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An immt feature in the performance of an underwater transducer is the

distribution ot t'hfl Baum pressure that is produced in the tarrield. i.e., at

distances tar enculqh firm the transducer so that the angular distribution does

not mange with increasing range. The (artield pressure distribution canmt

easily be measured directly for large aperture transducers because at the large

distances involved. This difficulty encouraged efforts to determine the tartield

distribution from mutants esde in the nomield of the transducer. one
successful mthod which resulted {run these efforts is based on the Trott

M32me calibration array (urea) amcept [1,2].

the tirst m's were large planar receiving arrays atwell pieooceranic
hydrophone elements configured in a square or circular grid [3,4]. The

izaiividusl element responses of the m are shaded so that it responds to only a

single plane-wave exponent of me sound radiatedby aprojector placed within a

volun in m heartist of he uses, i.e.. the array is e plane-«ave filter. For

planar m's the direction of this consonant is usually mrnal to the m. The

entire tartisld radiation pattern at the projector can then be obtained by

rotating it within the heartleld volume.

Trott recognized that a W constructed with reciprocal hydrophane

elennts and used as a projector would produce a nearly uniform plane wave aver
the lam vole and frequency range {or which it is a plane-wave filter. as used

this tact to help his obtain suitable awlitude shading coefficients for the
tirst mm. as a projector the m can he used to calibrate somatic

receivers. :.

tn i973 we derived on analytical mssmn for the reciprocity principle
that is the basis {or the success of the m [5]. Using this reciprocity

principle we then developed a mnerical mutet-based procedure that provides an

optima (in a least—squares sense) set of shading metricients {or any m
configuration, martield volume. and {requenq range. ‘mis procedure .111de the '

subsequent developasnt of s steered planar m [6] and a conformal qlindrical

m [1].

In Chi-B PIP" '0 dim 9'18 MW: dOllsn. construction, and use or
m's. we illustrate the concept with ten eagles. one is a recently
developed 5-50 rs: cylindrical m that utilizes only a single line or
pierocersnlc oleusnts to synthesize _a virtual qlindrical array surrounding the
transducer and is suitable tor unmet tanks on snall as about 1.5 In in each
dimnsion. no second is a planar m which we are presently «when: the:
utilizes piezoelectric polymer uni is unable up to Ingehert: trequencios as both
sprejectorsndareceiver. this ounnrmmalsobetoc‘mdtoobtainthe
angular pressure distribution at transducers at distances interndiate between
the martield and the tarricld.
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l . theory

The theoretical basis for the m concept is the m reciprocity
principle [5]. Consider a receiving array consisting of N acoustically stall
wnopole hydrophones. Comider also a volume V in the neartield e! the array
(see Fig. i). If the receiving voltage sensitivities H . n - 1.2. .;.N. of the
hydrophone elemnts in the m are chosen so that Eor avery point r in V the
[allowing relationship is satisfied

:1. :- m[_u|;"—-I] - n [A/m2]exp(1x;-3) . m
n-l n -rl a

then the open—circuit voltage w generated in the um due to a radiating sound
scum placed within V is given by

w - [Hoklwzlfih . ['2]

Here r“. n-l.2.....u. denote the location at the elsmnts in the m, k is the
wavelength. x is the wevenulaber - arr/A, I is unit receiving sensitivity equal to
lV/uPa, n is a unit distance equal tol n, and e is a unit directional vector.
The quantity {(8) is the far-field pressure distribution of the sound source.
1.0., the acoustic pressure at a {afield distance 11. divided by 85‘? (-flLh/s to
M the dependence on R. The tarfield direction is denoted by the unit vector
3. ‘me assume harmnic time dependence expuut) has been suppressed.

‘me quantity Mike) is a plane wave propagating in the -e direction.
Il'hus we can interpret liq. (l) as requiring that the em. if reciprocal and
driven as a projector, produce under free-tield conditions a plane wave
throughout a finite volume V in its nearfield. Equation (2) states that the m
is a plane-wave lilter tor sound emanating free: within V. m m need not
actually be reciprocal. 'me requirsmnt of Ba. (1) is based strictly on the
receiving properties of the m. However. it the m is reciprocal, it can
also be used without adjustment as a projector to produce a Flame region {or
ulibrating receiving transducers and arrays. Otherwise, the elements of the
m oust be readjusted so that their trmtting current responses Sn satisfy
an equation similar to 2g. (1).

5: p convenient to replace s" Ln :4. (1) by x'emxfin-e) men the factor
expukrn-e) is the shading necessary to phase the Era to the plane normalzto e
that passes through the origin chosen for 2". He also mg the factor AA: to
the left-ham! side 0! Sq. (1)1nd call the emblmuon "lab [I the m shading
contagich w . These coefficients provide the shading. in again-an to
Winn-o). that is required to produce plans-slave conditions throughout V.

M optimum set of shading coefficients can be obtained as follows (or any
m configuration with a prescribed plane—wave direction a. volume V. and
trequena] range n. Here a point E end an angular frequency«a are selected
:my tree V and n, respectively, and substituted into‘zq. (l) to form a
linear equation in the N unknowns V“, n - 1,2,...N. Ie repeat the procedure III
time until an over-determined set at simltaneous equations (i.e.. ms) is
obtained. is then obtain values {or theshading coefficients In as the least—
nguarss solution to the )I equations. Khan H is Inch larger than ll (typically )1
is diam greater than about 10m) and when V and n are well represented by the

Proc.l.O.A. Vols Pena (1984)  



 

Proceedings of The Institute of Acoustics

NE‘ARFIELD MENTION ARRAYS FDR 'I'RANSWCER EVALUATION

roman choices for i and u. the least-squares solution #111 tend to stablilize.
At this point, an increase in II will not increase significantly the plane-wave
uniformity, even though the individual shading coefficients may change somewhat.

the optimum Set of shading tic-[flaunts is taken to be the solution when

stabilization hasoccurred. 1111.3 aethod is best implemented using a digital

computer such as the VAX-lll'lao at Herr-us». The shading coefficients are
usually complex numbers, representing both amplitude and phase shading (in

addition to the factor Wm -e)). Real shading coefficients can be obtained

by separating Eq. (1.) into re and imaginary parts and solving theresulting 2H

simltaneous equations. The plane-wave uniformity produced using real

coefficients will be somewhat less than that produced usingthe corresponding

complex coefficients. The shading ceetticients should beevaluated by back

substitution to deter-nine it they produce acceptable plane-wave uniformity

throughout V and n. It they do not. then either the array configuration must be

changed or the heartield vohm and/or trequency range reduced.

:1. 5-5:: us: Syntheticcylindrical m

m cylindrical m, as shown in Pig. 2 together with a piston transducer
to be calibrated. consists of a number of identical, parallel. straight-line
hydrophone arrays. all normal to e and configured to a circular qlinder

surrounding the desired near-field volume V. Rather than constructing the entire
cylindrical array, it is tar easier to synthesize it by using only a single line

array. '1!) do mis we rotate the transducer to be calibrated about an axis
parallel to the line array and make measurements at each at the angular positions

corresponding to a line in the cylindrical NPCA.

Shading coefficients for the cylindrical hm are best obtained using a

two-step versionof the procedure describedin Sec. 1. First we obtain shaming

coetticients e . q - l.2.....9, fer the elements in each line so that the line
produces a he by uniform outgoing cylindrical me throughout the desired voluse
V and frequency range :1. he sat: set of coefficients is used for each line, both
for reasons of mtry and in order to use a single line to synthesize the
qundrical um. Next each Line in the m L1 shaded externally: i.e.. the
same coefficient B is applied to every elementin the lth line so that the

filindrical m produces a plane-wave throughoutV in the azimuthal direction
e. As described above. the plane-wave phase term mm] ~e) is factored from
the shading coefficients. 'me resultant shadingcerflciefi‘t for each hydrophone

(Lg) is given by the product s‘oq.

the shading coefficients a are permanently installed during construction
at the line. The external line Shading, however, is applied. via amputer

eottnre. by multiplying sad: at the coeuicients 3!. together with the
amropriate plane-«ave phase factor, times the corresponding measured responseat
the munapoeitioninthemandsmingthenproauctstoobtalnthem

response. using asingle line array to synthesize the cylindrical m allows us
to tailor the m configuration to the transducer to be calibrated. He can vary

themradiusandthenuflzerotlinesinthearrayoververybroadnmltsam

oupute external line shading coefficients that are appropriate for the selected

m antiguratlon. '

no chose the line of hydrophone elemnts used to synthesize the cylindrical
m to be 1.193: m (47 in.) long and to contain an pumzmc emu spaced
2.54 an apart. center-to-center. m elemnts are capped n'b-q ceramic filinders

1.27 em both in diameter in! length. my are “Faded in circular rubber

aunts that are centered in a qlindrical vire fitment): designed to ensure that

18 Proc.l.O.A. V016 Part3 (1984)  
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the elmnts are accurately position in the line. The entire framework is
encased in a butyl rubber tube and tilled with deasrsted castor oil. The line is
suitable for um operation over the frequency range from about 5 has to 50 tun.
It is convenient to establish a cylindrical coordinate system (r.9.z) relative to
the line srr'sy centered along the r-ans. He chose the cylindrical-wave vellum
to be that contained within the planar mus z—0.3 mand M3 u, the
inner cylindrical surface r-o.l I. and the outer cylindrical surface
r-o.6(!/t°) II. were ED-S has and t (equal to u/Zn) is the desired frequency.
'mus the outer radial limit of the nearfield volun increases from a nimsnn of
0.5 I at 5 kn: to L9 u at 50 has. “mi: increase translates into potentially
larger radii for the cylindical m at higher lraxusncies an! is consistent with
a corresponding increase in the Rayleigh distance (or the line.

For convenience. we mmlired the shading coefficients by the elmnt
spacing and set the shading coefficient tor each of the center 20 elements equal
to unity, with no noticeable sacrifice in the resulting allindrical-wave
uniformity. we then muted the retaining 14 unique coefficients (using top-
bottu symtry) based on son rm selections of both frequency and nearfield
position. in casputed real clennt shading coefficients for the line primarily
because it is easy to inplemnt mlitude shading passively. Ilhen we Zoned the
ever-determined set of equations to cmpute the internal shading coeftients, we
tirst selected the {requenq randusly {rm 5 to 50 )tfl‘r. adjusted the outer radial
limit of the nearth volm accordingly. and then selected the position
rsndasly from within the resulting neartield voltne. The resulting values a ,
q-1,2....,«. very true 0.195 to unity. lie evaluated the qlindrical-vsve
uniformity produced by these shading metticients throughout the frequency range
from 5 to so has and the specified near£ield volume and found an average
variation of about 3 percent in amplitude and 2 degrees in phase.

lie isrpleannted the cath shading a during construction or the neufield
line array as follows. First we purchasean large umber of ceramic cylinders
representing several well thicknesses. we then neasured their sensitivity H and
capacitance C and selected cylinders m relative ll: product was equal (or
nearly so) to each or the coerlicients a . since we intended to connect all of
the slants in the Line electrically inq‘parallel. their individual responses add
to the m response according to their )8: product rather than their
sensitivities. He were able to match so of the coefficients in this manner. we
matched each of the mining I would.an by adding a mall capacitor in
series with aWilmer.

We tested the martield line array in NRn-USRD's pressure tank by using it
to calibrate a large piston—type transducer. called the fish. whose dimers: is
seen. mmseuretankisanenclosedcircularcylimerotlengthllsm
dancer 2.: I. we upended both the m and the martian line vertically nesr
one-Mort'hetankviththeirarsssoasapart. 'mecthceorwcntorthe
ruins of the cylindrical m is met arbitrary; it could have been as small
as about 35 cu for the D“. m xnnwas driven electrically by a pulsed
sinusoid of the desired trequeno/ and with a pulse length sutticuntly long to
ensure steady state both acoustically and electrically but short enough to avoid
intertsrsnce {run unwanted acoustic reflections from the boundaries or the tank.
lt'he open-circuit voltage developed in the line was Insured at 360 angular
positions. I. degree apart, as the net as rotated. he assured signal as
digitiud an! passed to a PDPli/SO mter Ihere it was analysed using the
Discrete Fourier muster-n (on) to obtain this equivalent CI! mums and phase
at the received signal for each angle of rotation.
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Prior to processing the acquired data. He computed the external shading

coefficients 9., l-l.2. ....!a. necessary to synthesize the full cylindrical m.

to ensure that the lateral spacing between lines not exceed 0.8)» we chose I. - 30

for frequencies {ran 5 to lo has and I. - 120 for trequencies from lo to so )ulz.

we round that only the 180 degree sector of the cylindrical array centered about

the desired asimthal direction e is useful in producing a plane—wave region.

This allowed us to reduce L to la for {remotes iron 5 to 10 ha: and to El for

frequencies from lo to so has. In addition. right—left symetry reduces the

lumber of unique shading coetticients to e and 3l respectively. We obtained

shading coefficients for each of Ehe two trequenalranges by totaling 400 over—

determined equations in the unknowns B‘.

we then promssed the acquired data with the shading coefficients to obtain

the azimuthal farfield pressure distributions. Results for 5, Lo. 20. and 40 kHz
are she-m in Pigs. 3-6. the solid curves are distribution measured in a lake at

a tar-field distance at 11.3 m. The X's indicate computed farfield values

obtained using the synthetic cylindricalm. Computed Earfield values at

angles intermediate to those shown hereare in equally good agreement but arenot

shown in order to avoid clutteringthe curves. The small ditferences between the

results at 5 k5: are believed to be real since the lake results were obtained 1

year prior to the m results. The even better agreement between the m and

the lake results at higher frequencies supports thisview.

III. Piezoelectric Polymr use:

he the frequency of operation increases above so ltfiz, it become more

difficult to construct W's using conventional piezoelectric ceramic elements.

one reason for this is the increased positional accuracy that must be maintained
at higher frequencies. also, with a higher density ofelements (the spacing

between elements met not exceed about 0.”). the required acoustic transparency
of the m becomes more difficult to achieve. Fortunately. recent advances in

piezoelectric material—s provide an alternative to discrete ceramic elemnts.

we are presently constructing a spell prototype (0.24 m in diamter) or a
planar m utilising piezoelectric polymer W as the active material. Unlike

earlier receive-only m's. this one will also be useable as a. projector. The
design is shown in Pig. 7. The PVDP is attached to a backing plate fabricated

(run arigid plastic material that is made as acoustically transparent as

possible. The use or amaterial that is acoustically transparent eliminates

potential measurement problems due to standing waves between the transducer and
um m. A thin printed circuit board with abuns—eye electrode pattern is

sandwiched between the WI)? and the backing plate. The cosmn ground electrode
for the M? is provided by a cover sheet at nonpietoelectric DVD? that is fully

electroded on one side. Separate electrical leads are brought out of the m

for each of the annular bands, and the m shading, one coefficient per band. is
applied externally. we notethat the use ot a continuous array rather than
discrete hydropnone elements greatly extendsthe upper Erequencylimit or the
m. For M? as the active material. this limit can be above 1 m.

m M? m was conceived originally for use in NED-USED'S pressure tank
for calibrating high-frequency transducers such as high-resolution sonar

receiving arrays. Since high-resolution sonars are olten used in situations
where targets are located at distances intermediate between the neariield and
(mum of the receiver. it is useful to be able to determine the angular

pressure distribution of the receiver at these intermdiate distances. we have

recently developed a generalized version o! the m reciprocity principle that

20 Proc.l.O.A. VolG Part3 (1984)  
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applie- to this can. As indicated. in 21.9. a, the m is shaded to mm,
thrauqnaut the martield vol-u!- V. a unich spherical wave that appears to
diverge trail the field point R. When the Hm is used ta calibrate a transducer
placed within V; the resulting angular pres-Inn distribution correspond: to the
field position R. we obtain the conventional was by letting the field position
approach infinity so that the spherical nave racemes planar. We have tested this
tom-ed m concept numerically and found that shading coetficilnts appropriate
tar plane-wave mndlticns are equally suitable for focusing if we multiplythe
shading cgegtigiWE £3: each annular band by the phase tactur
mLikii ill 4d“) -tlli i]. where an 13 the radial distance from the center of the
bull—«ye electrode pagtern to the center at the band. This approach does not
work very eel}. when Iii beams very small. War. in this case we can make
direct measure-ants of the Pressure distt'muticn and do not need a m. m
WI)! arm has many otherapplic'tlann as a plane—Have projecter and/or receiver.
For example. it can be used to perform iarfield scattering wasuremnts in small
uasuxenem: tanks.

IV. M

The HE: is a pmven concept to: determining the infield performance of
underwater transducers iris-s measurements made in the neaziield cf the
transducer. The arm can be “and as either a receiver for calibrating projectors
or as a {Injector for calibrating receivers. We have developed a allindrical
receiving H'PCA suitable tor uperaticn from 5 to 50 Jul: that can be used in
measurement ranks as small as 2.5 is in each dimension. we are also developing a
plan: was utilizing M? as its active Interial that can be used up to
mahertz frequencies as both a projector and a receiver, m1: N'Pcn can also be

focused in order to determine the angular pressure distribution oftransducers
such ashigh—resolution sonar receivers at dutancee internment: between the
neuth and the fartiela.
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Fig. l. Geowenry of the problm. “"‘5‘

Fig. 2. Cylindrical m-‘ca.

 

Hg. 3. Fatfield preasuta distribution h 2at 5 kHz:_ “flatly “fluted; Pig. lo. Fan-field pressure distzi u ion
at 10 kHz:— directly muuud;X Wu ""1" X HFCA ruulta.
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Fig. 5. Farfield pressure distribution Fig. 6. Farf1eld press“: distributiun
at 20 kHz: — directly measured; at £0 km: — directly neuurgd;
x N‘FCA results. X INCA rilults.
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