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INTROWCTI ~I4

Work on optiai~~ space-time filtering —1M~ ha.s consisted of an
analog computer simulation of a narrow-band Msrmoz processor which was
optimum only t its cente r frequency, and of single frequency array
gain studie s. It Is now planned to simulat e the *rmoz processor
in non-real t ime on a genera ]. purpose computer using digital filters

~~ a~d data from a bott om-mounted , vertical array . This simulation will
~~~. differ frost earlier work In three ways : (s~ real sea noise will be

used instead of electro nic noise generators , (b)~ the system will be
optim ’.~a at more than one frequency In the band , and (c) the system
Vi .1 be digital instead of analo g . The purpose of thi s report is to

N. present the re sults of a theoretical study undertaken to predict the
4 —.. peri’o~mence of the siimilated optimum processor .

.~)efinitions

Consider the system shown in figure 1, where the fE;3 are
lThear filters , s(f) = p ts(t )J , P denotes Fourier tran sform, *

~ ‘-~tes complex conjugate, and. T~ . = time for a plane wave to
~~~~~~~~~~~~ from phone #1 to phone ~ I for a given direction of look.

Th~ dx~~n~~~ L~~bc~~1
1 ’ r  r : ~h~ ~~J ~‘:~~~: j 3
d ~~~~~~~~ ~ 1 i~~ u~ ted .
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Figure 1
The conventionel tims-shift-snd-sua pro cessor results when the

~ are given by the following matr ix equation at each fre quency .
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e1

v = .
where :

The optia~mt processor 1~ obtai ned when the 
~ 

are given by:

Q~ (-f )

v~ere. Q =

LQMI(4 ) Q
~~ M

(
~~~
)

Q. (F)= F.(E [7~.(* )~~~(*. ’r )]~}’. cross-spectral
density

E [ ] denotes expected value

A slope of -6 db/octave will be assiaied for the noise sprectrum
at each receiver .

2 
for all I

Since the actual data wifl ccae frce a fixed array, a sur fac. generated
~itbIent no se model viii be used to specify the cross-spectral

• deflsities . For vertical receivers the re sult ii:
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where : -

- distanc e between ith and ~th
receivers

C. - velocity of sound

For the purpose of slaplifleetion , the simulation will be done
with only two receivers and broadside steering . A CW pulse will be
used for the signal, i.e. ,
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The top receiver will be labeled #1.

~he criterion for c~~~~ring the optimum processor to a conventional
• processor will be output signal-to-noise rstio. Er y(t) - cr (t)• fo~ en ~np*t of signal alone (see Figure 1), and y (t ) - r ( t )

for en input of noise alone, then the outp ut signal-to-noise ratio
is defined am :

Eqi. 3 (3 / ~ — __________

I.
~ /N/

Discussion

amplitude spectrum of th. signal Is :

— J ~-~ f + 1-jT~
•&I~. e , S ’L~4 7 r ( f’  tv) ;

‘.‘‘ ‘~~~ 2 r r ( f + + . ) 13
-

~1~ N 7 r ( t -  4 .~2

Es ’i.ntially all of the signal energy is contained in the band defined

~y the zero crossings of 8(t) which are nearest f 0 , i.e., the
po~~ts f~ - 4.-. and f. * . 1~ nce there is no need to design
t3C tZ S) filters outside this band . In other words, the [Z .)
‘will be band-pass filters with ar theetic ~~an frequenc y f., and
‘ indw~dth -4.- . Since the optimum filters are band-limited ,
their impulse responses extend fron - to ‘ —  . ~ wiously ,

‘he I~~~ilse responses are to be convolved with a finite amount of
real data, they must be truncated . Thi s will be accomplishsd by
mtt1~Ip1.ying each i~~~i1se response by a ~~nning window
~~~~~

-
~~-- by:
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At thi s point it is necessary to specify two constants which will
be used when real data is record ed. They are :

• 7 ’;l’~ ~~~

T~ - i

Thus , the ~ E I must be deter mined over the band 675 Hz to
825 Hz. A resolution of 10 Hz will be used . The following t~gure
shows the amplitude response of the optim um Z1 along with the
approximation to it corresponding to T • ho as for the Impulse
response.

0

_ _ _  ~~~~~~~~~ i~~~ -:_~~ •~~=~~~~~~~ ! ~~~~~~~~~~~~~~~~~~~~~~~~~



USL Tech.
22~2-2l7-67

- , . . . . . — 4 - . - —.— . — 4 . ,  I ..4~~ 4 s - ~~ . +  $

• • ‘~ - — 

_ — ... J ~~~~~~~. .  - t  ‘ ‘ 
- ~s~prox ii~ate

~ 
‘~~~~~~~~~~~

~~ ~~~~~~~~~~ • • • .

~~ ~~~~~~~~~~~~~~~~~~ i~: ~~ I
t 4 4

~~~~~~~~~~~~~~~~~~~~~~~~~ 4 :  .
~~~~ ~~~~~~~~~~~I 4

, ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. 1 

~T .. H. :.~~ : ! T : t ± H : :~1 ~.H:L!H
~ :uLL~ ~ 

_
•I O. (~ 4 6 .(1 I~~ 6~~.OO ~I).OO 7!O.~~I •IO.~~ S~).L~ ~~* .OQ ~~~~~~~ 110. ~‘• F~ifU iN ii?

Figure 3

The optiu and s~proxtmate phase functions are as follows:
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Clearly the açprozimationa are good . It should be mentioned that
— a —

The impulse response corresponding to th. approx imations of
!‘içwe 3 and I~ is shown in Figure 5. The amplitude has been normalized

o ‘~nity .
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Figure 5

Sample . of z 4( t )  will be used as filter weights In the convolution
process, and it has been determined that an 8 KC sampling rate should
be ~ ,fftci.ntly high to accur ate ly represent z (t). Thus there will be
a total number of filter weights for z , (t) equal to
( 8000 s~~~i.s/sec)(8O as) + 1 — 641.
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Derivation of Input and ~ atput Bignal-to—loise Ratios

The input signal -to-noise rati o will be dafin d a.:

(s/a ) in • avera ge sigi~~i power at one receiver
average noise power at one receiver

(5/N) N

f 
Q1 (~ )df

(*atput signal-to-noise ratio has been defined by ~qn. 3, and will be
riposted for convent ant reference .

~. (N )  —

(“+ E[7 ~)]
An expressio n for ,‘~~~ Ts ) can be derived in the following manner.

- z r r f r 7

~~( t ) ~ ‘Fc 
~~~~~~~~~~~~ 

s ( ~~) [ t 1~~ ~~ ] s
’( +)  e

a~. 6

j An expression for ‘~ is derived by starting with the power
spectrum of the noisi after the su sr, which is:

N —~~~~~~~~ ~~~~ -~~~~~ 
-

I ~_ — i,

~~.i  , . I
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Aftet the matc hed filter the noise power spectrum is:

N~~ s(t ~

Therefore the variance of the output is:

£qu. 7 . I z

E[; (t) ] -J N4S~~ )I ~~t

Substitution of Equ s 6 and 7 into £qu. 3 give.:

2qu. 8 [ñ~(~)Iz [~ ~~]dt]
• \ out

Results: As mentioned earlier, the criterion that was chosen
for comparing the optia.am and conventional processors was output
. gnal- to—noise ratio. Therefore a cc~~~ater program wa, written to
evaluate Equ. 8. It should be mentioned that Equ. 8 ii perfectly
general , and therefore ii val id for both optimum and convent ional
~ . All parameters were chosen s~ as to accurate ly model
actual conditions under ‘which data will be recorded. These conditions
are:

(s/N ) in - -20db
Ti 13.3 as
d • receiver septration - 2 ft.
M - number of receivers - 2

11
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Direction of look - broadside
Noise spectral slope = -6 db/octave
Bandwidth 150 liz
1)u.rstion of opt i~~~ impulse response. 2 T - 80 ma.
Sampling rate 8 Kl~

Th. resulting output signa l-to-noi se ratios were found to be:

(S/N ) out -].2.5 db
conventiona l.

(s/a) out - -5.3 db• opt imum

Thus overall conventional processi ng gain Is 7.5 db , as compared to
114..7 db for the opt imum system. Th. difference of about 7 db between
these two figure. 1. attributable primarily to the optimum f 

~~
. }

as one discovers if he computes and compares array gains for the
frequencies and spac ing of receiver s in this system.

It is not exp cted that processing gains of 7.5 db and 114 .7 db
will be obtained when real data is filtered in the future simulation
because the preceding calculations have been aide under the assumption
of signal known exactly, whereas in practice the amplitude and time
o~ arrival win not be exactly known , and there may be slight frequenc y
spresd4 ng of the pulse due to a required reflection from the surface .
Howe~’er , the difference between optimum and conventional processi ng
sho’~ld be roughly the same as calculated aboye since the Inexact

tomr edge of the s gna.l should degrade both processors to about the
ssa~’ extent .
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