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CIRCULAR-ARRAY RADAR ANTENNA:
PENCIL-BEAM FORMING AND PHASING TECHNIQUES

Combination of linear and cylindrical-array beam-forming techniques is shown to be a feasible means of producing a pencil beam

J.H. Provencher and A.D. Munger Research and Development Report 12 March 1968
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PROBLEM

Develop techniques for wide-frequency spectrum, agile-beam antennas

for radar. Determine elevation-scanning limitations of cylindrical configurations,

and study techniques for achieving pencil beams from such configurations.

RESULTS

1. Several linear and ring-array beam-forming techniques were examined, as

part of the investigation directed at achieving pencil-beam antennas from cylindri-

cal configurations.

2. The SAMB (Stationary Aperture Moving Beam) and CARAMBA (Circular-

Array Radar Agile Moving Beam Antenna) concepts show promise for extension to

cylindrical configurations; the SAMB program yields excellent characteristics over

a 25-percent frequency band and individual beam-pointing angles do not change

with frequency. Low-side-lobe ring arrays are achievable by means of

CARAMBA techniques.

3. Preliminary computer predictions indicate that a combination of the lens-

feed technique and a linear array as an element of a ring array is a possible

method of enabling a cylindrical array to produce a pencil beam. Some preliminary

performance predictions are included.
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RECOMMENDATIONS

1. Investigate the implementation of a sector of a cylindrical array to produce

a pencil beam.

2. Verify experimental computer predictions of optimum excitation distributions,

and of elevation-scanning limitations and approximations.

3. Investigate techniques to provide multi-aperture, multifrequency capability

to the cylindrical array.
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Work was performed under SF 001 02 05, Task 6072 (NELC D11571), by

members of the Radar Division as a portion of the antenna techniques program.
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for publication 12 March 1968.

The computer programs were written by R. F. Arenz of the NELC
Mathematical Analysis Center. The SAMB program was conceived by B. I. Small
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INTRODUCTION

In the continuing effort to develop shipborne radar systems capable of

meeting military needs, important objectives have been broad-spectrum signals,

low-side-lobe antennas, and bearing agility independent of frequency. Integration

of electronic systems (as in the use of the same antenna structure for several

functions and at various frequencies) has been stressed, to reduce space, weight,

and manning. Previous studies have shown that the antenna of the circular-array

type for a single ring of elements is both effective and feasible in meeting these

objectives. A natural outcome of the wide-spectrum ring-array development was

the use of a linear array as an element for a cylindrical array (fig. 1).

Reference 1 (see list at end of report) describes the preliminary feasibility

investigation of the ring-array concept, presents design parameters for cylinder-

backed ring and arc configurations, and establishes three areas for continuing

investigation. The second, and part of the third, of the recommended study areas

have been completed and are reported in references 2-4. Briefly, the work included

theoretical studies and computations relating ring-array current distributions to

array radiation patterns; formulation of beamwidth and amplitude and phase distribu-

tion for use in designing narrowbeam, low-side-lobe, circular-array antennas; and

design and test of a 128-element ring-array antenna, using an R-2R parallel-plate

lens feed system, with beam position electronically steerable in discrete steps.

Another phase of the third study recommended had to do with power dividing and

phasing techniques and the possibility of combining linear and circular array tech-

niques for use in two coordinate azimuthly symmetrical arrays. The work to be

reported here was performed as part of that study and, in particular, is concerned

with methods of beam-forming to obtain pencil beams from a cylindrical configura-

tion of elements.
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In initiating the investigation reported here, advances in the basic design

approach (as noted briefly above) furnished valuable guidelines. Some techniques

successfully implemented for linear and planar arrays were adaptable for use in a

cylindrical configuration; and methods of beam-forming and steering already imple-

mented by NELC for various IFF and radar applications were incorporated

where possible.

Techniques involved in the SAMB (Stationary Aperture Moving Beam) and

CARAMBA (Circular-Array Radar Agile Moving Beam Antenna) programs were im-

portant in the present study. However, they were of direct concern only as they

might be extended to a pencil-beam radar antenna having a circularly symmetric

configuration. Only such pertinent details are furnished here, except for some

aspects of the SAMB program which have not been previously reported. The com-

puter programs associated with the SAMB and CARAMBA antennas, and descrip-

tions of their circuitry and switching, are not of concern here and have not

been included.

THE SAMB ANTENNA

With the advent of the fixed-aperture scanning arrays of the AN/SPS-32

and SPS-33 types, the need for a rapid-scanning, highly agile antenna for the IFF

function became apparent. SAMB was part of the effort to fill this need. In con-

trast to the present need for wide-frequency-spectrum radar antennas, the IFF

requirements were less stringent in terms of beam shape in the elevation plane,

bandwidth, and power-handling capacity. The interrogators used for IFF operated

in a relatively narrow frequency band of about +3 percent. Since the elevation

position of the target to be interrogated is known from the radar data, a fan beam

in that plane is sufficient to give the required data. Although specifically designed

for the IFF band, many of the SAMB components maintain satisfactory character-

istics over at least a 25 percent frequency band. Hence, the techniques can be

used for other frequency bands and configurations. The wideband capability of

the SAMB antenna is of particular interest for the wide-spectrum cylindrical array

for the radar application.



Radiating Array

The SAMB antenna is one side of a proposed four-sided configuration, each

side a planar array which scans ±45° from broadside in azimuth to give 360° cov-

erage. It consists of 32 elements in the horizontal plane and two elements in the

vertical plane. The radiating elements are of the logarithmic trapezoidal-tooth

(LTT) type and have been widely investigated. Figure 2 shows a portion of the

array with the elements. The ±45° scan sector is covered by from 28 to 32 discrete

beams which can be scanned sequentially or by jump-scanning with a high beam
agility. The average beamwidth is on the order of 5° in azimuth and 35°

in elevation.

Figure 2. Section of SAMB radiating array.



Beam Forming And Steering

Two approaches were used to produce the desired amplitude and phase at

the element terminals on the SAMB antenna: one employing a matrix, and the

other, true-time-delay lines. A Taylor distribution in amplitude that would yield

side lobes on the order of -27 dB was chosen.

A 32-port matrix4 was designed and constructed under contract by

Radiation Systems, Inc., Alexandria, Virginia. This matrix is capable of producing

a single beam at a given angle for each input terminal excited, or will yield simul-

taneous multiple beams if all of the input terminals are excited simultaneously.

The device is so constructed that the correct amplitude and phase are applied to

the antenna terminals to provide for 28 different beam positions. A diode switch-

ing matrix developed by NELC allows sequential or jump scanning as desired.

Figure 3 shows this system in block diagram. Details of the matrix switches are

given in reference 5.

The true-time-delay system for amplitude and phase control was designed

and constructed under contract to Sylvania Electronic Systems, Waltham,

Massachusetts. This method employed a 1:32 power divider to yield the Taylor

amplitude distribution. Each of the 32 output ports of the power divider was con-

nected to a five-bit time-delay board consisting of 32 possible true-time-delay

path lengths for each element. Programmed microwave diode switches were used

to select the proper line length to give a selected beam direction. Figure 4 shows

this system in block diagram.
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Each of the two methods described has advantages and disadvantages which

depend on the application desired. A distinct advantage of the true-time-delay

technique is that the beam position does not shift as the frequency is changed, as

is the case for the matrix approach. The beam-position shift is dramatically illus-

trated in figure 5 which gives the experimental radiation patterns of the SAMB
matrix antenna for different beam positions. Beams 1L and 1R are near the broad-

side position, beams 7L and 7R are about 22° off broadside, and beams 14L and

14R are about 50° off broadside. As is evident, the effect is more pronounced as

the beam is scanned to larger angles. Over a wide-frequency spectrum, this con-

dition would give large angular differences between the transmitted and received

signals when they are separated in frequency. This effect is also present when

phase-increment scanning is used and will be discussed later. If many beam posi-

tions are desired simultaneously, then the matrix-feed technique has a definite

advantage over other feed systems. Measured radiation patterns for the SAMB
true-time-delay antenna are shown in figures 6, 7, and 8 for two frequencies sepa-

rated by about 3 percent. Beams 1L, 6L, and 16L are shown and no beam-position

shift is observed for any beam.
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The SAMB antenna system was implemented with the Mark X IFF system

and driven by a digital computer to scan over the ±45° sector to track random tar-

gets of opportunity.

Experimental Radiation Patterns, SAMB Matrix Feed

Typical patterns for various beam positions over a 30 percent frequency

band are shown in figures 9 through 23. It is observed that the side-lobe level

increases rather quickly when the frequency is changed beyond ± 10 percent of the

design frequency for the various beam positions. The beam-position shift due to

frequency results in about 15° shift over the 30 percent band for beam 14L, the

position of which at the design frequency is 52°. Similar results are also present

for the other beam positions, but at a magnitude proportional to the angle off broad-

side and to the frequency increment. Figure 24 shows a composite pattern of all

beams giving full 45° sector coverage. Note that 14 beams adequately cover the

scanning sector.
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Experimental Radiation Patterns, SAMB Time-Delay System

A composite pattern of the 32 beams of the true-time-delay system is

shown in figure 25. Note that in this case 32 beams are required to adequately

cover the sector, since less beam-broadening occurs for this system. These pat-

terns were taken over a 50-percent frequency band, to permit determining the

extent of pattern deterioration with bandwidth. Figures 26 through 44 show beam

1L near broadside and beam 16L approximately 45° off broadside. Figures 27

through 33 show that beam 1L has side lobes no higher than -20 dB over about a

40-percent band, and that there is little deterioration in the main beam shape.

Beam 16L, as shown in figures 36 through 40, has side lobes lower than -20 dB

over only a 25-percent frequency band, and the beam deteriorates rapidly beyond

the limits of 0.8 f and 1.05 f . Note, however, that the position for a given beam

is constant over the frequency range, a characteristic of the true-time-delay method

of scanning.
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Figure 34. SAMB time-delay pattern, beam 1L, 1.25 f .
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Figure 44. SAMB time-delay pattern, beam 16L, 1.25 f

33



Discussion Of SAMB Radiation Patterns

Some general conclusions can be drawn from the analysis of the SAMB
antenna-radiation patterns.

1. Beam-position shift with frequency occurs for systems not using true-time-

delay beam-steering techniques. Approximately 15° shift is observed for scan

angles on the order of 45° in the matrix-fed system over a 30-percent frequency band.

2. The true-time-delay method exhibits good radiation-pattern behavior over

the 30-percent frequency band, and for all scan angles less than +45°. Side-lobe

levels remain under -20 dB and main beam shape is maintained

3. If the scan angle is decreased, then the usable frequency bandwidth for

the time-delay method is increased.

4. The bandwidth of the matrix method is less than that of the time-delay

method with respect to side-lobe level and main-beam shape. The side lobes

remain under -20 dB for about a 15-percent band. However, since the development

of the systems described, advances in the design of the hybrid matrix have ex-

tended the usable bandwidth of a matrix to well over an octave Hence, the matrix

cannot be ruled out for wideband applications.

5. When simultaneous multiple beams are desired, the matrix offers an excel-

lent method for achieving them.
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THE CARAMBA ANTENNA

The CARAMBA program has been concerned with investigating techniques

of scanning a fan beam. Since the elevation pattern of the fan beam is the pattern

of an individual element in that plane, stacking of ring arrays results in the pencil

beam or, alternatively, a ring array using linear arrays parallel to the cylinder axis

as elements can produce the same pencil beam. Of concern here are methods of

beam-forming and phasing to obtain pencil beams from a cylindrical configuration

of elements, and the results of the CARAMBA program can be of use for this goal.

The CARAMBA antenna consists of a ring array of 128 sectorial horns

embedded in a metallic cylinder of 13 wavelengths, fed by two methods:

1. A unique lens-feed system which permits application of amplitude taper to

the array element terminals, and

2. A digital amplitude and phase board which allows a variety of amplitude

and phase distributions to be applied to the terminals.
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CARAMBA I

The lens-feed and radiating-array system is designated as CARAMBA I.
3

The lens is a parallel-plate R-2R device which places the correct phases at the

array elements when the lens and array radii are in a 1:2 ratio. Placed about one-

quarter wavelength from the lens periphery are 64 input-output probes. Four of

the probes are used simultaneously as inputs, and fed with a 1-2-2-1 amplitude

taper. The lens output probes for 32 elements are connected to the radiating ele-

ments by means of equal-length cables.
3

'
6 By feeding more than one of the input

probes at one time, the energy propagated through the lens is highly directive, and

is removed at the diametrically opposite output probes with a taper, to produce low

side lobes in the radiation pattern of the array. A typical array schematic is shown

in figure 45 and radiation patterns for a four-probe tapered input are given in fig-

ure 46. The beam is scanned in azimuth by means of diode switches at each lens

port and by additional circuitry to maintain the proper input-probe taper. The sys-

tem is operable over a 20-percent frequency band.
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Figure 45. CARAMBA I eyBtem schematic
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Figure 46. CARAMBA I radiation patterns, 32-element array, 4-probe feed, tapered 6 dB.
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CARAMBA II

CARAMBA II consists of the radiating array described above, and is fed by

means of 32 three-bit amplitude and phase boards through a 1:32 uniform power

divider. This allows eight different, amplitudes and eight different phases to be

applied to each array element, thus giving many possible amplitude and phase dis-

tributions across the array aperture. The system is shown schematically in figure

47 and a typical pattern is shown in figure 48. Some pattern deterioration is ob-

served near the ends of a 20-percent frequency band, but the results can be improved

by phase-trimming techniques presently under study. A computer prediction of side-

lobe level gave about -17 dB using the three-bit phase and amplitude distributions

implemented on the array. The phase quantization approximation contributes a large

factor to the relatively high side lobes. The system is scanned through 360° in

azimuth using a four-pole switch to select elements in each of the four quadrants.

10



EQUAL LENGTH CABLES -

UNIFORM
POWER
DIVIDER

3 BIT

PHASOR
BOARDS

BEAM FORMING NETWORK

3 BIT
AMPLITUDE
BOARDS

SINGLE
POLE FOUR

THROW SWITCHES

R = 2FEET

128 HORNS EOUI -SPACED

Figure 47. CARAMBA II system schematic

REVERSE SIDE BLANK





Figure 48. CARAMBA II azimuth pattern, 3-bit phase-board feed, f .

Some conclusions can be drawn from the results of the CARAMBA program:

1. Low-side-lobe, circular-array antenna patterns can be achieved using the

R-2R lens fed with four input probes to obtain a tapered output distribution. Side

lobes on the resulting radiation patterns are on the order of -25 dB over a 20-percent

frequency band.

2. The use of digital amplitude and phase distributions obtained by means of

diode techniques gives radiation patterns which can be predicted by computer tech-

niques, within the system errors.

3. The digital method is valuable as a research tool. Many combinations of

amplitude and phase distributions .can be readily placed on the element terminals by

means of amplitude and phase-control panels.

As an example of the versatility of the digital method, figure 49 shows the

difference pattern obtained from the array by simply advancing the phase-control

switches on the panel 180°. Strictly speaking, independent control of the digital

amplitude and phase is not possible, since a change of the amplitude bit results in

a slight change of the phase, because of the physical construction of the phasor
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board. This is not considered serious, since on the final system the amplitude

would remain fixed after the optimum value has been determined. Another effect

is observed if all of the phases are advanced by the same value: since the num-

ber of phase errors between bits is not the same for all bits, changes in the radia-

tion pattern occur as the beam is scanned through 360°. This effect will also be

minimized if a phase-trimming scheme is used in the system. As in the case of

the matrix previously discussed, the phasor board is a discrete phase-step device

and will be subject to changes in beam-pointing direction as the frequency is

changed. This is not a serious problem for the circular array, but for elevation

scanning it would be a factor to be investigated.

0°

ANGLE (°)

180°

Figure 49. CARAMBA IT azimuth difference pattern obtained by advancing phase-control

switches 180°, 0.95 fa .
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APPLICATIONS OF THE CYLINDRICAL ARRAY

Cylindrical-array antennas have been used extensively for beacons,

TACAN, and other applications where omnidirectional antenna radiation patterns

are required. When the omnidirectional pattern was desired, only the constant

mode was excited in each ring of elements. However, if a directional beam is

desired, all efficient modes must be used. The computation of these modes, or of

the related excitation coefficients, is accomplished by means of a high-speed

computer. Some of the results of the computation will be discussed later.

The methods of exciting the elements of the configuration vary for the par-

ticular application, but for scanning a pencil beam, several techniques have been

proposed:

1. The matrix method, which uses a group of matrices to excite the various

modes. The beam can be steered by summing the individual modes.

2. The "Wullenweber" method, using a mechanical switching technique to

move the beam through 360° in azimuth.

3. The lens-switch technique previously discussed, i.e., CARAMBA I.

4. The use of individual amplitude and phase distribution at each element as

previously discussed, i.e., CARAMBA II.

Consider a cylindrical array consisting of a lens feeding a ring of vertical

linear arrays as elements, where each element of the linear array is made up of

the radiating element and either a digital phasor board or a true-time-delay board

to apply the proper phase for elevation scanning. Essentially, this arrangement is

a combination of items 3 and 4 above or of item 3 and the SAMB techniques. There

is some redundancy because of the lens and the independent phase and amplitude

control at the elements. However, the lens is a practical power divider, providing

a convenient method of implementing 360° azimuth scanning, and in combination

with the digital phasor boards gives a highly versatile research tool for studying

the feasibility and limitations of cylindrical elevation scanning of pencil beams.

Many of the components developed for CARAMBA I and II can be directly used in

the proposed cylindrical array. In addition, other properties of the array can be

investigated experimentally, i.e., monopulse, multifrequency, and multi-

function techniques.
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Computer Studies

Some important factors in the development of scanning antenna systems are

the inherent limitations on desired performance imposed by the geometry of the

configuration, and the ability to implement the amplitude and phase distributions

required to give the radiation pattern. Computer methods can be used to determine

relatively smooth distributions that can be practically implemented, and although

they may be somewhat idealized, they are useful in the design of the power-

dividing and phasing networks. 7

The radiation pattern of the cylindrical array can be written

^' = 2,2'' ,G(q> -a n ,6) exp(jqu) (1)

where lpq
is the excitation of the p

th element in the q
th ring, G(<p - a

p
,9) is the

element pattern with the phase referred to the center of the ring, u = — dsinO,
A

d is the spacing between the rings and oc is the angular location of the p ele-

ment of any ring. In the present analysis we will consider only current distribu-

tions of the form

Then (1) can be written

where

and

Ipg
= /

c <a
p
)/

e <Z,) (2)

E(<p,e)= E c (q>,e)E e
(9)

E e (q>,6>= V 7(a
p
)G(<p-a

p
,9)

E c
(9) = ^J(Z

g
)exp(j<?u)

Q

E c
(<p,6) is just the ring-array pattern due to a current distribution /

c
(oc

p
) and

element pattern G(q> - a ,6). E e
(9) is the space factor of a linear array with
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current distribution I
e (Z

q
). At a beam-pointing angle 9 , the azimuth pattern is

given by E c
(q>,9 ), and depends only on the distribution /(cc ). The elevation pat-

tern at 9 is

E c
(q> ,6)E e (e) (3)

and hence depends on both /
c (a

p
) and l

e (Z ). In the direction of the beam, how-

ever, the variation of E(q> ,6) with 6 is small compared with the variation of E e
(9).

Thus, for practical purposes, the elevation pattern is completely determined by

the distribution l
e (Z

q
). This is shown in figures 50-53 which give radiation

patterns computed using a 32-element Taylor distribution for I
e (Z ) and expres-

sion (3). As shown by this discussion, it is clear that ring-array techniques are

directly applicable to azimuth-beam forming and steering and that linear-array

techniques are applicable for elevation-beam steering.

For a beam at 9 , the required phases of I
c (a ) and I

e (Z ) are

A c (a
p

) = -^Lpcos0
o
(l-cosa

p )
(4)

A e (ZJ = .?l!Ldsin0
o

It should be noted that A c (a
p

) is not essential to pointing the beam at 6 , but is

the phase required to give (approximately) the optimum azimuth pattern at O .
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Figure 50. Elevation pattern computed using 32-elemer.t Taylor

distribution for J
e
(Z„) and expression 3 (p. 47 ). 6 opt = 0°; 6 = 0°.

Figure 51. Elevation pattern computed using 32-element Taylor

distribution for l
e <Z ) and expression 3 (p. 47). 6

opt = 0°; 6„ = 15°
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Figure 52. Elevation pattern computed using 32-element Taylor

distribution for \
e (Z ) and expression 3 (p. 47 ). o

opt = 0°; 6 = 30°.

Figure 53. Elevation pattern computed using 32-element Taylor

distribution for /
e <Z„) and expression 3 (p. 47 ). 9

opt = 0°; 6-, = 45°
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For the combination of the CARAMBA and SAMB techniques previously

described, only one elevation angle, for example 6 opt
, can be used to determine

the optimum distribution A e (a ). At other beam-pointing angles, the azimuth

pattern will deteriorate from the optimum because of phase errors. The resultant

azimuth-pattern beamwidth will broaden, as shown in figures 54 through 61. Fig-

ure 62 is a plot of the half-power beamwidth vs elevation angle for various 6
opt

.

By choosing 8
opt at values other than zero, the useful range of the configuration

can be extended, i.e., the azimuth beamwidth can be specified within chosen limits.

Another factor contributing to the beam broadening in azimuth is the de-

crease in the effective aperture. For comparison to a planar array, one can show

that the effective horizontal aperture is Trpeff , where peff
= p cos6. Figure 62

shows the beamwidths obtainable with 9 = 8
opt

, i.e., the optimum beamwidths

possible using the assumed amplitude distribution. It is seen that the beamwidth

is indeed broadened by cos"'6 as a result of the decrease in effective aperture.
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Figure 54. Azimuth pattern, 6
opt = 0; 6 = 0. Figure 55. Azimuth pattern, 9
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Figure 56. Azimuth pattern, 9
opt = 0°; 6 = 30° Figure 57. Azimuth pattern, 6

opt = 0°; 6 = 45°.
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Figure 60. Azimuth pattern, 8
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Figure 61. Azimuth pattern, 6
opt = 30°; % = 45°.
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For all computations, the CARAMBA I configuration was assumed to be

that of the rings in the cylindrical array. Thus the radius = 13.2 wavelengths,

and 128 elements were assumed equally spaced on each ring, with 32 elements

active. The amplitude distribution /
c (a ) is one computed for the lens using a

1-3-3-1 input distribution. It is shown below with the 32-element Taylor distribu-

tion assumed for the distribution 7
e (Z ). The spacing of the rings was

0.524 wavelength.

Element or l
e (Z

q
) '

C

<V
ting Number

1 1.000 .9964

2 .990 .9682

3 .970 .9139

4 .935 .8373

5 .885 .7439

6 .822 .6397

7 .755 .5316

8 .676 .4258

9 .597 .3278

10 .513 .2419

11 .437 .1708

12 .351 .1154

13 .288 .0752

14 .233 .0479

15 .200 .0303

16 .192 .0185

For the element pattern G(<p - a 0), an approximation to measured patterns

was chosen. Including the phase due the location on the ring, it is

G(<f - a ,6) = cos9 exp 1.9 cos6 cos (9 - a) + j2irp cos© cos (6 - a)

Note that this expression gives (apart from the cos9 outside of the exponential)

an omnidirectional pattern at 8 = 90 degrees, as must be the case.
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CONCLUSIONS

As a result of the investigation of the possible use of linear-array tech-

niques to implement a circularly symmetric cylindrical array for wideband use,

some general conclusions can be drawn. Components developed for the linear

array can provide the necessary bandwidth and can be combined with circular-

array techniques to form pencil beams. If beam-pointing angles are to be indepen-

dent of frequency, then time-delay techniques can be used for elevation-beam

steering. However, a digital-phase system of the CARAMBA II type provides a

highly versatile tool for investigating the effects of amplitude and phase errors

on the pencil-beam shape, side-lobe level, and beam-pointing angle in the eleva-

tion plane. Computer results indicate that optimization of the excitation distribu-

tion for a given elevation angle can extend the sector in the elevation plane over

which the azimuth-beam maintains a useful shape. The implementation of this

type of cylindrical array appears feasible.

RECOMMENDATIONS

1. Investigate the implementation of a sector of a cylindrical array to produce

a pencil beam.

2. Verify experimental computer predictions of optimum excitation distribu-

tions, and of elevation-scanning limitations and approximations.

3. Investigate techniques to provide multi-aperture, multifrequency capability

to the cylindrical array.
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