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ABSTRACT

This report discusses the parameters required for an
in situ performance prediction , a method of obtaining estimates
of these parameters from received reverberation levels, and a
means of performance prediction based on these estimates. The
problem is discussed in general and the solution is pursued for

~the particular case of the active bottom bounce modes of the~-
AN/SQS-26. The ping-to-ping stability of AN/SQS-26 reverbera-
tion cycles is investigated and several sets of environmental
parameters determined from an analysis of the reverberation
data are included.
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IN SITU PERFORMANCE PREDICTION

1. INTRODUCTION
r

A number of fleet sonar systems already in existence or
in various stages of development are capable of operation in
several different modes . Mode selections may include, as broad
categories , passive or active operation . Each of these may be
further classified according to the particular type of propaga-
tion path to be used , such as bottom bounce, convergence zone,
or surface channel, or according to certain system parameters ,
such as pulse type , keying rate , or be am depression angle.

The intelligent selection of the best operating mode
for a given set of conditions has , of course , increased in dif-
ficulty along with this increase in system capability and corn-
plexity . In selecting a mode , accoun t mus t be taken of factors
such as own-ship mission and expected enemy mission, tactics ,
and capabilities. In addition to these considerations , which
are properly investigated as parts of an overall problem in oper-
ations research, the mode selection mus t be influenced by the

• specific environment in which the sonar mus t operate . -

•

Relative sonar performance among the possible modes is
not fixed. A given set of environmental conditions will, in -

•

general , tend to enhance performance in some modes and degrade
• 1 it in others . Such specific relationships cannot be anticipated

by simple rules with a useful degree of accuracy, since environ-
mental conditions vary greatly with both time and location . A

• means is thus needed to determine , in situ, estimates of the im-
portant local environmental parameters and to use these in a

• i systematic prediction of sonar performance for each operating
mode.

This report discusses the parameters required for an
in situ performance prediction , a me thod of obtaining estimates
of these parameters , and a me ans of performance prediction based

I
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on these estimates. The problem is discussed in general and the
solution is pursued for the particular case of the active bottom
bounce modes of the AN/SQS-26.

r

IiF ;

• 
UNCLA~SIFIED



_ _

t
L 

UNCLASSIFIED
TRACOR iNC 6500 TRACOR LANE AUSTIN TEXAS 78721

2. PARAMETERS REQUIRE D FOR SONAR PERFORMANCE PREDICTION

There are several recognized measures of sonar perfor-
mance, such as maximum detection range , minimum detectable level ,
and sweep rate. Most of these may be derived from a curve rep-

• resenting the expected signal-to-noise ratio at the receiving
beamformer output , disp layed as a function of horizonta l range

• to the target. A performance prediction necessarily depends on

a knowledge of the sonar, target, and environmental parameters

necessary for an estimate of the average power in both the signal
and the tota l masking background (consisting of both noise and
reverberation) as they would appear at the output of the receiving
beamformer. The required parameters are summarized below:

A. Signal:
1. Transmitting directivity pattern
2. Receiving directivity pattern
3. Sonar dep th
4. Source level
5. Target location (dep th and range)
6. Target speed and course
7. Target strength
8. Target radiated noise spectrum (for passive

• 
~z- prediction only)

9. Bottom loss as a function of frequency and

grazing angle
10. Medium attenuation loss as a function of fre-

quency
11. Sur face loss as a function of frequency , grazing

• angle , and wind speed (or sea state)
12. Velocity profile
13. Water depth

B. Masking Background:
1. Ambient noise power spectrum and directional

- 
• 

characteristics as a func t ion of wind speed

_ _ _  
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2. Directivity index as a function of sonar oper-
ating frequency and mode

3. Sonar self noise as a function of ship speed
4. Reverberation intensity as a function of time,

requiring a knowledge of:

• Transmitting and receiving directivity
patterns

• Sonar depth

• Pulse length

• Keying rate

• Velocity profile
• Bottom depth
• Scattering strengths for surface, bottom,

and volume
• Bottom loss as a function of grazing angle

at the sonar frequency

• Surface loss as a function of grazing
• angle and wind speed at the sonar frequency.

Values for the parameters characterizing the target - -
such as target strength; target radiated noise spectrum (for
passive operation); and target depth, speed, and course -- must,
of course, be assumed. Guidelines for choosing these parameters
include the type of target expected and its probable mission.

Values for some of the required sonar parameters , such
as pulse length and source level, are easily obtained; however,

• it will be necessary to express other sonar parameters in terms
of more fundamental characteristics of the sonar systems. Direc-
tivity patterns, for example, can be obtained from descriptions
of the transmitting and receiving arrays and beam forming net-
works.

• In sonar performance prediction carried out at shore-
based installations (as, for example, in sonar design), the

_ _ _ _  
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environmental parameters are specified, the choice of values for
these parameters being governed by a best estimate of typical or
expected conditions. In an in situ performance prediction, these
parameters must be measured.

Standard techniques already exist for the measurement
of some of the required parameters, such as wind speed or wave
height, bottom depth, and velocity profile. The medium attenua-
tion coefficient is sufficiently insensitive to location so that
an average va lue for this quantity may be used in p lace of a local
measurement . The remaining parameters which would, in general,
require in situ evaluation are:

BL(e,f) = Bottom loss as a function of grazing angle,
B , within the frequency rapge of interest,

N(y,f) = average ambient noise power as a function
of vertical angle, y, and frequency,

= surface scattering strength as a function
of grazing angle and frequency,

SL(e,f) = surface loss as a function of grazing angle,
B , within the frequency range of interest,

= bottom scattering strength as a funct ion of
grazing and scattering angles, B and c~, and

= volume scattering strength as a function of
depth, z, and frequency.

5
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3. PARAMETER DESCRIPTIONS

Sections 1 and 2 of this repcrt have listed the param-
eters involved in the general area of performance prediction.
The remainder of this report pursues the performance prediction
problem from the standpoint of an active sonar system, in partic-
ular, the AN/SQS-26. Many of the concepts which are discussed
will , of course, apply to the general case.

As indicated in the previous section, the parameters
for which estimates must be obtained for use in an in situ per-
formance prediction for an active sonar are bottom and surface

j  loss and the scattering strengths for volume, surface, and
bottom. The noise field N(y,f) need not be specified since it is
required only as an intermediate step in determining the noise
power at the array output, a quantity which, in the case of in
situ prediction, may be measured directly. The manner in which
surface and bottom losses and the scattering strengths affect
the total reverberation level are discussed in detail in a pre-
vious TRACOR report concerning reverberation1. Several sections
from this report describing these effects and discussing the
basic reverberation propagation paths for the AN/SQS-26 bottom
bounce operation are included in Appendix A. A discussion of
echo level prediction is presented in Appendix B.

The essential characteristics of the parameters listed
in Section 2 are summarized in the following paragraphs. The
equations used are given in a simplified form for convenience.

1Fowler S. F., “Bottom Bounce Reverberation Modeling and Bottom
Loss (US” , TRACOR Document Number 66-355-C, Contract N0bsr-93140,
November 16, 1966 , Confidential.

6
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3.1 BOTTOM LOSS

Bottom loss may vary widely from one ocean area to
another , depending on the sediment struc ture of the bottom and
the bottom topography. As used in sonar performance prediction
it represents , essentially,  the dB difference between the inten-
sity of a signal specularly reflected from the bottom and the
intensity of that signal if the bottom were rep laced by a perfect
reflector. As previously indicated , bottom loss depends on both
the frequency and the bottom grazing angle. Some previous stud-
ies2 ’3 of bottom loss for the particular operating frequency and
signal processor of the AN/SQS-26 have indicated , however, little
systemat ic dependenc e of bottom loss on gra z ing angle for gra z ing
ang les from 900 (norma l incidence) to approx imately 15°. This
fact is illustrated in Figs. 1, 2 , and 3 for a particular set of

— 
bottom loss data acquired in the Western North Atlantic . The

• data shown were processed so that the bottom loss va lues were
app licable to AN/SQS-26 performance prediction .

An in situ estimate of bottom los s requires an inten-
sity measurement of sound energy which has undergone at least
one specular bottom reflection . If the predicted intensity of
the received bottom reflected signa l is IR , then

IR = I0hb~~,
where

1~ = source level,

h = attenuation due to transmission loss (other
than bottom loss),

• 
‘ b = attenuation due to bottom loss , and

n = number of bottom reflections.
2Collins, J. L., “Technical Memorandum: Interpretation of Ex-
plosive Source Data for Long Pulse Sonar (U)” , TRACOR Document

• Number 65-105-C , Contract NObsr-9l223 , Janua ry 11, 1965 , Con-• fidential.
3Fowler , Op .Cit .

7
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-

If IRM is the measured intensity of a signal specularly reflected
from the bottom , then

1R14= IR ,

from which

b =  

~~ 
(1)

and

bottom loss (dB) = BL = 10 log b = 10 log .

When transmission loss and source level are known, Eq. (1) may
be used to obtain estimates of bottom loss. Since this report
concerns data which may be obtained with a single ASW ship , the
bottom loss to be derived will be for a grazing angle of 90°.
This is not necessarily a theoret ical restriction, since schemes
involving distant sound sources or reflectors may provide bottom
loss data for other grazing angles. Under operationa l conditions ,
however, a method which depends only on an on-board source and
receiver of known characterist ics will be far more practical.
With source and receiver at the same location , then , bottom loss
data will necessarily be associated with specular reflections in
a bottom area directly beneath the ship. It would of course be
desirable to have bottom loss estimates for each grazing angle
from 90° to 00. If , however, the bottom loss dependence on
grazing angle is not pronounced within a certain range of grazing
angles , as in Fig . 1, the value at norma l inc idence will be
sufficient .

F
11

I4~: UNCLASSIFIED
_s_ —- ~— ---- • —-  ~•-•~ —.- ___+ -.— —-- — • • - --— — .- -- — —•———



— — —,--.---- —•-—,- 
— 

~~~~~~~~~
—•- —•----,--- -‘-~ r’-’~; ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 

—

f’~ e,’# s’n, ’~~~~~~~~~~~~~~~~~~~ , _ .  —. -~

UNCLASSIFIED
TRAcOR, INC. 6500 TRACOR LANE. AUSTIN , TEXAS 78721

3.2 SURFACE LOSS

The definition of surface loss is patterned after that
given for bottom loss in the previous section . Because of the
sharp impedance discontinuity at the air-water interface, a 

—

smooth sea surface is a very good reflector for underwater sound .

Surface loss is thus due primarily to surface roughness and may - 
-

be related to measurements of wave height , sea state , wind speed ,
or more detailed surface characterizations such as wave spectra .

The principal significance of surface loss in AN/SQS-26
performance prediction is its contribution to total transmission
loss in the surface channel operating modes, since the sound
energy may be surface reflected severa l times in its round trip
from sonar to target.

Theoretical formulas for surface loss have been devel-
oped , such as tha t given by Marsh4, relating surface loss to
wave spectra and signal frequency. Other investigators have
obtain-ed--empirical or quasi-empirical relationships between
surface loss , frequency , and sea state or wind speed 5. In situ
surface loss measurements for the gra zing angles of interest
(in this case , angles in the order of 10) generally require that
sound source and receiver be separated by at least severa l hun- 

• 

-

dred yards . It would not be feasible to measure surface loss on
board an operating ASW ship; thus , an in situ estimate of this
parameter must be obtained from a knowledge of local wind speed ,

• sonar frequency, and a previously determined relationship between
these quantities and surface loss.

4Marsh , H. W. ,  “Sound Reflection and Scattering From the Sea
• Surface ” , J. Acoust. Soc . A~n . ,  Vol. 35 , No. 2 , 240-244 , February ,

1963.
5Garrison , C. R . ,  S. R. Murphy, and D. S. Potter , “Measurements
of the Backscattering of Underwater Sound from the Sea Surface ” ,
J. Acoust. Soc . Am., Vol. 32, No. 1, 104-111, January . 1960.
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3.3 SCATTERING STRENGTHS

As indicated in Appendix A , reverberation is due to
sound energy backscattered from the ocean bottom , from the ocean
surface, and from volume scatterers within the body of the medium .
The reverberation (one of the above types) received at some par-
ticular time following transmission is associated with a scatter-
ing area or scattering volume defined by the duration of the

• transmitted pulse and the propagation geometry . The intensity
of the sound backscattered from this area or volume depends on
the incident intensity, the size of the insonified area or volume
(both of which may be determined by ray theory) , and the scatter-

• ing strength per unit area or volume . The scattering strength
may be evaluated from reverberation measurements when all other
parameters governing the reverberation level are known . The
following three sections summarize some of the important charac-
teristics of bottom, surface, and voluthe scattering strengths as
they apply to AN/SQS-26 performance prediction.

3.3.1 Bottom Scattering Strength

The bottom reverberation received at t seconds after
- 

• 
transmission is the result of sound energy backscattered from a
bottom scattering area such as tha t shown in Fig . 4. The inten-
sity , I~ , of the backscattered sound at a reference distance of
one yard from the scattering area is given by

= ‘i~~B 
‘

where

I~, = intensity of sound incident on the scattering area ,

A = total scattering area (total area of the annular
ring shown in Fig. 4), and

~B 
= scattering strength/unit area of the bottom.

• If h is the attenuation due to the one-way transmission loss from
the source to the scattering area , then

13
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and 

I
~ 

I~h

where I~, is the source intensity and ‘B is the intensity of the
received bottom reverberation. We may combine these expressions . - -

to obtain

IB
_ I

ohA
~
.LB .

In the above discussion an omnidirectional source and
receiver were assumed. If the source and receiver are direction-
al, the net effect is a modification of the intensity contribu-
tions from different portions of the scattering area, as shown

• in Appendix A. We may indicate this dependence by writing

‘B = Ioh2A~ B~ BP , (2)

where 1~BP is obtained from the integral of the product of the
transmitting and receiving beam patterns over the solid angle
subtended at the receiver by the scattering area. With the
exception of 10, the factors on the right hand side of Eq. (2)
change with time. For convenience, Eq. (2) may be written as

‘B = ‘B (t) = 
~BGB (t) , (3)

where

GB(t) = 10h
2(t) A(t) ABP(t) . -

•

Equation (3) is the mathematical model used in predicting bottom
reverberation. This same equation, used in survey work , forms
the basis for the determination of bottom scattering strength.
In a controlled experiment, values of G(t) may be obtained through

14 L
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the use of ray theory in conjunction with a knowledge of local
propagation conditions and the sonar characteristics. If 1MB is
the measured average intensity of the bottom reverberation re-
ceived at T seconds after transmission, the bottom scattering • 

-

strength, 
~
tB’ is the number such that

1MB = IB(T) = 
~B
GB(T) (4)

from which

= IMB/CB(T) • (5)

The value determined for 
~B 

in the above example is,
from the geometry shown in Fig. 4, valid for only the particular
bottom grazing angle, B , associated with time T. If 1MB is
measured at several time points following transmission, the values
of 

~B 
determined can be associated with the grazing angles cor-

responding to each of the times. The grazing angle dependence
of UB observed in such experiments has been found to be in
reasonable agreement with the angular dependence predicted by
Lambert’s Law for diffuse scattering from a rough surface. That
is,

= = ~~ sin2 8 , (6)

where is a constant. For certain types of bottom reverbera-
tion (see Fig. A-4, Appendix A) the scattered sound energy re-
turns to the receiver by way of a path other than that followed
by the incident energy. In this case the grazing and scattering
angles, 8 and c~, are not equal and Eq. (6) becomes

H ~B 
= uB(9,c~

) = ~~ sin B sin ~ . (7)

16
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The functional form of 
~B
(8) given in Eqs. (6) and (7) will be

assumed in the remainder of this report. The quantity which mus t
be determined for in situ performance prediction is the constant
factor

3.3.2 Surface Scattering Strength

Surface reverberation may be computed in the manner in-
dicated for bottom reverberation in the previous section. That

‘I is, if 1~ is the surface reverberation received at some particu-
lar time after transmission, then

1s = Ih2A
~s 

ABP

or

= Is (t) = .LsGs(t) , (8)

where

Gs (t) = 10h
2(t) A(t) ABP(t) . (9)

Surface scattering strength depends on grazing angle,
sea state (or wind speed), and sonar frequency. Several inves-
tigators have proposed relationships between surface scattering
strength and the above parameters6. The emp irical equation given
below was obtained by Chapman and Harris7.

810 log 
~~ 

= 33B log ~~ - 42.4 log ~ + 2.6 , (10)

6Shaffer, R. L., “Masking of Surface Reverberation by Volume
Reverberation”, J. Acoust. Soc. Am., Vol. 39, No. 2, 408-411 (L),
(1966).

7Chapman, R. P. and J. H. Harris, “Surface Backscattering Strengths
Measured with Explosive Sound Sources”, 3. Acoust. Soc. Am., Vol.
34, No. 10, 1592-1597, October, 1962.
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where

= 158 (vf~
’
~)

’
~
0”
~
8

v = wind speed in knots ,
f = frequency in Hz , and

B = grazing angle in degrees.

Although much more work is required in this area, the above
expression gave good agreement with the Chapman-Harris data for
a wide range of environmental conditions (frequencies and wind
speeds).

3.3.3 Volume Scattering Strength

Volume reverberation, as it applies to the bottom
bounce operation of the AN/SQS-26, is primarily governed by the
volume scattering strength associated with the deep scattering
layer. As shown in Appendix A, the reverberation from a scatter-
ing layer can be treated as reverberation from an equivalent
scattering surface, whose scattering strength per unit area,

is independent of grazing -angle and is given by

d2$ ~v
(z)

~
12

where d1 and d2 define the upper and lower boundaries of the
layer and 

~
1V(Z) is the volume scattering strength per unit volume

at the depth z for d1 � z 
c d2. Volume reverberation from

volume scatterers within the deep scattering layer may thus be - -

computed with an expression similiar to those used for bottom
and surface reverberation, Eqs. (3) and (8). That is, if I~ (t)
is the intensity of the volume reverberation received at time t,
then

18
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Iv(t) = ~LCv(t) (11)

where Gv(t) is the product of the time dependent quantities of
transmission loss, scattering area, and beam pattern effects.

. 1

it

~

‘ -I
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4. OBTAINING PARAMETER ESTIMATES WITH THE AN/S QS-26

We may conclude from the preceding sections that
est imates of the boundary and volume scattering strengths may
be obtained if identifiable reverbera tion of each type can be
observed and measured , and if a means is available for evaluating
G(t) in the general equation

u = IM/G(t).

The denominator G(t) in the above expression is equivalent to,
and may be computed with the aid of, the equations given in
Appendix A for the intensity of boundary and volume reverberation
if the expression for scattering strength in each is set equal
to unity. These equations have been. programmed as a part of a
larger scheme for in situ parameter estimation that will be
subsequently discussed .

4.1 AN/S QS-26 BOTTOM BOUNCE REVERBERATION

Intensity predictions for the principal reverberation
paths as sociated with bottom bounce operation of the AN/S QS-26
are discussed in Appendix A . A typical intensity vs. time plot
for each of these paths is shown in Fig . 5a. In Fig . Sb , a
corresponding curve of measured AN/SQS-26 reverberation is
shown . The measured data represent the rectified and averaged
output of the receiving beamformer. The figures indicate the
time interval during which each type of reverberation is pre-

During about the first S seconds following trans-
mission , the received sound energy is predominantly surface and

• volume reverberation, Surface and volume scatterers are reached
by direc t propagation paths during this period . The reverbera-
tion envelope (shown in Fig. 5b) for this interval is also affected

20
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by the characteristics of the shipboard recording equipment since

the transmission immediately following time zero exceeded the
recorder ’s dynamic range .

At approximately 6 seconds following transmission , the
sound energy which left the transducer from a lower side lobe of

the transmitting beam pattern has had time to reach the bottom
at a point directly beneath the ship, undergo specular reflection ,
and return to enter the array on a lower side lobe of the receiv-
ing beam pattern. This return , labe led “normal incidence bottom
return” in Fig. 5(a and b), has a duration equal to that of the
transmitted pulse. Sometimes loosely termed a “fathometer pulse ,”

— this return is generally observed on recorded AN/SQS-26 bottom
bounce data , appearing as a distinct arrival on rectified and
averaged Sanborn plots and at the output of the signal processor .
Figure 6 shows in detail the propagation path for this return.

Immediately following the normal incidence bottom
return is an interval (7- 17 sec.) in which the reverberation is
predominan t l y f i r s t  order bottom. The small figure jus t below
the label for this curve (Fig. 5a) shows the propagation path
for this bottom scattered sound. In the next interval (17-25

- 

• 
sec.) surface and scattering layer reverberation appear along
with second and third order bottom reverberation ; the figures
below the labels once again indicate the propagation path for
each reverberation type . It is during this interval that target
echoes would be expected. Figs . 7 through 9 are plots , similar

• to those in Fig. 5a, showing the intensity contributions of the
various bottom bounce mode reverberation paths for other beam
depression angles. In these graphs, all bottom scattered rever-
beration has been summed and plotted as one curve .

With AN/SQS-26 data following roughly the structure
indicated in Figs. 5, 7, 8, and 9 , sufficient information is

• available for computing estimates of bottom loss and the scatter-
ing strengths . From Eq. (1) it can be shown that the intensity
of the normal incidence bottom return is given by
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-

k2dI
~~~~R

b -
~~~~~~~

-
~~

‘F (2d) 2 
10

where and are signal attenuations due to the trans-
mitting and receiving beams for a 900 depressed ray ,

10 = on-axis source level,

b = attenuation due to bottom loss at normal
incidence ,

k = attenuation coefficient (dB/yd), and

d = water depth .

To obtain an estimate of the attenuation due to bottom loss , ‘F
is set equal to the measured intensity of the bottom return,
which (from Fig. 5b) is IM(t1) minus the average noise power, NP.
That is ,

k2d
o T R  10
(2d)

from which
— 

4d 2[IM(t 1) - NP]
b =  1o~~~R 

-10

The average noise power is given by a measurement of IM(t) at a
time when the system is essentially noise limited , such as t4 in

- 
- Figs. 5a and b.

At t2 seconds following tran smission, IM is the intensi ty
of the first order bottom reverberation . The bottom scattering
strength, 

~B ’ from Eqs . (5) and (6), Section 3, is

-V -
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-

= ‘4 sin2 [9(t 2)]  = INB (t 2)/G B (t 2) , (12)

where 8(t2) is the bottom grazing angle associated with time
de termined from a knowledge of the velocity profile and ray . 

-

theory. Equation (12) is used to determine ‘4; with an estimate
of 
‘4 

the bottom scattering strength for any grazing angle may . -

be obtained from Eq. (7).

Having determined bottom loss and bottom scattering
strength, one may use the reverberation equations given in
Appendix A to compute the intensity contributions of each of the
bottom reverberation paths at each time point in the echo-ranging
cycle . The total bottom reverberation intensity at time t, IB(t),
is obtained by summing the contribution received from each of
the bottom paths at time t. The solid curve in Fig. 10 represents
IB( t) ,  the total bottom reverberation, obtained by suimuing the
first, second, and third order curves shown in Fig. 5a.

The volume and surface reverberation received during
the interval 15 to 22 seconds comes from scatterers at and near
the surface, as shown in Fig. 11. The scattering areas shown in
Fig. 11 for volume and surface reverberation differ little in
size, and the round trip transmission losses associated’with
each are approximately equal. This is of course an expected
result as long as dL, the average depth of the biological scatter-
ing layer , is small in comparison with the bottom depth . Fig. 12
shows several plots of this type of volume reverberation for
values of dL from zero to 300 yds. The water depth assumed in
these computations was 5500 yds. The differences among the
curves are slight , indicating that an exact estimate of layer
depth is not essential for deep water prediction purposes. For
convenience, the following discussion assumes a value of zero
for dL. This assumption is not critical , but allows the equations -T
to be written in a less cumbersome form.

‘1 
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From Fig . 5a, the measured intensity at time t3, IM(t3),
is the sum of the intensities of noise , volume , surface , and
bottom reverberation . That is ,

IM( t3) = Iv (t3) + 15(t3) + IB (t3) + NP , (13)

where IB(t3) is the sum of all bottom reverberation received at
a quantity which--from the previous discussion --may be

computed ,

NP = average noise power ,

Iv (t 3) = volume reverberation = b2
~L

Gv(t3),

Is(t 3) = surface reverberation = b2us(es) Gs(t3),
b = attenuation due to bottom loss ,

= volume scattering strength,

uS(eS) = surface scattering strength, and

= the surface grazing angle giving rise to
the surface reverberation received at time t3.

Since dL, the average depth of the biological scattering layer ,
was set to zero , the time functions for volume and surface - 

-

reverberation , G.q(t) and G5(t), are equal . If we let

III

GR (t) = Gv (t) = Gs (t) ,

.
~~~~~~~~

then Eq. (13) may be written as H
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114(t3) = b2
~
iLGR (t 3) + b2us (es) ci~.(t 3)

+ I
B
(t

3
) + N P

2
= b GR(t3) 1

~
’L + 

~~~ ~

+ I
B
(t

3
) + NP ,

from which

+ ~ (e = 
IM( t~) IB (t3) - NP 

(14)S S b G R(t3)

Since all quantities on the right hand side of Eq. (14) are
known we have , at this point , one equation and two unknowns,

and ~~~~~~ To obtain estimates for both and ~i~ (e~)
additional information is required. For example , a scheme may
be developed for obtaining an independent measurement of
allowing Eq. (14) to be solved for ~~

(e 5). This approach has
merit, but would probably require additional hardware onboard
ship.

As an alternative , an estimate of ,i5(e 5) for the given
frequency, wind speed , and grazing angle may be obtained from
the result of previous oceanographic surveys . The value determined
for u~

(e
~ ) could , of course , then be used in Eq. (14) to obtain

the volume scattering strength 
~L 

With the existing onboard
- - equipment this last approach seems the most promising. The

equation given by Chapman and Harris8 for ~.L~ (e 5) may prove

8lbid .

1
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s u f f i c i e n t  for our purpose . It is expected that fur ther  refine-
ment of this expression or , perhaps , the formulation of a similar
function particularly suited to the specific frequency and band-
width of the AN/SQS-26 can be determined from an analysis of
AN/SQS-26 surface reverberation data obtained for various wind
speeds and beam depression angles.

Given , then , a reliable expression for surface sca t ter -
ing s trength , the methods outlined in the previous sections may
be used in determining in s i tu  estimates of all of the environ -
menta l  parameters required for performance prediction . These
parame ters may then be used in the reverberation prediction
equations of Appendix A to obtain the total masking background
leve l at the receiver beamformer output for each possible
depression angle of the bottom bounce mode . Using assumed values
for targe t strength , targe t horizontal range and depth , and the
in s i tu  estimate of bottom loss , the equations of Appendix B may
be used to obtain echo levels for each bottom bounce operating
mode . The computation of the signal- to-noise rat io  for each
of the above operating modes follows direct ly .

4.2 STABILITY OF REVERBERATION LEVELS

An implicit assumption in the preceding discussion of
in situ parameter estimation is that the effort is worthwhile;
that is, that an in situ performance prediction based on a
reverberation his tory wil l  provide a good estimate of future
r e su l t s .  This assumption requires a certain degree of temporal
and spat ia l  s t ab i l i ty  of the reverberation levels from which the
parameter  es t imates  are derived. As part  of an in it ia l  invest i -
gation of this s tabi l i ty,  an analysis was made of the variat ion —

of reve rberat ion recorded on consecutive AN/SQS-26 echo-ranging
cyc les9. P ing- to -p ing  f luc tuat ion in observed average reverberation

~Collins , J. L., “Technical Note on the Stability of AN/SQS-26Echo Ranging Cycles (U),” TRACOR Doc. Number 65-206-C , Contrac t
NObsr-93140, June 9, 1965 , Confidential.
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levels will , of course , be reflected in the derived parameter
estimates and, thus, in the confidence which may be placed in
the associated in situ performance prediction .

Figures 13 through 32 are Sanborn plots (in dB) of the
ensemble average and standard deviation of vary ing numbers of
consecutive AN/SQS-26 echo -ran ging cycles.  In the (b) part of
each figure, a vertical line of length 2a is plotted at time t, and
centered on the ensemble average (for this time , t) computed
over the reverberation envelopes obtained on p ings 1 through n .

- 

- 
a is the standard deviation about the me an of this sample of
size n (with the exception of p ing 1). Thus , a curve through
the center of the heavy line represents the ensemble average as
a funct ion of time for that p ing and all previous pings , and the
thickness of the heavy line is twice the time varying standard
deviation . The data , representing the rect i f ied and averaged
output of the AN/SQS -26 receiving beamformer were recorded in
the North Atlant ic  in Area Bravo . Since each ping cycle lasts
approximately 30 seconds , a 20 ping history covers a time span

- - of 10 minutes .  For an assumed ship speed of 5 knots, this would
correspond to a distance traveled of roughly one nautical mile.
Da ta available for this stud y did not include more than 20
consecutive pings .

An inspection of Fi gs. 13 through 32 indicates that the
average reverberation leve l and associated standard deviation are
established in a relatively few echo ranging cycles. The final
results shown in ping 20 d i f f e r  l i t t le, for  example , from the
curves shown for the f i r s t  few p ings in the set .

-

H
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FIG.I7 —SANBORN PLOTS OF REVERBERATION AND ACCUMULATIVE
DEVIATION FOR 30 DEPRESSED BOTTOM BOUNCE MODE P4
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FIG.20 — SANBORN PLOTS OF REVERBERATION AND ACCUMULATIVE
DEVIATION FOR 300 DEPRESSED BOTTOM BOUNC E MODE IN
AREA BRAVO T RACO R INC DwG *8-55-Il

39 *usflN , lu ll l-~4 -l? £NaSt*Su/~~,

-~~~~~ 

CONF!DENTIAL



~~~~~~ ~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

~

~~~~ CONFIDENTIAL

~~~ 

~~~i 

:~ 

F~ 

~~~~~~~~~~~~
~ ø (a)- aIfERAGE REVERBERATION COST PINGS I-B

~~J 

_ _ _ _

_
_ _ _ _

_ _

_
_ _ _ _ _ _ _

(b) REVER BERATION LEVEL ± STANDARD DEVIATION (051 PINUS -9

FIG.2I —SANBORN PLOTS OF REVERBERATION AND ACCUMULATIVE
DEVIATION FOR 300 DEPRESSED BOTTOM BOUNCE MODE IN
ARE A BRAVO

Li ~ 
_ _ _ _ _

_________
(a,. IIER~~E R V RBERATION OS) PINGS ‘-10

(b) REVERBERATION LEVEL ± STANDARD DEVIATION (DI) PINGI 1-10

F I G .2 2  - SANBORN PLOTS OF REVERBERATION AND ACCUMULATIVE
DEVIATION FOR 30° DEPRESSED BOTTOM BOUNCE MODE IN
AR EA BRA\~) 40 TRACO! , ‘uc . DWG *5-55- 12

- - 
- 

- 
SUSYIN , ti llS S Il-St I.*S1~~ I/SL

CONFIDENTIAL -

—~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --~~



-

~~~~~~ 

____
~

__ l
~

__ _: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~‘“Z~~~~~~ ’~~~ ~~-~~-~~- - -

‘~~~~~ CONFIDENTIAL

tt~ 
~~

- 

‘ 

___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~ (a) ~IERAGE REVERBERATION (DB) PINGS I-Il

_ _ _ _ _

_ _ _

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

(b) REVERBERATION LEVEL + STANDARD DEVIAflON (OS ) PINGS I-I l
—

FIG. 23 —SANBORN PLOTS OF REVERBERATION AND ACCUMULATIVE
DEVIATION FOR 300 DEPRESSED BOTTOM BOUNCE MODE ~NARE A_BRAVO 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

(a) AVERAGt REVERSERATIj N (OS) PlNG~ -u~

NOISE — ~~~~~~~~ I- .~ 
:~~ 

- 

- - 
Ij  . 1.

~~ LEVEL 
_______ Ill ~~~~ 

- 
Ill II I 

-

~~
‘- -‘ (b) REVERBERATION LEVEL ± STANDARD DEVIATION (OS) PING! (-(2

FIG. 24— SANBORN PLOTS OF REVERBERATION AND ACCUMULAT IVE
DEVIATION FOR 30° DEPRESSED BOTTOM BOUNCE MODE IN
AREA BRAVO INACOR , ‘Nc DWG AS-55-3

41 SUhTIN , Till S i - I l  Si *U55~55~~~~

CONFIDENTIAL 



r~
— --

~ -~ — - -—-~~~~~~~~~~ -~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

- -
~~~~~

-
~~~~~~

--
~~--~~ ~ 1? ~~~~~~ —-~~- - ~~~~~~~~~~ 

I

CONFIDENTIAL
o~~I.—.
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FIG.25 —SANBORN PLOTS OF REVERBERATION AND ACCUMULATIVE

DEVIATION FOR 300 DEPRESSED BOTTOM BOUNCE MODE IN
ARE A BRAVO

(a). AVERAGE REVERBERATION (DI) RINGS -~~~~

(b) REVERBERATION LEVEL + STANDARD DEVIATION (OS) PINGS 1—14
FIG,26 — SANBORN PLOTS OF REVERBERATION AND ACCUMULATIVE

DEVIATION FOR 30° DEPRESSED BOTTOM BOUNCE MODE IN
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5. SAMPLE PARAMETE R ESTIMATES

A method for obtaining in situ parameter estimates
which incorporates the previously discussed equations and tech-
niques has been developed and programmed for analysis of A N/ SQ S-2 6

data . The program inputs are:

1. Recorded AN/SQS-26 bottom bounce reverberation
cycles (receiving beamforme r out pu t ) ,

2.  Description of bottom bounce operating mode in
which the dat a we re recorded ,

3. Water depth ,

4. Wind speed , and

5. Velocity profile data.

The program outputs are:

1. Bottom loss ,

2. Bottom scattering strength , and

3. Volume (deep scattering layer) scattering strength .

The estimate of volume scattering strength as discussed
in Section 4 depends on an independently determined value for sur-
face scattering strength. This requires a relation within the

program between surface scattering strength and wind speed . At
present , surface scattering strength is being obtained from the
Chapman-Harris equation (Eq.  10). This is a tentative arrange -
ment subjec t to the analysis of additional AN/SQS-26 sea data .

Although the signal attenuations, AR and AT , due to the
transmitting and receiving beam patterns for a 900 depressed ray
are now being calculated theoretically from a knowledge of the
array geometry and beamforming process , the accuracy of these com-

putations is questionable. The beam pattern calculations neglect
both radiation~impedance and the surrounding dome and hull strjlc-
ture. It is expec ted that any significant effects on the pattern
due to either of these would be pronounced for angles approaching
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90°. In practice , measured values of both AR and AT should be
used .

Tables I through III summarize the program output para-
meter estimates obtained for  two 20 ping sets and one 19 ping set
of recorded AN/SQS-26 reverberation . The data are similar to that
shown in Figs. 13 through 32 , and were taken in an area of the
Western North Atlantic about 450 miles east of Newport , R. I . ,
bounded by 380 and 39° 50’ N Lat i tude and 65°20 ’ and 65°50 ’ W
Longitude. The operating mode was bottom bounc e track at 30°
depression ; the water depth was approximately 5000 yards.  Wind
speed data were not taken, and as a result , the volume and s.urface
scattering strengths could not be separated . Instead , the sum of
these two parameters  appears in the two r ight-hand column s of each
table.

Some indication of the parameter variat ion is provided
by the computed standard deviation listed below the column s in
each table. From these quantities , a rough estimate can be made
of the number of samp les of each parameter required to ob tain
meaningfu l averages. If each of the parameters is assumed to have
a Gaussian distr ibution about some true average , then the curves
shown in Fig . 33 may be used to relate the number of samples, n,
used in obtaining an average value for  a parameter , the true
standard deviation of the parameter , and the margin of erro r ,
that is, the difference between the computed average over n samples 

—

- 
- 

. and the true average. For example, if the true standard deviation
of a parameter  ( the abscissa in Fig . 33) is 1.5 dB , and it is

* 
.

. 

necessary that the computed average differ by less than 1 dB from
the t rue average , then the curve labeled d = 1 may be used to
obtain the value of 10 as the required number of parameter samples
(the ordinate in Fig. 33). The required number of samples drops
rapid ly as the margin of error is allowed to increase. If the
margin of error were 2 dB in the above example only 3 to 4 para-
meter samples would be required . - -
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Table I

-: ESTIMA TED VALUES OF SCATTERING

STRENGThS AND BOTTOM LOSS

Set l

uSL~~~eS
)
~~L USL2O~~ S (S S )

~~ L
Surface±Volume Surface+Volume

~.4 Bottom B~ = 10 log b Scattering Scatte ring
Ping Sc~ t ter ing Bottom Loss Strength Strength —i Strength (dB ) (dB) (dB)-us ing Bi (dB)-using B 20

1 -37.5  15.9 -31.6 -34.9
-38.2 16.6 -2 8.9 -33.6

3 -36.5 12.2 -37.6 -33.5
4 -36.3 15.8 -28.6 -31.6
5 -37.1 12.7 -35.0 -31.9

-37 .8 13.8 -33.9 -33.1
7 -38.3 15.6 -30.3 -33.0
8 -35.7 15. 8 -30.4 -33.5
9 -36.9 15.5 -30.9 -33.5

10 -36.1 16.5 -30.0 -34.5
11 - 3 5 . 6  1 3 . 7  - 3 4 . 2  -3 3 . 2

12 - 3 6 . 1  14.9  - 3 1 . 5  -3 2 . 9

13 - 3 7 . 0  14.4 - 3 1 . 7  -3 2 . 1

14 - 3 6 . 8  1 2 . 9  - 3 6 . 0  -3 3 . 5

15 -38.4 14.4 -34.1 -34.4
16 -37.3 16.6 -29.6 -34.2
17 -37 .2 15.1 -33.1 -34.8
18 -37.6 11.3 -40.8 -34.8
19 - 3 9 . 1  11 .8  - 3 8 . 0  -3 3 . 1

~ 20 -36.4 15.7 -31.7 -34.7

Average -36.3 14.6 -32.9 -33.5

Standard Dcvi- 1. 2 1.6 3.2 1.0ation a (dB)
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Table II
ESTIMATED VALUES OF SCATI ’ER ING

STRENGThS AND BOTTOM LOSS

— 

Set 2

~
SL

~~ (e s) ~SL2O~~S
(eS)+~L 

-

Surface+Volunie Surface+Volume

Ping ~‘tB Bottom ~~~ 10 log b 
Scattering Scattering

St rength
~

dB) 
Bottom Loss (dB) -us~ ng B1 

(dB)-usin g B20 
—

1 -38.4 18.4 -30.9 -35.4
2 -39.5 17.1 -32.5 -35.4
3 -40.8 19.1 -31.7 -37.7
4 -41.2 18.7 -32.4 -37.6
5 -39.3 18.1 -33.8 -37.7
6 -39.4 15.4 -37.2 -35.7
7 -39.2 15.4 -38.4 -37.1
8 -40.7 11.6 -49.2 -40.1
9 -39.8 19.2 -29.8 -30.0

10 -41.2 17.3 -36.2 -38.5
11 -42.7 14.7 -41.1 -38.2
12 -39.4 17.7 -33.4 -36.6
13 -41.1 16.6 -35.6 -36.5
14 -39.1 16.7 -33.5 -34.7
15 -36.0 15.3 -35.2 -33.5
16 -40.1 16.9 -33.7 -35.3
17 -4 1.9 15.2 -38.5 -36.6
18 -37.3 14.8 -36.3 -33.7
19 -38.2 16.4 -35.5 -36.1
20 -39.8 15.9 -34.2 -33.8

Average -39.8 16.5 -35.5 -36.3
Standard De-
viation (dB) 1.4 1.8 3.6 1.7
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Table III
ESTIMATED VALUE S OF SCATTERING

STRENGTHS AND BOTTOM LOS S

Set 3

~ SL~~
1S ( e )+

~ L ~ SL20~~~S
(8 S~~

’
~

t L
Surface+Volume Surface+Volume

Bottom Bi = 10 log b Scattering Scattering
Ping g Bottom Loss (dB)-us~ ng Bi (dB)_ usi~ g~~~~

1 -34.0 11.2 -44.0 -35.6
2 -33.1 16.5 -34.1 -36.2
3 -34.4 20.5  -27 .9  -38.2
4 -34.7 19.1 -32.3 -39.7
5 -33.6 14.8 -38.7 -37.4
6 -33.8 17.1 -33.6 -37.0
7 -33.5 16.2 -37.4 -38.9
8 -34.7 18.5 -30.8 -37.0
9 -35.0 16.2 -36.4 -38.0

10 -34.4 9.3 -49.6 -37.3
11 -34.7 16.4 -33.1 -34.9
12 -35.0 13.2 -40.8 -36.3
13 -34.8 16.1 -35.1 -36.3
14 -35.1 15.9 -39.3 -40.3
15 -34.1 11.2 -46.3 -37.7
16 -34.7 11.3 -45.1 -36.8
17 -34.4 16.8 - -35.2 -37.9
18 -34.9 15.6 -36.5 -36.9
1.9 -34.7 13.0 -42.5  -37.6

Average -34.4 15.2 -37.8 -37.4
Standard De-
viation (dB) 0 . 5  2 .9  5.7 1.2
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It should be noted from Tables I-Ill that the estima ted
vo lume-p lus-surface scatter ing strength,

~SL ~s (8 s) +

is highly dependent upon the value estimated for the bottom loss.

* 
A deviation of the bottom loss from its mean creates twice as
great a deviation in the estimated scattering strength, 

~SL~ 
The

extreme right-hand column of each table was computed using the
average bottom loss, 

~~~~~~
, over all pings in the set. Thus, these

columns demonstrate the variations which are actually related to

the measured reverberation at time t3 (see Fig. 5).

To obtain consistent estimates of the parameter, the
bottom losses from Tables I through III are averaged over n samples.

Tables IV-VI are composed of the average bottom losses , 
~n’ 

for
several values of n. These average values of bottom loss are then
compared to the average bottom loss of the entire set of conse-
cutive pings (obtained from column 3 of Tables I-Ill) .

- I Similar tables (vil- IX) are presented to demonstrate the
effect of averaging upon the volume -plus-surface scattering strength,

~SL• In these tables, the values of the scattering strengths
averaged over n samples, 

~SLn ’ are compared to the average over
the entire set. Each scattering strength in Tables VII-IX was
computed using the bottom loss averaged over the number of samples
under consideration.

For example, the first scattering strength, MSL3, in
-
‘ Table VII was computed in the following manner. Using the first

— three values of bottom loss from Column 3, Table I, an average
was computed (entered in Column 2, Table IV) and used to compute

three scattering strengths for pings 1-3. These three scattering
strengths were averaged to obtain the first value in Column 2,
Table VII. Dropping ping 1 and includ ing p ing 4 , the process was
repeated to obtain the second average value for surface scattering
strength in Column 2, Table VII.
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Table IV
AVERAGES OF BOTTOM LOSS

Set I

- . Ping B3 B20~B3 B4 B20~~ 4 B B20-B5 B20-B6
1 14.9 -0.3 15.1 -0.5 14.6 0.0 14.5 0 .1
2 14.9 -0.3 14.3 0.3 14.2 0.4 14.5 0.1
3 13.6 1.0 13.6 1.0 14.0 -0.6 14.3 0.3
4 14.1 0.5 14.5 0.1 14.7 -0.1 14.9 -0.3
5 14.0 0.6 14.5 0.1 14.7 -0.1 15.0 -0.4
6 15.1 -0.5 15.2 -0.6 15.4 -0.8 15.2 -0.6
7 15.6 -1.0 15.9 -1.3 15.4 -0.8 15.3 -0.7
8 15.9 -1.3 15.4 -0.8 15.3 -0.7 15.1 -0.5
9 15.2 -0.6 15.2 -0.6 15.0 -0.4 14.7 -0.1

-
, 

- 10 15.0 -0.4 14.9 -0.3 14.5 0.1 14.5 0.1
11 14,3 0.3 14.0 0.6 14.1 0.5 14.5 0.1
12 14.1 0.5 14.2 0.4 14.6 0.0 14.7 -0.1
13 13.9 0.7 14.6 0.0 14.7 -0.1 14.1 0 .5
14 14.6 0.0 14.8 -0.2 14.1 0.5 13.7 0.9
15 15.4 -0.8 14.4 0.2 13.8 0.8 14.2 0.4
16 14.3 0.3 13.7 0 .9 14.1 0.5
17 12.7 1.9 13.5 1.1
18 12.9 1.7
19
20

°bottom loss averaged over pings 1 to i+2
b bottom loss averaged over pings 1 to i+3
‘bottom loss averaged over pings I to i+4
dbottom loss averaged over pings i to i+5
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Table V
AVERAGES OF BOTTOM LOSS

Set 2

Ping B3 !20-!3 ~4 ~20~~4 
B5 ~2O~~5 

~~ d 
B20-B6

- 1 18.2 1.7 18.3 1.8 18.3 1.8 17.8 1.3
- 2 18.3 1.8 18.3 1.8 17.7 1.2 17.3 0.8

3 18.6 0.9 17.8 1.3 17.3 0.8 16.4 -0 .1
4 17.4 0.9 16.9 0.4 15.8 -0.7 16.4 -0.1
5 16.3 -0.2 15.1 -1.4 15.9 -0.6 16.2 -0 .3

- - 6 14.1 -2.4 15.4 -1.1 15.8 -0.7 15.6 -0 .9
- 

7 15.4 -1.1 15.9 -0.6 15.6 -0.9 15.9 -0 .6
8 16.3 -0.2 15.7 -0.8 16.1 -0.4 16.2 -0 .3

-

~ 9 17.1 0.6 17.2 0.7 17.1 0.6 17. ’) 0 .5
1 10 16.6 0.1 16.6 0.1 16.6 0.1 16.4 -0 .1

11 16.3 0.2 16.4 -0.1 16.2 -0.3 16.3 -0 .3
A 12 17.0 0.5 16.6 .1 16.6 0.1 16.4 -0 . 1

13 16.7 -0.3 16.4 -0.1 16.1 -0.4 15.9 -~~.6
14 16.3 -0.2 16.0 -0.6 15.8 -0.7 15.9 -0.6

- 
1; i5.~ —0.7  15.6 -0.9 15.7 —0.8 15.8 -0 .7

- - 16 15.6 -0.9 15.8 -0.7 15.8 -0.7
- 

17 15.5 —0. 1  15.6 -0.9
-~ 18 15.7 0.8

- 
as Table IV

54- 
~~~~~~~~~~~~~~~~~ CONFIDENTIAL 

-- .. , - - - - ----- - - -  — - -



~ 
~~~~~~~~~~~~~ 

-.

CONFIDENTIAL
TRACOR. INC. 6500 TRACOR LANE . AUSTIN , TEXAS 78721

Table VI
AVERAGES OF BOTTOM LOSS

Set 3

Ping B3 ~20~~3 
34 

‘
~2O~~4 ~20~~5 

B6 ~2O~~6
1 16.1 -0.9 16.8 —1.6 16.4 -1.2 16.5 —1.3
2 18.7 -3.5 17.7 -2.5 17.6 -2.4 17.3 -2.1
3 18.1 -2.9 17.9 -2.7 17.5 —2.3 17.7 -2.5
4 17.0 -1.8 16.8 -1.6 17.1 -1.9 17.0 -1.8
5 16.0 -0.8 16.7 -1.5 16.6 -1.4 15.4 -0.2
6 17.3 -2.1 17.0 -1.8 15.5 -0.3 15.6 -0.4
7 17.0 -1.8 15.1 0.1 15.3 -0.1 15.0 0.2
8 14.7 0.5 15.1 0.1 14.7 0.5 15.0 0.2
9 14.0 1.2 13.8 1.4 14.2 1.0 14.5 0.7

10 13.0 2 .2  13.8 1.4 14.2 1.0 13.7 1.5
11 15.2 0.0 15.4 -0.2 14.6 0.6 14.0 1.2
12 15.1 0.1 14.1 1.1 13.5 1.7 14.1 1.1
13 14 4 0 ,8 13. 6 1.6 14.3 0 .9 14.5 0.7
14 12.8 2 .4  13.8 1.4 14.2 1.0 14. 1) 1.2
15 13.1 2.1 13.7 1.5 13.6 1.6
16 14.6 0.6 14.2 1.0 —

17 15.1 0.1

•bcd same as Table IV

t
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Table VII
AVERAGE SURFACE +

VOLUME SCATTERING STRENGTHS

L Set l

Ping .~ SI4~O ~~ ~SL~O — c ~‘SL2O ....~~ ~SL~O
I ‘~SL3 

- 

~SL3 ~SL4 - 

~SL4 ~SL5 - 

~SL5 ~SL6 - 

~SL6
1 -32.7 -0.8 -31.7 -1.8 -32.3 -1.2 -32.6 -0.9
2 -31.7 -1.8 -32.5 -1.0 -32.8 -0,7 -32.4 -1.1
3 -33.7 0.2 -33.8 0.3 -33.1 -0 4 -32.6 -0.9
4 -32.5 -1.0 -32.0 -1.5 -31.6 -1.9 -31.5 -2.0
5 -33.1 -0.4 -32.4 -1.1 -32.1 -1.4 -31.8 -1.7
6 -31.5 -2.0 -31.4 -2.1 -31.1 -2.4 -31.6 -1.9
7 -30.5 -3.0 -30.4 -3.1 -31.2 -2.3 -31.2 -2.3 -:
8 -30.4 -3.1. -31.4 -2.1 -31.4 -2.1 -31.5 -2 .0
9 -31.7 -1.8 -31.7 -1.8 -31.7 -1.8 -32.4 -1.1

10 -31.9 -1.6 -31.9 -1.6 -32.7 -0.8 -32.9 -0.6
11 -32.5 -1.0 -33.4 -0.1 -33.5 0.0 -32.9 -0.6
12 -33.1 -0 .4 -33.3 -0.2 -32.6 -0 .9 -32.7 -0.8
13 -33.9 0 .5 -32.9 -0 .6 -32.9 -0 .6 -34.2 0.7
14 -33.2 -0.3 -33.2 -0.3 -34.7 1.2 -35.3 1.8

— 15 -32.3 -1.2 -34.4 0.9 -35.1 1.6 -34.6 1.1
16 -34.5 1.0 -35.4 1.9 -34.6 1.1

- 
- 

17 -37.3 3.8 -35.4 1.9
18 -36.8 3.3
19
20

°averaged over pings I to 1+2
baveraged over p ings 1 to i+3
‘averaged over pings I to 1+4
‘avt~raged over pings I to 1+5
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Table VIII
AVERAGE SURFACE +

VOLUME SCATTERING STRENGTHS

Set 2

U SL2 O ~ SL20 ~ SL2O ~ SL2OPing — — ‘ _ d

I ~SL3 
- 

~SL3 ~SL4 - LLSL4 ~‘SL5 
- 

~“SL5 ~SL6 
- ‘~‘SL6

1 -32.0 -4.3 -32.1 -4.2 -32.5 -3.8 -33.3 -3.0
2 -32.5 -3.8 -32.9 -3.4 -33.7 -2.6 -34.5 -1.8
3 -22.6 -1.7 -33.8 -2.5 -34.7 -1.6 -37.1 -0.8
4 -33.5 -2.8 -35.5 -0.8 -38.2 1.9 36.8 0.5 —

5 -36.5 0.2 -39.7 3.4 -37.7 1.4 -37.4 1.1
6 -41.6 5.2 -38.7 2.4 -38.2 1.9 -38.7 2.4 

1 

-

7 -39.1 2.8 -38.4 2.1 -39.9 3.6 -38.0 1.7
8 -40.4 4.1 -39.1 2 .8  -37.9 1.6 -37.6 1.3
9 -35.7 -0.6 -35.1 1.2 -35.2 -1.1 -34.9 -1.4
10 -24.9 -1.4 -36.6 0.3 -36.0 -0.3 -36.8 0.5
11 -36.7 0.4 -35.9 -0.4 -35.8 -0.5 -35.4 -0.9
12 -33.2 -3.1 -33.4 -2.9 -33.3 -3.0 -35.0 -1.3
13 -33.8 -2.5 -33.5 -2.8 -35.3 -1.0 -35.5 -0.8 -:
14 -33.1 -3.2 -35.2 -1.1 -35.4 -0.9 -35.5 -0.8
15 -35.8 -0.5 -35.9 -0.4 -35.8 -0.5 -35.6 -0.7
16 -36.2 -0.1 -36.0 -0.3 -35.6 -0.7
17 -36.8 0.5 -36.1 -0.2
18 -35.3 -1.0

-
. 

19

ø b c d  as Table VII
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— Table IX
AVERAGE SURFACE +

VOLUME SCATTERING STRE NGTHS

Set 3

Ping —. ‘~SL,~0 — b ~SI~ O ,,.~ ~S~~0 _ d ~SL20
i 1

~SL3 
- 

~SL3 ~SL4 - 

~SL4 ~SL5 
- 

~SL5 ~SL6 
- 

~SL6
1 -35.3 -2.1 -34.6 -2.8 -35.4 -2.0 -35.1 -2.3
2 -30.1 -7.3 -33.3 -4.1 -33.3 -4.1 -34.0 -3.4
3 -33.0 -4.4 -33.1 -4.3 -34.0 -3.4 -33.5 -3.9
4 -34.8 -2.6 -35.5 -3.9 -34.6 -2.8 -34.9 -2.5
5 -36.6 -0.8 -35.1 -2.3 -35.4 -2.0 -37.8 -0.4
6 -33.9 -3.5 -34.6 -2.8 -37.6 0.2 -36.8 -0.6
7 -34.9 -2.5 -41.1 3.7 -37.5 0.’ -38.0 0.6
8 -38.9 1.5 -37.5 0.1 -38.1 0.7 -37.6 0.2
9 -39.7 2.3 -40.0 2.6 -39.0 1.6 -39.1 1.7
10 -41.2 3.8 -39.7 2.3 -39.0 1.6 -40.7 3.3
11 -36.3 -1.1 -37.1 -0.3 -38.9 1.5 -40.1 2.7
12 -38.4 1.0 -40.4 3.0 -41.3 3.9 -39.3 1.9
13 -40.2 2.8 -41.5 4.1 -39.0 1.6 -38.6 1.2
14 -43.6 6.2 -40.0 2.6 -39.3 1.9 -39.8 2.4 

- 
-

15 -40.2 2.8 -39.3 1.9 -39.9 2.5
16 -36.9 -0.5 -38.3 0.9
17 -36.1 -1.3
18 - 

- -

- 
- 

- 19

o b c d  as Table VII
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It is evident that averaging the results of several pings
provides a considerable improvement over the single ping estimates.

Since it is expected that reverberation data may be
sampled continuously during normal ship operation , this type of
analysis will be necessary in determining , ul timately, the number
of parameter samples to be included in obtaining an average value

for a parameter if the average (and final in situ prediction) is

to be statistically significant, and trends in the da ta , i.e.,
actual changes in the average parameter values , are not to be ob-

scured . This investigation will be continued when a suffic ient

quantity of documented data becomes available.
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6. SAMPLE SIGNAL-TO-NOISE COMPUTATIONS

Figure 34 shows graphs , for several bottom bounce beam
depression angles , of the predicted signal-to-noise ratio (dB) at

the output of the AN/SQS-26 receiving beamformer when the systan

is surface reverberation limited. The surface scattering strength
for these curves was obtained from the Chapman-Harris equation of
Section 3.3.2 for a wind speed of 12 knots. The target was assumed
to be j u s t  below the thermoc line with a 15 dB target strength.
Since the two-way transmission loss is about the same for both

echo and surface reverberation for a given depression angle , any
change in the peak signal-to-noise ratio should be the result of

a change in the amount of energy scattered back from the surface.

As the depression angle increases , the size of the surface scat-

tering area decreases . In this example , however , the decrease in
size is more than offset by the increase in scattering strength
associated with the larger surface grazing angles , and the peak
signal-to-noise ratio decreases.

Signal- to-noise curves are shown again in Fig. 35, but
in this case the system is volume reverberation limited by sound

energy returned from the deep scattering layer. The effective

scattering area once again decreases in size as the depression

angle increases , but since there is no associated grazing angle
dependence , there is a relative decrease in the volume reverbera-
tion . The peak signal-to-noise ratio in this case increases with
increasing grazing angle.

Recapitulating, when the system is volume reverberation

limited ( i .e ., when the volume scattering strength is large rela-

- 
. tive to the surface scattering strength) the expected peak signal-

to-noise ratio increases with increasing grazing angle. The

opposite is true when surface reverberaLion is the predominan t

back ground . In this case , the peak signal-to-noise ratio decreases

as the depression angle becomes steeper.
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The above discussion provides an example of the need for
reliable parameter est imates for in situ performance prediction .
Although the relat ive change in sonar perfo rmanc e (measured by

• peak signal-to-noise ratio in the above example) is not large
between any two consecutive bottom bounce depression angles , the
over-all variation is significant.

The parameter estimates determined through an analysis
of bottom bounce reverberation cycles may , of course , also be used
in performance prediction for surface channel and convergence zone
operating modes. Models for prediction of echo and reverberation
levels for these modes have been developed but are not discussed
in this report since little data has been available for model
validation .
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7. SUMMARY AND CONCLUSIONS

In situ performance prediction is based on a number of
parameters describing the target, the sonar, and the environment.
Reasonable target parameters must be assumed ; the sonar parameters

are known; and some of the environmental parameters (such as wind

speed and water depth) may be obtained using existing in situ
measurements . Information concerning the remaining environmental
parameters may be obta ined from an analysis of a local sonar
reverberation history.

In this report, a method for obtaining these parameters

from a recorded series of AN/SQS-26 bottom bounce reverberation

cycles has been considered . The parameter estimation program ,
which has been discussed , relates the sound intensity measurement

at a specific time during a reverberation cycle to the types of
reverberation (or bottom reflected sound energy) reaching the
receiver at that time over known propagation paths . The equations

resulting from this association may be solved to yield values for
volume (biological layer) scattering strength, bottom scatter ing
strength, and bottom loss. This method requires an independent

estimate of the surface scattering strength . The parameter esti-

mates determined from data recorded in one bottom bounce mode may

be used for performance prediction in other sonar operating modes .
A performance pred iction model which compares favorably with

available sea data has been developed for the bottom bounce modes.
Also , models describing sonar performance for the surface channel
and convergence zone modes have been programmed ; however , no sea

data has been available yet for validation .

An initial analysis of the ping- to-ping stability
(repeatability) of AN/SQS-26 reverberation cycles and the corres-
ponding parameter estimates indicates that meaningful average values

for the parameters can be obtained over relatively few pings ;
however , additional analyses of this type are required .
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It has thus been shown in this report that the proposed
system for determining in situ environmental parameters is feasible

and worthy of further pursuit. Further work on this task depends
heavily upon acquiring AN/SQS-26 reverberation data under various
environmental conditions and sonar operating modes . It is expected

that an analysis of this data will yield the required relationship

between wind speed and surface scattering strength for the AN/SQS-26

frequency and bandwidth (or validate existing relationships). The

data will also permit the refinement and validation of the para-

meter estimation program and the surface channel and convergence

zone performance predic tion models .
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APPENDIX A

BOTTOM BOUNCE REVERBERATION

A.l REVERBERATION MODEL1

In deriving the equations used in thi s model , an e f f o r t
was made to account for all app licable parameters  whose values are
known (such as those pertaining to the sonar) or may be reasonab ly
estimated (oceanographic parameters). Full three-dimensiona l beam

patterns for bo th source and rec eiver ar e considered , and the
refractive effects of the medium are taken into account. For a
given set of parame ter values , the model predicts the reverberation
intensity as a function of time after transmission .

For convenience, the ini tial discussion of the model
assumes a near-surface sonar and a constant sound velocity. In

the actual programed model, the sonar depth is variable and the

refrac tive effec ts of the med ium, due to variations in the sound
velocity , are accounted for with the aid of classical ray theory .

This app lica tion of ray theory is discussed in Section A .2.

The total reverberation received at any particular time

t is, of course , the sum of the intensity contributions from each
of the individual reverberation paths at that time. The total

number of paths which mus t be considered in a given situa tion
depends upon the ac tual values of the sonar and oceanograp hic
parameters involved . Some of the princ ipal pa ths are discussed
below.

A .l.l Biological Scattering Layer Reverberation

Investigations during the past several years in to the
charac teris tics of 

~~~ 
the scattering streng th per uni t volume

of the ocean , hav e y ielded the following results:

~Fow ler , S. C. “Bottom Bounce Reverberation Modeling and Bottom
Loss (U),” TRACOR Documen t No. 66-355-C , Contract NObsr-93140,
November 16, 1966 , Confiden tial .
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• At certain depths in the ocean there are regions of —

relatively high backscattering strength. These regions
are layers, parallel to the sea surface, containing a
high concentration of biological scatterers.

• The depth and thickness of a layer and the average

value of within a layer are dependent upon ocean

area, season of the year, and time of day.

• For a given set of conditions , 
~v 

within a layer is
frequency dependent.

• Layer reverberation can be a primary contributor to
the masking background in the operation of a bottom
bounce sonar.

Comp utations of scattering layer reverberation are based
on the physical model shown in Fig. A-i. Wi thin the layer ~~ may
vary with depth . That is,

SL SLdL - - 2— � z � d L +
~~

—

where dL is the average depth of the layer and SL is the layer
thickness .

Consider the volume reverberation from a scattering
layer when source and receiver are omnidirectional and at a dis-
tance dL from the layer. The reverberation received from the
layer at a time t, measured from the beginning of a T-second
transmission , is the result of scattering within an insonified

volume V(t) whose dimensions are determined by the layer thickness
and the requirement,

t - r  � t~ ~ t

where t~ is the round trip travel time from the source-receiver
- 

. 

- to an elemental scattering volume. If the sound velocity is con-
stant (=c) throughout the medium, the ray paths are straight lines,
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and a cross section of the scattering volume will be as shown in
Fig. A-2. Due to the restriction on travel time given above, the
scattering volume (for t-T � 2(dL + SL/2 )/ c) is bounded by two
concentric spherical shells of radii c(t-,~)/2 and ct/2. The upper
and lower boundaries are, of course, determined by the layer
thickness.

The intensity dIL of the sound scattered back to the
receiver from an element of volume dV is (neglecting medium atten-
uation)

I
dI L = Z’ ~V

(Z) dV ,
r

where 1
~ 

is the source intensity and h r 4 accounts for spreading
loss out and back. The intensity at time t of the reverberation
from the entire volume is then

d2 2~~~r2
IL(t) = $ dIL t~ $ $ $ ~~~~ dr d~ dz

V(t) z=d1 a=O r=r1 
r

where

d1 = dL - SL/2 ,

d = d  + S / 2 ,

r1 = c(t—T)/2,

r2 = ct/2, and

bearing angle of dV .

The integration may be carried out to give

= ITI Q ~~v (z)41z - ...

~
] 

= ~o 
1”L 

~t:T;~ 
, (Al)

_ U IFI
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where d2

~L 
= $ ~~ (z) dz .

d1

In tak ing data on layer scattering strength, the quantity
ac tually measured is 

~~ 
From this measured quantity, a scattering

strength per unit volume may be derived if 
~V
(z) is assumed constant

throughout the layer and if some estimate of layer thickness can be
obtained. The uncertainties involved in deriving 

~v from 
~L 

are
apparent. In many cases of practical interest this step need not
be taken , and layer reverbera tion m ay be computed from a knowledge
of 

~~L 
alone.

Notice in Eq. (Al) that, for a fixed layer depth, the
relative time variation of layer reverberation is independent of
layer thickness. For example, a layer one yard thick would give
rise to a reverberation envelope identical, except for the initial
build up, to that observed from a layer 100 yards thick if
changed between the two layers such that

= $ ~v(z) dz
d1

were the same for each. Extending this line of reasoning, we
may finally replace the layer by a surface, at a depth dL, whose
scattering strength per unit area is independent of grazing ang le
and g iven by a measured value of 

~~~ 
This approach is followed

in the TRACOR computation of layer reverberation. Bottom bounce
reverberation from a scattering layer at a depth dL below the
surface is calculated in the same manner as a surface reverberation
(Section A . l .2 ) ,  but the surface cons idered in this case is of
course displaced downward to a depth dL.

t~
.
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Due to the presence of the sea surface, a given scatterer
within a layer may contribute to the total layer reverberation by

four propagation paths , one path involving no surface reflections,

one path involving two surface reflections, and two paths involving -

one surface reflection. On the scale of bottom bounce propagation -

geometry , the scattering layers are close to the sea surface and
the propagation loss and travel times associated with the four
paths mentioned above differ little. The net effect of surface

multipaths (assuming no surface reflection loss) is to increase

the intensity computed for a single pa th by a factor of 4, or an
increase in the computed reverberation level of 6 dB.

A .l.2 Boundary Reverberation

The geometry for the simplest case of bottom reverberation

is illustrated in Fig. A-3 . The reverberation received at time t

is the result of scattering from the bottom in an area A(t) whose

dimensions are de termin ed by the requiremen t,

t
~
T
~~~

ts
� t ,

where t5 is the time required for sound to travel to an elemental
scattering area on the bottom and return . The intensity of the

reverberation received from an element of area dA is

~.m (~‘) B (a , e) B (a ,e).lO-2kr/lO
B 4

and the reverberation from the entire area is given by

IB ( t )  = $ dIB , (A3)
A ( t )
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where
r = distance from source to dA,

B
T (a , B) = source intensity of transmitted sound in the

direction of a line from the source through

dA. (This line is defined by a bearing ang le a
t and a depression angle e . ) ,

BR (a , e) receiv ing beam pa ttern attenua tion in the
direction of the line defined by a and e ,

k medium attenuation (dB/yd) for the frequency used ,

= sca ttering strength per uni t area of the bottom,

a depression ang le of ray at the transducer , and

V = grazing angle of the ray at the bottom.

Associated with the first order bottom reverberation

pa th jus t discussed are three add itional paths. In Fig. A-4, the

basic path is indicated in the left-most diagram ,and the additional
paths provided by surface reflections are indicated to the right.

The relative impor tanc e of these addi tional paths depends primarily
upon the directional characteristics of the source and receiver .

Other important paths for bottom reverberation are shown in

Fig. A-5 in two dimensions. The equations for the intensity of

the reverberation propagating along these (and any additional

paths due to surface reflections), are derived in a manner similar

to that discussed for first order bottom reverberation. Bottom

and surfac e reflectivity losses ar e taken into accoun t when
app licab le .

The equations for surface reverberation are essentially

the same as those for the bot tom , differing mainly in the sub-

scripts on the parameters and the value used for scattering strength.

Figure A-6 indicates the scattering area and propagation path for
surface reverberation involving two specular reflections at the
ocean bottom. The intensity of the reverberation received along

this path is

A- 9
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4kr 2BL
B (a ,e) B (a ,e)  lO~~~~ 10 T~

I ( t) =  $ dA , (A4)
A( t) (2r)

where 
~
i
~~

( e)  is the scattering strength per unit  area of the surface
at the grazing ang le e , and BL is the bottom loss (in dB) per bot-
tom ref lect ion. For a bottom bounc e sonar in deep water this
reverberation path is usually of prime importance since the
scattered sound energy traveling this path reaches its peak within
the t ime interval during which target echoes would be expected.

A . 2  REFRACTION

In most cases of interest , sound rays whic h leave the
source at large depression ang les are only slightly af fec ted  by
re f rac t ion , and the assumption in the previous discussion of a
s t ra igh t  line ray path wil l  result  in negligible erro r in the
computed reverberation levels . For rays which leave the source
at small depression ang les , the refractive effects of the medium
due to variat ions in the sound velocity are of more importalice ,
and the straight line approximation for the ray path may result
in an appreciable error. Modification of the model equations to

accoun t for refraction is discussed below.

The curve which represents the variation of sound

velocity with depth (the velocity profile) is approximated by a

series of straight line segments as shown in the left half of
Fig. A-7. The medium is thus divided into n layers , in each of

which the sound velocity is assumed to vary linearly with depth .
Th e following ray equa tions , derived in the literatui~e

2’3, give
t~1e relationships between the variables and parameters shown in

Fi ,~. A-7.

I ic er , C.B., Introduc tion to the Theory of Sound Transmission,
- 1i1 1 , New York, 195Th

-
_ ___  

Of Sound in the Sea, Part I, PB 11202 , Summary Tech.
. - - ‘T ’ E , 

‘: ‘ i~~~~~, U.  S. Depar tmen t of Commerce , OTS.
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cos&~ cose
c. — 

c (A5)

R~ 
~ose0 

sin e~ s n 1~ 1 
, (A6)

R(90) = ~~~ R~ , (A7)
i=0

~R. R. tane
- 

~ in~
’
1 sine~~ 1 

(A8)

~k(e 0) n 
~R.

= ~ ~~~~~~ (A9)
i=O °

B (a , e ) cose
I [R(e 0) , e~ - _T 

~R(e ) 

° (ALO)
R(e ) sine

1 c. l+ s in e .
t~ = in 

~~ 1 + sinB~ ÷1 
, (All)

-‘ n
t (e 0) = t1 , (A12)

i=O

c .  - c.
!~ 

a~ - d (Al3)

PL~ a. :~se~ 
(e~ - ej+l) . (Al4 )

P L ( e )  = ~~~ PL . , (Al5 )
i=0
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where

I[R (e 0) , e ]  = in tensi ty of a ray at a horizon tal dis tan ce
R(~0) from the source at a point where theray makes an angl e c~ with a horizontal
plane (the ray is inc lined at an ang le 

~~at the source),

t~ travel time through the ~
th layer ,

a1 = grad ient in the 1th layer ,
PL1 path length (along ray) in the 1th. layer , and

PL(e0) = path length (along ray) for a ray through
n layers .

The us e of the above equa tions in calcula ting the reverbera tion
intensity in a variable velocity medium will be illustrated by

consideration of a special case shown in Fig . A-8. In this case,

as argued before in the discussion of the iso-velocity model, the

sca ttering ar ea associated wi th the reverberation rece ived at
time t is determined by the requirement that the time , t5, required
for th e sound energy to travel from the source to an elemen t of
the scattering area and return aiust satisfy

t - T � t~ � t

From Eqs. (All) and (A12) and Fig. A-8, we have

1 1c. 1 1 + sine .
= t 5 (e 0 ,~ 0) = 

i=O 

in [ ~~ + sin8~~~1

Ic. l + sin~’ . 1
+ ~ 

i=0 

in L i+l 
T + i~~~~~~]’ 

(Al6)

where , from Eq. (A5),

01 cos 1 
~~~~ cosb , and (A17)

Ic.-l I 1
= cos 

~~~~ 
cos~0 . (Al8)

1 0
L
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The horizon tal dis tance , R ( & 0) ,  traveled by the ray from the source
to dS is the same as tha t traveled by the ray from dS back to the
source , which is 3R(~0). Thus, from Eqs. (A6) and (A7),

C
0 

Sjfl0~ - sinB~ ÷1 
= 

c~ sin~~ - sin~~~ 1 (Al9)cosO a. L~ cosi a .
i=0 0 1 1=0 ° 1

where e~ and are rela ted to e 0 and 
~~ 

by Eqs. (Al7) and (Al8).
Equations (Al6) and (Al9) are solved simultaneously for values
of e 0 and 

~c 
by standard numerical iterative techniques .

The intensity of the sound incident on dS is, by Eq. (AlO) ,

BT(a ,00) cose • 10-kPL(00)/ lO
Ii 

— 
aR(00)R(e0) oe0 

51fl 0~~+ 1

where k is the medium attenuation (dB per yard), and the pa th
length is given by Eq. (A15). The intensity of the sound received
due to scattering from dS is

BL SL
-

~~~~~~ ~~T?5~ 
B (a ,~ ) cos~

— i 3~R(~ ) c 23R(~~ )—~-~~° sin
~~÷1(~~~~)

-~~~~ ‘..3PL (~ )]
10 ° i.,i(O~~ 1, -~~~1)dS , (A2l)

where BL and SL are, respec tively, the bottom and sur fac e reflec tion
losses in dB. The reverberation received at time t, due to scat-
tering from the entire area, is

1(t) $ dl . (A22)

S

A-U

CONFIDENTIAL
_ _ _ _ _  

—~~



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ‘ “•‘~“~~~ ‘ ,...~~‘ ‘ “ ‘  ~~ ‘~‘~~‘ ‘ ‘  .. r, ’mS ’~~~~ T~~~ vW - ~~~~~~~~~~~~~~~~~~~~~~~~~
.—

~

. ., ~~~~~~~~~~ — .-.-.-~~ ,~ .‘-
.~—~~--———— —— 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - - ~~~~~~~~~ —- -  
—

V
CONFIDENTIAL

TRACOR , INC. 6500 TRACOR LANE . A USTIN, TEXAS 78721

The equa tions used in calculating the reverbera tion levels for
pa ths other than the one shown are derived by an extension of the
above techn ique.

A.3 BEAN PATTERN COMPUTATIONS FOR A CYLINDRICAL ARRAY

A.3.,l Introduction

As may be judged from the reverberation equations of the
previous sec tion , the transmitting and receiving beam pa tterns
govern , to a large extent, the level and time variation of the

- -
~ received reverberation. The best accuracy in reverberation pre-

diction is , of course , obtained when these func tion s are most
accurately represented . In this section a method of computing

the beam pattern functions for a cylindrical transducer is dis-

cussed . The equations presented here have been used in computing

patterns for both the AN/SQS-26 and AN/SQS-23 sonar systems .

Similar techniques were used in develop ing a program for the corn-
pu tation of pa tterns for a spherical array , particular emphasis
being placed on the AN/BQS-6 parameters .

Al though the equations presented here can be used with
reasonable accuracy in computing reverberation for a ship-mounted

transducer , they are of course , still only approximations to the
actual transmitter and receiver responses. No account has been
taken of the effec ts of radiation impedance or the surrounding
dome and hull structure. When more quantitative information

describ ing these effec ts become s available , it will be incorpora ted
in the program. These factors are expected to have the most pro-

nounced effect on the patterns at the steeper depression angles.

A.3.2 Geometry and Derivations

Figure A-9(a) shows a cylindrical transducer of radius R

and height h consisting of N staves (vertical rows) and K rows
(horizontal rows). A particular element n,k may be specified by
giving the number of the stave, n , and the number of the row, k,
in which the element is found .
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The pressure response of an individual element in a
given direc tion , rela tive to its max imum response in a d irec tion
norma l to its surface , will be described by the func tion ~~~~~~~
For a square elemen t

( ~~~~ 
— sin(ga cosB sincp) sin(cia sinb)p 

~~ 
- qa cos~ sinq qa sinB

I 8 i~~~~~and Iq~~ �~~
- 

-
~ p (cp,B) 0, otherwise,

where
q =  2u/X ,

a element half width, and
X = wavelength of the transmitted sound .

The angular coordinates ~ and B are indicated in Fig . A-9(b).

In transmitting, the contribution of the element n,k
to the pressure field at a dis tan t poin t z is , from the standard

— solution to the wave equation , 
Fs

r2 1
~ 

n K ~HST
fl

VSTkp (~~,B)e
1
~ 

TT~~ - /

~n,k 5n,k

where

HST~ = horizon tal shading fac tor for the ~tF~ stave ,

-

. . VSTn = vertical shading factor for the kth row ,

= HPT~ - VPTk ,
HPTn = horizontal phas ing for the nth stave ,
VPTk = ver tical phasing for the kth row ,

f = frequency of the transmitted sound ,

t = time measured from start of transmission,
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Sn k  = distance from the element n ,k to the point z , and
H ~ and ~ def ine a line from the element n ,k to the point

z as shown in Fig. A-9(b).

The total pressure P at the point is the sum of all such contri-
butions , or

= 
HST1~VST~ p ( D , B ) e ~~

2
~~~

Et - 
X 

+

F- 
n k  n,

where the sums are over all staves and row s invo lved in the trans-
mission .

To obtain a range normalized expression for P, desirable
for computat ional  economy , a reference p lane is constructed norma l
to a line from the transducer center to the point z as shown in
Fig . A-b . The distance , 5n k ’  from the elemen t n ,k to the point
z will be approximated by the sum of the distances from the element
to the p lane , along a normal to the p lane , and from the p lane to
the point . That is,

S
fl ,k rn ,k + r

We may determine the accuracy of this approximation by wri ting

5n,k = rn ,k ~ r + e(r) . (A23) -~

From Fig . A-b we have
H

- - 2 ~
-

Sn,k = [(r + rfl ,k) + u212 •

Thus ,

c(r) = 5n ,k 
- (r

fl ,k + r), or

2 2~~-c(r) = [r + rfl ,k) + U ]2  - (r + rn k ) .
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Since u is never greater than [R2 + (h/2) 2]~~, we have f inal l y

c(r) � [r + rf l k) + R2 + (h/2) 2]~ - (r + rf l k ) .

If we require the error of approximation never to exceed some
preassigned valu e, €~~~, then we mus t have

e(r) 
~ 

€0, or

[Cr rf l k) + R2 + (h/2 ) 2]~ - (r + rn,k) ~

The above expression may be rewri tten as

R2 + Ch/2)2 -

r � 2e
~ 

° - r
fl ,k (A24)

which implies that, for a specified maximum error in the
approximation for 

~~ k ’ there is a minimum range such that , for
all ranges grea ter tl a n  this minimum , the incurr ed error , € (r),
is less than

One addi tional ap proxima tion is needed . We have

1 _ 1
Sn,k 

— r + rn ,k + c(r) ~ ~

where

E =  1 
. (A25)r

r

If r >> rn k + c ( r ) , then E is very neaCiy unity and little error
is incurr e~ if i/sn k is replaced by h r .  With this approximation ,
the expression for P may now be written as
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= r + r
- ~

. ~— HST VST p(p,~~)e~~2~~ ft - 
x ~~ +

p ,
~ 

n k
r

n k

or

i2rr(ft - -
~~~) ~ . ~ . - 

2rrrf l k  
)P 

~ 
HSTnVSTk p (~~,B ) e _ 1( 

A -

n k

where ~ and B define the line from the element n,k normal to the
plane. The square of the absolute value of the pressure is

= -4 [ ~

‘ 

~ 
HSTnVSTk p(cp,B) cos(21-Trf l k/X - 

~n,k~
l2

r n k

+ -4 
~ ~ 

HST~VST~ p (cp ,~~) sin(2urf l k/X - 

~n ,k~II
In Fig. A-ll (a) is shown the top row of elements and the

line CD formed by the intersection of the plane of the row and the
reference plane. The staves are numbered clockwise. Figure A-ll(b)
shows a side view of the nt~ stave and the edge of the ref erence
p lane . From Fig. A-ll(a) we have

= AB - R cos(4l~ - a)

and from Fig . A-ll(b),

r
fl ,k = r~ cos C - ( k - h )  S sine ,

where S is the center-to-center spacing of the elements in a stave.
Each elemen t subtends , in the p lane of the row , an ang le $ at the
transducer cen ter , and thus
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= (G - n + 3~) $ , (A26)

where C is the stave shown in Fig. A-ll(a).

For simplicity we take AB = R and have then

r~ = Rh - cos($ -n
and

r~ k = REl - cos($ - a)) cose - (k-i) S sine
,

4 The angles at the element face, ~ and ~~, are, from the figure,

~p = $ ~~- a , and

~~~
= 8

The square of the absolute value of the pressure at a
range r and in a direction determined by a and 8 , as shown in
Figs. A-ll(a) and A-ll(b), is

2
IP(a,e ,r)12 = -5 [ ~~~ HST,~VST~ p($~ 

- a ,8) cos(2Tr rf l k /X -

I 2
+ .4 [ 

~ ~ HST~VST~ ~($~ - ct,8) sin(21rr
fl ,k / X - 

~
‘n ,k~ ]

If and 8
~ 

are the angular values for which P(a,8,l) is a maximum,
then the relative intensity at unit distance, as a function of the
angular arguments alone, is

I(a ,e) =

(P (ct0 ,60 , l) (

with the understanding tha t I(a ,8) may be used as a factor in
calculating the intensity at a distant point only if the range to

: 1
UNCLASSIFIED ____________________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _*~~~~ _ ~~~~~~~~ 
—,

~~ -“~
--—

~ —~~~-~-—-~~~~ ~~~~~~~~~~~~~~~~~~~ 
.—,.-

~~



-
~ _I — ~~~~~~~~~~~~~ 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~

— 
-

UNCLASSIFIED
7~~ AC o~ , ~~c. 

6500 TRACOR LANE. AUSTIN . TEXAS 7872~.

that point is equal to or greater than the minimum range implied
by Eqs. (A23) and (A24).

If 10 is the specified maximum source intensity at unit
distance we have for the transmitted sound intensity along a line
defined by ~ and 8 ,

BT(a ,e) = I
~
I(
~
,e)

A plot of 10 log BT(~
,e) with 10 

= 1 is the transmitting three-
dimensional beam pattern.

All of the equations which have been discussed so far
may be used to compute the receiving pattern function if we sub-
stitute for the previously defined parameters HSTn~ 

VSTk, HPT~,
and VPTk, the corresponding shad ing and phasing values for the
receiving mode, HSR~, VSRk, HPRfl, and VPRk, respectively. The
relative receiver response along a line defined by ~ and & is then

BR(a.,e) =

A plot of 10 log BR(~
,8) is the receiving three-dimensional beam

pattern.

For the dimensions of the transducer, Eqs. (A24) and
(A25) imply a min imum range for computational accuracy of 63 yds.
At ranges equal to or greater than this value, the error in the
approximation for Sn k is less than X/8 and the factor E, associated
with the approximati~n of 11~n k 

by h r  is greater than 0.96,
• implying a resulting error in ~he intensity computation of less

than 0.3 dB.
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APPENDIX B

TARGET ECHO MODEL

The target echo level, S, may be computed using the
4 standard sonar equation,

S =  1~~- t~BR- ~BT- 2 H + T  , (Bl)

where
10 = on-axis source level,

ABR = angular deviation loss of receiving beam pattern,

~BT = angular deviation loss of transmitting beam pattern,

H = one-way propagation loss, and

T = target strength.

The propagation geometry for a bottom bounce target echo is shown
in Fig. B-h.

— The source level, target strength, and target depth must
be assigned values according to the type of sonar being used, its
operating mode, and the expected target. The remaining terms in
Eq. (Bl) depend upon the environmental parameters, as in the case
of reverberation.

The ray theory equations (Eqs. A3 through AlS) discussed
in Appendix A (Sec. A.2) must, then, be used to account for refrac-
tive effects in the computation of target echo. Thus, target echo
computations also require the specification of the angular devia-
tion losses of the beam patterns, water depth, velocity profile,
bottom loss, and target range, R~, corresponding to a time, t,
after transmission.

The angular deviation losses of the beam patterns are

_ 
— 

S~j_~p_ __~~ _ _ ~~~~~~~~~~
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~B R =  10 log [~~~(a ,80)]

and

~BT = 10 log [BT(~
,eO)]

S 

.

where BR (a ,8O) and Br (
~~,& o) are the beam pattern responses defined

in Appendix A, ~ is the bearing angle of the target rela tive to
the main beam axis and 8

~ 
(the depression angle of the ray reaching

the target) may be found by solving Eqs. (A7) and (A12) by standard
iterative techniques.

Again emp loying the ray theory equations, the propagation
loss may be found. This is,

cos8
H 10 log kPL(80) - BL

R.(e0) ae~ ~~~~~
where

= angle at the target between the ray and a
horizontal p lane through the target

k = medium attenuation (dB/yd)
PL(e0) = path length (yds) along the ray to the target —

(see Eq. A15), and
BL = bottom reflection loss (dB) .

H

a
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