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C alibration procedures for at-sca evaluation of the
' acoustic performance of the A dvanced D etection Array (ADA)
i
are discussed. The calibration data obtained during the June |
1978 operation include measurements of location and w ave -
front errors across the array, large and small signal array gain, 5
and effective spaﬁalsignalpruccsshu;5ahlat>h\vralfrcq0c;"igs. :
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1. INTRODUCTION i
The mezsurement of array gein is of course escential to é 1

the interpretation of the rtreulls of detection experiments %

wnd background statistics meccsurements. The main emphacsis of ;

this report is on the measurements and cnalyses used to %

g

arrive both st the array gain, &nd at quantative estimates of g

the sources of discrepancies betueen expected and measured j
per Formance. 1llustrative dats From the June, 1978 ceatlrip

‘arr presented. ]

The detailed investigation of csensitivity, frequency ;

reeponse and directionel pattern of individual huydrophones is '
noet a part of normal at-tsea cpervations and ie¢ not included
here. Such hydrophone calitretions were reported in Ref. 1.

Un the other hand, operationc do include & check on the

ctatus of each hydrophone und the selecticon of corvectlu
operating elements for use in beamforming. 1his procedure it

described in Section 11, The measurement of clement positicon 4

N e

eviors end wavefront distortion. which affect the proper

phacing of the element outputs, 1 discuseed in Section 111

The artay gain measurement i done in. tuwo  parts: the

-

peck recsponse to large signale 1s & divect measure of the

ability of the array and beamformer to operate as a sepatial

filter, and ie conesidered in Se tion 1V, while the on—ax1e
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gein of the array for emall eignals (in the linear cperating
renge, of the DIMUS precessor) ie described in Section V.
section V1 summarizes and relates the procedures &nd results
described in the preceeding sections. A list of related

veports ie included at the end.
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11. ELEMENT CAL1BRATION AND GELECTION

The firet step in the operation of DA once it is
submerged, je to mescure the signal response and the neise
output of each array element, and to identify the elements
which are not working properly. The beamformer inputs for
{he faulty elements are then inhibited befure any array gein
measuremente or processing ecxperimente arve started. The
hydrophone survey and selection process may be rTepeated
ceveral times during the coperation, =nd & Final veriFicat;on
yun is made before the arvay it surfaced. The meacsurements
and the analysis are autcemcled so that the celection can be
cempleted in  a reasonzble time. Tupicallu., the whole
procedure takee sbout three houvs
1. Experimental measurement.

The égstem prevides for the monitoring end digital
recording of the outputs of cny two celected hudreophones: at
either the input or the output of the digital  filter. For
the element celection procecs, cne of these cel/mon
(calibrate/monitor) channels is held fixed on a manually
cclected reference hydrophonc; the sccond is connected to
coch of the 720 hydrephones in tuirn.  Digital filter outputs

ave used.

For the cignal response, the array ie oriented tuward

L s amonw ree Y
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URB  and & cound cource suvrpoended from UGB ot approxicetely '
the came depth as ADA. The coerputer genercles 100 msec  tone
- burcsts a2t either 1230 or 2000 Hzi these ave amplified and
drive the cuvepended source. The digital filter is programmed
for either the 1150 to 1350 M2 or the 2400 1o 2600 Kz band,
o appropriate.

The celection procecss depende cnly on  the Tezponse of
each element rtelative to the selected reference phone, and
wet on atcsolute sensitivity, =o the drive level &nd csignal
cengationer gain are adjusted to give a2 pguod cignel-to-noicse
vétio, while avoiding overloads in either the driver or the i
avray electronics,

The pulcse tepetition rate ie varied, depending on water g
deptn, array depth, and r1ange from the soJ;ce to ADA, to
sveid interference from reflected arrivals. ketween pulses,
the coemputer changes selection of the test hydrephone.

Typically @ 1.0 to 1.5 second inlerval is vused, €0 that the
etan of the 720 elemente moy requirte twelve to eighteen
' ajuvtes.  After & delay to allow For the pulse trevel time,
cal/mon outputs of touth the tecet ond reference chanmels arte
recorded. The record is made loeng encvgh to be sure to

include the entive pulse arrivael, allouwing for some variation

I
S 2 ahaie EEACIIE BN

in the array position while the rlements are scanned
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Element nrnoise outputs wcre messured wusing the came
proaram, but with the driver turned off. The &00-3200 Hz
digital filter ic celected. The atvay ic directed cway from
UiB., to eliminate machinery noise. The record length for
each hydrophone is 0.5 seconds, so that the scan tales six
minutes.

1 Pata reduction

The recorded data are proceeced by proagrems which Tead
the tzpes and produce disk files conteining relative cignal
1eepense or noice power  for eath  hydrophone. The signal
reeponee  program  usee 3 crecs correlation Filter to extract
the sigrnal at the test frequenty, in &5 msec intervals. The
corvelation <cume cre stored on an intevrmediate Jisk file,
which may be uvsed to produce & calibration 7report, if
trraiTed. For the telection procedure, this File is Tead by a
proyram whach tests the reference channel pouwer for
cucceseive 29 meec intervale wuntil the leading edge of the
pulee ie found Then the date Ffoy a 7L meoec interval are
ccherently combined, and the power 31& calculated and
tonverted to decibels for both the test ond the rTeference
chenrnels. The difference i¢ stored in the relative signsal
recponse file for input to the celection program.

For noise, the time camplcve for each channel are squared

PANETRVANR N PRI I TR W R
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and averzged over a 300 prec intervel, itd ctored in an
intermediate file. This dete id¢ then converted to noise
power relative to the 7tefevence phone. The noise may
optionally be normalized by the cignal reccponce to yield the
equivalent input ncise. Asgein, the result in dB is stored in
a disk file which will serve as« idirput to the <celection
pyoegram. For this 300 meec integration time, the expected
€rvror in the noise power estimute for the BO0-3200 Hz band is
0. ~3 dB.

. Selection procedure.

The procesced data filec from these runs are tead by a
prougtrem which prints, or di<plays for the operator, a
hictcgram of the realtive Tecponte or noise measurements.
Frem thece, upper and lower ccceptance limits for good
hydrophonee may be selected. The selection program generates
a file which has three statuve indicators Ffov ecach hudruephone:
une for signal responce at ecch frequency, and one for noise.
Initially., the indicetors are &ll clearved. Ae each of the
processed data files is read, the oppropriate indicator ic¢
¢t for every element whose rvesponce falls within the
specified limits. The final sclection of hudrephones to be
veed by the beamformer vegquives 2]1 ttree status indicators

to be set.
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In order not to reygect goud hydrophones because of a3
cingle bad reading, two <signal responce rTuns at  each
freavency and two noise PGWET TUhE aTe mode. The <celection
ctztus indicstor will be cet if either of the two rsadings
meets the celection criterion. The assvmption 1s that the
pvebability of the <came guod element heing rejected by two
independent mezsurements is c«mall, and that the chance that a
bed  hydrophone will be accepled on at lesst one run on esch
tupe of mezcsurement is &lso emall.

4. Fesults and enalysis.

A page of the telative recponse summary for the 2 June
1978 hydrophone celectien ic veproduced in Fig. IT.1. This
report ie not uvced in the selection procecs, but is erxemined

to encsure that the Tecults of the meascurements and the first

cteges of proceccsing are Teaconable. Teble 1I.1 cshows the
recponse distributions from which the 9operator cheoeoses
actceptance limits. The vertical bare indicates the limits

which were used in this case

Two-dimencional histogrome of the come TUNS are chown in
Fige. I1.2. These <chow & 7vceetonable consistency betuween
Truns, i. e., most of the meesurement pairs are clustered

zlong the dizgonal, where the twe mecsurements are nearly
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informal way, our earlier ¢lcim that the celection is not
likely to reject a good hydrophone. For exemple, at 12950 Hz,
672 hydrephones are within the ccceptence limits for cne or
both runs, while ten are in limits for Run 1 only, &and nine
for Run 2 only. This means that the probability of rejecting
& cood phone on a single rum ic roughly 10/672 or 0. 015, &and
that of of rejecting & pood phune on two independent runs is
only sbout 0. 00022

Figure I1.3 is a printout chowing which bydrephones were

inhibited by the selection procedure Ffor this data. The

acterisks indicate the rejecled elements.
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111, ELENENT POSITION ERRORE AND DUME DISTURTION

Errors in arrival timee ot the various array elements,
velative to the times which would be expected for & plane
wave, agrice for two rteesons: the true element pocesitions arve
not exactly tknown, and the wavefront ic distorted by the
weter racee encloced by the dome. The position errors are
primarily due to the «ccmplicnt mounte, which do not stand
cxactly perpendicular to the deck; sdditional errors may
srise  $from  wvaerying mount lengthe and poesible bending or
buckling of the deck when the arvay is at depth. The water
in the dome is less saline then seawater, and does not come
to thermal equilibriuvum until the asrray has been cubrmerged for
& long time.

1. Experimental measurement.

The arrivael times are mescsured wveing an experimental
cetup similar to that for the element signal response
measurements. The primary difference is in the element
seclection sequence. Again, one cal/mon channel is held fixed
on @ selected reference phone while the other is connected to
eacth element in  turn. The @&awualysis prougram will use the
difference between the arrival times at the test and
reference elements as a8 meacure of element position error

and/or wavefront distortion.
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The etrore of primary interecst in counection with the
investigetion of arrsay g3in are those perpendicuvlsr to the
plane of the array. For theces, the messurement is m=zde with
the array oriented tcward the scurce. However, csince the
alray is not entirely ctationary during the messuTenents, it
is nececcsary to have a concurrent measurement of the angle of
incidence of the wavefront with respect to the plane of the
array. For this purpocse:, two pairs of asdditiconal reference
element: are chocen: ore with clements at each end of the
&arvay near the herizontel centerline, the other with elements
at the top and bottom near the verticel centerTline. The
celection sequence is interrupted at regular intervals, and
records for the horizontal and verticsl peirs sre included.

The cignal frequency uscd is 2700 Hz. This has been
celected empirically to give & reproduecible waveform with a
well-defined leading edge. The one octave digital filter
bend from 1600 to 3200 Hr is veed, since a8 nevrbw band filter
wovld alter the chzpe of the lrading edge.

. ArTrival time determination.

The data tapes are read by a program which measures the
arrival time on each cal/mon channel &nd stores these in &
disk file for further analysis. The operator monitors this

initial analycie with a display as shown in Fig. 111.1.
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Fight traces zsre shown, four for each of the two cal/mon
chanrnels. The upper trace of fach set of four is a 51.2 msec '
(212 sample) "window” of the data from the tape. The
recorded data includes from one to  four tecords of 1024

caemples, and the operator muet manvally position the data

window within this larger set of data. This means that the
prograem does not need to deal wiith multiple earrivels, and ;
helps +the operztor feel nmneeded. Qf covutrse, the pulse :

vepetition rate must be set when the data ic recorded to keep
turface or bottom bounce arrivels from interfering with the
givect arrival. é

The second trace is the envelope of the signal, cbtained

S

by expornentially averaging the asbuvolute value of the recorded
data. The averaging time was experimentelly aodjusted to give
a8 reasonzble compromise betwcen leading edge definition and
noeice rejection. The envelope data is scanwned for the peak

level, then again for the position of the First semple which

exceeds half the peak. This gives an approximate measure of

the position of the leading edye. The third trace is a step

function whose height is the peak envelope amplitude and
whose transition otcurs at the leading edge of the pulse, as
determined by the program.

To get a tetter measure of the position of the 1leading
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edge of the pulse, the proarem uvees an interpolation
elgorithm to expand the time sccle in  the region near the
edge by a factor of eight. Sixty-four points (16 before and
48 after the edge) are expanded to 512 points and displayed
in the fourth trace. The efftective sample rete for the
interpolated data is 80 kiiz, which qives a position
recsolution of 1.8 cm. ,

The pregram must now seerch for a point in the waveform
which may be reliably identified. For thies particular
wiveform, the first negative peak seems to be a good choice
1o make the measurement rtecconably independent of element
censitivity, the peak is identified by comparing the data to
& thresheold which is one thitd of the peck envelope level.
This threshold was empirically chosen to give as reliasbkle an
identification as poscsible

The leading edge of the pulce it not a particularly good
point for determining the arvival time. More Teprcducible
results are obtained by counting severzl cycles into the
pulce to get beyond the trancient responce, which is not
closely matched from element to element. The program finds
the positive~going a&xis cro:ting following the third negative
peak. This point i§ identified on the display by a wvertical

offset, and its position ic¢ the final measure of arrival

TV
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time. The &axis «croesing is veed becavse the time
determination is mest precice where the clope is a8 maximum.
3. Time difference error determination.

The next =tep in the processing is to compare the
measured s&arrival time at each element (relative to the
reference hydrophone), to the expected time computed from the
nominal position of the element. The expected arrival time
ie of <course dependent on the -direction of the source
relative to the arrau, su two pasces are made through the
travel time data file. First, the progrem looks only at the
dzta  for the horizontal and vertical reference pairs. From
these, it calculates and stores the coapenents of & wunit
vector normal to the wavefront. On the second pass, the
relative arrival time for each element is compared to an
expected value obtained by interpolating between the stored

veclor components.

a. Resulte and analysis.

Figure III.2 dis & 1licting of the position error
c=timates for a typical run. Each pair of columns lists
hydrophone numbers, from O to 719, together with the
estimated pocition error, in centimeters. The asterisks

indicate hydrophones for which the program could not make a

position estimate or which had been previously masked out of

hs s memyim




iy

i

ki SRR

L .,&\.,Qi..m!:. SN

&e9
a8s9
Le9
969
cavw
vey
£49
2e9
oy
(Vg

iv9

e
see
v}

win

9vs
ave
vos
('1S
dus
Tvs
ovs

L1 B AN NN R AN R

$21BWITISD 101D UOTISO]

il I- &Lv E- &Iy 1-
e e Biv &~ 2187 &=
2 0 iy O Ly E=
0 1 9Liv see 9y 1=
e €~ Giv 0 elv v-
e i viv wns viv &~

! c ELy | © £1¢ 1=
& 1 eLy - 2y 2=
£ &~ (72 £ (") “se
< sae QLY 0 Qlv es-
o 0 &9 wes L0V 2

£ a- HYw 92 80w 1

i o v 1 LOv c-
oo ' 9w = 90y  9a-
1 = 17 w“ss GOV )

€ o vov ¢} vov e~
s sas L9y 1= Cow &=
' w9a RETY ] 20v nee
¥ E= ¥ 10v 1

0 v} wee Op 1

L = o b€ &
&= o L Hat “ne
s < - v

! f= v 9 €

o < t~  G6€ 2

} ! 1 vat 2

o ! (M4 ane
! - 0 24

£ 9 see  T6E wee
& e I 06€ O
o= € 0 68E 2~
fe 0 = aee 1

» bt wee suE 2
i a- ses  9BEC I

2 1 B GEE

v < v vic €

v anw e cue e e
i €~ *ee ZHEC o=
! £- & 1ee 1-
one < v oBe  &-

! G e &Ll e
bod Ie 0 Vi

[ sna wes  L/E o

! 0 1 wue o

. o ] s 2

e ! v WeE 1

! v v cze  sa-
L5 e- e BLE 9=
v ! 2 e b

! ! 1 oLE  1-
& | 1 L9€ €
- 1= € ase 1

& g o L9 wee
& ! € a9 2
e e 2 S9E 1

A ve 0 voe €

£ a- - T -
d o z a9 1

e 2 0 [9e " 0

£ 1 & 0vE ane

7111 2andg

&CE H .ee v &Ll & st e
8sc ¢ < £ 374} see  B11 He
LeE ase < ese L1 9 A 5
9sE LA v € e 4 911 94
sGc see o4 s GLI sse CII 49
vsE 0 [ v vel £ vt ve
€St 0] 8 v DY) [ (48] LG
2et i e 9 (74 = 2 ue
1646 ] 9 ane 121 eee 111 15
0sE i e € oLt v ot 0%
&YE & 9 ese 691 v 601 ey
Bui f 9 ase @91 € 8ot ay
ive (M o ! 91 weses /01 i“v
ve “ew . v 991 v 901 e
Gvi “ne i sse GO9I [ cot Gy
vve IH r . vl - w01 vy
Lol I L) - cYt 1 cot vy
2t i- v e 291 . 2ot )
vt i C [ 191 - 101 iv
oee 0 & 2 L2 I 0ot O
[N I “as S asl o ) &
BEE LR 2 v Oal ses  Hé i
LEC 9 [ s PA | [ ib Pl o
9LC ’ 4 e Get G Y6 wE
sEe ane e ese GG - et Wt
veEC .t 1 o vel - ve v
{3 o " - 9 (X} = Ca [
2eC i e r 2¢1 € s o
1ee ann (4 0 16t 6= & 1
0EE ase [ © oSt < 0e o
s2¢ at 2 & evl < &8 o2
8aC v & v avi ees HH [ hd
43€ 1 (-4 1 ‘el 2= -] £ "
vJac I v ese 9pl [ Yoy v
(1<% 't 2 < ot < 1] al
vee i LA L] {4 vel g ve ve
£ac ot ®au 1 cel ees (0 ce
2ac | o « cvl ! 28 i ae
1ec i s v vl | 18 ann
oac ana v “ ovl "] o8 4 a2
3§ v LEL] ess  4Hil e &L vin ol
aic ( v -ee  BCI e ac o i
e N o : % yan | f > ‘L ane L1
J1c ama € sese  SC1 ! A 9¢L ] i
cIc 1 (4] wes <C1 2= SL i Wl
vic o eaa sse Pl 1 vi 5 vl
8 § >4 ! v 1 e see 0L ] el
04 { 1 1 ese 201 9 2L {7 o
e “na v = et G 14 t
ole 0} v v oct eee Of a1
&OE 0 s 1 acl [ &9 (3
8oE Tee & e L ! a9 ' "
Loe ] ERE] 1 et 1 L9 (S é
06 ) [T eme 921 € 99 v -
SUE i - L cet £ (14 ] “
voC e 8 v vl v v i v
LoE 1 1 09- €&t 1 (% ] i
s0e 0 € Ny a2 o€ o9 s e
o€ I v v 121 9 19 at '
Qo [ are < ost eee (09 o 5]
Ziny




R .m’Z'&i*
.

MPL-U-28/78

the array in the hydrophone cclection procecs. HMost of the g
€ETTOTS are clustered near zevo. Socme, however, are in the
vicinity of 28 cm (a half wavelength &t 2700 Hz) or 56 cm
(one wavelength). The one wavelength errors result from a
failure of the program te correctly identify the first cycle
of the received pulse; theee points were not numerous and
were ignored in the subsequent ctutictical analysis of the
data. On the other hand, the half wavelength errors turn out
to identify hydrophones whose outputse are phace reverced;
this wss verified by examining the recorded waveform for
ceveral csuch cases. There were ten phase reversed
hydrophones, and they were inhibited during the remainder of
the coperation.

In order to invectigate the reproducibility of these 1
measurements, position error cstimates from three independent
runs have been compared. The absolute wvalue of the

difference between pairs of estimotes for the same hydrophone :

hes been calculated, and 3 hictogram of thecse differences s

chown in Fig. 1I1.3. Ninety pervrcent of them are 3 cm or

f less. The agreement between the data for the three runs hsas

[
r-

been wuvsed a@s a selection criterion Ffor the statistical
analyses which follow. A position ertor is Tejected as

invalid if it is greater than 20 ¢m (probadbly indicating a
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phaece Teversal or a one wevelength mezcurement error) or if
it doecs not =zgree with at lezst orne of the other two runs
viithin 4 cm

Ueing this criterion, the mean pocition error has been
found to be 2 12 cm. Since the positione are relative, this
merely tepresents the dicstance of the rTeference hydrophone
frem the mean a&array plene and ies net importsnt. The twe
etetistics which are significant are the RKRM3E deviation and
the mean zbeclute devietion of the hydrophones from the mean
er11a8y plane. Thece are 1.87 wnd 1.49 cm, vespectively. The
mean  abeolute error asffects the pesk beam Tesponse, a&s
discussed in Section IV, while Lthe RM3 error is csignificant
for the prediction of loess of array gein for small signals,
which will be considered in Section V.

We can concider the epperent position errors to arise

from two sources: a8 rTandom physicel pocition error due to
imperfect wmounts and cstructure, and a systematic part
1reculting from the wevefrunt distortion at the dome. To

icolate the d?Tf effect, in tsble III.I we have considered
the array to be divided into e¢lceven horizontal slices, each
60 cm high. The mean position error for each slice is
listed. Alseo shown is the expected error of the mean, based

on the number of elements in the =slice and the 1.87 cm
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ctondard deviation for the whole array. The standard .

' deviastion of the set of 11 meane is onlJy O.56 cm, so the

A wevefront distortion does not coentritute 8 major portion of

the totzl position error.
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1V, PEAK REAM RESPONSE AT HIGH SIGNAL TO NOISE RATIO

The =zbility of the array and beamformer to correctly
recombine a8 coherent weveform is meesuved by treining the
a17Tay toward the <cource suspended frem ORRB, transmitting
pulees at 8 high enough level <o that the clipped beamformer
input statistics are dominsted by the signal during the pulse
arrival, end continuvously recording the chort term aversge
(STA) beem scan. A 100 mesec pulse is uvsed so that it always
encompasses the full SO msec inteqgration time of at least one
SYA cample.

The data tape is vead bu a program which selects and
prints the largest beam cutput, both as an eabsolute level and
oc¢ a fraction of the maximum peesible ouvtput. It slseo prints
the beam azimuth and elevation 1in both true and relative
coordinate sycstems. Thie printout is scanned to find the
pulce arrivale, and these 1reedings are recorded for hand
cnalysis,

The tcource level it eet 1o produce a signal-to-noise
retio at the hydrophone outputs of epproximately +10 dB.
Mrzsurements have been catrried out at 1.3, 1.735 and 2.9 kHz,
curresponding to frequenciec trensmitted by the towed -curce

during the Jurne operation

Because each beam response is a maximum only in & single
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divection a&and is comeuhat teduced at anglec between adjacent
beam centers, there is & problem in trying to make gprecicse
measvrements of peak beam rvresponse if the arrival happens to
be at such an intermediate anqgle. It wes expected that small
réindom motione of the array woeuwld negate this effect if the
meesurement were vepeated cscversl times, and the largest
value uvsed. However, during {he analycsis of the first trial
yun of this measurement, it wac found that this was not the
ceee, particulsarly with regerd to the beam elevation angle
The problem was <sclved by creeting & cpecial beam cet,
covering a smaller total scolid angle, with the beams tightluy
pecked near the source direction.

The peak beam response wae measvred agein, and the
result wss still much lower than expected, suggesting that
the phasing wae in error. To «check this pocessibility, the
fellowing test waes devised. The beamformer was reprogrammed
by loading it with the coordinates of an hypothetical array
with elements on a regular qrid, and the test signal
generator was enabled, so that the signal conditioner inputs
were driven with a sinusoidal cignal. This should result in
a8 Tesponse pattern which has large grating lobes produced by

constructive interference at certain angles. In fact, these

lobes turned out to be smaller than predicted.
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By wusing different cete of steered beams, it was
pessible to isolate the prcblem to one of the three
bcamformer sections. Fig. IV.1 chows the peak grating 1lobe
level for beamformer A, which was working correctly, and
teamformer C, which was not. The frequencies uvsed were
chosen to be incommensurate with the 10 kHz sample rTate,
since otheTwise the phase errors are not random and exact
phasing occurs. The theoreticel recponce for a uniformly
dictributed phace error and on sbsolute value detector is
chown for comparison.

The error was found, aftey the ocperation, to be cavsed
bg a bad integrated circuit multiplier which was not detected
during the <cystem checkout. The faulty chip hae been
veplaced, and the checkout proagram has been modified

The peak beam recponse uwss measured uvcing beamformer A
unly. The recults are plotlted in Fig. 1IV. 2 3¢ a function of
relative bearing angle. Note that the perak beam response
+howe 1little or no dependence on angle. The thecoretical
levels shown are again caiculated for uniformly distributed
phaece errors and an asbsolute value detector. The measured
velues are roughly 1 dB below the theoretical levels. The
on-axis measurement at 1