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ABSTRACT 

From mid-January 19 74 through March, two sets of LASA A-D ring beams were 

formed in parallel by the on-line LASA Detection Processor (DP at SDAC).  One 

set contained 299 LASA array beams using phased subarray sums; the other con- 

tained array beams to the same 299 regions using unphased subarray sums.  In 

six experiments we used seismograms recorded by the inner 1, 4, 7, io 13 

and all 16 aensors per subarray to form the unphased sums for the LASA beams. 

Each of the LASA beams so constituted was compared to the LASA beam containing 

phased sums of 16 traces per subarray.  The objective of these experiments was 

to determine the effect on array detection performance of using unphased sums. 

A comparison of the signal-to-noise (S/N) ratios of the on-line detections 

from the parallel beam sets shows that the average S/N loss on the beams con- 

taining unphased subarray sum traces varies from 2.4 db for 16 channels to 

5.6 db for one channel. This suggests a change in threshold varying between 

0.1 and 0.3 magnitude units; and the relative numbers of events detected by 

the phased and unphased subarray beams support this interpretation. This is, 

however, an average over the teleseismlc distance range; the loss is greater 

for close-in distances than for large distances and is partly due to higher 

noi»e levels because of the smaller number of sensors in the smaller subarray. 

Separation and discussion of these two effects as a function of frequency 

leads to the conclusion that 10 sensors per subarray strikes a satisfactory 

balance between high-frequency signal loss and reduction of the detection 

threshold.  There is, however, no sharp change at any particular number of 

elements, and other choices are possible. 
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INTRODUCTION 

Tht objective of this study is to determine the effects of using unphased 

subarrav sums on the detection and discri.uination performance of the Large 

Aperture Seismic Array (LASA) in Montana and to make preliminary recommenda- 

tions of the number of sensors to use to form the unphased sums. 

It is anticipated that the 50 kilobit line capability from Montana to 

the SDAC will be reduced to a 4.8 kilobit line in the near future.  To conform 

to this reduced transmission rate, the data output from LASA can be decreased 

by transmitting unphased subarray sums from Montana from each of the thirteen 

remaining subarrays instead of transmitting the individual outputs from the 

208 sensors still in operation. 

As programmed for this experiment, the detection process in Partition I 

serves as a based of comparison for the unphased sums (calculated in 

Partition II).  In Partition I we form five 16-sensor subarray phased sums 

equi-spaced in azimuth at a velocity of 15.5 km/sec (0.0645 sec/km) for each 

of the thirteen subarrays.  The subarray beams are combined into the full 

array beamset LBS 140 which selects from each subarray the beam which is 

closest in velocity space to the beaming point of the full array beam.  The 

299 beaming points in the full array beam are hexagonally packed in inverse 

velocit:' space with a spacing of 0.001316 sec/km out to a radius of 0.132 

sec/km or 7.6 km/sec. 

These beams are then examined by a detection process described by 

Chang (1974).  For ease of reference, we shall briefly review the process. 

The subarray beams in this experiment have been filtered 0.8-2.5 Hz 

instead of 0.9--1.4 Hz as was previously implemented in the SDAC system. 

Because of the broader pars-band, pulse-like signal wave-forms are not so 

extended in time after passing through the filter. 

This fact suggests that changes in other detection parameters might be 

desirable.  Such changes were made and are discussed below.  The first step 

in detection is to accumulate a short-term average (STA) of the noise by 

averaging over 1,8 seconds of the rectified beam of interest.  Successive 
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overlapping STA values are computed every 0.6 seconds.  From these STA's a 

long-term average is computed every third step, or once in 1.8 seconds, by 

exponentially weighting the previous LTA value and adding the current STA 

value.  The detection algorithm tests if the STA/LTA ratio is greater than 

a S/N acceptance threshold (10 db in these experiments) each time an STA is 

computed. 

The- are two parts to the detection algorithm for LASA.  The first part 

is the signal to noise ratio (S/N) threshold tecc which determines the size 

and duration of the signal.  When the ratio of the STA/LTA exceeds the fixed 

threshold value of 10 db for the duration of Q out of Q' (2/2 in the experi- 

ment; changed from 3/3 as previously implemented) consecutive tests, the 

signal arrival is declared "on" c.i that beam. After the beam is turned on, 

the end of the signal arrival is declared when the S/N ratio of the beam 

becomes lower than the turn-off threshold of 7 db.  The LTA computation is 

stopped when the beam is "on".  Note, however, that the LTA may be contami- 

nated by the signal because if the LTA is being updated at the first success- 

ful threshold test (one chance In three), then the STA being added to the LTA 

will contain some signal.  (While this should not affect detection thresholds 

since weak events cannot significantly affect the LTA, it will lower the 

reported S/N values for large events one-third of the time.) 

The second part of the detection algorithm is the spatial consistency 

test.  This determines the consistency of the seismic signal in both azimuth 

and velocity by seeking the maximum STA beam and checking if the previous 

maximum was found within the distance of AU beams (AU = 2 beams) from the 

current maximum beam.  When this condition is satisfied for P (P = 3 in this 

experiment; changed from 4 as previously implemented) consecutive times, the 

signal arrival is declared on the beam with the highest STA value during 

these ? consecutive tests.  If that beam is "on" by virtue of having parsed 

the threshold test then both parts of the detection algorithm have been 

passed and a detection is declared. 

To carry out our experiments, this detection system was placed in 

Partition I of the SDAC system.  In Partition II we placed an identical system 

-2- 
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comparison would have been possible between experiments.  Unfortunately the 

off-line DP runs at one-half real time; and the 360/40B required for the off- 

line runs is available only 6 hours per day on the average.  Thus to run the 

same number of experiments would have required eight timrs as long; or 2-3 

years instead of 3-4 month., see Table I.  off-line DP tests also encounter 

severe tape reading problems, Chiburis et al. (1974). 

The required results could also have been obtained at very low confuta- 

tion cost simply by beamforming a few large events for each distance interval 

and region of interest.  Experience has shown that the standard deviation of 

signal-to-noise improvement estimates obtained by this method is very low; 

and that only a few events are needed to define the mean.  (In contrast, of 

course, a very large number of events are required to accurately determine 

a threshold by the technique of plotting probability of detection or number 

of detections versus magnitude.) 

However, it is desired to test the actuM system in operation so that 

any unsuspected effects of the complicated detection algorithms just discussed 

would be revealed. 
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THEORETICAL CHANGES 

In Table II we see some of the principal results of experiments 1-6. 

We see in Table I that the subarrays were filled from the center out as the 

number of the experiment increased.  It would seem that these are the sub- 

array deigns of interest since in this way the signal loss on unphaseo sums 

due to signal misalignment, and the costs of cable and instrument maintenance 

increase monotonically.  Also, as we shall see, the most closely spaced 

sensors contribute in all subarray designs to reduction of noise.  (It is of 

interest in this regard that the original array design of the Geneva experts 

called for an array of 3 km diameter because zero-delay analog summation of 

the individual sensors was envisaged as the processing scheme of choice.) 

In each of the experiments the average distance to the events lay 

between 63o-70o with a mean of 67°; and the average waveform period in each 

experiment was 0.9 seconds.  To the exLent that the stability of these sta- 

tistics indicates that the sample populations range of 113-379 events can 

be taken as a satisfactory sample of the population of interest, we may 

obtain a crude estimate of the threshold change from the percent detection 

in the second partition. 

It is generally assumed that the probability of detection is a function 

of the signal-to-noise ratio, that is to say a function of the difference in 

the logarithm of the signal and noise.  Blandford and Wirth (19 73) have 

shown that this function may be approximated for automatic detectors by a 

step from 0 to 1.0 proability at specified (S/N).  Then, for any particular 

array, the probability of detection is equal to the probability of attaining 

a (S/N) value greater than a particular threshold value.  For a fixed L^SA 

magnitude at a fixed distance, the magnitude is proportional to the log 

amplitude.  Since the mean noise amplitudes have been found by many workers 

to be distribuced log-normally, the probability of detection of a fixed ni 

is given by 

pdr^-p)  = p([mb-u]/2o)  = <t>([mh-]j]/2a) 

where p = B(A) + log a + log r combines the logarithm of the (S/N) threshold 

value r; the logarithm of a, the median noise level; and B(A) the distance 
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amplitude factor for P waves; a is the standard deviation of the log noise 

and $  is the cumulative normal distribution function.  If we neglect the 

variation of log amplitude with distance for fixed iti    for the events in the 

LASA detection list we may use the above formula for all events. 

Then if the number of events with magnitude IIL is given by 

■bin. 
n = C 10 

then the total number of detected events is 

N - C / pOiL-yUO   dnL 
— CD 

and a transformation of the variable of integration n = rn - p shows that: 

-bd^-tO 
N(y1)/N(p2) =10   

l    '  . 

Thus if we know b, then from the change in percent events detected in 

Partition II compared to those in Partition I, we can determine the change 

in the "effective" threshold. 

From Figure 8 in Chang (1974), the cumulative recurrence curve for 

1500 LASA EP amplitudes we obtain b = 1.06; from Dean (1971) we obtain 

b = 0.9 from a recurrence curve of 500 LASA ni values.  Let us choose 

b = 1.0.  By application of the above analysis, we arrive at column d in 

Table II, 

To determine the (S/N) loss in each experiment we averaged the difference 
r 

in log (S/N) in each partition for all events detected in Partition II above 

10 db.  These results are also given in Table II and we see that they are 

in good agreement with the results obtained from the relative number of 

events detected.  It must be remembered however that this is a crude com- 

parison as we have included in each average low frequency events from 90° 

and high frequency events from 20° whose losses, as we shall see, are 

greatly different.  Also, in subsequent sections, we shall uncover substan- 

tial biases in the data.  Finally we are comparing the infinite velocity 

beams to a LASA beam set which has, as of this writing, been substantially 

-6- 
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improved by the addition of an infinite velocity subarray beam, together with 

a redistribution of the outer 5 subarray beams to better cover short wave- 

lengths.  Thus the losses in Table II are less than would be observed in a 

comparison with this improved beam set. 

Much ct the change in threshold is, r-r course, due to the changes in 

noise reduction as the number of eleme its in each subarray changes.  To 

evaluate the effects of signal loss as a function of frequency on discrimina- 

tion using, e.g., cepstral analysis or spectral ratios (0.4-0.8 Hz/1.4-1.8 Hz), 

it is necessary to allow for this noise loss reduction.  In the following 

section we shall discuss the signal loss as a function of frequency from a 

theoretical point of view; and show that, when combined with the expected 

noise reduction, and with allowance made for effects of bias, the predicted 

S/N loss is in agreement with the results given in Table II, and with plots 

of the data presented in other ways.  Thus we will be able to give theoretical 

estimates of signal and noise loss which are compatible with the data and 

which enable us to make estimates of the potential losses in detection and 

discrimination which will result from the formation of unphased sums for 

subarray beams, 
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EXPERIMENTAL RESULTS AS A FUNCTION OF WAVELENGTH. PERIOD AND VELOCITY 

Figures 9 through 14 give the signal to noise loss as a function of wave- 

length for experiments 1-6 respectively.  The wavelength was calculated by the 

formula X - v/f - vT where v is determined by standard tables from the distance 

to the event, and where T is the reported period for the event.  Superimposed 

on these figures is the theoretical mean array response from Figure 3, dis- 

placed downwards so that x. passes through the median point in the interval 

12-18 km.  This wavelength interval was chosen because the Partition I sub- 

array beams were set at a velocity of 15.5 km/sec (A = 15.5 km at 1.0 Hz). 

and thus the loss of the unphased sums at this velocity should be the true 

loss relative to a perfectly formed subarray beam.  This will be in error by 

less than 1 db because of the slight average error in azimuth for the closest 

subarray beam.  (This median loss is tabulated in column 4 of Table III.) 

The vertical shift of the solid curves in Figures 9-14 then represents the 

estimated relative noise reduction for this array, and the .urve.s then gives 

the S/N loss (instead of the signal loss) expected at all wavelengths relative 

to a perfectly formed beam. 

Before a comparison can be made between theory and observations, however 

allowance must be made for the fact that the subarray beams in Partition I are 

not perfectly in phase for very low and very high velocity events.  We have, 

therefore, shown a second line in Figures 9-14 which corrects for the db 

difference of the loss due to the unphased sums (infinite velocity beam) and 

that of the 15.5 km/ssc beam.  This difference curve is tangent to the 

unphased sum (infinite velocity) loss curve at 15.5 km/sec since the 15.5 

km/sec beam has zero loss there, and the difference at other wavelengths is 

also equal to the difference in Figure 3. 

We see that for 10-16 elements per subarray (Experiments 4-6, Figures 12-14) 

the differential response line falls below the data points for 7 < A ^ 10. 

This is as would be expected due to the substantial loss in S/N for low- 

wavelength events on infinite velocity beams which results in their not being 

detected at all in Partition II, and therefore results in their not being 

plotted at ail on the Figures.  Thus we see that the data as presented have 

-9- 



in niwtmum^^i^mm^mm K |   Wii  ■ i.l ———— 

a substantial bias at low wavelengths, and simple extrapolation or interpre- 

tations could lead to substantial errors in judgment. 

For 4-7 sensors per subarray (Experiments 2, 3; Figures 10, 11) the 

differential response matches the data points satisfactorily; suggesting that 

the small differential loss of about 4 db leads to little bias. 

This line of argument leads one to expect that th,= data points would 

cluster about the differential line for 1 sensor per subarray (Experiment 1, 

Figure 9) instead of falling below it as observed.  The only explanation we 

can give for this behavior is that the reflection from the free surface 

arriving at the 500 foot deep seismometer is more out of phase with the direct 

arrival than it is at the 200 foot deep seismometers.  The effect will be 

largest for the high frequency events at large incidence angles (low 

velocities); i.e., Miose fron: close in. 

Figure 9 also offers an opportunity to evaluate the effects of signal 

contamination of the noise, the possibility of which is discussed in the 

INTRODUCTION.  The effect should be greatest in experiment 1 where the 

difference in S/N ratio between partitions is also the greatest.  Or. Figure 9 

we have indicated that the median value of S/N loss for all events, for those 

for which the S/N in Partition 1 was less than 20 db, greater than 20 db, and 

greater than 32 db was 5.6, 5.2, 5.8 and 5.8 db respectively.  Thus it would 

appear that with respect to the overall average, bias from noise contamination 

is < 0.2 db, a neg.ligable effect. 

As we have seen, however, the bias due to ncr-Hptcction at low wave- 

lengths has a major effect in the data for 10, 13 and 16 elements per subarray, 

and this fact is reflected in Figures 15 and 16 for 10 and 16 elements per 

subarray respectively where as a result of the bias the ful] range of the 

variation of S/N loss with period cannot be seen.  Still, it is clear in the 

case of 16 elements per subarray that for 10° < A < 50° there is a substantial 

increase in signal loss with frequency, and that this increase is in substan- 

tial agreement with the losses predicted from transformations of the dashed 

line in Figure 14, when allowance is made for the effects of bias. 

-10- 
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Similarly, in Figure 17 we see that regression lines are in good agree- 

ment with the theoretical lines from Figure 9-1A evaluated at 1.0 Hz except 

at short distanres where the effects of bias become important. 

Figures 18-20 for A = 30°, 60°, and 90° respectively give the expected 

S/N loss relative to a perfectly formed suoarray beam for 0.5, 1.0, 2.0 Hz 

as a function of number of sensors per subarray.  These Figures, derived from 

the solid lines in Figures 9-14 correspond to the signal loss Figures 6-8. 

An example of the use of these Figures would be to consider the use of a 

short-period discriminant at a distance of 60°.  From Figure 8 we see that 

for a 10-element array a short period 0.6 second spectral amplitude would 

have to be corrected upward by 4 db before computation of a spectral ratio; 

while by reference to Figure 20 we see that the threshold magnitude for 

application of the discriminant would have to be increased by about 7.5 db 

or .37 magnitude units.  It is worth noting that the S/N loss relative to 

the 16-element array for 0.5 Hz is certainly overestimated because the noise 

correlation is higher at 0.5 H. than in the band 0.8-2.5 Hz, thus giving the 

larger subarrays less of an advantage over the small. 

The losses derived from Figures 6-8 and 18-20 are the ones to consider 

for planning purposes, since the new subarray beamset in LBS 151 now imple- 

mented at SDAC has 6 subarray beams including one unphased sum (infinite 

velocity).  The full teleseismic velocity space out to 7 km/sec is covered 

with a maximum loss of 3 db at 1 Hz. 

In Table III we give a careful comparison of our observed results with 

theory.  In column 3 we give the theoretical signal loss for A = 15.5 from 

Figure 3.  In column 4 we give the observed S/N loss for A = 15.5 from the 

db value at A = 15.5 of the lines in Figures 9-14.  The difference in these 

two columns is the apparent noise loss in the frequency band 0.8-2.5 Hz and 

is given in column 5. 

The theoretical noise loss in the band 0.8-2.0 Hz may be found by the 

techniques discussed by Blandford and Clark (1971).  Briefly, they used the 

observed correlation as a function of distance to compute (5, the average 

inter-sensor noise correlation for the array.  Then the db noise reduction 

-11- 
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is given by 10 log^ (N/(l+[N-l]p).  This technique applied to the subarray 

designs in this report gives the theoretical noise reduction     olumi„ 6. 

■Since the noise spectrum at LASA is heavily dominated by low     ncies this 

result should be a good estimate of the noi,. e reduction in the passend 

0.8-2.5 Uz.  Thus, subtracting column 6 from column 5 yields the theoretical 

minus apparent noise loss column 7.  We see that the smaller the array the 

better it performs in comparison with theory; although the differences are 

only significant with respect to practice for the 1-sensor subarray. 

Of the 3.9 db discrepancy for experiment J we can. as discussed above, 

explain only 0.2 db by appeal to (S/N) bias.  Since the center element is 

buried 500 instead of 200 feet we may expect that it's noise level is less 

than for the average other sensor.  In fact, examination of Table 22 from 

Chiburis and Hartenberger (1966) shows that the average center sensor is 

quieter by 1.3 db than the average other sensor.  This leaves 2.4 db to be 

accounted for.  We feel that the probable explanation for the remaining 

discrepancy is that the travel-time residuals, computed either by examination 

of the single center-sensor trace or by cross correlation of the subarray 

beams (which are heavily dominated by the closely spaced sensors around the 

center element and which would be expected, no matter what the central con- 

centration, to give an average residual close to the residual for the 

geometric center of the array) would be most representative of the array 

center sensors.  The advantage would be expected to decrease as the s,Ze of 

the subarray increases; and this is. in fact, observed in Table HI. 

-12- 
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SUMMARY AND RECOMMENDATIONS 

Figure 6-8. and 18-20 seem to be confirmed by comparison of their 

corallarics with observation.  They may therefore be used to deduce the loss 

of signal, and signal-to-noise ratio as a function of frequency which would 

result from the formation of unphased sums in place of the present LASA 

beams which contains 6 subarray beams fox   each subarray. 

It might be suggested that it would be desirable to lose less than 0.1 m 

unit detection threshold in the Al.  Then by Figure 21 for A = 90°  T = 1 0 

one would want to use 10 elements in each beam.  The threshold for'short-period 

spectral ratio (T = 0.5) discriminant would then be raised by about 0.2 

magnitude units in the Al.  At A = 60° (Kamchatka. Novaya Zemlya. Tahiti) 

the corresponding numbers would be 0.15 and 0.4 magnitude units; while at 

30° (Cuba. Guatemala. Bering Straits. Amchitka) we would have 0.2 and 0 5 

magnitude units.  These seem to be relatively reasonable results; there is 

no obvious break in any of the curves which would lead to an optimum via 

simple reasoning.  Seven sensors per array also seems reasonable; but since 

it is easier to cut a sensor out of the beam than to add it. one might well 

be biased toward the higher number. 

-13- 
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K. • .143 

Figure  1.     Array  response  for  infinite velocity beam for  the  4-inner 
elements  of  LASA subarray AO. 
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!f8TUlQA2* /"^ reSponse for infinite velocity beam for all 16 el 
of LASA subarray AO. ements 
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^    20  25 30   40 

APPARENT SIGNAL WAVELENGTH, KILOMETERS. X= v/f 

fhf f     theoretical array response for Infinite velocity bear, of 
the Inner 4-16 elements of LASA subarray AO averaged over azimuth 
The mean and standard deviation are indicated.  AISO shown by dashed 
lines is the mean db difference in response between a 15  5  k^/sec 
beam dxrected at the event azimuth and an Infinite veloc y beam! 
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Figure 6.     Theoretical signal  loss  for  unphased  sums  as  a  function of number 
of sensors  per subarray  for several  periods  and  for A  =  30°. 
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Figure 7.  Theoretical signal loss for unphased sums as a function of number 
of sensors per subarray for several periods and for A = 60°. 
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Figure  8.     Theoretical signal  loss  for unphased  sums  as  a function of number 
of  sensors  per subarray  for several periods  and  for A = 90°. 
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Figure 9.  Signal-to-noise ratio loss in db as a function of apparent 
signal wavelength for experiment 1.  The solid line is the (constant) 
array response of a single element shifted down until it passes through 
the median db point in the wavelength interval 12-18 km.  The dashed 
line shows the response relative to a 15.5 km/sec beam directed at a 
1 Hz signal. 
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Figure 10.  Slgnal-to-noise ratio loss in db as a function of apparent 
signal wavelength for experiment 2.  The solid line is the array 
response of the inner 4 elements shifted down until it passes through 
the median db point in the wavelength interval 12-18 km.  The dashed 
line shows the response relative to a 15.5 km/sec beam directed at a 
1 Hz signal. 
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Figure 11.  Signal-to-nols. ratio loss in db as a function of apparent 
signal wavelength for experiment 3.  The solid line is the array 
response of the inner 7 elements shifted down until it passes through 
the median db point in the wavelength interval 12-18 km.  The dashed 
line shows the response relative to a 15.5 km/sec beam directed at a 
1 Hz signal. 
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Figure 12.  Signal-to-noise ratio loss in db as a function of apparent 
signal wavelength for experiment 4.  The solid line is the array 
response of the inner 10 elements shifted down until it passes through 
the median db point in the wavelength interval 12-18 km.  The dashed 
line shows the response relative to a 15.5 km/sec beam directed at a 
1 Hz signal. 
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Figure 18. Signal-to-noise ratio loss for A = 30° as a function of 
number of sensors per subarray for several frequencies. Taken from 
transformations of the dashed lines in Figures 9-14. 
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Figure ]9. Signal-to-noise ratio loss for A = 60° as a function of 
number of sensors per subarray for several frequencies. Taken from 
transformations of the dashed lines in Figures 9-14. 
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Figure 20. Signal-to-noise ratio loss for A = 90° as a function of 
number of sensors per subarray for several frequencies. Taken from 
transformations of the dashed lines in Figures 9-14. 
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APPENDIX 

DEVELOPMENT OF ARRAY LOSS EQUATION 

Consider a sinusoidal seismic signal of frequency f, Ae^ , arriving 

at the center of the subarray at time t, thus the response of the i'th 

seismometer is 

Ae 
X^+At^ 

where: 

v 

v = apparent velocity,  and 
■Jhi 

d = distance vector from the center seismometer along the 

direction of wave propagation. 

Therefore the response of the seismometer relative to the center 

seismometer at t + Atj is : 
o    1 

R = Ae 
jco(to+Ati) juAt, 

j t 
= Ae 

Ae 

and the average response of the unphased subarray sum relative to the 

phased subarray sum Is: 

,  N jtuAt. 
R = N I e    » where, 

1=1 

Then 

N = the number of sensors. 

1    ? R = TT    ) (cos ojAt.  + isin tuAt.) N    f; 1      J V 

N N 
= —(  ^ cos  coAt    + j   ^ sin u)At.), 

1=1 :L 1=1 1 

-AI-1- 

  - - -  -,-   ■■^.■w>äii^   iiii i Im i ii      ir i  -"-"  -  



wmmimmm  "J mmii wmi ^mfmm^Hmmmmmmm 

1       IN 

Amplitude  =   ( (--    ) 2       ,1     iN 

I  cos wAt   )     +  (-    J   Sin ^tj 
i=l 1 N   !=! 

,.   A 2 ,1/2 

di.2   ,    ,1     N d,- =   {(jj    I  cos   2nf ^i)2 +   (i    );  sin  27rf ^2^ 1,2,1/2 
1=1 Nl=l 

Let:   ^   = 7 =: wavelength,   then; 

1     N N 
Amplitude =  {(-    I cos  2vd /X)2 +  (^    [ sin  27rd4/A) 2,1/2 

and 

and  phase =  tan -1    1=1 
I sin  27idi/A 

I   cos   27Tdi/\ 
1=1 

To  express   the  amplitude  response  in  terms  of  db   loss we have 

Loss(db)  = -201o8l0{(i    I cos  ,nd./A)2 +  A    f ^  2lrd A)2}1/: 

1=1 ' N  i=i 1 
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