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57 ABSTRACT 

A circularly housed transducer transmitting and/or re 
ceiving array of square transducer elements is so 
shaded as to produce patterns equivalent to a trans 
ducer composed of a superpositioned set of concentric 
disk elements of consecutively smaller radii from the 
largest disk to produce stepwise shading thereby trun 
cating a square array to maximize the radiating area 
and minimize the beamwidth with low side lobes. 

6 Claims, 5 Drawing Figures 
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ADAPTING CIRCULAR SHADING TO A 
TRUNCATED ARRAY OF SQUARE ELEMENTS 

BACKGROUND OF THE INVENTION 

This invention relates to transducer arrays for trans 
mitting and/or receiving accoustical or electromagnetic 
signals and more particularly to the adaptation of a 
square array of uniform, equispaced, square elements 
by the truncation of the corner elements into concen 
tric circular groupings to fit within a circular baffle to 
maintain maximum radiation area with little increase in 
beamwidth and with low side lobes. 
Torpedo-borne transducer arrays are normally de 

signed with uniform, equispaced, square elements and 
are mounted into a circular baffle at the head of the 
torpedo. In order to maximize the radiating area and 
minimize the beamwidth, the corner elements are elim 
inated. This truncation of the array invalidates the 
strict application of the second product theorem which 
is used to extend Dolph-Chebyshev shading from a line 
array to a two-dimensional array. Indeed, when Dolph 
Chebyshev shading is applied, the first on-axis side lobe 
level is raised and a troublesome off-axis side lobe ap 
pears. The only success achieved was to lower the first 
on-axis side lobe to the design level while leaving the 
off-axis lobe at a higher value (5 to 7 dB higher). Since 
the housing into which the transducer array is mounted 
is circular, it seems natural to try a circular shading 
scheme. The major problem is obviously a geometric 
one since the array consists of square, equispaced ele 
nents. 

SUMMARY OF THE INVENTION 

In the present invention a uniform, equispaced, 
square element array is truncated to fit within the cir 
cular baffle in which it is to be used and its radiation 
pattern is compared to that of a circular disk of compa 
rable size. The radiation pattern of consecutively 
smaller disks which are subdivided into square ele 
ments or portions of square elements are superposi 
tioned on the first disk concentrically with predeter 
mined dimensions to achieve the nearest to optimum 
circular shading. This method successfully adapts cir 
cular shading to a truncated square array and elimi 
nates the problem of a high off-axis side lobe with very 
little increase in beamwidth over a Dolph-Chebyshev 
design. Accordingly, it is a general object of this inven 
tion to provide a circular shaded array for transmitting 
and/or receiving acoustical or electromagnetic signals 
by the use of a circularly shaded truncated, uniform, 
equispaced square element array to maximize the radi 
ating area and minimize the beamwidth to the greatest 
advantage while keeping side lobes lower than -45 dB. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects and the attendant advan 
tages, features, and uses of the invention will become 
more apparent to those skilled in the art as a more de 
tailed description proceeds when considered along with 
the accompanying drawings in which: 
FIG. 1 is a diagrammatic view showing a partial tor 

pedo nose section and showing therein the transducer 
array of the present invention with associated elec 
tronic devices; 
FIG. 2 is a diagram depicting concentric superposi 

tioned disks which would provide shading equivalent to 
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2 
shading provided by the array shown in FIG. 1 of the 
drawings; 

FIG. 3 is a view taken on line 3-3 of FIG. 1 showing 
a 9x9 array of transducer elements and showing, in 
broken lines, the concentric disks depicted in FIG. 2 of 
the drawings; 
FIG. 4 is a view similar to FIG.3 of the drawings only 

showing an array with an even number of transducer 
elements, that is, a 10x10 array; and 
FIG. 5 is a graph comparing shading produced by 

Chebyshev shading and shading produced by the pres 
ent invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring first to FIG. 1 of the drawings, there is illus 
trated an enclosure for an array which, by way of exam 
ple, might be a torpedo housing it having a window 12 
of rubber or other suitable material, as well understood 
by those skilled in the art of torpedo design. A circular 
baffle 13 is positioned behind window 12 and attached 
thereto are a plurality of transducer elements mounted 
in an array 14. An electronic assembly 15 is provided 
and has means for transmitting and receiving acoustical 
or electromagnetic signals. A plurality of shading resist 
ances 16 are provided between the electronic assembly 
15 and array 14 and each of these shading resistances 
provide a coefficient of radiation value for the trans 
ducers in array 14. 

Referring now to FIG. 2 of the drawings, the trans 
ducers forming array 14 are arranged, and the value of 
the shading resistances 16 are selected such that array 
14 will produce a radiation pattern which is equivalent 
to the radiation pattern produced by concentric stacks 
17, 18, 19, 20, and 21 of transducer arrays, hereinafter 
referred to as disks. The amplitude of the superposi 
tioned disks can be represented by adding their respec 
tive amplitudes and this is illustrated by stacking the 
disks. The smallest of the disks, which is disk 17, is 
stacked on the next smallest disk 18 and succeeding 
disks are stacked on increasingly larger diameter disks. 
The radii of these disks are designated a through as 
and the thicknesses of the various disks are designated 
A through As, representing the weighting coefficients 
which determines the annulus shading coefficients of 
the array 14 illustrated in FIG. 3 of the drawings. 

Referring more particularly to FIG. 3, there is illus 
trated a 9-9 flat array 14 which consists of a normally 
uniform, equispaced, square array of elements trun 
cated at the corner elements so as to be mounted on 
circular baffle 13 in housing 11. Each square element 
in the array 4 is considered to have dimensions (x), 
and 4 represents the placement of elements in an 
equispaced truncated square array. Such arrays as 
array 14 are made of crystal or ceramic transducer ele 
ments, well known to those skilled in the art and more 
fully discussed in the text, Underwater Acoustics Hand 
book - II, published by the Pennsylvanis State Univer 
sity Press (1965) in Chapter 10. The circles in FIG. 3 
represent the radii of the disks 17 through 21, illus 
trated in FIG. 2, and these circles have radii which con 
veniently enclose elements on the horizontal and verti 
cal rows forming as many circles as there are rows in 
half of the array. By extensive geometrical manipula 
tion the percentage of the area of each square, which 
lies within a given circle, can be determined. The rea 
soning by which the squares can be divided between 
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different annular rings which have different source 
strengths, is based on the fact that when an individual 
source measures a small fraction of a wavelength, the 
shape of its radiating face is unimportant and only the 
volume velocity that it pumps is of concern. As is 
shown in FIG. 3, 13 elements, composed of array 
squares within the confines of the circles and desig 
nated (1) through (13) provide all the possible combi 
nations the five rings or annuli. Each circle has a radius 
that conveniently encloses elements on the horizontal 
and vertical rows of the array 14 forming as many cir 
cles as there are rows in half an array. The percentages 
of these elements within each annulus is shown in FIG. 
3 and the radius of each a through as illustrates the 
contribution for the element shading from each of the 
five annular disks that can be made from a 9X9 
transducer array. For the purpose of this invention 
these radii have been found to be 

a = 0.564(x) a = 3.54(x) 
a = 1.58(x) as = 4.53(x) 

a = 2.55(x) 
where (x) is a dimension of each square element in 
array 14. 
Under radiation theory it can be shown that the 

acoustic far field pressure due to radiation from a flat 
circular disk mounted in an infinite baffle is propor 
tional to 

P OC Ta'2J (ka sin 8)/ka sin 6) 
where 
a = radius of the disk 
k = wave number 
0s angle of incidence measured from the normal to 
the disk 

J. = Bessel function of the first order. 
Such a circular disk shading theory has been more fully 
discussed in Chapter 7 of the Text, Fundamentals of 
Acoustics, published by John Wiley & Sons, Inc. 
(1967). 
Since finite sized elements are being used, the shad 

ing will be stepwise rather than continuous. This shad 
ing is achieved simply by superpositioning disks 11 
through 14 of smaller radii and concentrically on larger 
or originally used circular disk 15 under the circular 
shading theory. By this building up process any degree 
of shading can be realized. The total radiation pattern 
will then be the sum of the radiation from each disk. 
Hence, the far field pressure is 
P = 2A(ra) J(ka sin 6)/ka sin 6 A2(TTa) J(ka 

sin 6)/ka sin 6 -- . . . 
-- A(ra) J1(ka sin 6)/ka sin 6. 

Where 
A is the weighting coefficient of the nth disk, 
a is the radius of the nth disk. 
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4. 
Dividing by the area of the smallest disk 11 and drop 
ping the constants we have 

P = A J(ka sin 6)/kd sin 8 + A.(a)/a. J1(ka, sin 
8)/ka sin 6 - . . . 

-- A.(a)/a. J(ka sin 6)/kan sin 6. 

It is one of the purposes of this invention to assemble 
these five concentric disks 11 through 15 with the radii 
found and shaded such that no side lobe will have a 
higher level than -45 dB. In order to approximate the 
desired (not unknown) shading, the initial attempt used 
45 dB Dolph-Chebyshev shading even though its appli 
cation is restricted to line arrays or extension of linear 
rays to non-truncated square or rectangular two dimen 
sional arrays. The basic circular shading theory devel 
oped by Dolph-Chebyshev (Tschebyscheff) is fully dis 
cussed in the above text "Underwater Acoustic Hand 
book - II,' Chapter 13 and more particularly in Sec 
tion 13.1.2 of this text. 
Referring more particularly to FIG. 4 of the draw 

ings, there is shown that the resulting sound pressure 
level using Dolph-Chebyshev shading has unequal side 
lobes and a higher first minor lobe at 90° Theta than the 
design goal of -45 dB indicating, as expected, that this 
shading does not apply to circular shading. The radia 
tion from each of the five disks 17 through 21 illus 
trated in FIG. 2 represent the contribution to the far 
field radiation pattern of the two curves shown in FIG. 
4. By judiciously modifying the disk shading coeffi 
cients a radiation pattern with side lobe levels below 45 
dB is achieved. It should be mentioned at this point that 
this analysis of circular shading includes an area or the 
finite size of the transducer. The Dolph-Chebyshev 
shading technique applies to point sources, hence the 
directivity of an individual element must be added to 
the computed pattern. For those interested in how the 
modification proceeded note that the two highest side 
lobes are negative and that radiation from disk 20 has 
a predominate influence on the first side lobe. The co 
efficient A was lowered by an amount equal to that re 
quired to reduce the first side lobe of Theta = 30° to a 
level of -45 dB. In order to equalize the remaining side 
lobes an amount was added to the coefficient A of the 
central small disk 17 to achieve a desirable pattern. 
These are by no means optimized shading coefficients 
but are only one set of numbers which achieves that 
-45 dB shading being sought. 

Referring more particularly to TABLE there is 
listed the 13 elements (1) through (13) which have dif 
ferent shading coefficients and the percentage of the 
area of that element which lies in each of the five an 
nuli. 

TABLE I 

Element shading 
Sicer Percent of element area within an annulus coefficients 
been 
number DISK17 DISK 18 DISK19 DISK20 DISK 21 Shading Normalized 
i-------------- ,912 088 ------------------------------ 98.84 1 00 
2-------------- .022 '978------------------------------ .8709 .881 
8------------------------ .045 955 -------------------- 6063 ... 613 
4---- .034 .966 ---------- .3032 307 
5-------------------------------------------- 024 . 976 .031 04 
6---- 882 -------------------- 7770 786 
7--------------------------- 823 177 ---------- .5407 547 
8 ------------------------------------------ 879 21 .2695 273 
9---------------------------------------------------- .903 08886 089 
10--- 175 .825 ---------- .3457 350 
------------------------------------------- 393 607 . 1749 .177 

1?----------------------------------------------------- .549 0540 .0546 
8----------------------------------------------------- 743 . 0731 0740 
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The following relationship exists between the annulus 
shading coefficients, C, and the concentric disk coef 
ficients, A through As: 

1. C = A -- A -- A -- A -- A = 1.000 
2. C = A + A + A + As = 0.868 
3. C = A + A -- A = 0.594 
4. C = A + As = 0.293 
5. C = A = 0.0984 
The portion of the square element which lies beyond 

the largest annulus (disk 2) will be given an amplitude 
of zero, hence, that need not be of concern. The annuli 
shading coefficients listed in TABLE I are the sums of 
the modified 45 dB shading coefficients as derived for 
the shaded disks. The element shading coefficient is de 
rived for each element by summing the products of the 
annulus shading coefficient times the percentage of the 
corresponding area and then normalizing to the coeffi 
cient of the central element (1) of FIG. 3. It is con 
tended that the shading technique which has best con 
trol over the side lobe levels and produce a narrow -3 
dB beamwidth is the circular shading scheme, the ob 
ject being, as well understood by those skilled in the 
art, to obtain the narrowest beamwidth and the maxi 
mum radiating area with the greatest suppression of 
side lobes. It should be emphasized however that the 
circular shading coefficients derived here are probably 
not quite optimum. The major drawback of the circular 
shading is this present inability to design for exact 
minor lobe levels; however, the present method is not 
difficult since computer programs are available to the 
computations. 
Referring now to FIG. 4 of the drawings, there is 

shown a transducer array 22 comprised of an even 
number of transducer elements. For purposes of illus 
tration, a 10x10 array of elements is shown with the 
four central elements 23 through 26 being treated as a 
single element for purposes of determining the radiib 
through b. 
While the above element percentages, annuli diame 

ters, and annulus shading coefficients derived may not 
be optimum, they present hereinabove as descirbed, 
shading for a transducer array for a torpedo nose of 
usage in other devices providing a superior narrow 
beam and maximum radiation area with lower side lobe 
to those of pure Dolph-Chebyshev shading on a trun 
cated square array. Accordingly, shading truncated 
square arrays by adapting the radiation characteristics 
of circular arrays, as shown and described herein with 
a more or lesser number of circular concentric disks, 
may be used for different purposes, and it is to be un 
derstood that I desire to be limited in the spirit of my 
invention only by the scope of the appended claims. 

I claim: 
1. A shaded transducer system comprising: 
an annular baffle a symmetrical array of uniforn 
cquispaced square transducer elements truncated 
to fit onto said annular baffle: 

a multiplicity of shading resistances, each of said re 
sistances providing a coefficient of radiation value; 

an electronic assembly having means to energize said 
elements of said array and having at least transmit 
ter capability; 

connecting means connecting each of said elements 
to said electronic assembly through at least one of 
said multiplicity of shading resistances; and 

said elements, said resistances, said coefficient of ra 
diation values, and said electronic assembly so cor 
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6 
related that said array will produce a radiation pat 
tern which is equivalent to the radiation pattern 
which would be produced by a concentric stack of 
decreasing radii circular transducer elements, with 
the largest radius circular element positioned adja 
cent said annular baffle. 

2. A transducer system as set forth in claim 1 
wherein: 

said concentric stack of circular transducer elements 
includes a circular element of smallest diameter 
which has a radius which encloses as completely as 
possible the most central of said square transducer 
elements and has the same area as the area of the 
most central of said square transducer elements, 
and a circular element of largest diameter which 
has a radius which encloses as completely as possi 
ble all of said square transducer elements which lie 
along the row and the column of said square trans 
ducer elements which include said most central of 
said square transducer elements. 

3. A transducer system as set forth in claim 2 
wherein: 

said concentric stack of circular transducer elements 
have radii of about 0.564(c), 1.58(x), 2.55(x), 
3.54(x), and 4.53(x), where (x) is a dimension of 
said square element, from the smallest circular ele 
ment to the largest circular element, respectively; 
and 

have annular shading coefficient of radiation values 
of 0.132(x) for the smallest circular element and 
about 0.274(x), 0.301(x), 0.195(x), and 0.0984(x) 
respectively for the remaining circular elements 
whereby said array produces a first side lobe level 
lower than -45 dB. 

4. A shaded transducer system comprising: 
an annular baffle a symmetrical array of uniform 
equispaced square transducer elements truncated 
to fit onto said annular baffle; 

a multiplicity of shading resistances, each of said re 
sistances providing a coefficient of radiation value; 

an electronic assembly having means to detect signals 
from said elements of said array and having at least 
receiver capability; 

connecting means connecting each of said elements 
to said electronic assembly through at least one of 
said multiplicity of shading resistances; and 

said elements, said resistances, said coefficient of ra 
diation values, and said electronic assembly so cor 
related that said array will produce a receiving pat 
tern which is equivalent to the receiving pattern 
which would be produced by a concentric stack of 
decreasing radii circular transducer elements, with 
the largest radius circular element positioned adja 
cent said annular baffle. 

S. A transducer system as set forth in claim 4 
wherein: 

said concentric stack of circular transducer elements 
includes a circular element of smallest diameter 
which has a radius which encloses as completely as 
possible the most central of said square transducer 
elements and has the same area as the area of the 
most central of said square transducer elements, 
and a circular element of largest diameter which 
has a radius which encloses as completely as possi 
ble all of said square transducer elements which lie 
along the row and the column of said square trans 
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ducer elements which include said most central of 
said square transducer elements. 

6. A transducer system as set forth in claim 5 
wherein: 

said concentric stack of circular transducer elements 5 
have radii of about 0.564(x), 1.58(x), 2.55(x), 
3.54(x), and 4.53(x), where (x) is a dimension of 
said square element from the smallest circular ele 
ment to the largest circular element, respectively; 
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8 
and 

have annular shading coefficient of radiation values 
of 0.132(x) for the smallest circular element and 
about 0.274(c), 0.301 (c), 0.195(x), and 0.0984(x) 
respectively for the remaining circular elements 
whereby said array produces a first side lobe level 
lower than -45 dB. 

s: :: c : sk 
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