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ABSTRACT

Telemetry instrumentation antennas often require several beams to allow simultaneous
tracking of several targets. These multiple beams can be provided several ways, including
multiple beam antennas and phased arrays. A brief review of the tradeoffs involved in
implementing multiple beams with phased arrays is given. Planar arrays, which may be
combined to provide wide angular coverage, include a corporate feed giving multiple
independent beams, a distributed configuration with independent beams, the Butler
beamformer, and the Gent-Rotman beamformer. Conformal implementations include
cylindrical and conical arrays, and the spherical dome lens.

TILTED PLANAR ARRAYS

Coverage

Since a planar array is limited to a scan of the order of ± 60 deg. from normal, several
arrays would be used, with the normal of each tipped up to cover the elevation scan
requirements. The optimum tilt angle is best found graphically; for elevation coverage
from 0 - 90 deg., and all azimuth coverage Knittel (1965) computes the relative merits of
configurations of 3, 4, 5, and 6 circular apertures. The 5 and 6 face configurations have
one face pointed towards zenith. The tilt angle from zenith is made equal to the maximum
scan angle found graphically. Maximum allowable element spacing is found from the
coverage diagrams, and is shown in Table 1. The effective aperture is cos 2  times thenormal

radiated power; the 2  is the maximum scan angle. To make the results general, thenormal

Wheeler 1966) current sheet active reflection coefficient is used. The total number of
elements relative to the 4 face case is given in Table 1; these cases all provide the same
minimum gain over all scan angles. It can be seen that 4 faces requires the smallest
number of elements.



No. of Faces 3 4 5 6
Max. Scan Angle 63 55 47 41

Element Spacing /8 .628 .691 .679 .700
Effective Aperture .3900 .5315 .6576 .7400
Total No. Elements 1.237 1 1.046 1.050

Table 1

Multi-Faceted Array
0 - 90 Deg. Elevation Coverage

This type of graphical optimization is greatly facilitated by the tilted sphere diagram
developed by Corey (1985). An optimum tilt angle is determined by plotting coverage
diagrams on each of a number of tilted sphere plots, with suitably small tilt increments
between plots. From the coverage plots the maximum scan angles can be determined.
when grating lobe boundaries are placed on a sphere to just enclose the coverage plot,
element spacing can be determined. Then a quantitative comparison can be made, as
described above.

Electronic Scan with Corporate Feed

The planar arrays of the previous section must have at least one beam that scans in
both planes; scanning of two or more beams is likely. Independent scan of several beams
requires that the output of each array element be split into as many parts as there are
beams. Thus N beams require an N-way split, and the gain is reduced by 1/N. Use of an
amplifier at each element to offset this loss will be discussed in the next section. Two
beams are used as an example, with the array gain reduced 3 db due to the two beams.
Each beam uses a set of phasers, and a corporate feed. To offset the decrease in gain, the
array area must be doubled.

Electronic Scan with Distributed Array

The gain reduction of the previous section can be alleviated by incorporating a preamp
in the element chain. When the element is connected to the power divider through the
preamp, the gain is restored. To compare S/N performance of this array, and that with a
preamp at each beam port, assume an array gain of G, a signal E, an antenna temperature
of T  an amplifier noise figure of NF, and a loss from the antenna element to the beamant

port of L (at ambient temperature T ), not including the power split loss. For the passiveamb

array with N  beams, the S/N is:b



(1)

A single beam system with no loss of course gives S/N = G E /K T  B. For the array2
ant

with preams at the elements the S/N is:

(2)

Here T  = 273 deg. Kelvin. From these it can be found that the performance of the arrayo

with preamps at the elements, to that with preamps at beamports, is:

(3)

From this it can be deduced that the S/N with preamps at the elements is always better,
especially for high loss, for large numbers of beams, for high preamp noise figures, or for
low antenna noise temperatures. In selecting a preamp, a tradeoff must be made between
low noise figure, and susceptability to damage from RFI, as pointed out by C. M. Kaloi
(1986).

The microwave components at each element can be integrated, in either a hybrid or
monolithic form. These components would include the preamp, power splitter, and
phasers. Use of integrated modules increases reliability and yield, and can reduce cost if
many are produced. For such integrated modules, diode phasers are nearly always used.
A mixer and IF amplifier can be included in each module, in which case the final beam
combining is performed at IF.

Butler Beamformer

It is now well known that the Butler Beam Forming Network (BFN) is the microwave
equivalent of the Fast Fourier Transform. It is usually configured for a linear array with the
number of beam ports equal to the number of elements, both being a power of two. A
typical Butler matrix consists of hybrid junctions and units of phase shift; see Butler,
1966. The beams in a Butler BFN have fixed crossover levels, and beam positions that
vary with frequency. Half-wave element spacing gives beam coverage of ± 90 deg.; larger
element spacing will reduce the beam coverage, but space is filled with grating lobe
(extraneous) beams out to 90 deg. Thus spacing larger than half-wave is usually not



acceptable. For half-wave spacing with an N element array, the coverage from the left
beam center to the right beam center is given by:

2  = 2 ARC SIN (N-1)/2N (4)cov

The beam positions are:

2  = ARC SIN ± M8/2ND,  M = l,3,5,...(N-l) (5)m

These result from the beam patterns, which are given by:

(6)

The crossover angles are given by:

2  = ARC SIN ± M8 /2Nd,  M = 0,2,4,...,N (7)xov

For large Butler arrays the crossover level is fixed, but as seen in Table 2 for small arrays,
it and the sidelobe ratio change slightly. The crossover level is independent of spacing.
Use of line lengths instead of phase shift in the Butler matrix does not affect the beam
positions with frequency, but produces a phase error over the array (except at center
frequency) that increases sidelobes and reduces gain. To eliminate the need to build
broadband constant phase shift circuits for broadband Butler’s, the phase shift may be
replaced by hybrids (Chow & Davies, 1967).

N SLR Xover

4 11.30 db -3.70 db
8 12.80 -3.87

16 13.15 -3.91
32 13.23 -3.92
4 13.26 -3.92 = 2/B

Table 2
Butler Crossover Levels

For telemetry applications where an angular range of ± 60 deg. appears a sensible
choice, the number of elements in each linear array would be selected to produce the
desired beamwidth between adjacent crossovers. Table 3 shows the number of beams 



*Unpublished calculations by R. C. Hansen

included in the coverage range, the angle of the last beam crossover, the beamwidth at the
extreme of the coverage, and the beamwidth at broadside.

N Beams in 2 2xov-xov xov-xov

± 60 deg. At 60 deg. at 0 deg.

16 14 12.5 deg 7.2 deg
32 28 6 .7 3.6
64 56 3.5 1.8

Table 3
Beamwidths for ± 61 deg. Coverage

A significant disadvantage of this type of Butler BFN concerns the crossover levels
and sidelobes. The latter are -13.3 db while the crossover level is -3.92 db. However, with
a square matrix of beams, the diagonal (worst case) crossover level is given by SINC
B/% 2' = -8.92 db. To obtain a useful system it is necessary to raise the crossover levels
and lower the sidelobes. Both can be accomplished by incorporating a tapered amplitude
distribution in the array. For small arrays, sampling of a continuous distribution such as a
Taylor is not satisfactory, however the Villeneuve distribution is suitable for arrays of 8
and 16 elements, see Villeneuve, 1984; Hansen, 1985. For arrays of 32 elements and larger
a conventional Taylor distribution is a good choice. For example, a Taylor one-parameter
distribution which provides a sidelobe ratio of 25 db has a linear excitation efficiency of
.863, representing a directivity loss of 1.28 db for a square array. The taper must be
implemented with attenuators at the elements. Using the Taylor distribution (see Hansen,
1983B) the crossover level of adjacent beams is given by:

(9)

Note that this is in respect to a beam peak which is SINHC BB. SINHC is the hyperbolic
sin x/x. Thus for the 25 db sidelobe case, the crossover is -2.39 db, and the diagonal
(worst case) crossover is -4.99 db.

Taylor beams constructed in this fashion are non-orthogonal. Thus there will be some
beam-to-beam coupling. However for arrays of dipoles as large as 32 elements per side,
with the modest sidelobe levels usually needed, the sidelobe ratio degradation should be
less than 1 db .*



The Butler configuration then would consist of a square array, probably dipoles over a
backscreen, with N Butler BFNs connected to the N linear array components of the planar
array. Each element would be provided with the proper excitation to satisfy the Taylor
taper. A second set N Butler BFNs would connect to the beam ports of the first set; the
second set would connect at right angles to the first set. The beam ports of the second set 
would provide the square matrix of N by N beams. Each of these beam ports could be
connected to a receiver, or single receiver could be used with a single pole multiple throw
switch to select the desire beam port.

The loss in a Butler BFN occurs in the hybrids, in the phasers, in the line lengths, and in
the connectors. Assuming the last two are combined the loss for a linear array of N
elements where N = 2  is:n

loss = n L  + (n-2) L  + Lhyb   phaser  lines

All losses here are in db, and for the 2-D case used here the losses must be doubled.

Gent-Rotman Beamformer

The Gent-Rotman lens is a two-dimensional structure in which one of a row of beam
ports illuminates a row of collector ports, which are connected to the antenna elements
(Gent, 1957; Rotman, 1958). The lens medium may be parallel plate guide, stripline, or
microstrip. With this type of lens perfect collimation is possible at two pairs of points; a
three point design, where two points coalesce at the point of symmetry is commonly
used. Neither the element port arc nor the beam port arc need be circles. In general these
arcs are not the same although a symmetric lens is more compact. The symmetric lenses
can be designed with a single parameter (Shelton, 1978). The line lengths from element
ports to elements are specified as part of the design. The electrical width of the lens must
be greater than the array width. Since the Gent-Rotman lens is a quasi-optical device, the
beam positions are fixed, and the crossover levels vary as the frequency is changed. It is
also possible to obtain high crossovers in some cases by spacing the beam ports close
together. However there is a tradeoff here involving lens spillover, internal reflections, and
port mutual coupling.

The Gent-Rotman BFN is used in exactly the same manner as the Butler BFN. A stack
of lenses is connected to the linear arrays comprising a planar array. A second stack of
lenses is cross connected to the beam ports of the first. And multiple receivers or a beam
selection switch are used at the final beam port outputs. These lenses have the significant
advantage that they are relatively simple to fabricate, and are compact and relatively
inexpensive. However they have a large intrinsic insertion loss of the order of 4 db. Thus



a two-dimensional array, which requires two BFNs in series, would have an insertion loss
larger than 8 db. Thus lenses are attractive only when the need for simultaneous beams is
sufficient to overcome these large losses, or where a preamplifier can be used at each
radiating element.

CONFORMAL ARRAYS

This section is concerned with arrays on curved surfaces, to overcome the need for
multiple planar surfaces. Configurations are cylindrical, conical, and spherical.

Cylindrical Array

A cylindrical array can, in principle, provide all azimuth scanning. However if all of the
elements around a circle are excited with phases to provide a pencil beam in a given
direction, high (-7.9 db) sidelobes arise because only the pattern of the broadside element
has a peak in the beam direction. The side elements tend to raise the sidelobe level. To
produce a useful sidelobe level it is necessary to taper the amplitude distribution in
azimuth. In essence this allows excitation of only a sector 2s of the array at a time. Within
this sector the beam can be scanned over a limited azimuth range through use of phase
shift. However outside this range it is necessary to shift the excited sector by deleting
some elements on one side and adding elements on the other side. Thus azimuth scanning
in a cylindrical array consists of a two-step procedure of switching, to connect elements
in the desired sector, and phasing, to steer the beam within the sector using those
elements. The optimum width of sector depends upon the element pattern, in particular
the active element pattern which includes mutual coupling effects. However a general idea
of the behavior of an array with sector angle is obtained by using the ideal element pattern
which is a power pattern of cos 2 , where 2 is the polar angle from normal. Using this
ideal element pattern, the sector efficiency is given by the element pattern efficiency over
the sector times the projected sector area divided by the cylinder area. The element
pattern efficiency is given by:

The sector efficiency is then:



Table 4 shows that the smallest number of elements occurs with a 134 deg. sector.
However this peak efficiency is achieved at the expense of a large grating lobe. Thus the
optimum sector angle is probably between 90 and 120 deg., and closer to 90 deg.

Sector Width Sector Efficiency

60 .1520
90 .2026

120 .2280
134 .2307
150 .2269
180 .2026

Table 4
Sector Efficiency

Grating lobes are produced by cylindrical arrays but their formation is not simple as it
is for linear and planar arrays. There are approximate methods for computing grating lobe
behavior and these are adequate (Hansen, 1981). In general the grating lobes from
cylindrical arrays tend to be broader and of lower amplitude. A satisfactory design rule is
that grating lobes will be avoided, or below the sidelobe envelope, if the excited sector
angle is less than the ± scan angle for an equivalent planar array with the same element
spacing, and no grating lobe appearance.

A more serious difficulty is the non-separability of excitations on most conformal
arrays, including the cylindrical array. That is the azimuth distribution required to produce
a narrow beam, lobe sidelobe pattern at one elevation angle is different than that required
to produce a comparable pattern at a different elevation angle. For the modest sidelobe
levels needed here, the excitation corrections can be made with the element phasers,
providing the elevation scan is not too large. A reasonable choice is -10 to +45 deg.
Another problem is the change of polarization on the cylinder with elevation angle, to
produce a fixed far field polarization. For small excited sectors and small elevation scan
ranges, it may be feasible to accept the cross-polarization even though it changes with
scan. For larger sectors or scans dual polarized elements are required, with the
polarization adjusted for each elevation angle. Additional data are given in the Conformal
Antenna Array Handbook (Hansen, 1981), and an IEEE Special Issue on Conformal
Arrays (Kummer, 1974).

It is clear that no array can scan well from broadside to endfire; thus the near endfire
coverage is provided by a separate planar array located typically at the top of the
cylindrical array. This planar array would then scan ± 45 deg. from its normal, and all



azimuth, thereby matching onto the cylindrical array coverage. The beam control
computer can easily keep track of the beam steering and movement commands necessary
as the target moves.

Conical Array

A conical array may be considered when the scan towards zenith is such that a
cylindrical array would have poor efficiency. Just as for the cylindrical array, a sector
would be excited, but now the sector is triangular. If the cone half-angle is 2  and thec

sector half-angle is 2  the half-angle of the apex of the projected aperture is 2  :s           a

sin 2  = sin 2  sin 2a   c  s

This triangular shaped aperture incurs the difficulty of higher sidelobes, which in turn
imply use of aperture amplitude taper to reduce the sidelobes, with, as expected, lower
efficiency. To get an idea of the angles, for elevation scan from -10 to 120 deg., the half-
cone angle is 55 deg. Using a 120 deg., excited sector gives a triangular aperture which
has an apex angle nearly 90 deg., and base angles near 45 deg.

Excitation non-separability exists for conical surfaces also, thus the azimuth
distribution must be changed as the elevation angle changes. Polarization rotation similar
to that in cylindrical arrays also occurs, so that dual polarization elements are required.
Another difficulty is the inability to cover a conical surface with a regular lattice of
elements. It is necessary to occasionally ‘break’ the pattern to omit elements, as the
conical diameter gets smaller. A corollary is that the space available for element feeds is
limited near the cone tip. In practice the effective aperture distribution has a blank disc in
the center; this raises sidelobes.

These difficulties of packing and packaging, and the need to control both amplitude
and phase of dual polarized elements, have effectively eliminated conical arrays from
hardware applications.

Dome Lens

The dome lens is a spherical, or near spherical, bootlace lens of roughly hemispherical
shape, located over a planar scanning array. The lens is typically designed to refract the
beam downward, thereby providing scan to low elevation angles, where the planar array
performance would be poor (Schwartzman et al, 1975, 1979). Some lens phase errors can
be reduced by adjusting the planar array phase excitation versus elevation scan angle.
Azimuth scan is provided simply by scanning the planar array azimuth angle. Often the 



dome antenna can give performance equivalent to that of a multi-faceted planar array, but
with fewer components.

A dome lens can be designed to cover the entire elevation scan range of -10 to 90 deg;
as with some reflector pedestals crossing azimuth exactly requires an azimuth angle
change. The hardware requirement is a planar (roughly circular) array that can
electronically scan over 2 , N , and a bootlace lens of roughly hemispherical shape. The
lens elements and connecting line lengths are fixed. Only the planar array requires a phaser
at each element (for one beam).

Efficiency, as in other conformal arrays, is limited by the excited sector, 2 . Assumearray

a hemispherical lens, with a planar array over the base. Average efficiency is given by
(Steyskal et al, 1979):

For example, take a 90 deg. sector, and a planar array scanning ± 60 deg. average
efficiency is now .5513. Area of the hemisphere is twice that of the base planar array. The
hemisphere area (element count), in relation to a separate uniform planar array area
(element count) at broadside, is 2/0 = 3.63. The dome can thus be compared with
cylindrical and multi-faceted planar arrays. Two or more beams can be provided simply
by making the planar array with two or more independent beams.

SUMMARY

For multiple independent scanning beams, the multi-faceted planar array and the dome
lens are attractive candidates. Cylindrical and conical arrays are less attractive for several
reasons, which include the need to adjust aperture amplitude and element polarization as
elevation angle changes, the difficulty of arranging elements into a lattice, the complex
switch matrix necessary to rotate the excited sector, and the inefficient triangular aperture
(conical array).

This paper is a brief extract of work for the Pacific Missile Test Center; refer to
Hansen (1985B) for details.
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