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Near-field transmitting and receiving properties of planar

near-field calibration arrays

Arnie L. VanBuren
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The planar near-field calibration array (NFCA) was developed by Trott [W. 1. Trott,
Underwater Sound Ref. Rep. No. 55 (1961); also J. Acoust. Soc, Am. 36, 1557-1568 (1964) | -
for use in determining the far-field acoustic radiation from underwater transducers by
measurements in the near tiekd. As a projector, the NFCA produces a nearly uniform plane
wave over a large volume in its near field and over a large frequency range. As a receiver the
NFCA acts like a plane-wave filter for acoustic radiation (or target scattering) originating
from within the planc-wave volume. Thus the NFCA can be used to determine the far-field
performance of both receiving and projecting transducers. In addition, it can be used to
insonify nearby targets with plane wavés and determine the resulting scattered far-fickd
pressure. Barlier papers concentrated on the geometrical design of NFCA's and the
comptitation of their relutive element responses (or sensitivities) for a specitied areay
configuration, near-lickd volume, and frequency range. This paper provides analytical
expressions for the near-tield transmitting voltage and current responses and near-field
receiving voltage and current sensitivities of a planar NFCA. The paper also provides
information to aid in the NFCA element selection process, espectally with regard to shading of

the NFCA.

PACS numbers: 43.85.Vh, 433081, 43.300Y4, 43,300

INTRODUCTION

Tron' " developed the planar near-field calibration ar-
ray ENTCA) for use i determining the far-lichd acoustic
radiation Trom anderwiader transducers by measurements in
the near ficld.

The phuar NFCA is a farge array of smadl reciprocal
transducers (elements) that are arranged in o geid that is
wsualtly sguare but can be circular. hexagonal, or any other
pattern that disiributes the clements somewhat uniformiy
over the array . The relative acoustic outputs of the elements
are selected so that the arvay. when driven as a projector,
produces i nearly uniform plme wave over anvolume Finits
near ticld and over a wide frequencey range £ As seenin Fig.
1. the direction of the plae wave - ¢ is asually normal to
the NFCAL A transducer to be calibrated is placed in the
pliance-wave volume, and he NFCA isused asareeciver. The
response of the NFCA s chen proportionad to the fue-lickl
pressure distribution f180) of the transducer in the direction
opposite to the plane wave, The Gar-ficld pressure distribu-
ton is defined as the acoustic pressire produced by the
transducer at the fur-fickd distance R divided by the factor
¢ R ZR wremove the distance dependence, Here the wave
number A is equat o 2774, where 4 is the winelength and R
ts the far-field distance as measured from the center of the
NIFCA.

The NFCA cancept is based on the NFCA reciprogity
principle. A previous paper * gives the derivation of this prin-
ciple. Tnadkdition a nomerical procedure is given there for
caleulating a least-squares solution for the relative shading
ol the NFCA clements for a preseribed urray conliguration,
planc-wave direction &, near-fickd volume 1L and frequeney
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range (2. This procedure hus been used to design steered
planar’, eylindrical.™ and spherical” NFCA's. Recently
there has been a resurgence ol interest in planar NFCA's,
hoth Tor projecting and reeciving applications, Earlier pa-
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pers concentrated on the geometrical design of NFCA's and
the determmation of thetr relative clement shading. The pur-
pose of this paper is to provide tor the first time expressions
for the near-ticld transmitting response and receiving sensi-
tvity ot a planar near-field cahbration array (¢ NFCA ). The
near-ticld transmutting voltage tcurrent) response of the
NEFCA is detined 1o be the rato of the near-field plane-wasve
pressure produced by a projecting NFCA to the NFCA in-
putyoltage ceurrent). The phase of the plane-wave pressure
Is takon to be that produced at a reference point located o
distance T m trom the center of the NFCA i the direction

cof the plane wave. If the reference point does not lie
within the planc-wanve volume 7 then the phase of theicar-
ficld pressure is extrapolated from the plane-wave volume to
dic velorenes podition, TUis convenient todefie sy roTr
distance D equal to t m The near-ficld receiving voltage
ceurrent) sensitivity of the NFCA 1o a rransducer located in
the plance-wave volume s defined to be the ratio of the
voltage ceurrent) generated in the NFCA to the far-field
pressure distribution f1¢) of the transducer divided by the
reference distance D.

Element shading tor the planar NFCA is deseribed in
Sce. I Expressions for the near-ficld transmitting responses
ol the planar NFCA are obtained in See. 11 Section HI pro-
vides corresponding expressions for the NFCA near-field
recenving sensitivity . Moditications to the expressions for the
cuse where complex shading cocflicients are used are dis-
cussed i Sees IV The paper concludes wth the summary in

Sce. V.

. ELEMENT SHADING

Connider the case of a rectangular planar NFCA| as
shown e Figo 10 consistimg of L adentical, equispaced.
stranght-line array s cach containing @ equispaced small-pic-
roceramic transducer clements whose fundamental reso-
nanee frequency is well above the opevational range of the
NECA . Shading coetlicients can be obtained tor this NFCA
by a twosstep least-squares process. First shading coefli-
cients o og o L2000 .Quare computed for the elements in a
sigle line such that thie line produces anearly uniform ey hin-
drical wine over the desired plane-wave volume Fand over
the operational frequencey range ot the NFCAL Then addi-
tonal shading coctlicienis /7.7 120 L. one coeflicient
forcach line m the NFCA L are computed such that the entire
array produces w nearty unform plane wave throughout F
and 1 For this Tatter computation one uses the plane-wave
requirement given i Rets, 3and 4

Coeapt dhr T
(r CAPULAT o) - - --

NN _
- - Zr, r
rexplihrse). “h

wherer s the location of the gth clementin the Zth hneoros
a pomt i the near-ticld planc-wave volume. and ¢ s o unit
vector i the direction opposite to the desired plane wave
produced by the NFCA T The ongim of coordinates is taben to
be the center of the NEFCAL Figure 2 shows the geometry of
the problem. [Note that . was madvertently onutted from
Eg 6y m Ref 4

1424 v Aceast Son A g BO No 3 Marcr 1991

1G22 Geomretry of the probiem

Equation (1) cannot be satisfied exactly for any finite
volume . However. with proper desion af e NTETA (chad
ing coeflicients « and /5 can be obtained that approximately
satisfy E¢. (1) towithin afew percent in amphtude and a few
degrees in phase throughout a farge near-field volume Fand
over a large trequencey range €. This capability is the reason
for the success of the NFCAL By comparison, the near-field
pressurz distribution in front of a similar size uniformly vi-
brating piston varies from near zero to twice the nominat
planc-wave value, the variation being espectally strong near
the piston axis.

The total shading for the gth clement in the /th line s
f.ce, times the plane-wave phase factor exp(ikr, +¢). For the
present discussion ¢ 1s assumed to be the outward normal to
the plane of the array. In this case ¢ is normal to r, so that
the plane-wave phase term is equal to unity for all /and ¢. It
is convenient to normalize «,, by the spacing Ax between
clements to obtain

. @ld/(Q - 1. =)
where o is the length of cach Tine in the NFCAL Tt s also
convenient to normalize the Iine shading - by the spacing
A between lines in the NFCA (o obtain

£ BAr (3

- Av Avis the effective arca of d transducer

. (2
« ! Ax

The quantity
clement in the NFCAL [IF ¢ were chosen oblique to the plane
of the NFCA at an angle v given by cos '(&+¢ ). then the
effective area A would be given by Ax Ay cos . See Ref. 4Hfor
a discussion of the steered planar near-field cahibration ar-
rav. |

The shading coefficients «, and thus the normalized
cactlicients ¢z are usually chosen to be real quantities, repre-
senting amplitude shaaing only. Values for «] range from
0.1 or so tor clements near both ends of the line to near unity
for one or more of the center clements. The least-squares
process for computing ez, tends to produce values for ¢! for
one or more of the elements near the center of the line that
differ Tess than 196 from unity. Treating these coeflicients as
cqual to unity will not degrade the performance of the
NEFCA. Alternatively, one can constrain the least-squares
algorithm to produce unity shading cocflicients for the cen-
ter elements, again without significant degradation of the
NECA.

The choice of real cocflicicrns altows the shading of the
clements in cach line (called the internal line shading) to be
implemented passiveiy. Thisis done by connecting the ele-
ments i cach Tine e parallel clectrically and using series

Armie | Var Burars Planar near-field calibration arrays 1424




sitading capuacitors to adjust the refative effective transmit-
ing voitage response (TVR) of cach of the elements so that
That is,

S, |C A, s C

s proportional 1o ¢

(S, ). 'S,

where S, s the unshaded transmitting vohtage response, €
Is the capacitance. and € is the required value of the sertes
shading capacitor tor the gth element. Here S, 1s areter-
ence TVR value, chosen to be the maximum TVR value
among the unshaded elements. The element with the masi-
mum unshaded TVR should be sefected tor the maximum,
tew umty value of «f - Then the other clements should be
selected sothat S, s greater than or equal to )y, | Oth-
crwise. use of Eg. 04 will lead 1o the physically timpos L e
reguirement for a negative value ot €,

An adjustment of the TVR'S for reciprocal transducer
clements s equivalent to an adjustiment of the receiving cur-
rent sensitivities. This m turn s equivalent to an adjustment
ot the quotients M /Zof the receiving voltage sensitivities
M and the clement clectrical impedances Z . For piczo-
ceranie elements at treguencies well below their fundamen-
tal resonance. the electrical impedance is essentially that of o
capacitor. e Z 0 1oC! o where e is the angular fre-
queney € chowith ¢ being the sound speed it water) and
where C7 s the capacitance of the series combination of the
clemeni and s shading capacitor. Thas one essentially ad-
justs the M C7 preducts of the elements to be proportional

to the coetlicients e/ That s,

N

MO MOy (

where (U s equal o the product of the receiving vol-
tage sensitivity and the capacitance for the clement (5) with
" equal to unity,

Adargze number of hydrophone clements are usually re-
quired fora planar NFCAL Prior to constructing the NFCA,
1S convenient to obtam several tmes this number of ele-
ments, divided into three or four slightly different geometri-
cal configurations or possibly cven different piezoceramic
compositions designed to have MO produact values that are
distributed over the range from about 0.4 (MWC), | 1o
CHCy L For example. the wall thickness ot a capped PZT
cvhinder can be varied 1o obtain most of this range. The nor-
mal distribution of the MC product values of the delivered
clements about the nominal values that were ordered results
m o full representation of MC product values from about
DS TMCO) 0 LOS (MO Selection of appropriate cle-
ments with naturad MO product values equal o« ¢ WOy
can usuatly be mude for all values of «” from 0.35 10 1.05
resutting i a need for shading capacitors for only those few
clements oncach end of the Tme that possess o7 values Tess
than about 0 35

For unsteered planar NFCA'S, the coctlicients 77 are
also usually chosen to be real, ranging from 0.1 or so for the
outside Tines on both sides to near uniey for the center fines,
As with the anternad shading cocthicients ', the feast-
squares process tends to produce values for 77 for one or
more ot the lines near the center of the NFCA that differ leas
than 177 from unity. As previoushy. treating these coctli-
crents as equal to unity will nor degrade the performance of
1425 b Acaust Soa Am
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the NFCA. The chowee of real coethicients /2 allows the refa-
tive shading of the lines (called the external Iine shading) 1o

be implemented passively. This s done by connecting all of

the ines in parallel and using a series shading capacitor for
cach line to adjust the relatve TVR (or equinalent]y the MO
product) of cach line to be proportional to 7. Here M s the
broadside far-field sensitivity and Cis the total capacitance
of the line. The MC value tor cach line s given by

o

MC - N
|

or (6)

MC!

o

MC (MO) S

Thus it (MC),, is chosen to be the same for all of the lines,
the MC values of cach line are also equal. In this case the
sertes capacitance required tor the /th e €
using

C AC 14 CH

1s caleuluted

[ (7)

I

where O inihie toial capacitance of the ine without the

’

series capaciior and where 7 is assumied 10 be dess than
unity. For 77 = 1. no shading capacitor is required.

When the selection of v ailable hydrophone elements is
relatively limited. different (MO
oite or more of the lines in order to allow clements 1o be

vilues can be chosen for

selected for those lines with only & few elements requiring
shading capacitors. When the (W), values are not the
same for all of the lines, the iines should be shaded externally
using series capacitors caleulated using

CAC = C) = [ (MO, MOy )5 (%)

where (MO,
tital the (MC) |
vent the night-hand side of Eq. (8) from becoming greater

e

is the maximum valucof ¢ MC), - Wenote

values should be chosen carefully to pre-

than unity, thereby requiring nonphysical negative values
for C, . Lines with /77 cqual to unity must possess (WO,
values equal to (MCy
for these lines. We now define the reference guantity
(MCy, , tobe (MO, .
dernved below.

When the entire NFCA has been passively shaded by
the use of appropriate capacitors, it can be driven through a
single twisted pair or coanial mput. It the hydrophone ele-
ments are reciprocal transducers, the NFCA iy also recipro-
cal and can be used in the receiving mode as a plane-wave
filter for sound radiated or scattered trom the planc-wave
volume 1

. No shading capacitor is required

in order to simplity the equations

The cocflicients 3. and. consequentds, /27 can be chosen
to be complex, containing both amplhitude and phase shud-
mg. Theextra L degrees of freedom in the shading allows tor
significantly improved NFCA performance e, better
plane-wave uniformity throughout Frand ) but at the ex-
pense of complicating the shading andsor drive require-

ments. One can implement complex shading passively it

shading components can be deseloped tor cach Tine (o syvm-
metrical pair o lines) that provide a constant phase angle
over the operational frequency range (2 CA possibility here
is the use of orthogonally wound transtormers). Alierna-
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tively one can drive cach of the hnes independently with
separate but properly phased amplifiers.

Il. NEAR-FIELD TRANSMITTING RESPONSE

For the cuse of passive capacttance shading, Eg. (1) can
be rewritten for ¢ normal tor - to obtain

! - Dexpt ihor r)
AN NN @S vt e
- S r, - r e (A
IADS L eapUAD) exptikeee) (9)
or
LY Dexpe ikr r)
=T r roexpl A

DS, . )
/)T~ explihD) explikre, (10}
where 08, ) s theeffective transmitting soltage response
of the (Zgrth elementin the NFCA L and Disagain the refer-
ence distance of 1 m as used i the definition of' S, The left-
hand side of Eg. (10) 1« the total acoustic pressure produced
by the NFCA at the field pomnt rwhen 1 Vs applied to the
array mput. The nght-hand side is a plane wave traveling in
the dircction ¢ At the reference point located a distance
D trom the center of the planar NFCA in the direction of the
plane wave, e v De the right-hand side becomes

- iADS, /-1 Thus the near-iield transmitting voltage re-
sponse S, oy of the NFCA IS given by

Siuey U iAD/DS, . (11)

Since the reference clement is a reciprocad aransducer, s
receiving current sensitivity W, is related to its transmit-
ting voltage response by use of the complex spherical wave
reciprocity parameter J (Refl 8):

17 PR A Y (12
ar

M, (7D iep) exptihD)S, . (13)
where pis the density of water. The receiving voltage sensi-

tvity Mo, ot the reference element is related to 1ts receiving
current sensitivity through the clement input clectrical im-
pedance Z -, by the expression

ML7ZM, (14)

The mput clectrical impedance of the reference element at
the NFCA operational frequencies is essentially that of a

'

capacianee, e,

Z . ieC . (15)

where € s the capacitance of the unshaded reference ele-
ment. Combining Egs. cFD) and (133 (15) resalts i

Cieope /2 1) expl iKDyYC MOy (16)

¢

SN EC N
Since M s essentially independent of frequeney for the
operational range of the NFCOAL the magnitude of the near-
ficld transmitting voltage rosponse of the NFCA increases
himearly with frequency,

The near-ficld transmitting current response S, o, of
the NFCA s related 1o the near-ticld transmitting voltage

1426 J Acoust Sac Am o vol 89 No 3. March 1991

response through the NFCA input clectrical impedance
Z <.\ by the expression

SVINTEN ANTIC IENTR (17)
Combintng Egs. (15) and (16) results in
S,y Cope/2N0 7 oy espl kDY MOy,
(18)

Since the NFCA mput electrical impedance is given by
VAR (19)
for tfrequencies well below resonance, where Cgy,  ts the
capacitance of the NFCAL one obtains
IKDY(MC)y, .

This expression shows that the magnitud. of the near-field
transmitting current response of the NFCA iy crortindly
independent of frequency.

Here, M, can be replaced in Eq. (20) by its equinalent
JS, ., toobtain

Vi€

Sionoa /240 ) expl (20)

ADC ) /010 S, (21)

'S.I\I( \ t

iti. NEAR-FIELD RECEIVING SENSITIVITY

The near-held receiving voltage sensitivity of the NFCA
can be obtained by replacing >, and s, inkq. (21) by
their equivalents M, /S and M 7/ This gives

Moy U iADC )/ (ACG M.

(22)
Smce M, is assumed to be constant over the frequencs
range of operation € of the NFCAL then the corresponding
near-ticld recetving voltage sensitivity of the NFCA 1s in-
versely proportional to frequency.

The near-field receiving current sensitivity M, of
the NFCA is refated to the near-field receiving voltage sensi-
tivity through the NFCA clectrical impedance Z , ( by
the expression

“II\I( v M, NI¢ \/Z‘ NP

Uscof Egs. (14). (15). (19 and (23) allows Eqg. (22) tobe
moditied to obtain the following expression for the near-ficld
receiving current sensitivity of the NFCA:

Mooy =0 AD/OM,, .

(23)

(24)

IV. MODIFIED EXPRESSIONS FOR COMPLEX
EXTERNAL LINE SHADING

The expressions given above are based on the assump-
tion that the required shading is real Camplitude only ) and s
implemented passively with the use of shading capacitors.
Let us now consider a projecting planar NFCA where cach
of the L lines is driven with individual phase-locked ampli-
ficrs, as for example, when the cocflicients 3, and thus 37,
are comples quantities, containing both amplitude and
phase shading. If the complex gamn g, of cach amplitier 18
adjusted so that

g (MO MO B (25)

then the expressions for the near-field transmitting voltage
response given in Egs. (1) and (16) still apply. Again the
reference quaniity (Y)Y Calsodesignated (M) cisthe

TN
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largest of the individual line values (MCy, 7 1200 L.

The appropriate input voltage to the NFCA is now the com-
mon input voltage for all of the amplitiers. A complex set of
external line shading coetticients /77 usually includes values
with a magnitude sigmficantly greater than unity. some-
times as large as 1.3 or 2.0.

For a receiving NFCA when complen values are used
for /37, one can individually measure the voltage output B
for cach lime and sam the resulting £ values via a computer
with relitive line shading coeflicients 1 given by

L 1206)

Here. € s the capacitance of the /th lincand «C ), s the
maximum line capacitance salue. The apparent near-tield
receiving voltage sensitivity for the NFCA in this configura-
tton i then given by
Mooy | #ADC 2Ch, e (27)

where the appropriate NFCA output voltage ¢ s equal 1o
the sum

N 2R)

For the usual case where the lines in the NFCA are identical.
or nearly so. then both ¢ and 2 become equal to /57,
V. SUMMARY

The Trot near-tield calibration array can be used as a
projector o produce o nearly untform plane wave over a
laree vohuime scar the array . e i the array’s near ficld. As
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stch it can be used 1o obtain the far-ficld sensitivity of a
hydrephone placed in the volume. Tt can also be used to
provide a plane wave incident on a scattering target located
in the near-tield volume. As i receiver the NFCA is a plane-
wave fitter and can be used to determine the far-field pres-
sure radiated by a projector or scattered from a target locat-
ed in the acar-fictd volume. Previous papers considered the
design of the array configuration and computation of the
assoctated element shading coefficients for a presceribed
near-fickd yolume and frequency range. In this paper expres-
stons are presented for the near-field transmitting voltage
and current responses and near-field receiving voltage and
currentsensitivities of a planar NFCA. Inadditon, informa-
tion is given to aid in the NFCA clement selection process.,
espectally with regard to shading of the NFCA.
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