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3> Investigations into the problem of maximizing array gain (DI) for situations
where ambient noise is the dominant interference have been conducted over the
preceding two decades and possibly earlier. These investigations have resulted in
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A closely related problem arises when interference is dominated by reverberation;
in this situation the gain against reverberation (the reverberation index, RI) must be
maximized. The same general mathematical approach can be applied to both problem
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- in that the omnidirectional ambient noise limited condition can be considered a
specific case of the more general directional ambient noise limited condition and the
reverberation limited condition.

Much of the existing theory that has been developed has been directed at specific
cases, thus leaving unfinished a comprehensive treatment of the general case. A
concomitant existing problem involves the determination of the computational complex-
ity involved in the mathematical solution to the described problems since this complex-
ity strongly influences the degree to which computational methods can be applied to
practical problems. it

The purpose of this paper is, therefore, twofold. First, to solve the general
case, the RI maximization problem; second, to provide insofar as possible efficient
numerical procedures for implementation of the general solution in various practical
applications. These objectives are achieved by detailed mathematical formulation
based on matrix theory, which, as will be shown, yields a complete procedure for
solving the general case. This procedure is sufficiently generalized so that the maxi-
mization of DI is automatically included. Several illustrative examples are included to
demonstrate the validity and effectiveness of this technique.
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MAXIMIZATION OF REVERBERATION INDEX

INTRODUCTION

Within the past two decades, problems with respect to maximizing
the directive gain of antenna arrays have been extensively studied and
some solutions have already been produced. Concerning the optimization,
Uzkov! presented an approach to the problem of optimum directive antennae
design and obtained some important results; Tai? discussed the optimum
directivity of uniformly spaced broadside arrays of dipoles; Butler?
considered the ogtimization problem of nonuniformly spaced arrays; Ma,"“
Cheng, and Tseng>’® presented an approach to optimize arbitrary antenna
arrays; Lo, Lee, and Lee’ optimized directivity and signal-to-noise
ratio of an arbitrary array; Gilbert and Morgan® discussed optimum de-
sign of directive antenna array subject to random variation; Mermoz®
showed that matched filtering techniques applied to particular condi-
tions of crosscorrelation created at the antenna by omnidirectional
noise produce the optimization of the directivity; contributions have
also been made by others such as Block, !0 Riblet,il Chu,!? varu,!3
Wilmotte!“ and others.

In the sonar area, investigations have been conducted related to
maximizin% the array gain of an array dominated by ambient noise.
Pritchard?5,16 discussed the maximum directivity index (DI) of a linear
array; Farran and Hilll!7 studied wide-band directivity of receiving
arrays and applied Lagrange multipliers to maximize directivity index;
Edleblute!® introduced an optimum-signal-detection theory and used the
signal-to-noise criteria to maximize DI; Cox!? discussed the optimiza-
tion problems taking sensitivity into consideration; ogtimum signal
processing was discussed by Bryn,20 Nuttall,?! Owsley,?? Lewis,?? and
others. These studies have developed mathematical solutions for the
optimization of DI with significant promise of practical applica-
tions. A related important optimization problem arises when the back-
ground interference is nonisotropic, for example, when it is reverbera-
tion related or when ambient noise is itself nonisotropic. Under such a
condition, the general solution, i.e., the reverberation index (RI)
optimization is required. The RI optimization problem was never con-
sidered previously. Adherence to the solution for the general case
throughout all phases from the initial problem formulation to final
modeling technique allows all aspects of an array's directivity to be
investigated using essentially the same mathematical procedure. In
order to encompass the already existing theory, some adaptation was
necessary within the work of the general case in the formulation of
mathematical technique. As noted earlier, an important part of the
development of these techniques is related to the investigation of the
degree of computational complexity necessary for the practical utiliza-
tion of these techniques. In view of the preceding, the purpose of this
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paper is twofold. First, to solve, in general, the RI maximization pro-
blem; second, to achieve the complete feasible numerical treatment to
various practical applications. The entire prcblem is mathematically
formulated and is handled by means of the treatment used for eigenvalue
(Gantmacher?“) problems. This technique will express the RI as a ratio
of two quadratic forms that determine an optimum set of amplitude and
phase excitations to yield the maximum RI. This procedure is developed
with sufficient generality so that the maximization of DI is included
automatically. This paper states the problem, presents a section of
theoretical formulation, and includes a section of three illustrative
examples. A later section also discusses remaining research problems.
Some conclusions are drawn from the theoretical viewpoint. The basic
computer programs that have been developed to perform the necessary
computations on UNIVAC 1108 computer are included in the appendix. The
calculation of beam patterns, RI, and DI is carried out by the GBEAM
(Lee?5) program. Implementation of this technique ideally requires a
complete automation of computer programs. Such a package is already
under our consideration and development, but is not yet available at
this reporting period. It is believed that once this model is
developed, research can proceed and meaningful solutions can be
obtained to address more complicated, presently unanswered problems.

STATEMENT OF PROBLEM

Before we state the problem, a few definitions have to be made.

We consider the coordinate system for array structure according to
the configuration shown in figure 1, where 6 is the azimuthal deviation
in the horizontal plane, ¢ is the vertical deviation from a horizontal
reference, and 0<6s<2m,-7m/2<¢sn/2. A reference plane for measuring
relative phase at any element of the array is chosen to be that plane
passing through the origin that is parallel to all wavefronts.

Let Rj be the amplitude response at the jth element, d; (8, ¢) be
the distance from the jth element to a reference plane that is taken to
be perpendicular to the direction (6,¢) of the incoming acoustic waves,
and a; are unknown coefficients to be determined. Then, the beam output
function is defined to be

n
V(8, ¢, aj)= L aRj exp[i(Zw/A)dj e, ¢,)1.
j=1

- - ——
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ARRAY ELEMENTS

Figure 1. A 3-Dimensional Array Geometry Structure

When a:=1 for all j, the term V(8, ¢, 1), conventionally written as

V(®, ¢,) refers to an unshaded beam output function. V(8, ¢, a;) is
used to calculate the beam pattern function, the reverberation index RI,
and the directivity index DI.

Reverberation index, RI, ‘can be expressed as

: 2
RI=10 loggg 2n(sin b-sin a) [V(85, ¢0s oj) |

2r /b
/ / {RV(0, ¢)}|V(e, ¢, uj)lzcos ¢ d¢ de
of a

where (6,, ¢,) stands for steering direction angles and RV(8, ¢) is a
reverberation function that is used to characterize the relative rever-
beration strength of backscattered energy from boundary or volume
scatterers over the angular intervals of interest. If we assign

PPN,
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a=-v/2, b=n/2, and RV(6, ¢)=1 for all 6, ¢, we arrive at the expression
of directivity index, DI, i.e.,

4n|V(e,, 4o, aj)|2
DI=10 log,o

2w/ 2
fof_u/2|v(°. O.Gj)lzcos ¢ de de

Thus DI is mathematically a special case of what we term RI and so the

optimization problem as treated herein is equally related to both RI and
DI.

We now pose the problem: Can a; be chosen such that RI and DI are
at their maxima? This complete volu&e is devoted to answer this ques-
tion. Details follow.

MATHEMATICAL FORMULATION

The beam output function, V(8, ¢), is given by

n
V(e, ¢$)=3 Rsex [i(2 /A)d'(es $)],
j=1 i : ’ M

where 6 defines the azimuthal deviation in the horizontal plane, ¢ de-
fines the vertical deviation from a horizontal reference, R; is the
amplitude response of the j-th element, and dj (6, ¢,) is the distance
from the j-th element to the reference plane.

For a plane wave excitation, the distance from any element to the
reference plane is

dj(6, #)=X; cos aty; cos B+zj cos v, (2)

where (cos a, cos B, cos y) are direction cosines which define the
direction of propagation perpendicular to the incoming wavefront and
(xj, ¥;» zj) stands for Cartesian element location. For a spherical
wave excitation,

dj(8, #)=ro-l(x5-xp) 2e(yj-yg) 2o (25-2)21V/2, (3)
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where r defines the distance of a point source to the array center,
and
cos ¢ sin 6,

x5=r°

Yg=To COS ¢ cos 6, (4)

Zg=-T, sin ¢.
For details, the reader should consult reference 25. The directivity

index, DI, is expressed by the formula.

I¥(o, . a3 12
bttty e logw_’_ “f"/z [v(e, ¢)|%cos ¢ d¢ do'(s)
_"/2

LwJo

(Urick?8). The reverberation index, RI, is expressed by the formula,

RI=10 log,04,

[V(eg, ¢5)12
=10 loglo s . (,6)
1

2% ~b
2n(sin b-sin élf;.fa{RV(e, ¢$)}r|v(e, ¢)|%cos ¢ de¢ de

The optimization of DI and RI is the same as optimizingA; and A ;.

We shall attempt to optimize RI and DI in a systematic manner. In
general terms, we consider the reverberation function, RV(S, ¢), which
is used to characterize the relative reverberation strength of back-
scattered energy from boundary or volume scatterers over the angular
intervals of interest. In the event, the RV(6, ¢) is a transmitting
beam output function, the introduction of amplitude and phase shading
coefficients to RV(6, ¢) should be of interest for future research, but
it is not considered in our present treatment. Our approach is to
maximize A, and we will show that maximization of A 7 accommodates the
maximization of A 1.

Introduce a set of n elements, {aj}, j=1, 2, ..., n, to v(e, ¢).
Then we obtain

n
v(e, ¢, uj)-jilojkjexpIi(‘h/x)dj(e. $)] . (N
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aj is the jth amplitude excitation called shading coefficients to be
determined. If aj=1 for all j, V(8, ¢, 1) = V(8, ¢), which is simply
an unshaded beam output function. If a; turn out to be complex, they
can be put in polar form; the magnitude part gives the amplitude
excitation and the argument part gives the phase excitation. To be
general, we consider the problem of maximizing A ,. Once this is done,
it is a simple matter to maximize A ] by just setting

a=-n/2, b=n/2 and RV(6, ¢)=1,

which implies that formula (6) reduces to formula (5). Without loss of
generality, we drop the amplitude responses for V(8, ¢, j) for formu-
lation simplicity. Define a vector E t; be

E={exP['i(2"/)\)Dj(9o» ¢°)]}:j=1a 2y wve 3 n, (8)

where Dj(eo, ¢o) are steering-direction, (6,, ¢,), delays. Let: A be
a square matrix that is obtained by

A=EE*, (9)

where * indicates the conjugate transpose, B be a square matrix whose
elements are to be determined, and a be a vector consisting of the
components aje Az of formula (6) can be put in the form

a*Aa
Az. .
a*Ba

(10)

Now our aim is to maximize A,. Setting a*Aa = |V(8g, 6o, 0j) |2 en-
ables us to determine the elements of Ar(ajk),

ajk=exp(i(2%/2) (Dj(84, ¢0)-Dk(0o, ¢,)) , (11)
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where (8,, ¢,) are steering-direction angles. Similarly, setting

1
a*Ba=

J (RV(8,6))|V(6,8,a,)|2cos ¢ do db
2n(sin b-sin alW o J 5 ]

gives the determination of B elements,

bjk' jq-[ exp[i(Z!/x)(dj-dkH
2%x(sin b-sin a)Jo J a (12)

x{RV(6, ¢)}cos ¢ d¢ de.

For a=-n/2, b=n/2, RV(0, ¢)=1, (12) reduces to

2% /2
J. exp[i(Zw/A)(d.-dk)lcos ¢ d¢ de. (12")
4- 0J -n/2 ]

We shall use (12') to maximize DI.

a*Ba represents reverberation power received by the array; it has
to be positive from physical considerations. This implies that B is
positive-definite. Therefore A , can be maximized according to the
following optimization theory:

1f A(a, a) and B(a,a) are 2 quadratic forms in the variables aj
and if B is positive-definite, then the characteristic equation of the
form A(a, a) - AB(a, a) is

p(\)=det(A - AB)=0. (13)

In view of the matrix theory for eigenvalue problems (Gantmacher24),
p()) has real roots A; and Aj +1 for j=1, 2, ... n-1 and 1y, Aq
represent the bounds of (10), thai is,

a*Aa
A< A

n

a*Ba

By

M e g ST R _—
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The right equality of the above expression is attained if

Aa=)\pBa. (14)
Then, it is seen that
a*Aa :
Ap=4_= =E*B~ 'E>0
n .
2 " (15)

To justify formula (15) we will prove:

a*Aa
(@) A,=

for "optimum" a,
a*Ba

(b) A,=E*B~lE>0, and

() A, is the largest nonzero cigenvalue of (A-1B).

Proof

In view of Aa=)_Ba, we shall take inner products of both sides
with respect to a*. Rs a result, we obtain a*Aa = Ana*Ba, and (a)
results. Next, the conjugate trarsposition of Aa=) Ba gives a*A*=
Ana*B*. Since A, B are both Hermitian, then a*A=A,a*B. By virtue of
the positive-definite property of B, the B-1 exists, then

a*AB-l=a* ).

Postmultiply E on both sides of the above equation, and in view of
EE*=A, we obtain

(a'E)(E'B"E)-(a'E)An.
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a*E is a nonzero scaler — )\, = E*B-lE. The positive-definiteness of
B —

An=E*B-lE>0,

(a) and (b) sh formula (15) is true.

We just provied that ), is a nonzero eigenvalue of (A-)B)a=0.
Now, we want to show that A, is the largest. Since E is an (n x 1)
vector, EE*=A must be an (n x n) singular matrix of rank 1. Since every
column of A is a constant times E (as in every row), there is only one
linearly independent column vector of A. Since B is positive-definite,
(A-)B)a=0 can be solved by BB-1A-AI)a=0. A is of rank 1, B-1 is
positive-definite, and (B-1A) must have rank 1. Therefore, (A-)B)a=0
has only one nonzero eigenvalue and the rest of the eigenvalues are
zero of multiplicity (n - 1).

Since A >0, Ap must be the largest eigenvalue. Thus (c) is
proved and justifies equation (15). Making use of (b), An=E*B'IE, and
we obtain

AnE=EE*B”1E+) E=AB-lE~

(AB- 1.\, 1)E=0+(A-1,B)B-1E=0.

Therefore B-1E is the eigenvector associated with the nonzero Ane In
view of Aa=) Ba, (A-ApB)a=0, and it follows that

aopt=81E, (16)

which is the required eigenvector and hence the optimum excitation
vector. Equations (15) and (16) constitute the complete solution to the
optimization problem and theie can be applied to any sonar array. It
should be noted that once B~* is found, it is a simple matter to
calculate RI and DI since formula (15) reduces to

a*Aa
=E*a.

A=
¥ a*Ba

Therefore, RI or DI can be calculated from

10 log,,(E*a). (17)




—

-

TR 5375

In order to appreciate the physical significance of equations (5) and (6),
consider the following situation: For a#aopt it must be true that

a*Aa
E*B-lE=

Ane
a*Ba

Suppose we set a=B={exp[-i(2w/A)Dj]}T, Eiml ;2.0 0.y 0 This is a
typical solution to the array steering problem for the situation where
the delays D; are selected to provide an array MRA at selected steering
angles (85, ¢5). Although this solution does not generally yield the
maximum value of DI, it possesses the more generally encountered charac-
ter of array directivity computations and so can be used to relate the
term in (15) to appropriate physical quantities. That is, since A=EE*,
the quantity

a*Aa=(E*E) + (E*E) = (E*E) 2=n2

is just the square of the number of elements in the array. The numerator
of (15) is therefore the signal power of the array output when a per-
fectly coherent signal of unit amplitude is exciting the array. Also

for this special type of shading it is clear that signal power is at
maximum (assuming that the a; are normalized such that }ajli 1 for all
j). Passing now to the matrix B we can show that

sin [(2%/2) (dj-dy))
(2n/1) (dj-dy)

bjk'

which is recognized as the crosscorrelation between array elements in
the presence of isotropic noise. Thus B is the crosscorrelation matrix
of the noise. With the choice of a previously made, a=E—sB-1=I it
follows that

a*Ba=E*E=n,
Thus (15) gives
DI=10 logjg nZ/n-lo logyon,

and so yields a well known result for an array of n elements in an
isotropic noise field.

The central aim of this investigation that exhibits a departure
from the usual array design procedure, is the maximization of the ratio
expressed in equation (15) so as to obtain best system performance.
Since a must differ from the vector E, which we shall assign the special
notation ag for reasons that will shortly become apparent, it can be

10
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seen that signal sensitivity must suffer accordingly because the numer-
ator of (15) will be driven away from its maximum value. It is a
desirable objective, however, since the result of optimization of the

DI will usually justify the disadvantage of a reduced array sensitivity.
One must consider the overall system performance to fully appreciate
this point. It may have become apparent to the reader that the term DI
as used in this report is more accurately termed array gain since the
method when applied is by no means restricted either to an isotropic
noise field or to a perfectly coherent signal excitation. In this
general usage, we shall define the matrix A as the cross-correlation
matrix of the signal with elements 3jx and the matrix B as the cross-
correlation of noise (or any interfacing array excitation) with elements
bjk. The expression (15) is therfore a maximization of array gain

a*Aa Ejtkajak a5k
A = = .
n

a*Ba tjtkajak ka

Clearly, if the array is to be optimized for an actual real-world situa-
tion it is necessary to obtain sufficiently accurate estimates of the
array crosscorrelations for both signals and noise that accurately
depict the performance of the system under study and the environment
encountered.

Further consideration of the matrix B yield some measure of how
nearly optimum the array is, when in the unshaded state. In the case
of DI (and also for RI) we see that B can be separated into the identity
matrix and a matrix By, whose elements are (for all practical cases of
interest) less than unity in absolute value.

B-(l481).
In some practical cases, the spectral radius of By is less than unity.

This property of By is sufficient to allow inversion of B by a Neumann
series expansion, that is,

B-'=1-8,+8%- - =3I (-1)"8}.

L=0 (18)
Thus using E=a,
e Lot
‘opt"fo('l) 8,a (19)
11

N L il T
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The series representation of B-! shows that Gopt can be parti-
tioned into a convergent sequence of component terms. The first term
is equal to ap and this part of agpt as previously indicated is simply
the usual array-steering vector. ghe degree of optimization attainable
beyond this base performance depends on the nature of the matrix B,.
If By=0 no further optimization is possible (as will be shown in example
2 in a later section) and a, .=E, (the unshaded array) is already opti-
mum. Conversely, if By has gfements sufficiently removed from zero,
there is an opportunity for further optimization. This is illustrated
in the next section where a superdirective condition is imposed on a
line array with steering to endfire and element spacing <(*)A. This
results in a large number of off-diagonal elements in the matrix B which
gives rise to meaningful terms in addition to the initial term. If the
array element separation is taken as an interger multiple of (})A,
however, the matrix B, vanishes and the array is optimum in the unshaded
state. The argument has shown (at least in the case of perfectly
coherent signal) that it is the nature of the noise statistics that
dictates the degree to which array shading can improve performance.

Clearly the larger the crosscorrelation between array elements,
the better the change for improvement. Viewed in another way, the
technique identifies, by purely mathematical means, the array shading
required to minimize the noise-power output of the array while influenc-
ing the signal-power output to some lesser degree. Only under some
very special situations, the series expansion of B~! can be used
effectively for obtaining a sufficiently close approximation of ag,
without undertaking the horrendous task of inverting large matriceg as
is the case for large arrays. Letting a,=E, succeeding estimates of
Gopt can be given by the iteration

a,=a,+Ba, , v>1,

and the sequence can be continued until

|la,-a,_,|]l<e, € arbitrary,
v v=1

so as to approach sufficiently close to the limit a,,.. In general, due
to the number of arithmetic operations involved and gﬁe large memory
storage requirement, the series expansion is not recommended.
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NUMERICAL RESULTS

In the sections below three different arrays that illustrate this
technique are described and discussed. The calculations for the first
example are performed by hand. Other comgutations are carried out by
the UNIVAC 1108 computer using GBEAM (Lee 5) and other programs that
have been developed to implement this technique. In all computations,
single-precision arithmetic is used and the individual elements'
response is absent of consideration.

EQUALLY SPACED LINE ARRAY OF THREE ELEMENTS

Array Description

On the first example, we present an endfire line array of three
equally spaced elements placed on the z-axis.

13
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Input Considerations

The input parameters used are:
z-spacing=1/4 where A=wavelength
Element locations: (0, 0, (-1/2)A), (0, 0, (-1/4))), (0, 0, 0)
Frequency = 4900 Hz
Plane wavefront is considered

Steering direction: (90°, 90°)

Shading Coefficients

After normalization and separation of amplitude and phase, the
shading coefficients of this example are determined to be:

Amplitude Coefficients: (0.66, 1.0, 0.66)

al
3
 ~
-
s o ——@ @
1 2. 3
ELEMENT NUMBER
14
- - T Y SO T 1. -
s




e

| e

Phase Coefficients (rad): (2.85, 0, 2.85)

w
w
«
3
a
0 \ -@
1 2 3
ELEMENT NUMBE it

How to obtain these coefficients is described next.

TR 5375

Analytical and Numerical Calculations of Maximum Directivity Index

From our formulation,

cos a = 0,

cos B =0,

Cos y = -zj sin ¢,

then d§=-zj sin ¢ for j=1, 2, 3. Using formula (12') to calculate bjk,

we fin

1 L ‘l/z
bll-bzz-b33'-‘ cos ¢ d‘ de=1,
4nJo J.w/3

For j#k,

1 2% N/ 2
bjk--J. I exp[i(Zu/x)(dj-dk)lcos ¢ d¢ de.,

-'/2

4njo

15
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Calculations giv=

by,=by =ba3=by,=2/7
and

b,3=b4,=0.

Therefore, the B matrix is found to be

1 2/n 0

B= 2/m 1 2/

0 2/n 1

and
4-v2 2% -4
1
B l= 2w -n2 2n
8-n2

Since this is an endfire array,

E= (exp(-i(2n/2)0) ,exp (-i(27/2) (-A/4)],exp(-i(2%/2) (-2/2)))T
s(1, =8, 11)2,

And the-. matrix is found to be

16
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Then,

(8-72)-27i

1

en?j

8-n2 4
-(8-w2)-2ni

-lga
“Opt'. E

Expressing Gopt in polar form and normalizing it, we obtain ampli-
tude coefficients (0.66, 1, 0.66) and phase coefficients (2.85, 0,
2.85).

16 -3w2\2
"SptAaopt"v(em %0, aj)lz.( 842 ) ’
a? Ba, .= 16-3w2
optT™“opt . o
Therefore, “3pt“opt
By et Y« 0
- Ba
aopt opt

Max (DI)=10 logloDnax-8.6l dB

(pI) =4,77 dB

unshaded

Improvement =3.84 dB

Placing these elements on different axes should not alter the DI. The
numerical results are shown by the following table.

Results DI (dB)
Unshaded 4.77_ 4
Analytic calculation 8.61

T—— : :
X-axis 8.62
) b
Y-axis 8.65
Z~axis 8.62

17
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Horizontal Beam:
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Beam Patterns

We examined whether or not changes occurred in the beam patterns.
In this example, both the horizontal and vertical beam patterns seem to
be improved somewhat. The plots of the endfire array on the Y-axis are
shown on page 20.

EQUALLY SPACED ARRAY OF SIX ELEMENTS

Array Description

This is an endfire array of six equally spaced elements placed on
the Y-axis that has the following configuration.

Input Considerations

Frequency = 4900 Hz
Plane wavefront is considered
Steering direction: (0, 0)
Since the procedure has already been described completely in the

previous example, the E vector, B matrix, B-1, and A vector calculations
are omitted. We only list the normalized shading coefficients.

19
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Numerical Calculations

Shading Coefficients-Maximum Directivity Index:

(a) (1/4)) spacing
Element locations of this spacing are:
j-1 ;
(g5 ¥js 230200, 228, 0), 3=1, 2, .., 6.
The determined coefficients are:

Amplitude coefficients:

(<2l 1263, 41 0T, 63, .21

AMPLITUDE

ELEMENT NUMBER

Phase coefficients:

(-0.28, 3.01, 0, 3.27, 0.26, 3.55)

/

ELEMENT NUMBER

PHASE
N

w

F

o
°®

-r
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Using this set of coefficients we obtain the following results:

Max DI 14.54 dB

(DI) unshaded

7.78 dB

6.76 dB

Improvement
(b) (1/2)X spacing
Element locations of this spacing are:

. ~ )= i;l 1=
(xJ, Yo zJ) (o, %y ), GeElnt NG

2
The determined coefficients are:
o Amplitude coefficients:

(1, 1, 1, 1, 1, 1)

AMPLITUDE

0 o910 oo —
1 2 3 4 5 @

ELEMENT NUMBER

Phase coefficients:

(v, O, v, O, m, 0)

PHASE

1 2 3 4 5 6

ELEMENT NUMBER

21
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spac

The

22

In this example, no improvement of DI was found due to element
ing.
(¢) (3/4)X spacing
Element locations of this spacing are:

30-3)s . Je1, 2. ... . 6.
4

(xj’ )'j) zj)=(ol

determined coefficients are:

Amplitude coefficients:
(0.991, 1, 0.992, 0.992, 1, 0.991)

¥
3

AMPLITUDE

— 9o ¢l0o oo
1 2 3|14 5 6

o

ELEMENT NUMBER

Phase coefficients:

(-.132, 0, ~-4.73, -3.29, -1.73, -.412)

?-v \//

————— T “l'.‘rér: e R
v u w3 % RN : PRy g
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Using this set of coefficients leads to a small improvement of DI, 0.18
dB.

Max DI = 7.96 dB
(DI) unshaded = 7.78 dB
Improvement = 0.18 dB

A Comparison with Tschebyscheff Technique: Using (1/4)X spacing
produced a big improvement in DI by this technique. This result drew
our interest to an investigation if the bandwidth over which gain could
be achieved and to a comparison of results against existing well-known
techniques. The Tschebyscheff technique has been selected for this
comparison. In comparing the DI improvements and beam patterns, it was
found that the Tschebyscheff technique is inferior to this technique,
as shown in the following table.

DIRECTIVITY INDEX:

(a) (1/4)x spacing

Amplitude Impr?zg?ent
Shading Shading DI
Function Coefficients (dB) Gain Loss
Unshaded (1 3 1,00, 1, °1) 7.78
Tschebyscheff* | (.3, .69, 1, 1, .69, .3) 7.04 0.74
This technique | (.21, .63, 1, 1, .63, .21) 14.54 6.76
*The Tschebyscheff coefficients are obtained subject to the
requirement that the side-lobe level is 30 dB.

23




@

o

E——

TR 5375
(b) (1/2)X spacing
s Improvement
plitude (dB)
Shading Shading DI
Function Coefficients (dB) Gain Loss
Unshaded 1, 1. 1,3, 3 1) 7.78
Tschebyscheff (a8, B9 T 069 A 7.04 0.74
This technique €2, ke 1, 1,-1, %) 7.78 0
(c) (3/4)) spacing
Amplitude
Shading Shading DI Improvement
Function Coefficients (dB) (dB)
Unshaded €1 T8 8k 1) 7.78
This technique (.99, 1, .992, .,992, 1, 7.96 0.18
.991)

Examination of Bandwidth

In carrying out the complete computations, we used a fixed fre-
quency of 4900 Hz to determine a set of shading coefficients to maxi-
mize DI. The same set of coefficients were also used to calculate DI
for different frequencies in order to determine the bandwidth. For an
element spacing of (1/4)), based on a 4900 Hz center frequency, fre-
quencies ranging from 3900 to 8000 Hz were evaluated in 100 Hz incre-
ments to examine the array bandwidth. Associated horizontal beam
patterns at f = 4300, 4900, 5800, 7100, and 8100 Hz were selected for
presentation. [ur a spacing of (3/4)), based on a 4900 Hz center fre-
quency, frequencies from 4400 to 5400 Hz were used; associated

24
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Horizontal Beam Patterns
(a) XA/4 spacing
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(b) A/2 spacing
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(c)

31/4 spacing
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horizontal beam patterns are presented at frequencies of 4700, 4900, and
5100 Hz. A "Frequency vs DI' graph based on the two spacings, (1/4)A
and (3/4)2, considered above is presented. These graphs are labeled
figures 2 and 3.

Discussion

Let D(n, s) stand for the directivity of an equally-spaced line
array of n elements with element spacing s. Uzkovl proved the following
important results by means of the orthogonality properties of inner
products:

= n when s = integer multiple of (1/2)A (A)
D(n, s)
—n2 as s—=0 (B)

Uzkov's proof indicates that for small element spacing, high directivity
can be expected; the technique just enunciated demonstrated that such a
high directivity index can be achieved. The results in the previous
section, obtained by using a (1/4)x spacing, clearly support the above
statements.

When a (1/2)X spacing is used in the example, no DI gain is seen.
In such case, a DI gain should never have been expected according to
Uzkov's results. Mathematically, under such conditions, our technique
determines matrix A to have unit elements and the matrix B to be an
identity matrix. Then, the largest eigenvalue of B-1 A is Pn, which
equals n; this shows the beauty of this technique and justifies Uzkov's
proof of formula (A).

The maximum directivity index obtained by this technique by using
an element spacing >(1/2))A appears to be similar to those obtained by
Pritchard15,16 in the process of optimizing the DI of equally-spaced
line arrays of three, five, and seven elements. The terminology,
"superdirectivity,'" has been used by a few authors. In fact, for other
than half-wavelength spacing, this technique produces a narrower main
lobe and produces phase shadings approximately the reverse of adjacent
elements. These results seem to match the descriptions given by
Urick2?6 for "superdirectivity." It is evident, in the absence of
round-off errors, our technique produces maximum DI (MDI); this would
mean that our MDI is also 'super'" in the sense of superdirectivity.
Pritchard concluded that for element spacings >(1/2)) there is little
difference between the maximum DI and the unshaded DI. His conclusion
confirms our findings for (3/4)) spacing.
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Horizontal Beam Patterns (1/4 spacing)
Unshaded
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Horizontal Beam Patterns (A/4 spacing)
Tschebycheff
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Horizontal Beam Patterns (A/4 spacing)

This Technique
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Horizontal Beam Patterns (3A/4 spacing)
Unshaded
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tiorizontal Beam Patterns (3)A/4 spacing)
This Technique
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On the examination of bandwidth, using (1/4)X spacing, we found a
wide frequency band of 4000 Hz; therefore, these results should be of
interest to array designers. On the other hand, with (3/4)) spacing, a
small gain of DI is indicated; one should not expect a wide frequency
band as implied by Pritchard.

To design an array that operates in the superdirective mode, it is
necessary to employ a subtractive process on the output of closely
spaced hydrophones. This is often accomplished by reversal of the phase
of alternate hydrophones in a line of hydrophones spaced at a 1/4 wave-
length interval; indeed, this technique does this. Unfortunately the
subtractive process, while producing substantial gains in directivity,
significantly reduces the net sensitivity of the super-directive array.
Moderate increases in directivity may be achievable, however, with a
moderate sacrifice in sensitivity. This was also pointed out by
Pritchard.!S,16

Bandwidth is another limiting factor with superdirective arrays.
The more superdirectivity introduced, the narrower the bandwidth of the
array with respect to the bandwidth that would be available with conven-
tional wider interhydrophone spacing.

A CYLINDRICAL ARRAY OF 15 ELEMENTS

Array Description

The configuration below shows a section of a cylinder that is
used by this example. Array elements are placed on three parallel rows,
each with five elements. The separation angle is 59; the cylinder
height is 1.44); the vertical spacing is 0.72); the circumferential
spacing is (n/9)X; and the radius is 4 ft.
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— N

Input Considerations

Element locations: (x., yj, z

; ) = (y cos ej, Y sin ej. zj)

J
04°5% (j-1), I=1, 2, ... , §

Frequency: 3500 Hz

Plane wavefront is considered

Steering direction: (80°, 0°)
1 -19<¢<10

RV(O, ¢) =
0 elsewhere

37

Ay D T

e e ————




———

TR 5375

Numerical Results - Maximum RI and DI

Shading coefficients:
Amplitude coefficients:
(.26, .37, .s3, .37, .26, .40, .67, 1.0, .67, .40, .26, .37, .53, .37,

.26)

AMPLITUDE

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

!
ELEMENT NUMBER
I

Phase coefficients:
(.11, -2.82, .19, -2.82, .11, -.02, ~3.06, 0, -3.06, -.02, .11, -2.82,
.19, -2.82, .11)
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Using this set of coefficients to maximize RI and DI leads to the follow-
ing improvements.

Shading DI RI

Functions (dB) (dB)
Unshaded 10.29 5.91
This technique 11.81 7.19
Improvement 1.52 1.28

Note that any improvement is worthwhile. In some instances the
improvement may be greater. Above is only an example.

Discussions

A noticeable RI and DI gain is produced as a result of this
example. In carrying out the computations, we observed that the
reverberation function, RV(e, ¢), is defined in a small sector that is
a part of the main lobe. Even though the main lobe in that small
sector is narrowed after the maximization is done, no control can be
assured for the beam patterns elsewhere outside the sector. Often,
when the vertical main lobe is wider than the reverberation sector,
undesirable beam patterns can be produced. Under such condition, even
though the RI is maximized, the DI may be deteriorated. This occur-
rence should be considered unacceptable. To remedy this situation, a
procedure was modified to improve the RI subject to the requirement
that not only the RI and DI can be improved simultaneously but also the
beam patterns can be improved. This approach is tried to vary the
reverberation sector to cover the main lobe and to improve RI and DI.
Six reverberation sectors are tried for the above example; the rever-
beration function maintains the original definition. These beam
patterns are displayed below. llorizontal beams all show acceptable
patterns, but the vertical beam patterns deteriorate with narrowing
reverberation sectors (indicated by [,]).

The directivity index values are also examined; they deteriorate
with the narrowing reverberation sector.
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Beam Patterns:
Horizontal Beam Patterns
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Index RI DI
Sector (dB) (dB)
Unshaded 5.91 10.29
[-90°, 90°] 7.19 11.81
[-60°, 60°] 7.18 11.41
[-459, 45°] 7.19 9.31
[-30°, 30°) 7.20 2.55
[-150, 159] 7.23 v
[-19, 1° ] 8.34 *

*unreasonable results

This example represents a small array; the computation time does
not impose a problem. For large arrays, the reduction of computation
time should be seriously taken into consideration. The saving can be
realized by a compromise on RI and DI gain. The above results seem to
suggest that the sector [-60°, 60°] may be a good choice for this
example. Now, the question arises: In general, what is a reasonable
sector to choose to maximize RI and at the same time to minimize the
computations? It seems that a good choice is the smallest interval
containing the vertical main lobe. In some cases, the vertical main
lobe is already narrow; then this choice can save a great deal of
computation time.

FUTURE RESEARCH

The complete optimization of RI and DI, in fact, involves three
domains of analysis: applied mathematics, computer science, and
engineering-physics. The solution of the pertinent problems in each
domain will allow hardware development applying the subject technique
to be undertaken. This paper solved only the applied mathematics
problem. Before the actual applications can be carried out to solve
the engineering-physics problems, it is necessary to solve the problem
in computer science. It is evident that the immediate need to carry
on the research is a computer model with desirable options. The
practical consideration is an automation of a set of existing computer
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programs plus options subject to machine memory capacity. Extension of
this model should handle arrays of any size that will be the most gen-
eral model. Design of such a model is systematic. For large arrays,
when the number of array elements is large enough to produce a large B
matrix that exceeds the allowable machine memory capacity, the computa-
tions are expected to be extremely long and need to be handled in a
special manner.

A complete examination of the optimum properties of existing
sonar arrays should be interesting and profitable.

This technique can be applied to produce valuable results that
can lead to the future design of optimal arrays.

CONCLUSIONS

An effective technique based on matrix theory has been developed
to apply an elegant theory to maximize RI and DI. Evidently, the
numerical results demonstrated its validity. Some engineering and
physical considerations are not examined in this paper. It is believed
that this technique is general enough to be applied extensively to any
type of sonar array without restriction.

Maximizing RI and DI is considered important. Also important is
the minimization of computations for large arrays. Concerning minimiza-
tion of computations, special treatment ought to be considered for
special problems. For a large array, such as equally spaced line arrays,
the B matrix to be determined takes a special representation, a
Toeplitz matrix (Zohar27). Existing special algorithms are recommended
to invert this type of matrix to gain computational efficiency.

This technique not only can be considered useful for future array
designs, but also can be used to examine the optimum property of pre-
sent existing sonar arrays. If an existing array has already possessed
optimum property, then no improvement can be expected. This technique
will indicate so. In this case, the matrix A becomes a matrix of unit
elements and B becomes an identity matrix.

This technique depends upon element spacings as well as steering
directions. Numerical results of equally spaced line arrays with small
spacing show superdirectivity. Cheng,%:® in maximizing directive gain
for circular and elliptical arrays, concluded that for small element
separations a supergain situation results under optimum gain conditions.
The trend of numerical results seems to indicate that RI and DI can be
maximized where the element separations are very small.
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APPENDIX

A set of seven FORTRAN V computer programs have been developed to
implement this technique. Their interdependence is described by the
diagram below. Calculations are performed on the UNIVAC 1108, using
single-precision arithmetic. Compilation is done by the EXEC 8 system.

MAIN

XYz

EVEC

PINT

FN
REVB
CGJR

MAIN commands the control
XYZ generates element locations
EVEC calculates E vector
PINT performs two-dimensional numerical integration
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FN computes the integrand
REVB defines the reverberation function
CGJR inverts Hermitian matrix B.

Outputs are a set of normalized amplitude coefficients and asso-
ciated phase coefficients.
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MAIN

PAKAMETER (R=30
COWLEA ([ RoNK) pVINR) o BV INR) oV (iNA)
JLACNSION G0 o YA (HR ) o ZHIMR) p X (1R o Y (1R)
DATA PLleOnE o 2E0/341415920535¢1,0:0.0/
\.)ATI-\ \1\//:\‘!\*(0.0’0‘0)/
VAT VelCly/zZq49iC.0/
HACCLIOT ZINPUTS/idZ ity To LOVHo LIM o LOVV o LAV o i ANYH e INDEX o F o YELCTY
% IXYZobriholiv XSPACL o YSPACE 2 Z5PACE ¢ THEM oI 10102
=R
1 REAQ(ID o INPUTSyeRRZ1000,ND=100C)
WkZVELCTY/ZF
CALL AYZ(AXYZ ohideYtdo 2ol 0i49 o XSPACE ¢ YSI*ACE ¢ Z5PACE o X009 Y00 20, L.M01)
U 50 I=Yei el
aRITE (Sed0G) doXei{X)eYit(Ll) o Zti(I)
58 COLITIRIE
100 FORMAT(ICA,L13,3(8ArL15,8))
CALL VECITHLMePidLl e XHp Yidp ZH o LMyl o EV)
101 FUlGAT(/Z100e'E VECTOR==t/)
2% ‘—E (1;'}.01)
WRAITE (4ed03) (EV(J)edz=leiii)
LGS rORNATILIO(/LA,0(ELS8r2A)))
JO 10 [=leLi4N
vO 10 J=1eiMl
IF {1 ois€e ) GU TU 9
I eI 2CPPLAX(ONE r LERD)
wu 10 10
9 ARiYH=
CALL AT AN o VT pLOUR LI SH s LOWV LIV e i AT e Ko Yhiaetie Lo d o 0y LeI0R0
oy
Azl
Chab PLT(HHZ, VT o LOWHy LIV LOWYa LTIV o ALY o Xite Yoo Zide Lodo 1 Le IR
ws)
SCLoJ)=ZCMPLK(ALS)
10 COLTINUE
JO 117 I=1,L¥N
wU 118 J=ipbliin
110 SO pI)ZCHPLX(REAL(B(IvY)) o=ALIMAG(U(TIJ)))
178 (Hel02)
102 FORNMAT(/1U049 15T ROW OF B3 MATRIK=='//)
WARITE (%04033) (B(led) rd=1,yiM)
201 FumAT (1HL)

WRITE (99201) Sory e to DOC doae neR

DO 5 I=leny pexsit i :
3 CONTINUE ‘
% VI1)=(4,02040) :
: CALL COURCLoNNeNNeNiTeNNeB1600¢JCoV) !
A-3
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DO 5 I=1siiN
S CONTINUE
DO 209 (=1,4N
V0 2068 J=i,niy
SV(L)=uVL)+8 (1eJ) xV(J)

ZCO CUNLTINUE
XK(1)=SuRT(REALIBV (1)) *42+AINAG(IDV(I) ) %%2)
Y(L)=ATANZ (AIMAGIUV(I) ) o RCAL(BV(I)))
WIRLTE (40210) 10BVI1I)exX(I)eY (1)

1100 FORMGAT(11A,2(EL1De802X))
PP=X (L) xCus(Y (1))
GWZA (L) «SLi(Y (1))
wrilliTE (4011CG0) PP.QUQ
209 COnNTINUE
210 FORMAT(2X e 130540 ("02(E19.892X) 0 ") ' 010Xy "MAGNLITUDE=Z"1ELS,8¢100,
$YANULE="»E15,8)
U=0,0
WO 11 4=l
LF(nBSIX(1)) LEs U) GO TU 11
UsansS(a(l))
11 <OV Lol
A eI ATUZIDA s 40 (e ) Z/750 0 "HUHADING COUFFICILNTS AFTLER NORMALIZAY 10l
WALV /AR e S (L1HUekX)))
VU 13 4=l
ACD)EX(I) /U
19 CONTINUE
ARITE (Gel2) (X(J)epdJd=1,HN)

50 TO 1
1000 SToP
ENY
LU 2kl non douw wed
f".)l)’. it g legidls .‘.y;odm,
A-4
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Xvz

SUORVUTANE XTZUAAYZ,AH e YH e ZR L pia s N e XSPACE o YSPACE ¢ ZSAACE 9 XU 2 Y0, 20,

<1
11

7 QUi TLINUE
17 CunTiNUE - {ro) “31\
7 cuiTINUE v

Dbt e d

Uik SION Xl (1) eYH(1) e ZH(1)
UATA nAU/0.017ﬂ3529/
[ERTTTRAP R SV & M

l.i‘llv:-jo

ir (AAfd oii€e 0) 0O TO 8

IF (ASPACE 4ty 0,0) GO TO 3
1A0=0

AU=r LOUAT (L=1) xX5PACE/2.0

v L2 I=1sl

Yv 1i J=1,M

w0 & A=leN

LRO=ia JEL
AL(AAU)SFLOAT(1=1) xXSPACE=XO
COLY iUk

cuna liive

Cui T Ll

aF (YOPACLE JLte 0,06) GO TO S
4V0=0

Yu:C .0

uv & Jz=1le¥

Ju AN i=Leb

Ju 4 AS1eiN

Lruzlvo+l

(s (u)=(u=1)xYSPACE=YOQ
Cuit diwdk

Lol Lide

Cuil Lot

AR {L9rAaCl 4t 0,0) WO TU O
A4u=0
SusFLOAT (=1 )*%ZSPACE/240

uu 7 A=lein

JU &7 =kl

Ju &f J=gei

LU= ALU*]
Cri(LLU)SFLOAT (K=1) #ZSPACE=Z0

e g . e - ,‘*‘wg‘v.‘-‘.w»

L
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B Cubil dindic
1dz==2

30 idzid+2
iF(IZ 6T, &) 60 TO 32
Jez=bHr{/Z
L0 31 I=1,10
A (a+JZ) 20 ¢ %COS G (1=1) *xRAL)
YHi(i+uZ) St o xSIN(5,x(1=1) %kAD)
PARN .LhJL'):IZ

31 CUil Il
ou Tu 30

52 Cui, 1 liuk
AO:C.O
Yu=G0.0
LU:OQO
wl 9 I:I'LMN
AUZAV+XAH(I)
YUSYU+YH(T)
LUZCV+EN( L)

9 LUu'IJUL
AV AU/FLOAT (Lidl)
YOV O/rLOAT (LMND
Luz=eO/FLOAT (LidlM)
wU 10 I=1,LMi
At(a)=Aari( 1) =A0
Yiiqd)aVid(L)=YOQ
ci(d)=Zhi(L) =20

40 CuiJdinUk
KL Turtie
LNy

Lopy av 1~os ool
puny f LG it na

A-6
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g

EVEC

SuotwLTIat CVEC(THEMePHLIM XM, YHo ZHoLiNe WL e V)
VUAENSTON XHE1) e YH(L) o 4H(1)
LUMPLEA EVIL)
JATA HPLroeG/0,20318530700417453297=01/
Tuzivipe®*Q0
Pzt L% 0EG
M PEAZCUS (PH ) xST(TH)
DL TASCOS (1PH) %xCOS (Tr).
unritAZ=SITiv (%)
W10 IS S5 WY Wy 1
M OEP I IXH (L) ¥ ACPHA+YHT L) *BETA+2H(T) xGAMMA) /v L
v (L) =CUPLX(COS(=ARG) #SLN(=ARG) )
1 CuntTihve
= R TURN

[TV

REVEB
2UChWUTL L ReVD (T PHeY)
(=Ceu
L (nuoa(Pi=85,3) LY, (.1t=3)) Y=1.0
N j Uit
SR

| apy avedlabie fo DDC does no.
| :‘ Pormit fully 1.1, .

reproducton
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1000

1clio

1003
1002
1061

1004

1005

1200
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PINT

SUORUUTIHE PINT(HHZ o VT o LOWH LIMH LOWV e LIMV o MANYH e Xe Yo ZHe 1o 4y

DaniLAp N e LOR,TDI)

VinenSL00 Xed (1) o YH(L) 0 ZH(1)

JUATA PI1r0EG/3,141592653500,01745329/
Twl=0,0

i (MAYH JLE, ©0) GO TO 1200
Floud=rilZ*xDEG

FAVI=HVTxDEG

HeOWw=F CUAT (LOWH)

VLO®RZrFLOAT (LOWV)

UlnueA=0,0

Llpu=+1

pu 1000 JO=5,LIMH

Viz0.0

THZFLOAT (JO ) xHHZ+HLOW

\JL.“J=+1

w0 1001 Kou=0,L1MV
PHFLOAT (KO ) *HV T +VLOW

CALL FIN(THaPHoXH)YHpcH Lo Je INDEX oW IDR» X)
LF (RO NE, 0) GU TO 1002

Ulzui+X
ov 10 1001
lr(nO JLu, LIMV) GO TO 1003
Vizuli+L+X
IF(JIND (6T, 0) UI=DI+A+X
\Jlld/:-dll"u
ovidl dinuE
[F{u0 (Nce C) GU TO 1305
OLbeER=0inNDaX+FivT*DI/3.
o0 TV 1000
IF (0 ko, LIMH) GO TO 1004
UanUEASUINDEA+2 e 4FIVT%D1/ 3,
Le (10D 46T 0) OINDEXSUINDEX+2.,*FIVT#0I1/3,
1l.u==11IND
CunTlue

A J1=TOI+F IHVZ%DINDEX/ 340
FMANYHZMA Y H=1
w0 vV 1210 S L e
CulTLnUE ¥
ASFLUAT(LOWV) xDEG l B
J=a+ (FLOAT(LIMV) xHVT) *DEG
TUISTUIZ(Z2¢¥PI*(SIN(B)=SIN(A)))
RETURMN
e

g crenciec 100 PRIERS GOPY AVAILABLE TO [DC 077 1S
Wt e Ry PERMIT FULLY LEGIBLE PROCLGTICH
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SuLnvul i F-o(’”,_'r'\'r'hl')(HIYI.'ZHOI'J'IN"}"'IDH'X)
Uit S l0n Xit(l) oY1) e Zit(1)

Ui AUl /04203105337 03,1745329C=-91/

inzihe TAsDEG

il «ULo

MLI‘”"\:CQS‘."G‘)‘sln(TH)

DL TASLID (i) «COS(TH)

LA ..':»\:-SSIJ“’”)

AnOZP A ® ALY =R (J) ) ¥ ALPHAF (YR (1) =YH(J) ) #BETA+ (Zi1{ L) =Lri(J) ) wGAMi ./
)/

W fatiea,0) X=CUS(ARC) *COS ()

L}‘(AN.liuol) A:SAHU\H\')#CQS(PH)

L (auic ellde O) R TURDN

Chare RaVO(THETAePHLINY)

AzarY

we vty

i

1e to DDC does wl

i
Qopy v 15 reproduction

pormit fully 1o

COPY AVAILABLE TO POC DOES NOT
PERMIT FULLY LEGIBLE PROCUCTION S 18

__REVERSE BLANK

B A
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