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1. INTRODUCTION

In the development of a three-dimensional high-resolution sonar system, the design of a vertically
and horizontally phased three-dimensional array is very important. This paper presents the results
of the examination of beam-pattern for a vertically and horizontally phased cylindrical array. In
[3] some results of a computer simulation of horizontal beam-pattern for horizontally phased
cylindrical arrays are given. Here we are especially interested in the vertical pattern of vertically
phased arrays. The problem of generating variable horizontal and vertical beamwidths by "spatial
frequency modulation” will be dealt with as well as steering the beam in the horizontal and
- vertical direction. In particular, for cylindrical arrays with . H << R, where H and R denote the
height and radius of the cylinder, the pattern is significantly influenced by the Bessel-function
induced by the curvature of the array. This phenomenon will be considered in the following.

In the first part of this paper, some theoretical derivations for the pattern of transparent phased
cylindrical arrays are given. The second part outlines the results of the numerical simulation
approach. Some horizontal and vertical pattemns, as well as three-dimensional ones are presented.

2. THEORETICAL DERIVATION OF THE THREE-DIMENSIONAL BEAM-PATTERN OF A
CYLINDRICAL ARRAY

2.1 Horizontal and Vertical Beam-Steering
In general, the pattern function B(f) of an arbitrary three-dimensional aperture function b(f) is
given by the three-dimensional Fourier transform

B(f) = [ &(r) ¢>&! qg, ¢V

where { is a vector indicating the direction of arrival of a monochromatic plane wave of
wavelength A. Using azimuth and elevation angles 8, and 6, , the components of £, are given by

f, = (sinbyc0s0,)/A , f, = (cosBycosB,)/A , f,=(sinb,)/A. (2)

A "translation" of the pattern function in the three-dimensional space by a "steering vector”
f., = (& ., £, ) is caused by phasing the aperture function
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b ~» b(r) e~ iz, 1 . (3)
The corresponding pattern function changes to
BUE) = [b(z) ¢ 2¥6-5)1 dp =B((,-£,) - @

The aperture function of a transparent cylindrical array of height H and radius R (Fig. 1) is given
by

b(r) = rect {18535 R )

Fig. 1

and the three-dimensional Fourier transform (4) yields

B(f) = B(fA,) = 2aRH si(tH(E£,)) J,(2nR\[(E£, )+(EF,)?) - (6)

The si function is defined by si(x):= sin(x)/x, and J, denotes the Bessel-function of order zero.
Since b(r) is separable into z and (x,y), the pattern function B(f) is also separable into f, and
(£,,£,). The si function is the pattern function of a line array of length H and describes the stave
characteristic of a cylindrical array, whereas the Bessel-function gives the pattern of a circle of
radius R in the x-y plane. Depending on the relationship between H and R, either the si function
or the Bessel-function gives the dominant part for the pattern function of the cylinder. For H<<R
in particular, this means in practice that the vertical beam-pattern cannot be approximated by the
stave characteristic. For special choices of the steering vector f, the steering process results in
different receiving or transmitting modes:

i) Horizontal Omnidirectional Mode (HO)
f,=(0,0,(sinB, )/A) ) with a vertical steering angle 8, € [-n/2, /2] gives a pattern function

B(f)) = 2nRH si(xH(sin, - sind, )/A) J,(2nR(cos8,)/A) . (7
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This results in a horizontal omnidirectional mode with vertical steering into the direction 8, . The
 pattern function does not depend on the angle 8, of horizontal incidence. The vertical pattern
depends on H as well as R . For H << R, the Bessel-function is not negligible and results in
vertical side-lobes at 8, = + x/2.

ii) Horizontally Steered Mode (HS)

f,, = (sin6, cosB, , cosb, cosB, ,sind, ) /A, with vertical and horizontal steering angles

6., €[-n/2,7/2] and 6, €[-x,x], respectively, gives a pattern function which depends on the
vertical and horizontal angles of incidence. The horizontal and vertical patterns are produced by
cuts through the three-dimensional one (7).

8, = 0, _yields the vertical pattern

B, .{f) = 27RH si(xH(sin8, - sind, )/A) J,(2nR(cos8,- cose, )/A) (8)

as the product of the shifted si and Bessel-function. For a very flat cylinder (H<<R), the beam-
pattern is dominated by the Bessel-function. This means that, in the HS mode, the vertical
beamwidth is determined more by the radius than by the height of the antenna. Because the cosine
/ term in the Bessel-function is symmetrical relative to zero, steering into the vertical direction 8,
results in a second side-lobe at - 8, , which is more or less suppressed by the si function. Steering
to 6, results in a "broadening" of the si term but a "narrowing" of the Bessel-term in (8).
Combining these two effects, this means that, even if the dimensions of the cylinder are chosen
such that the resulting vertical beamwidth in the unsteered case is mainly given by the stave
characteristic (si function), the vertical steering can lead to substantially narrowed vertical
beamwidths.

0, = 0, results in the horizontal pattern

B, (£ = 27RH J,(27R cos8, 2sin((6,-8, }/2)/) . 9)

The HS mode can roughly be interpreted as a process in which all the transducer signals are
compensated onto a plane perpendicular to the steering vector f,_(see Fig. 2).
' z

Fig. 2
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Similar to broadening the spectrum of a narrowband time signal by frequency modulation (for
details see [2]), the horizontal and vertical beamwidths of a pattern function can be extended by
modulation of the "spatial frequency”. Horizontal beam-broadening only makes sense for the HS
mode, whereas vertical broadening is efficient for HO and HS mode as well, but different effects

appear.

2.2 Beam-Broadening by Spatial Frequency Modulation

To describe the method of horizontal and vertical steering and broadening simultancously, first
some notations have to be defined. Let 8, and 6, denote the vertical and horizontal steering
angles , 0,, and 6, some adjusting angles to control the vertical and horizontal beamwidths, p the
angular participating region of the aperture, and ¢(r) the angular coordinate of [ in the x-y plane
(Fig. 3). Because in practice the cylindrical array is not transparent, in the HS mode only an

angular aperture P<<180° is activated.
7 |

-

For each position r define the "steering angles"”

Fig.3

8,(=6,,zH+8, and 0,(0) =86, o(0)/p +8,, . (10)

By (10) the "spatial three-dimensional frequency modulation”is described, and for each position ¢
a "steering vector" f, (r) is given by

£..(0) = (5inBy (1) cosO, (1) , cosBy (1) cosb, (1) , 5in6, (1) } /A . (11)
By the phasing b(r) — b(r) e ~ 12 L,@ I the desired steering of the pattern to (8,,,9,,) and the
simultaneous broadening of the horizontal and vertical beamwidths are achieved. As already

mentioned, horizontal beam-steering as well as horizontal beam-broadening during HO mode
does not make any sense. In this omnidirectional mode, choose

£,0)=(0,0,sin0,()) /1. (12)
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By (12) the procedure is reduced to a purely vertical process.

Beam-broadening by phase shading produces a ripple in the pattern, which can be effectively
reduced by filtering. For this purpose it is sufficient to use a taper which only flattens the steep
flanks at the ends of the aperture function. .

3. COMPUTER SIMULATION APPROACH

For the simulation process, the aperture function b(r) is spatially sampled. The horizontal as well
as the vertical element spacing on the antenna is chosen as d = A/2 and the normalized three-
dimensional pattern B(f) of the single transducer element is assumed to be

By(£) = si(ndf) si(ndt) . (13)

. In addition to the characteristics of the elements themselves, it is taken into consideration that, in
contrast to our theoretical calculations, the array is not transparent. For further details, see [1].
This reduces the theoretically derived effects of the Bessel-function. The beam-patterns given as
20logiB(f,)| are normalized to 0 dB and have been calculated for HO and HS mode with and
without beam-broadening and filtering.

Figs. 4-6 show the described effects of flat cylindrical arrays in HO and HS mode. Fig. 4
demonstrates the side-lobes at 8, = + #/2 in the vertical pattern for HO mode. Fig. 5 shows the
effect of limiting the vertical beamwidth by the Bessel-function in HS mode. Additionally, the
stave characteristic is given. In Fig. 6 the narrowing of the vertically steered beam, as well as the
symmetrical side-lobe at - 8, in the vertical pattern for HS mode can be seen.

The described method (11) gives very good results for both directions, especially for a planar
amray of length L and height H. In this case, the angular aperture § and the angular coordinate
@() in (10) have to be replaced by the length L and the x-coordinate of the position r,
respectively. Fig. 7 and 8 demonstrate horizontal and vertical beam-broadening for a planar
array. For a cylindrical array, horizontal steering and beamforming in HS mode are mainly
reduced by the transducer pattemn function and the "shadowing" of the amay. Fig. 9 shows the
horizontal pattern with and without horizontal broadening for the unsteered case. In Fig. 10 the
reduction of the ripple by filtering can be seen. In Fig. 11 the beam is additionally horizontally
steered.

Vertical beam-broadening and steering at the same time leads to satisfactory results for a cylinder
with H = R. Fig. 12 gives the vertically broadened and unbroadened pattern of a cylinder with
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H = 2R. In Fig. 13 the broadened vertical pattern is additionally steered. For H << R the
procedure of simultaneous vertical broadening and steering would have failed. Already, vertical
steering without broadening yields narrowed beams deformed by the Bessel-function. This means
that, with this phasing method, it is not possible to produce "arbitrary" wide vertical beamwidths.
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Fig. 4 Venrtical pattern of a cylindrical array in HO mode Fig. 5 Vertical pattern of a cylindrical array in HS mode
f=100kHz ; R=50cm ; H=2,5cm ; f=100kHz ; R=50cm ; H=2,5¢m ;
Bhﬂ=0' : st=0‘ : ﬂhb=0'; 6‘,1,=0' - Bhs=0. - evstﬂ'; Bhb=0.; Bvb=0. 3
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Fig.6 Vertical pattern of a cylindrical array in HS mode
f=100kHz ; R=50cm ; H=2,5¢cm ;

Oh‘=0' $ G‘,‘=30' . th=0' ; Gvb-:O" -
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Paitern of a planar armsy

Fig. 7 Pattern of a planar array Fig. 8
f=100kHz ; L=50cm ; H=40cm ; f=100kHz ; L=50cm ; H=40cm ;
6, =0%:6, =0"; 8, =0°;6, =0%; 8,,=0°; 6, =0%; 6, =20"; 6, =20°;
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Fig. 9 Horizontal pattern of a cylindrical amray in HS mode Fig. 10
f=100kHz ; R=20cm ; H=2.5cm ;

ﬂ.'=0 ;Bv.=0';6)b=30 ;0"'\::0 ;
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Horizontal pattern of a cylindrical array in HS mode
f=100kHz ; R=20cm ; H=2,5¢cm ;

6, =0°; 6, =0°; 6, =30°;6, =0°;
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Fig. 11  Horizonta] patiern of 8 cylindrical array in HS mode

f=100kHz ; R=20cm ; H=2,5¢m ;

Bh.-ZO’ ;ev'no’ i 91.-:30' ; evh:o' 3
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Fig.12  Vertical patierm of » cyllndrlull amy in HS mode Fig. 13  Verticol pattern of & cylindrical array in HS mode
£=100kHz ; R=10cm ; H=20cm ; f=100kHz ; R=10cm ; H=20cm ;
By, 0" 0, <0 : 6, =0°: 8, =30°; O =0" : Oy, =207 8y =0°: Oy =30
" 4,CONCLUSIONS

The main result of the examination of cylindrical arrays is that the design of flat arrays (H<<R)
in particular, has to be treated very carefully. In this case, the vertical beam-pattern differs
considerably from the stave characteristic. It can be said that it is not in general possible to
generate arbitrary combinations of horizontal and vertical beamwidths. If HaR these effects can
be neglected.
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