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LIST OF SYMBOLS

B2 See Eq. (5)
BOG bear ing dev i ati on ga i n
BDGAP aperture—corrected bearing dev iation gain
c sound speed

primary-pressure beam pattern
010 primary directivity index
f difference frequency
f3 primary frequency
I see Eq. (3)
ISHA PE shape parameter , see Eq. (Al)
i (-1)¼
k 2irf/c
k 0 2r1f0/c
N as pect ra tio of rec tangular projector
P peak pressure amplitude of difference frequency
P0 peak face pressure amplitude , one pr imar y component
r range (from projector to observer)

source point distance
R0 Ray le i gh l eng th , projector area/primary wavelength for piston

projectors , projector l ength/fl for endfire projector
SL0 rms source le vel of one pr imar y component
SL~ SL0 +20 log f0
SLt 2Olog (p c3/~r ~J~

) + 60 d8//b.~Pa - m - kHz (see Ref. 14)

U see Eq. (6)
y variable of integration , see Eq. (3)
z see Eq. (4)

primary wave absorption coefficient (nepers/unit length)
primary wave absorption coefficient (d8/unit l ength)

S non linearity parameter (~ 3.5 for water)n see Eq. (9)
9 observer ’s polar angle (with respect to projector axis)
9’ source— point polar ang le (with respect to projector axis)

angle between source point and observer, see Eq. (2)
p ambient fluid density

observer ’s azimuthal angle (about projector axis)
source point azimuthal angle (about projector axis)

x see Eq. (8)
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ABSTRACT

Because it is often impractical to make measurements in the farfield of
parametr ic acou stic sou rces , it is desirable to be able to predict the .far
field from nearfield measurements. A nearfield beam pattern theory,
prev iously outlined fL Acou st. Soc. Am. 63, 1622-1624 (L) (1978)), has been
programed for digital computation . The results compare favorably with
experimental data from an absorption-limited source involving substantial
difference-frequency generation in the primary farfield and from a
saturation—limited source with most of the generation taking place in the
primary nearfield. In the first example , the nearfield beam pattern is
broader and the apparent source level is lower than in the farfield. In the
second ex amp le , the nearfield pattern is narrower and the apparent source
level higher than in the farfield.

ADMINI STRATIVE INFORMATION

This memorandum was prepared under project,~~Q22.l, “ Non l i near Sensor
Develo pment,” Pri ncipal Investigator , R.L. Schmidt (Code 3631). The Guidance
and Contro l Bloc k Princ ipa l is C. Ackerman (ARL/PSU), Navy subprojec t and task
nunter SF 32—341-4g.].., Project Manager, E. L iszk a (SEA 034). The research
descr ib ed here in was per formed un der Project A~~ DO, “Nearf i el d Mode l for
P arametr ic Acou sti c Sources ,” Pr i nc i pal Inve~~ ja tor,M.B.,,, Moffet t (Co de 3 13);
Assoc iate Inves ti gator, R.H. Mellen; Program Manager, J.H. Yrobus (MAT 08T1).

The authors of this memorandum are located at the New London Laboratory of
the Naval Underwater Systems Center, New London , Connec ti cut, 06320.
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INTR ODUCT I ON

In exper iments w ith parametr ic acou stic sources, farfield measurements are
often impractical , because the farfield (the region where secondary signal
generation has ceased) may be as remote as 5/ri from the projector1 (ri
primary absorption coefficient in nepers per unit l ength). To allow farfield
prediction from nearfield measurements, a nearfield theory must be employed.
Reference 2 describes a nearfield model and outlines a computation procedure.

4 We can now report on the computer impl ementation of this procedure and some of
the results that have been obtained from the computer program. A user’s guide
to the program (called CONVOL) is given in Appendix A and FORTRAN listings are
given in Appendix B. 

-
I. THEORY

4 The details of the theory are presented in Ref. 2. The
difference—frequency pressure at the field point (r,9,~) is given by

P(r,O,~) :
~~~~

2 f de’sine’ f cWo 2(e’ 
~~ I (cosv ) , (1)

where
cosv cose~ cose + sinr sine cos($~ — •), (2 )

I exp(—jkr ) J~ 
dy exp ( -y) U(~ )(z 2 

+ B2 Y ”2, (3)

Z ,y—2rir cosv + j2kr sin2(v/2), - (4)

B2 (1 + j k/ct)(2rir slnv )2, (5)

and U(~) is the saturation taper function ,3’4

U(~) (2(
2)[(1 + ~)( 1 + 2~) 

1~’2~ ~ (6)

. In Eq. (6),

3(x/~r) 
2 ,~2 • 

(7)
where

x 2i~ P0R0f0/pc3 (8)

in~ [i + (N - 1)(r /R0) + (r~/R0)2] 
1/2

+ (r ’/R0) + ~(N - ‘~t- 
in ~~(N + 1) ~, (9)

— --F ~•4-~~ •~ - - -- .- - - ~~._ sr - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - — ~~~~~~~~~~~~~ ——~~~~
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•r ~ r cosu + (at )4(1 + jk/a~~
1

x [(i. + jk/~~)z - (j k /~~)( z 2 
+ 82)1/12] , (1O)~

and N is the aspect ratio of a rectangular projector (N 1 for square or 
• 

-

circular shapes). The quantities ‘I , z, 82, U, ~, n, and r~ are all complex,
because the iptegral of Eq. (3) is the’result of a transformation in the
complex plane3 of a -highly oscillatory’integrand. Thus the method
substitutes the complicati ons of complex arit)’vnetlc for the slow convergence’
inherent in the use of the oscillatory function. For example, at high
amplitudes, the singu l arity i ntroduced at~ = -1/2 must be dealt with. (There
is no pole at ~ = 0, since U(O) 1.)

~quation (1) Is a generalized form of the convolution i ntegral used by
B lue° and by Berktay and Leahy’ for the farfield of absorption-limited
parametric sources. The integrand involves the product of an endf ire beam
pattern, I (cosv), and the square of the primary beam pattern, Do(e’ , $‘).

• No aperture f actor8 results from the theory, because the primary beam is
ass~m~ed to be spherically spreading from the projector face. Therefore the
program makes beam pattern plots with and without a multiplicat ive aperture -

factor.

In the farfield , Eqs. (3) and (10) can be simplified as follows:

_____ exp(—jkr) 
I dy exp(-y) U(s), (11)

r -
~~~~ 2ar + j2kr sin (v/2) JO 

-

where
r 

r 
y/2a [1 + (jk/ri) sin2(v,2)], (12)

and these expressions are used in the farfield option of the program.

Since the computation of the endf ire pattern, I(cosv ) , Is a lengthy one
- - and s ince I Is a smooth func tion, 225 vajues are first computed and stored in

a tabl e for values of v ranging from 10~~ rad to 3.14 rad. In the
subsequent integrations over 4~ and B~, linear i nterpoiati9n is used to
evaluate I(cosv) between the tabul ar values. (For ~ < 1O~~ rad and v > 3.14

• red, the endpoint values are used.) T~ tabular values are computed with an
adaptive Simpson quadrature routlne,9,~U in wh ich thE step size for the
i ntegration variable, ,y, is determined by the degree of success at local
convergence. The integrations over the azimuthal angle, $ ,  and the polar
ang le, e’ , are each performed by 48—point Gaussi an quadrature over a number of
subintervals depending on the beamwi dths of the endf Ire and primary patterns
and on the observer’s polar angle, 9 ~

- Typical running times to generate a
beam pattern for a square , circular or endf ire projector range from about 1
minute for easy cases (absorption-limited sources with large riR0, i.e.,
sources of the Westerveitli. type) to about 5 mi nutes for difficult cases
(saturation—limited sources with small riR0). These times are approximately
doubled for a rectangular projector, In which case beam patterns are generated
In each of two planes .

‘ 6
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II. EXPERIMENTS

The results of experiments with two different parametric sources are
reported in Sec. III. The first was rectangul ar in shape, with active face
dimensions of 0.53 m (horizontal) x 0.44 m (vertical), a mean primary
frequency of 24 kHz, and a source level of 233.5 dB//1$Pa-. at each primary
component. The difference frequency was 2.5 kHz. Beam pattern measurements
were made in the horizontal plane at a depth of 49 m In a fv~esh water 1*.( Senec a Lake, N Y) in Marc h, 1979. The range was 42.8 m and the wits?
temperature was approximately 1°C. The Rayleigh length, 

~o ~~ ~~~~
z 0.001dB, and 20 log x ~ -19dB. This sourc e generated *icPi 31 the

secondary signal In the primary farfield, si r’ce the ~~so,pt~on isr .tsr,
aR0, was small.

The second projector was c ircu lar , with an active face 4t~~~ t I 3.91 .,
a mean primary frequency of 65 kHz, and a source leve l of ZU .5 ~~ ~.$O.. •t
each primary component. The beam pattern measurement was led. .‘ S..SC s
M i l l stone Quarry facility in January, 1975 at a d1ffirsn~~— ””es 

j
~cy 39 3.5

kHz. The measurement range was 82.6 m, and the depth was 15 •. ~~~~ tM
water temperature was approximately. 150C and the salinity 3.~%. ‘‘s source
was saturation—limited Cx ~ 1.0) in the primary nearfleld , .e. ,  s~*s t ant ia~generation of the difference frequency took pl ace within the ~ay~e19~ length ,R0 of 28.4 m. The amount o.f primary absorption In the n.arfleld , 

~~ “0.51 dB.

III. RESULTS ArID CONCLUSIONS

Figure 1 shows the beam pattern of the rectangular source. The circles
are the experimental data, and they may be seen to lie fairly well on the
computed pattern “(indicated by the solid curve). Also shown (as a dashed
curve ) ,in the figure is the computed farfield pattern. For the actual
observatiQn of such a pattern, measurement ranges in excess of 5000 m would be
required .~ It may be seen that considerable change in the beam is to be
expected between the measurement range of 42.8 m and the farfield , with the 3
dB beanwidth decreasing from 6° to 4.5°. The farfield pattern is shown at
the correct relative amplitude , I.e., about 14 dB more source l evel is to be
expected In the farfield , and the skirts of the pattern will grow about 4 dB
in level. The ripples on the skirts of the farfield pattern are rel ated to
the square of the primary pattern, charac ter is ti c of sources with sma l l
~~~~ The amplitude of the ripples is somewhat exaggerated by the
assumption that both primary frequencies have i dentical beam patterns,
whereas , in fact, the outer sidelobes will not coincide , resulting in smoother
skirts than depicted here.

The results with the circular projector in salt water are shown in Figure
2. Again , the data are s hown as c i rc l es, while the solid curve is the
computed nearfield pattern and the dashed curve is the computed farfield
pattern. In this case of moderately high riRo, the near fiel d source leve l i s
2dB higher than that which would obtain In the farfield and the nearfield
bean~idth is narrower than Its farfield value (2.50 and 40, respec-
tively). The skirts of the patterns coincide , however , because the farfield
conditions are reached much more quickly on the skirt’s than on the max imum
response ax is. Ranges in excess -of 700 m would be required to observe the
farfield pattern In this 

,case .

________________________________
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The fact that nearfield beam patterns can be narrower than their farfield
• counterpar~ fQr parametric sources with large ~R0 has been recognized forsome time,~”1~ but only more recently has it come to light ~h~t theapparent source level can be l arger than the farfield value.~’~

’4 It is now
obvious from our computer studies that the source l evel and beamwidth effects
are tied together. For cases of large oR0, the nearfield pattern is
narrower and of higher apparent source level than the farfiel~ pattern. For
small oR0, the nearfield pattern is broader and of lower source level than
in the farfield.

In Re-fs. 3 and 4, a simple , closed—form expression was suggested for beam
pattern estimation. Fi gure 3 provides a comparison between that simplified
model , shown dashed, and the present theory, shown as the sol id curve , for the
farfield of the 65 kHz projector. It may be seen that the simple formula
predicts a 3 dB beankidth (5.5°) which is too broad (computed value = 4°)
but provides a reasonable fit to the skirts of the-pattern.. As discussed in
Ref. 3, some error near the 3 dB points- is to be expected in the use of the
s imp le formula, because the formu la was construc ted from know l edge of the
l arge-angle behavior. The present theory is to be preferred for all but rough
estimates of the beam behavior.
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2. ComparIson bf nearfield (solid) and farfield (dashed) beam patterns of
circular source, ~R0 * 0.51 dB, 2Ologx= 0dB , fe/f = 18.6, k0R0 =7740. For nearfield oattern, r/R0 = 2.91. Circles: experimental nearfield
data.
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APPEND IX A. CONVOL USER’ S GUIDE

The CUNVOL program computes parametric source beam patterns out to 450
for p l ane piston projectors of circu l ar, square , and rectangu l ar shape and for
endfire line projectors. The program generates a table and plots the negative
of the bearing devi ation loss , denoted BOG, as well as aperture—corrected
values , BOGAP , as a function of the polar observation angle,’O , with respect
to the maximum response axis. For a rectangul ar projector, plots are
generated for each of the two prinicpal observati’on planes at P = 0 and • =9t)O, where ~ is the azimuthal observation angle. In addition to the bean
patterns, the program computes the on-axis apparent parametric gain ,
2Olog(rP/R0P0), i.e., the difference between the apparent secondary source
level and that of one primary camponen~. Since the appareqt parametric gain
can be regarded as a complex quantity,’~ its phase is also computed and the
result tabu l ated as a function of 8. 

-

The user must specify the projector shape through the integer parameter
ISHAPE :

ISHAPE = 0: circle -

1: square
2: rectangle
3: endfire. (Al)

The parameter ISHAPE is also used to indicate the end of the input data file.
A negative value of ISHAPE causes the plot tape to be properly terminated so
that plots can be generated off l ine. The other input parameters are:4

2Ologx = SL0* - SL1, (A2 )

i.e., the difference between the “scaled”primary source level ,’5

SL0* Sb ÷ 20 logf0 (kHz)

and the value , SL.~*, which corres~pnds to shock formation at Ro (SL1* ~281 dB//1 i~Pa—m—kHz for sea water~~),

ciR0(dB), 
-

the amount of primary absorption loss at R0,

fo/f,

the “downshift ” ratio of the primary and secondary frequencies,

(01 /10)
o o —~~ x

where DI~ is the primary directivity index ,

- r/R0,

• A -i 
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the ratio of the observation range to R0, and finall y,3 -

N,

the aspect ratio (required only if the projector is rectangular).

The Rayleigh length , R0, is defined as the projector face area divided
by the primary wave length for the p lane piston proj ec tors and as the proj ector
l ength divided byn for endf ire projectors. The program has been tested for
2Olog x ~~10 dB, ~~~~ 0.001 dB, and 1-100 < r/R~ < +100.

Typical runstream examples are given in Fi gures Al-All for operation of
CONVOL on NIJSC ’s Univac 1108 computer from a Tektronix graphics terminal. The
first input data card specifies the p rojector type accord i ng to the va l ue of
ISHAPE in an IS format. ISHAPE = 1(square) in the first example and
2(rectang.e) in the second. The second data card provides the source
parameters, 2Ologx (dB), c*R0 (dB), f0/f, k0R0, and r/R0 in five15-character fields . (The negative value of r/R0 in the second example
specifies infinite range.) The decima l points may be p l aced anywhere within
their respective fields. If the projector is rectangu l ar, as in the second
ex ample another card is needed to spec ify the aspect ratio, N, in the first
15-character field.

Each example is concluded with a negative value of ISHAPE to generate the
plotting tape. Actually, both examples could have been run together in this
case , i.e., the tabulation from the first example could have been followed
with ISHAPE = 2, for the next example. If there is any doubt about whether
there is sufficient time to complete all examples of a run , however , it is
safer to termi nate each ex ample with a negative ISHAPE. -

In each of these examples , plots were displayed first on the terminal CRT
with the @ XQT D.TEKTRONIX instruction . They were then transmitted for l ater
printing to a 1 inch 10 dB, 1 inch = 10 deg scale with the @ XQT D.FR8O
instructi on. Note that these instructions were preceeded with

@USE D., DISSpLA*OISSPLA .
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APPENDIX B. CONVOL FOR TR AN LI STING

The variou s elements of CONVOL are listed on the following pages. The
main program calls subroutine Q~~14S , which generates coefficients for the
Gauss i an quadrature , and subrouti ne TABLE, which stores the real and imaginary
va lues of exp(jkr) I(coSv ) in arrays VALUE1 and VALUE2, respectively. TABLE
does this by calling function ADPSBC, the adaptive Simpson ’s routine. ADPSBC
requires integrand evalutations from the function FNC , which in turn , calls
UEVAI. for the evaluation of U, the saturation taper function. When TABLE has
completed its job, the main program performs the integration over 8 ,  uSing
the coefficients generated by Q6M48. The 8 integrand evaluations and
integrations over ~ are done by subroutine FCTPHI, which evaluates the 4~i ntegrand by i nterpol ation of the table stored in VALUE1 and VALUE2. • The beam
pattern data is stored by subrouti ne ~4IST0R and plott i ng instructions are
generated by MMPLOT.
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= ‘..O’FMC ((A + 8)*i .5,INBEX )
* F9 = F M C ( 2 , M O E X )  -

A SSIGN 20001 10 PROCO I
GO TO 3000 1

2000 1 CONTI N UE
2 C00 2 C C .NT IN U E

IF (.~I01.(T!ST)) GO TO 2~OC3LVI. 2 LVI. — 1
ICOL * IT RN L V L )
# V A L ( L V L , I C C L )  2 SU M
A SS GN 20C05 TO PROCO!
GO TO 303C2

;C•O5 C3~ 1INu E -

GO T O Z00~~2 C C ~ C O N T I N U E
ITRM (LVL ) 2

OA  a DX (LVL )
= F .(LiL)

F5 2 F M P ( L , V L )
2

E T  E 1 1  S A V E  3 PQp, T A P PR OA . ON C A ,  +~~A )
AS S C’. 2O0C ~ 13 PQQC~~1
GO to 30O~C12C~ C~ CON TINUE -

Z’ CC’ CC NTIN UC
IF (.N.OT. (L.L.!Q.1))- GO TO 2~ CC~ADP S B C ~ S ..~’ — C 3RR /15.3 3—~

—
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TM •~o.
791132

~IM “ -

C -
•

C
C

C P R O C 5~~uRE R E C U R
1~ GC1 CO N T IN(jE -

LVL = LV I .  ‘ 1
DX (LVL ) * DA ’O .  5
sx = z (LJL )/~~.C
XM (LVL ) * A ‘ D~ (LVL ) -

X 2 ( L V L) S A . O X ( L V L ) * 0 . 5
F Z (L ~~L) 4 .0*FNC (X 2 (LVL ),INOEX )
X 3 ( L V L )  * X 2 ( L V L )  • DX (LVL )

• F 3 ( L V L) 2 ‘ . . 3* F ., C ( x 3 ( L V L ) , I N O E X )
E P S P ( L V L )  = EPS

C T O LE A N C~. MUS T ~ E eGI . 1 5 / ( 2 * ’ Z 7 )  TO A V O ID NOISE P~~~~LE~~5: 
-

C N N E X T  S T A T E M E N T , L V L . M A X  IS 5 0 C M  T H A T
C (Z ~~’ L v L M A X )  • L T •  (3~~~E O 7 . E P S I )

I F ( L ~.L . G T . 2 . )  E P S ? ( L 4 L ) 1 .QE—0 7
FMP (LVL ) = ~M*O .25

= ( F . ~ P FO ( L I I L )  • F M P ( L V L ) ) . S X
F B P ( L V L )  =

EST2 (LvL) = (F~~~( L V L )  • F 3 ( L V L )  • F9)’SX - 

-

E3T ~ + E S T 2 ( L V L )  ; S T O R E  5 P O I N T  AP ~~RO ~~. IN SU M

~3 5 A  = A 3 S A  — A~~~ C E S T )  + A 8 S ( € S T 1 )  • * c 5 ( E S T 2 ( ~~V L) )
= € 51 — SU~

T E S T : A B S ( C I ) . L E . € P S P ( L V L ) ’ A B S A  •~~~~ SET  C O M P A R I S O N -  T E S T
T E S T  = T E S T . A N D . ( E S T . N E . 1 . 0 )
T E S T  = TEST.OR. LVL .GEI.~CIF (T!ST )CORR = CC RR CI
NP = ~~~
GO TO P R O C 1

I.

C
C
C
C P R O C E D U R E  C A S  -

3 C C C Z  C O N T I N U E
- GO TO ( 2000 7 ,2 0 0 0 3 ) , ICO L

2CC07 CON T INUE
I T R N ( LV L )  = 2
CA = O x C L ~ L)
PA 3 FM P (LVL )

= F 3 ( L ~~L )
= F9P (LV ~~)

EPS = EPSPLVL).O .5
A * A M ( L V L )
€ 51 !3T2 (LVL) 

-* A 5 S ~~~h Z~~~1~ T O
* GO ~~OC1

U1Z C ’;T~~Nu€

~~~~~~ C O i ~T .’i a E
SU M = A L ( , .~~L ,~~) • V~~L( L ’~L , 2

2~~~ C CON T i N UE
-~o 

—
~~ ~~~c -::

3- 10
— —~~~~ -•. —
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TM Mo.
~ 1N ‘.~ 

- 791132

C -

23—’)8:34:Z5— (O, ) -

F U N C T I O N  F N C ( Y , INoE~~)
C T H I S  S U B P R O G R A M  C O M P U T E S  T HE INTEGR AND
C U~ EX P (— Y )/ S~~RT (Z..2.9’.2) IF R A N C . E . G T.C .
C uaEXP(—Y ) IF RA N G E . L T . 0
C Li’~PUTS I
C I,N C . E X * 1  OR 2
C 

- 

UO*TISOALF .COSNU
C V O~~~R . ( 1 — C O S N u )
C R A N G E
C e s - ~aa ’ * Z  ( C O M P L E X )  - -

C OUTPUTS RT S Q R T ( Z . . 2 .~~..2) ( C O M P L E X )
C F~~~ (Y , 1 ) 2 R E A L  P A R T
C FN C (Y ,Z)w I !A G INA R Y PART

CO.~PLEX RT ,L,U, 13,BS G •

COMM QN/ aLX /U O ,V C ,T~.QA LF ,RK- COMM O N/7A 14/ RANG E - - -

C -OMMON /ORA M G E/ R I
C OM ~i Q N / F U C t A / 3 S ~ -

• IF (RAN 6E .( .0.0) GO TO ‘ .01
Z~ CM PLX (Y stjO , —v C)
R1 zCSG R 1 (2*l24BS~ )- - CAL ~~~IJ EV ALCY ,Z ,U)  -

I F ( I N O EX . E Q . 1 )  FMC R E A L ( y 3 )
IF (ZNDEX.EQ .2) FNC A I’~* G ( y 3 )
RETURN

401 Z~~C M P L X ( T — U O , V C )

CALL UEV A L C Y , Z , Ls)
Y32 1J*CM PtX (EXP (.y ),O. )/RT
LF (I NO EX .E Q .1) FNC * sE A L (r 3 )

* IF(tNDE X .E~~.2) FN C = A IW A G (y 3 )

— 
RETURN

0

3—

r — —

~~
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TM Mo.
- 791132

IA L - -
•

.? “  !~~~ ~
~~ •~~

_
‘J •_ . •_ •’ . _

~~ - •_ ‘ _ , .

~ ~LC Y ~ L ~~Ij )

C ‘ II . C  ~~~~~~~~~~~ C C ~~— -j T € S  Ti.~ S A I ~~ _ T~~C N _ T A P € R  (~~~/~~C).
C ~ (iJ~~~E~~ O N L Y  IF g .A~~~~~€ . L T , Z Z R * , )

C -i O (USED mI.’! IF ~A ’iG-E.LT .ZE? ))
C -~~~

C 2 O ’ 5 T 1  =C ’R’-~~C - €
O C~~ S1!a3* (CiiI /~~i’ .q’
O ~ T:$~~R T ( ! . .2 . B e * 2 )  (C-O ’PLEX )
C T . c A L ~~Z 2 . A LPHA. I I
C
C - A 3 ~~E C T
C A (CTA L zA LpM */ (2a~~)
C ISNAP€7 (.,1,Z,O~ 3
C ~S2=B..2
C JuT~ U T (COMPL EX )

a ,u , , pq I ~E ,X I , ~ S ~ , O E L T A
CC lON /3LK/UC , dC, T~ OA LF ,RK
C3$M u P 4 / T A N / ~~A~,c, E
CO•1 t.P4 / BL U!/ $SP: C T , 1 S N A P E
CCMM CN /YE LLO./00N51 3
CC-1 .’CN/3RO e/ 3 iST1, A (~~TA L
C O M - ~c N / O R A N G E 1 R  I
C C M M C N / F U C L - A /~~S .

C :~ CHCO ~~.LE.—~~ , SE T U :(1.C,C,C)
LF ~~~ C N S T 3 . L T . 1 . C S — C ~~) 

~3 1) 101
ZTEST= CA aSU ~~R r )1CA iS Cl )

C $ P L X  C ’  • ,AX3 T*L~~ Z—C ~~ LX C C. TA L) .RT
i~~ C 1 E . L E . . )  R ? R T ~ € 3Z* ((1 .,~~.)— CMPLX (O .,.5 .AKCTJL )e

IF(~~. € . LT . .O~ ~~~~ M € C ~~R L X ( i ~A N G E * Y , 0 , ) / C M ~ L 4 ( T a O A L F , V - O )
~F~~~A NCE.GT ,O.-J ) RP~~i~~~:RPRZME .C ~~PL’/(C3NST1 ,O,~
i~~( I~ NA °6~~ E.Z) a8~~~p 2 * €~~C 5 r.R N (1 •
I~~~~~-4A PE.~~..Z) a9 ((2.,C .) I- R P R I M ! . C M P L X ( A S P E C T~~l .,C . ) . C 2 . . 0 .) ’

— I  O M P L ~~
( 1. ?EC 1,0

O F ( C A ~~S t P ~~L $ € )  •LT. .1 .AND .I5HA ~ E ..NE.2J XI :C~ PLX (C3sS r3,C. ).

I F ( C S H A ~~E .~a E . 2 )  G o r o  103
DE L 1 C M P L X ~~0 • S s ( A S i ~E C T — i .O ) ,’..)
F ( t A F ~S ( R P ~~L M E )  , LT . : . 1 . A N ~~. c A 8 ~~c D E L r A ) . L T . Q .o 2 )  ~ L

• ‘0 € IA .‘ 3~~ 37! ,O.) PR i’~~•.~~fl ‘-.2
1:3 I F ( - A B S (~~i ).LT. :.C1 ‘C 10 102

A T~~S 
r =C A ~~S ((1 • sO • ) ‘L • , • ) • I)

Ir(X ES .LT ,t..~~— .~~) ~
:((1,,C.).XI)’ (1,0~~C9 ,O. )

:~~(.~:T€5’T.;€ .1 ...E—1 ~~. ,0.~~L T€ 3 T .LE.~’.O 1) _ = ( (‘  •, ).)~~X I )/CS ’’r
(CM ~ LX (‘O,Cl/XzT :S , ,) ‘C ( 1  .,  • )‘(Z, ,C. ) ~-~I) ) (I.
IF~~A L r € 3 T . G T . ~~. _ 1) ~= ( ~ • , • , • ~o ) J c s ~~R T ~~(1., ~~.).(2.._ .).v t)

‘ — ( 5 . - C . ’
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TM No.
ElM 44 - 791132

R ETUR N -

102 u : (1 . , 0 ,)~~(~~. ,G . ) .x : . ( 3 . 7! , 0. )  • ( x i~~.2 )— ( 7 . , 0 .) . ( X z ~~’3)
RETURN

4 m 4  ~~S a  ~lI d i  ~~~~~~~~~I II II~~ e *
- R ETUR N 

-

END . 
-

- 

• 

-

- 3-13
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TM M o. 791132
~Z~

23—03 : 55 :32—CO
SUGRO UT INE ~GM~~:

C THIS SU3PQOs3~ AM CO~~PI~TE S iEIOM T I~~G A C TO~~ FOR ~~M€  C A U S S I A N
C -~U A D R A T U R E .  •

C 3 M I I ’ O N I u $ T / C ( 2 4 ) ,~~( Z 4 )
C C1 ) .9 3 77 10 1

-
* cCZ )= .9333017

C ( 3 ) z . 3 4 12~~58
C (4)= ,97O5c1S~c (5)a.952c~~77cc~C 6 ) =; 313!~ 6c
C (7) .905b7914

57202
C (fl .~ 43S~3~ 26
C ( 1 0 * .!0 7 0 6 6 2 2
C (11 ):.7671 5903
C ( 1 2 ) a .724 0341 3 — —

C ( 1 3 ) 2 .6 775?2 33
C ( 14) : . 6 2 E 8 ~~76 .O
C ( 1 5 s .5 7 7 2 2 4 7 3

• C (Th)=.5231609?
CCI 7)= . ‘.66c.•) 2 90
C (1€)* .4C~~3o4 5

C (23 = .2373o2’.9
C ( 2 1  ) .Z 2 ~~7~~37
C ( 2 2 ) = . 1 ô 1 2 2 2 3 s ~C (23) .97CC46 9~ _1
C ( 2 4 ) = .3233 10171€_ 1
.(1)= .31533’.~ 1~~—2-

* i ( f l - = .7 3 Z 7 5 5 3~~~~Z
~ (3 ) .1 1 4 7 7 2 3 5 € — I

~
( 4 ) = . 1 5 5 7~~3 1 6 € — 1

~ (5 ) .19~ 1~ 1~ CE_ 1
‘.Có) .23570761E-.1
i(7)= .27426510€.1
1(5)2.31167225 :_ i
‘(5)2.3’.7?7Z23€—1

.3824 135 1 5—1
( 1 1  )x ,4 1  S 4 5 O ~~3 S—I

.(1Z)= .44674561 ~—Iw ( 1 3 )  :.47~~1 0653  5—1
u (1 4 ) a • 5035 036 ~—1m ( 1 3 ) ~~, 52~~9 Ci ~~9 5 1
.(1~~)= .551995O4E— 1

~( 17)2 .57~ 7729 2~ — 1
d C 1~~

) = . 5911  4 8 4 3 € — I
l ( i f l* ,~~O7 C . .4 3 5 E—1
I ( 2 3 ) z .6203 4 3 3 t — I

• ( 2 2 ) 2  .63~ 2~ 23-~ ~—1
• (~ 3) • 4 6 o 1  es
• (2’.)*.~4737,597~~1
~€T uRNE~ o

3—14
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TM No.
3 17, ‘~ - 791132

23—08:S5 :16— (O,) - _

S UBR v UT INE F C T ( A R G , A R G 1 , A R G 2)
C T H I S  S U B P R O G RA M  COM P uTES T H E T W S T A P R I M E  I N - T E G R A N D
C s I M ( T H E T A P q L M E ) * o O ’ . z * ( I N T E c ~aA L  O V E R  P H I P R I M E ) .  • - 

-—

C - INPUTS S T N a S I N ( T H E T A )
C C T N S C O S ( T H E T A )
C ~~~~~~~~~~~~~~~ 

-

C PH I R 2 P H I ( RA O )
C A S P E C T
C I 5 , 4 A P E = Ø , 1 , ~~ ,~~,q 3
C RG~~Q
C C ( 2 4 )
C ~~( a1i) -

C OUTPUTS A R G I S R E A L  PA R T
C A R € Z Z I M A G L M A R Y  P A R T
C ICCUNI NO .O F PHIP.RIM~ POINTS / 48

C O M ’ I O N / B L U E / A S P  ECT,  L S~4A P E
Cc :4muN/tusT/C (24),~~(~~’.)
C ’ O M M O N / G R E Y / G w E F R ,Bu C R , I C O U N T , S T H , C T W ,PI
C O M M O N / P I N E  / R 3 Y ~ C, PHIR
S Z S I N ( A R G )

t CO SCO S (A RG )
C O C  114 aC D,C TN
S S1i$~ S * SIN
N 1+LMT (PI .S/(1GO .*GIOR))

A R G  120.0
A RG 2 *Q .Q
ARGII SC.O _ -
AP6 IZ*O .Q

* ICOU NT ~~
L F (ZSHA PE.E 4 ~.~~.CR .IS HA PE.EG .3) GO TO 604
I F C XS H A PE .EQ .1 ) GO 10 635
ARG 3Z S G R T ( Q . 5 . P  l * R C i ( O FA S P€ C T ) f S
IF(?HIR .EQ.C.O) 60 10 6436
A R6 3 S A R G 3  SP EC I
GO 10 606

AC’. IF(1S34.*PE.E G.O) AR6 J~ SQ RT (2.C.RC~ O)*S
I F C L S N *PE.E~~.3) ARGZ* il .5.PI.R0K3 .(I.O~ CO )
LF (ISWA PE.EG.3 ,ANO.s .LE.O .Cl ) AQ~.,3 !.25.P1.’r3K~~

.(*pG..2)

GO TO 636
OCS A RG 3 z S i R 1 ( P L * k O ~ O * G , 5 ) . S
oC6 E~~4*FL3A T (?fl

IF (f,.EO .1) ~a 43 IC o22
!F (~~~EF R,c ~E.8~ O 4/ S ) GO TO 623

~ZZ ~~~~~~~~~~~~~~~~~~~ GO TO 6Z3
I F (-DAB S (S— S T H) .LT .a .€F R GO TO 6 1€

623 € * P I / ! N M
A zp1—C.5*5
L21
50 10 625

6 1 f f  S ( P I — E w E F R ) / E N , ’~A = P 1—0 • 5 • 2

o25 DO o~~6 J * 1 ,NMNN - 

3 15
C

~ * 

I 
__________ _______ _____ ___________ _____________________________

L -

~~ 
- 

- 
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T’l Mo .
791132

61: 44

81; 00 ~~43 1=1 .a.,
~~~~~ _ I~~~ — 1  •

~.4’d I~~ —

o r.~ I F L O A T  ‘~~~ )

PH:PRz = .~~a’c (I) ‘(1 .5—o~ A Y )
CCS. NU 1COC1H+SOT ,I2CO~~(P1’ IPR ’
CALL  FC~~P H ( C O S N U , V A L 1 , V A L 2 )
L L AP E.E~...C.CR.I3HA?€.E~~.3) GO 1-0 607

P~~1 C O S ( ~~M I P R I  )
SP~~1 S I N (~~N L P R I  )

A. ~3 ) : A R G 3 * 5 P R I
IF (ISHA PE .E~ .’) GO TO ~12IF ( P N I R . E Q . C .O )  GO TO ~16
AQG S A R G S / A  SP E C I

- * GO 13 ~I Z
6i -~ AR3 5 A RG 5 * * S P€ C T

4 6 12 I F ( * R G 4 . E ~~. ,J )  60 TO ~08
- * - 

C~~~SIN (A RG 4)/A R .~4
G O TO 609

-~3S ~O=1. C
&~ I~~(AR6 5.E’~.C.3) GO TO ~10)0~~~O e S L N ( A R G 5 ) / A ~~65
3 1C C A C : ( D O . - . 2 ) a .( L)

GO TO ~ 1’.
o07 FA0 .(L)
o1~• A i A R a ’•FAC C ld ~~L 1
~17 A~ SZ*ARG 2+FAC iV ~ L2
~C3 CONTI NUE

IC OUNT ZCOUNT +1
:FL.EO. 3) ~o TO 621
* =~~ —a

6 2 6  C O N T I N U E
F A C  :8*5
I F ( L . E G . 1)  GO T~O 626
L23
A R G I  1 * R 6 1  ~ F A C
A i ~G I ~~ A R 3 2• PA  C
A R G 1 O.0
ARG 2=C .0

&5 O  .~~b
N ~ -N N = 1
GO TO o~~5

o21 ~A C 3* S
• A ’ j 1 A O ~~1 ’ F A C + *  ~G 11A R G 2 A R a 2 * F A C . A  ~G 1Z

so To o29
~2E 4~ c1zA ~ G1.F~ c

A R  3~~s A R G 2  S F AC
~2c IF (IS A PE.€ ; .1._ ?.Z A :s.€o. ,, (~3 13 6 1 1

:F (A~.G3.EO.0.C) GO TO ~0i: F (  L S N A ? E . ! O . ) D C = 2 . ’~’ S S L G 3 , 3 ) / ~~R~~3
1 F ( I A P € . € t ~. 3)  D - - S I N ( A R G 3 ) 1 ~ ~~~

oo
t O I  : 2 = 1.0

~O 2 C C N  LNU E

3—16
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TM No.
~ Z N ‘4 

- - -  
791132

TPNL
23—08: 35 :3 9 — ( O ,  )

SUBROUTINE FCT Ppe~~(COSNU ,VA L1 ,VA~~~)
• C THIS SUBPROGR AM COMPUTES THE PHIPRL.ME I NT E SR A MD ,  EXP (J~~R)ft!(COSNU).

C INPUTS COSMU -

C 
- —  VA LUE I (225)

C • VA LUEZ (22€ )
C - OUTPUTS VA L1 a R € A L  PART
C VA L 2*IMAG ZNARY PA R T

C Q M M~O N / R E D / V A L t j~~1(~~4 O ) , V A L 4 J € 2 ( 2 4 3 )
GMU A C O S(C O SN U )
C 1  .0 E04 * G N U
I S I N T ( C )  *

• I F ( I . G T • 0 ) . G O  IC SCU
V A L 1 VA LU E 1( 1)  -

V A -LZ V A LU EZ- (1 ) - 
- 

.

R E T U R N
Li 

5- 

~0~~~1FCI~~LT.1C) GO~~1O 502 
- - - - —

I F (IaGE.I CO ) 50 10 501
C 1000.*GNU+9.
GO TO 506

501 IF (X.GE .13000) 60 10 504
Cz100.*GNU,18,

~~a—ro 5a6- - -- - - —- - —-

504 I F ( I . G E . 3 14 0 0)  GO TO SC?
-
~ C=50 . *6Nu.63.

60 TO 506
507 ~A L1 zVA LUE 1(2 2 5 )

V A L Z*VA LUE Z (Z25 ) -

~~~RETURN - 

- 
- -

506 I=LNT (C)
502 CII2C— FLOA TCI )

V A L 1 3V A L U E 1  (I)
V A L 1 * V A L 1 + ( V * L U € 1 ( I + 1 ) _ V A I _ 1 ) . ( C L L )
V A L Z V A L U E 2 ( I )

- 
V A LZ 5VAL2 +(VA L U E 2 (I + 1 ) — v A L Z ) . ( C 1 1
~ ETUAN

3-17
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- TM No.

...ZN 791132

Z 3 — O 8 : 3 5 : 5 ~~— ( ’0, )
SUBROU TINE M~S I CR (TnETA ,BOG,BOGAP )

• PARAM ETER MPTSZ200
C PE TER S M I N E R  APR 1977

-- C O M M O N / IA N / SA N G E
CO MM ON IS L UEIAS P E C T ,LS HAP€
CO M M O NIP U R P LEI M PO INT ,A AR -R A Y (M P IS ) ,Y A R R A Y C M P T S ) , Z A R R A Y ( MP T S )

- C O M M O N I O O R A E /  C H LDB ,A L F& RO ,D OWN SR ,GA IN ,FA S E , N A P F A C
COMN ON /P tM K /R CX., ,PH IR
NP O IN 1 ’ZN POINT+ .l
1F ( M POIN T.GT .MP tS) GO TO 50

- X * SR AY (N PO INT ) THETA -

YA R RAY (NPOINT ) * 8DG
ZA R R A T C N P O I N T ) bD GAP
RETURN

5~ 15118 (4 ,20CC)
2000 F O R M A T V  PLOT S T O R A G E  O V E R F L O s ~~

)
N PO IMT M PTS
R ETURN -

C
C PLOT C U R V E

E’~T R Y  MMP LO T - 
- 

- -~~~~

C AL.. M O 9R~~R 
-

I F ( M A P F A C . E a . 3 )  GO TO 101
C ALL T ITLE C ’ # , _ I , # TN EIA ( D EG ) ’ ,Il ,’E DGAP ( D8) ,11 ,o ., 7:)
GO TO 132 -

101 C AL L TITLEV #,_ 1 , a THE T .~ (DE G )_ .11, #B DG (DBV, ~~,;.,?.)102 C A LL N OC H E~
- C ALL FRA M E

C ALL GRAF (— 4 5 ., 10.,45.,—?O. ,10.,3.)
CALL X T IC~~S (2)
C A LL YT ICKS (Z )

C C ALL DOT
C C ALL GRID (2 ,1 )
C C ALL RESET (’OOI’)

IF (P.A PPAC.E~~.3) GO 10 103
CALL C U R V E (X A R R A Y ,Z A R R A Y ,NP O IN T ,O)
50 10 104

103 C ALL C U R V E (A A R R A Y ,’ !AS RA Y,NP OX NT ,O )
* 106 DC 100 I*1,NPO LNT

- X A ~~ RA Y  (I ) :~ XA RR  AT (I)
100 CO N TINUE

IF (N A P FAC .Za.O ) 60 10 105
CALL C U R V E (A A R R  &Y ,ZA RR A T ,NP O I N T ,C)
GO TO 1CÔ

105 CALL  C U P V E C X A R R A T , Y A R R A Y , MP O I N T , 0 )
C • 

. -

C SLoT VA R I A B L E S

• iCo 1 15N* E+1
60 10 (i5),16-3,17O,1~~0), I

1S- _ CALL ME SS (‘C I~~C~~! ,6,.5,6.~
)

60 10 200
160 CA LL MES SAG (~~~~LA RE ,L ,.5 %6.3)

GO TO 200
170 CALL MESS A GV RE TA ’~GL€ ,9, .5,6.3)

GO 10 200 3-19
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TM Mo.
791132

~~~~~~~~ ••~~

~~ CA L M E 3 S A G ( ’ E’ . J F L c : ’ , 7 ,. 5 , - ~ .~~
)

00 CA LL  M E S 3 A ~~V 6 A ~ N 2 ,7,.~~,6.!)
A V A L ,.SsGA ~.N

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~
- A LL M E 5 5 A G ~ D~~

’,3 , A BUT ,o.5~
C A L L  d ! S S A G ( ’~~h*S !  : ‘.3,.5,0.2)
A 1 A L U E z F A ~
C A LL  REA L N O ( A J A L U E ,  ICI, A B UT ’,6 .2)
CALL M E S S A 6 V  0E6~~,

# A8UT ,~~.~~)
L - ( S N A P E . N E . 2 )  GO TO 25 .~ -CA LL. • E S S A G V A S P E C T  d ,9 ,.5,~~.) - -

A -~A LUE A 3 RE  CT
CALL R E A L N O (A V A L U E , 1 0 5 , A BU T #,.9)
C .*LL M€SS A ( P14 1 ~,6,.5,5.6) •
I F ( a H I R . EQ .~i.) A V A L U ! 0 .
IF (Pp,LR.PiE.G .) AvA ~~ €~~0.
CALL R E - A L N 0 ( A ~~AL U ! , 1 C 2 , A 9 u T , 5 . 6 )  

— —

C*LL M a SSAGC ’ O!G~~, h , ’A 3 U 1’ , 5 . 6)

- - C PLOT VA R IABLE S, R IG HT SLO E
25C CAL I.. MESSAG( Cn 1

A V A L U E~~C M1D3
-*LL REAL ~~O (i4LUE ,1C3, A 9U1’~~~,3)

CALL ~ E S S A G V ~~~~~,!, ’* 5 - U T ,6.~
Q )

CALL ME~~~A~~
( A L r A R j

A Y A L U E .~LF AR C
C A LL P€A L .~O (AVA L U E 1 iCe , A’1JT ,~~.5)C. ~LL M E S S A G ( ’ ~ ,3 , A: uT ,~~.5 )

• 
~A L~ -M E S S A G V F O / F  S ‘,7,~ •5,~ •f l  

-—
A ‘i AL U 201) ~ MS S
CA ..L R E~~L N 3 ( A V A L U E , 1 O3, A3uT ’,~~,2)

# ,7 ,o.5,5.9)
JS4 A 4.UE SROK
C A LL S E- L H - ) ( A V A L U E ,  Ii~ 5 ,‘A 3L1 ,5.9)
IF (RANGE .LT, .0 .- ;C) 30 TO 210

* 
CA L L  ~ E S Z A 5 ( ’ R/ ~~0 ~ ,7 ,6 .5 , 3 . .~

)
A,A LL~E=RA NG5
- A ~..L R E A L~~O ( . A LO E , 1 04 , A e ~~’ , S . o )

~D TO 220
211 CA LL •~ 5~ AG ( INFINZT5 ~A NG E ,14 ,ó.S,-5.3)

• ~20 CA LL E-N~ ?L (—1) - - - -  - -- - 

- 5 — —

3-20 •

-
, 

- -- 
~~~~~

- .



REFER ENCES

1. R.H. Mellen , “ Nearfie ld axial levels of exponentiall y shaded end—fire
arrays,” J. Acoust. Soc. Am. 61, 599—602 (L) (1977).

2. R.H. Mellen & M.B. Moffett , “A numerical method for calcu l ating the
nearfiel d of a parametr ic acou stic source,” 43. Acoust. Soc. Am. 63,
1622—1624 (L) (1978).

3. M.B. Moffett, R.H. Mellen , & W.L. Konrad, “Parametric acoustic sources of
4 rectangul ar aperture,” 43. Acoust. Soc. Am. 63, 1326—1331 (1977).

4. MB. Moffett & R.H. Mellen, “Mode l for parametric acoustic sources,” 3.
Acoust. Soc. Am. j~, 325—337 (1977). -

5. R.H. Mellen , “Nearfield beam patterns of exponentially thaded end—fire
line arrays,” J. Acoust. Soc. Am. 60, 505—506 (L) (1976).

6. J.E. Blue , “Nonlinear Acoustics in Undersea Coninunicatlon ,” U.S. Navy J.
Underwater Acoust. ~~~~, 177—187 (1972) (publication of the Office of Naval
Research).

7. H.O. Berktay & D.J. Leahy, “ Farfield performance bf parametric
trans&tters,” 43. Acoust. Soc. Am. 55, 539—546 (1974).

8. M.B. Moffett & R.H. Mellen . “On parametr ic source aperture factors ,” 43.
Acoust. Soc. Am. 60, 581—583 (1976).

9. J.N. Lyness, “Notes on the Adaptive Simpson Quadrature Routine,” J. Assoc.
Comp. Mach. 16, 483-495 (1969).

10. M.J. Goldstein, “Adaptive Simpson Quadrature,” NUSC Technical Memo 771142
(12 July, 1977).

11. P.J. Westervelt, “Parametric Acoustic Array,” 3. Acoust. Soc. Am. 35,
535—537 (1963).

12. H.0. Berktay & J.A. Shooter, “Nearfield effects in end-fire line arrays,”
J. Acoust. Soc. Am. 53, 550—556 (1973).

13. M. Vestrhelm & H. Hobaek, “Angular Distribution of Nonlinear ly Generated
Difference ~requency Sound,” Proc . S,~’inp. Nonlin. Acoust. Univ. Birmingham,1971 (British Acoustical Society, London), pp. 137-158. -

14. H. Hobaek & S. TjØtta, “Theory of Parametric Acoustic Arrays,” to be
published in 43. Physique.

15. H.M. Merkllnger , R.H. Mellen , & M.B. Moffett , “Finite—amplitude losses in
spherical sound waves, 43. Acoust. Soc. Am. 59, 755—759 (1976).

- 

- 

-5

— ---5—- - - — -  —- -5-- --- —.--— ---- - — —- —-5--——.
- -  — -- - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— -----— - - _ -- 5— ------ - --- •


