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cessing of sea returns has consistently revealed serious
performance anomalies when particular modulation types are
employed. An attempt to explain such negative results is

¼ 
-~ undert aken by means of a computer simulation of bot h the

active sonar system and the environment in which the
system operates. Various combinations of modulation types
and environmental parameters are tested and the simulation
results are compared with results obtained in actual sea
return processing.
The results obtained indicate that many of the anomalies
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SOME NOTES ON SONAR SYSTEM AN/SQS-26 ( xI’~-2) SEA DATA ANALYSIS
TIS R65EMH 13

I - INTRODUCTION

In a previous report , coauthored by the present writer and L. W. Bauer ,*
an extensive analysis of selected sonar returns was performed . This report

(E65~~iHl3) m a y  be considered as a sequel to the previous report . Statements
made here which are derived from the earlier report are keyed with arm asterisk (*).
It is necessary that the reader review that report, since a great deal of

explanatory detail contained there has been omitted here.

Two types of signal processors were employed in the analysis of sonar sea

data.* The first type of processor was a very crude , noncoherent IF processor

which performed a square-law detection of the IF signal , followed by an integrating
or smoothing baseband filter . Thi s processor , for rather obvious reasons, was
called a power detector , and all of the 391 ping s available on the dig ital tapes
were power-detector processed. A mueb more sophisticated type of signal processor
was also simula ..ed on the I~~’1 709L~ computer; 23 sea returns and three test returns
were processed by this second means. This second type of processing consisted of
ideal (analog) correlation detection of the received pings, followed by ideal
fil tering of the correlator output . The post-correlator filters consisted of a
theoretically-optimum bank of doppler filters, the detected output s of which were
presented by means of range-velocity indicator ( RVI ) display~ .

By means of thc second processor simulation described above, a rather complete
“ pict~~’e” of the sea returns could be obtained . The RVI displays, presented for
various values of threshold setting, describe the behavior of the sea returns in
both the time and frequency domains . Such computer simulation eliminates the

possibility of performance degradation due to practical hardware limitations; for
example, performance degradation caused by the Deltic correlator in actual
AN/SQS-26 signal processing is eliminated as a possible cause for concern. The

“ideal” signal processor lineup simulatc~d* would be most di f f icu l t and extremely
expensive t o  duplicate in practice.

*Con~uter Analysis of Sonar System AN/SQS-26 (~~ -2) Sea Data, TIS R6~EMH32,
General Electric Company, Syracuse, New York, October 29, l~?6L1 .
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The analog-correlation processor considered* was far more sophisticated than

the power detector, yet a comparison of sea data analysis results was hardly

encouraging; in many cases it was quite evident that the simple power detector

provided a much better means for the detection of sonar targets than did the

sophisticated “ideal” processor. The disappointing results obtained with the

analog-correlation processor motivated this present memorandum, which reports the

results of some additional work performed in an attempt to explain the disturbing

results which had been obtained in the previous study effort.

Three types of modulation were employed in the previous report: linear

frequency modulation (FM ),  pseudo-random noise (PEN) , and random frequency

modulation (REM). From the point of view of a simple detection it was clear that

FM gave by far the best performance; however, for this type of modulation, the

elaborate Hill ?resentations are somewhat redundant since this type of waveform

does not permit target range and velocity inforxr.ation to be resolved. The PEN

and RIM waveforms were known to have “thuiñbtack ” ambiguity surfaces; it was hoped

that these two waveforms would yield R~~ displays which would not only show the

presence of the target but would also indicate the true velocity and true range of

the target submarine. The performance of these latter two waveforms, with very

few exceptions , did not meet expectations . Detectability was not as good as in

the case of FM and , with regard to range and doppler information , the R~~ di splays
were most disappointing . This is a serious situation, since much of the present

AN / &~S-26 system design and many future applications of this sonar system are

predicaued on the assumption that accurate range and doppler information will be
derived from the received waveform. The results of the previous report give strong

~nd~cations that , not only is such accurate range and d ppler information unavailable ,

but that. attempt s to obtain this Information can resud t in a ser ious  loss in

detectability. Quite obviously, such results are s igni f icant  and i t  wri s fe1~ th at

further investigations were in order.

The work reported in this memorandum was un ie r tu Jc or . ~n . ~im ~‘ :‘Drt t,o ci ‘ a i r ~
some plausible explanation fcr the negative resu.U s  c’~-~ a i r ~ i w i t i .  the ~-‘~a ia~~
Computer simulation techniques are again employed , but it ~a .  . t ~n e u rni ’i n~~’ ~

us ed, rather the sonar signal processing sys4 em n n . 1  t~ e 1r~ u! ~ t h 1 ~ y
~~ ~.

ent irely simulated. in th is  manner ontroile.1 a~. i knuw r.  I r . ;  ~ I

created which , of ‘ n ~so , enable a ~iu ~ rno~e nocuri! .‘.n . 
. ma

p~~~ c’ssor output resu 1.ts.
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II. WAVEFORM ANALYSIS

In a system as complex as the AN/SQ.S-26 there are many possible problem

areas . One item of some concern is the quality of the waveforms actually put into
the water by the system. The sea tapes processed* contain “test returns” which

are actually recordings made at hydrophone terminals during the transmit period in

the system cycle. These test returns are given numbers; e.g.,  ping 123 (FM ),

ping 2914. (PEN) , and. ping 29 (RIM) . The analysis of this particular set of test

returns may be found in the previous report on pages 1#3 through 59.

FM ping 123 shows RVI di splays of the type that are expected for this type of

modulation. The ambiguity surface is a ridge, and the volume under the anib iguity

surface is well-confined to the ridge region (Figures 13 through 17*). Thi s
result is precisely what would be expected from theoretical considerations.

The PEN test return, ping 29k , gives R~~ displays which are again consistent
with theory (Figures 19 through 21*). It was noted that the threshold could be

lowered, in this case to 9 d.b below the peak, before range-doppler sidelobes made

their appearance. The 12- and 15-db thresholds showed considerable range-doppler

sidelobe activity, but this is not too surprising for such a waveform. Since the
bandwidth of this pulse is 100 cycles and its duration is one-half second, crude

theory would indicate that the close-in sidelob e level should be on the average
at -20 db relative to the peak ; however , the 2BT factor obtained from theory with
regard to the ambiguity surface is an average value -- this certainly does not
preclude sidelobe peaks from appearing well above this level. Thus, the results

obtained* for this test return appear to be in reasonable agreement with

theoretical expectations.

The behavior of the REM test return, ping 29 (Figures 23 through 25*) is

very much like that of the PEN ping . Very little range-doppler sid elobe activity

is evident at the 9-db level , while considerable activity is seen at the 12-db

threshold setting (Figure 214*). Here again, these results agree closely with

what might be expected from a theoretical analysis of the ambiguity properties of

such a waveform.

In spite of the reasonable agreement between the test return Hill display s*
and theory , It was decided that additional tests should be performcd using complete
simulation techniques. Computer programs were written to generate the above three

CONFIDENTIAL
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types of waveforms , and simulation programmi ng was also done so that the ambiguity
surface of the simulated waveforms could be determined by means of Ru displays.

The first waveform tested by this method was of the FM type; the parameters used
are shown in Table 1, and the results are shown in FIgures 1, 2, and 3. The Ru
display for a 3-db threshold is shown in Figure 1. The vertical scale indi cates

doppler setting in knots; the horizontal scale indicates time or range in seconds.
A total of 61 filters are employed in the simulated processor , with a center-

frequency spacing of 0 . 3  knot and a bandwidth consistent with the 0.5-second
pulse duration. The characteristic ridge line which is associated with this type

of modulation may be seen in Figure 1. The break s in this curve are apparently

caused by the “crossover-dip” of the filter bank design. This may be further

confirmed by noting the double response in two regions which occur in Figure 2 - -
the RI/I display for a 6-db threshold sett ing.  Figures 3, 14 , and 5 show the
performance of thi s waveform as the threshold setting is lowered in 3-db steps to

15 db. Thi s performance is characteristic of FM and agrees very well with the
results obtained* for the FM test return , ping 123. (There are some differences
between the Hill di splays of the previous report and this memorandum since the

range or time scales are different . )

The ambigui ty surface for PEN modulation is shown in Figures ( through 10;

the parameters employed are shown in Table 2. The figures indIcate that , f or this
waveform , range-doppler sidelob e activity does not make an appearance until the

threshold is lowered to about 12 db below the central peak . At a l5-db threshold,
considerable range-doppler sidelobe activity is to be noted ( see Figure 10); these
result s compare favorably with those found previously (Figures 19 through 21*).
Figure 20* does indicate some sidelobe activity at the 9-db level which is not
shown in Figure 6; however , this difference appears to be minor and not particularly
significant . It Is Interesting to note that a central-point symmetry exists in

the RI/I displays which is consistent with the theory of the ambiguity function.

The simulation results for the REM waveform are shown in Figures 11 through

1’~, the parameters employed are shown in Table 3. It will be noted that . sidelob e
activity does not appear unti l  the threshold is l owered to i~ db , and that .

considerable sidelob e activity is to be noticed at the 15-db threshold setting

(FIgur e 15). Here again , central-point symmetry is  clearly i n evidence. Comparing
Fi gures 11 through 1: with Figures 23~ throu~ li 2’~ shows very good agreement with

r~~
- ‘— ‘
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regard to sidelobe level . Very little sidelobe activity was noted at the 9-db
threshold setting (Figure ~ *) , and ~ne might conclude that somewhat better
agreement between simulation and actual test return processing is obtained for

REM as compared to PRN; however, the agreement in all cases is sufficiently good

that there may be rasonable confidence in the quality of the signals put into

the water by the AN/SQS-26 system. Put another way, the simulation results that

have just been described give no indication of any serious differences compared

to the waveforms generated by the AN/SQS-26 system
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Figure 1. RVI Display, FM, 3-db Threshold
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Figure 3. R’ITI Display, FM, 9-db Threshold
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Figure 14. RVI Display, FM, 12-db Threshold
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FIg ure 5. RVI Display, FM , 15-d b Threshold
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Figure 6. RVI Display, PRN , 3-db Threshold
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TABLE 3

-~~~~ SY S T E M  P A R A M E T E R S  —— ________ 
N O I S E  PAR AMI .T E R S

SYS TEM RA ~~D W I f l T H  (ces) i 5 0 . o o o 0 0 0  I N I T I A  R A N O O M  NUM BE R ~~~~67~~f i 7i~T5
SIG NAL AA’iD W I D T H  (CPS) i O O . 5 0 0 0 0 0  F I N A L  R A N f l O M  N U M b E R  1 06 ’ 2 1 0 7 4 ? 3 R
C * M Q ! P R  FQ EO U E N C Y  (CPS) 34 00.C00000 NU RR E R N O I S E  TEORS ~SCD 2 65

DOPPL FR F , L 0 0 0  S E T T I N G  ( K T S )  0 .  NU M ME R N O IS E  S A M P LES j S & U  1 5 0 3
I N I T T A L  T ? M E  S E A R C H  C S E C I  0 . 2 6 0 0 0 0  A V E R A G E  POW R CAL ~~U L A T F D C .
F I N A L  ~ I MR SEA R CH (SEC ) 0 . 7 4 0 0 0 0

(NI l- tat T T M E  S EARC H IND E X 26j 
..—— —-———-

~~~

.- — —- — --.- -.---- —. 

F I N A L  y( H E SEARCH INDEX
lIMP I N C R E.~ ENT (S EC ) 0 . O O t 0 0 0  R E E E R E N C E  PA R A I I E T E R ç
S A M P L I N G  R A T I O  6 . E 6 6 6 6 7  NUMBER S A M P L E  P T 1 N T S  5 0 0
PR O P A S A T I n N  V E L O C I T Y  ( K T s ~ 2 0 0 . 0 0 0 0 0 0  I N I T I A  RA N O O M  NUMBER 12 3 3 30 7 2 5 2 15
W A V F F OR M TY PE 4 F I N A L  RANI ) O M NUM bER 1L’33~~~17 2 5 2 i S

PULS E LEN (ITH ~SEC) ~~~~~~~~~~~~~~~~~~ NUMME R NO )s ~ T~~WM~~~JS~~~

S IG N A L  P A R A M ET E R S

~~~~~~~W E  T A M  GE Y~~PEWERi 0 .  95~R~~ ~00

TA R G E T  T I M E  I N D EX  POWER
1 0 . 0 0 0 0  501  1 . 0 0 0 1

(A LL R E TU R N S  A T 0. K N O T S )

RAN~ E V E L O C ! T Y  D I S P L A Y  E IATA
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Figure 11. RVI Display , RFM, 3-db Th reshold
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Figure 12. RVI Display, RPM, 6-db Threshold
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Figure 13. RVI Display,  ~F M , _ dh Threshold
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Figure 15. RVI Di splay, RFM, 15-dh Threshold
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III . BOTTOM BOUNCE SIMULATION

A. GENERAL DISCUSSTON - -.

The three types of waveforms which were used in the sea tests were

simulated in Section II, and the ambiguity function surfaces of these three wave-

forms were examined. A comparison of the simulation results with equivalent
results obtained from the test returns of the previous report,* indicates very

close agreement . There is no reason , in view of the data just presented , to
suspect any serious difficulty with the waveforms generated by the actual Ar1/SQS-26

equipment. Having thus temporarily eliminated serious waveform distortion as a
possible explana ’ion for the difficulties encountered in sea-data processing,

other possible problem areas must be investigated . Two conceivable environmental

effects could explain the disappointi ng results obtained in the processing of the

sea data.* Time spreads or multipath spreads as were evidenced in the sea data

represent a medium characteristic which can have serious consequences in the

performance of the signal processing system; in addition , time variations of the

medium or environment can result in frequency spreading of the received signal s
and this effect can also contribute to significant performance degradation.

Since frequency spreading and time spreading of the received signals

are present in the actual operating environment of the sonar system,* the possible

mechanisms by which these effects are introduced should be considered. At this

point many avenues of approach are open - - in fact too many. One can construct

mathematical models of the environment and obtain results which will give

reasonable answers. For example , if the multipath spreads and/or frequency
spreads are assumed to be sufficiently large, serious loss in performance would
be indicated by the mathematics. Conversely , if these spreading parameters are

assumed to be suffici ’ntly small, then a negligibie performance degradation would

be predic ted by the mathematical resu.lts. The obvious answer to this dilemma lies
in ob tai ni ng apprcpriate measurements of the sonar environment; unfortunately ,
there appear s tc be very lit t l e perti.nent data of th is  nature available.

Faced wi th th i s  situation , a physical model has been constructed of

bottom-bounce transmission , albeit , a model for which no rigorous justification

can be presented at ¶his time . The model to he described seems reasonable and

the results obtai ned from this model are rot in cont r~idiction with the iinu.ted

experimentaL data whU ch has aiready been ~~aT here l
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B. MODEL DESCRIPTION

Let us consider one-way, bottom-bounce transmission from a ship (s) to a
target (T) as indicated In Figure 16. If all anomalous effects which may be

caused by the water itself are ignored , then the simplest propagation mechanism

between ship and, target would involve a specular or mirror-like reflection from
the bottom as indicated by the solid line from the ship to the bottom and hence to

the target . If the dominant mechanism involves specular reflection, then motions

of the ship and target relative to the bottom are of no consequence and only the

relative motion between ship and target would have to be considered in the

analysis. Under such idealized conditions only one ray path would be involved in

the transmission of energy from ship to target , there would be no multipath

eff ects , and doppler or frequency spreading effects could be easily calculated

from the resulting simple geometry .

The writer would now like to propose a second mechanism to be considered

in bottom-bounce propagation -- that of multiple scattering . In this discussion

we do not eliminate the specular mode but, instead, we propose that there are at

least two modes involved in bottom-bounce propagation: a specular mode and a

scattering mode. We further suggest that the scattering mode may , in many cases ,
be the predominant mode of transmission so that the bulk of received energy at

the target arrives via the scattering mode while only a relatively small percentage

of the received energy may be attributed to the specular mode.

In crude support of the scattering model which will be shortly described ,
the reader is asked to observe the RVI displays for ping 13 of the previous

report (Figures lt~3 to llI .5) . * Ping 13 resulted from an PM transmission but the

tape data was gated early so that bottom reverberation was recorded . The RVI

displays for this reverberation indicate the effects of a collection of discrete

reflectors, some having higher effective amplitudes than others. If a transmitted

pulse from the ship, upon striking the bottom, reflects significant energy back

toward the sound source itself, why should it not be assumed that similar

significant energy scattering takes place from the bottom toward the target?

Without further apology we shall now describe the bottom-bounce model which was

simulated and tested in the work which follows .
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FIgure 16. Bottom flounce ?kdel Geometry
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Turning again to Figure 16, it is .~ssumed that the bottom is composed of

a large number of discrete scatterers which lie in the area of the bottom

illuminated by the array beam. For simplicity , the illuminated area has been

assumed to be rectangular having an x dimension determined by the horizontal beam

extent measured at beam center on the bottom , and a y dimension determined by the
vertical beam extent also measured along beam center on the bottom. Within  th i s
rectangle a large number of scatterers or “hot spots ” are located randomly . Each
scatterer is assumed to contribute to total energy transfer between the ship and
the target. In this work the amplitude effects or “transmission factors” of the

scat,te rers are as~.umeJ to be uniformly distributed between 0 and I arid independent

from one scatterer ~~ another . A uniform random phase shift (00 to 3600) was also
associated with each scatterer , this phase shift being independent from one
scatterer to another; thus , energy transmission from the ship (s) to the target (T)
of Figure 16 is assumed to take place via a large number of ray paths, two of

which are indicated by dashed lines in the figure .

If we suppose that the scattering mechanism just described could
represent the dominant mode of energy transmission from ship to target , then some

very interesting characteristics of this “transmission path” may be deduced by

simple observation. If the ship and target are assumed to be stationary, multipath

becomes an obvious consequence of the model. If we imagine short pulses being

transmitted from S and received at T , then for each pulse transmitted N pulses

will be received, where N represents the number of scatterers being considered ,

Furthermore, these N received pulses will occur at random times within the multi-
path spread interval and many of these pulses will overlap in time due to the

f i nite pulse width of the transmission. Thu s, if we were to perform an experiment

under the conditions jus t described , we would f irs t  of all note t.hat a mul t .ipath
spread is involved which will be determined by the locations of the ship and target
and also by the vertical and horizontal beamwidths of the transmitting array.
Since many different  scatterers can resul t in the same or nearly the same one-way
p ath  delay, a peak response observed within the multipath spread period at the

receiver cannot be attributed necessarily to a single scatterer. Rather , such

peak responses are more likely to be caused ty a superposition cf the energy

received via many paths , where chanc e phasing has resul~ ed in a reenforceme ffi of
the ~,otql voltage observed at that particular time .
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From qualitative considerations as outlined above , we see that the
scattering model of Figure 16 results not only in multipath spread or time extent
which must be associated with a given transmitted pulse, but that superposition

must be considered in explaining the actual amplitude versus time display observed

at the target receiver. If the ship is moved from one position to another position

relative to the coordinate system of Figure 16, a change in the multipath structure

observed at the receiver would be expected. Thi s follows since the superposition
effects at the receiver which produce the observed multipath structure will change

as the ship position is changed. A chance phasing of scattered pulses which gave
reenforcement at a particular time within the multipath structure in the first

ship position may result in cancellation in the second ship position. Conversely,

such displacement may cause large amplitudes to appear at time positions within

the multipath structure where very low amplitudes were former ly noted. Thus it

is clear that the “impulse response” of the transmission path from ship to target
will be a function, under the assumed model , of ship and target positions . If
these positions change with time , th en the multipath structure or impulse response

of the transmission path must also be expected to change. In fact, as shall

shortly be demonstrated, relatively small displacements of ship position can

result in rather significant changes in the effective time-domain characteristics

of the transmission path from ship to target. This crude model, then, does

confirm two effects which have been observed ’ experimentally: a multipath spread

in the energy received at the target , and a changing multipath structure from
pulse to pulse caused by ship displacement in the interpulse period due to the

motion of the ship .

The ob served time spreads of received energy and the observed changes in

multipath structure from pulse to pulse hav e been accounted for in the previous

discussion. This has been done by a static analysis which argued from the basis

of fixed positions for the ship but did not account for ship motion duri ng the

transmission period. Frequency and time effects , of course , are closely

interrelated, but in the previous discussion the emphasis has been primarily on

1 Most observations involve two-way transmission while our discussion is
confined to one-way transmission. The extension of one-way effects to the
out-and-back case is not too dif f i cult in terms of qualitative descriptions .
Such an extension in the quantitative sense is left as an interesting
exercise for the reader .
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time-domain effects. We now turn our attention to some possibie significance that

the model of Figure 16 may have relative to the frequency domain.

In investigating frequency-domain effects, the transmission should be

changed from a short pulse to a very long (or even a continuous) transmission, and

the spectral characteristics of the signal received at the target then observed .
If the target is assumed to be stationary while the ship is assumed to have some

velocity vector in the coordinate system, the following approximations seem

reasonable: the total energy received at the target is represented by a super-

position of many signals, each signal component being associated with an

individual bottom scatterer; thus, the individual components of the received

signal will not only have a random phase and amplitude relative to one another ,
but th’~re may also exist an actual frequency difference in these various components

due to ship motion. It is clear from Figure 16 that if a ve1oci~y vector is

associated with the ship at point S, this velocity vector will have different

component values when projected along the various ray paths from the ship to the

bottom scatterers. Thus a multiplicity of doppler frequencies should be in

evidence at the target receiver, even though the ship has a unique velocity vector

associated with its motion. This is an obvious consequence of the scattering

geometry of Figure 16.

In Sections Ill-C and III-D, the model of Figure i6 is simulated on the
computer to form a hypothetical transmission path from ship to target. Short-

pulse testing is simulated and time-domain effects are observed in Section Ill-C;

long-pulse testing is done over the simulated channel and spectral analyses or

frequency-domain results are observed in Section III-D. The results are interesting

and appear to be reasonable.

C. SHORT-PULSE , TIME RESPONSE TESTS

In this section we consider the time-domain response of the “channel”

resulting from the geometry of Figure 16 when short (10 msec ) pulses are
transmitted from the ship a~~i received at the target . The locations of the 2000

randomly-positioned scatterers involved in this simulation are shown in Figur e 17.

The shi p is placed approximately 2700 fathoms above the bottom and the trans-

mitt ing array is depressed 30
0. The vertical beamwidth is assumed to be ~11~ and

the hor i zontal beamwidth is assumed to be 8.5
0
. As explained previously , a

rectangular area on the bottom is assumed to be illuni na te l .  It is shown ~n
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Figure 17, for the parameters given~ that. th i s  rectangle has ( approxi mately)  an
ext.,

~nt of 5000 feet in the x d .irec .Lon and ar~ ect ent Cf 27,000 feet in the y

direction. The dimensions shown in Figure 17 are in feet and are related to the
coordinate system of Figure 16. The scatterers are located in a random (uniform)

manner within the rectangle by the computer program. The location of scatterers

is shown by the symbol “X” in Figur e 17 and, there may be (fo r those who like to

count ) fewer than 2000 symbols on the page due to the fact that for very-- closely

spaced scatterers a single X is printed to represent. t.wo or more such scatterers.

Figure 17 is not particularly significant but it was produced to provide at least
a rough check on the performance of the computer program.

A l0~-msec pulse is transmitted from t.he ship; the output of an envelope

detector attached to the IF strip of a target receiver is shown in Figures 18
through 22. If a single scatterer were cons idered , these figures would show a

single, square pulse covering six divisions of the x axis, From the headings of
Figures 18 through 22; it may ‘b e seen that a time spread of O,265 1~ second
between the longest and. shortest possible paths is i nvolved for this particular

geometry. The differences which appear in the various plots are caused by four-

foot displacements of the ship position along the y axis of t.he coordinate system

of Figure 16; that is, Figi.ue 18 involves no di splacement of the ship position

from its initial, coordinate location, ~.ih L~e Figur e 1.9 is ~.he time response

observed when a y change in tdiip position of f,’ux feet is introduced, The

displacement cont i nues in increments of four feet until a total displacement in

the y direction of 16 feet is accr’~ed. (F’.g~ire 22). It is to be noted t hat the

multipath structure does change fro~ one ship position to another in spite of the

fact that relatively sm.al.i increm~rit.s in posit:on ( four feej are invol ved.

Sever~~. run s of ~.he typ e tbc~ n were maa.e i nvolving disp iacements in the

other two coordinate direct ions  and the results are very much the same as those

shown; therefore , Figures ~8 to’ 22 are presenIeJ it t~~ r o r ep resen ta t ive  of the

ti me-domain e f f ec t s  observed under these cc~~i t i ~ ~ont- f ;‘cm~ut,er s~mu1,a ’ ion, The

results, i n l ight of the p r e v i ou s  J. i s cu s s ~ on , are n t at -all unexpec ted The

cha ng i ng multipath s~ ru ’t.ur~ w i ’h  ~~~~~ p csit ~~:n is  c l e a r l y  evident i n  ~ br  plot s

and the effects of pul se ~upe rpctiti cr a’ ~he r e c e ;v e r  are c.l ear iy in evidence;

for example , the dc’m i nant t e a k  r e ar  ~no beg i nni ng of the muJ 4 ipath ~~~i oaJ period

is obviously not. cauEed by a singl e ‘ ran smlssion  path rnpnues~ . i f  onl.y o l e
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path were involved in this response then a square pulse of six time-unit ~iuratjon

would have resulted as discussed earlier. The fact that this peak response in

Figure 22 shows distortion represents ample evidence that superposition effects

are responsible for this peak. As further evidence of thi s phenomenon , compare

the time of the peak response of Figure 22 with the response at the same time
period in Figure 18. It will be noted that in Figure 18 there is practically a

null in this time period, whereas in Figure 22 a rather large response is in

evidence; furthermore, a total ship displacement of only 16 feet was involved

‘between Figures 18 and 22.

Little more need be said about the results of Figures 18 through 22

except that care must be taken in interpreting the responses observed. It would

appear that a strong path has appeared near the beginning of the multipath spread

interval (Figure 22). Actually, this response does not represent one strong path

but a superposition of many, much weaker paths, giving the appearance of a strong,

single path .

D. LONG-PULSE, FREQUEN CY RESPONSE TESTS

In Section UI-C, time-response tests were simulated using the

scattering model of Figure 16. The results obtained are reasonable and consistent

with much of the sea data results. We now turn our attention to the frequency

domain which posed a considerable problem in the processing of actual sea data.

A review of the previous report* will reveal that for the two modulation

types which provided good. doppler resolution (PRN and RFM), extensive spreads

were noted in the RVI displays in both time and frequency; in fact, the frequency
spreads observed* were often extremely surprising -- the EVI displays showing
considerable energy at apparent velocities in the neighborhood of +~i~: knots.

The question was raised* (but certainly not answered) as to whether the RVI

displays were revealing a true doppler spread of this fantastic extent (true

relative doppler was usually zero) or whether other causes might be responsible

for the apparent doppler spread of the targets which were observed , An at em p t

to obtain a partial answer t o  this question shall be made here.

If the channel model of Figure lu is assumed. t.0 be a reasonable one .

then frequency-domain analysis may be carried on by further simulation. flir t en

of t r a n sm i t t in g  a s hor t  l0-insr’ pul se as was (lone in ~r ’’t  ion lIT-C , we now
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transmit a pulse having a duration of 0.5 sccond. Such a pulse, of course, has

excellent doppler resolution but very poor range resolution -- which ‘is precisely
what is desired, since we are now interested in investigating the frequency-domain
effects of the assumed model of Figure 16.

In Section Ill-C only ship disp acements ‘~ere involved in the calcula-

tions; no ship velocity was considered. In this section a reverse situation is

imposed; that is, ship displacements are ignored but a velocity vector is
considered with respect to the ship at point S in Figure 16.

The computer simulation program previously used was modified to provide

for a doppler analysis of the received waveform at poing T of Figure 16 when a

single pulse of 0.5 second duration was transmitted at S with a ship velocity

vector at S being assumed. ~~en though frequency-domai n analysis is ~o be

performed, one must still consider the multip&th spread in this case; t h at  is, a

I’ single 0.5-second pulse is transmitted but a mult ipl ici ty of such pulses are

received at point T so that the total duration of the received signal at T will

be in excess of the pulse length ‘by an amount equal to the multipath spread . To

account for this, the doppler analysis portion of the computer simulation operated

in the following manner . The earliest-arrivi ng path time is noted as is tue

latest-arriving path time. These two times are averaged to give a third time

which represents the center of the muiltipath spread interval . A 0.5-second time

gate is then generated by the computer which samples the received signal waveform

for doppler processing. Three gating-filtering computations are perforri~ d; the
first gate startinG at the beginning of the multipath spread. i n t er v a l . , the second

gate starting at the center of the multipath spread interval , and the third gate

starting at the end. of the multipath spread interval. The outputs of these three

gates are processed in a doppler banc containing 61 f i l ters wi th the center
filter (number 31) being set for zero doppler. The bandwidths of these f i l t e r s
are consistent with the 0.5-second transmitted pulse. The results eh un i ned from

such spectral analysis processing are shown in Figures 23, flu , and 25.

The header of Figure 23 reveals that the ship and target. coordinates are

the same as those used in Section Ill-C. Furl her , t he  sonar array parameters are

also seen to be the same and , al though not expll.eU Lv indicated by the header .
the bottom-scattering situation is also t h e  same as in tti~~ previous ~ e ” t i o t i .  A

ship velocity vector of 10 Knots maF,nitloie is assume ] w ifli ‘ h i s  v -’ t o r  h a v i n g
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equal x and y components of 7.07 knots. The particular doppler bank simulated by
the computer in this case uses filters having an effective bandwidth of about

3.~. knots and the center-frequency spacing between these filters is approximately

1.6 knots. By way of added explanation , the computer determines , fr om the ray-

path geometry, both the maximum and minimum doppler shifts. These two items are

listed in the header of Figur e 23 and it is seen that the maximum doppler was
about seven knots while the minimum doppler was about )4..7 knots. This spread

arises , of course , due to the varying projections of the ship’s velocity vector

on the various ray paths from ship to bottom-scattering points.

The plot of Figure 23 shows filter nuniber along the x axis and voltage

response (linear detector ) along the y axis. The zero doppler filter is nuxtb ered.

31 and there are 30 filters each side of this one for a total of 61 filters in

the bank. As may be seen from Figure 23, the maximum response occurred in

filter No. 35 which represents 6.Li. knots of one-way doppler. It is further to

be noted that the frequency distribution is well confined about this peak.

Figures 2~ and 25 are the same as 23, except for the time of the 0.5-

second sample of input information as previously explained. There are differences

in amplitude in these latter two figures as compared to Figure 23, but the received

energy is still seen to be quite well-confined around doppler filters 3I~ to 36
which is consistent with the maximum and minimum dopplers known to exist. Other

similar runs were made using different ship velocities and different scattering

distributions, but the results were quite similar to those shown; thus, these

results may be taken as representative of this particular type of test.

These frequency-domain results are discouragi ng in the sense that they

do not begin to explain the apparent frequency spreads that were observed in the

sea data described in the previous report; thus , the model of Figure 16, while

it does predict that a doppler spread of received energy will exist, yields

quantitative da~. ri (such as that shown in Figures 23 ihrouih 25) which Jo not

offer the explanation sought for the frequency spreads “ seen ’ in the  actual sea

data.
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IV. SYST~ 4 PERFORMAI’1CE UNDER SIMPLE T . Pt’i , ,’d CCND 1flONS

If the model of Figure 1€ and tee Cor’re~pc’.rid:rI~ results of r3e~~.ic,n lii are

accepted, the time-domain effects cbservcd* can be expiained, however , the

frequency-domain effects observed,* are orders of magnitud.e greater th~mr. wnu.,la be

predicted on the basis of Section III of this repor~ . CertairL.~y, decorrelat ion

effects due to ship and target motion would tend to degrade the performance ci

coherent processors, and could result in the apparent confusion seen on the

majority of the RVI display s* with regard t PRN and RE~4 pings; however,

decorrelation effects shall be ignored her&, and c’iiy multipath effects will be

considered, In other words , the modei of FuRur e ~6 ‘ ; ‘~~~ ~ be used., but hoth the

ship and target shall be held stationary -- resuJ’iry~ in rriu~.tipath effects only.

If such conditions are assumed, there is no decorr ~’In ~~~or~ of the signals received

via the individual paths; that is , a multiplicity ~i’ signals will be received ,

but each signal rec~eived will be a perfect rcp~~ica  of the waveform which was

transmitted. Using such a static model for bottom-bounce transmission, the RVTI
displays which result when the three different types of modulation ar e employed

will be examined to see if multipath alone might represent a pk au nil le explanation

for the doppler-spreading effects seen in the RVI di sp’ay:. A

The time- domain response of Figure ~2 was e X a f l I i ’ € n I ‘r i , quite aId i’ ra r ’ i~~y ,

16 apparent “paths” were se’1ected. The selection was based. up r. th e peak

responses seen, even though some of’ these “r..ca~ i ’ d~~~~7 .~iIte srn~~~~ , The r~ J -~i i ’ ,’e

time of arrival, of each of the i6 paths was noted, as was  th e  ; w n r  lev~ ’I ‘t  ea~’n
particular path. These power !evei s ran~eJ t ’ rorn a pra~’, of u n i t y  I’ ~r . ~. o a v t ~ we

of 0.01; thus, t h e  path struc ture chosen involves a .hC~~-Jl’ spread i i

Level. With this a:’ j,me pat h s t r U t ,~~i
’ rt , a sys~ err r i m ~~i ~~

‘, . . ii wa~ t hen r’i.n u~~

an “ideal” pr~I :e~~..or which produced RV.1 d ’ sp1eS ’~ 
e.’i’~~ v~~i ’m ’ ‘ t i ne  ~ t w i

the p r e v i cu ~ ro po r l  . Three  moduiat,lon ~ Yp ei~ were ~~e t ’ e i  F~~. PRN al It RF’M . i i i

the work wtiic h Inllnwn nc:_noine was irk ’ r ’ .~~i~~ ci i n  cu ~~~~~~~’n çr’ocess; that. o s ~~

the sri I t Lp a th  s i t u a t i o n  a l o n e  exists i ’ l r n ’ r i v ~~r ~~‘t  r n~: bto ’kprcund __noise

a i d e d  t O  t h e  r e c e l v o . I  ci

The resuJ ts fcr FM rni .n l u  t a t  ‘n are shc’~~i i ’  F f r~~r~~~~ 2~ r’’u~ h 31’. roe h e a l e r

i n these figures s}v wc the r c~ i~ ye t i me of’ “‘~~r r e ’ , . o f  ~‘a ’r ~ -u1 h and t h e

relat ive power level I f ’  the path , for a 1o al 1’ pa ’ ~s i t ’ . ‘U . G i n ~’e a ~.t  a t

s t~~.uiU inn was assnm*I1 tn the model , no . i cp p i e r  13 1 t V I . v~~~ and all i ‘~ r ‘c a r e
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at zero knot. Figures 26 through 30 are quite consistent with what was seen in
the sea data for this type of modulation. At the higher threshold settings only

the ridges from the stro nger paths are seen; as the threshold setting is

progressively lowered, additional ridges come into evidence. As is characteristic

of ~4, the low threshold. setting of 15 db of Figure 30 leaves considerable

“white space ” on the display, indicating that the volume under the ambiguity

surface for this type of modulation is well-confined to the region of the main

ridge. The results shown in these figures agree quite closely with the results

of the previous report for pings l’(, 319, 323, an i  387 .

The same results when PRN modulation is employed are shI:wT~ in Figures 31

through 35. At the 3-db threshold setting (Figure 31) the RVI display reveals

two responses at the times which correspond to the two strongest paths of the

16 paths involved. These peak respons es occur at zero doppler, which is the

correct value in thi s case. As the threshold is lowered (Figures 32 through 35)
immediate trouble is to be seen; for example, in Figure 32 the threshold is set

6 db below the local peak yet “ targets” appear with apparent velocities that are

quite far-removed from the true velocity of 0 knot. (No noise is present in this

simulation; only the i6 multipath returns are being processed.) As the thr eshold

sett ing is further lowered , a complete “ flooding” of the RVI display is to be

seen; at the 15 db setting shown in Figur e 35, the RVI display is almost completely

full. Conmient on this effect shall be withheld until the RFM modulation results

are exami ned.

The performance using R~ 4 modulation is shown in Figures 36 through 10-0,
with results that are nearly identical to those obtained using PRN modulation.
When the threshold is set near the peak value (Figure 36), reasonable results
are obtained; however , as the threshold is lowered (Figure 37), the “flooding”

effect again appears in the EVI display. Energy is indi cated (Figur e 37) at an

apparent doppler of almost i6 knots opening and more than 8 knots closing when it
is known that every component of the received signal is a perfect replica of the

transmitted signal and has zero doppler. As the threshold Is lowered, the WI
displays rapidly “flood” until, at the 15-db level (Figure I~O), the display is

almost completely full .

Figures 31 through ~0 are quite interesting since they show results whi ch

are typical of those obtained* using actual sea data. It is also to be nol’l
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that these results are obtained from simple rnultipath assumptions; no decorrelation
or noise effects are involved in the simulation.
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Figure 29. FM Pulse with Multipath, BVI Display, l2-db Threshold
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Figure 32. PRN Pulse with Multipath, IWI Display, 6..db Threshold
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Figure 3~. PRN Pulse with Multipath, RVI Display, 12-db Threshold
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V. CONCLUDI NG RE~4ARKS

The results obtained by the S~ i ’U . oro procedure described in Section lv

sppea..r to be quite significant. The RVI displays of Figures 31 through ~~ are

agonizingly familiar to those who have studied the sea data analysis.* On the

basi s of the signal processing being employed, an operator viewing such displays

has no choice but to announce that there are a multiplicity of targets present
at a variety of ranges and dopplers. If only a single target is known to be

present, then the displays have little physi~ al significance. The latter case is ,

of course, more nearly correct; the RVI displays of’ Figures 31 through 10.0 , and

their counterparts in the previous report, have litt ,’.e physical significance in

t r ~y’m5 of actual target behavior .

Conrider  the followi ng explanation. Waveforms having high BT products such
as PRN and RFM of fer , in theory at least , excellent resolution in both range and

doppler. Unfortunately, the theory of ambiguity fur5 ’t ions also reveals that tire

volume under the normalized ambigui ty  surface is a .‘ orrstant regardless of the
wavef orm employed. It then follows that if  .he ’e n t i ’al spike of the a~~~igu it~
function is narrow in both range and do~~ler , the volume wi thin this spike will be

small. The skirts of such ambigui ty  functions must , as a consequence, contain the

bulk of the volume. The successful use of “ thumbtack” waveforms such as PRN aol

RF?4, therefore, is predi~a tod. on the absence of multipath. In a multipath s i tuat ion

the ambiguity skirts of the i n  l iv  idual  multipath components tend to  add on a

random basis, and the response in certain skirt regions approaches or even exceeds

the response of the main peaks corresponding to the various paths. Thus mu,l t ipa l .h

tends to produce the flooding ‘ I f ’  the IWI di splays that has been observed bot.h in

this report and in tb .~ rea ‘lata analysis of ‘he previous report.

It should be point ed out. again (as mentioned several times in the previous

report) that computer analysis of r~eri ta ” .a im p l i e s  a sig n i f i c a n t  a 1 v a n t .~~~r w t r ~ ‘h

cannot be realized in p Ffl~~~l ’ / ~ . ~n i s  involves the r b o ’e ’ i s e  r c ’ t t r n g  of the

threshold level of the RVI .iicpiayr . The computer searches all values

representing the RVI lio p itr y ‘ m t  find s the largest value, ~hr tirr c’ :Irul os ‘he n

set relative to this largest value . Such pr e” i se  operat ion is hardly J’ori5I bl e
under operational conditions. TOe i i . splays shown in th is rep i ’

~~ and also in ~~~
previous report., poor an hey may be, imply the we of h i s n i~~n i  t i C ’ o r ’ ‘i ~‘;an aE-~~

which would be unavailable In j r r 1 ’ t .  0 ’O. Th u o  t lo s’ ~‘, C ’ . i-uthr’r’ d v  r u . .
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system performance using any waveform which has good resolution in both range and

doppler will suffer considerably if multipath effects are encountered. Any

significant amount of multipath will quickly flood the RVI displays and the
information obtained, from such di splays becomes meaningless.

There is often a temptation to classify waveforms only on the basis of their

bandwidth-time produce; this is sometimes misleading - - the FM waveform discussed
in this repor t is a good case in point . This waveform has the same ~ P product as
the P1~ and RFM waveforms, yet FM behaved quite well with regard to the RVI

displays from a detection standpoint only. Of course , FM cannot resolve the

range-doppler amb iguity and in this case FM is in a different class than the PRN
and Rfl4 waveforms. The volume under the ambiguity surface in the FM case is

well-confined to the region under the main ridge, as was noted in both this and

the previous report. As a consequence, use of this waveform does not produ ce

the 1WI flooding under multipath conditions which was encountered in the PRIG and

RFM cases, and this characteristic of FM enhances the detection performance of

the system.

The results obtai ned in this simulation study are believed to answer many of

the questions that were raised in the previous report when actual sea data was

analyzed . It must not be concluded, however, that multipath is the only adverse

mechanism Involved in the sea returns; there may well be other mechanisms

contributing to performance degradation. What has been shown in this report is

that multipath alone can produce many of the anomalous results which were observed

in the sea data for the RW and. PRN returns.

By way of further conjecture, some additional operating results which have

been reported might be discussed at this point. The PRN mode of operation of the

~~/sQ$-26 system has apparently given very poor results. In light of the pr esent
data this experience is not at all surprising. First, let us consider that PR.N
modulation is being used at sea but that an analog correlator is available in

the signal processor lineup. An operator, viewing RVI displays such as the ones

simulated here , might be alerted to the presence of a target on the  basis that

his display became more active in a particular portion of the range sweep . Thi n

activity would no doubt result in a flooded presentation if multipath were

present. The operator might be aware of the presence of a target even though

th e di splay would tell him noth ing  about t h e  pr ecise range or doppler of such a
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target. In a sense the complex processor ar.d display just described is being

used by the operator as a simple energy detector - - there are easier ways of
acc omplishing this.

In practice, an analog correlator is not employed in the AN/SQS-26 system - -
a Deltic correlator is used. The Delti c correlator employs hard limiting and ,
as a consequence , it would be doubtful that an operator viewing an RVI display
connected to a Deltic correlator would be alerted to a PRI’~-multipath return. The

Deltic normalization would tend to prevent the scope from looking “busier” during
the target interval as compared to other intervals. As was stated. previously,

this represents ‘~~~~~~~~ ‘ ‘ ‘u r ~~ l u ’ in view of the results obtained this seems to be a

reasonable .~onje tare.

The conclus r :,  rea.’r. e l  in ‘ i.e previous report -- that the operational
environinen t ’ the A~ .~~i- . ‘t . I . ~s r n t  permi t accurate range and doppler informa-

tion to be . jh t u  , r ’j  from a s i ngl e ~u l se -- still stands. Furthermore, there is

now sufficient rs’aior, ‘0 ~~~~ ‘ ‘L n  at t empts  to  obtain target range and velocity

accuratel fr .rn pulses of a single t’ 0me will njt only fail in reaching that goal

but may also result in loss of ta ’:~~c’~ 1~ teetability.

Some serious thought should be given to the choice of waveforms which are

compatible with the operating environment . For example, if future tests intl ‘ate

consistent ~nu.ltipath spreads on the order of, say, 100 to 200 macc , is anything

to be gained by using a waveform which has 10-msec resolution? There is every

indication that not only Is there nothing to be gained by such a mi smatch , hut

much may be lost in the process. The same situation holds, of course, in the

frequency domain. If a doppler spread exists which is inherent in the environment .

then It does not seem appropriate to use waveforms which can resolve doppler to

some fraction of this environmental doppler spread. Case in point: FM gives

neither accurate range nor doppler information, yet it is known from experience

that this waveform does the best job of detecting targets in reverberation . Maybe

nature is trying to tell us something.
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