larger than that
obtained from the simulation, for botﬁ the low-passed and bandpassed
signals. TFor those cases in which the time delays were correctly

estimated in all 32 trials, thus yielding zero variance for the range

22



error, the theoretical variences were so small that more trials would

be required to compare the experimental and theoretical values.

23
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CHAPTER 4

CONCLUSIONS

This work has presented the results of a simulation comparing the
performances of the standard cross correlation, the AML and the SCOT
methods of estimating the time delays between signals corrupted by
noise received at three remcte sensors. The time delay estimates so
obtained were used to compute estimates of the range of the source.
Also, the theoretical variances of the time delay estimates and range
error were computed and compared to those obtained experimentally. It
was shown that for the case of & narrow band Gaussian signal embedded in
white Gaussian noise, both the standard cross correlation and the AML
methods perform significantly better than the SCOT method. This is in
agreement with the simulation results of Hassab and Boucher as given in
[14]. However, it should be noted that for certain types of input
data the SCOT method has been shown to cutperform the standard cross
correlation method [3].

Further simuliation work could include using fewer disjoint seg-
ments to estimate the powér spectra, different signal to noise ratios
and different bandwidths for the signal segquence. Ancther area that
merits a detailed investigation is the case of a moving source. Some

effort in this direction has been initiated recently {15].
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APPENDIX A
CALCULATION OF THEORETICAL VARTANCES
A,1 Variance of the Time Delay Estimates
From (2-15) the theoretical variance of the time delay estimate
is given by

Oy, (8) O o (B0, o (9) 1(2n£)® ar

g = v

AD e 2
T [L, 'W(f)’ |c-xlx2(f)| (ewf)2 df]

In the simulation the sampling frequency was 2048 Hz. Hence the limits

of integration in (Al) are -1024 Hz to 1024 Hz. The observation time

T was 4 seconds. To simplify the notation let G.. = G s G.. =G ’
11 xlxl 22 x2x2
G =G and C =C . Then with some additional simplification,
12 v s < 12 e &
12 172
(A-1)becomes
1024 2 2
G —
, fo lw(e)| 11 () Gp(E) [1-C.,(£)] £ ar
90 T 102k (a-2)

81" T [[0 ()| ley,(e)] £° dfjg

Thus the auto and cross power spectral densities, the MSC and the
weighting function must be known to calculate the theoretical variance

of the time delay estimate. Note that sinece the sensor outputs in

(3-1) are identical (i.e., statistically), the value of UiD in (A-2) is
independent of which two sensor outputs are considered, i.e.;

02 - 02 . U2 o 02

AD D D D

21 32 31
The suto power spectra are given by

Gll(f) = Gee(f) = GS(f) + Gn(f) (A-3)



where Gs(f) and Gn(f) denote the power spectral densities of the signal
and noise sequences, respectively. Implicit in (A-3) is the assump-
tion that the signal and noise sequences are uncorrelated. The noise

sequences are white so that

G (f) =

] {constant, ~102k < £ < 1024 Hz (A1)

0 ., elsewhere
Also recall that the noise sequences have unit variances and zero

means, and thus

1024

oo =1=R (0) = J Gn(f) arf (A-5)
~102k

where Rn denctes the autocorrelation function of the noise sequence.

Solving for Gn(f) yields

-k
_ fk.9 x 107" (-33.1 dB), -1024 < f < 102k Hz
Gn(f) - {0 , elsewhere ; (4-6)

The signal sequence consists of low-passed or bandpassed white noise
and alsc has unit variance and zero mean. For the low-passed sequence

one obhtains

-3
_ /5.0 x 1077 (-23.0 dB) ; -100 £ f £ 100 Hz
Gs(f) - {O , elsewhere . (&-T)
Thus the auto power spectra are given by
5.5 x 1075; 0 < |£| < 100 Hz
Gll(f) = G22(f) = { . _l;, = b (A-8)
4.9 x 1077; 100 5 |f] s 102k Hz.

The signal to noise ratio can be calculated using the values from

(A-6) and (A-T) as

&1 _ [10.2; 0 5 |{f] s 100 Hz
0 ; elsewhere

29



Equivalently the SNR can be expressed in terms of the MSC as [8]

SNR = : (A~10)
Solving for ClQ(f) yields

¢, (1) = {0.83, 05 |f] <100 Hz (811

0] , elsewhere
The magnitude of the cross power spectrum can then be obtained from

the relation

(£) o101 (a-12)
e f) = A=12
18 Gll(f) G, (£)
and one finds
-3
_ /5.0 x107°, 02 |f]| £100 Hz
[GIE(f)[ - {O , elsewhere (a-13)
Similarly for the bandpassed case the following wvalues are
obtained:
-3
6, (2) = 6, () = {5.5 x 1077, 200 < |£| < 200 Hz (Ae1k)
4.9 x 107, elsewhere 1
_ ]0.83 100 2 |£| < 200 Hz
Cl2(f) - {0 , elsewhere " (4-15)
and
-3
_ /5.0 x 1077, 100 < |f| 5 200 Hz
|GZL2(f}i - {0 , elswhere . (A-16)

A.1l.1 Cross Correlation Method
The weighting function for the standard cross correlation method
is W(f} = 1. Substituting for ClE(f) from (A-11) and for W(f) in (A-2)

yields

30



JlOO 1024
J
5 _0'17 0 Gll(f) ng(fl £ af + /100 Gll(f) G

lo] =
AD 102k 2
2 2
8r° T [Jo |Gy (2) |2 ar ]

for the low-passed case. Substituting the values for the power

2
22(f) £~ af

{A-18)

spectra from (A-8) and (A-13) one findso,, = 0.65 samples. Similarly

for the bandpassed case one obtains & = 0.10 samples.

AD
A.1.2 BSCCT Method

The SCOT method uses the weighting function

Wie) = : - (4-19)

VGll(f) Gop (T)

Substituting this weighting function into (A-2) and making use of the

relation {A~12) yields upon simplification
102k
2

fo [1-c. (£)] £5 ar
0o = i : (4-20)

AD 812 T {éozh ”ﬁ2;3?31 fe df]2

D= 7.2 samples and for the bandpassed

Thus for the low-passed case GA

case OAD = 1.0 samples.

4.1.3 AML Method
The weighting function corresponding to the ML estimator can be

expressed as

By O
W(e) = =2 . (A-21)

|6, (£)] [1-C 5 (£)]

Using this weighting function in (A-2) and simplifying one obtains

1024 Clg(f)

-1
o2 = len® 1 [5 oo 2ar] . (a-22)

This is the thecretical wvariance of the ML estimator which achieves the

Cramer-Rac lower bound as noted in [6]. For the low-passed case one

31



.

obtains ¢ = 0.90 samples and for the bandpassed case c

AD AD

samples.
A.1.4 Processor using Optimum Weighting Function

This processor applies the weighting function

Wie) = {l, for f such that G (f) i (A-23)

0
0, for f such that Gz(f) o .
Thus W(f} can be omitted from (A-2) and the limits of integration are
determined by the power spectrum of the signal sequnce Gs(f). For the

low-passed case (A-2) becomes

100
2
2 J0 Gy, (£) Gpplt) - Cl2(f)] e (A-2k)

AD 100
8n T F f |G (£} 2 ar 12
- Jg 12 <l

Since G_.(f), (f) are all constant over this

" (£), [6,,(£)] ena c

G22 12

frequency range they can be factored out of the integral. Then making
use of the relation in (A-~12) and simplifying yields

100 €. 0F) -1
o = [8#2 7 [ At gT 1 , (A-25)

AD
0 1= Clg(f) -

which 1s the same as the expression for the variance of the ML estimator.

Thus for the low-passed case UAD = 0.090 samples and for the bandpassed

case the limits of integration in (A-25) are from 100 to 200 Hz and
%, = 0.034 samples.
A.2. Variance of the Range Estimates

The theoretical variance of the range error can be computed from

(2-17) to be

l
o5 =2 [R—] o . (A-26)



33

The value for UiD is the theoretical wvalue of the variance of the
31

time delay estimate as calculated in the preceding sections. The
values obtained from (4-26) as well as the values for UiD are

given in Table 3.1 for the various processors.



APPENDIX B

This appendix contains a sampling of the plots from which
the values for the time delsy estimates were obtained. Examples
of the plots of the entire correlation functions for the first two
trials are included followed by expandeé versions of the plots for

several more of the trials.

3k



FIWINL - AB-=T20 ~ ISY) GISSH-MDT

P0°00E @9'952 0082 00 0S1 COODT Q005 Q0G0 0 MO 0S- 00 00T- DD OST- 0D 002- 00 952-
AAB S L A R A Laasassanaaa | I sasallesaassoaaclassnssa s | S sssalssssssasalesnsccsasalasas ..o adlaasas aslasanasaaa
TOPPITUOL TOTTVITUUY FPPTTTOUSE PRRTEre RS FUST s R N At s nan et TR TEE SO RT DD INOTOTEUT a1, 3

+ 00050
o000 T
00051

-

OHILHDIIN WNMILdO

\nas Ba

00 o0t 009 o0 002 @9 051 00 001 000 95 o000 0 900°05- 00 00I- 00 05T- 00 002- 00 952-
3 4 ettt Q035 B-

0009 0
0050
00001
000s 1

-

Q000 00052 Q0002 Q3OS 2001 WO O0S VM0 @ Q00 05- O 20T~ @0 051- 00 ed2- 00 052-
4 ottt 0005 0

MO T T TG PUWwwww
-y A S S anan 4

eed0 0
005
00001

) B B

ol

F 4

NOILYT3NH0D S5080 |

0005 1

00 Q0E 00052 @00 002 G0 051 00 0OF 0B005 0000 @ 000 O5- 00 COT- 00 051- 00
N e “ b

TR PR WY FWWW WP
P-4 4 T

| e
a8 Es g B Bl




36

2 R - 18-=130 - I5Y) qI5svd-ND]

00 00T 000 05 OO0 @ 020 85~ 00 0OI-

P WPAPIP PN I W U W | PP Y P PP R

09°0S1- 00 092- 00 052-

Loga
I RAARASSELS REAAS S AGLS RARA AL SRS Rans LB

$+s

P WY
A B e

DHIIHOIIN NI LdO

Laaag |

0T QW QS NO0'0 Q00 05- 00 QCT-

bbbt FEPE W PP S W (PR T TP |

S ol B
LELBLAMA S IR S0 A0 200040 S0 b 0 LA i 20 S0 A0 ah v bt i e g 2 b e n AR Anidiab il ahdh S A ah e b a B e |

B an e i B

HOILY]38400 55040

$
A

asas oo

PP 3
RaR e |

9'90T 000 05 0000 0 000 05- 00 001-

A B i e i | e i e 4

PPTTTY FTPUTTTTTTI FTTUTREITE PPPURUTWeY e ol
Em s pas

1005

E:
-

siaalasaalssin

0005 0~
00000
0005 0

20051

29 051~ 20 002- 900 ©052-

0005 0~
0000 @
00050
0000 1
00051

052~

0005 0~
@008 9
00050
0000 1
00051



37

T WINL - 19260 ~ IS AISSYd-N0T

COOOE 00052 00002 00351 0G0 AT 00005 0000 Q9 000 0S- €0 0Bl- 00 0ST- 00 092- 00 052
i
| J

IPIPPIDib-I-linhbihb PP TTE P TR T B -
LELIL AL ZLE BB A A & g =

i PO TW T

- T q14<¢14<1i
4
L
P

P APy
{ B o o

| Y
T4

-4 ST Frwe
e - =t

L Q000 @

- 9005 ¢

+ o000t
ONILHILIN WANILHO §
00051

4

L 3

QOO0 00052 00002 ©Q0O0ST 0O Q0T Q00 VS 0000 0 Q00 05- 00 001- 09 0SI- 0@ 002- 00 052-
1

ey PUT PO TN FUTTUTIETE FUTOU U W [PUW TN TP T it QOGM.Q
4l rreee -

e rrre ey Trereerires Trerereeees T T

. —~ . @QQ‘ Q

> 9005°0

$ o000 1
wy
0005 1

rl

GOOOE 00052 @0 002 00051 0O O00T QMOOS 00000  0O0Q OS5~ 09 ocqa 00 051~ co.gm.. o0 952-
++1 0005 0-

--------- b- nP-n I PO THTTURY ST TTUTTOWY FY WO UWINrY P ey
ML AR S S A AAAS RS SS RS L et rrere et TrHrereetes IR

= 00000
- 0003 0

T 0000 1
NOLIVIINNO0D SSON) }
00051

90 00E 00052 00 002 00 057 00 00T QAR OS5 Q000 @ 000 05- Q0 QAl- 00 0S1- 00 002- 00 es2-
++rof 000G 0-

PUFH PP AP WY bbbl I PUTTTREETY PN we Y P ews e e et
44-111.-1.- 111111 -!1.114.11-4- 4

TP UTENY PO WP
-3 4

S
@
3
- )

o005 @
E 00001
00051

1006

IAUTY GUN U FU ¥
T




38

2 ViYL - L¥=2E - F5%) Q355v4-

OHILHIIIN WILd0

Q000 00052 0o 0d2 00 051

--------- } PP Y

9 901~

00 051- o9 002

1
L4
L
4
uh
)

P T ey | Lo
\ALAASALLE RAARARARES RasSndhend B

'l

00 eon aoa 05 ooo e5- 9

Q009 ¢

oQ1-

i

00 @5f- 00 902-

00 052-

NOTLYI3NN0D SS0¥D |

9005 0-
- 0000 0
- 0005 @
0000 1

0000 0 000 05-

. 900s

o
3
L
-
b
9
3
3
=
=3
-
-
L
o
-
L ]
T
o
=3
9
L
-
L
L
b
b
.
-
o
+

a . -8 AR " TS PTWIPT TP ST P Wi | Q o
L e e e S e e e s L -




39

T TWINL - 1B--120 - 35W (3ISS5vdNvi
00 B0E 00052 €0 002 OV OS1 Q0 001 0005 Q200 0 000 05- 0D Q0T- 00 0SI- 00 002~ 90 052-

et d e ieissss
LB e Bk m ¥

e * LY hJ
2 a9 o
3 3 3
w &
oS> & ?

0009 1
001~ 00°051- ©0 002- @0 o52-

e b e e et 0000 T
- 0005 0-
- 00000

00°00L 00052 00002 00 0ST 00 00 020 05 0000 0 OO0 05- 00 001- 00 051~ 00 002- 00 052-

FTTOTETTWE FTTTPPWPTIE FUwrrery P FIPW PN W R | PP e Loan btdddidi b ot salasaas b
ML B Ao S0 E e i | SRR gt S JLEL IR S S b ALy BLELIM L EL AL BLELAR S Noat o i on e LA B A i A L A ik e S e

L O L)
* 9
S
g -4

w
- ¥

Q0'00E 00052 0002 00 OSI 0G0 00T OGO QS 0000 O OO0 05- 00 001- 00 051- 00 002- 00 0S2-

b.-nb-h--F-b--b-“bulnnhb.-bbpbbhrbhbpbprbn;p» PPV PN W
+ - -4 B 4 - $ 4+ =4

! o

+
]
g




40

2 VIdL - 18--129 - 3I5V) qISSvmmg
PO 0Ot 00052 00002 QA2 OST OO QAT @CO'0S QR0 @ Q0D OS- 00 GRT- 00 OSI- 00 092- 00 952-

DA
«
-4
[ =]
wn
L

DNILHOTIIN WMILdO §

G0 00 @0952 00002 O00OST QOOOT Q05 00000 000 05- 00 Q0T- Q00 @SI- 00 002- 00 052-

nnnnnnnn | IR ey I TP A A AT P O PO A I SR U IPUP UP P T IO tPAp gy [Py L4 0800000l t-tttbtttbd st b nsbaos las on s -
--------- | AAAARASASS RMALGILALES LA LASE RALMLARAEAS AARAAAAARS RARARARLAS MAAALALA LS RALASLAARS RAKe S ne oo s o e ol

- 0005 0-

- 0000°0

T+ 00050
Y 3

0000 1

PSP T T FTPTTTETOE B Sawwny ey Y e
rrTYryTYryrYTrYRTYLY Trrrrereee | I ree

Q0 00E 00052 00002 Q0OST G0 00T 000 05 0000 G 000 03- 00 00T~ 00 e5I- 00 002- 00 052~
f

. p——— PO TP TOUTUY ITDUPDDIN PETUIPIUY DIPUTGITIY O UUPPTI e
- BB BAAAS o E ol o e e S s n s e s

&
- @005 0-

- 0000 @

4+ 00050
0000 1

NOTLVI3YN¥0) SS0¥)

00 00C 00052 00002 00051 00 801 000 0S 0000 O 000 05~ 00 00T- 00 @SI- 00 002- @0 052-
........ bbbt ettt 0000 1-

00es ¢~
0009 ©
20050
0000 1

ISPV RTUNE PRI W p--P-b-.F---b-P-PP-hp»tbhb-r-»Ph»-h.p. »»»»»»»
. ] \Eaaooaon o - I REARSSD oo s nasns e o

B
3
p
b
3
b
3
3
b
¢
-
o
3
3
>
E
3
b
-
b
3
b
3
b
4
>
b
3
-
b
b
>
b
b
b
b
3




41

T WIAL -~ 1p=200 - IS QIS564PWE
@00 @0'952 00002 Q0 051 00 GO QO0'eS Q000D Q0005- 00 001- €0 0SI- 00 €02- 00 o5P-

FETETEE PPTTeTeTeTE DUV T T T U
LAAAL A e 8 e b A B i bt ) -
P

..... sabdalosassssdslocasssssalsss

111111111 | B A b e 20 B A v

PR T WY PUU U TR T §W W ey B DD-PI- oy
- T Ab S0 0 A B s o THvree-d | Sl

02 00C 000S2 00002 Q0051 Q0001 00005 Q0000 000 03- @0 QRT1- 00 0S1- 00 Q0Z- 00 052-

PP DA W U WO | | NPT T PO e |
¢4414414<ii<<q< 11111111 ) R 11&4-

PP W
Lo g

00 oon oo 952 00902 Q0 0ST 00 00T Q00 QS 0000 0 QA €5- 00 001- 980 051- 00 902- @@ es2-
. “ P &

00 00E Q0052 00002 00 051 00 001 0005 00000 ge,.oml 00 001- 00 051- 00 Sml 00 052~
Lad aadlea Py -4 - oegc.ﬂ‘

1 0005 0~

L d b b

I FTETYSTUVE FETWWTTU T POt
+

e LI i

3
i
<
o
-
e
<
L
-
4

1 0000 0
L 00050
0000 1

bbbl bbb

1038




42

2 WINL - 1¥~2Ed - 3IW) Q3SSUdinvE
G OOC 00°0SCc o0 e O00°OST 00001 Q0005 €00 0 O0Q 0S- 00 001- 02 O5T- @9 002- 00 052-

amaa e L g R e s L g e L T T .
-
T %0os @-
5
s
+ 00009
¥
3 ]
T 0050
ONIIHOIIN WWILdO §

oe00 1

0000 00052 Q00002 OGO OST QO QT Q00 OS5 Q000 0 000 @S- 00 00T~ 00 0SI- 00 002- 00 eS52-

PO VUG Lasodas.s PNl PP P Laosios PP DU OEETE DT TP Tw | DT | PP P | PO PR WU | PP Y oagﬂl

T 0005 ¢-
1 00000
,“.. 0005 @
™ |

0000 1

0000 00°052 Q0 002 00 OS1 00001 (o0 0M00 0 000 05- 00 001- @0 OSI- 00 @02~ Q0 052-
3 et 0000 1-

P PSP AP W Ul IPUPUPIr I WP WPy | PP W AP Y P
i B I Tt | B BB b S

--------- T IPTTT PTTTre | PPTOEY P whree Y
=t | SR 20 o B e A | Bl A i A i

0005 0-
- 0000 0
- 0005 @

PO e
T

0000 1

00 00E 00°052 90002 QR OST QO 00T Q0O 0S QAN O 000 05- 00 001- 00 051- 00 002~ @9 052-
t i ¢

TV TVOTY PRWUTT TP PPOTTOwIw] Lootbdbbddd
4 bbbt -4 +-4h-

:




43

T WIAL - 18-=120 - 354 (IS5v4-A0

0009 9- 800 ZI1- 000 kT~ 000 91-

PP P e |
LR e B h s BES B

PP W Y PP
e +ret-re

+

-l
F
<
o
L
<
F
F
4

p=.
-
-»
4
*
-
-

aad
A |

ONLLHIIIN MAWIL40

0000 9- 0000 B- Q00 OT- 09 21-

P PP TOETE PUTT T T ITEE FUTTTPTE T PURw wree
e e e e e e

0000 ¢ Q000 2 Q0000 0000 2- 0000 k- Q000 - (000 B- 000 OT- R0 21~ 000 rI- 000 SI-

NOILYINNO0D SS0¥I

000 Bi-

2000 @
0052 @

14

- 0005 @
- 90SL @
9008 1

0000 ¢ 00082 0000 0 ORC 2- 0000 k- 0B 9- (000 8- 000 01~ 000 21- 000 ¥1- 000 91~

1025

009 81-

0000 @
00520
0005 0
005L 0

00001



44

8 WIML - 18--120 - 35%) 0355%4-n
0200 + Q0002 Q00D 0 Q000 - COMO'F- CODQ D- 0000 8- 000 O1- 000 TT- 000 FT- M0 91- 000 BI-

-.:--.;-.prn..-..-..:.-..-....-.»b.rp CihalGheacinEs Vi sl acabnca Lootessssa [ N 3
¥
{ L

} o052 0
Un 00059
t oosce
0000 |

ONLILIHOIIN WMIL40

0000 v 00002 00000 0QDOD 2- 0000 H- 0000 9- 0000 8- 00001~ 000 21- 000 FI- 000 9T- 002 BI-

0000 ©
0052 0
00059
00SL 0

WY
= 8000°1

0000’ Q0002 QQUO'@ 0000 2- 0000 - 0000 3- 0000 B- 000 OF- 000 21- Q0 'PI- 000 91- 000 BI-
0000 @

0052 0
00250
095L @
o008 1

NOTLYI3¥N0D 55080

0000 F 00002 00000 0Ad0'2- OPOR P~ GR00 9- 0000 8- 000 0T~ 000 21- Q00 ¥I- 000 91~ 000 Bi-
0000°0

00520
00050
005L 9
0009 1

£025




45

91 TWINL - 1B8-=120 - 3590 0355v4-001
0000'r 00RO 2 00009 OQ00 2- 000 ¥~ QODD T~ Q30D 8- 090 01- 900 21- 030 *1- PR '91- 000 BRI-

P W AP N W WA W | PP &b
MAARA LSS S AL LA SLAS BASES S S o,

-
3
-»
L ]

+

Y |
R An &

+ 00520
¥ o050
lw 005L 0
L 0008 1

ONILHOIIN NNUI140

9000 F Q000’2 0000 @ QX00'Z- 0000 ¥~ 0200 9- 0000 B- Q00 OT- 000 21- @00 vI- 000 91- 000 BI-
0000 0

205290
o5 0
005L @
00001

WY

000 #1- Q00 91~ 000 81~
vt 0000 0

.w 0032 @
- 00059

]

T 00SL 0
NOLLVIINHOD SS0MD

0000 1
0000'» 00002 00000 0000 2- 0CO0 - 0000 9~ 0000 B- 00A OT- 000 21- 000 ¥1- 000 91- 000 BI-

0000 9
- 00520
00059
- 00SL°0
90001

FPTTTPOUTIY PTOUTPTTIE STTTT T IFY N
R aane o > LB =07t

-
-
=
L
9
3
3
9
4
L
b
b
-
.
4
4
3
b
+
-

T TTTTE PP
-4 -

-
F
o

RPN FUTTE INTPTE PO
T




46

¥2 WINL - 18--120 - ISYD 4ISSW-M

G20 ¥ 00002 0000°'0 0000 2- @O0 »- 02009~ 0000 B- 000 OI- 000 21- OGO FI- BO0 91- (00 BI-
B0 B85 0-8-5-0-§-0-9-0-0-0-0-0-0-0F 000044 000 Eto bbb bbbt et i bt b 0 0 et 0 e b e b ﬁ 0000 0
L 0952 @
1 0005 @
-w QQ5L'®

OHTLHOLIIN WNILd0 §

00001

0000 + 00002 0000°0 Q000 2- 9000 '¥Y- ©OO00 9- Q000'B- 000 Of- @02 21- 000 #T1- 000 31~ 000 BI-
, 0000 ¢
0052 @
0005 @
0os5L 0

Y

2002 1§

go00'F 0000 2 0000 0 QMW 2- WD k- 0000 - 00X 3- o0 O1- 00023~ OCOPI- Q00 91~ 000 BI-
0000 '@
eesz2 o
0005 @
@

NOILYTINHO0D SS0WD bas

2000 |

00002 0000 0 0000 2- @000 - 0000 9- 0000 8- 000 OT- 000 2T- 000 PI- 000 91~ 000 8-

1095

0000 0
0052 @
0905 0
005L 9
L oave ©




47

2C WIEl ~ 18-~120 - 359) 4355ud-N01
0000 9- 8000 5- 000 O1- P00 2T- 000 ¥I-

------ L 8 d-3-0---0-0-0-0-0-8-0-0-4-4
+ &

‘81-

0000 @
00529

0005 @

oosL '@

0000 b~ Q000 9~ 0000 B-

eg0e 1

| PP I Y | PP TTTOTTY Fwerwey e e PRPS IPUPOP O WPy Lo bl L
| AR SRS B LA AL i b Bk H A de S Sl B B LR Moo b e e LB R |

THY

TUR T
S 2
& 3
™ -
o o

Q000+ 00002 00000 OO0V 2- QMW F- V00 9~ Q000 8- 000 O1- OO 21- O FI- 00091~ 000

NOLAVI3NH0D SSOUD |

4
0000 '@

052 @
- 0005°0

¥

T

- 005L°' 0
0000 1

0000'r Q0002 00000 0000 2- 0000 ¥- 0000 9- 0000 B- 000°01- 000 21- @00 FT- 000 II- 00

1006

‘81-
0000 0
0052'©
0005 @
P05L° 0
090083




ecev '8

I WIdL - 1¥=-2E0 - 359) QISSVa-NO1

Q002 3 M F e

48

0000 @
i i
L

o200 8

eoe 9

0000 9

b
-+

E 09 0000 ¥

A [ PPN

e

€00 8

0000 9 0000 ¥ O00Q 2

P00 0

0 2~ 0000 - 0000
ONLIHDIIN WWILdO §
0000 2-  0Red - 0000

ot trr et b
Y ¢
0000 2-  d000 - 800

e T A pae DS ]
Mv

HOLLYTINN0D SS0¥) 3

1
0000 2- 0000 - 0000

1008

0020
eesa’
0005
oS
0000

s © &

s @ ®

® & 8 o

® © 9 9



49

8 WIvL - 1¥=200 - 3593 QIS5VI-0RT
000 01 Q0208 OO MWAF 00002 0000 O

eco 3§ 002 1

| PUTTY e 3

OHILHDI3N WMNILdO §

edaiosdasiale

ARAGL G anes i

MY |

900 91 000 1 o 21 000 91 00002 00N 9 00+ 00007 000 Q0 0000 2- 0000 P- 0000
B e e B R R s L O e e g e e

HOILY134400 SS0¥) |

000 91 000 ¥I 000 71 oeo o1 G0 3 0000 3 QOO0 F 0RO02 00000 0000 2- Q00D k- 0000
1028

0000 2- @000 ¥- 0000

0000 ¥- 0000

000 0
eesz2'0
0005 0
005L ©
0000 1
9-

0000 9
00520
0005 @
LT A
00001



50

91 WIBL ~ Lb-2€0 ~ ISYO QISSUJ-H0T
3000 9 0000 F 000 2

000 #1000 21

>
=d
>
-]
op
i

il
>
&
n
-

020 91 000 ¥1  OMO 21

0000 9
i

PPy

0000 2-

0000 *-

PP EPUr ST U Y
=rerererrerr

et

NOTAYIINN0D S508D

0000 0
- 00520
- 0005 0
oL T

900 91 Q00 F1 000 CI 000 QY 00008 00009 OO Y 00RO 2  DOOO O

o0 2-

0000 -

4008

0000 1

0000 9~

0000 ©
0052 '@
0005 @
005L ©
0000 1




G0 3 MOCZ M 0002 e @ 0000 2- Q00D -  OCDE 9-

51

2 WIHL -~ 1¥-200 - 3ISY) @355¢4-f0

|
¥

|

bl o vt-oitttt-dB--tt-b-1--04 2t Lot idod
LRSS it HHEREEY e

4
-
<
-
E
b
-
4
4
-
L
4
r
4
P
B o

0000 @

ol
¥

0052 0
1 oces o

3 eosL 0
ONILHOI3N WNKILd0 §

+

0000°1

00000

-

¥

0052 @

4

+ 00050

T 005L'0
T

e0od T

8 09 OM0Fr M2 MO 0000 - 0000 - 0000 I-

e e e e e T LI

@052 0
+ 00050

+ oosL @
NOTLY138402 5S04 3

oo0e 1

0MCO & 0000 9 Q000K 002 0000 0 0000 2- €000 k- 0000 9-

IPPTTEUY PR TR UTWE B

AR ma e s T o000
0052 0
- 00050
- 005, @
00001

Al

FEENE FUVEE PR TS|

1025




52

2t WIdl - AF=2Ed0 - ISYO @ISSYI-NO1
o0 b

0000 2

@00
Wy

Q00 91T Q00 F1 000 2T GCXOT MO E N9 COWE RO 2 0000 0 0000 2- 0000 K- 2000
4o § R e e M e

NOTLY13400 §5040 §

00091 000FL. 00021 OCROOT OO0 2 QP00 9 0000+ Q000 2 0000 0 0000 2- Q000 ¥- 0000
s & R B i e B e e a e
1095

eoeo ¢

0052 0
0005 0
005. 9
0000
9-

0000 0
0052 @
00as 0
oesL' 0
2000 1
9-

0000 @
00529
00850
205L° 9
00001



53

1IN - 18-120 — 359 AISSUIvE
0000 + €000 2 0000 0 0000 2- 0000 b- '9- 9000 B~ 000 O1- 000 2i- 000 +I- 000 91~ @00 SI-
+++f @008 1~

L @005 0-
1 00000

- 9005 '@
OHIAHITIN WNNILA0

oeoR' 1

0000 ¥ 0000 2 00000 0000 2- Q00O F- Q0000 9- 0000 8- 000 @I~ 000 21- ¢0OFI- 900 91- 000 81-

| e Bl B~ it FTTETTE PO ST OwEE | P
4 MMM B b S A ah s o A e b o -

L ey rereTee

T 0005°0-
- 0000 @
- 0005 0
0000 1§

N

0000 F Q0002 Q00 0 0009 2- 0000 -

nnnnnn PR PRW U TPWY PUIw T e el T

00 9- QOO ' E- Q00 O1- @00°21- 000 FI- QQ0 9T- @00 8I-

-+ N SR | L NP TP DU OIS TR PN ettt bbbt -
-t e ettt e &

<
<
-
-
Y
-
L
<
<
<
-
F
L
-
P
-
4
<
4
<
<
<
<4
<
=
<
<
-
<
<
L
<
-

- 9095 ¢~

0000+ 00002 Q000 & Q000 2- Q000 P~ QP00 9- 0000 - 000 OI- @00 25- 000 ri- 00D 9T~ @0C BI-

Y P TOTUUWETE P I P PR POPR IS FUPTOW DTl PP U oer
+ MR A Lt e - L 2

PY W P W Laossassanalassedoaa
LBE Bl -4 e

WIS PUWEE I &Y




54

WIdL - 18-120 - I5Y] GISSYRNE
- 0000°9- 0000 3- 0t 01- 000 21- 020 FI- 000 91- o 8I-

- 0

00 + 00002 GO0 Q 000 2- 0000

- 8905 90—
- 80009

T

0005 9
eeo0 1

Q000 © 0000 2- Q000 ¥- 0000 9- 0000 8- 000 0I- 000 21- 000 FI- Q00 9T- 000 81-
} ‘ - 0000 1-

- 0005 0-
- 00009

0005 ¢
0000 1

0000 ¢ 00002 OGOQ 0  OOON 2- MO

PRW Ol DU I Oy P I W I &
-1 -4

- QG

g
?
z
z
w
]
]
3
o
T

Q00 21- 000 FI- 000 91- @09 81~

-

PR T T WP PUW W T +

bbb bbbt




55

91 WIEL - 18-=120 - I5UD QISSWHInvd
GO0 F  0PB3' 2 2000 0  (000Q 2- 0002 - 0000 O- 0020 B- 000 OI- 00 21- Q20 RT- 00O 91- 000 BI-

ssdosanssosesdosadibiits | Y
-ttt 0 i B

LES RASLES Faesd
L W =
o
1

T
4
>
»
1¥ 1)
-

:

1

ONTLHDIIN UMMILdO

0000 ¢ Q00 2 Q0000 (OO0 2- B0O0 k- QU009 Q000 B- 00D 01- Q00 ZI- QOO PI- 000 31- 000 BI-
uu-pnou-- bttt baosssss P | oo&a,ﬂl

L 0 o it 0 a0 B AA B0 000 4

b-8-4
-t

-

| Py +-3-4b
L
1 ety

-
P
-4
o
E

Q005 0-
0008 @
0005 ¢
0000 1

0000 ¢+ 0000 2 QOO @ QOO0 2- 0000 +- O0CD 9- 0000 E- 000 OT- 020 21~ 000 kI- 000 91- 000 BI1-
“ i [

3
<+
b ol
-
+
L d
+
+*
L 4
+
+
-
4
-4
4
P

NOIIVI3NN0) 5508)

0000 F 00002 9000 6 0000 2- 000X k- 0800 9~ 0000 3- 000 0F- 000 21- 000 ¥i- 000'91- 000 BI-




56

P2 WINL - 18--T20 ~ 3507 AISSYHPE
000 01~

o0 21-

000 21~

900 b1~

L]
-+
-

Hrr et 0000 §-
0005 0-
0000 0

T 00050
NOLLYIINN0D SS0H) |
ol

0000 ¥

0000 2

20000

0000 2-

0000 F- 0000 3~ 0000 8- 000 01-

000 21~

00 81-
0000 1~

0005 -
0000 '@
00050
0000’1

000 +7- 000 91-

4028




57

0000 F G000 2 Q000 © 0000 2- 0000 - (000 9- 0000 B- 000 9T- 000 21~ €00 Fi- 000 95~ 000 BI-
o et 0000 1-

Pyttt

2005 0-
00000
9005 9

M BAR e o

DHILHDIIN WNI1d0

0000 1

0000 ¥ 00002 OQO0 0 0000 m:. 0000 ¥- 0000 3~ 0000 8- €00 OT- 020 21- 000 #1- €00 '91- 009 3I-
Hrtereeet 0000 -

9

1 0005 o~
o000 0

L
T

| oY &
Ty

2005 0

0009 1

0000+ 00002 0000 0 Q000 2- 0PO0 - 0000 - Q000 3- 000 @T- 0@ 21- W00 #I- 000 91- Q0 BI-
P 3
T

Ty

 aaa
3
D
ur
[

PR TEY PTT T PTwY P
=y =4 |

0000 F 00002 Q0O 0  QO0C 2- Q000 k- 000D 9- 0000 8- 000 O1- 000 21- @00 ri- 000 91- 000 8i-
']




58

¥ WINL - L¥=2E0 - 35Y) @ISSVITneG
900 9T O00'FL  0GO'2T 000 01 00008 08D 9 ‘ - 0000 9-

™ T
-4 [
2 L4
[ o
n @
L S

000 91 Q00 FT Q0021 000 0T Q000B QM09 WP R 2 00000 0000 2~ QMO Y- 0000 O-
" L.

-°»
4
4
¢
| i §
g 22
ol

WY

000 91 QPO FT PO 2T G0 O GO0 8 0000 3  OOO0 K 00002 0000 0 00N 2- Q000 b~ 0000 9-
- " Hrrerrereet 0000 T-

PP | PP I N P
LA S B b A i b

000 9T Q00 PT Q0021 QOO OT 0000 B 29 NN ¥ 0000
e I | i

asisdassala, bttt b-bo-b-4-1
T v




59

8 WYL - L¥-200 ~ 35Y) CISSVINVE

ettt
=
3
>
L J

ONILHOTIN UNMILHO |

000 91 ©Q00'FPY 0002 000 0T OGP0 B 02009 Q00 F 00X 2  OG000 @ QOO0 2- 0000 #- €000 9-

PP PUPUAPAP PP [PAPYPIP IR IDIDUIY IIP TP WP PPy f
ARA RS RLAGSA SSRGS N BALE S LA NS e b -

000 9T 000 I QW 2T Q00 0T QOCC B 0000 2 QO0O A0 2 o @ 0000 2- 0000 P~ 0000 9-
Hr e bt sed OO0 T-

aa-aa-b
LR B AN g

:
3

NOLLYTINY0D SSOND

L 9000 1

000 31 @00 P00 21 000 01 Q000 E CO0@'D Q00D Y OGCR T 0000 0 0000 2- Q000 F- 0000 9-
“

b bid

.

-
b

-
J
b
g
3




60

9 WAL ~ 1r=2EQ ~ I5Y) GISSYSBNE
oM 9 'kl 02T o0 el 00R'8 00009 8000 000d 2 0000 0 0000 2- 0000 ¥~ QOO0 9-

Y
*

<

-
e
<
<
L
<
o
-
-

L=
<
<
o
4
r
-
4
4
-

L J
-
-
[

L
>
.

-

4
-
4
4
g
-
&
+
p

r

2

4

4

L
-
-
L

b

p

L
-]
+
L ol
+
+
-
-

.
o
®
@
w
®

DHIAHDIIN WMIL40

233
OO?

Y

000°97T QV0PT Q02T V00 QT 20008 00009 O0CO P QOO0 2 ODOOD Q0N 2- 0000 k- 0000 9-
§ } 8 fereerreert 0000 1-

-
b

- 0095 0-
- 0000 0
- 0005 @
0000 1

4

------ FEUE R

P i i
AAEALS EEAMEAES o &ay

P Ry
A o b

00091 000'F1 00021 000 QT Q0008 OO0 9 0000F 00007 0000 0O 0000 2- 000 - 020D 9
i L -+ '
¥ 1 ¥

3
3
L4

Acdbededebibbdidd




61
2

2 WIAL - 1v-200 - ISYD GISSUINvE

e retreel 90907 1-
0985 0~

T e

- 9005 ¢
00001

ONILHIIIN WNTLidO

‘91 900 FT  00B'TI 00001 OXO0 B OO0 Q000K 00002 00000 QOO0 2- 0000 ¥- 9000 H-

800°91 000 T 00021 00001 Q0008 00009 OOCO P QOGO 2  GM0B 0 QO0V 2- Q000 - 0000 9-

AL B AL AL S S B I A Y

000 9N 000 #1 000 21 000 01 60002 00003 O0DO0 ¥ 00002 0000 @ Q000 2- 0000 ¥- 0000 9-
4 -4t ered 0080 T-

0005 98-
00090
0005 9
- 0000 §

PR TOTTTETY PEUETE W T 0 POy (PG ia P I P IP Ity Lasiisssdtlisiss

| S e )




62

2

2C WINL - 10260 - IV 4SSN
Q&@Q.@

2 0-0--8 -5 PP O PP
4 ¥ R LB AR A S BE S S e n e

INILIHDIIN tzzuhac

3

%

AR BGS e s s g

000 »i

o
s
.

000 21

0000 2 0000 @

pppppp -rlb?.-

o000 9 eo@o - 0000 ¥-

------- -nnillnl

o0

PR PR TECOU PWUPITTWwes e
- -y

-t

-

+

+

: i
-

b

3

s

M & PO | i
+ -t ML S B S o 4

NOILY138400 mmcmu

.14111#-*-.14 4

1rv‘v

00091 000

0000 3 00009 ooo ee0e 2 000 @ 0000 2- 0000 #-

PR WP PO WP

»
-*

Mt BB e ™

‘9~

0009 1~
0005 0-
0000 0
9005°0
00001



PERFORMANCE EVALUATION OF TECHNIQUES
FOR TIME DELAY ESTIMATION

by
KENT N. SCARBROUGH

B.S., Kansas State University, 1976

AN ABSTRACT OF A MASTER'S REPORT

submitted in partial fulfillment of the

requirements for the degrce

MASTER OF SCLENCE

Department of Electrical Engineering

KANSAS STATE UNIVERSITY
Manhattan, Kansas

1580



ABSTRACT

The main objective of this work is to evaluate the performance
of the SCOT (smoothed coherence transform) algorithm and an AML
(approximate maximum likelihood) estimator, as compared to the basic
cross correlation method for time delay estimation. To this end, a
digital simulation is employed. The particular case considered is
that of a band-limited random signal which is corrupted by white
noise and received at three sensors. Using the resulting time delay
estimates, estimates of the range of the source are computed. The
variances of the time delay estimates and the range estimates are

then compared with the corresponding theoretical values.





