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r r m M- Ix 51W CaLI3IOUc or kF MEMEnryM

the receiving (and trauotting) properties of sonar transducers can

change with tim. This is especially true vfmn the transducers are vounted in

a ships sonar array dwre they are subject to the harsh ocea envirconnt. A

change in the prerties of one or moe transducers usually translates into a

degradation in ara pertomance. The munt of degradation depends on the

nmber of transducers that change and the degr of their change.

Fortunately, the degradation in performance can be minmazed. peraps even

eliminated, if the ctanges in the receiving sensitivity (or transmitting

response) axe cqeesttd for in the array bomformer electronics. However,

this requires an up-to-date knowledge of the colex sensitivity (or

response); i.e., both the amplitude and the phase angle, for eadh of the array

transducers.

Although transducer are often calibrated prior to installation on the

ship, at present they are not recalibrated after installation. In this report

we present a procedure for the in situ calibration of sonar transducers at ay

desired time after installation %wn the ship is in open water. It can be

used to obtain the coemplex freefield receiving voltage sensitivities (and, if

desired, the transmitting current responses) of all of the transducers in the

sonar array. The heart of the procedure is in situ reciprocity calibration.
This is a fto= of three-transducer reciprocity calibration that uses sound

propagation factors to account for the influence of the ship's structure. We

develop the theory for in situ reciprocity calibration in Section It of this
report. In Section III, we describe how to obtain empirical values for the

unrmmn sound propagation factors. Section XV conWers two-transduoer

omarison calibration and explains how to use it to simplifty the in situ

r(-l
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calibration process in eudage for a possible smal los in accuracy. we

conclude the report In section V with a step-by--step description of our

remine rocedure for in situ calibration.

in situ reciprocity calibration is a generalization of three-transducer
freef"eM reciprocity calibration to include tuxn-freefield conditions. K
comrehensive description of freei1A reciprocity calibration (without phase)

is given by Bobber Ell whtile the extension to include phase is described in

S1ef. 2.* In the present analysis, we consider any three transducers, T 1' T2'

and T3, in the sonar array. lb tse the term "trenedcr here to mean either

-~ a single element or a cluster (e.g., stave) of elements that are joined

electrically and treated as a single element for kefjrmn purposess wel

"sum that eadh transducer is reciprocal and can either be driven as a

Xprojector Or reciv sound as a hxydrophbo-e. Thbis assmption requires that any

*JA f re lae, autmtic gain control circuits, or other nonreciprocal

electrical omonents that are connected to the transducers be disconnecte

during the reciprocity calbration muarements. * he electronic calibration

of nonrecipzocal compnents can be performed, when required, by usinig

conventional electrical a rts

A series of three projector-917drophone 9auset, as shown. in

Table 1, is required to determine the freefield voltage sensitivity (and, from

reciprocity, the transmitting current response) of the three transducers.

*Typically, one first drives T Iand receives with T 2 , then drives T Iand

receives with T., and lastly drives T. and receives with T2 .

Table I3- measurments for three-transducer reciprocity calibration.

DAURF'rIpm OUTPUTT
saw NO.* CURRUW 9rAWIEC 3UUOAMEr VOLU1O

I112 1 I 2 12

2 i 1 T, T 3
3 1 327

2



Tet us consider the first of them. asr .nt *Th current used to
drive!T is i la s acusi prssr p12 produced by T, in the vicinity of

2 isgie by 81'12012- Where a is the tranmitting current response of I
aid the sound propagation factor 0 12Is a dimensionless, frequency dependent,
camlex quantity that is a function of the sonar and ship construction and the
locations of both TsIand *2 -if was in the farfield of TIand the

emwmntinvolved only the two tasuesin open water; i.e., without the
rest of the sonar and ship present, then 0 12would be given by

R112

Hers the distance 4 is usually equal to 13a as specified in the definition of0
SIL a te istnc d12is measured between specified reference points on

and T2 - The wavenmber k Is given by a/c, %0here wi is the agular frequency in
radians per second and c is the sound speed in the surrounding sodium (usually
seawater) in moters per second * The ssumed time dependence exp( jet) has beew
suppressed for convenience.* For the in situ case, however, the situation is
mach more complicated aid a corresponding closed form for 012 is unlikely to
be available. For the present, we ssume that we have numerical values for
both the amlitude and phase angle of 01 . we note that the sound propagation
factor in usually reciprocal, i.e., a012 is equal to 021. or, in general, 0L is
equal to OIL. Thus the propagation factor is unchanged wOhen the roles of the
transducers are interchanged so that transducer TIbecomas the projector aid

Tbecms the receiver. The reciprocity of 0 follows fEta the ssumed
reciprocity of the appropriate Green's function. if the Green'*s function is
not reciprocal, e.g., if the effects of flow due to motion of the sonar
platform through the water require a nonreciprocal Green'*s function, then a is
not reciprocal and 03 and 0 must be treated as independent quantities. To

9/j OIL:
avoid this possibility, we recommnd that the in situ calibration be performed
at platform speed. loe than a few knots until test measureet ar a" of that
demonstrate the reciprocity of 03 for higher speeds. (See the cinnts

'U,, regarding such a test following Eq. (16)).

The open-circuit voltage produced by is ' given by

1.2  % P2L2 " 1282'12012 (2)

9,.



where U2 is the reeiving voltage sensitivity of T2'

Similarly, we obtain for ement setup 2

e 1 3 - K3 P 13 - 8i]3 13 (3)

where K13 is the receiving voltage sensitivity of T3  In freefield reciprocity

calibration, one often cooses the drive current i i for TI in this

masuremnt to be equal to that used in the first i aum t. Hver, this

dhoioe night not be desirable if one of the hydrohom a T2 or ? is waf less

sensitive than the other.

Fr setup 3 we obtain

e 3 2 -K 2 p 3 2 - 2 3 3 2 03 2  (

Equation (4) can be rewritten in term of instead of 3 by using K - J53 ,M3 3 3 V
the relationship that ts satisfied by reciprocal transducers. Mere J iA the

cplex spheric l VWe recIPrcity WNSr ter given by Beranek E33,

r4wd 1
u - ep(jkdO) , (5)

wre p Is the density of the marrounding sdim. Equation (4) now beoms

C -2M3'3232 (6)
32 .7

Combining Eqs. (2), (3), and (6), we obtain the following epre ai for the

receiving voltage sensitivity of transducer T2

K2 10122313Oe 11/2(7

s3i:stitution of K 2 into 2q. (6) produces

0 1:t 0 32 112 Al 1/2
MS L 2 1* 203201.3(
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Substitution of %2 into sq. (2) with the us of the reciprocity relationship

Ni - J8., results In

a ee1, 0 , 11/2

u 12*13 32327.(
132L12 i13'012013 j]

the sensitivity valus daini fVO Uqs. (7) through (9) are omlex

quantities; they posmes both an m :litude and a phase angle. The mplitude

|NI is found tom the amolitues of the wmammued voltages and currents; i.e.,

is 12110I 31132z I1 2 1111 ]1/2 10
L ie n I$21 1 5.2 1 3 1 1, .S12 11 O L31 I

while thm phase angle O(K) is obtained Fry the corresponding phase angles 4
* e.g.,

#(KI)
2 - 12) 1. ,2) + *32)

0(,) - 0(0 - *(I - (01)- e) # 0 13)] (11)

-1
Here #(a) denotes the phase angle tan (y/z) of the complex quantity

a - x 4 iy. We note that tm transducer transmitting current responses 8 an

readily be obtained, if desized, from the sensitivities N by use of the

reciprocity relationship S - WVJ.

Th sensitivities of all of the transducers in a sonar array can be
obtained, thee transducers at a tim, by use of Ups. (7) through (11).

0oweve0, evaluation of them equations requires nm rical values for the

propagation factors 012P 013P end 022" Zn the next section, we describe how

to obtain thes values emirioally.

111. ZVAALT I'CM Or 0 IN iM~Mt N ,Cl W

Calculation from first principles of the sound propagat ion factors 11

for ship-umted sonar system wuld be xtrmely difficult, if not

J
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imossible. Therefore, we propose an emirical solution to the problem based

on 01041 tB. Equat ics (2) through (6) can be solved for 0" 1'1' and

032. No obtain

192 12T (12)
! 1 2 1

013 (13
19" , 1 (3)

22 (14)

'2N3 32 '

or, in general,

eJ

Froa the reciprocity of 9i%, we also have

@i
%i'l

Consequently, we can determine the factors 0 from a projector-hydrohone

measureMent either with T as a projector and T as a hydrophone or with T an
i j ij

a projector and Ti  a a receiver. We note that the reciprocity of 0 can be

tested by compaing the values obtained for 0 j from the two different

measuremnts.

The sensitivities Ki and N1j required in Eq. (16) can be obtained by

freefield measurements ae in a calibration facility imediately before

*installation of the transducers on the ships. The measurements to determine

0,, are then made as soon as possible after ship installation in order to

minimize the possibility of changes in the sensitivities from the pre-

installation values. For an array with N trasIucers, there are N(N-1)/2

inde ent factors Oi ' i-1,2...N-luJ-l,2,...Ngji. As we will see later in

Section V, we do not need values for all of theme factors but only for a

relatively mall number of them. Ono the required factors O13 are known, the

transducer sensitivities can be determined at any later time by the use of

6
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. in situ calibration. This assmes, of course, that the factors 13] remain

unchanged; i.e., that there are not significant changes in the acoustic

boundary conditions associated with sound propagation between each of the

relevant pairs of transducers in the sonar array. The acoustic boundary

conditions depend on both the geometry of the sonar array and neighboring

* structures and the input mechanical impedance of the array transducers. We

assum that there are no significant changes in the geometry. Changes in

- input mechanical impedance can accompany changes in transducer sensitivity (or

tranmitting response). However, we do not expect these changes to

significantly affect the propagation factors 1 xj' except possibly at

frequencies near transducer mechanical resonance and then only for a

substantial loss of sensitivity (or transmitting response) of transducers
th th

located directly between the i and j tansducer. If in situ calibration

is desired for frequencies near mechanical resonance, measurements can be made

f for the given sonar to determine whether the factors 13 change significantly
i"j

when neighboring transducers severely degrade.

.IV. IN SITU COMPARISON CMLI3&TIOK

The three-transducer reciprocity procedure described in Section It can

-': be used to calibrate all of the transducers in the array, three transducers at

a time. However, it may be simpler (at least for highly reliable sonars) to

calibrate only a few selected mater transducers throughout the array using

the reciprocity procedure and then to use these transducers to calibrate the

remaining transducers by two-transducer comparison calibration. The price for

using comparison calibration is a possible reduction in the accuracy of the

sensitivity values. The accuracy may still be acceptable for operational

purposes. Future studies will be required to make this determination.

In situ comparison calibration involves measurements similar to those of

setups 1 and 2 in Table 1. First we drive one of the master transducers as

the projector T and receive with another master transducer as the hydrophone

T shown in setup 1. (This measurement may already have been made during the
2

three-transducer reciprocity calibration of T and T .) We then make a
1 2

me"uremsnt using setup 2 with one of the uncalibrated transducers as

hrophone T3 . Combining Eqs. (2) and (3) results in the following expression

that can be used to compute the unknown sensitivity K3 from the measured

voltages e12 and e13 and currents i12 and i3

7
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is 12e12:13

32  0 112

The sensitivity of each of the other uncalibrated transducers can then

be obtained by repeating setup 2 measurements with different choices for T3 .

When a different measter transducer is used as the projector T 1 (and probably a

different mater transducer used for the hydrophone T 2 ), we mAst make a setup

1 measurement for these transducers, assuning the measurement has not already

been made.

V. D FOR IN SITU CAWBR&kTYI

The following is our recomnded procedure for the in situ calibration

of transducers in a sonar array.

1. ALL of the transducers are caLibrated prior to ship instaLattion

by freefteLd measurements made in a caLibration faciLtty such as

NRL-USRD, We recommend that three-transducer reciprocity

calibration be used for this purpose. Reference 2 describes

reciprocity calibration measurements with phase included. if

reciprocity calibration is not feasible, for reasons of time or

cost, two-transducer comparison calibration using a single standard

hydrophone as a reference is acceptable. The extra uncertainty
introduced into the sensitivity values by comparison calibration is
essentially the uncertainty in the sensitivity of the reference

hydrophone. Since this extra uncertainty is common to all of the

comparison calibration measurements, it cancels when we form ratios

of the resulting transducer sensitivities. Hence, relative

sensitivities obtained using comparison calibration are as accurate

as those obtained using reciprocity calibration. Beanforming

accuracy, which depends on relative rather than absolute transducer

sensitivities, will not be compromised by the use of comparison

calibration.

It each of the transducers is actually a cluster of hydrophones

that is joined electrically and treated as a single element for

beamforming purposes, then the pr-installation calibration of each

_ , ,, ,-"."." , -, - -. .. . , . -.-. . -. .. .. . . .. .... '. . .. '., .... '.,. ?. " .' .... , ." .... ' .' ',: .. ,- -.S



cluster should be pertorIed with the cluster hydrophones connected

electrically and arranged geometrically the same as they are in the

sonar array. The resulting freefield sensitivities will represent

clusters rather than individual hydrophones. Often, however, the

electrical leads of the hydrophones are individually accessible on

board the ship; e.g., at the input to a junction box where they are

connected electrically to form a hydrophone cluster. In this case

we can choose to calibrate on an individual hydrophone rather than a

cluster basis. Although doing so significantly increases the number

of sensitivity values and propagation factors that must be

determined and retained, the additional information can be very

valuable for diagnotic and beamforming purposes.

2. The choice ts made bet &een case (a) using ,n slt reciprocity

caLt brat ton for all. of the transducers in the sonar array and case

(b) using tn stu reciprocity caLtbratton for seected master

transducers and ustng these, uta ,n stu comparison caLtlbrotton, to

deter ine the sensttvites of the rematning transducers In the

array.

3. If the choice tn step 2 above to case (a), then the three-

transducer combi nations; t .e., triads, tnuoLved in the reciprocity

caLibrattons are seLected. The selection process involves trial and

error; it needs only be done once for each type of sonar array.

Each triad should be chosen so that its three transducers are as

close as possible in order to maximize the magnitudes of the

received signals acquired during the calibration process relative to

the acoustic signals simultaneously being radiated to the ship's

farfield. This requirement ausns that maintaining ship covertness

during the calibration measurements is important. Covertness should

be reasonably easy to maintain since acoustic signals just

sufficient for in situ calibration m-rements (made very close to
the projector) will be weak and difficult to detect in the farfield

of the ship. If the hydrophone and/or cable shielding does not

provide sufficient electromagnetic suppression, thetransduoers in

each triad must also be located far enough apart to allow suitable

signal gating to avoid electromagnetic interference. (We assume

that the calibration measurements are made using pulsed sinusoids

9
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with pulse lengths sufficient to ensure steady-state results.) Ohwn

electromagnetic interference is negligible, the triads can be near-
neighbor cxbinations. For exle, if the transducers are numbered

in order of their location from one side of the array to the other,

then triad I would include transducers 1, 2, and 3; and, in general,

triad n would include transducers 3(n-1) + 1, 3(n-l) + 2, and

3(n-1) + 3.

* 4. ff the chotce tn step 2 above to case (b), then the master

transducers are selectod. These transducers should be scattered

throughout the sonar array. There should be enough of them so that

every sonar transducer is reasonably close to at least one of the

master transducers, and so that they can be divided for reciprocity

calibration into triads of reasonably close transducers. For

exaCle, in the array mentioned above in stop 3 one might Select

transducers 3, 6, 13, 1s, etc. as the master transducers with 3, 9,

and 13 foming the first master triad, etc.

5. The sound propagation factors are obtained as soon as possibLe

after tnstallatton of the transducers tn the sonar arraV. The

required factors 0i re determined by projecto-hydr"OhmMe

measurmnta either with transducer i projector and Y as

hydrophone [Eq. (15)) or vice versa (Eq. (16)]. However, before we

make measurements, we must first determine which of the N(Nl-L)/2

independent sound propagation factors (for an array with N

transducers) are required.

For came 2(a), we need values only for the factors linking the

transducers in each triad. 1n the exmple given above in stop 3,
this includes 0 56 for a total of

12' 013, 023 5'~ 046' 05 etc.,fratoa"fI
propagation factors. (Actually, if N is not a multiple of three,

the =Admr of factors that are required will be one or two greater

than N.) %he need for only N propagation factors rests on the

asmption that all three transducers in each triad retain

sufficient Sensitivity (and response) such that there is no

significant reduction in signal-to-noise for any of the three in

1%
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situ calibration measurements. This assmption is unlikely to be

met in practice. Ohen the sensitivity (and response) of one ot the

transducers decreases to a point that the accuracy of one (or two)

of the received voltages e*, *i, or e k is reduced, then the

accuracy of all three resulting sensitivity values Ni NJ and Nk as

obtained using sqs. (7) through (9) will also be reduced. To

protect against this situation, we build redundancy into the

calibration process. In particular, we divide the array into

groupings of more than three tzanoduoers. As long as at least three

transducers in each grouping retain adequate sensitivity (and

response), these "good" transducers can be calibrated by reciprocity

measurements involving only "good" transducers. The sensitivity of

each of the other, i.e., degraded, transducers can then be obtained

by reciprocity measurements involving two of the "good" transducers

and the degraded transducer. Although the accuracy of the resulting

sensitivity values for the degraded transducers will probably be

reduAed, accuracy for the "good" transducers will remain

undiminished. We note that the term "degraded" as used here does

not mean that the transducer is nonfunctioning and should be

disconnected. It merely means that the sensitivity (or response)

has d-led to the point that there is a significant reduction in

the signal-to-noise ratio for projector-hydrophone calibration

measurements involving the degraded transducer. Of course, the

transducer could be so severely degraded that use of the transducer

as a receiver, together with alification of its output to account

for reduced sensitivity, results in diminished sonar performance.

Similarly, its use as a projector might be impossible because of an

inability of the sonar drive electronics to provide the required

amplification. in this caem, the sonar operator should disconnect

the transducer (or adjust its shading to zero) and reshade the

remainder of the sonar transducers to provide optimum array

performance.

Selection of the number of transducers N to include in each
q

grouping depends on the percentage of transducers in the array that

are epqected to degrade before the array is retrofitted. If the

rPercentage is moderately Io 0.., below 15 percent, then a very

S 1%
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conservative choice for N would be six. The likelihood that atg
least three of the transducers would remin "good" would be nearly

unity E4). With N equal to six, however, we must determine andg
retain two and one-half times as many sound propagation factors as

when N is equal to three. For the erple given above in step 3,g
we require values for 012' 13 14' 1i' 016' a23' 324' 325' 026'

0 3 35' 36' 45' 0.., etc. Thus we now need 15 factors for the

first 6 transducers an opposed to 6 factors before. If we increase

the redundancy further by making N equal to nine, we require four
g

times as many factors as when N 9s equal to three. Ang
appre mtion for the number of factors that are required is given

by N( N -1)/2. This expression is exact of N and N 9a re multiples of
three.

For case 2(b), we need values for both the factors linking the

transducers in each master triad and the factors linking each non-

muster transducer to one of the master transduore. For the example

given above in step 4, this includes0 i3, 3.13' %,13' 013' 023'

134' 03S' 060' O0' etc., for a total at eactly N propagation

factors, essentially the sm as for case 2(a). Own we add

redundancy for case 2(b), hoever, the situation besms more

complicated. Consider an increase in the nmber of potential master

transducers for each non-master transducer in order to protect

against reduced accuracy in both the sensitivity of the master

transducers obtained by reciprocity calibration and the sensitivity

of the remaining transducers obtained by comparison calibration.

If, for e-sle, we consider the ea1-qe given above in stop 4 and

increase the redundancy by a factor of two by providing two

potential master transaers for each non-mster transducer, we then

require values for the factor* O .0 03,13' 03,18 '3,23' 03,2'

6.9,13' 88 6...V 23.28' 013, 23" 34, 35' 19i, 26' 36 NO'
0 5' etc., for a total of a8proinmately 2H factors. Although this

is comparable to the mmiber of factors required for case 2(a) when

we double the grouping simo, it does not provide near the seme

protection. In case 2(a) it is only necessary for three out of six

transducers to remain "good." In cas 2(b) it is necessary that am

out of two master transducers remain "good," a much more stringent

12



requiriment. We have to increase the redundancy of the master

transducers in case 2(b) by a factor of 20 in order to equal the

protection obtained for came 2(a) by increasing the transducer

groupings to six. This would increase the number of required

propagation factors for came 2(b) significantly beyond that required

for came 2(a). Thus, when significant redundancy is required, we do

not reomnd the use of in situ cmparison calibration because of

the large nmer of propagation factors that must be determined and

retained. In situ comparison calibration appeas to be suitable

primaily for sonar arrays that are very reliable, i.e., for which

relatively few transducers degrade before the sonar is retrofitted.

6. The in stu oaLtbratton to performed using the procedure for

e ther case 2?a) or 2(b). The operator and/or controlling computer

software should examine the sensitivity values as they are obtained

in order to determine when one of the transducers has degraded.

Assuming that he has values for the additional propagation factors

that are required, the operator can then substitute a "good"

transducer for the degraded transducer during subsequent calibration

masurements to determine the sensitivities of the other

transducers. This substitution will eliminate the la in accuracy

of the sensitivity obtained for "good" transducer& due to the use of

degraded transducers in their calibration.

VI. CONCLU5LION

The procedure described in this report can be used to determine the up-

to-date sensitivity (and response) of all of the transducers in a sonar array.

The resulting values are freetield values; otherwise, they could not be

ompae to pre-installation values obtained ftrm mnasurmnts made in a

calibration facility such as Nfir-U15D. Beamfoming based on pre-installation

sensitivities can be modified during a sea exercise to reflect changes in both

the amplitude and phase of the transducer sensitivies (and responses). This

modification can mini ioe, perhaps even eliminate, the otherwise deleterious

effects due to changes in transducer sensitivities (and responses).
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IlmetatIo Will probably require a significant increase in the

mophistication of the sonar systm, but the operational advantages are

obvious.
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4. The probability that at least three out of N trasduoers will remin
goood dt the probabillty that a given transducer will remin "good" Is

equl to p, is given by

3 N-n
c 1(l-t) (t) /(n(l -n)l]
n-0C9

For r - 0.15 asnd - 6, we obtain a probability of 99.4%.
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