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ABSTRACT

The classic beamforming algorithm involves the process of "phasing-
to-a-plane." This report presents a method of beamforming which
does not require the phasing-to-a-plane step, and therefore

can be implemented without the use of time delay or phase shift
networks.

The study was restricted to cylindrical or circular arrays of
equally spaced sensor elements, although the method appears to
be equally applicable for other geometries. Since no general
closed form solution for the required shading coefficients is
available, a set of shading coefficient selection algorithms are
developed and presented along with the resulting beam pattern
performance. Studies of the bandwidth, elevation beam patterns,
and the effects of construction errors, as well as methods of
implementing the beamformer, are reported.

The results of the study and the experimental program indicate

that substantially equal performance can be achieved with a
physically smaller array. In addition, the correlation method

is easier to implement. As an example, the Two Degree Array

(TDA) was compared to the Cylindrical Transducer (CT) for an
experimental sonar. The TDA was only 65% the size of the CT. The
TDA contained the same number of elements spaced in the azimuthal
direction, although it contained 1/9 as many elements in the elevation
direction: the TDA and CT operated at the same frequency and
demonstrated essentially equal performance in both the azimuthal and
elevation planes. Additional examples of size and cost advantage
are given in Appendix C.

The chapter on array rise time and the use of coded pulse
transmission to accomplish pulse compression on the array is
equally applicable to phase shift beamformers.

The assorted effects of changing the sector of active elements
on the cylinder are presented in Appendix A. Appendix B reports
the results of comparing the algorithmic approach to an equiva-
lent design by using linear programming as an optimization
technique.

Appendix C is a design analysis of the reduction in size and cost
savings to be expected by using the correlation beamformer method
as applied to three existing sonar systems. Appendix D is a repro-
duction of a signal-to-noise ratio study comparing the correlation
beamformer with a phase shift beamformer.
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LIST OF SYMBOLS

General - 1) Lower case letters usually stand for dimensioned variables-—

upper case letters are usually normalized lower case variables
where the normalization is to the design wavelength.
example: r = array radius in some unit,

and R= % dimensicnless radius.

2) The master coordinate system is cylindrical and centered at
the center of the cylindrical array. The azimuthal angle
is @ or ¢ interchangeably, the elevation angle is 6, and
the range is p (see Figs. 3-1 and L4-1).

A - the shading coefficients;

a real number or function
Al’Ae’A3’Ah - the several parts

or factors of Aj

introduced p. 7.

Area - resolution area -
area = Ax * Ay.
BW - the major lobe beamwidth,
usually given in radians

measured at the half-power

CW - a signal description meaning
that the carrier signal is
constant in frequency over
the time slot of interest;
that is, it does not exclude
pulsed operations.

DMRA - design major response axis

DSLL - design side lobe level;

used in Chapter IV in connec-
tion with the application

points. of Taylor shading functions
B(¢{,n) - a single element beam- (Ref. 2).
pattern descriptor, in D(¢) - a computed directivity
element centered function.

coordinates.

B(9,8) - a single element beam
pattern descriptor, in
array centered coordinates.

C - speed of sound in water

xi

E* - the complex beamformer output
voltage.

e:(w,e,t) - the complex voltage from
the nth element when
insonified with a speci-
fied source in the far-
field from direction @
and 6 and at time t.




SYMBOLS (Cont'd)

FFT - fast Fourier transform;

a computer algorithm for
performing Fourier
transforms.

f - operating frequency

fo - design center frequency.

G, - normalized and unnormalized
distance from a particular
element to the field point.

K - the aperture constant: the

product of the subtended
aperture in wavelengths and the
resulting half power beamwidth
in degrees; the units of K are
wavelength-degrees, first

used p. 24,

k - (Chapter IV.C.) an arbitrary

parameter O=k=l.

2% - the classic wave number

L - depth of aperture in direction

of signal propagation; depth
of aperture in the x direction
of Fig. 3-1.
LD - largest dimension; used first
in Appendix A.

M - total number of elements con-

tributing to a single beam.

MRA - achieved major response axis.

N - the maximum value of the

element counting index n;
element zero is on the DMRA

N - used in Chapter IV in connec-
tion with the application of
Taylor shading functions (Ref. 2)

PL - pulse length

P - (Chapter IV.C.) the normalized
distance along the W line
measured from the MRA to the
point in question; a variable
relating the normalized distance
along the W line.

P(g) - the pressure field due to

some infinitesimal_test
_o eikg.
g

Po - the source pressure of some

projector; P(g) =

infinitesimal test projector
measured at some appropriate
range.

q - number of elements in some dis-
tance, used in element density
determination, i.e., %a = number
of elements per unit angle as
seen from the array center.

S - the element spacing in wave-
length along the arc of the array.

S - (Appendix A) sector of azimuth
plane covered with preformed
beams .

SENS - the array sensitivity,

usually stated in number of
efiective in-phase elements

or contributors.
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SYMBOLS (Cont'd)

SLL - side lobe level; usually

reported in decibels below
the level of the major lobe
peak.

average side lobe level; an
RMS average of the linear
pressure over some angular

range.

SLLp -~ the peak or largest of the

S(1) - (Chapter V) a signal descrip-

various side lobe peaks;
usually given in decibels
below the peak value of the

major lobe.

tion.

s(t) - (Appendix B) a signal

TDA - Two Degree Array - an experi- €

description.

mental array designed to
exhibit a 2° beamwidth when
operated at 100 kHz with a

full sector of elements.

W - the subtended width of the

array as seen from a point in
the farfield on the DMRA

(normalized to the design

wavelength); alternately used

to designate the line proper,

i.

e., "the W line".

a - the angle in radians that
element n makes with the DMRA
or element zero measured at the
circular array center.

aN - one-half the total sector of
included elements in any one
beam; the angle that the end
element makes with the DMRA
measured at the array center.

® - an amplitude error factor; a
random sample from some stated
distribution.

Af - bandwidth.

Ah - a phase error; a random sample
from some stated distribution.

Ax - range resolution.

Ay - crossrange resolution.

excess signal length over that
required to cover the array.

A - wavelength of sound in water.
p - distance from array center to
field point (some units).
distance from array center to

field point in wavelengths,
5=2.

wo’eo’to’ etc., - design values of

hol]
'

the variables.
¥ - the phase term contained in Al;
the exact phase of the signal
on the array at the selected
time of maximum response;
introduced p. 11l.
w - the angular frequency of a

signal in radians per second.
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I. INTRODUCTION

In January 1973, a method for forming beams using elements or staves
on a cylindrical array without the use of time delays or phase shift
networks was discovered. Relatively large arrays were under consideration,
that is, cylinders whose radii in wavelengths were greater than about 10.
A quick survey of the literature revealed no additional information on the
method, and further computer simulation uncovered no apparent problems or
serious disadvantages that might result from using the processing scheme.

The Naval Coastal Systems Laboratory was asked to support ARL
during a two year study of the beamforming method. This report is the
major result of that study.

During the first year, a computer model, which was used throughout
the remainder of the study, was developed, and two experiments were
performed to validate the model. A partial understanding of the role of
the coefficients and their effect upon the beam pattern performance was
gained, and the problem of rise time was delineated. In addition, the
realization that a beam could be scanned at high speed began to take
shape.

During the second year, a study of high speed scanning and its
implementation was begun, and other methods of implementing preformed
beams were studied. The pulse compression problem was studied and a
pulse code was developed which achieves pulse compression. Larger
arrays were studied for possible systems applications and for preliminary
design of hardware to be used in testing the pulse compression codes. A
more complete understanding of the role of the coefficients was obtained.




e

The purpose of this report is two-fold: (1) to document the
essence of the correlation beamforming method and to summarize what
was learned during the course of the study, and (2) to serve as a

design guide for those who would use the method.

Chapters III and IV of this report describe the fundamental
concepts of the correlation beamformer method, and describe
"rules-of-thumb" that can be used to design or configure a
correlation array. One important appendix is C, which discusses the
cost and size advantage to be obtained by the use of the method.
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II. BACKGROUND

Beam formation is a well-known process by which the directionality
of response of an array of acoustic transducers is controlled. In the
general case, the individual transducer elements in an array may be
arranged with any spatial distribution, and may have their individual

response maxima oriented in any direction.

Beam formation can be accomplished in principle in the general case;
however, only in the simplest cases can a closed-form solution for the
shading coefficients be obtained. If, for example, the elements are
equally spaced along a line and either have no response maxima (omnidirec-
tional), or are all pointed in the same direction, then one can solve for
the shading coefficients so that the beam pattern will have specific
properties. The literature on beam control is extensive in this case.

Another relatively simple case consists of a set of omnidirectional
elements equally spaced on a circle; there is no baffle so that all
elements can ve seen from all directions. Some literature for this case,
which contains solutions for the shading coefficients, is available, such
as Ref. 1.

For arrays more complex than the simple ones as, for example, a
cylindrical baffle containing finite sized elements pointing in a radial
direction, no closed-form solutions for the shading coefficients have been
obtained. In such a case, the classical method of "phasing to a plane"

is used.

Conventional beamforming or spatial processing is accomplished through
a linear weighted combination of the outputs of the elements. That is,
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the beamformer output is

N
E*(p,t) = A: e;(q)’t) ) (2-1)
n==N

where e:(w,t) is the complex voltage developed by the nth element when
insonified by the signal S(t) arriving from the angle 9 and at time t,
and A; is the complex weighting coefficient which accomplishes beam
formation (both phasing and shading).

The problem is to select the A: in such a way that the envelope of
E*(p,t) has one maximum value at angle ?, and to’ and has controlled low
levels at other angles m#mo, and other times t#xo.

The classic algorithm involves the selection of A;:Anexp(iﬁn) in two
parts. First, B 1is selected to "phase-the-element-to-a-plane” or delay
its output by some angle ﬂn, so that the collection of M elements appear
to lie in a line or on a plane. For a time delay beamformer, sn may
involve several revolutions. For a phase shift beamformer, Bn is
restricted to =x.

The second part of the classic algorithm is the selection of the
magnitude of the shading coefficients, the An' This operation proceeds
according to methods contained in the extensive literature concerning
line array shading coefficients (for example, see Refs. 2 through 6),

and then computer tests are run to obtain the final result.

In both time delay and phase shift beamforming, the angle Bn is
important, and during implementation requires the use of phase shifters
or delay lines. In sonar arrays of high resolution covering a wide sector,
such devices preclude scanning a single beam because of the restricted
data rate, and can become a major expense item when many preformed beams
are implemented in order to meet the data rate requirements.




During late 1972, while performing work on the suppression of
grating lobes in the case of widely spaced elements on cylindrical arrays,
it was discovered that beams could be formed without the "phasing-to-a-
plane” step. If useful beams could be formed and controlled without the
phase shifters or delay lines, then arrays of smaller size at less expense
could be constructed. Therefore, a proposal to study the "method of
beamforming without the use of time delay or phase shift networks" was
submitted and accepted. This report is the result of that study.

The cylindrical array was chosen for study because of its azimuthal
symmetry; many beams can be formed by applying the same set of shading
coefficients to a different set of elements.

The method of "forming beams without the use of time delay or phase
shift networks" or "forming beams by the use of real shading coefficients"
has finally come to be called a "correlation beamformer," primarily
because of the way the coefficients are selected. However, the new method
does not simplify the mathematics of beam formation; therefore, as before,

no closed=-form solution is available.

The solution to the problem of finding shading coefficients for the
correlation beamformer on a cylindrical array has been to develop a set
of rules or algorithms to determine the coefficients; then a computer
implemented mathematical model is exercised to evaluate the predicted
results. By this process, the heuristically derived coefficient selection
algorithms have been proved, and array scaling rules have been determined.

Chapters III and IV discuss the array performance in relation to the
coefficiert selection algorithms. The array fill time problem and two

. proposed solutions are discussed in Chapter V. Chapters VI, VII, and VIII

of the report include methods of implementing either scanned or preformed
beams, some technological fallout of the study, and experimental verifi-
cation, respectively. Chapter IX gives the study conclusions and
recommendations for further work.
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Although this study was aimed at the correlation beamformer for
cylindrical arrays, the correlation method is equally applicable to
other array geometries (for example, lines and planes or volume arrays).
The coefficient selection algorithms are unchanged for other gecmetries.
Also, some of the performance results determined in this study apply
equally well to phase shift or time delay beamforming methods.
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ITI. THE DESIGN AND PERFORMANCE OF THE REFERENCE
CYLINDRICAL ARRAY--THE SIMPLE CASE

A. The Role of the Shading Coefficients

In this chapter, the study of the design and performance of the
correlating beamformer will be restricted to the simplest possible case:
point elements, equally spaced one-half wavelength apart on the front
half of a cylindrical baffle of radius R wavelengths. The coefficient
selection algorithm will be described, and the beam performance and
scaling rules developed.

Figure 3-1 shows the assumed geometry. For the present, the test
probe will be assumed to be in the farfield and will emit a simple CW
signal sin(wt). The baffle will be assumed to be opaque but otherwige
does not affect the element's pattern; that is, an element's response is
constant and independent of angle if it is in the line of sight of the
test probe; the output is zero otherwise.

The beamforming operation will be

N
E*(o,t) = 3, A eX(p,t) (3-1)
n=-N

where the ¥ denotes a complex number and e: is the output voltage from the
nth element at some time t when the test probe is at angle 9.

The set of real numbers An are discrete samples of the continuous
function A(n) or A(an) which will be developed in parts, each part playing
a specific role in the beamforming operation. The separate parts of A(n)
. are

i
%
-

A(n) = A (n) * A,(n) * A,(n) (3-2)

7
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where
Al(n) is the signal replica factor,
Az(n) is the sensor density corrector, and

Aj(n) is the aperture window function.

1. The Signal Replica Factor

Consider a cylinder whose radius is 15 wavelengths. Further,
assume the n=0 element is in the direction of the major response axis
(MRA) (the X axis in Fig. 3-1). If the test probe is at ¢=0 and the array
sensitivity is measured, the result will be one apparent element. As
additional elements are added in pairs, n=%1,+2, etc., the array sensitivity
will grow until the additional elements lie outside the first Fresnel zone
on the cylinder. As elements are added into the second Fresnel zone, the
array sensitivity will decrease, making the apparent number of elements
on the array decrease. The dotted curve in Fig. 3-2 illustrates this
behavior.

If phase shift or time delay beamforming were used, the elements
would be moved electrically so that they all would add coherently, and the
dashed curve would result. One can see from the dotted curve that the
addition of the pair of elements marked 15 will cause the overall sensi-
tivity of the array to decrease because these added elements exist in the
second Fresnel zone. If one were to reverse their signs before adding,
the solid curve would result. That is, the solid curve is the result of
weighting by +1 those elements in the odd numbered zones, and weighting

by -1 those elements in the even numbered zones.

The choice of Al(n)=11 does result in a narrow major lobe with
good sensitivity, but with unacceptable side lobe performance. The concept
of a replica correlator suggests that the factor Al(n) be selected to
more accurately replicate the signal at an element location.
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Figure 3-3 shows a long CW signal insonifying an array of
elements. In order to define a signal replica, we must know the signal
type, the proposed direction, and the proposed times at which a peak
positive beamformer output is desired. Fcr example, assume a simple sine
wave arriving from 9=0, and require a peak output at the instant when the
signal is a cosine wave on the array as shown in Fig. 3-3. The nth
element at angle an from the MRA or signal matching direction is shown.
The nth element is R-R cos an wavelengths behind the n=0 element in the

direction of signal propagation. So

2nR(1 - cos an) (3-3)

represents the distance in radians beyond the zeroth element. Thus, the

impressed instantaneous signal at element n is

cos[2nR(1 - cos an)] (3-4)

provided
Ianl s n/2 ‘ (3-5)

If the signal replica is modified with a phase term y, such that
Al(an) = cos[2nR(1 - cos an) - ] . (3-6)

then it can be made to represent any desired signal phase shift before
matching. For the simple case under consideration, however, ¥=0, as shown

in Fig. 3-3, and the signal replica factor is

Al(an) = cos[2nR(1 - cos an)] = (3-7)

Chapter IV contains a section devoted to the more general case of

arbitrary v.

11
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2. Sensor Density Corrector

If the coefficient factor Al(n) only is used, and a signal 1is
applied to the array, one would in general find a varying sensitivity
over the aperture W shown in Fig. 3-1. Of course, the varying sensitivity
over the W aperture, called the aperture window function, is usually used
to control side lobe levels in line or plane arrays. This window function
must have special characteristics if it is to be useful in controlling
side lobe levels. Our approach to this problem is in two parts: (1) a
function A2(n) which will make the Al(n) * A2(n) aperture window function
look uniform, and (2) a function Ai(n) which independently applies the
required shading for side lobe control.

The method of selecting Ae(n), the sensor density corrector, is
to first evaluate the apparent sensitivity over the W aperture when Al(n)
only is applied. One of the main contributors to the aperture function is
the apparent density of sensors when they are projected to the W line.
Other contributors can be the envelope of Al or the envelope of the signal.
We are not interested in the cyclic nature of Al or the carrier of the
signal over the aperture, only the average sensitivity per unit length on

W; therefore, only the envelopes are used.

As an example, consider some unit width on W neér the center of
the array. The signal strength there is unity. Also, the envelope of
Al(a) is unity. Further, the projected sensor density is about the same
as the density on the cylinder, which is two elements per wavelength.

Now, consider the situation near the end of W. Again, the signal and A1
envelopes are unity, but the projected sensor density near the edge of the
array is very large. The aperture window function is therefore larger
toward the edges of the aperture, and A2(a) should be chosen to correct
this effect.

In Fig. 3-1, let the distance along the W line be Y, with ¥Y=0

at the center of the W line. An element at aJ on the cylinder is

13




projected onto the W line at YJ’ where

YJ=RsinaJ : (3-8)

If the element density on the cylinder is

- - number of elements (5_9)
do unit angle

then the projected density on W is

1

vl (RN (i e NS &
dY do R cos & (5-10)

Since q/Rdx is a constant, the functional dependence of element density on
the W line is l/cos . The obvious choice for the density corrector, then,
is Ae(a)=cos a, since the aperture function for the product Al(a) * A2(a)
will be

- TR ¥

T
o S gE E———— 08 Q = constant : (3-11)

If the signal envelope had varied over the array, then Al(a) would have
varied, and these effects would have been incorporated in the calculation.
In fact, in Chapter V, a triangular envelope signal will be used and
A2(a) calculated for that case.

o The Aperture Window Function

This part of the coefficient selection algorithm is based on the
approximation that, for beam pattern properties near the major lobe
(beamwidth, first side lobe level, sensitivity), the array aperture
function appears to be approximately independent of field angle . It is
further assumed that, for angles near the MRA, the Fourier transform
relationship exists between the array illumination function and the farfield

directional response, as it does for a line array.

1k




Now, we have a signal replica Al and an A2 selected so that the
window function is uniform. Line array theory would predict a first side
lobe level of =13 dB//maJor lobe level. If we contrive by the factor
AS(a) to make the aperture function on W some function, say F(Y), then by
analogy with line arrays, the farfield directivity pattern should be

described by the Fourier transform of F(Y).

For example, let A5(a) be arbitrarily selected as

Aj(a) = cos O . (3-12)

The projection of this function on the W line can be found by noting that

Y=Rseina 5 (3-13)

or

Y

@ = arcsin ¢ 5 (3-14)

s
AB(a) = cos O 5 (3-15)

then

A(Y) = cos(arcsin %) (3-16)

or

Y2

Low S, (3-17)

K

The normalized modulus of the Fourier transform of the A(Y) can be shown
to be

A(Y)

2 Jl(x)

X

D(9p) = ’ (3-18)

where X = 2R sin ¢ and J, is a Bessel function of the first kind of

order one. (See Ref. 7.)

i
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The A5<a) algorithm states that the function D(®) above should
be descriptive of the beamwidth and first side lobe level if the A3
conjecture is nearly true. The function D(9) is well known and is the
same as the response of a broadside circular piston of radius R wave=-

lengths. The half-power beamwidth of the function is

1.616

. (radians) - (3-19)

BW = 2 arcsin

and the first side lobe is suppressed 17.8 dB below the level of the
major lobe.

A simple development of the Fourier transform relationship for
line and plane arrays is given in Ref. 7 and an excellent treatment of

Fourier integral methods in beam pattern analysis is given in Ref, 4.

The final shading coefficients A(an), represented by the product

of its factors as shown in Eq. (3-2) for the simple reference array, are

Ala) = cos2 a cos[2nR(1 - cos @)] . (3-20)

This continuous function of o is sampled at the locations of each element
a to arrive at the list of discrete shading values to be used in the

beanformer.
Figure %<4 shows plots of Eq. (3-20) for two small values of R.
The figure should help visualize the shape of the shading coefficients and

their dependence on the radius parameter R.

B. The Performance of the Array

The reference array is an array of point sensors spaced A/E apart,
covering the front half of the surface of a cylindrical, opaque baffle of
radius R wavelengths. The test signal is an infinitely long CW signal,
sin(wt), emitted from a probe in the very farfield at angle ¢. The

16
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selected shading coefficients are, as developed in the previous sections,

A(an) = cos%an cos[27R(1 - cos an)] : (3-21)

The computer model was exercised several times for this case, using
the value of R as the prime variable, in order to study the effects of
scaling.

s The Azimuthal Beam Pattern

Figure 3-5 shows the azimuthal beam pattern for R=12.3 and
N=38(2N+1=M=total number of elements). The most striking observation is
that the side lobe region does not show the character displayed in patterns
of phase shift or time delay beamformers. There is, instead, an almost
constant level or "pedestal” of sensitivity nearly independent of angle.

We have defined the "average side lobe level" (SLL) as an rms average
sensitivity of the side lobe region from the first null near the major

lobe out to some final angle, usually 60° in pattern of the type shown in
Fig. 3-5. Although the term SLL implies absolute level, we actually

'

present "average side lobe suppression,'
major lobe, in decibels. Thus, the SLL of Fig. 3-5 is 18.9 dB.

an average suppression below the

Several different schemes for selecting shading coefficients
were tried in an sttempt to change the SLL of Fig. 3-5. After a rather
extensive study, in which only the variance or ripple of the side lobe
structure could be changed, it was concluded that this SLL pedestal appears
to be essentially unaffected by any design parameter other than array
size R.

This constant side lobe level or pedestal behavior has been
noted by Steinberg (Ref. 8) for line arrays of randomly spaced elements.
His explanation for line arrays is simply that, on-axis, all elements see
the same pressure, and hence the summation in the processor (adder) is a
coherent addition. As more elements are added to the array, the on-axis

18
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sensitivity increases as M increases, M being the number of elements.
For off-axis pressure (i.e., the side lobe region), the elements see
signals that are random in phase (because of the random spacing) and
the processor effects an incoherent addition, that is, side lobe sensi=-
tivity increases as /M. The side lobe level with reference to the MRA

level, therefore, is given by

= =10 log M " (3-22)

M
=20 ELL
e A

Steinberg derives the mean power pattern of a randomly spaced

line array as

ltW P = [, (WFQ -9 +5 - (3-23)

He explains that

"The first term is the desired power pattern® slightly
reduced in strength to account for the angle independent
destal 1/M. In the neighborhood of the main lobe
fo|2=1 and rises well above the pedestal. Hence, the
shapes of the main lobe and of those nearby side lobes
whose strength >>1/M are essentially unchanged. Away
from the main lobe, where the side lobe level of the
design pattern <1/M, the character of the design pattern
is submerged below the random component and disappears."

Another point of significance in Steinberg's paper is the
conclusion that deterministic, aperiodically spaced arrays and random,
aperiodically spaced arrays that he considered showed statistically
indistinguishable behavior of the side lobes.

Thus, the suggestion was strong that, although the elements of
the cylindrical array are equally spaced on the cylinder, they are rather
aperiodically spaced in the direction of an approaching wavefront and
might therefore meet one of Steinberg's conditions.

¥
£, ve think, is controlled by Aj(a)‘

20



Further, the beam patterns that result with the cylinder are
rather well described by the Steinberg approach. For example, the Steinberg
pedestal should be 10 log M below the level of the MRA. Since the cylindri-
cal array of radius R wavelengths has a circumference of 2nxR, and since
there are elements spaced each A/E on one-half the array, then there are
2nR elements in each aperture.

This conjecture was tested for arrays with R=12 to R=4OT in
steps of approximately a factor of two. In every case,

SIL = =10 log 2xR (3-24)

described the resulting average side lobe suppression to within 1 dB.
Figure 3-6 is an example of a beam pattern plot with R=100. The pre-
dicted SLL is -28 dB.

Steinberg's average side lobe level was derived assuming equal
strength elements, that is, no shading, or A(y)=1l. If the elements were
shaded, for example, Ai¢l, then the on-axis sensitivity would become

M
=k (3-25)
1=1

not
M
2 1=n (3-26)
i=1 s

and the incoherent addition in the side lobe region would become

&2
\/ el (3-27)
i=1

M
\/ 1}:1 el (3-28)
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In spite of these differences, which have so far remained unexplained,
the prediction

SIL = -10 log 27R = -10 log M (3-29)

appears to be good.

In the Steinberg quote on a previous page, the statement that
"those features of the desired pattern whose strength is much greater
than 1/M are not changed by the presence of the pedestal"” would suggest
that the beamwidth (BW) of the pattern should be determined by the D(q)
function, derived from the transform of the Aj(Y).

Now, when

A;(@) = cosa (3-30)

then
;E_

A5(Y) = /1- = 0 (3-31)

and
2 Jl(x)

D(9) = —— (3-32)
where

X = 2nR sin o ¢ (3-33)
Solving for w°=BW/2 in the equation

D(p.) = = (3-34)

9 R
leads to the result that
BW = 2 arcsin l%%%é (radians) ‘ (3-35)

23
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Again, this prediction was compared to the "measured" beamwidth
of the computed pattern from R=12 to R=407, with the result that Eq. (3-35)
predicts beamwidth to within 2%.

Another result of the beamwidth computations is that the "beam
spreading” is less than 20%. Beam spreading is defined as the percentage
increase in resulting beamwidth over that beamwidth which can be expected
with a uniformly illuminated aperture of the same length (2R). It is a
measure of beam spreading caused by the application of some shading
function. For example, cosine squared shading on a line array spreads
the beamwidth 64% over that attainable on the same aperture with uniform
shading. The 20% figure obtained with the present method indicates a
rather large utilization of available aperture.

Given a shading function, in this case Aj(a)=cos a, one can
define an aperture constant K, which is the product of the number of
wavelengths in the aperture times the resulting half-power beamwidth in
degrees, provided the BW is not too large. Thus

K = 2R - BW (degrees - wavelengths) . (3-36)
In the present case (the reference array)

K = 2R - }gg . 2 arcsin légié » (3-37)

When R>10, BW(deg)<3°, and sin PP, to within less than 0.1%, Eq. (3-37)
can be approximated by

K = :EEL;EE=§l§ = 59(wavelength + degrees) . (3-38)
T

An additional observation concerns the behavior of the first
side lobe, usually the largest lobe, which is indicated by SLLP. Recall
that since Ab(a)=cos a, the predicted coherent beam pattern is D(p) as
given in Eqs. (3-%2) and (3-33). The suppression of the first side lobe
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of this function !s 17.8 dB, independent of array size. However, the
incoherent pattern or random pedestal, which does depend on array size,
may add or subtract from the predicted peak side lobe level. In Fig. 3-5
the random pedestal is at about =19 dB. The resulting lobe, considering
the addition or subtraction of the two components with unknown phase,
could range from a high of ~12 dB to a low of =36 dB. So it is not
surprising that the peak lobe in Fig. 3-5 does not measure -17.8 dB.

The same argument can be applied to Fig. 3-6. The range of values of
peak side lobe level that should not be surprising in Fig. 3-6 are from
a high of -15.2 dB to a low of -21.5 dB. The main point concerning the
peak side lobe SLLp is that it is fruitless to choose an A5(Y) which
predicts a side lobe less than =10 log 2xR, since it would just disappear

below the random comronent.

2. The Elevation Beam Pattern

Figure 3-T7 shows the elevation beam pattern for two sizes of
the reference case array. Several such plots were studied, and all
behaved as shown. The half-power beamwidth decreases with the inverse
square root of size, much like the beamwidth of an end-fire array. In
fact, the measured beamwidth from computer runs can be predicted from the
end-fire array directivity function if one uses a length of 0.55 R. For
the reference case, the beamwidth can be calculated from

N
Bu(6) = &-ﬁj— (deg) . (3-39)

This, of course, depends heavily upon the shading coefficients and

especially the sector of active elements, in this case aaN=180°.

The side lobe region shown in Fig. 3-7 is very unlike an end-fire
array, however. No clear explanation of the smooth behavior in Fig. 3-T7
is available. The sensitivity at 6=90°, that is, with the cylindrical
array seen end on, is a measure of the average value of the coefficients.
This is because, at this angle, the signal insonifying the array is in
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phase at each element. The suppression at 6=90° has been found empirically
to be roughly described by

-10 log R VfE- dB//major lobe level . (3-40)

3o Bandwidth--Frequency Response

Again, because the array has depth in the direction of signal
propagation, signal detection is expected to be a rather narrowband
process. During the matching operation, that is, during the selection
of the Al(an) coefficients, R cycles of the signal must be known. If,
for example, during operation of the array, the center frequency was
changed so that R+1/2 cycles of the signal occurred in the original radius
cf the array, then, when the front edge of the array was insonified by the
start of a cosine wave, the back of the array would be insonified by a
signal exactly out-of-phase with what was expected.

In order to test the array bandwidth behavior, the computer
model was run for several operating frequencies for an R=12.3 array chosen
to operate at 100 kHz. Figure 3-8 is a summary of these runs, and shows
how the various pattern parameters change with operating frequency.

If the bandwidth is considered as "that frequency range over
which the array sensitivity has deteriorated no more than 3 dB," then the
bandwidth is 14.5 kHz. However, over this range, the beamwidth increases
by a factor of two! If the bandwidth is restricted to that range of
frequencies over which the beamwidth does not increase beyond 25%, then
the operating bandwidth becomes 7.3 kHz. If the bandwidth is defined as
"the range of operating frequency over which the half-power beamwidth
increases no more than 25%," then the useful bandwidth can be stated as

af=9%R (3-k1)

27




ARL - UT
AS-74-1709-§
DAS - DR
-19.75
REV 3-19-75

3

wv Q.
. i 3 2
o0 v (72 wv o
(o) m.lvl v
! Suw
—— A — - - ———ff—————r———_—————— bk ——_———— - — Z -
Wy
2 =
, o
0 W or
O (o) (oS K= X <
|||||||||||| [ o se s s ol S i S R BB E R me W
(&)
A : @9z
o - 3'
=4 N ' TE3 D
v - - Wk R
_ - 2% o U ok ~
||||||||||||| OII..luII-nlnll]al||3lnl'||||0||||.llo|.o =z UEA "
~ ~— Ww mPP @
‘ = wo_
o w
IIIIIIIIIIII | i ol A B e e R T e DRl s w Om
_ "
o o) o¥ o=
‘ 3
i i i i 2530 S g o e e L " w <
u >
e
R 1 1 i ) 1 o—L CLW
s} < ™ o~ - o g o k) o
] — |-| A-‘

6ap ~ HLQIMWY3E

ISNOdS3y 3907 dOrvw//ap




it i

If the half-power sensitivity bandwidth is used, then

Af = ajgg-ﬁ . (3-42)

One should note that the present "bandwidth" considerations are
not related to the system rise time, or to the bandwidth of the electro-
acoustic sensor channels which deliver the voltages e:(w,t) in Eq. (3-1).
The present consideration is more closely related to correlator mismatch
error between the assumed and operating wavelength of the signal at the

array face.

The effects of changes in the operating wavelength are more
complicated than what has been presented here. For example, if the shape
of the major lobe, not just the -3 dB width or the sensitivity deterioration,
is considered, then a more complicated and uncertain prediction of behavior
results. This effect will be described and methods of reducing the effect
will be considered in the following chapter.

4, Sensitivity--Array Gain

The prediction of the absolute receiving sensitivity of an
array (in volts/plane wave pbar) is very difficult because of its dependence
upon several factors, such as the absolute sensitivity of the elements, or
the gain of the preamplifiers. Of more interest here is the relative gain
of the correlation beamformer when compared to, say, phase shift or time
delay type beamformers.

In general, the main difference between the correlation method
and phase shift or delay line methods in terms of sensitivity is that,
where the two latter methods move each element electrically so that all
element voltages are in phase and sum to M (the number of contributors),
the correlation method adds element voltages without first bringing them

into phase coherence.
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If the collection of instantaneous samples of element voltages
is e , then the signal replica factor Al(n) will be equal to e . If this
effect alone is considered, then the output voltage would be

M
E = nz::l A(nye (3-43)
or, since
A(n) =e (3-4k4)
e 2
B = Z en . (5-)‘5)
n=1

Now, if the array is large, then e is a collection of samples of a
cosine wave uniformly distributed throughout the cycle, so that E might
be approximated by

E = %% ; cos“@ do (3-46)

or
E=3 (3-47)

E=M 4y (3-48)

The general result then is that the sensitivity of an array with a
correlation beamformer is at least 6 dB lower than coherent processors,
all other factors being equal. Of course, given a geometry and a beam
pattern specification, the other shading factors will, in general, be the

same .

Another item of interest is the processing gain against thermal

noise. Appendix D contains a detailed comparison between a correlation
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processor and a phase shift processor which were designed to accomplish
equivalent beam pattern performance. The signal-to-thermal noise ratios
were within 0.5 dB of each other.

Methods for computing sensitivity and S/N ratio are outlined
in Appendix D and can be applied to individual problems as the need arises.
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IV. THE DESIGN AND PERFORMANCE
OF MORE REALISTIC CYLINDRICAL ARRAYS

In the previous chapter, the simplest possible cylindrical array
was developed in order to convey the beamformer concept, to show the
coefficient selection algorithms, and to outline the performance and

scaling rules. This array was called the reference array.

In this chapter, we will consider modifications to the reference
array that are required to make the array assumptions more realistic

and the analysis more flexible.
Figures 4-1 and 4-2 show the coordinate system used in this and
the remaining chapters of this report. Figure 3-1 will not be repeated

here, but is applicable as well.

A. Finite Size Array Sensors

X5 Azimuthal Effects

One of the first modifications to the reference array required
to make the analysis more realistic is the inclusion of finite size
elements or staves. Such elements exhibit directional response indi-
vidually, and, since they are assumed to be mounted on the cylindrical
baffle and point radially outward, the effect is difficult to analyze.
Intuition indicated that the element beam pattern (azimuthal) should be
accounted for in the direction of the array major lobe, since such
accounting can only be done in one direction. The computer model was

then exercised to evaluate the array pattern performance.
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For the farfield case, p and g in Fig. 4-1 are very large
so that §n=Q'an' It is assumed that the element beam pattern is symmetric
about its pointing direction and can be described in general by

B(¢,) = B(p= ) : (4-1)

For the array major lobe direction (9=0), and because of
the elemeat pattern symmetry,

B(¢,) = B(a) . (k-2)

Such behavior of the element tends to shade the array down
toward the edges. In the reference case, it was assumed that the
elements had uniform angular response. If we now define a new shading
factor Ah(a)’ called the "element beam pattern corrector,” and further
define the total shading coefficient A(C) as (see Eq. 3-2)

A, (@)%, (@)% (@)

A(a) - Ah(a) ] (h’E)
where

A(a) = B(a) = B(t) , (k)

then we will have raised the coefficient value at an angle an in such

a way as to account for that element's pattern loss in the direction of
the array major lobe. The resulting performance should be nearly the
same as that of the point element case for pattern parameters near the
major lobe.

Before exercising the computer model, a specific functional
form for the B() was needed. Prior experience with small width elements
(less *han 0.5 A\ wide) on rather large cylindrical baffles (R>10) indicated
that the pattern could be adequately described by
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Bo) = (Rigeeg)” (b-5)

where x is a constant selected to make B fit a measured element

pattern.

For the computer runs investigating the performance of finite
size elements, several values of x were used. Figure 43 shows the
beam pattern obtained when x=3, and should be compared with Fig. 3-&,
the point element counterpart. The sensitivity, beamwidth, and peak side
lobe levels are identical. The average side lobe level for the finite
size element case is slightly lower because of the pattern smoothing
evident in Fig. 4-3.

In summary then, one can design arrays using the point element
assumptions and scaling rules. During construction of a real array,
element patterns can be measured and a functional form determined. Then
Ah(a) can be selected and incorporated in the shading coefficients as
shown in Eq. (4-3) without affecting the point element performance
prediction.

e Elevation Effects

In Chapter III we presented the elevation beam pattern of the
point element array (Fig. 3-7) and the scaling rules for that effect.
When finite size elements are utilized and the element elevation
pattern is B(n) (it is assumed throughout that B({,n)=B({)*B(n)), it
was found that the composite array elevation pattern through the ¢=0
plane was very closely described by the product of the element pattern
B(n) and the point element array pattern (recall the line array product
theorem) .
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Figure 4-L shows a composite elevation pattern with element
length 3.39 N. Such an element alone should have a sin x/x beamwidth of
15° and first side lobe level of -13.5 dB. The comparable point element
array elevation pattern is the solid curve in Fig. 3-7. The composite
in Fig. 4-4 has a 14.8° beamwidth (not much affected) and a first side
lobe of -16.5 (a reduction of 3 dB due to the array response). More
will be said about this effect in Chapter VIII where experimental
validation of the theory is discussed.

B. The Effects of Element Spacing

In order to determine the effects of various element spacings, the
computer model was exercised for element spacings from 0.1 A\ to 0.8 X,
holding the cylinder radius constant at R=12.3. The elements were points
and only azimuthal patterns were obtained. Figure k-5 shows one such

pattern with a spacing of 0.6 A.

One effect that can be seen in Fig. 4-5 is the growth of the classic
"grating lobe" at about 120°. As the spacing grows larger, this lobe
becomes larger in amplitude and moves toward the major lobe at 0°, The
grating lobe behavior is identical to that of a phase shift or time

delay beamformer.

The second and more important effect seen in Fig. 4-5 is the
breakup of the usual uniform side lobe region. As the element spacing
increases beyond 0.5 A\, the peak side lobe grows rapidly. A summary of
the effect is shown in Fig. 4-6 for an R=12.3 array. The effects shown
here indicate that when side lobe level is important (as it almost
always is) one must space elements on the cylinder at less than 0.55 A.
and preferably at 0.5 A.
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C. Effects of A, on Beamwidth and Side Lobe Level

”’

Variations in azimuthal beam pattern performance of the correlation
array were investigated by application of different line aperture illumi-
nation functions (Aj)‘ References 2 through 6 discuss such functions
and their application to line apertures. Selected amplitude weighting
of the element outputs produced changes in beamwidth and peak and average

side lobe level.

The study involves the application of the named line shading
functions to the equivalent line aperture of the array (the W line). The
function is then projected back to the cylinder, where the A3 coefficient
factor is evaluated. The computed patterns involve the total composite
coefficient A(a)=A1(a)*A2(a)*A3(a) as defined and used previously. The
A, used in the reference array was a cosine on the cylinder, which

3
results in a "house top" or "triangle" on the W line.

The effects of each weighting function were evaluated by a computer
program which implements a mathematical model of the cylindrical array
response to a point source in the farfield. In all cases the array had
a diameter of 100 A, and the elements were separated by A/2, thus
resulting in 628 elements on a 180° aperture. Following is a list of

the line array weighting functions which were considered:

1) Uniform

2) Triangle Functions

3) cos(np/2

4) k + (1-k) cos(nnp/2) where O S k s 1 and 0.5 S n =3

5) k+ (1-k) cos2(mtp/2) (Hamming Function) where O = k s 1 and
0.5sns

3
6) Taylor Functions

vhere p is the normalized distance from the W line center to the
subtended array edge, that is, O = p = 1,

b3
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Figure L-7 shows the results of applying some of the more useful
shading functions. The bars connect the peak side lobe point with the
corresponding average side lobe point. Since this test was conducted
on an R=100 array, the resulting beamwidth numbers can be connected to K
(the aperture constant) by multiplying by 200. The point to be emphasized
in Fig. 4-7 is the very rapid loss in the aperture constant as the peak

side lobe is pushed down.

Equal weighting of the line aperture produces the narrowest beamwidth
(0.252°) and a very low average side lobe level (-26.2 dB), but with a
poor peak side lobe of -14.56 dB. Weighting the line aperture with a
simple triangle function improves the response to a beamwidth of 0.296°,
the average side lobe level of -26.9 dB, and a peak side lobe of -20 dB

(the standard A,=cos Q). Other often used line weighting functions, such

3
as cosine and Hamming, decrease the peak side lobes to -22.4% dB and
-23.4 4B, but with a subsequent growth in beamwidth to 0.345° and 0.38°.
respectively. Of the functions tested, the Taylor functions (Ref. 2)

produce the best compromise between beamwidth and side lobe level.

D. Effects of ¥ Changes in Algag

The reference array discussed in Chapter III assumed the signal
to be positioned on the array so that a cosine wave existed at t=0
(see Fig. 3-3). Then Al(a) was chosen to be a replica of that signal
at t=0. Equation (3-6) suggests that other times could be chosen for
peak response by using the cosine phase shift ¥ in the reference signal.
If Al(a) is then matched to the phase shifted signal, it becomes

Al(a) = cos [2nR(1 - cos @) - W] § (4-6)

Now the major effect of changes in ¥ is the shift of the acoustic
center of the array; however, the shift is not in direct proportion to
changes in ¥. The explanation can be found in the shift in "center of

mass of the coefficients."
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As ¥ changes from zero, the original large coefficient at the leading
edge of the array (see Fig. 3-4) is reduced, shifting the large coeffi-
cients farther back in the array. The beamwidth, peak side lobe level,
the overall array sensitivity, and the acoustic center are affected,

although for the first three this is a second order effect.

These effects have not been explained analytically and graphs of the
effects are not shown because of the great complexity involved.
Computer designs, however, should include changes in ¥ to assess the

effect on the beam pattern parameters for the specific case at hand.

E. Array Focusing--The Effects of Nearfield Operation

In Chapter III, the assumed signal originated in the very farfield,
presenting to the array a plane wave. The amplitude of the signal was
uniform over the width and depth of the array, and the phase fronts were
plane. 1In this section, we consider the generalization of the coeffi-
cient selection algorithms which will focus the array at a target 3
(wavelength units) from the center of the array. The nearfield target
will be assumed to lie in the plane of the array (6=0°) in order to
simplify the description. Figure 4-8 shows the geometry for the near-
field target including the curved wavefront. The target is a point

radiating a monochromatic wave spreading according to the following

expressions.
Po ikg _iat
P(g) = s * € o (linear units) P (4-7)
or
Po jenG j2neT
P(G) =z e e (wavelength units) ‘ (L4-8)
=
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The coefficient factor Al(an) is the signal replica factor. That is

Ay(@ ) = Real Part [Sig(w=0,t=t )] (L-9)
where @=0 is the beamforming direction and tn is a time selected to
cause the n=0 element at a°=0 to see a peak positive pressure. That is,
to is such that

cos<2n[fto -4 B G (4-10)

The amplitude of the signal is also normalized to unity at element
n=0 by the factor p-R.

Now the range to any element can be found by the law of cosines as

G, = \/R2 + 32 - 2Rp cos N (4-11)

and the normalized pressure at the general element an is

P(an) = L(P:;Ril cos[2n(fto-Gn)] 4 (bk-12)
n
or
P(a) = f%:ﬁ cos[3-R-G 1 - (4-13)
n

Equations (4-12) and (4-13) describe the normalized signal pressure

at each element, and as usual, we set

A () = P(a) ' (4-1k)

Now A2(a) is the sensor density corrector. It was computed for
the plane wave used in Chapter III.A.2. The same algorithm will be
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used here, but with different geometry as shown in Fig. 4-8. In this
case, the W line is curved and the relationship between the apparent
element position on the W curve (Yi) and the element position in the

array (ai) is
Y, = (o-R)B; (k-15)

where ﬁi can be found by the law of sines, resulting in

IR
Bi = arcsin [5; sin ai] < (4-16)
or
1, = (p-R) arcsin [g; sin ai] ; (4-17)

Now, following the outline in Chapter III.A.2., if the element
density on the cylinder is q/dX, then the apparent density on the W
curve is q/dY. The derivative of Eq. (4-17) with respect to Q,
remembering that G is a function of & also, will allow the evaluation of
q/dY in terms of q/d®. In addition to this density term, the envelope
of both the signal and Al(a) should be included. The normalized
signal strength at the nth element is

all (4-18)

SR
Gn o) R

and A, was chosen to have the same envelope (Eq. 4-14). 8o, although
the apparent element density near the edge of the W curve increases,

the signal and A, envelopes decrease. Thus, Az(a) should be chosen to

: 8
make
= 2
Ae(a) [—2'~—- %1-( = constant : (4-19)
Gn -p+R
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Now, A5(a) is the aperture window function and should be applied
to the W curve. Its value at each element can be evaluated using
Eq. (4-17) to relate @ to Y.

Also, Au(a) (the element beam pattern corrector) should be modified
slightly to include the effect of parallax. As can be seen in Fig. h-8,
the correction to the element pointing angle is simply 61, so that
Ab(a+a) is the element beam pattern corrector where B is given in
Eq. (4-16).

Experiments and computer modeling indicated that, if the
coefficient selection algorithms described above are utilized, then
the performance of a focused beam with a target at the focused range
is essentially the same as the performance of the unfocused reference
beam of Chapter IIT with a target in the farfield.

r. Frequency Response

In Chapter III.B.3., the bandwidth of the reference array was
discussed. The array sensitivity, half-power beamwidth, and the peak
and average side lobe changes due to changes in operating frequency
were shown. A more stringent requirement on the operating frequency
may be the change in shape, or in form factor, of the major lobe.

In order to study this effect, a large array (R=136) was chosen.
Figure 4-9 is a plot of the beamwidths measured at different levels on
the major lobe as a function of operating frequency. The array was
designed to operate at 224 kHz. The sector of elements covers
20N=120°, so the array depth (R(1l-cos aN)=68) is 68 wavelengths.

Eq. (3-41) would indicate a 2.94 kHz operating band in which the -3 dB
beamwidth would not grow beyond 25%. This estimate is confirmed in
Fig. 4-9. However, over this band, the -15 dB beamwidth is seen to
grow by about 45%. 1In some cases, it may be necessary to restrict the
operating bandwidth further to control the major lobe shape. If the

50




BEAMWIDTH - deg

A RADIUS = 136X
APERTURE = 120°

02 B T e O

222 223 224 225
FREQUENCY - kHz

FIGURE 4-9
BEAMWIDTH vs FREQUENCY

51

226

ARL -UT
AS-75-1210
KM - ORS
9-3-75




operating band is restricted to one-half that predicted by Eq. (3-41)
(*1.5 kHz), then even the -15 dB beamwidth grows less than 20%.

The three arrows shown in Fig. 4-9 indicate the three operating
frequencies used for the beam patterns shown in Figs. 4-10, 4-11, and
4-12. It can be seen that the peak side lobe varies somewhat over the
band, but the average side lobe is constant. The -3 dB beamwidths are

listed on each figure.

G. The Effects of Errors

This section concerns the effects on the beam pattern parameters
caused by either design or construction errors in either the element
phase and amplitude response, element placement errors, or the shading

coefficients.

Equation (3-1) represents the perfect beamforming operation.

It is repeated here as

* N *
B, (9,t) = 35 A e (9,t) (4-20)
n=-N

where * denotes a complex number. If

*
- Lo
e (9,t) e exp[ian] 3 (k-21)
and all possible amplitude errors are grouped in Bn’ ana all phase

errors are grouped in Ah’ then the imperfect beamformer operation can

be written as

R > A e 8 expli(p -4)] (4-22)
n
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The first test of the effects of error was performed with uniform
distributions for the errors. In that test, En was a random variable
with uniform distribution whose mean was unity and whose extreme values
were 1*X where 100 X was the percentage amplitude error under considera-
tion. The random variable An was also drawn from a uniform distribution
with zero mean and extreme values *Y stated as phase error in electrical

degrees.

Figure 4-13% shows an azimuthal beam pattern with Gn drawn from a
uniform distribution from 0.6 to 1.4, called the t40% error, and AhEO'
The figure should be compared to Fig. 3-5, which is the zero error case.
The beamwidth is slightly larger in Fig. L4-13, the sensitivity is slightly

greater, and the side lobe region is more scattered than in Fig. 3-5.

Figure 4-14 is an example summary plot showing the effect of
varying the magnitude of the amplitude error. Only five beam patterns
were computed with each error value. Other summary plots of the type
shown in Fig. 4-14 with various amplitude and phase errors were
generated, with the result that a *40° phase error had generally the
same effect on SLL and SLLp as a *60% amplitude error.

The array sensitivity, on the average, will depend upon the average
sensitivity of the elements and the number of contributors. Using the
same arguments, the average side lobe level depends upon the incoherent
addition of the element’'s contributions. The variance of the side lobe
level grows with element amplitude error but decreases with the number
of contributors. The average side lobe level decreases with an increase
in the number of contributors. To the first order, then, the variance
of the average side lobe level depends only upon the element error, not
upon the size, number of elements, or the absolute side lobe level.

This statement is demonstrated in Fig. 4-15, which shows two patterns
with different numbers of elements (and hence different average side

lobe levels) but with the same element error. One can see the side lobe
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variance is nearly constant in the decibel scale. The conclusion that
can be drawn from the above argument is that larger arrays with lower
side lobe levels do not require the use of a more uniform set of

elements.

A second study of the effects of error is summarized in Figs. 4-16,
4-17, and 4-18. 1In this case, a larger array was used (R=120, 20h=120°,
containing 503 elements). The errors 8n and Ah were taken from a normal
distribution whose standard deviation is stated as the error. 1In each
case tested, 25 beam patterns were computed so that averages and standard
deviations of the effects were plotted with moderate confidence.

Figure '

t-16 shows a plot of several parameters versus amplitude
error. Figure 4-17 shows the effects of phase error, and Fig. 4-18
combines the effects by assuming a 25% amplitude error (0=0.25) and
plotting the additional effects of increasing phase error. It can be
seen that, for 25% amplitude and 10° phase error (0=10°), the peak
side lobe of 80% of the computed patterns fell within 1.5 dB of the

pattern with no error.
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V. THE ARRAY FILL TIME PROBLEM AND PROPOSED SOLUTIONS

A. The Fill Time Problem

If an array of sensors used for beamforming subtends some nonzero
dimension in the direction of signal propagation, and does not utilize
time delay processing, then it will exhibit some array rise time. The
effect is caused by the time required for the signal to fully 1ﬁson1fy
the array. During the rise time, the sensitivity is lower than usual
(because not all elements are insonified), and the beamwidth is larger
than usual (because only the center section of elements making up a
smaller aperture are insonified). This effect is separate and distinct
from the effect of signal rise time caused by bandwidth restrictions in

the receiver channels.

The solid curve in Fig. 5-1 shows the speed with which the array
output level rises as a rectangular pulse insounifies the reference array.
The rapid rise and fall of the output level is due mainly to the weight
of array elements near the front center which are insonified first and
which are first to be uninsonified as the pulse leaves the array. The
dashed curve in the figure shows the growth in the aperture W as the pulse
comes on the array. The resultant relative beamwidth is related to the

reciprocal of the aperture.

Another point of interest in Fig. 5-1 is that the apparent pulse
length is very nearly equal to the real pulse length, unelongasted by the
array. The conclusion is that the range resolution achievable with the
simple cylindrical array is, as with other arrays, related to one-half

the pulse length.
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If the pulse just covers the array radius (the minimum usable length),
the pulse length T is

r=2.3 (5-1)
and then the range resolution
Ax = 92—,7- (5-2)
is
m=£2=% . (5-3)

Now, the crossrange resolution Ay at a target range p yards from a

sonar with beamwidth BW degrees is given by
Ay = pBW T§6 yards 3 (5-4)
But, for the correlation beamformer,
B = 2= degrees 3 (5-5)
2 R
where K is the aperture constant. This results in the expression

ay = BER X 3 feet (5-6)

for the crossrange resolution. We can now compute the area of a

resolution cell at range p yd as

cR , pKx 2 5
Area = AxAy = 52 ggb}—nft ) (5-7)
Area = % x(constant) i (5-8)
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The point is that the area of a resolution cell is independent of the
array size. That is, as one constructs larger arrays to achieve better
crossrange resolution, the pulse length must grow to cover the larger
array, with the result that the resolution area at some range p remains

constant.

In summary, if the sonar designer wishes a system with pulse length
PL (seconds) and beamwidth BW (degrees) operating at frequency £ (hertz),
and if the product

£, * PL * BW 2 30 . (5-9)

he can use the correlation beamformer with a simple rectangular CW pulse
and aaN=180°. The array diameter will be

2Kc°
or = o= feet " (5-10)
(o]
If, on the other hand,
T *PL*BW <30 , (5-11)

then the required pulse length will be too short for the array. This
represents the rise time problem for the correlation array, and two
solutions are presently recognized as possible. They are (1) reduction
of the depth of the array by reducing aaN or, (2) utilizing a coded
pulse transmission and performing a replica correlation on the receiving
array. The two methods will be treated separately in the following two

sections.

B. The First Solution--Reduced Sector of Elements in the Aperture

One suggested solution to the rise time or range resolution problem
is to reduce the sector of active elements on the cylinder. Normally,
aaN5180°, which means that a pulse must be long enough to insonify the
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radius of the array for on-axis targets. If the sector angle 2aN were
reduced, the pulse length required to insonify the array would be
reduced. However, a disadvantage of this procedure is the attendant
reduction in the effective beamforming aperture W if R is not increased
with a reduction in L.

The depth of aperture is given by

L = R(1 - cos aN) 3 (5-12)

The effective beamforming aperture W is given by

W = 2R sin ay g (5-13)

where GN is one-half the total angular sector of elements on the array.

Equations (5-12) and (5-13) can be rewritten to show the ratios

% =1 - cos Oy (5-14)
and
W
= sinoy (5-15)

and to illustrate how these ratios depend upon aN'

Now, if one wishes to decrease L in order to shorten the apparent
pulse length while preserving the beamwidth, then one must solve both
Eqs. (5-12) and (5-13) simultaneously. Solving Eq. (5-13) for R yields

W
R=gemay (5-16)

Substituting Eq. (5-16) into Eq. (5-12) yields

W - COB
L= -2-(1—31?‘“—? ’ (5-17)
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which illustrates the reduction in L achievable by reducing GN.

Figure A-4 in Appendix A is a plot of the angle function expressed in
Eq. (5-17). By entering that plot with the required fractional reduc-
tions in L below the original R value, the corresponding angle aN can
be obtained. This angle can then be substituted into Eq. (5-16) to find

the new value of R.

Small reductions in L below the 2aN=18O° value can be accomplished
with 1little increase in R; however, further reductions in L lead finally

to alarming increases in R.

This method of resolving the array rise time problem is rather
limited and is costly in other areas as well as those discussed above.
For example, there is an increase in the number ¢’ elements/staves and
associated preamplifier channels required when several preformed beams
are considered. Appendix A contains a discussion of these areas and other
associated factors when the sector of active elements is reduced, for

whatever reason.

C. The Second Solution--A Coded Pulse Transmission and Replica

Correlation at the Receiving Array

Because the array has depth in the direction of signal propagation,
it can be used as a correlator. Correlation is normally implemented with
some sort of delay element (delay line, shift register, etc.) and a
summer. We recognize that the delay element in our case is the array
itself, with the signal propagating past the array at the speed of sound.
Since the array has depth L, it can simultaneously sample as many as L
cycles of the signal. In the reference array case, aaN=180°, and L=R.

In Fig. 5-2, we imagine the array as being collapsed on the x-axis,
occupying the region from the origin (the array center) out to R (in
wavelengths). The leading edge of the pulsed signal begins at g distance
from the origin at time t. The signal description is S(t) in a moving
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coordinate system, or S(t+tr) in the array centered system. Imagine t
time running down, so that the signal approaches the array from the right.
When t=T, the leading edge of the signal just touches the array. During
the time -T<t<T, the signal partially overlaps the array.

In Chapter III, we argued that the beamformer performs a multiply
operation on the sampled signal and that these scaled outputs are summed.
In the limit of a large number of elements or samples then, the moving
signal passing the array can be shown to cause an output from the beam-

former of

E(t) =/’r A(T) S(t+t) dr . (5-18)
O

s

Now, if we wish the array output to be, for example, the
self-convolution of the signal, then we could choose A(t)=S(t), (the

signal replica) and

E(t) =/(m S(t) s(t+t) ar . (5-19)

0

In this case, pulse compression could be accomplished by choosing the
signal S(7) to be any code with good autocorrelation. Of course,

Eq. (5-18) is only true for signals arriving on the MRA, since that is
the only arrival angle where the coefficients A(T) are chosen to match

the signal.

Now, several complications arise in practice because the angular
response of the array must also be considered. It is conjectured that
if the coded pulse is fully incident on the array, that is, t=0, and the
pulse is phase coded digitally so tbh .l the carrier wavelength is constant
throughout the pulse, the resultant fully insonified azimuthal beam pattern
will not be too differei.® from the long CW signal case. This conjecture

allows us to separate the time and angle response of the array during the
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design phase, and then to test the conjecture by computer trial. An

example will be presented later.

In view of the conjecture, one can first design the azimuthal
pattern with a long CW pulse and determine the shading coefficients as
described in Chapters III and IV [they are A(an)]. These coefficients
expressed in the time domain are A(T) and are seen to be quite different
from S(t). This, then, is the major problem with choosing a suitably
coded pulse; that is, Eq. (5-18) becomes

E(t) =/'r A'(t) s(t) S(t+r) dr 5 (5-20)
0

where
A'(t) s(t) = A(T) . (5-21)

Equation (5-20) is no longer a simple self-convolution, like Eq. (5-19),
but a complicated crosscorrelation with a highly asymmetric window
function, A'(T). The object then is to find a phase coded pulse S(T)

such that the E(t) has the appropriate pulsewidth with low time side lobes.

At this point in the study, no organized method of determining S(t)
has been found. A trial and error approach, modified somewhat by
intuition, has led to a code class that shows promise, but is surely not
optimum. The following paragraphs outline the code selection procedure,
and the results of computer trials are shown in the form of contour maps
of E(m,t), showing the composite time and angle response of the array
with various signal types. The first section will consider an uncoded,
short, CW pulse with rectangular envelope. The major difficulty with
rectangular envelopes will be described. The second section will consider
a phase coded, triangular envelope, CW pulse, which exhibits the desired

pulse compression.
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1. The Rectangular Envelope CW Pulse

Consider a signal S(t) with rectangular envelope of length
(T/2)+e sec, which is to cover the front 120° of elements on a cylindrical

array of radius R. The signal envelope

[s(t)| = 1 when -,T; RTETHe ’ (5-22)
where € will be explained later, and
[s(t)| = 0 otherwise. (5-23)

When the signal is full on the array, t=0 and, aligned to ¢O=O, the signal
replica factor Al(a) can be found as shown in Chapter III. As can be seen
from Fig. 5-2, when t=0,

T cos O = oT 5 (5-24)
which leads to
T =T cos & (5-25)
and
o = arccos % : (5-26)

These relations allow the change of coordinates required to clLange

{s(@)] cosleR(1 - cos a)] (5-27)

A, (o)
to

Al(T) [s(t)| cos[2nR(1 - %)] . (5-28)

Following the development shown in Chapter III.A.2., the sensor
density corrector can be found. Eguation (3-10) shows the effect of the
element density alone. Actually, we should include the envelope of the
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signal and A1 in the sensor density corrector. Thus
2,
la, (0] Is(x)| &

represents the effective Al* signal aperture function. Of course, in

this case

1a,(0)] = Is()] =1

so that, just as in Chapter III,

Ae(a) = cos O
since it causes

A, (D] [8(x)| & A,(Y) = constant.

A.(Y) is the aperture window function and, in the reference array,
. 2
was chosen to be a "house top," v 1-(Y/R)<, which leads to Aj(a)=cos o8
In our present case, we let AB(Y) be a Taylor shading function with a
design side lobe level of 27 dB and N=14. This function is reflected
back to the cylinder and sampled to obtain A)(a). The Taylor function
and its reflection to the cylinder are too complicated to present here;
however, the method should be clear.

Now, the considered array is R=120 and 2aN=120°, with 503 point
elements spaced k/2 apart, the signal is & cosinusoid with rectangular
envelope ac described previously, and the coefficients are selected as
described above. The resulting azimuthal beam pattern is shown in
Fig. 5=3. It will be remembered that the pulse is € sec longer than the
depth of active elements. 1In this case, the pulse was 5 cycles longer
than the array depth (60 ) giving a total pulse time duration of 325 usec.
The stated time in the figure is time from first signal insonification on
the array and is one pulse length different from the t time in Fig. 5-2.
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Therefore, the time indicated on the plots T is related to t time by
il
Fezwk ; (5-29)

Also, as t time runs down, T time increases. Of course, full insonifica-

tion occurs during the time duration € from
O¥=t 2 e ; (5-30)

or
g 22 % + € = 325 usec (5-31)
for this case.

Figure 5-3 thus represents a fully insonified beam pattern.
The 3 dB beamwidth is less than 0.3° (0.2988°), and the minimum side lobe
suppression is 21.27 dB.

Figure 5~4 shows the time response of the uncoded pulse case
for the signal arriving on the major lobe, or from the ®0=0 direction.
The plot starts atT =25 usec, where the signal is already 5 cycles into
the a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>