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Considerable interest in circular and cylindrical arrays has arisen in recent years, 
and extensions of planar-array technology to curved-aperture antennas have been 
demonstrated. For some applications, the use of the circular array has some advantages, 
especially where single rings are used to produce a fan beam in the vertical plane. In con- 
trast to the linear or planar array, the radiated beam in the azimuthal plane of the 
circular array does not change with scan angle. In general, the amplitude and phase distri- 
butions required to produce given beam shapes for the circularly symmetric arrays are 
more complicated than those required for linear arrays, but the advent of the high-speed 
digital computer has eased the calculation of these distributions. The data hand-over 
problems generally related to the four-sided planar arrays are reduced for the circular and 
cylindrical arrays for the azimuth plane. 

Other characteristics which are not obvious but which have been verified by 
experiment are: 

1. Mutual interaction between adjacent antenna elements is reduced because of 
the curvature of the array. 

2. Antenna input impedance for all azimuth beam positions is constant for any 
given elevation angle. 

3. Element spacing restrictions are not so severe as for scanned planar arrays. 

The elevation scanning properties of a large circular cylindrical array have not 
been fully investigated. Experimental arrays are being studied at NELC to verify pre- 
dicted data. An alternate approach is to use the conical configuration to extend the high 
angular coverage. This approach also is being examined at NELC and some of the pre- 
liminary results obtained will be given here. 

For some applications it is desirable to split the array aperture so that different 
parts of the complete array can be placed at widely separated positions on the ship. The 
circular array does not lend itself easily to this kind of separation. The technique is indeed 
possible with a circular array, but more radiating elements are required because of the 
step-scan beam steering which is used and this usually increases the overall array cost. The 
following discussions assume that the array aperture will be located at a single position on 
the ship. 

The characteristic mentioned in paragraph 3 above has some implications involv- 
ing the number of radiating elements required to form the radiated beam. In figure 1 the 
circular geometry is compared with the geometry of a four-sided linear configuration. 
Each array has the same number of elements and subtends the same angle. Since the 
limitation imposed upon the interelement spacing by scanning in linear arrays is not pres- 
ent in the circular array, the element spacing in an arc array can be increased. A maximum 
spacing of about 0.6 wavelength is required for linear arrays which scan to angles of 45° 
in order to suppress the grating lobes. The two arrays shown in the figure yield radiation 
patterns having similar characteristics. Each produces the same sidelobe level and beam- 
width, has the same number of elements, and uses only 40 active elements. A major 
difference is in the wide-angle sidelobe structure; the arc array pa'itern contains energy in 
far-out sidelobes (fig. 2). This energy can be substantially lessened by reducing the ele- 
ment spacing, radius of curvature, and active sector. 

In the arrays under discussion, now let us: 

1. Increase the number of active elements for the arc array. 

2. Increase the active sector (shaded region in fig. 3). 

3. Decrease the element spacing and radius (fig. 3). 



40 ELEMENTS 
S = 0.64A 

UNIFORM DISTRIB. LINEAR ARC 

BW 2.15° (3.01°) 2.20° 

SIDELOBE -13.5 dB -13.5 dB 

GRATING LOBE NONE -23.4 dB AT 104° 

TOTAL ELEMENTS 160 160 

Figure 1. Comparison of linear and arc array - equal elements. 

40 60 80 100 

AZIMUTH ANGLE (DEGREES) I 
Figure 2. Radiation pattern of circular arc array. 
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48 ELEMENTS, 

BROADSIDE ONLY 

UNIFORM DISTRIB. LINEAR ARC 

BW 215° (3.01°) 2.19° 

SiDELOBE -13.5 dB -13.5 dB 

GRATING LOBE NONE 24.1 dB AT 118° 

TOTAL ELEMENTS 160 150 

Figure 3. Comparison of linear and arc array - unequal elements. 

i 

We find that the total number of elements of the ring array is now 150, while the four- 
sided planar configuration still contains 160 elements. This reduction in the number of 
total elements has been achieved while essentially maintaining the same radiation pattern 
characteristics as given in figure 2. All of these conditions assume that the beam of the 
linear array is at the broadside position. When the beam is scanned to an angle other than 
broadside, the beam broadens and the sidelobes increase. The number given in parentheses 
in figures 1 and 3 is the -3 dB beamwidth of the linear array pattems when scanned to an 
angle of 45°. The pattern of the ring array at all scan angles is the same. 

The circular cylinder and the four-sided planar configuration with vertical sides 
fall into the general category of cylindrical, and can be made up by stacking the arrays 
previously discussed. Neither of these structures is optimum from the standpoint of 
vertical scanning, although the circular cylinder is superior for azimuthal scan. For the 
circular cylindrical array with an element spacing of 0.S8 wavelength, the total number 
of radiating elements for a surface array of 40 elements in height is 6000. The radius is 
13.7 wavelengths and the radiating aperture is on the order of i 16° in azimuth. The total 
number of elements for a planar array of the same size and element spacing is 6400, with 
each planar face about 24 wavelengths square. If the spacing cf the cylindrical array is 
increased to 0.64 wavelength in azimuth, then S400 radiating elements are required to 
maintain the same beamwidth and sidelobe level. If a three-sided planar configuration is 
used, then the element spacing must be reduced in order to satisfy the grating lobe condi- 
tions for a 60° scan angle requirement. The total number of elements is 5400 and 
additional beam broadening will occur because of the larger scan angle. 

Figures 4 and 5 are comparisons of radiation pattems from cylindrical and coni- 
cal structures. The cone angle was 30°. The distribution used in both cases was Chebyshev 
for -30 dB sidelobes and cophasal. Pattems are given for main beam pointing angles of 
0° and 60° above the horizontal. Two cuts are given for each beam position: an elevation 
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cut at constant azimuth angle and an azimuth cut with constant elevation angle. The 
elevation pattern; 'ndu ate that the conical-array geometry has the capability of main- 
taining good patterns at higher elevation angles with only slight degradation in the hori- 
zontal plane. The sidclobe structure for the conical array azimuth patterns show some 
deviation from the patterns obtained from the selected Chebyshev distribution.  This 
follows since both structures can be considered a collection of linear arrays phased in 
such a manner as to add constructively in the main beam direction. It is well known 
that a linear array forms a fan beam on a cone of constant angle to its axis.  For the 
cylindrical array, all of the individual arrays have their axes aligned such that the "ra- 
diation cones" from all arrays coincide.  The azimuth sidelobes of the cylinder are thus 
formed along this cone. This is not true for the conical array, since its constituent 
array axes are not aligned. The cophasal distribution is such that the "radiation cones" 
from all subarrays pass through the main beam position. This means that the sidelobe 
energy for the conical array is not concentrated as in the cylindrical array, but is 
"smeared out" over a larger region. For this reason, azimuth cuts of conical-array 
radiation patterns do not yield a satisfactory evaluation of the sidelobe structure. 
Techniques for experimental evaluation of the patterns are being investigated. 

AZIMUTH PATTERN 

Pattwn «lavalion angle 0 dtgrMt 

Beam elavation angle 0 degree» 

Cone angle 0 Mgraet 

75 90 105 

AZIMUTH ANCLE (DEGREES) 

120 135 150 US 110 

Figure 4. Azimuth patterns, various beam positions. 
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AZIMUTH PATTERN 

Palt«rn elevalion angle 60 dagfees 
B«am elevation angle 60 degrees 
Cone angle 0 degrees 

to 75 W ItS 

AZIMUTH ANGLE (DECREES) 

50 I6S 110 

Figure 4 (Continued) 
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AZIMUTH PATTERN 

Patlern elevation angle 0 degrees 

Beam elevalion angle 0 degree^ 
Cone angle 30 degrees 

15 30 45 60 75 90 105 

AZIMUTH ANGLE (DEGREES) 

120 135 150 155 180 

Figure 4 (Continued). 
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AZIMUTH PATTERN 

Panern elevation angle  60 degiees 
Beam elevation a igle 

Cone angle 

60 Oeg^ees 

30 Degree« 

75 90 105 

AZIMUTH ANGLE iDEGREESI 

120 135 150 180 

Figure 4 (Continued). 

ELEVATION PATTERN 

Pattern azimuth angle       O degrees 

Beam elevation angle       0 degrees 

Cone angle 0 degrees 

•15 0 15 

ELEVATION ANGLE (DEGREES) 

Figure 5. Elevation patterns, various beam positions. 
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Figure S (Continued). 

ELEVATION PATTERN 

Pattam aiimulh angle 0 degrees 
Beam elevalion angle 0 degrees 

Cone angle 30 degrees 
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ELEVATION PATTERr. 

Po'tfn ai<mu>h angi«      Z o«g'»»' 

Btam «!«,3' on ongt«    6C 0«g'*«' 

Con« ongl« 3C a«qr«e 

15 0 15 

ELEVATION ANGLE  DEGREES 

Figure 5 (Continued). 

Many of the developments will be discussed at this conference and i would 
like to give a brief review of the more common general feeding and implementation 
techniques, as well as some promising analytical work concerning the effects of mutual 
coupling in cylindrical arrays.  A major difference between the circular array and the 
linear array is the means used to steer the beam.   !n some approaches, for examp'e, 
in addition to the usual devices such as the phase shiftc used to steer the beam, the 
circular array requires some type of device such as a switch (fig. 6) to commute the 
amplitude and phase distributions around the ring of various elements.   In order to 
produce low sidelobe beams, it is necessary that the amplitude have a taper and this 
further complicates the commutation p'ocess.   In the earlier development of the Wullen- 
weber arrays, the elements were uniformly excited.   Later presentations to be given by 
Boyns of NELC, Gabriel of Scanwell, and Giannini of Wheeler Labs will give variations 
of these techniques. 

The use of optical techniques which make use of microwave lenses to provide 
the proper amplitude and phase to feed a ring array or partial ring array has also been 
"borrowed ' from the linear-array technology. The familiar R-2R lens approach has 
been applied to the ring array and will be discussel by Devan of NELC, and Zimmer 
of Georgia Tech will present another lens approach.   Other uses of the lens have been 
made, and I am sure that they will be discussed later. 

Another technique carried over from the linear-array technology is th? use of 
a hybrid matrix as a means of beam forming by a superposition of modes. The tech- 
nique has a wide bandwidth potential as well as a multiple beam potential. Sheleg of 
NRL, Chadwick and Van Wagoner of RSI will discuss applications of these techniques. 

In the techniques previously discussed, the radiation pattern desired was net 
specifically mentioned.  However, a narrow azimuth beam, a fan beam, or the pencil 
beam can be achieved by all of these techniques. An important application not re- 
quiring a narrow azimuth beam is TACAN.  Considerable interest has been shown in 
the use of a phased array for the TACAN application.  Several approaches to the solu- 
tion of the TACAN problem using cylindrical phased arrays will be discussed. Present 
TACAN systems use a mechanically rotating antenna.   Shestag of Rantec will give a 
description of TACAN and some background on the systems aspects.  Hanratty of ITT 
Gilfillan, Greco of the NFSTEF, and Van Wagoner of RSI will give some recent devel- 
opments in this area. 
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Figure 6. Phase-scanned and scep-scanned arrays. 

The previous discussion has presented some of the hardware aspects and appli- 
cations of circular and cylindrical arrays.  The ability to adequately design an operating 
array is highly dependent upon reliable mathematical techniques.  Considerable work on 
these techniques is being done by many universities, and some of that work will be 
presented here.  Hessel and Sureau of PIB, Gladman of ASWE, Great Britain and 
Munger of NELC will discuss the effects of mutual coupling on array excitations. 
Coleman of NRL, Bi tlei of SMU, and Ma of ESSA will discuss analysis techniques and 
pattern synthesis.  Another area, although not analytical, is of importance to antenna 
designers and that is the area of potential applications and the specific design require- 
ments.   Blake of FAA and Weis of NAVSEC will give some design considerations for 
proposed systems. 

1 have given a brief outline of some of the topics to be discussed but have not 
covered them all.  I hope that in the next three days we can cover many topics and 
obtain a better understanding of circular and cylindrical arrays and their potential use 
as scanning arrays. 
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I INTRODUCTION 

The high cost and complexity of large phased arrays make it highly desirable to 
evaluate their performance prior to fabrication. Earlier methods of prediction usually 
ignored the effects of mutual coupling by assuming that the radiation patterns of the 
individual array elements were identical to the pattern of a single isolated element. Com- 
parison between theory and experiment indicated that the effects of mutual coupling 
could significantly alter the behavior of phased arrays and that such effects must be 
accounted for in any reliable evaluation method. Fortunately, experimental methods of 
array evaluation that do not require large numbers of elements (array simulators) were 
developed and made a significant contribution to the understanding of large phased arrays. 
More recently it has become possible to completely analyze the infinite planar phased 
array in such a way as to yield the detailed behavior of its elements. As would be expected, 
the interaction effects are largest between closely spaced elements and an analysis of the 
infinite array gives results that apply to all elements except those on the edge of a practi- 
cal phased array. This paper presents a similar analysis for the infinite cylindrical array, 
as shown in figure 1, for horizontally polarized excitation. The ircalment of vertical 
polarization is somewhat more difficult, but equally possible. 
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(P,0, Z) 

tigure 1. Cylindrical coordinate system. 



ANALYSIS 

The infinite cylindrical array (and all of space cxteriur to it) is split into "unit 
cells," each geometrically identical to all others. This is illustrated in figure 2. The basic 
array excitations studied are those which place all unit cells in an identical electrical en- 
vironment, the fields in all unit cells being identical except for a constant phase shift from 
cell to cell along rings and columns. In principle, this is not a restriction since arbitrary 
excitations can be decomposed into sumsof excitations of the above type. Along rings, 
the phase shift between cells must he such that a complete transversal of a ring produces 
a total phase change that is a multiple of 27r, thus ensuring that the fields are single-valued 
functions of a/imuth angle. The array is subdivided into an infinite number of rings, each 
containing ;V unit cells. All such cells are identical and can contain more than one 
element; however, in this paper one element per cell is assumed. Allowance has been 
made for a possible dielectric filling within the waveguides. 

An exact analysis would require that the feed waveguides have radial vertical 
sidewalls as illustrated in figure 3. An approximate analysis is used here in that the wave- 
guides are assumed to possess uniform cross sections, the small difference between their 
plane ends and the cylindrical arc being neglected. This should be reasonable tor all but 
the smallest arrays. A time dependence ot the form exp (/w/) is assumed and all distances 
are normali/ed by using X/ln as tl . basic unit of length, where X is the free-space wave- 
length. Also, electric fields are measured in a basic unit of 17 volts, where r; is the imped- 
ance of free space. These adjustments allow the equations to be written in dimensionlcss 
form. 

V u 

3 

I iguro 2. Unit cell. 



1 
I 
J 

J 
1 
1 
1 
1 

| 1 

Figure 3. Approximation using 
uniform cross section waveguide 
instead of radial waveguide. 

Fields in Space 

Fields in cylindrical coordinales can be classified into two types • transverse elec- 
tric (TE) or transverse magnetic (TM) to the : axis. For horizontally polarized excitation, 
only TE fields arc generated. These can be obtained from a 2-directed Hertz vector ^, 
where 

V2   + £^=0 

(I) 

(2) 

(3) 

In free space e = p = I. Solution of (3) in cylindrical coordinates for free space 
gives 

with 

4> = |/l//m
:(A,p) + Ö//m

l(A,p)l cxp(/A;;)exp(/w0) 

kl
2 = \-k:

: 

(4) 

(5) 

The analysis will be conducted for the array as a transmitter, the space fields 
consisting of wave traveling in the positive p direction. These fields are represented by 
Hankel functions of the second kind, the solutions being of the fonr: 

4/ =Anm
2(klp)e\p{ik,z)e\p(ini(i)) (6) 

If ^T is greater than unity, k is taken to be negative imaginary and the solution 
is expressed in terms of the modified Bcssel functions 

4/ = AKm (/Afp) exp(/A-.7) exp(/>?;0) (7) 

where the function K    (.v) has been chosen to ensure that the fields at infinity are finite. 
Equations 6 and 7 give the basic spatial solutions which can be summed to yield more 
general solutions. For our purposes, we must exclude all solutions that do not yield the 
correct cell-to-cell phase shifts as discussed earlier. If the phase shift between the excita- 
tion fields in adjacent elements along columns is 7., then only modes with the same phase 
change between cells are allowed. Thus 



gives the allowed values of A,. If we let the value be k   , we obtain 

(8) 

(9) 

The value of*- determines the elevation beam position being studied. Similarly, the 
azimuth phase shift between cells must be of the form Imn^lM where mQ takes on any of 
M consequentive integer values (normally 0 < m« < M). This phase shift between cells is 
required to ensure phase changes that are multiples of 27r for complete revolutions around 
the array. The cell-to-ccll phase shift in the space modes must match this value, thus re- 
quiring that allowed m values salsify 

Imn _ 27W'o + llv 
M        M 

.oo < (2 < oo 

Denoting these values by »in, we obtain 

We can now write down the allowed solutions i^   as 

tor 

or 

for 

>0 (k    positive real) 

ii/{,   =Ail   K      (A. p)cxp(;A   z)exp(/w(,^) 
%i 

^2- k    2 <0 (A    negative imaginary) 

(10) 

(ID 

(12) 

(13) 

(14) 

(15) 

liquations 1 and 2 can now be used to give A and // in the space surrounding the 
array. Specifically, //, (z-directed magnetic field) and l:\ (0-directed electric field) will 
be of use, the general solutions being obtained from sums over the above ^ modes. This 
gives 

oo oo 

K ^m") 
exp(/A7)|z)exp{//;)k0) (16) 

exp(iA-;/(2) exp(/wc0) (17) 

The upper or lower solution is taken if A    is real or imaginary respectively. A 
is taken to be either positive real or negative imaginary. 
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] Waveguide Fields 

Figure 4 shows the "local" coordinate system used to obtain the expressions for 
the waveguide fields. Although it is more usual to divide the fields into two sets that arc 
TH and TM to the guide axis, our purposes arc more simply satisfied by using LSE modes 
(longitudinal section electric) which are Tt to the z axis. These fields can be obtained by 
solving equations 1, 2, and 3 in rectangular coordinates with appropriate boundary condi- 
tions at the waveguide walls. The mode funct 11// (j) half-cycle variations in v, q in ;) 
is easily shown to be 

ü     = |ß     cxpi-ik   .\) + C    expdA-    x)] 

COS|/)7T0
1
+/')/^| sin[(in{z+t')l2c\ 

Where 

',,' 
■{pnr.hV -[qnllc)2 

(18) 

(19) 

(0,0,0) 

figure 4. Coordinate system for 
waveguide. 

1 
i 

Where k     is taken to be positive real or negative imaginary. With the former 
choice, the B     term represents a wave travelling towards the aperture, the C    term 
being a reflected field. With the latter choice, only the C    term is used, and represents 
evanescent waveguide fields. The v coordinate of the waveguide coordinate system is 
aligned with the 0 coordinate of the cylindrical system. If the waveguide center is at an 
angle zero, its angular half-width being a, then, provided a is sufficiently small, (v + b)jb 
can be replaced by (0 + Q)/Q at the.v=0 plane. A general waveguide field is represented 
by a sum of the li     mode functions overp and (/.equations 2'and 3 being used to obtain 
the fields. The /;. and //, fields in the waveguide apertures can be expressed as 

oo       oo 

/) = 0  q=\ 

cos[/>7r(0+a)/2ftl m\qn{zH)l2c\ (20) 
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/. = 0 v=l 

sinf^7r(--+<)/2f| 

with 

k^2 =e-{()nl2hr -Uinllc)2 

(21) 

(22) 

Where A     is positive real or negative imaginary and H     is zert) for all modes 
but those exciting the array (normally the/»=0.(/ = 1 mode only). 

Field Matching at the Array Aperture 

The surface of the array not occupied by waveguide elements is assumed to be a 
perfect conductor. Over the waveguide aperture the fields described by (10) and (17) for 
p =a must match those described by (20) and (21) which are waveguide descriptions of 
the same field. In addition, the tangential electric field /; .given by (17) must vanish over 
the array surface not occupied by the waveguide element. The tangential magnetic field 
//. given by (16) cannot however be specified over the metallic region of the aperture. 
This matching can be specific within each unit cell as follows: 

1 1". 
^=.00    fj = .00 

II    ' (A, a) 

k     UKlna) 
itii       '" 

exp(/A-,//r)exp(/wtv>) 

oo      oo 

2V 
;.=0  q=\ 

over aperture of waveguide. 

= 0 over surface not occupied by waveguide. 

oo        oo 

l    l   Atnkt„
2 exp(ikziiz)exp{im^l)) 

i/^.OO    fj=.00 

oo       oo 

= S   2   lÄw + ^I le-^^'»21^1/^(0+01/201 
P=0 «/=• sin|^7r(:+c)/2c| 

over aperture of waveguide 

= unspecified over surface not occupied by waveguide. 

(23) 

(24) 
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If both sides of equation 23 are multiplied by exp(/lzjr)exp(-/'mj,0) and the resultant 
equation is integrated over the entire unit cell aperture surface, we obtain after some 
manipulation: 

^ik    A   1 
m ts ' r 

'V*'^ 
-S S k   (B    -C   ) 

2a expl-iimß - PTTII)] y^ma, -p) 

2(-/> exp|w(Arvr - qnll)] V2(kzc. -q) 

Where 

V^fx. n) 

V2(X, n) 
sin(.v+»7r/2) + (-1)" sin(.y-»7r/2) 

x+nn/l x-nn/I 

(25) 

(26) 

The subscripts 1 and 2 indicate addition or subtraction respectively. In a similar 
manner equation 24 can be multiplied by 

cos|/,7r(0+Q)/2Ql sin|(Mz+c)/2f] 

and integrated over the aperture of the waveguide. This gives the equation 

|ÄP0 + C01 |c-((W2<)2l(l-60O)(l+60J OQ1 ca 

-1    1A*"' 

(27) 

zation 

2a expI/(Hig0 + PTT/I] VAm^a, P) 

2kexp[i(k:n: + Qn/2)] V^k.^c.Q) 

0</><<x. 

1 <(><«> 

Finally, substituting for A^ in (27) using (25) gives after considerable reorgani- 

oo       oo 

^  ^ \s(p.q;P,Q> + D(p,<i;P.Q)\Fp(i=GpQ (28) 

p=0 q=\ 

where 

oo oo 

S(p.q;P.Q) = M ^    ^   k^t 

0<P<«' 

,   l<ö<oo 

^(mgo. p) V^a, P) y2(k2nc.q) y2{kznc. Q) (29) 



D(p.ii .P,Q) 
i™ü(\ -b0(i)(\ *b0p)[e.(qvllv)i\ bvl.biiQ 

8c a A- 
I'M 

(30) 

Gpo = had (I - b    ) (I + 60 ) \€ - Uinl2cf | {-if*" 6,, 
"Q 

(31) 

(32) 

Equation 28 is an intinltc matrix equation for the amplitudes of all waveguide 
modes in terms of the incident mode amplitudes. Spatial mode amplitudes can be ob- 
tained from the solution of (28) by use of (25). In practice, the infinite matrix is trun- 
cated (as is the sum over K and n in equation 2')) and the resultant set of equations solved 
for the lower modes only using a digital computer. 

Normally (/'     is zero for all but the p=0, q=\ mode, this being the waveguide 
mode that excites the array. Solution of (28) gives the waveguide rellection coefficient 
and far-field amplitude for the specified aperture phasing (as determined by ni{] and Ä,0). 
Equation 25 gives the space-mode amplitudes in terms of the /•'    ; 

'%, 
■ a M 

2m. 
'.   i//f 

in     mt 
(k, a) 

a K   ' (ik   u) 
III IHny     III 

2 2, ^("vw'H-2(A:/,r. </)/•; /"/ (33) 

where, as before, the actual sum is taken over those modes included in the solution of 
(28) rather than the infinite number indicated. 

MUTUAL INTERACTION EFFECTS IN AZIMUTH 

A single element in each unit cell is assumed .vith excitation in the p = 0,q = 1 
waveguide mode, all other B    "s being zeru. The pq subscript will therefore be dropped 

./"/ from B    ,B(niQ\ being understood to mean the incident waveguide field amplitudes for 
an excitation that exhibits a phase of iTtniJM from cell to cell (this excitation will be 
referred to as azimuth excitation mode «»„). Since the phase between adjacent cells in 
azimuth is Imn.jM. the incident field in waveguide i is 

Imm s 
Ä(/"0)expv    M 0<s<M- I (34) 

the waveguides being labelled with the subscript .v which ranges from 0 through AM as a 
ring of array elements is traversed. Similarly, the reflected field in thep = 0, </ = 1 mode 
in waveguide s has the form: 

C(in0) = c\p 
2nim s 

I    M 
0<s<M- I (35) 

Alternatively, this can be written in terms of the waveguide reflection coefficient 
for excitation mode w«./?(«»„), as 

2mm Ji' 
Ä(m0) R(mQ) exp I "' j   0<s<M-\ (36) 

il 
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The incident and retlccled fields of waveguide s when more than one azimuth 
excitation mode is present are simply 

Af-l 

lnc(x)=   y    ß(/»0)cxpl—j^—)   0<x<A/-l (37) 

"'«=0 

Ref(i)= y   B(mQ)R(mQiexp{    A/
0 )   0<s<A/-l (38) 

m  =0 
it 

A most important excitation is one tor which all azimuth excitation modes are 
excited with an equal amplitude of 1/A/. liquation 37 gives 

lnc(l) = ^   ^ 0 < s < A/ - I 

m   =0 
(i 

= I ifi = 0 

*0ifs#0 (39) 

Thus, this type of excitation corresponds to the excitation of a single column of 
elements in the array (the s=0 column). Under these conditions, equation 38 shows that 

1    V (2Tiim s\ 
Rcf(v) = -    )    /?(m0) exp I—~-I   0<s<M-\ (40) 

m   =0 o 

Clearly, since lnc(0) is unity, Ref (0) is simply the reflection coefficient of an 
element on a ring when all others are not excited. When s is not zero, R{s) must be inter- 
preted as the field coupled from the i=0 element into the element x. Thus (40) gives the 
relationship between the modal reflection coefficients/?(»(„) and the coupled fields. 
These will be denoted by U{s), the field coupled into waveguide element s when element 
zero is excited with unit amplitude.  LHO) is the element reflection coefficient as des- 
cribed above 

AM 

m   =0 o 

The far-field pattern of a single excited columr is clearly obtained by combining 
the spatial modes in the far field. 

COMPUTED RESULTS 
■:'• 

Since the behavior ot linear and planar arrays is fairly well understood, this sec- 
tion will concentrate on the effects of coupling between the columns of a cylinder (i.e., 
on the mutual interactions effects in azimuth). These results apply to an r'rray of the -J 

■■-. 



type shown in figure 1 where the horizontal and vertical dimensions of the clement arc 
0.25 and 0.75 wavelength respectively and the vertical-element spacing is OK wavelength. 
The waveguides arc not loaded with dielectric material and the phase shift in the vertical 
direction is zero. 

As pieviously explained, there arc M possible cell-to-cell phasings of the form 
2mnQIM {0 ^"'0 <4/-l)oii a cylindrical array with A/elements on each ot its rings. An 
important factor in the performance of such an array is the waveguide reflection coeffi- 
cient for each of these modes of excitation. This is plotted against excitation mode 
number (i.e., m ) for various numbers of elements on a four-wavelength radius array in 
figure 5. The spacing of the elements in wavelengths is given in parentheses. This figure 
indicates that azimuth modes of excitation above about 25 arc completely unusable since 
much or all of the incident power undergoes reflection at the aperture. This cutoff effect 
is common to all cylindrical antennas. The rapid rise in the reflection coefficient occur- 
ring when H/Q is of the order of the normalized radius of the cylinder (25.13 in this case). 
If the behavior for high modes is not important, it would appear thai closely spaced 
elements iiave a better match. 
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30 

ligure 5. Waveguide reflection coefficient vs. azimuth mode number on w four-wavelength 
radius cylinder. 

Figure 6 shows the efficiency with which the same array generates spatial modes. 
Modal efficiency, as plotted, is defined as the voltage for 100 percent efficiency and is 
therefore really the square root of the true generation efficiency. The curves arc only 
plotted for positive mode numbers as it is easy to show that the modal efficiency does 
not depend on the sign of the mode number. 

Although the efficiency is given for all modes, it should be :emembered that the 
actual modes generated depend upon the number of elements on a ring and the cell-to-cell 
phase shift of the excitation. For example, excitation with azimuth mode '"0

=0 for a 
32-element array produces modes 0, -32, +32, -64, +64 etc., while excitation with mode 
w =16 yields 16, -16,48,-48, etc. In general, extilalion mode m   yields far-field space 
modes »!„, mQ~M, ni0-2M. etc., on an Af-clemcnl array. These facts have a number of 
consequences. First, it is clear that only A/ far-field modes can be independently control- 
led, it being normal to choose these to be the modes •(A//2)+l through (M/2). Secondly, 
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there is a liniilalion of the efficiency of certain modes. For example, excitation with 
mode /;;()=A//2 also produces mode m^-M -■ -Mil. Since tliesc modes are k-own to have 
equal efficiency. the upper limit to the power efficiency of each of these modes is 50 
percent. Tims, the maximum modal efficiency (i.e., voltage) of the (Mil) and •(A//2) 
modes is vTör 0 707. These modes are shown dotted on figure 6 and clearly illustrate 
this effect. 

10 20 
SPATIAL MODE NUMBER 

Figure 6.  "Voltage efficiencv" vs. spatial mode number on a I'our-wavelcngth radius 
cylinder. 
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The curves of figure 6 illustrate the modal efficiencies on a 4-wavelength cylinder 
containing different numbers of columns of elements, the spacing of these columns being 
given in parentheses. For spacings less than about 0.5 wavelength these curves are little 
different. At a spacing of about 0.5 wavelength, however, the curves start to distort and 
spacings greater than 0.6 wavelength severely degrade the modal efficiencies. This effect 
is the cylindrical array analogue of the appearance of a grating lobe on a linear array. Al- 
though these effects begin to show at small spacings, they are more gradual than the 
linear-array equivalents and do not actually limit spacings to the range below 0.5 wave- 
length. As detailed above, on a 4ü-element array it would be normal to obtain a desired 
far-field pattern by controlling the amplitudes of modes -19 through 20. However, modes 
-lc) and 21, -IS and 22,etc., arc coupled and figure 6 indicates that modes 21 and 22, 
which are unwanted, will have higher amplitudes than modes-18 and -19. The effect of 
these undesired modes is discussed at length in references I and 2, the main result being 
unwanted sidelobes ("grating lobes") at large pattern angles. In practice this limits array 
spacing to the region below about 0.65 wavelength. 

The results of the analysis can also be used to predict the azimuth pattern of a 
singly excited column of elements. Typical patterns are illustrated in figure 7 where the 
normalization is such as to reflect the true gain including reflection losses. For column 
spacings less than 0.5 wavelength the curves are near to being smooth. At spacings over 
0.5 wavelength, however, the patterns exhibit an increasing amount of variation with 
angle and rapid changes in gain on axis. This can be attributed to the parasitic excitation 
of adjacent columns in the array with a phase that is dependent upon the distance between 
columns. The reradiated energy will thus sometimes add and sometimes subtract from the 

I 
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COLUMN NUMBERS 

Figure 8. Power coupled from u sinph excited column into adjacent columns on a four- 
wavelenglh cylindrical array. 

COLUMN NUMBER 

Figure 9. Power coupled from a singly excited column into adjacent columns 
for columns with fixed spacing on varying radii cylinders. Column spac>ng. 0.524 wavelength. 
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field of the primary column, producing changes in gain with column spacing. With larger 
spacings, "the aperture" of the parasitic array is larger and it is capable of producing more 
rapid angular changes of far-field intensity. These effects are clearly illustrated in figure 
7. A further point of interest is that the pattern for a 96-column array contains less total 
far-field energy then the other patterns, indicating that the use of too many elements on 
a cylinder of given size is not useful. This is a result of the bad reflection coefficient of 
and the heavy coupling between such closely spaced elements. 

60" 90 
AZIMUTHANGLE 

f-'igure 7. Azimuth patterns of singly excited column .  m a four-wavelength cylinder. 
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The power coupled from a single excited column into other columns on the 
array is shown in figure 8. Except for the immediately adjacent columns, the coupling is 
clearly linear with increasing clement number. This is strong evidence for the presence of 
a surface wave travelling from the excited column around the array, this wave suffering 
the same fractional loss at each column it encounters. Further evidence for such a surface 
wave is provided by an investigation of the phase of the applied power which is again 
found to be linear with element number. Furthermore, it is indicated that for spacings 
above 0.5 wavelengta, the coupling decay rate is proportional to column spacing. In other 
words, the fraction of the incident surface-wave power lost from column to column is 
proportional to the spacing of the column. 

Figure 9 illustrates the coupled power as a function of cylinder radius. The 
numbers of columns on the cylinders have been altered in such a way as to maintain a 
constant column-to-column spacing, thus making figure 9 a true indication of the effects 
of cylinder radius. As can be seen, the coupling between closely spaced columns is almost 
independent of radius, but coupling toelement-) located further ai'ound the cylinder is 
definitely reduced by increasing the curvature of the aperture surface. It is clear that the 
behavior of cylindrical arrays ol practical size will be essentially the same as that of a 
planar array with the same sp?cinp. Significant reduction of coupling effects is evident 
only on cylinders with radii less than a .ew wavelengths. 

■4 
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CONCLUSIONS 

A mellmd fur ihc prediction of mutual coupling cfl'ects on cylindrical arrays has 
been developed and tested.  Using such computer programs, it should prove possible to 
accurately predict the performance uf such arrays prior to fabrication. This in turn will 
lead to the use of optimum elements in such arrays and improve array perloniiance. 
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ANALYSIS OF CYLINDRICAL ARRAY 

General v 

The cylindrical array can be considered to consist of a stack of identical 
ring arrays. We denote the complex excitation of the p1   element in the q   ring 
by /    = / (a   z ), where a   is the angular location of the pth and z   is the z-axis g 
location of the qth ring.  The coordinate system is shown in figure 1.  The beam 
is assumed to be pointed in the 9- 0 direction in azimuth, corresponding to the 
a = 0 reference point of the element location. The beam is stepped around the 
cylinder by redefining the a = 0 reference to the desired position. 

All elements are assumed identical, symmetrical, equally spaced, and 
pointed along the radius vector.  Thus, the azimuth element pattern can be ex- 
pressed as a function of |<p-a |.  In general, the azimuth pattern depends on the 
elevation angle 6.   The complex element pattern is denoted by G((p-a, 6), with 
the phase referenced to the center of the ring in which it lies.  Thus, if it is 
assumed that the phase center is at the element,'*1 

G((p-a,e)= IG(q)-a,9)l exp[ife p cosö co8((p-a)] (1) 

The far field is 

E(<p, 6) = I 2 lpq G(9-ap, 6) exp [jqu] (2) 

where 

u= kd sin 6 
d = spacing between elements in vertical direction 
k= 2v/X 

A beam can be formed in the direction 9= 0, 6 = 60 by exciting all elements 
to add in phase in that direction (beam cophasal excitation). Thus, in view of (1) 
and (2) we require 

lpq = \lpg\ exp [-jkpcoa Q0 cos ap- ./quj (3) 

where «0 = kd sin e0 

Separable Aperture 
In (3) the phase terms are separated in a   and 2 , where z = qd. This 

allows us to assume a cur-ent distribution of the form 

with 

and 

/(ap.2(7)=/<a)(ap)/'e'(Z(j)=/p<a>/(?<e) (4a) 

lpa) = /p<a^exp -^PC08 eo c08 apl (4b) 

lQ
ie) -- \lq

(e)\ exp [-««„] (4c) 

•This is not strictly true for an element on a ground plane, but the deviation is significant 
only where the amplitude is small - that is, past 90° - BO the assumption has negligible 
effect on computed resul' 
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The superscripts (a) and (e) indicate azimuth and elevation distributions, 
respectively. Note that the azimuth distribution depends on the beam-pointing 
angle in both azimuth and elevation, whereas / <e) depends only on 90.  Writing 
the current distribution in the form (4a) allows us to write the pattern (2) in 
the form 

where 

and 

£(9,6)= E(a)(9,e)E(el(e) 

E(a'((p,e)= 2/n
,a,G(9-an ,e) 

E(e>(e)=2 /'"'expf^ul 

(5a) 

(5b) 

(5c) 

U 

E(a, (9,6) is just the pattern of a single ring excited by /n
(a).  E<e) (6) is the 

/     v 

space factor of a single vertical column of elements excited by / 
Thus, the analysis can be simplified by assuming the separable-aperture 

distribution and considering the cylindrical-array pattern to be the product of a 
ring-array pattern and a linear-array pattern. A pencil beam can be formed by 

(a) selecting /       to form a beam at 9= 0 in the azimuth cone 9 = 90, and by selecting 
/ (e) 

(j     to form a beam at 90 in the elevation plane 9=0. Since the pencil beam is 
the product of two fan beams, the principal sidelobes will lie on the cone and 
plane in which the fan beams were shaped. 

Figure 1.  Coordinate system. 
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Synthesis on Ring with Continuous Current 

Synthesis on a ring can be carried out by assuming that there is a contin- 
uous current density 1(a) exciting the ring and further that the full 360 degrees is 
excited.  The pattern is 

E(q>,e)= -       /    * Ha)G(s>-a,e)da (6) 
2TT    -^0 

M is the number of elements which the continuous distribution replaces.   If Ka) 
is symmetrical, it may be written 

Ha) - S    /   cos na (7) 

The /„ are the complex-current-mode amplitudes.  The element factor 6(9 -a ,9) 
may also be expanded as 

G((p-a,e)= /O)  1   F (9)cosra(9-a) (8) 
m-0 

Substitution of (7) and (8) into (6) and integrating yield 

«9.9) = W<9) 1   7^-   /nFn(e)co8mp (9) 

where E „= 1 if « = 0, E^ = 2 if n ^0.  The /„ are determined from the desired 
azimuth pattern expanded in a Fourier series.  We call the desired pattern T^dpl to 
indicate an .Vth-order Chebyshev pattern, though any pattern may be used if it can 
be put in the following form: 

N 

7^(9)=   1   C/cosmp (10) 

Equating (10) and (11) at 9 = eo yields 
P N 

I (e0)=      E"   "  (Ha) 
" MfmFnW 

and 

N 
/(e'')(a)=   S   /J6"* cosna (lib) 

n=0   " 

The superscript (60) has been introduced to emphasize that /„ and Ka) give the 
optimum azimuth pattern ^(9) only in the cone 9 = 90.  At a general elevation 
angle 9 the pattern is • 

E*6"''9,6)= Mr(9)   I   /n
(9<')Fn(9)co8n9 (12) 

n=0 

Reference 2 gives details for computing Cn   and the Fn(9^ for various element 
types,* plus some criteria for selecting the pattern order N.  It is found necessary 
to IetN<eo) = N cos 90, where /V0»fcpie N at90 = 0. This selection of N<00' gives 
approximately the same amplitude distribution for all 9o, and a beam cophasal phase. 
For a given sidelobe level, the beamwidth is approximately proportional to —.  Thus 

N 

•Mutual coupling may be simply taken into account by use of P (6) computed for elements 
in the array environment.   See reference 1 for details. 
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azimuth beamwidth = beamwidth at broadside/cos 60 (13) 

This broadening of the beamwidth is only apparent, however.  It is due to the fact 
that the azimuth pattern is measured on a cone 6 = 60, and the ratio of the perim- 
eter of the cone base at 0O to that at 9 = 0 is just (cos ö,,)'' •  The actual spatial 
extent of the beam in the plane perpendicular to the 9 = 0 plane remains approxi- 
mately constant to near zenith. s 

Figures* 2 and 3 show the behavior of (12) for 90 = 0 and 90 = 45o.  The 
distribution is for a -50-dB Chebyshev pattern, so only the beam shape appears 
in the plot (all sidelobes are at -50 dB for 9 = 90).  The extensive beam broadening 
(beyond the (cos 90)"1 factor)  and gain loss for e^o are due to the deviation of 
the phase from the optimum (which is essentially identical to (4b)).   Figure 4* 
shows elevation patterns through the beam 9 = 0 direction with the azimuth pattern 
optimized at various 90.  They are compared with the element elevation pattern, 
since this represents the maximum possible for each curve.   For a linear array 
the curves would all coincide with the elevation element pattern.   For the ring 
array they coincide with the elevation element pattern only at 90, where all 
elements add in phase to form the beam. 

Discrete-Current Distribution 
The continuous distribution can be replaced by M elements located at 

a   =^r(p+/r)      P= 0,1,2 M-l 

where f is a fraction that indicates the position of the beam with respect to the 
first element.  It can be shown2 that 

E(9,e)=M 2 ,1-/„(eo)tF„(9)cosn9+  1   F^iB) cosUrM-n)<t-2nrf]\ (14) 
n=0 " '=1 

(14) is the desired pattern plus an error term.  For spacing s = "«r of less than 
a half wavelength, only the r=0 term is significant. For spacing less than one 
wavelength, only r=0 and r= 1 contribute, and so forth.  The error term's primary 
contribution to the pattern is in the form of a grating lobe. 

•Figures 2, 3, and 4 use JV*6«* = N0 cos eo, N0 = 128, and fWFJQ) for an axial slot in a 
cylindrical ground plane of radius p= 26.3A-  The height of the slot is 0.72A. 
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Figure 2.   Ring-array pattern for 9o = 0°, —50-dB continuous Chebyshev distribution. 

1\'
<9',)=,\0 coSe0, 

radius p= 26.3 K 

(A ) tV   0 = ,\0 cos So, N0 = 128, and element is axial slot in cylindrical ground plane of 
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Figure 3.   Ring-erray pattern for 60= 45°.   Other parameters jame as in figure 2. 
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Figure 4. Ring-array elevation patterns through the beam for azimuth pattern 

optimized at various 9o compared with element elevation pattern. Parameters 
same as in figure 2. 

GRATING LOBE FOR CYLINDRICAL ARRAY 

Regular Array 
Elevation scan to eo is achieved by adding the phase -qkd^in ö0 to the q 

ring.  The performance of the array pattern in the plane 9 = 0 is now the same as 
for a linear array with ring-array "elements" with patterns such as those in figure 4. 
In particular, a grating lobe appears at 6 when 

- (sin 6-sin90) = fm 
A 

m 1,2.. (15) 
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The lobe is at ip = 0 in azimuth because E(aM(p,ö) has its maximum at 9 = 0 (or 
nearly so) for all 9.  The grating lobe as it arises from E e (6) has unit magni- 
tude (equal to main beam), but is reduced by E " ((j) = 0,e). 

Staggered Array 

Staggering alternate columns of elements on the cylinder is an effective 
means of extending the elevation-scanning angle for a given ring-to-ring spacing 
d and maintaining a small grating lobe. 

Consider the staggered array as a superposition of two regular arrays, 
each with the normal number of rings Q but onlv half the number of elements in 
each ring—.  The subarrays are identical except one is rotated by half a spacing 

in azimuth and is raised by half a spacing in the vertical direction, with the phase 
compensating for the dislocation.  The ring-array patterns for the subarrays can be 
written as follows, from (14): 

Array 1 - The beam in the direction of the first element; that is, f-0. 

El = fW S/,/6»1 Fn(e) cos n<p+/(e) 1 /„(eo» FM     (6) cos/iLJ „ 

+ /(9)2 /„^'^.„cosW-n)? (16) 

The r =2 term, which ordinarily would not contribute (for s<Ä) is included, 
because the spacing is now double the normal spacing. 

Array II ~ The beam is in a direction halfway between two elements; that is, /'=0.5. 

Ell - m 1 ,;e°, Frt(9) C08 n^m 1 /n<e0. FM   (9) co / M .„) 9 

2 

+ fW lln   0  FM_nco8(M-n)<p (17) 

If the array were not staggered, each ring would have M eiements and a pattern 

E<«> (9.6) = /(e) l /rl
<e°, F„ (6) cos »f+m 1 /n

(e°, FM.n (6) cos (M-n) 9 

The grating-lobe term that arises because of the doubling of the spacing is 

(18) 

(19) 
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Assume Arrav II is raist-d with respect to Array I bv--and multiplied by exp 
d 2 

[jk- (sin 9 -sin Öo» to account for the phase.  The patterns of cylindrical Arrays I 

anu II are then 

0 , , e 
EI(q),e)=  i   i/„j exp(i(?W(sine-sin90)]  [E(a) (9,6) + E

g ^ (^.6)] 
q - l      'i' ' 

and 

d 9 
K"II(<p,e) = exp (;/?- (Sin9-sine0)|   i!    |/0 | exp   I ^W (sin 6-sineo)! 

.VlE(a)((P,e)-E«-f-(9,9)l (20) 

The sum of El and EII is the pattern of the staggered array.  It may be put in 
the form 

\   2Q , ) 
E(«p.9)=  j    1    1/^, expl^.j (sin9-sine0)][ •E(a)(9,9) 

((7=1 2 ) 

\ Q )   \ d 
+ l  S    |/i exp li9ferf(sin 9-90)| > • <l-exp [;'fe- (sin c/-sin90)] 

/<?=! \    I 2 

•  Eg-P(9,9) (21) 

The first term of (21) is the pattern of an array of 2Q rings spaced at half 
the normal spacing with M elements on each ring; that is, the staggered array 
with the "holes" filled in.  This term should give no grating lobe because of the 
half spacing in elevation and the normal spacing in azimuth. 

The second term accounts for the grating lobe.   The factor 

Q 
*    i'„ I  exp 1 igfef/(sin 9-sin9C|)] 

9 = 1 

is the linear-array pattern for normal elevation spacing, and gives a grating 
lobe when 

Y (sin9-sin90)= tl (22) 
A 

This gives 

1 -exp [jk— (sin e-sin90) ] = 2 

Thus, the grating lobe of the cylindrical staggered array is ijqual to the 
grating lobe of the linear array, with spacing d, times the grating lobe of a ring 
array, with spacing 2s.  The elevation and azimuth positions of the product lobe 
are the positions of the linear- and ring-array lobes, respectively. The staggered- 
array lobe appears at the same elevation angle as the lobe of the regular array 
but is removed from 9 = 0 to 9 = 9g•K• as determined from a ring array with every other 
element removed.  The advantage gained is the amount the grating lobe of the 
ring subarrays is down from the main beam. 
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In obtaining (lil), we started with equation (14).   However, we could as 

well have started with (5b), using a - — (p + 0-   Also, we assumed f =0 for 

Array 1 and f=0.5X for Array II.  (21) depends only on the fact that E ' - (f,9) for 
Array I is equal to -EK-f- (f,9) for Array II, which is true for any orientation of 
the first element with respect to the main beam.  Thus, (21) is valid for cylindrical- 
arc arrays in general.  Furthermore, we may easily identify EK- • (9,6) from patterns 

computed directly from (5b) with alternate elements excited. 

Figure 5 shows E'"' (9,6) + ER-?-(9,e) and for comparison E(a) (9,6) 
for e0 = 30°.      These patterns are computed from (5b),* and the contribution from 

E8-*- (9,6) is easily identified. 

Principal Sidelobes 
For the regular array the principal sidelobes will lie on the plane 9 = 0 

and the cone 6 -90, because the regular-array pattern, for the separable distribution, 
can be thought of as the product of two fan beams. 

For the staggered array we can consider equation (21).  The first term is 
the product of a linear-array fan beam and a ring-array fan beam, giving principal 
sidelobes as a regular array on the plane 9 = 0 and the cone 9= 90.  The second 
term gives another set of axes, however.  The first two factors of the second term 
give the linear-array grating lobe (without the main beam); the third factor gives 
the ring-array grating lobe (with double spacing).   Thus, another set of principal 
sidelobes lies on the cone 9= 9K     and the warped plane 9= 9B     (9) where 9g 

is given by (22) and 9g'   (9) gives a maximum to EK     (9.9). 
For the regular array, then, the full cylindrical-array pattern is well 

represented by two contours through 9, 9 space, (9,90) and (0, 9).   For the 
staggered array, the full pattern is well represented by the four contours (9,90), 
(0.9), (9,98" ) and (9K     (9), 9).   Figure 6 presents the patterns for regular and 
staggered arrays at various 9n.  The same single-ring parameters are assumed as 
for figure 5; in addition, 32 rings spaced at 0.72 X are used with a 30-dB Chebyshev 

distribution for \q
{c).  The contour (9K-f'(9). 9) was determined from the patterns 

of figure 5 by interpolation between the maximum points on the grating lobe. 

The grating lobe can be reduced and elevation scan extended by reducing 
the azimuth and/or elevation spacing of the staggered array.  For example, re- 
ducing the azimuth spacing from 0.65 A to 0.5 A (with d = 0.72A) increases the 
scan-angle limit from 30° to about 40° to maintain a grating lobe of 30 dB, and 
further reduction to 0.4 ^ allows scanning to above 75° with the grating lobe below 
40 dB.   Reduction of elevation spacing (with s = 0.65A) from 0.72 to 0.6^ allows 
scanning to above 50' for a grating lobe below 40 dB. 

♦Figures 5 and 6 are for 44 active elements spaced at 0.65 ^ on a radius of 26.3 A.   A 
projected 30-dB Chebyshev distribution is assumed    ^th an eiement pattern | G(q>-a . e)| = K 
cos (9-a) cos 9.   All    patterns are normalized to the beam at 90-0.   The patterns are symmetrical 3 
about both    6 = 0 and 9=0. $ 
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Figure 6. Patterns for regular and staggered arrays at various 6,. Ring-array 
elements as in figure 5. Vertical spacing is 0.72X, and 32 rings are assumed 
with a 30-dB Chebyshev distribution. 
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ANALYSIS OF CONICAL ARRAY 

It was shown that the cylindrical array aperture is partially separable and 
that as a result the elevation and azimuth patterns could be controlled by factoring 
the aperture into linear and ring array distributions.   The required phase correction 
from the conical surface to a planar phase front does not allow this for the conical 
array.  Nevertheless, it is reasonable to assume a separation of amplitude distribu- 
tions if the cone angle is not too large.   For this analysis, the parameters will be the 
same as for the cylindrical array of figure y, with beam cophasal phase and a mean 
radius equal to the radius of the cylindrical array.  The staggered configuration is 
assumed as shown in figure 7. 

CONE 
ANGLE 

^—t 

Figure 7. Staggerad-alement configuration used for the pattern-analyiit 
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Beamwidth Performance 
The variation of elevation beamwidth with scan angle   for cone angles of 0, 15, 

and 30 degrees is shown in figure 8. In each case the beamwidth is a minimum when the 
beam is formed in a direction normal to the cone surface. In fact, except for a displace- 
ment, the curves are so similar that it can be concluded that performance in this respect 
can be easily predicted from the behavior of a constituent linear array on the conical sur- 
face at the same azimuth angle as the beam. The variation of the azimuth beamwidth as a 
function of the same parameters is shown hi figure 9. In this case there is little or no 
dependency on cone angle, each curve exhibiting a minimum value in the horizontal 
plane. As described in the cylindrical array analysis section, there is inherently a 
beam broadening factor of 1/cos 6   due to coordinate system. The variation shown 
in figure 9 is close to this, irrespective of cone angle, thus indicating that the azimuth 
beamwidth measured in the plane of the beam is close to constant, being independent 
of both the scan angle and the angle of the cone in the range covered. In summary, 
the beamwidths of the conical array exhibit no unusual characteristics, the position 
of optimum behavior being in a direction normal to the surface of the cone. 
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Figure 8. Elevation beamwidth at a function of «can angle for variout cone angle*. 
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Figure 9. Azimuth beamwidth as a function of elevation scan angle for cylindrical and 
conical arrays. 

Sidelobe Levels 
The structure of the sidelobes of planar and cylindrical arrays can be easily es- 

tablished because the radiation patterns of these structures can be written as a product of 
two factors. These factors individually control the sidelobe behavior in orthogonal direc- 
tions. The radiation pattern of the conical array has no similar product representation 
and consequently there is no easy method of predicting sidelobe levels. The vertical plane 
through the center of tie active sector, however, being a plane of symmetry, will contain 
the elevation sidelobes. Radiation patterns in this plane for a cone angle of 30 degrees 
and a number of elevation beam angles are given in figure 10. For comparison, correspond- 
ing patterns for a cylindrical array with a radius equal to the mean radius of the conical 
structure were given in figure 6. These diagrams indicate that the conical array is little dif- 
ferent from the cylinder in regard to elevation sidelobe levels. This result is to be expect- 
ed since their behavior in this plane is almost entirely controlled by the vertic-' linear 
arrays that make up both geometries. 
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In contrast, sidelobe structure in azimuth shows significant differences; the 
reasons are most easily understood by accepting the premise that the total pattern con- 
sists of a summation of contributions from the individual linear arrays. On a cylinder 
such arrays have their axes aligned. When a beam is formed at a particular elevation 
angle, each array is phased to produce a maximum contribution in this direction. Individ- 
ually the linear arrays form fan beams at a constant angle to their axes, with each of these 
fan beams passing through the main beam direction. The axial alignment of all vertical 
arrays results in the coincidence of all such "radiation cones," the azimuth sidelobes and 
the main beam being formed within this surface. For the cylindrical array, therefore, the 
azimuth sidelobes lie on a conical surface about the axis of the array, its zenith angle be- 
ing the same as that of the main beam. The main beam of the conical array is formed in 
the same manner, each vertical linear array forming a fan beam on a radiation cone pass- 
ing through the beam location. In this case, however, the nonalignment of the array axes 
causes these cones to diverge from one another at points away from the main beam. This 
is illustrated in figure 11 where the location of these radiation cones in terms of spherical 
coordinates is shown for vertical arrays spaced five degrees apart in the active sector (the 
angle of the conical array is 30 degrees, the main beam elevation angles being 0, 30, and 
60 degrees respectively). In the array under study this sector extends 30.23 degrees 
either side of center so that the outer curves in these diagrams give an indication of the 
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A. Beam elevation angle of 0 degrees. 
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Figure 11 .Contoursof the linear array radiation cones from a 30-degree conical array 
for various beam elevation angles. 
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spread of the azimuth sidelobe energy. On figure 11 the cuts along which these patterns 
are taken are horizontal lines through the beam positions. Since the sidelobe energy is 
spread out, it may be more meaningful to plot azimuth patterns on a contour through 
me center of the curves given in these diagrams. Figure 12 gives the azimuth patterns (i.e., 
taken at a constant elevation angle) of the conical array for beam positions of 0,30, and 
60 degrees in elevation. The sharp decline of the sidelobes with azimuth angle is a direct 
consequence of the spreading described above. Figure 6 gave the corresponding patterns 
for a cylindrical array. Figure 13 shows patterns plotted along the center contours of fig- 
ure 11 (i.e., sector angle of zero) for each of the three beam elevation angles being used. 
There is little difference between figures 12 and 13 as far as close-in sidelobes are con- 
cerned. However, patterns in figure 12 do show subsidiary peaks not present in the pat- 
terns of figure 13. The circles on figure 11 show the location of these peaks that are seen 
to lie on the contours of the radiation cones of the outer arrays of the active sector. 
These arrays have twice the amplitude of their neighbors due to the Chebychev distri- 
bution, and this is an explanation for the higher sidelobe energy on the outer contours. 

V 

A. Beam elevation angle of 0 degrees. 

tu 
U z u «; 
u- 

2 
Ui 
00 

D 
Q 

10 

20 

30 

40 

50 
•5 30 45 60 75 90 

AZIMUTH ANGLE (DEGREES) 

105 120 

I 
Figure12. Azimuth pattern! of the conical array (30-dagree angle) for various beam elevation angles. 

18 



1 
I 

U z 
Ui 
at 
Ui 
a  20 
S 
o 
-i 
üi 
CO 

2 
OQ 

U 
UJ 
Q 

30 

40 

50 

B. Beam elevation angle of 30 degrees. 

v 

^ 

15 30 45 60 75 

AZIMUTH ANGLE (DEGREES) 

90 105 120 

C . Beam elevation angle of 60 degrees. 

t     V 
45 60 75 90 

AZIMUTH ANGLE (DEGREES) 

120 

I 
Figure 12.   (Continued). 

19 



A. Beam elevation position of 0 degrees. C   Beam elevation position of 60 degrees. 
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The Grating Lobe 

The grating lobes formed by individual linear arrays on a cylinder are coincident; 
the grating lobes formed by the linear arrays on a cone are dispersed. Typical contours of 
these grating lobes are shown in figure 14. It is reasonable to assume that this dispersal 
will result in a reduction of the grating lobe in the radiation pattern of the conical array 
when compared to that of the cylindrical array. 
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Figure 14. Contours of the grating lobes from linear arrays making up a 

cone of 30-degree angle. 
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ABSTRACT 

The application of a cylindrical array to forming and scanning a multi- 

lobed but nearly omni-beam will be discussed.    Much of the informa- 

tion will be based on a computer simulation model that accurately pre- 

dicts the array performance,   including the scanning modulation,   for 

a wide range of antenna parameters.    The inter-relationships of an- 

tenna radius,  frequency,  and elevation angle will be emphasized. 

Curves showing the n-lobe mode behavior for radius versus frequency 

at a fixed angle will be presented.    Likewise,   the particular case of 

n = 9 will be discussed for radius versus frequency over a range of 

elevation angles.    Both amplitude and phase modulation will be exam- 

ined.    Application of this technique to TACAN ground antenna design 

and performance will be presented,   and will include a discussion of 

considerations unique to this problem such as incidental phase modu- 

lation,   mutual coupling,   and array radiator configuration. 



SCANNING A MULTI-LOBED PATTERN WITH 

A CYLINDRICAL ARRAY 

\ 

INTRODUCTION 

The application of a cylindrical array to forming and scanning a multi- 

lobed quasi-omnidirectional pattern will be discussed.    Work in this 

field has progressed slowly during the past half-dozen years and has 

lately received increasing attention.    Recent results will be presented, 

however    a good deal of the material is based on previous work dating 

to 1963.       It should be emphasized that the primary pattern for this 

application is omni-directional in the azimuth plane with a multi-lobed 

pattern superimposed on it.    This is significantly different from appli- 

cations requiring a pencil beam,   and most of the design considerations 

reflect that difference.    The application of this technology to the TACAN 

antenna will be discussed.    In this case a nine-lobed,  nearly omniazi- 

muth pattern must be generated and rotated.    The rotation causes the 

carrier signal to be amplitude modulated,   and the behavior of this mod- 

ulation is critical to the system performance.    Most of the discussion 

will be concerned with the generation of precise azimuth modulation 

characteristics. 

The initial portion of this discourse will be based on a mathematical 

model of a cylindrical array and computer simulation of its performance. 

The model allows the array's theoretical behavior to be studied,   and 

accurately predicts performance,  including   we scanning modulation. 
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The primary terms of the model which influence the array characteris- 

tics will be outlined.    Graphical data is presented which illustrates how 

the modulation behavior depends on the antenna radius,  frequency,   and 

elevation angle. 

Two design examples are given which indicate how the fundamental 

array characteristics are analyzed and design parameters are chosen 

in order to achieve specific performance for TACAN antenna applica- 

tions.    A brief discussion is also included that considers problems 

unique to a cylindrical array used for this application.    Such problems 

are due to the array element lattice,  mutual coupling,  and composite 

amplitude and phase excitation on the aperture.    Consideration of these 

factors is important to understanding the performance of an actual an- 

tenna system.    Much of the information included in this report is based 

on work done for the following contracts:    (AFl9(628)-3824,  AF30(602)- 

4012,  AFl9(628)-67-C-02?.2). 

MATHEMATICAL MODEL 

The expected performance and the basic characteristics of this array 

antenna are based on computer simulation and analysis.     Likewise,   the 

design of such an antenna can be based largely on study of computer 

data that predicts its behavior for a wide range of design parameters. 

A mathematical model of the antenna was formulated which includes all 

the factors known to influence its behavior.    Tins model has been pro- 

grammed for computer analysis which will give the performance at any 

point in space or time and at any point ir   space as a function of time. 

- 2 
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Furthermore,   by means of Fourier analysis,   it will give a complete des- 

cription of the modulation.    That is,   the waveshape which is formed at 

any point in space is analyzed for its harmonic content and the phase of 

those harmonics. 

The mathematical model represents an exact replica of the antenna. 

It gives the total dynamic vector field as generated from all the elements 

on the cylinder.    The vector value of the radiation from each element on 

the aperture is added at any point in space as a function of time,   and ex- 

actly represents the physical situation which occurs.    An alternative 

technique would be to formulate a model of the antenna with analytical 

functions based on idealized field theory using integral equations.     Typ- 

ically,   this has resulted in equations that are both too cumbersome and 

require too many simplifying assumptions to produce detailed,   accurate 

analysis. 

The equation used in the model can be written,   for present purposes 

as follows: 
MN 

F(0,4).t,R.Z) =      S2:E(e)E(<j))V(Z,X)M(4).t)C(R.\, e,^) 

where: 

9 = Elevation coordinate 

^ = Azimuth coordinate 

t = Time 

R = A rray Radius 

Z = Vertical coordinate 

M = Number of radiators vertically 

N        = Number of radiators circumferentially. 

See Figure 1 for the array geometry. 
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E(e),   the element elevation pattern,   can be specified in many ways. 

If possible,   values measured in the mutual coupling environment should 

be used since the measured pattern shape may vary significantly from 

that of an isolated element in a cylinder.    However,  this is not usually 

a critical factor in the model and simply helps shape the elevation pat- 

tern,  which is basically determined by the vertical distribution on the 

cylinder.    For the purposes of this discussion,   E(0) = cosG was used so 

that the basic array behavior can be clearly seen. 

The radiator's azimuth pattern is the E(c{)) term.    It is a good example 

of a factor that must be experimentally determined.    Mutual coupling 

distorts the pattern,   which is normally described with a 

i ^      (n-l)360   > 
l-COS((J)   -  -i '   ) 

N 

term.    This term is for the nth element away from the reference angle, 

(f).    Measured patterns contain higher terms,   U   cos(n4)) and these must 

be included in the model to insure accurate performance predictions. 

The azimuth element pattern has a strong influence on the multi-lobed 

pattern.    Here again,   in order to not obscure the basic behavior,   the 

simplified term shown above has been used throughout.    It should be 

noted that this term,   as well as the others,   vary with frequency and 

this variation must also be accounted for in an actual design task. 

The vertical aperture distribution is described by the V(Z,\) term. 

This is the R-F amplitude and phase that is formed on the cylindrical 

array by the elevation feed circuits. It is constant along the circum- 

ference at a given height from the base.    This term is important in the 

..  .,,... 



model and is important to the antenna's performance.    The vertical 

amplitude and phase distribution determines the elevation plane radia- 

tion pattern characteristics.    For the TACAN application this includes 

important features such as the horizon slope,   side lobes,   and beam up- 

tilt.    It is relatively easy to measure the distribution of a feed circuit 

and include this in the equation.    The factors which are important in 

specifying this pattern shape are well known    and are not difficult to 

achieve.    Also for purposes of clarity and simplicity,   the data presented 

here are for either a single ring or for a uniform vertical distribution. 

M{4>. t) describes the modulation function that is impressed on the 

antenna.    It is an azimuth function and is constant along any vertical 

line on the aperture.     This term contains modulation drive amplitudes 

to generate the lobed azimuth pattern,   and any residual distortion.    It 

also contains the phase modulation,   if any is generated in the modulator. 

This term is readily included in the formulation,   since it simply requires 

measurements on the modulator which is to be used. 

The most important term in the equation is the one that accounts for 

the fundamental radiation characteristics of a cylindrical array, 

C(R, X., 9, <j)).    This term gives the phase of each of tne vectors repre- 

senting the radiation from all elements in the aperture at any point in 

space.    The basic argument in this term can be written as 

fR cose (l-cos{(Hn-l)-^-) 

This illustrates the interrelationship between antenna size (R), band- 

width (f),   and elevation coverage (G).    It is primarily this term in the 



model that allows the antenna radius to be chosen for optimum perform- 

ance. 

Each of the parameters in the equation may be varied in any way and 

in any combination with other pararre^srs and the analysis generally can 

be used to study all aspects of the charactsrlstlrs and behavior of any 

cylindrical array.    For the purposes of this program,  the model has 

been specially tailored to investigate the TACAiW application.    The analy- 

sis provides more detailed information than any other known technique. 

COMPUTER ANALYSIS 

Figure 2 shows the characteristic behavior of a cylindrical array as 

generated by the computer simulation for seven,  nine,  and eleven lobe 

azimuth patterns,  using 1  + 0.35 cos(L4)) as the modulation function.   Per- 

cent modulation is used in the usual sense: 

(Vmax - Vmin) 100 
m  = ■  

2vavg 

The number of elements around the array was chosen to maintain the 

circumferential spacing close to one-half wavelength for the various 

radii used.    This is an important consideration.    For larger spacings 

the rotating pattern will exhibit amplitude variation in azimuth with a 

period of 360/N.    Note that for a given cylinder radius,  increasing ele- 

vation angle corresponds to moving left along the curve,  and increasing 

frequency is indicated by movement to the right on the curve.    These 

curves illustrate that the behavior is described in terms of the argument 

R c o s ö i 
 ^—,  and that if the pattern lobing or modulation is to be larger than 

'...>'•- 
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some design minimum,   only a limited range of antenna size,  frequency, 

and elevation angle can be used. 

Application of this technology to the TACAN antenna requires a nine- 

lobed azimuth pattern.    It also requires a single-lobed cardiod but de- 

sign considerations for this pattern are negligible as long as the basic 

requirements for omni-directional coverage are maintained.    The modu- 

lation which is generated as the azimuth pattern is rotated is limited by 

system performance criteria tu be between 12 and 30 percent.    It is also 

desirable to maintain the modulation to as high an elevation angle as pos- 

sible.    Curves such as shown in Figure 2 allow these design requirements 

to be balanced and an optimum antenna radius to be chosen.    An impor- 

tant feature of this technique which is evident from the characteristic 

curve is that an all-band TACAN antenna can be realized.    For design 

purposes,  the minimum modulation and elevation angle will be chosen 

to be 15 percent and 45 degrees,  to provide a reasonable margin.  Using 

the L=9 curve and starting at the lowest frequency and maximum eleva- 

tion angle: 

( ■   R     cos 6 =1.75,      R = 30.5" at f = 960 MHz , X. max J ""max 

Then at the other limit:     ■ cos 9    .     =3.15, and for 6 = 0 the high \    . min a 

mm 
frequency is 12.15.    Thus over the TACAN band, between 960 and 1215 

MHz,  and for angles up to at least 45 degrees,  the modulation will be no 

less than 15 percent. 

The simulated performance of an antenna with a 30.5 inch radius is 

shown in Figure 3. Having chosen this radius as indicated above, the 

behavior is readily determined from the mathematical model. 
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An interesting characteristic of a cylindrical array operating in the 

multi-lobe, quasi-omni mode is that it can be a phase-amplitude modu- 

lation transducer.    Specifically,  Figure 4 shows the amplitude modula- 

tion generated by the rotating multi-lobed pattern when the aperture is 

excited with phase modulation.    For the case shown,  the phase distribu- 

tion varied sinusoidally between ±13 degrees with 9 periods on the array 

circumference.    Likewise,   amplitude excitation on the aperture can gen- 

erate a phase modulated signal in the far field.    It can be seen from Fig- 

ure 4 that phase modulation on the antenna can be an important factor for 

the TACAN application.    When both amplitude and phase modulation are 

present on the aperture,  the effects are essentially additive.    It is also 

important to note that the far field signal will not have pure amplitude 

modulation in either case.    Various amounts of phase modulation are 

generated,  which is typically negligible (10 degrees peak to peak). 

However,  it is a factor which must be checked for any practical design. 

Z    204-      MODULATION INDEX 
O 13 DEGREES 1=9 

Figure 4.    Phase Modulation Characteristic 

- 11 - 
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A design example will now be discussed wherein both amplitude and 

phase excitation are used together for a particular application.    If the 

excitation used in Figure 4 is reversed and used with that for the L = 9 

case of Figure 2,  a characteristic curve will be generated which reaches 

its peak for relatively small values of (R cos0)/N..    This indicates that a 

small array can be designed and a "Manpack" antenna will be discussed. 

In this case the design criteria are taken to be 20 percent modulation 

minimum at the horizon and only nominal coverage at higher elevations. 

From the smallest value of (R cos0)/\ which yields 20 percent modula- 

tion on the modified characteristic curve,  a radius is determined for 

9 = 0,  and \ = 12.3" (f=960 MHz).    This radius is 21 inches.    Using 

27 elements insures that the spacing will be less than one-half wave- 

length at 1215 MHz.    These specific values are then used in the compu- 

ter simulation to predict the antenna performance in detail.    A sample 

of this prediction is shown in Figure 5.    It shows 19.75 percent modula- 

tion on the horizon at 960 MHz and that the 12 to 30 percent modulation 

requirement can be met for the entire TACAN band for reasonable eleva- 

tion angles.    The maximum azimuth bearing error was predicted to be 

1° for this example. 

SPECIAL CONSIDERATIONS 

Some peculiarities of the cylindrical array for the TACAN application 

will be briefly discussed,   since they are quite impo-tant to the design 

and can result in serious trouble in antenna performance if not properly 

handled.    There are three factors which are:   (1) the use of a rectangular 

V 
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lattice rather than a triangular lattice in the array,   (2) phase distortion V 

of the element radiation pattern due to mutual coupling,  and (3) incidental 

phase excitation mixed with pure amplitude excitation on the aperture. 

These factors were discovered and explored during the course of recent 

r,(3) workx  '. 

A triangular element lattice is widely used in planar array applications 

without unusual effects.    However,   in this application where a cylindrical 

array is used to generate a rotating,  multi-lobe,  quasi-omni-beam, 

a rectangular lattice was found to be necessary.    The triangular lattice, 

rather than acting as a composite array as might be expected,  acts as 

two rectangular arrays displaced from each other.    This is indicated by 

a granularity in the azimuth modulation behavior.     The modulation magni- 

/N tude and phase vary with a periodicity of (360/—),     This phenomenon is 

apparently unexplained,  and peculiar to this application.     With a rectangu- 

lar lattice the phenomenon does not occur. 

Mutual coupling,   of course,   is a serious consideration for an array 

antenna.    In this case the considerations are quite unique.     Phase scan- 

ning is not a factor as in many array applications,  and the radiators 

have been reasonably well matched over the 25 percent TACAN band 

even in the presence of mutual coupling.    Furtherniore, the effects of 

E-plane coupling, which is strongest, are effectively suppressed by using 

isolated output power dividers in the vertical feed network.   Also, E-plane 

coupling effects do not appear to be critical to generation of the azimuth 

modulation.    The azimuth pattern of the individual elements can be dis- 

14 - 

torted by mutual coupling and this must be accounted for in the mathematical 
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model if realistic performance characteristics are to be obtained.    The 

most important problem related to mutual coupling is that of phase front 

distortion in the radiation from the individual elements.    The phase front 

has been found to be other than spherical,  as expected,  and the effecive 

center of radiation may not be in the element aperture.    This results in 

the cylinder's electrical diameter being different than its physical diame- 

ter.    Since the performance for this application is fundamentall/ depend- 

ent on the cylinder's size as previously shown,  this can lead to behavior 

other than predicted by the mathematical model.    This problem can be 

eliminated by measuring the element's phase center in a small test array 

and correcting the array radius accordingly. 

As discussed previously it is important to account for both the ampli- 

tude and phase excitation on the aperture.    Ignoring one or the other or 

assuming pure excitation when that is not the case can lead to unexpected 

behavior.    This is an important consideration because modulators typi- 

cally used for this application may not generate pure amplitude or phase 

excitation.    However,  as shown previously a combination of both excita- 

tions can be effectively used to tailor an array design for a particular 

design requirement. 

DEVELOPMENTAL MODEL ANTENNA 

An Advanced Development Model electronically modulated cylindrical 

array was flight checked with a TRN-17 beacon at Fontana,  California, 

on March 26 and 27,   1968.    Flight tests were made on channels  16 and 

61.    Analysis of the results show that the system was within the require- 

ments of AFM 55-8 in all categories.     These flight checks were done as 

15 
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a part of the evaluation of the Advanced Development Model antenna sys- 

tem and also to demonstrate for the first time an all electronically scan- 

ned TACAN antenna.    In this respect an important step in TACAN antenna 

development was accomplished.     The flight tests permitted the opportunity 

to observe this new antenna system operating in normal environmental 

conditions. 

The Fontana site is far from ideal,   being situated within 10 nm of a 

large mountain range and within 15 nm of a 10,000-foot peak.     There 

are also local obstructions since the site is an antenna test facility with 

several tall towers; however,  the nearest obstructions were 650 ieet 

from the beacon site.    These   .ite considerations limited the region of 

the flight checks. 

The Course Deviation Indicator (GDI) signal was chart-recorded while 

orbits,   radials,   approaches,   and cross-polarization tests were flown by 

an AFCS Flight Crew using a C-47.    The antenna system performed satis- 

factorily.    In spite of the relatively poor site,  no out-of-tolerance condi- 

tions or unlocks were observed.     This series of flight checks successfully 

demonstrated that this new antenna technique can satisfy the requirements 

of the TACAN system. 

SUMMARY 

The preceding discussion has shown how a mathematical model and 

computer simulation is used to analyzr and design a cylindrical array, 

in particular for the TACAN application.    The computer-predicted per- 

formance of two ideal antennas were showu as examples. 

I 
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Design considerations unique to this application of cylindrical array 

were discussed and the results of a flight check on a developmental an- 

tenna were presented. 

3 

17 - 



0 

REFERENCES 

(1) Shestag,   L. N. ,   and Thomas,  D. L. ,   "A Design Study of an Antenna 

for an Air-Transportable TACAN Ground Station," ESD-TDR-64-52b, 

July 1964. 

(2) Greco,   S.V.,  and Reed,  H. R. ,   "TACAN,   Principles and Siting 

Criteria," NESTEF,  September 1968. 

(3) TACAN Antenna Techniques,   November 1969,  AF19(628)-67-C-0222. 

\  I! 
i   _ 

18 - 



I 
I 

■. 

P- I 
I 
I 

AN ELECTRONICALLY STEERED ARRAY ANTENNA FOR TACAN 

by R. J.  Hanratty 

ITT Gilfillan Inc. 

Los Angeles,   California 

The Tactical Air Navigation System (TACAN) is a navigational aid 

designed to provide an aircraft with bearing and distance information with 

respect to a ground reference point.    There are two essential components 

to the system:    an airborne transmitter/receiver,   called an interrogator; 

and a ground-based beacon antenna and transponder.    Continuous bearing 

information at the aircraft is determined by measuring the electrical phase 

of specially modulated signals transmitted by the ground-based beacon and 

received by the airborne interrogator.    Distance information,   on the other 

hand,   is determined by measuring the time interval between the trans- 

mission of an interrogation pulse from the aircraft,   and subsequent 

reception of a beacon reply pulse; the distance-measuring function is not 

pertinent to this discussion. 

The "bearing signal" is generated by rotating a multi-lobed azimuthal 

radiation pattern from the beacon antenna.    Currently operational versions 

of the beacon antenna form and rotate the required multi-lobed radiation 

pattern by mechanical rotation of two rings of parasitic radiators about a 

centrally excited radiator.    The difficulties with the present arrangement, 

that of providing the required bearing signals over the full TACAN frequency 

band of 960 to 1215 MHz and also over an elevation angle range from the 

horizon up to 50 degrees, has been instrumental ii'i fostering development 

of an electronically steered cylindrical array antenna for TACAN,   which 

can overcome these difficulties.    This paper describes the design principles 

■ ;  'f^W^MW^i 
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of such an electronically steered array antenna, and the results achieved 

for an experimental array constructed generally in accordance with these 

principles. 

Figure 1  shows the detected envelope of the bearing signal required 

to be generated at a point in space by the beacon antenna.    The envelope 

consists of three distinct components: a bias or carrier level,   a 15 Hz 

component of audio modulation,  and a 135 Hz component of audio modulation. 

(Note that the audio components are related by a factor of nine. )   Upon 

reception of such a signal,   the aircraft interrogator determines the bearing 

by measuring the audio phase of the 15 Hz and 13 5 Hz components relative 

to titrrng reference signals transmitted by the beacon antenna at selected 

time?, during rotation of its multi-lobed radiation pattern. 

The bearing signal shown in Figure  1 is generated by rotating a 

multi-lobed azimuthal radiation pattern from the beacon antenna.    Figure 2 

illustrates the three required components of the composite azimuthal 

pattern: an omnidirectional "carrier" pattern,   a dual-lobed "15 Hz" pattern, 

and an 18-lobed "135 Hz" pattern,   all with the relative RF phases indicated. 

Time rotation of the latter two patterns at 1 5 revolutions per second 

develops the 15 and 13 5 Hz audio components of the bearing signal. 

The azimuthal radiation patterns shown in Figure 2 can be generated 

by exciting a cylindrical aperture circumferentially with similar amplitude 

functions,   since,   for a cylindrical wavefront,   a one-to-one correspondence 

generally exists between aperture excitation and far-field radiation pattern. 

The three components of circumferential aperture excitation,  corresponding 

to the three radiation patterns of Figure 2,   are illustrated in Figure 3. 

The three components are a uniform amplitude and phase "carrier" 

excitation,   a single-cycle "15 Hz" excitation,   and a nine-cycle "135 Hz" 
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excitation; time rotation of the latter two excitations at 15 revolutions per 

second is again implied.    The modulation phases indicated in Figure 3 are 

those to develop the radiation-pattern phases of Figure 2 in a practical 

design. 

From this brief discussion,   it appears the designer's tasks is 

relatively simple,   a matter of selecting the parameters of the cylindrical 

array--!, e. ,  the array radius and relative amplitudes of the three modes 

of excitation--to develop the required modulation of the bearing signal over 

the full TACAN frequency band of 960 MHz to 1215 MHz,   and also over 

an elevation ar ^le range from the horizon up to 50 degrees.    For those 

unacquainted with TACAN,  MIL-STD-291B states the requirements for 

modulation of the bearing signal as follows: the 15 Hz and 135 Hz components, 

taken individually,   shall have a modulation index between 12 and 30 percent; 

and the composite modulation index shall never exceed 55 percent.    Other 

requirements,   such as harmonic distortion of the bearing signal,  ure not 

germane to the discussion herein. 

That the designer's task is not necessarily a simple one, however, 

is illustrated in Figure 4,   which shows,   for a single elemental "ring" of 

the cylindrical array,   typical elevation radiation patterns of the three 

component modes of excitation shown in Figure 3.    For convenience,  a 

peak amplitude of unity has been assumed for all three modes of excitation. 

It is entirely acceptable to concern ourselves with only a single ring element 

of the cylindrical array since the radiation patterns of the array are 

separable into a vertical array factor and a ring element factor.    All the 

time-dependent pattern characteristics are contained in the ring element 

factor; the vertical array factor only shapes the time-independent carrier 

elevation pattern.    The azimuthal characteristics of the array at any 

.,../;.^A,,,,.v..^w.;*.y^M.^? iMv -7-*-.- 
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I elevation angle are,   therefore,   identical to those of a single ring element. 

This presumes of course,   identical elemental rings,  which is the case here. 

Referring to Figure 4,  the radiation patterns of the three component 

modes of excitation are in general different,   as should be expected with 

circular geometry; and the relative amplitude between them is,  therefore, 

a function of elevation angle.    Since the modulation index of either the 15 Hz 

or 135 Hz component of bearing signal depends on the amplitude of that 

particular component relative to the amplitude of the carrier component, 

the modulation indices of the 15 and 135 Hz components will in general also 

be a function of elevation angle.    The designer's task,   therefore,   is to 

select an array radius,  and hence a set of patterns for the three component 

modes of excitation,   that will maintain the required modulation indices 

over the desired elevation angle range,   and over the frequency band as well. 

This task is aided by the use of curves such as illustrated in Figure 5. 

' Figure 5  shows typical "modulation" patterns calculated for a 

i cylindrical TACAN antenna.    These modulation patterns are the variation 

in modulation index of the 15 Hz and 135 Hz component graphed against a 

parameter involving the radius of the antenna,   elevation angle to the 

' observation point,  and wavelength of operation.    As such,   these modulation 

patterns are a measure of the relative amplitude variation between component 

elevation radiation patterns of the type illustrated in Figure 4, but for a 

wide range of electrical array radii.    For convenience,   a peak amplitude 

of unity has again been assumed for all three modes of excitation. 

Although the modulation patterns illustrated were calculated for a 

continuously excited aperture,  they are equally valid for an array with 

a finite number of circumferential elements,   as long as the element 

spacing is under a half-wavelength.    The principal effect of fewer elements 

circumferentially--or element spacings greater than a half-wavelength--is 

I 
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the development of periodic audio phase errors,   which translate into errors 

of bearing angle.    This will not be discussed further here.    Superimposed 

or these graphs are the extent of acceptable modulation indices as established 

by MIL-STD-291B,   as well as the extent of the horizontal-axis parameter 

corresponding to an elevation angle range of 0 degrees (horizon) to 50 degrees, 

and a wavelength range for operation between 960 and 1215 MHz. 

Referring to Figure 5,   it is observed that there is very little difficulty 

in selecting an array radius to obtain the required index of 15 Hz modulation 

over the full TACAN frequency band and range of elevation angles.    However, 

only an extremely limited range of array radii will enable the required index 

of 135 Hz modulation to be obtained over the frequency band and range of 

elevation angles.    This points out the necessity of carefully selecting the 

array radius to optimize the 13 5 Hz performance,  and furthermore illustrates 

the difficulty of extending acceptable modulation performance to elevation 

angles greater than 50 degrees.    It is interesting to note that if the correct 

array radius is not selected,  the 135 Hz modulation can "disappear" 

! completely from the bearing signal at certain elevation angles; or perhaps 

-. it can reverse sense,  which will cause an error in bearing angle of 

' 20 degrees. 

An experimental cylindrical array constructed generally in accordance 

with the above-de scribed principles is shown in Figures 6,   7, and 8.    The array 

contains a total of 336 elements,  arranged in 42 columns of 8 elements each. 

Adjacent columns are staggerea vertically to achieve an effective circum- 

ferential element spacing smaller than could be achieved with the elements 

in a simple rectangular arrangement.    Elements in each column were 

t connected by a stripline feed network.    The input to each column contained 

a PIN-diode amplitude modulator,  which was connected through a 42-way 

3 power divider to a single input port.    The circumferential array excitation, 
* 
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provided by time-phased bias-voltage control of the diode amplitude 

modulators,  consisted of the three components illustrated earlier in 

Figure 3, but in ratio to develop the correct modulation indices.    The 

vertical array excitation was selected to form the desired "shaped" 

elevation pattern. 

The experimental array underwent an extensive series of electrical 

tests,   including a flight check in the lower half of the TACAN frequency 

band.    However,  because of a non-judicious choice of the parameters of 

the array early in the development, the array did not meet all the require- 

ments established for it,  particularly in regard to maintaining the modulation 

index of the 135 Hz component at its required level over the full frequency 

band and range of elevation angles.    The measurements did demonstrate, 

however,  the feasibility of the particular amplitude modulation technique 

for developing TACAN bearing signals.    The experience gained with this 

array, plus the results of extensive subsequent analyses, have shown that 

a full-band electronically steered array antenna for TACAN is achievable 

in a practical configuration. 
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Figure 1,    Detected Envelope of Bearing Signal Required at a 
I^oint in Space 
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MODULATION INDICES OF 15 Hz AND 135 Hz 
COMPONENTS AT ANY ELEVATION ANGLE DEPENDS 
ON RELATIVE AMPLITUDE OF PATTERN COMPONENTS 

ELEVATION 
PATTERN 
ANGLE 

NOTE: 

PEAK EXCITATION AMPLITUDE OF UNITY 
ASSUMED FOR EACH COMPONENT. 

199 -6A 

CARRIER 

15-Hz COMPONENT 

135 Hz COMPONENT 

Figure 4.    Typical Elevation Radiation Patterns of Component 
Aperture Excitations 
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AN ELECTRONICALLY SCANNED CYLINDRICAL ARRAY 
SWITCHED IN AZIMUTH AND FREQUENCY SCANNED IN ELEVATION 

B. She leg and B.D.Wright 
Naval Research Laboratory 
Washington, D.C.    20390 

INTRODUCTION 

By virtue of Its symmetry, a cylindrical array has obvious appeal 
«hen an antenna Is needed for high-speed scanning of a pencil beam 360 
degrees In azimuth and over some range of elevation angles.   With such 
an array, the radiation pattern Is formed by establishing the proper 
currents on the elements (ordinarily on Just a sector of the cylinder), 
and Is then scanned In azimuth by moving the excitation around the 
cylinder, and In elevation by varying the phases of the currents. 
Previous work at the Naval Research Laboratory on circular arrays [1] 
resulted In the development of a matrix of diode switches capable of 
performing the first function, permitting switching from beam to beam 
In azimuth In less than a microsecond.    To demonstrate 3-D scanning 
with a cylindrical array, a 256-element, S-band array consisting of 32 
8-element linear arrays has been built and tested at NRL (Flg.l).    The 
diode switch matrix was used for azimuth steering and frequency change 
for elevation scanning. 

AZIMUTH NETWORK 

Eight of the 32 linear arrays were excited at a time.    The currents 
to be applied were first established by a corporate structlng having 8 
outputs equal In phase and having a 25 dB Tchebyscheff amplitude 
distribution.    Shielded strlpllne was used for the corporate structure 
and, to provide sum and difference ports, the two halves were fed with 
a magic tee.    The amplitude taper was achieved by the use of Isolated 
tees.    To obtain cophased currents (phases corrected to the line tangent 
to the circle), coaxial lines of the proper lengths were used to connect 
the corporate structure to the switch matrix.    The matrix, which was In 
turn connected to the 32 linear arrays by coaxial cables of equal length, 
was designed to route the currents to any 8 adjacent linear arrays, 
keeping the currents In the proper order, with relative amplitudes and 
phases preserved In all switch states.    For a cylindrical array, the 
azimuth phases should Ideally be changed as the beam Is scanned In 
elevation, unlike the planar array for which azimuth and elevation scans 
are Independent.    However, this array was small enough that the azimuth 
phase adjustment with elevation scan could be neglected since the 

I resultant phase error for 45 degree elevation scan was only 11 degrees. 
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The switch matrix was a network of diode transfer switches (44 
In all) built by Microwave Associates to an NRL design under MVELEX 
Contract NObsr 95014. The matrix consisted of two parts—the first, an 
8-lnput, 8-output network (an 8-by-8) of 12 transfer switches was used 
to provide as outputs all the cyclic permutations of the Input currents. 
These outputs served as Inputs to 8 4-by-4 networks whose 32 outputs 
were connected In Interlaced fashion to the 32 linear arrays. The 4- 
by-4'8 served to move the excitation around the array, the 8-by-8 to 
keep the currents In the proper order. The most difficult problem In the 
design and fabrication of the switch matrix was that of keeping constant 
pathlengths for all paths for all switching states. At the center fre- 
quency, 3.2 GHz, the difference In phase between any of the 8 Inputs and 
any of the 32 outputs was within +12 degrees. Each path contained 5 
transfer switches In series and the total Insertion loss was about 3.7 dB. 
The Individual transfer switches were made In shielded strlpllne and 
consisted of a loop 2X In circumference with ports at 90-degree Intervals. 
Midway between the ports were diode-loaded stubs which were biased In 
pairs to obtain the two switch states. Over the range 3.1 to 3.3 GHz the 
switch Isolation was better than 25 dB. Tests at Microwave Associates 
showed a switching time of .5 microseconds and a peak power capability 
of more than 1 kw. Although the switch matrix was used to excite only 
a quadrant of the array, the same number of switches In a different 
configuration could be used to excite as many as half the elements and 
to move the excitation around the array. 

FREQUENCY SCANNED LINEAR ARRAYS 

The 32 arrays making up the cylinder each consisted of 8 vertically 
polarized dlpoles series fed from a serpentine transmission line by 
means of directional couplers which acted to mitigate the effects of 
mutual coupling. The large number of components Involved and the 
desirability of minimizing the number of transitions dictated the use of 
printed circuits for the arrays. Three layer strlplln* (using copper- 
clad Telllte) was chosen primarily because directional couplers having 
the required values of coupling could most easily be made In this line. 

The radiating elements were a new type ("sandwich dlpoles") fed 
directly from the transmission line and occupying Just a single surface. 
For a balun, the dlpole used a rat-race hybrid which was collapsed 
from Its usual circular shape Into a narrow oval to fit the dlpole 
geometry. The rat-race was fed at Its difference port and quarter wave- 
length stubs attached to Its out-of-phase outputs became the dlpole 
radiator. The sum port was terminated In a load. The virtue of this 
dlpole Is Its simplicity—no transition was required and, once designed, 
there was no necessity for trimming to match. 

■ - ':   4---.'V--- 

.•.,v'^ ;' 



t 
I 

The directional couplers «ere of the offset parallel-coup led 
type [2] and «ere spaced about 7 wavelengths apart on the serpentine line. 
The couplers prevent coupled currents from recirculating through the 
linear array to be reradiated. Each linear array required 17 50-ohm 
terminations—these «ere made by placing a thin resistive film across a 
gap one-quarter wavelength from the open end of the line. They «ere 
«ell matched over the frequency band of the array and had the advantage 
of requiring no transition. 

The tolerances on the offset directional couplers required that 
there be very precise registry between the two transmission lines on 
opposite sides of the center layer of the stripline. This problem was 
solved by using a computer-controlled coordinatograph to scribe the 
serpentine line and the couplers at four times size on peel-coat 
material. Each linear array was made by printed circuit techniques from 
a master negative which included transmission line, couplers, dipoles, 
and terminations—the only machining operation was for mounting a single 
coaxial input connector. The three layers of the board were bonded 
together with an adhesive under pressure. This process was found to be 
critical. The propagation constant is a function of the plate spacing 
and some boards had to be discarded because their boresight frequency 
was incorrect. Slight variations in the intrinsic phase of the linear 
arrays «ere compensated for by trimming the cables connecting the arrays 
to the switch matrix. 

PATTERN MEASUREMENT 

The array was scanned in elevation from -20 to +iß  degrees by 
varying the frequency from 3.07 to 3.37 MHz, a somewhat greater frequency 
excursion than the switch matrix was originally designed to cover (3,1 
to 3.3 GHz). The worst azimuth sidelobes occurred at 40 degrees 
elevation—Fig.2 shows these beams, with sidelobes generally 16 to 18 dB 
down. Azimuth patterns for 0 degrees elevation were 19 to 21 dB down- 
typical sum and difference patterns are shown in Fig.3. Elevation 
patterns are shown in Fig.4—the relative gains are probably not accurate 
since the transmitter was not leveled. 

CONCLUSION 

The azimuth and elevation scanning of the pencil beam formed by a 
cylindrical array were demonstrated. The diode switching matrix used 
to steer the beam through 360 degrees in azimuth was shown to have 
sufficient bandwidth to accommodate frequency ocan in elevation, but im- 
provement in isolation and pathlength stability of the switches is 
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necessary If better patterns are to be obtained.    Finally, for larger 
arrays, variable phase shifters will be required to adjust the azimuth 
phase of at least some of the elements as the beam Is scanned In 
elevation. 
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Abstract 

The Wullenweber antenna considered here is essentially an array of 

two concentric rings of discrete elements.   Each ring is placed in front of 

a concentric screen.   The inner ring is designed to operate at 3-10 MHz 

while the outer ring is at 8-32 MHz.    The radiator used for the high-band 

ring is a sleeve antenna, and that for the low-band ring is a three-wire 

folded monopole. 

A theoretical method is formulated to calculate input and mutual 

impedances, total field radiated, and power gain of a Wullenweber antenna 

above a lossy flat earth.   Impedances are derived by the commonly used 

induced emf method with different forms of current distribution assumed 

on elements of different bands.   Radiated fields and power gains are ob- 

tained from the known propagation theory. 

Numerical results on all of these characteristics are given as a 

fvmction of frequency, ground constants, element dimensions, array 

geometries, elevation and azimuth angles.   Optimization of th^ array 

performance with respect to the ring radii and element-to-scrjeen dis- 

tances is also shown. 

I Key Words:      arrays, computation, impedances, power gain, 
radiation, Wullenweber antennas. -I 
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1.    INTRODUCTION 

Many Wullenweber antennas have been experimentally designed for 

the receiving purpose.   No systematic theoretical work has been formulated 

to check measured characteristics or as a design guideline.    This paper 

provides a theoretical method to calculate input and mutual impedances, 

fields radiated, and power gains of a Wullenweber antenna above a lossy 

flat earth.    The antenna considered here is essentially an array of two 

concentric rings of discrete elements.   Each ring is placed in front of a 

concentric screen.    The inner ring,  consisting of 40 three-wire folded 

monopoles, operates at 3-10 MHz while the outer ring of 120 sleeve 

antennas operates at 8-32 MHz.   Details of the array geometry are shown 

in figure 1. 

Impedances are derived by the commonly used induced emf method 

with different forms of current distribution assumed on elements on dif- 

ferent bands.   Radiated fields and power gains are obtained from known 

propagation theory.   Numerical results on all these characteristics are 

given as a function of frequency,  ground constants, element dimensions, 

array geometries, elevation and azimuth angles.   Optimization of the 

array performance with respect to the ring radii and element-to-screeen 

distances is also demonstrated. 

2.   HIGH-BAND ELEMENTS 

0 
I: 

2.1   Impedance and current distribution. 

The particular radiator used for the high-band (8-32 MHz) ring is a 

cylindrical sleeve antenna that consists of a vertically extended inner con- 

ductor of height h  and radius   a. ,   and r.n outer conductor of the coaxial 

line of height   s  and radius  a     over a horizontal conducting plane (see 

ng.   2a).   It differs from the conventional base-driven monopole in that the 

sheath of the coaxial line does not end at the conducting plane but extends 

above it a distance   s   to form a sleeve.    This essentially moves the 'eed 

point upward from   z = 0  to   z = s.   However, the discontinuity at   z = s 

ft 
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does cause considerable difficulty in the rigorous solution of the problem. 

Accordingly, an approximation for considering the antenna with a uniform 

height h,   and equivalent radius   a   (a. < a   <■ a.   ),   and the excitation at 
e    i       e       o 

z = s   as shown in figure 2b has been suggested (King, 1956). 

Using this approximation,  one can derive the input impedance at 

z = s   through the conventional induced emf method with appropriate 

boundary conditions (Taylor,  1951): 

a. 

Z. 
in 

4TTI (S) 

j    I(z)dzLz   j    I(zI)K(z, z1) dz1    , 

-h 

(1) 

where 

I 

I 

L  =.^^+kz 
z 2     V   ^   2 

K dz 

KU.z') = e 

oz 

frJiz-z')2**2/ J{z-z,)2+ a2 

(2) 

(3) 

|i = permeability, 

and   I(z),    the current distribution over the antenna, is still unknown. 

An approximate   Z .      can usually be determined by assuming a suitable 

form for   I(z).    When considering the conditions that  I(z)   must be con- 

tinuous in the interval   0 ^ z ^ h,   1(h) = 0, and   öl(z)/3z   must be contin- 

uous except at the driving point   z = s, Taylor (1951) concluded that the 

following form should be a good approximation for   I(z): 

1 

I 

I. (z) = 1 + C ( - cos ks + cos kz)   ,    0 ^ z ^ s    , 

and 

I2(z) = 6[1 -cosk(h-z)] 

+ D{sink(h-z) + e[l-cosk(h-z)]} ,    s^z^h   , 

-2- 

(4) 



where 

6 = 1/[1 -cosk(h-s)]   , 

e = - sin k(h - s) / [ 1 - cos k(h - s) ]   , 

C   and   D   are complex constants to be determined, and the current has 

been normalized to unity at   z = s.    Current forms assumed in (4) have 

also been verified experimentally and have proved very satisfactory pro- 

vided that 

h - s < X ,    and   s < \/2 (5) 

are satisfied. 

Since the   h   and   s   specified in this study do meet the requirement 

in (5), we will follow Taylor's approach.    With (4),  the input impedance of 

the sleeve antenna becomes approximately 

Zin = j30 (Yo + Yc C + Yd D + Ycc C2 + Ydd D2 + y^ CD) . (6) 

where 

Yo=5    ^V^' 
Yc = 6 (Bj + jCj)    , 

Yd=262(B2 + jC2). 

Ycc = B3 + JC3   ' 

Ydd=26(B4 + jC4)   . 

(7) 

(8) 

(9) 

(10) 

(H) 

(12) 

1 
1 

and the   B.   and   C.   in (7) through (12) are complicated combinations of 

Lrigometric functions and the generalized sine- and cosine-integrals;  the 

latter are available in tables (Tables of generalized sine and cosine inte- 

gral functions, 1949).    The readers are referred to Taylor (1951) for de- 

tails about these functions.   From (6) we can see that  Z.     is an analytic 
in 



1 
function of both   C   and  D;    therefore, the values of   C   and D   for the 

best approximation of  Z.     to the true   Z       are given by the conditions 
an 

ö Z. ö Z. 
in 

ö C 
= 0,    and 

m 
a D = o , (13) 

which yield 

C = (YdYcd-2YcYdd)/(4YccYdd-Ycd)   ' 
(14) 

D = tY    Y    , - 2Y, YPJ/(4Y„„ Y,, - Y    ,)   . c   cd a   cc cc   ad       ca (15) 

Using (14) and (15), we can calculate the approximate input impedance 

from (6) and the current distribution from (4).    The technique adopted here 

is actually an extension of Storer1 s (1950) variational formulation. 

Equation (6) is also good for the mutual impedance between two parallel 

identical sleeve antennas, when the equivalent radius   a     is replaced by d, 

center-to-center separation of the two antennas. 

2. 2   Field and power gain. 

The field radiated from an isolated sleeve antenna is given by (Ma and 

Walters,  1967) 

'1 V» 

Trh -     -in ^   e   'J •    fl    f    T/   \    Jkzcose#i   .r> -j2kz COs9 E    = -j30 k     sin9        I(z) er (I +R    e ) dz 
b r «J v 

• in i   e •   n   i    T / w jkz cos9 , _       -jkzcos9.   , -j30 k —   sin9   1    I1(z)(eJ + R . e J ) dz 

■ orxi    e •   a   f    T / %/ jkz cos9  , _       -jkzcos9.   , -j30k —-—   sinB   1    I (z)(e'' + R    e J ) ds 

■ 

I 

r 
\ 

= -J30 
■jkr 

sin9(Eei + Ee2+E93 + E64+E95)   ' (16) 
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u 
where 

R    = vertically polarized ground reflection coefficient 

cose   .^-  [l -(^-8in9)2] 

i 
212 cose +^-. [i - (L. sine)2] 

(17) 

8   is the angle measured from the antenna axis (z-axis), 

•^K-T^]2 • 
fMH    = operating frequency in MHz, 

e = relative dielectric constant of the ground, 
r 

o = conductivity of the ground in mho/m. 

The component fields in (16) are 

IT       _    r   n     ^ i   wJkzcos9.Ti        -jkz cose 
91       J   (1 " ^ cosks)(eJ + R    e J ) dz 

(18) 

1 - C cosks   f jks cos9 
j cos 9 0 Rve-jkSCOSe-l+V.   ("j 

i 
- 

j I- 

^ 0 
I     11 I 

Q 

_ _   f" ,    , jkz cose -jkzcosö. 
= C coskz(eJ + R    e J ) dz 'e2 = u J 

sin e 
| e (j cos9 cosks + sinks) - j cose 

+ R      e J (-j cos9 cosks + sinks) +j cos9 I V 

(20) 



I 
r 
r EQ3 = (6+De)   j"(ejkzCOSe

+Rve-jkzCOSe)dz 

i 

.h.     ., 

J(6 + De)       jkcosQ -jkhcosS      jks cos6 -jks cos9 
irncH v v '   ' J COSO V V 

(21) 

■u 

Ee4 = [Dsinkh-(6+De)coskhJ   |    cos kz (ejkz COSe+Rve"jkz COSe) dz 

s 

D sinkh - (6+ De) coskh  f  jkhcosB..        , ,  
=  rz    e^ (j cos6 coskh + smkh) 

sin   8 
jks cos6 Q        i     L   •   i   \ 

-eJ (j cosa cos ks + sin ks) 

+ R   e J (-j cos9 coskh + sinkh) 

-R   e-Jkscos9 (-jcosecosks+ sinks)   1   , (22) 
v -1 

and 

Ee5 

1_ 

"T^        IT. ^L/^^T^^V       IT-'I   S"     -i    / jkzcosS -jkzcos9 D coskh + (o + De) sinkh 1        sinkz(eJ +R   e ^ ) dz 

Dcoskh+(6 + De) sinkh r  jkhcosQ..        0    .   ,, . . . 
= 1 '     e'' (j cosö sin kh - cos kh) 

sin   9 
jkscos9/.        Q        , ,   x 

-e (j cosb sinks - cos ks) 

_      -jkhcosO..       Q   .   ,, , , v \ 
-R   e J (j cos9 sin kh+coskh) 

,  „      -jks cos9 ..       n    .   ,     , ,    v "i 
TR   e J {jcos9 sinks + cosks)  i     . (23) 

Since there are 120 antennas on the circumference of the high-band ring 

and eight elements are actually excited at a time for scanning, the array 

iacLor contributed from the eight excited elements and the next two pairs 

of parasitic elements caused by mutual coupling can be written  (see 

fig.  3) 
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j- Ehl =  I     ly e^ ^1 Sine COS(tp-tpi)   .   (i ^ 0) (24) 

! 

1 

[ 

i=-6 

where  a .   is the radius of the high-band ring,    9   the angle measured 

from the z-axis (normal to the array plane),    cp measured from the axis 

shown in figure 3,    cp.   the location of the   ith   element, and  L .   the cur- 

rent of the   ith   element at its feed point.    In arriving at (24), we have 

only considered two parasitic pairs closest to the excited elements and 

neglected the remaining parasitic elements since they are farther away 

from the excited antennas and the induced currents on them should be 

insignificant.    Because of symmetry and the special way of voltage 

excitation discussed later, we have 

L . (for positive i) = L . (for negative i). (25) 

Similarly, the contribution from the image ring whose radius is   a 
hZ 

should be 

6 
Eh2 = I    ^W eJk ah2 Sine COS(CP"CPi)   '    (i ^ 0)   * (26) 

i=-6 

The currents   L .   in (24) and (26) can be determined from the circuit 

consideration: 
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II 

I 
I 
i Zin"Zll'+Zl2"Z12,    Z12'Z12'+Z13 

Z12-Z12-+Z13 

13 

Zin"Zn' Z12"Z12'        Z13 

0 
^ 

13 Z12"Z12' Zin"Zlll     Z12■Z12, '13 ^ 

L 

"13 

0 

0 

Z12■Z12,    Zm■Zll•      Z12"Z12, '13 

'13 Z12~Z12'     Zin+50"Z11'    Z12"Z12' 

13 
Z.^-Z 

12-212.       Z^5a-ZU< 

hi 

^6 

Z.    e 
in 

■jo-x 

Z.    e"^8 

in 

Z.    e 
in 

Z.    e 
in 

■ja-s 

-JP-4 

L. 

(27) 

1 
where   Z.     is the open-circuit self impedance of an isolated antenna,    Z._ 

in 12 
the open-circuit mutual impedance between No.  1 and No.  2 antennas 

with  d = 2a. .  sin 1. 5* ,    Z, _   is that between No.  1 and No.  3 antennas 
hi 13 

with  d = 2 a, .  sin 3* ,    Z..,    is that between No.  1 antenna and its own 
hi 11 

image with  d = a, .   - a, _ = 2 (distance between the high-band ring and the 
hi        ac, 

screen),   Z.   ,    is that between No.  1 antenna and the image of No.  2 
2 2 - 

antenna with   d = (a,. + a. _ - 2 a, . a _ cos 3*)2 .    Here again we have 

only considered mutual couplings between relatively close pairs of elements. 
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A resistance of 50 ohms has been added to the parasitic elements (No.  5 

and No.   6), «mce they both are unexcited but terminated with a resistor of 

50 ohms.   The voltage excitation on the right side of (27) has been multiplied 

by   Z.     to make   |L,|=1    should the mutual impedances be ignored.   This 

is required in order to be consistent with the current normalization assumed 

in (4).    The phase  a.   associated with the voltage is given according to 

a. = ka,1 sin9    cos (cp   -co.)   , (28) 
i hi o o    xi ' 

where   70* ^ 9    ^ 80*    and   cp   = 0*    define the desired direction of beam 
o o 

maximum. 

After obtaining the   L .   from (27) and substituting them into (24) and 

(26),  we have the total field radiated from the portion of the high-band 

array under consideration, 

'S = E9 <Ehl + Eh2)   • <29) 

The power gain relative to a loss less isotropic source with the same 

power input (Kraus,  1950) thus becomes 

2 1     .„h^ 
h/fl   ,     4TTr ^TzT^t^ 

g   (9 • cp) =  

>l2 

P. 
in 

5 
30sin

29iry  E9n)(Ehl+Eh2)l 
 n^l  

P. 
in 

(30) 

or 

Gh(9,cp) = 10 log(gh)   in dB   , (31) 

.■'. 

.■ 

where  E    , n = 1, 2,  3, 4  and   5  are given in (19) through (23), E      and 

E       are from (24) and (26), and   P.     representing the total power input 

is 
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P.    = 2  )     lL .|    Re(Z.) 
in ^J      ni i 

i=l 

♦ 
2 Re   )    V. L*. 

U      i   hi 

i=l 

4 
r 

= 2 Re   )    Z.    e"jai   I*.      . 
.Li     m hi 

1=1 

(32) 

Numerical results for   G  (75*, cp)   and  G   (S,0*)   as a function of frequency 

and ground constants with a specified element dimension and array geo- 

metry are given in figure 4. 

3.    LOW-BAND ELEMENTS 

3.1  Impedance and current distribution. 

The radiator used for the low-band (3-10 MHz) ring is a three-wire 

folded monopole excited against a horizontal ground plane, as shown in 

figure 2c.   Characteristics of this antenna may be conveniently analyzed 

through an equivalent folded dipole formed by the antenna and its image, 

which in turn can be represented by an equivalent circuit shown in figure 2d 

(Tai,  1961; Guertler,  1950).    The transmission mode is  represented by 

Z , which can be calculated according to 

Z   = 200 + i Z    tan kh   , 
f o 

(33) 

where 

\ 

\ 

I 

/ 

z = eoF-tn — 
o L      a2 

rrn V 4h2 + d2 s* 

-tn 
2hyhZ + d2 

ajd 

(34) 

with   h   the height of the monopole,   a.   and  a     radii of the out down- 

wire and center pipe,  respectively,    and  d   now the half distance 

between the two downwires.    The radiation mode is represented by  Z   , 
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f 
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"   w 

I 

which is the corresponding free-space input impedance of an equivalent 
2       4 dipole of length  2h  and radius   a' = [a   + 2a. )d / 3]^ . 

Because  kh  may be equal to TT   for a frequency in the designed 

frequency range, which would cause difficulty in evaluating   Z     if the 
r 

ordinary sinusoidal current distribution is assumed on the antenna,  we 

use the three-term theory developed by King and Wu (1965) for the current 

distribution;  that is 

I   = _—_JJ __    sin k(h - Ul) + TTT (coskz - coskh) 
„ cos kh L U 60 MR 

+ TD(cos Y -
COS

T)]   ^^Z2 '  {35) 

or 
V 

It=6M-Lsinklz,-1 + Tücoskz 
dR 

-Tj^Ccos^ -cos^)]   kh = TT/2,        (36) 

where   V = the impressed voltage,    ^      , Ty, Tp,  Tjj, and   Tj^   can also 

be expressed in terms of the generalized sine- and cosine-integrals with 

arguments functions of  a'    and   h.    The details are given in a paper by 

King and Wu (1965). 

Equations (35) and (36) give the input impedance of the dipole: 

Z    = -j 60 ill      coskh/[sin kh + 1^(1 -coskh) + TD 1^1 -cos -j ) j , kh ^ - , 
kh 

rneVh/l   sin   Wh  +   T     (1   - TOS kh)  +   T..    !   1   -COB 
dR 

(37) 

or 

Zr = j 60 ^Z (-1 + Tjj - 0. 293 Ty   ,   kh = j   . (38) 

The equivalent input impedance of the original folded monopole then 

becomes (see fig.   2d) 
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I (2m+l)2 Z   Z 
Z^ = i i L-i~' (3^ 

(Zm+l)   Z    + 3Zr r f 

where 

m = log — / log r~-       . (40) 
al 2a2 

10 TT 

Note that   Z!     reduces to  -(2m+l)    Z     when  kh = -    (Z. = <:0).    The 
on 2 r 2 f 

parameter   m   in (40) becomes unity when   2a   = a... 

The mutual impedance between two parallel identical low-band 

elements can also be calculated by (37) or (38) if   a1    in      f, _,  T   ,  T   , 
e cttx       u       D 

T'     and   T'     is replaced by the separation between the two antennas. 

3. 2  Field and power gain. 

The field radiated by a single low-band antenna, based on the current 

forms given in (3E) and (36),  is 

EQ = -J30 
kh 

sinkh + T   (1 -coskh) + T   (1 - cos -r- ) 

-jkr 
EQ6,   kh^n/2 (41) 

^       I V0) e-Jkr 

E, = -J30    '  Eft_ , kh = TT/2   . (42) 
-1 + T'   - 0.293 T' 

67 

where 
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9 6     sinQ L   6    J    6      v    6    J    6  J 

T 
+ lirr [B7+ J c7+ Rv(B7 - J S'] 

- (Ty coskh + TD cos !f) tanerB8+ j C8+ Rv(B8 - j Cg)] 

2 T    sinB    ,. 
+ —-^-LB9 + jC   +Rv(B    -jC)]   , 

1-4 cos 9 
(43) 

Ee7 =-^F [Bio ^ Bio + Rv(Bio " J So'] 

i. 
+ -^-ö" TB, + j C., + R (B    - j c jl sine L   7     J     7        vx   7     J     7^ 

+ (-1 + 0. 707 TM tane [Bg + j Cg + R^Bg - j Cg) ] 

2T'   sine 
___[B   +jC9 + Rv(B    -JOj    . 

1 - 4 cos 9 
(44) 

[ 

I 

B    = cos(khcos6) - coskh   , 
b 

C    = sin(ldi cos9) - cos6 sin kh   , 
D 

B    = sinkh cos(khcos9) - cos9 coskh sin(khcos9) , 

C    = sinkh sin(khcos9) + cos9 cos khcos(kh cos9) - cos9 , 

B    = sin(khcose) , 
o 

C- = 1 - cos(kh cos9) , 

B    = sin — cos(kh cos9) - 2 cose cos -r- sin(kh cosö) , 

■13- 
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C    = sin — sin(kh cos9) + 2 cos9 cos — cos(kh cos8) - 2 cos6   , 

B. . = 1 - cos khcos(khcos6) - cos8 sinkh sin{khcos6) , 

C. _ = - cos kh sin(kh cos6) + cos6 sinkh cos(kh cos9) . 

Once we know how to calculate the element field and impedances, 

determining the field contributed by the array of eight excited elements 

and two neighboring parasitic pairs follows that for the high-band ring. 

Namely,  the low-band ring and its image ring will contribute,  respectively, 

E,, = '}    !     Jk au sine cos (cp-cp.)      >    .^ (45) 

i=-6 

and / 

E,    =;      (-1   W* aU Sine c03^   .   i^O    . (46) 

i = -6 

where the   I. .   are the terminal currents determined by the following 
•Li 

matrix equation with a procedure similar to that of (27), 

In (47),   al = k a.. sinQ   cos(cp  -cp.),   and     Z,      is a 6 x 6 impedance 

matrix with   Z     given in '37) or (38) replacing  2,     in the main diagonal 

in (27).   Since the actual termination resistance at the input of parasitic 

elements is now 200 ohms,  the equivalent resistor termination 

experienced by the radiating mode should be (see fig.  2d) 
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l                     1200Z 
z   =        •             . (48) 

(2m + 1) 400 + 3Z 

This equivalent termination impedance   Z     shovild be used to substitute 

50 in (5, 5) and (6, 6) positions in (27). 

The power gain expression is therefore 

g (e,cp) =  
,,       2 

sinkh+ TTT(1 -coskh) + T^(l-cos ~)1    P! 
U JJ li an 

for  kh ^TT/2   , (49) 

or 2 

301E     (E     +Et )\ 
g (e,cp) = '    forkh = TT/2   , (50) 

1-1 + TiT - 0.293T' 1^ PI 1 U D'       in 

where 

(2m+l)2V. n* 4 A 

PI    =Re)     (2m+1) V.I*     = Re ')    vTl. .+ ^ ~ -1.     (51) 
in L i    in L>      it Li 3Z J 

i=l i=l £ 

Numerical examples for   G'(15* , cp)   and   G  (9, 0*)   are given in figure 5 

with a specified element dimension and array geometry. 

1 
4.   FURTHER IMPROVEMENTS 

i Clearly, the performance given in figures 4 and 5, according to a 

certain set of specified dimensions, is not the best in any sense.   Further 

j' improvements by varying some parameters are definitely possible.    In 

this paper,  we only consider the case of varying the array radii and 

element-to-screen distance   (a  .,  a    , a.., a.    ).   Some of the improved 

■15- 



1 

results are shown in figure 6, which can be compared with those presented 

in figures 4 and 5 to get a general idea for "optimization" as design guide- 

line. 

5.   CONCLUDING REMARKS 

A theoretical method has been formulated for numerically calculating 

impedances, field radiated, and power gain of a Wullenweber antenna above 

a lossy flat earth.    Typical results of these characteristics are given as a 

function of frequency,  ground constants,  element dimensions, array geo- 

metries,  elevation and azimuth angles.    Optimization of the array per- 

formance with respect to the ring radii and element-to-screen distance is 

also demonstrated with supporting numerical results.   In this study,  we 

have assumed current distributions on both low-band and high-band 

elements, and a perfect current image of the screen.   Possible inter- 

actions between the screens and elements of different bands have been 

neglected. 
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A, Operations Building 
B, Low Band Screen (Radius 366 feet) 
C, Low Band Antennas (40 folded three-wire monopole; Radius 393, 5 feet) 
D, High Band Screen (Radius 423. 5 feet) 
E, High Band Antennas (120 sleeve antennas; Radius 436. 75 feet) 
F, Outer Edge of Ground Mat (Extends 127. 5 feet from Inner Edge) 
G, Radials (One every degree extending 150 feet in length from Outer Edge 

of Ground Mat; Only 10 radials of 360 are shown) 

Figure 1.   Array geometry (top view). 
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Figure 2,   Sketches of antenna elements: 

(a) sleeve antenna,   (b) approximate equivalent of (a), 
(c) three-wire folded monopole,   (d) equivalent circuit of (c). 
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Figure 3.   Top view of the high-band ring with 8 of 120 elements excited. 
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(a) and (b) as a function of cp;    (c) and (d) as a function of 9. 

(h=7.239m, s = 2.515 m. a^ = 133.121 m, a^, = 125.044 m. aB- 0.105 m) lhl h2 

Ä.Ö 



I 

I 
I 
] 

dB 
201- 

«■•  

10 

-10 

-20 

G'cys0,*) dB  Gl{75',*) 
10 

4MHz 

NX 
\ \I5'       .30?.   4?°» 

-10 

\  f \    i\ 
\ 

' i M ' » . • 

€r«80 

c^Smho/m 

-20- 

'. i"   (a) ^ 
li 

\ ■ 

V- 7 > 

4MHz 

\ 15°       '-SO0     45' 

\\/iO\ 

* 

\. 

\; 

*' • 
* \ 
t \ 

€r.4 

o-»aOOImho/n| 

*    V. 

1/ (b) 

dB 
20 

10 

GV.O0) 

4Mhi?  

-'       IQr* 

dB|6^f0
o) r 

/ 

80 
^■5mho/rn 

j  

•"•v 

i?"7" 
>. 

.N. 
s     -N 

60' 75°    \\90c 

45v.x'6Cr  f  .75° (c) 90' P-B 

€r-4 

<T "0.001 mho/m 

(d) 

Figure 5.   Low-band power gain of a Wullenweber antenna for two grounds: 
(a) and (b) as a function of   cp;    (c) and (d) as a function of   9 , 

(h = 17. 399 m, d = 0. 381 m, a! = 0. 0016 m, as = 0. 0508 m, 
aU = 119-939 m' at2 = 103-l7ti m^ 

•B 

r 

[ 
& 

^k. 



"dB 

I    20 

I 
j    l0 

; 

0 

-10 - 

G*(750» 

 4MHz 

s7 

vz 

€r«80 

<r «Smho/m 

dB 
20 

10- 

15:     7 30° \  •.   45° * 

G^.O') 

4MHz 

7 

€r-80 

cr « 5 mho/m 

60°        75° 90° 
B 

(a) 

ft-750. <fe «0°, h«l7.399m, d-O.SSIm, 

a, ■0.0016m,  a2«0.0508mt 

a^ »IZZm,    o^2»98m. 

dB 

25 

max 

20 
"     /          \ 

/  ."i  

.V 

• • • 

• 
• • 

« * « • 

• 

/ 
/ 

/ 
/ 

\   \             ahl = l3lm 
\        s> - 

ah2=l26m 
• • • 

15 r / 
/ 

• 
• 

• • • 

1 10 

€r«80, (T'Smho/m 

^               i                 • ■ • 

ah|=l33.l2lm    : 

 a  =125.044m 

[ 8           12           16 20 
(b) 

24 28        32     f   MHz    I 

Figure 6.     "optimum" power gain of a Wullenweber antenna with revised ring 
radii and element-to-screen distance:   (a) low band,   (b) high band. 

..•-* 



I 
1 
] 

1 

\ 

I 
r 

A BROADBAND OPTICAL FLED FOR CIRCULAR ARRAYS 

.1. M. Devan, J. L. Buyns. and A. D. Mutiger 

Navul Electronics Laboratory Center 
San Diego. California 42152 



I 
I ABSTRACT 

I This paper describes the optical characteristics of the R-2R parallel-plate lens 
which make it useful as a broadband feed systcn, for circular arrays featuring multiple 
beams, DF, and/or sidelobc-supprcssion techniques. Experimental results are given for 
lens systems designed to operate over frequency ranges of 2-4, and 2.9-3.5 GH/.. 
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INTRODUCTION 

A circular urray will provide identical beams at all beam positions around its 
circumference. However, phase correction is inherently necessary it'the radiators on a 
curved surface are to produce a planar phase front.  In practice, energizing a sector of 
approximately ^0° (plus and minus 45° from the beam axis) will produce the desired 
beam;energizing additional elements contributes little to beam quality. As with the 
planar array, some form of amplitude taper distribution may be used to reduce sidelobes 
as required or establish a desired adjacent-beam crossover level. 

A feed system for circular arrays must therefore provide these basic functions; 
(1) energi/ed-element phase correction to produce the required aperture ph se distribution 
for a planar phase front, (2) suitable amplitude taper distribution, and (3) commutation 
of the beam around the array while maintaining correct element amplitude and phase 
relationships. The accomplishment of functions (1) and (2) with the R-2R parallel plate 
lens is the primary topic of this paper. 

THEORETICAL CONSIDERATIONS 

The 2-R2 parallel-plate lens is essentially a dielectric region of radius/? bounded 
by parallel conducting surfaces and a circumferential conducting si rface at radius R. 
bnergy may be inserted a' any location around the circumference, such as point "A" in 
figure I A.b.. one element or an urray of elements; all remaining elements are then avail- 
able for use as output ports. These input/output elements are commonly either horns 
located around the circumference or probes spaced '4 wavelength in front of the circum- 
ferential ground plane. The distance between the parallel conducting plates must be no 
greater than '/: wavelength at the highest frequency of interest in order to propagate only 
the electric-field component perpendicular to the plates. 
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ligure 1. Parallel-plate lens. A, geometry; B, schematk of'.-ompletcd array. 
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The phusc delay required for ü circular array of elements to produce a planar 
phase front is given by 

^=lrpa,sa (i) 

where p is the radius of the array and a is the element angular location referenced to the 
beam direction as shown in figure IB. The phase delay distance,(/„, is then given by 

dD=flcosQ (2) 

The distance traveled.^, by energy inserted into the lens at port "A" of 
figure IA and extracted at some other port around the lens is given by 

dT = 1R cos I (3) 

where/^ is the radius of the lens and 7 is the angular location of the output port refer- 
enced to the radius of the lens passing through the center of the output array.  Equating 
dn todT shows that the phase delay distance required for the proper circular-array phase 
distribution will be provided by the lens if 

and 
R=''2P 

y = 2a 

(4) 

(5) 

That is, the lens radius must be one-half the array radius,' the lens angle to any output 
port will be twice the array angle to the corresponding antenna clement, and the number 
of ports around the lens is one-half the number of antenna elements. Thus a lens of A' 
ports can provide the desired phase correction for A'   M elements of a 2,V-element 
antenna, where M is the number of lens ports used lor the input. All elements of the ar- 
ray can be fed with the lens by making each lens port switchable to one of two elements 
■parated 180° around the array and by connecting adjacent lens ports to adjacent ele- 
uents on the array with equal length cables 

The normalized amplitude pattern foi a probe feed spaced liX in front of the 
circumferential ground plane at point "A" ot figure IA can be approximated by that of 
a probe on a flat ground plane. 

t\,h) = sin(-jcos^) (6) 

However, the use of a single lens input results in a fixed distribution around the lens out- 
put ports.  If only a 90° sector of the circular array is illuminated to form the beam, then 
only a 180° secto; of lens outputs need be used, it is therefore desirable to direct or 
focus the beam within the lens so that maximum input energy is available at the selected 
output ports. Also, since the receive pattern of a probe is the same as its radiating pat- 
tern, it will not absorb energy at high angles of incide.ice. Therefore, energy incident on 
probe near the input will cause reflection within Üv: lens even when these probes are 
terminated. Such reflections can destroy the optical properties of the lens. Providing a 
directive input pattern will therefore minimize reflections as well as maximize output 
energy. 

Some control over the iirectivity of the lens input pattern can be achieved by 
using a small array of input p.obes and by tapering the amplitude distribution to the 
probes. The normalized ampluude pattern for any single input probe located at an angle 
ß with respect to center ol the inpu   jrray can he approximated by 

/■-A/(» -/v sml—cos -^—I (7) 

^ 

I 



I 
I The output amplitude on a probe located at an angle 7 can be approximated by summing 

over the inputs. 

h{y) 

2/*       7+lA sm ^-cos—j . 

(X) 

The sidclobe level of a circular-array antenna pattern can be minimized by appli- 
cation of an amplitude taper to the energized elements. The R-2R parallel-plate lens can 
provide various amplitude distributions depending on the lens input arrangement. The 
computed results for various input arrangements are given with the measured experimental 
results obtained for several lenses. 

Commutation of the input around the lens will result in scanning or stepping the 
beam around the antenna. To accomplish this, switching circuitry must be added be- 
tween the transmitter or receiver and the lens input and also between the lens output and 
the circular array.2 

EXPERIMENTAL LENSES 

One-foot-diameter Lens 

A 1 -foot-diameter lens designed to operate over a bandwidth of 2 to 4 GHz is 
shown in figure 2A. The lens has 16 input/output ports and is to be used with a 2-foot- 
diameter circular array of 32 elements. Figure 21i is a photograph of the inside structure 
and probe arrangement of the lens. The lens consists of two circular plates with diameters 
of three free-space wavelengths, separated by 0.344 wavelength of air dielectric at the 
center frequency of 3.0 GHz. A stepped probe is used with lucite dielectric to provide 
satisfactory operation over the 67 percent bandwidth. Details of the probe feed are 
shown in figure 3. 

Single and four-probe-tapered (1 -3-3-1) inputs were used to excite the lens. 
Figure 4 is a plot of the measured and calculated phase distribution at the lens output 
ports for both types of inputs. Measured and calculated amplitude distributions are given 
in figures 5A and SB for single-probe and four-probe-tapered inputs, respectively. The 
difference between the calculated and measured curves for the single-probe input is due 
primarily to uncontrolled reflections within the lens. The discrepancy in the curves for 
the four-probe-tapered input is due to several factors: the small sue of the lens causes 
near-field coupling to the output; the use of one-fourth of the lens probes for the input 
severely compromises the approximation of a linear array in front of a ground plane; and 
mutual coupling between input probes increases as diameter decreases. The unused ports 
of the lens were terminated in the characteristic impedance of 50 ohms for these lest 
measurements. 

Impedance measurements of both input arrangements showed that the single- 
probe input provided a better match over the 2-4 GHz band, remaining within a 2.5:1 SWR 
circle. The four-probe-tape red input maximum SWR measured was at 4.3:1. 

Predicted antenna patterns using calculated and measured phase and amplitude 
data for the lens are shown in figure 6. The pattern predicted from calculated lens data 
features an 16° HPBW and -32-dB sidelobes. The pattern predicted from measured lens 
data features a 18° HPBW and -24-dB sidelobes. 
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(A) 

Figure 2. The 1-foot-diameter lens probes. A, exterior view; B, inside structure and probe arrangement. 
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Four-foot-diameter Lens 

[ 

I 
I 

The 4-fbot-diamelcr R-2R lens is shown in tlgure 7A with sonic of the phase- 
measurement test equipment.1 The lens consists of two circular metal plalcs 6.45 free- 
space wavelengths in radius spaced 3/8 of a free-space wavelength at 3.2 GH/. The 
bandwidth to be covered by the lens is 2.9-3.5 GH/. There are 64 probe terminals equi- 
spaced around the circumference of the lens with I /4 of a free-space wavelength al 3.2 
GHz spacing between the probes and the enclosing ground plane of the lens. Figure 7B is 
a photograph of the inside structure of the lens. A cross scctio o of the lens construction 
including the probe feed is shown in figure 8. 

Various small, linear arrays were used at the input portion of the lens in an 
attempt to determine the configuration that would best provide the desirable amplitude 
distribution. Single-probe, two-probe, three-probe, thrce-probe-tapered (1-2-1), four- 
probe, and four-probe-tapered (1-2-2-1) configurations were used. Figure ^A is a plot of 
the average measured phase distribution and the required phase distribution at the output 
terminals of the lens, considering all input configurations except four-probe. Good agree- 
ment is achieved between the calculated and measured phase distributions, with 
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Figure 7. The 4-foot-diaineter R-2R lens. A, with some of the phase-measurement test 
equipment; B, partial view of inside structure. 
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differences due to uncontrolled reflections inside the lens und unequal cable lengths at 
the lens input. Figure 9B is a plot of the phase distribution using a four-probe input. The 
large difference between the calculated and measured phases is due to the untapcrcd 
input to the lens, which produces high lobes, phase reversals, and reflections inside the 
lens. Figure 10 shows the calculated and measured amplitude distributions for the various 
input configurations to the lens. Impedance tests for the !?ns using single-probe and four- 
probe-tapered inputs showed the single-probe input SWR to be within a 1.4:1 circle and 
the four-probe-tapcred input SWR to be within a 1.8:1 circle. This lens was originally 
designed for a single-probe input and the time schedule did not allow for lens modification 
to improve the four-probe-lapered input which provided the better lens output. 

Figure 11 shows predicted and measured antenna patterns using a (1-2-2-1) 
input to the lens. The predicted half-power beamwidth (HPBW) is 5.9° and the measured 
HPBW is 5.2°. The predicted maximum sidelobe level is -28 dB and the measured maxi- 
mum sidelobe level is -24 dB. 
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The 5-füot diameter lens was constructed to examine the lens characteristics in a 
dielectric and to reduce tlie physical size of the lens. This lens has 1 28 input-output ports 
and is lucite-coated with a metal spray.4  It should have the correct phase for a 16-foot 
diameter radiating array. To facilitate ease of handling and construction, the lens was 
constructed from a 5-foot disc of lucite 7/8-incli thick. Electrically the lens appears 8 
feet in diameter and less than 1/2 a free-space wavelength thick. Measurements on a 
similar piece of lucite indicated that a 3-dB loss (one-way) could be expected using this 
lens, but for studies in techniques this loss can be tolerated. Figure 13 shows the internal 
construction of the lens. The probe is stepped similar to that of the I -foot-diameter lens 
to improve the impedance match and bandwidth characteristics. This lens was designed 
to operate over a 2.9-3.5 GH/ bandwidth. Impedance measurements using single and 
four-probe-tapered inputs were taken with all unused ports terminated in the character- 
istic impedance of 50 ohms. The SWR of the single-probe input was shown to be within 
a 1.4:1 circle and that of the four-probe-tapered inpul was shown to be within a 1.7:1 circle. 
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Figure 12. The 5-foot-diameter R-2R lens. 
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Figure 13. Internal construction of S-foot-diameter lens. 

Figure 14 is a plot of measured versus calculated phase distributions at the out- 
put ports of the lens for single and four-probe-tapered inputs. Figure 15 shows measured 
versus calculated amplitude distributions at the output terminals using a four-probe-tapered 
(1-2-2-1) input. 

Predicted and measured antenna patterns are shown in figure 16. Figure 16A is 
a predicted antenna pattern using measured lens phase and amplitude data. Figure 16B is 
a measured pattern using a sector of the 3-D radar antenna. The predicted HPBW using 
measured lens data is 3.0° and the measured HPBW is 6.0°. The predicted maximum side- 
lobe level using measured lens data is -20 dB and the measured maximum sidelobe level is -18 dB. ■ 

■ 
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MULTIPLE BEAM TECHNIQUES 

The feasibility of using a parallel-plate lens to achieve orthogonal beams from a 
circular array has been investigated (fig. 17). The 128-elcment ring-array antenna was ex- 
cited using the 4-foot-diameter R-2R lens. Two single-probe inputs connected in parallel 
were used, separated 22.48° and 174.22°. Figure I7A is a measured pattern from the 
array with two beams being present separated I 1.24°. The summation of sidelobes pro- 
duces a higher sidelobe at -4 dB beiween the two beams. Two beams separated 87.11° 
are shown in figure I7B. The beam shape in both cases approximates expected results for 
an array with uniform amplitude distribution and a cophasal distribution. The HPBW is 
2.5° in both cases. Figure 17C is a typical antenna pattern using a single-probe input to 
the lens. The HPBW is 2.5° and the maximum sidelobe level is -1.0 dB. 

Further study is necessary to accurately determine the feasibility of orthogonal 
beams using parallel-plate lens feed systems. Successful results will allow lor multitarget 
tracking. 
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MONOPULSE TECHNIOUES 

Munopulso puticrns Ironi a circular array excited with a parallel-plate lens have 
been measured as shown in figure 18. A fmir-probe-tapercd {1 -2-2-1) input was used as 
the input to the 4-foot R-2R lens. One-halt" of the input was shifted 180° in phase with 
respect to the other half at 3.2 GH/. Measurements were made over a 20-perccnt fre- 
quency band with the measurements taken at both ends and the center of the band being 
presented in figure 18. At the design frequency the null between beams occurs at -24 dB. 
Figure 19 is a typical sum pattern from the circular array excited with the 4-foot diam- 
eter lens. 

Further investigation should show the feasibility of using the monopulse techni- 
ques in conjunction with orthogonal beam techniques for achieving multiple beams from 
the circular array for multiple-target tracking. 

29 



CM u 
1^ £ 

et 

V 
I C. 
4 
l 

00 7! 
o 3 

.1 
to. 

ISP) AVM 3N0 UBMOd 3AliVn3U 

30 



I 

! 

I 
1 
I 
r 
i 

CONCLUSIONS 

The U-2R parallcl-plale lens readily provides a cophasal distribution when con- 
nected through equal-length cables to circular-array elements. Measured patterns are in 
good agreement with predicted results. The parallel-plate lens is easily constructed, 
rugged, reliable, and bandwidth-limited only by the physical limitations of the input- 
output probes. 

The investigations into the feasibility of orthogonal beams showed that a large 
amount of interaction and coupling exists between lens probes. Techniques of improving 
probe isolation need to be investigated. 

Further investigations are needed to improve probe design to increase the band- 
width of the lenses for multiprobc inputs. The need for this improvement is indicated by 
the impedance plots for each lens. 

Monopulse patterns arc easily obtained by adding phase control to one-half of the 
the input to the lens. 

; 
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AN ITERATIVE TECHNIQUE FOR REDUCING SIDELOBES OF CIRCULAR ARRAYS 

H. P. Coleman 
Naval Research Laboratory 
Washington, D. C.    20390 

INTRODUCTION 

Circular and cylindrical arrays of radiating elements can be used to 
produce beam patterns which may be rotated through 360 degrees by a cyclic 
permutation of the element currents, making them an attractive choice for 
numerous applications in radio,  radar, and sonar.    The successful design of 
these arrays requires a method for determining the element currents which 
will yield a desired radiation pattern.    A method of approximate synthesis, 
due to DuHamel [1] is the primary basis for this element current determination. 
In this method,  an exact synthesis for a continuous cylindrical current 
distribution is first derived and this continuous distribution is then 
approximated by a finite array of discrete sources on the cylinder.    This 
approach works well if a large number of closely spaced elements is used to 
approximate the continuous distribution,  even for high resolution low side- 
lobe beam patterns.    However,  if the method is used to attempt synthesis of a 
pattern having nearly optimum resolution for a given sidelobe  level, with 
element spaclngs of about one-half wavelength, substantial differences may 
exist between the desired pattern and the performance attained.    An iterative 
method has been devised, and computer-implemented, which progressively im- 
proves the  sidelobe level of the  radiation pattern of such a circular or 
cylindrical array. 

THE  ITERATIVS METHOD 

As an example of the use of this method, results are shown for the 
attempted synthesis of a Tchebycheff pattern of order 16 with 30 dB sidelobes. 
This pattern is taken as the objective pattern. In the principal plane, of a 
circular array of thirty-two dlpoles equally spaced around a conducting 
cylinder with a radius of 2.2963 wavelengths.    The dlpoles are arranged on 
a circle of 2.5465 wavelengths radius.    In Figure 1, the objective pattern 
and the pattern resulting from using DuHamel's approximate synthesis for 
this array are plotted.    The Interval of computation is 2 degrees, and both 
patterns are symmetric about 0 degrees.    A Tchebycheff pattern of order Q 
has 2Q maxima.    It is to be noted that, although the approximate synthesized 
pattern has sidelobes as high as -20.8 dB, it still has the characteristic 
thirty-two maxima.    The essential feature of the developed iterative tech- 
nique is the numerical determination of the  positions of these maxima and 
the solution of a system of simultaneous e... ntlons which Impose constraints 
on the pattern of these positions.    Provis^jn is made in the computer 
algorithm for substituting pairs of symmetrically located constraints on the 
main beam for missing positions of maxima in the event that less than 2Q maxima 
exist. 



The principal plane far-field pattern of a circular array of 2Q 
current elements arranged, if desired, around a perfectly conducting 
cylinder may be written in the form [2] 

2Q • 
E(cp)  = 2lk SGn cos[(n-l)(cp-c^)]  . (1) 

k-1        n=l 

Here E(cp)  Is proportional to the total E-fleld at the angle cp.    The 
current on the k^ element  (located on the circle at an angle o^)  is Ik. 
The set of 1^ are normalized so that E Is real and equal to 1 at the peak 
of the main beam.    The coefficients, Gn,  depend only upon the dimensions 
of the array,  in terms of wavelength, and upon the type of current element. 

In the present technique.  Equation (1) is used to determine nu- 
merically the 2Q positions of maxima in the far field  radiation pattern. 
The expression for the value of the pattern function at these 2Q positions 
then becomes: 

2Q «e 
Ei = E(cp.) = S Ik S Gn cos[(n-l)(cp -a )] (2) 

J *        k=l        n=l J    K 

j  = 1,2,   ...,  2Q 

where the positions of maxima are  represented by the set of cp.   .    Making 
the substitution -1 

Ajk = SGn cosCCn-DCcpj-c^)] (3) 

j  = 1,2,   ...,  2Q 

k = 1,2,   ...,  2Q 

yields 

Ej = S Ik A       . (4) 
k      "    Jk 

The range of ,i and k in this and subsequent equations is the same as in 
Equation (3). 
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We next consider a set of perturbations,  Ak.  applied to the original 
set of currents, Ik.    These perturbations result in new values for Ej, 
redesignated Ej, for the 2Q far-field positions corresponding to the maxima 
of the original pattern 

E1 =2Li(Ik + Äk)Ajk 
J        k 

(5) 

Substituting  from Equation (4)  and transposing results in 

s^-^-V (6) 
k 

The values of E, are known from Equation (4); the 2K values of Ej may be 
arbitrarily chosen and this set of equations solved for the 2Q perturbations 
of the element currents. 

As currently implemented,  the far field magnitude is  set equal to its 
previous value at the main beam maximum and at the 2Q-1 sidelobe positions, 
a new level,   in general lower than in the previous pattern,  and equal at 
all sidelobe positions,  is chosen.    Far field phase is currently established 
as a strict  180-degree alternation between adjacent lobes;   starting with 0 
phase for the main beam.    By substituting the perturbed currents for the 
element currents in Equation  (1)  and repeating the above procedure a number 
of times, an iterative method  for sidelobe  reduction results. 

Current distributions yielding far field patterns with sidelobe  levels 
equal to and also below the levels of the original objective function  (in 
the example,  a Tchebycheff pattern of order 16 with 30 dB sidelobes    have 
been attained for the cases examined to date.    In the example,  sidelobes 
were initially reduced to 24 dB and subsequently reduced in 1 dB increments. 
Figure 2 shows typical results for this array; an intermediate sidelobe 
reduction to 26 dB,  reduction to 30 dB and an ultimate reduction to 33 dB, 
are shown. 

For a given sidelobe level the current distributions obtained by using 
the above method are not unique, but depend, for instance,  on the choice 
of starting current distribution.    Utilizing the method,  an entire family 
of current distributions,  resulting in patterns with equal sidelobe levels, 
but differing in detail, may be generated. 

ADDI1I0NAL RESULTS 

Figure  3 presents plots of half-power bearawidth versus sidelobe  level. 
In this figure, and subsequently,  an abbreviated notation is utilized. 
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The notation T16(20)  refers to an order 16 Tchebycheff with 20 dB lobes. 
A superposed bar, e.g., T16(20)  indicates the result of DuHamel's 
approximate synthesis of T1o(20).    In this  figure, all beanwidth data were 
obtained by linear interpolation in calculated tables of voltage versus 
far-field angle.    Two separate iterative paths are plotted.    The path 
starting with T16(30) has been discussed above;  the path starting with 
T16(2Q)   results from an initial sidelobe leveling to 16 dB and subsequent 
sidelobe  reduction in 1 dB increments.    At each iterative step the pattern 
was calculated  in 3 degree increments of far-field angle.    The best sidelobe 
level obtained was, in this case,  29 dB. 

Figure 3 also includes plotted values for T16(20), T16(25)  and T16(30); 
these plotted data allow comparison of the azimuth resolution of the 
patterns obtained from the current distributions on discrete arrays, ob- 
tained by the  iterative technique, with the  resolution of the exact 
Tchebycheff patterns of order 16 having corresponding sidelobe levels. 
It  is interesting to note that only approximately 0.25 dB less resolution 
is obtained from the derived discrete current distributions then from 
the corresponding exact Tchebycheff pattern. 

The iterative procedure starting with T    (20) was terminated at 
the 29 dB sidelobe level because, due to the relatively coarse computation 
interval, an apparent shoulder,   rather than a maximum,  appears adjacent 
to the main beam.    Due to the method of assigning far field phase currently 
implenented,  this causes a reassignment of far field phase at all determined 
positions of sidelobe«*, the new values differing by exactly 180 degrees 
from the previous va^ les.    This requirement of drastic change in the far 
field pattern,   of course, destroys the perturbational method.    The iterative 
procedure starting with T16(30) was terminated,  rather arbitrarily, at  the 
33 dB sidelobe  level.    Beyond the 33 dB level, although the general side- 
lobe level continued to decrease, occasional lobes, higher in amplitude 
than the assigned objective level appear;  and,  in general the positions of 
maxima begin to change rapidly from one iterative step to the next.    This 
effect is thought to stem from loss of accuracy in the solution of the  set 
of simultaneous equations;  this conjecture, however, has not  yet been 
verified. 

Figure 4 gives representative current distributions obtained during 
the  iteration starting with T16(20) while Figure 5 gives corresponding 
data from the  iteration starting with T16(30).    The difference in phase 
variation on the rearward elements between the two cases is noteworthy. 

CONCLUSION 

An iterative technique has been presented which is capable of 
deriving  low sidelobe current distributions  for circular or cylindrical 
arrays of elements.    Examples were given of the use of this technique to 

■   : 



; 

r 

I 

suppression of sldelobes In the principal plane patterns of two circular 
arrays of 32 dlpole elements, spaced a half wavelength apart,  around a 
conducting cylinder.    In one case a current distribution yielding 29 dB 
sidelobes was obtained; in the other case 33 dB sidelobe patterns were 
obtained.    Both of these patterns, as In other examples of array of 2Q 
elements considered to date, exhibit azimuthal directivity only about 0.25 
dB less than the order Q Tchebycheff pattern with the same sidelobe level. 
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A SYMMETRICAL MULTIBEAM FEED NETWORK 

FOR CIRCULAR ARRAYS 

J. Paul Shelton 

Delex Systems, Inc. 

Arlington, Va. 

INTRODUCTION 

Basic Concept 

In previous papers the theory of obtaining simultaneous 

multiple beams from circular arrays has been described. In 

brief, the technique consists of cascading two Butler matrices 

with appropriate interconnecting phase shifts. The matrix con- 

nected to the radiating elements forms a set of ideally omni- 

directional modes. These modes are phased properly at their in- 

puts, the lines connecting to the second matrix. The second ma- 

trix combines the modes to form a set of multiple beams, just as 

a Butler matrix does when feeding a linear array, except that now 

the beams are distributed over 360 deg. It is noted that, if the 

beam forming matrix has N inputs and outputs, where N is the num- 

ber of elements, the number of degrees of freedom in the feed net- 

work is N, corresponding to the phase shifts. Since the formation 

of a single beam depends upon the specification of amplitude and 
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phase for N elements,  or 2N parameters, the existence of only N 

degrees of freedom is somewhat unexpected. 

Assumptions 

It is assumed that an acceptable element pattern is available 

for use in this analysis,  and that this pattern is adequate for 

forming the modes used in forming the beams.     It is felt that,  as 

in the case of a linear array,  there is an "ideal" element pat- 

tern,  but the determination of such pattern for any given circu- 

lar array is beyond the scope of this paper.    The use of all N 

modes to form a multibeam array is analogous to a multibeam linear 

array covering 180 deg. 

All analysis is two-dimensional and applicable in the plane 

of the array. Extension to three-dimensional cylindrical arrays 

is straightforward. 

Objectives 

The objective of this paper is to find a multibeam feed net- 

work that has the same symmetry as the circular array. That is, 

the network should appear the same to every input port. This 

characteristic is notably lacking in the cascaded Butler matrix 

configuration. This type of network has been termed cyclic, and 

one would expect a physically cyclic realization to be available. 

SYMMETRICAL CYCLIC NETWORK 

Derivation of Cascaded Network 

If we arrange N straight parallel transmission lines along 

a cylinder, it is possible to imagine directional couplers among 

t 
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all transmission lines as indicated in Figure 1.     The coupling 

regions would all be at the same location along the lines,  anc" 

it is seen that a symmetrical configuration can be achieved with 

N/2 separate coupling strengths.    Recalling the previous allu- 

sion to N degrees of freedom in the tandem-matrix design,  we 

note that the identical phase characteristics of the e n-^ and 

e'        modes reduce the actual degrees of freedom to N/2.    There- 

fore,  the network of Figure 1 is sufficient to realize the neces- 

sary multibeam aperture distributions and satisfies the symmetry 

requirement. 

Unfortunately,  the network of Figure 1 is physically im- 

practical.    A more reasonable approach is sketched in Figure 2. 

Cylindrical arrays of transmission lines are employed, but 

coupling is only between adjacent lines.     If the input ports are 

numbered as indicated,   each succeeding cylinder is seen to use 

a different coupling order, resulting in N/2 cylindrical coupling 

regions with N/2 degrees of freedom. 

Synthesis 

The objective of the synthesis procedure is to determine the 

coupling characteristics required to produce the same aperture 

distribution as that obtained from a tandem-matrix fed array,    k 

I brute-force approach would be to write the scattering matrix of 

each cylindrical coupling region, which is dependent upon coup- 

ling strength.    Multiplication of the matrices for the overall 

i 

i 

! 

I 
f network would give an output distribution that could be equated 

■• 
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with the desired aperture distribution. A normal mode analysis 

will prove more tractable. 

The excitation of one input port is equivalent to simulta- 

neous excitation of all of the progressive phase normal mode 

distributions.  Furthermore, the scattering matrix for a normal 

mode passing through any one of the coupling regions is simply 

unity magnitude with phase shift, tle value of which is depen- 

dent upon the mode and the coupling strength. Thus, on a normal- 

mode basis, the coupling regions are dispersive phase shifters. 

The analogy between the degrees of freedom in the tandem-matrix 

case and the configuration proposed here now becomes more clear. 

In each case the normal modes are phase adjusted to achieve beam 

collimation. A given mode is traced through the network and its 

phase is additively accumulated. N/2 simultaneous linear equa- 

tions are obtained and the required coupling coefficients are 

found by matrix inversion. 

Design of Coupling Regions 

The first description of the cylindrical coupling region 

was in terms of directional coupling between parallel transmission 

lines, and one method for realizing such coupling is through 

branch lines, as shown in Figure 3(a). However, since by normal 

mode analysis the coupling regions are multimode phase shift net- 

works, an alternative approach is illustrated in Figure 3(b), in 

which a set of Schiff man-type phase shifters is arrayed on a cylin- 

der. Since maximum dispersion is required, the coupled sections 

0 
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are approximately X/8 in length. 

For both of the cases of Figure 3,   it can be shown that if 

the coupling between adjacent transmission lines is expressed by 

a coefficient c,  the phase shift for an input mode' with progres- 

sive phase 9 between lines is given in terms of c and 9.     For 

the branch-line network of Figure 3(a),  the phase shift a(c,9) 

is to a first-order approximation of the form, 

a(c,9) ~ 2c cos 9. 

For the network of  Figure 3(b),  the corresponding relation is 

a(c,9) ~ 2c cos    9/2. 

In either case the equations relating coupling coefficients for 

the coupled regions with mode phase characteristics will be 

linear. 

Sample Design 

A sample design is outlined in order to integrate some of 

the concepts presented here.    The steps in the design are as 

follows: 

1. Assume array size,  number of elements,  element 

pattern. 

2. Calculate required mode phase corrections. 

3. Set up cylindrical coupling regions and equations. 

4. Invert coupling coefficient matrix. 

Hi 
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For this example we assume an array of 32 elements with 

circumference of 16 wavelengths for element spacing of X/2. 

The element pattern is assumed to be 

vfJ.\ -       cos 0 

an expression selected not so much for credibility as for its 

approximation to an element backed by a cylindrical ground plane. 

The phase characteristic of the mth mode, referenced to the cen- 

ter of the array, is 

N/2 
■S'Edö  ) cos mfi    sin (z cos 6 ) 

Q   n ^n 'n 
e(m) = atr.| ^  

I E'E^ ) cos n$   cos (z cos ^ ) 
v n=0 n 

(1) 

where ^    = 2Tm/N,  z = 2TTR/X,  and the primes on the summation 

signs indicate that the terms for n = 0 and N/2 are weighted 

by a factor of Jg. 

A plot of the computed phases is shown in Figure 4. It is 

noted that the computed phase varies between plus and minus TT, 

according to the limitations of the arctangent function. The 

«- result of adding or subtracting integral multiples of 2Tr is also 

shown in Figure 4. The new values closely'approximate the func- 

tion, vC, -m , where C, is the circumference in wavelengths, 16 

in this case. It is conjectured that if the element pattern had 

I been more nearly optimum from the standpoint of being free of 
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mutual coupling, the match to this elliptical curve would have 

been better. 

Turning now to the relation between phase dispersion for 

the various modes and the coupling networks, the following ex- 

pression is found: 

ß(i,k) = 2c(k) cos2(^I) , 

where i and k are the mode and coupling region indices, respec- 

tively. Since the modes run from 0 through N/2 and there are 

only N/2 coupling regions, an extra equation is obtained for the 

Oth mode: 

N/2 
E c(k) = 9(0) (2) 
K=l 

If Equation (2) is subtracted from the remaining N/2 equations, 

the result is 

e(i)-e(0) = -2Zc(k) sin2(-i^) . (3) 

Once the 9(i) have been found from Equation (1), solution of 

Equation (3) for the c(k) is straightforward. 

However, it is readily seen from Figure 4 that the 6(i) are 

not unique. This is fortunate because direct solution of Equation 

(3) does not in general give positive values for all coupling 

coefficients c(k). It is readily shown that, for some constant 

p added to the left side of Equation (3), all the c(k) become 

positive. 

<v 
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Table I illustrates computed results for the phases of 

Figure 4. The first set of results is for 6(i) - 0(0) ranging 

from zero to almost 16. Adding 11.372 rad to all modes produces 

the second set of results. 

The third set of results is based on mode phases constrained 

to a range of 2TT rad. Adding 7.048 rad to all modes produces the 

fourth set of results. 

Discussion 

Rather than continue into such considerations as bandwidth, 

partial arrays and networks, or reduced total number of beams, it 

seems preferable to discuss the results obtained and some of their 

implications.  First, it is seen from Table I that the coupling 

coefficients are large, considering that a value of 0.3 corres- 

ponds roughly to 10 db coupling. Next, it is noted that a large 

variation of mode phase results in large coupling coefficients. 

These are aspects that need to be examined further. It may be 

that time-delay-related characteristics are simply not amenable 

to synthesis by dispersion-type networks, just as a Butler matrix 

produces a narrow-band linear array.  Another point to be consi- 

dered is the basic idea of coupling from the center of the aper- 

ture outward.  Any coupling mechanism will inherently introduce 

delay, and the off-center elements need phase advance rather than 

delay. A possible alternative is to feed from the opposite side 

of the array. 

!  , 
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In conclusion,  a symmetrical multibeam feed network for 

circular arrays has been described and partially analyzed.    The 

intention has been to introduce these networks and to suggest 

techniques for analyzing and synthesizing them. 
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SYSTEM CONSIDERATIONS AND DATA PROCESSING IMPLICATIONS 
 OF COOPERATIVE CONFORMAL ARRAY SYSTEMS FOR ATC 

NEAL A. BLAKE, TECHNICAL ASSISTANT - ATC DEV. DIVISION 
Introduction 

The ATC Advisory Committee was formed by the Secretary of Transport- 
ation in August of 1968 to define the improvements to the ATC system 
that will be required to meet the forecast 1980-1995 traffic demands. 
This committee concentrated its activities in the areas of increasing 
system capacity at the high density terminals and maintaining a high level 
of safety throughout the system.    The committee report, submitted in 
August of 1969, concluded that: 

.    The required increase in traffic capacity could be provided in large 
urban areas largely by expanding existing airports.    This requires im- 
plementation of close spaced (25001) dual lane runways (i.e. , separate 
approach and departure lanes separated by 7001).    In addition, the electronic 
guidance and surveillance systems must be upgraded so that independent 
all-weather landing operations can be conducted on these close spaced 
parallel runways.    This upgrading includes development of an improved 
instrument landing system based on microwave scanning beam technology. 

.    Maintenance of safety in high density areas as traffic increases 
requires extension of the ATC separation service to include all aircraft 
flying in medium and high density regions of controlled airspace.    This 
is to be achieved by providing a new collision avoidance service called 
"Intermittent Positive Control (IPC)" to uncontrolled aircraft flying in 
controlled airspace. 

.    Increasing airspace capacity requires high levels of automation in 
order to increase the number of aircraft that can be handled by a controller 
team.   Automation must provide increases of control system capacity of 
two times by 1980 and five times by 1995.    This is to be achieved by 
automation of both routine and decision making tasks and implementation 
of an automatic air-ground digital data link.    This will make it possible 
for computer generated control instructions to be transmitted directly to 
the pilot/autopilot. 

.   Achievement of the capacity and safety goals requires a substantial 
upgrading of the present ATC radar beacon system (ATCRBS) to provide 
increased aircraft capacity, reduced garbling anc. loss of reply data, 
increased aircraft position determination accuracy and a digital communi- 
cations mole. 
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Requirements for the llpgraded ATCRBS 

The approach taken by the ATC Advisory Committee was to define the 
changes to the existing ATCRBS which would be required to eliminate 
many of the deficiencies which exist in the present beacon system; to 
provide the capacity, accuracy, reliability and data rates required by 
the new services; to define the general requirements for the digital data 
link mode; and to provide a method that would permit a gradual phase- 
over from the present capabilities to the new services. 

Present System Limitations 

A significant amount of the computer capacity of the present FAA auto- 
mation systems is used to compensate for deficiencies in the existing 
radar and radar beacon system.    Some of the more serious of these are 
discussed briefly. 

Synchronous garble results whenever two aircraft equipped with trans- 
ponders exist within the same beamwidth and are within two miles of each 
other.    Garbling conditions may also result when reply trains overlap due 
to reflection conditions.    In this case, an aircraft on a different azimuth 
from the main beam may be interrogated due to energy reflected from 
ground objects such as hangar doors.    This problem is particularly severe 
in terminal areas where aircraft are operating close to the ground.   As 
aircraft densities increase, the synchronous garble problem will seriously 
degrade ATC operations in high density areas as identity and pressure 
altitude data, which are required by the ATC aircraft position monitoring 
and control process, will be lost for appreciable time intervals.   The 
severity of this problem 13d the ATC Advisory Committee to recommend 
a range-ordered roll-call type of operation which is capable of greatly 
reducing or eliminating the garble problem. 

The accuracy with which aircraft azimuth and range can be determined 
is degraded when an airborne transponder is exposed to over-interrogation; 
the aircraft antenna is shielded  causing failure to reply to interrogation; 
reply trains overlap; fruit replies are received close to valid target data; 
and variable delays and reply jitter occur in the airborne equipment.   As a 
result, the present system exhibits azimuth centermarking accuracies of 
+ .25° to + .4° and range accuracies of + 370*.   As traffic densities in- 
crease, further degradation in system performance may be expected. 
Although use of trie roll-call mode will reduce the degradation due to pulse 
train overlaps, any significant improvement in accuracy will require 
additional changes.   Improvement of range accuracy will require better 
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control of the airborne transponder delay and reduction of reply jitter. 
I  , Azimuth accuracy can be improved by use of large apert'ire phased array 
I antennas and by control of the R.F. environment.   The present beacon 

systems, both civil and military, are, in general, co-located with a 
! primary radar and are sited to provide good primary radar coverage. 

This results in a considerable overlap jn the beacon coverage.    In addi- 
tion, since civil and military interrogators operate on a common frequency, 
aircraft in high density areas or in areas of intense military training, are 
subject to multiple interrogation (e.g. in the New York area, aircraft in 
the low altitude airspace transitioning to land at one of the major airports, 
may be illuminated by up to 10 interrogators).    Environment control re- 
quires that the number of interrogators operating simultaneously in an 
area be limited to the minimum number that can support the civil-military 
missions.   Although much progress has been made in controlling the en- 
vironment, further improvement is needed.    Present processing systems 
can handle fruit counts in the tens of thousands per second.    In many areas , 
however, the fruit counts are in the hundreds of thousands per second, and 
in some high density areas, the counts have reached into the millions per 
second.    For this reason, video defruiters are used at most sites today. 
As the aircraft fleet grows, additional improvements, such as receiver 
side lobe suppression, may be required to reduce fruit levels. 

The severity of the over-interrogation and fruit problems will be reduced 
in a system using a range-ordered roll-call mode of operation; however, 
due to the multiplicity of services, both civil and military, cond "^ted on 
the present frequencies, it may be necessary to introduce the new services 
on a new pair of frequencies. 

1980-1995 ATC System Improvements 

Improvement of the ATC system to provide for automatic traffic control 
requires improved reliability and accuracy in determining aircraft position, 
short access time for digital communications relating to safety, variable 
data rates which increase as aircraft density and precision of control 
increase, and high traffic handling capacity.    The ATC functions which 
affect the characteristics of the data acquisition and air-ground digital 
communications include conflict control and IPC,   ATC sequencing and 
spacing of traffic and safety monitoring of aircraft on narrow high density 
routes and close spaced final approach courses. 

Conflict control includes the detection of situations that may lead to 
collisions and the issuance of resolution control orders in adequate time 
to avoid the collision.   The ATC Advisory Committee in st idying the near 
mid-air collision data concluded that the collision rates would become 
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intolerable by 1980 if       system changes were instituted.    In evaluating 
various solutions, the committee concluded that the necessary improve- 
ment in safety could be achieved, at least for the densities forecast by 
1980, if aircraft in a potential collision status were brought under control 
for the length of time required to resolve the conflict.   The method sel- 
ected used a digital data linK to transmit the commands to the aircraft 
involved.   Since the intent of uncontrolled aircraft is unknown, prediction 
and resolution of conflicts involving oue or more uncontrolled aircraft 
presented the most challenging situation.    The computer process selected 
projected all possible locations of each aircraft for the rext 30 seconds. 
Whenever an overlap of any portion of the volumes occurred, the comp- 
uter checked to see whether the aircraft would pass safely if chey were 
constrained to fly "straight and level" or whether it was necessary to turn 
the aircraft.    The appropriate command was then sent to the aircraft. 
Since the number of "false alarm" commands increases as the prediction 
time and volume increase, it is desirable to limit the prediction time to 
the minimum that will permit the pilots to recognize the commands, re- 
spond to them and pass no closer than 2000 feet from each other.    This 
time interval is in the area of 20 to 30 seconds.    Since the majority of 
this time (e.g.  14 to 20 seconds) represents evasion maneuver time, the 
data acquisition system must be capable of quickly accessing all aircraft 
in its area.   Since any errors in determining aircraft position are reflected 
as errors in computed velocity, the size of the threat volume and the 
numbers of "false alarm" commands will increase as data accuracy de- 
creases.    The values for data rate and accuracy c.re related to traffic 
density and will vary as the aircraft progresses through the air environment. 

Increasing the traffic capacity of large terminal areas while minimizing 
airborne delays    requires use of computer assistance in the sequencing 
and spacing of terminal area traffic.   The process used by the computer 
programs is to continuously monitor the early-late status of the aircraft 
relative to its arrival slot position and to issue control orders in the 
form of vectors, altitude changes and speed changes to achieve precision 
delivery of aircraft to the runway.   As airport capacity is increased by 
implementation of close spaced dual runway systems, terminal route and 
final approach course spacings are reduced to two miles and 2500 feet 
respectively.   As a result oJ' the close spacings, aircraft deviations away 
from track must be detected quickly and corrective action, in the form 
of control orders, initiated within few seconds of the time of detection. 
The computer monitoring of these routes, and indeed, the feasibility of 
using such routes: is predicated on being able to achieve data rates of 
one message per aircraft per second for up to 2000 aircraft, accuracies 
of 100 feet in range   and 1 to 2 mils in azimuth,and communications re- 
liability better than 99% on the first interrogation.   If these values can be 
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achieved, the computer can track each aircraft and compute the deviation 
from track and the rate of movement away from the track.    Accurate 
determination of these two factors allows the computer to generate 
control instructions in time to bring the aircraft back on track (or initiate 
a go-around) and yet does not result in a high percentage of unnecessary 
control ore?rs (false alarms) which would greatly reduce pilot acceptance 
of the monitoring system.    The data acquisition site will also contain a 
fairly sophisticated data processing capability.   Although the design of 
these sites is yet to be achieved, the processor will probably perform the 
function of tracking aircraft based on data not only from the upgraded 
ATCRBS system but also from non-co-located primary radar systems. 
The data from the vario-.is syslems will be compared and position data 
representing aircraft not replying to interrogation will be extracted and 
sent to the control facilities along with data from cooperating aircraft. 
Since the conflict control process requires minimum delays, this function 
may well be carried out by the processor at the data acquisition site. 
Control orders resulting from this process would be sent to the control 
facility as well as to the aircraft.    Performance cf the conflict control 
routines at the data acquisition site will also permit conflict control to 
continue in the event that a control facility is lost.   Redundant beacon 
coverage will permit servicing aircraft from alternate data acquisition 
sites in the event that a data acquisition site suffers a major failure. 

Data Acquisition System Requirements 

The general performance requirements for the data acquisition system 
were established by studying a traffic model for the Los Angeles area for 
the 1980-1995 time period to determine the traffic loading and by deter- 
mining the accuracy and data rates required for automation of the ATC 
functions presented above.   Although various alternatives are still under 
study that may modify the values, the ones resulting from the studies to 
date are presented with an indication of the major factor(s) that resulted 
in their selection. 

The data rate varies as the aircraft approaches the high density areas. 
The time between interrogations for aircraft operating in the enroute area 
can be as low as 10 seconds; for aircraft in the transition area, 3 seconds; 
and for aircraft in the final approach area, I second.   These rates are 
largely determined by aircraft proximity and required system reaction 
time. 
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The capacity of each beacon was determined from traffic forecast data 
which indicates a general increase of 5 times by 1995.    The design re- 
quirements were based on a 10 times increase as traffic estimates have, 
in the past, tended to be low.   On this basis, the Los Angeles data ac- 
quisition system for the terminal control facility would receive data from 
4200 simultaneously airborne aircraft within the terminal airspace 
volume of 60 x 120 miles by 10,000 feet.   The traffic count for the Los 
Angeles high density center using the same assumptions would include an 
additional 3800 aircraft.   In order to obtain the required low level cover- 
age and some system redundancy, it was assumed that the terminal volume 
would be serviced by two interrogators.   These interrogators would be 
operated sequentially in the data link mode in areas where their simultan- 
eous operation would cause interference. 

In order to determine the technique to be used to service this number of 
aircraft, estimates were made of the message length required for the ATC 
service.    It appeared that 50 bits would provide an adequate message 
structure for all of the ATC messages.   Since these messages,which are 
transmitted as a part of the aircraft position determination messages, are 
relatively few in number (e.g. not over one per minute per aircraft even 
under the highest density conditions) considerable communications capability 
is available for future automation of additional services (e.g. transmission 
of selected weather data and detailed ATC clearance interchanges).   It was 
readily apparent that the present scanning beam and statistical center 
marking process, which requires 18 to 20 replies per beamwidth to achieve 
the present accuracies, would not permit servicing of the required number 
of aircraft at the required rates.    As a result, the committee selected the 
beam steering mode of operation for determining aircraft position.    In 
this method, the beam is pointed at the predicted aircraft location during 
the interval when the reply is expected and then the beam is vernier 
steered during the reply period for accurate position determination. 

The azimuth accuracy of 2 mils required for the terminal monitoring 
function can be achieved using a large aperture phased array system with 
a shaped reflector to generate a fan-shaped interrogation beam.   A circular 
array with an aperture of about 60 feet can generate a 1° beam at 1030 MHz 
and appears to be capable of providing the required accuracy. 

Since the new data link mode must be introduced in parallel with the 
present beacon service, the interrogation modes must be interlaced. 
One possible method of operating, which was examined during the study, 
was based on the following assumptions: 
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.   The message period per aircraft would be 50 microseconds long 
with 20 microseconds allowed for beam positioning and 30 microseconds 
for transmission of the message. 

.   The airborne transponder would have a one millisecond delay- 
before replying in the data link mode. 

.   AH messages transmitted during one data link period would be 
arranged in ascending range order by the processor. 

.   The beacon mode A and C interrogations would be interlaced with 
the data link mode. 

.   Beacon range would be limited to approximately 100 miles. 

The system would then operate in the following manner.   Aircraft entering 
the system and equipped with a standard transponder would reply to the 
standard mode A and mode C interrogations.   Aircraft equipped with the 
new data link encoder-decoder would enter the system by replying with 
the aircraft discrete code to a data-link mode general call.   Once entered 
in the roll-call, the aircraft would reply only when its discrete code was 
received.   One possible interrogator sequence is as follows: 

1. Transmission of 20 data link interrogations   (1 ms) 

2. Receipt of conosponding aircraft replies   (2.2 ms) 

3. Transmission of a mode A or mode C or data link general call 
interrogation and receipt of replies   (1. 2 ms) 

4. Repeat the above sequence. 

If a single beam were used 227x 20 = 4540 data link equipped aircraft 
could be serviced each second.    In addition, a stepped 1° beam would 
provide a 360° search ^or data-link equipped aircraft entering the system 
every 1.6 seconds.    Standard beacon interrogations would result in a 
360° scan every 16 seconds.   Since it is possible to use multiple beams 
in the scanning modes, the standard beacon mode sein could be reduced 
to 4 or 5 seconds.    This method of operation is only one of many that are 
possible.   Other more sophisticated operating modes were examined during 
the study and further analysis is needed before the choice of method can 
be made. 
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Status and Summary 

The ATC Advisory Committee defined the method of increasing airport 
capacity., the required level of automation and the general requirements 
for the upgraded beacon system.    The Committee indicated that a large 
aperture phased array antenna system and associated processor would 
permit the necessary accuracy, data rate and communications capability 
to be achieved while at the same time permitting a smooth transition 
from the present beacon system operation to the future precision data 
acquisition and data link system. 

The committee provided general guidance for the upgrading of the data 
acquisition system.    The FAA is presently evaluating these recommenda- 
tions and preparing the development plan not only for the data acquisition 
system, but also for the other elements of the upgraded ATC system. 
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ABSTRACT; In  future shipboard IFF systems,  the complete identification 
of all targets roust be made in less  time than it now takes  with 

today's systems.    One way to meet this shorter time would be to increase 
the scanning rate of the antenna.    However,  to meet the requirements,  the 
antenna then must be turned at speeds greater than can be reasonably 
designed into combined radar/lFF antennas;  or into slaved IFF antennas 
mounted on separate pedestals.    The electronically steered antenna systems 
that position the beam without mechanical movement can meet—even greatly 
surpass—the high speeds required.    With electronically steered antennas , 
the time for rotation is limited only by the electrical switching circuits 
and it is possible to achieve speeds that are hundreds of times faster than 
with mechanically rotated antennas. 

The design of electronically steered antenna systems will almost 
always be a compromise made from several "trade-offs".    Choice exists in 
beamwidth, diameter of the array, number of radiating elements energized, 
the type of RF feed system and switching matrices, and (very importantly) 
the accessibility of the array for maintenance after the initial installation. 
The design of two such electronically steered antenna systems has been 
undertaken by the Navy, and each system has unique features not found in the 
other. 
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GENERAL; The Navy decided to develop these two circular antennas 
instead of one) because there were sufficient features and 

risks connected with each design that would make it unwise to proceed 
without first evaluating each antenna in an operating system.    After 
proving the system performance of each antenna,  the better design features 
will be combined into a final specification for production units.    This 
simultaneous development of two systems protects against the risk of putting 
all the "design eggs" into one basket. 

No attempt will be made to prove the theory behind each design. 
This paper will simply provide descriptions of both antennas» outline some 
of the problems encountered, and compare the pertinent technical features 
common to both systems. 

HISTORY; Even in 1966, it was evident that the antenna of the future 
for shipboard IFF would have to be something other than a 

mechanically rotating device.    The prime reason was the high speed 
scanning rates but another reason nearly as  important was the need for 
operational reliability such as can be provided through solid state 
electronics.     The elimination of moving parts was considered mandatory 
because such parts  are notorious for the tendency to wear poorly and 
thereby require frequent refurbishment or replacement.    Moving parts are 
also quite susceptible to additional degradation from the "at sea" 
environment of wind loading, salt spray, stack gas contamination,  and 
ice loading.     The speed of rotation of a mechanical antenna is usually 
limited to approximately 15 RPM, or U seconds  per 360 degree rotation. 
It is impractical  to design a "jump-scan"  feature into a mechanical system 
that can change from one direction to another without rotating through 
all of the intervening positions.    Therefore,  the time to go from one 
direction to another is  a function of rotational  speeds  rather than 

* direct movement and consequently takes more time. 

Electronically steered antennas have no moving parts so are not 
fettered  to the mechanical problems.    They are many times faster  (up to 
20,000 RPM),   do not require frequent maintenance,  and are not as adversely 
affected by the sea environment.    Moving the beam directly from one position 
to another without passing through intervening positions is accomplished 
in microseconds.     Control of the beam position through the use of digital 
signals permits computer programming techniques  for efficient use of the 
antenna.    Another feature of the circular array is  the inherent ring or 
"doughnut" construction that permits mounting the array around a mast,  on 
top of or around a deck house, or similarly affixed to other superstructures 
of the ship.     The fixed circular antenna eliminates  the turning clearances 
normally required by rotating planar arrays, and therefore is more 
versatile for installation on a ship.    And lastly,  '-.he circular arrays 

I can be readily "stacked"  in layer fashion providing multiple antennas in 
one mounting location. 

j The original development plan of the Navy (started in 1966) specified 
that one design utilize magnetic reed switches and the other design use 
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RF diodes for the switching devices.    The appeal of the reed switch was 
the low insertion loss and also the magnetic holding action (in either 
position) that eliminated the need for "holding power".    The unattractiveness 
of the reed switches was the relatively long total switching time of a 
few milliseconds which was barely acceptable and was much longer than    • 
desired.    The RF diodes were attractive because they had switching times 
in low microseconds, but in 1966, the reliability, unit cost, and insertion 
losses were unattractive.    Therefore RF diodes were only conditionally 
acceptable.    It was these pros and cons that prompted the decision to 
develop two circular antenna systems and prepare the final specification 
after the technical evaluation of the two systems. 

It is 
some of the 
reliability 
The magnetic 
current for 
other-hand, 
reliability 
insertion lo 
techniques, 

an interesting fact that after several years of development, 
parameters  established in 1966 are not valid for 1970.     The 
and long life credited to the  reed switches is now in question, 
latching feature has been deemed unsatisfactory and holding 

one-half of the reed switches must now be provided.    On the 
the RF diodes  have been developed to a degree that reasonable 
and satisfactory life times are achieved.     Also, the diode 
sses have been improved so that through judicious switching 
the total system losses can be reduced to  acceptable levels. 

From the foregoing,  it can be seen that the design features—good 
and bad—recognized in 1966 are not patently true in  1970.    The choice of 
one    design over the other can now be made without being influenced 
strongly by a specific component choice such as  reed switches versus RF 
diodes. 
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DESIGN; Design goals  for electronically steered antennas for shipboard 
use do not differ greatly from design goals for similar 

antennas for land based installations.    Platform stabilization is sometimes 
required for shipboard installations,  and the design of the units must 
include protection against salt spray, stack gas temperatures, and stack 
gas contaminants.     Access  for maintenance of an array installed on a ship 
may require a different design treatment than required for a fixed land 
based installation.    Some of the basic design parameters for shipboard 
systems is presented at this time  (FIRST SLIDE ON)  to serve as a prelude 
for the individual descriptions of the two developmental antennas that 
follow. 

(Discussion of first slide-then SLIDE OFF) 

ANTEMNA ^ 1. The first circular antenna to be described was developed 
by the Scanwell Laboratories of Springfield, Virginia 

(SECOND SLIDE ON).     This development will be described in greater detail 
by their engineers in a following paper.     The array is  twenty feet in 
outside diameter and provides a choice of two azimuthal beamwidths—either 
4,.5 or 8.8 degrees.    The vertical beamwidth is  58 degrees and two identical 
circular arrays are stacked one on the other.    Each array has the same 



characteristics when fed separately.    The purpose of the two arrays is to 
provide a continuous 360 degree scanning with one while using the other for 
jump scanning from one target to another for special data processing.    The 
360 degree scanning provides  "all target" up-dating at about one second 
refresh rates, and the jump scan provides capability for immediate attention 
to pop-up targets or special security checks on a "target-by-target" basis 
at a switching time of approximately three milliseconds. 

Electronic units are mounted above decks as well as below the decks. 
One electronic package, a scanner unit, is needed at each circular array— 
in the case of the dual arrays  there are two such units—and the basic 
distribution of the RF energy is accomplished in this scanner unit.    The 
RF paths are coax cables  through reed switches to  the radiating elements. 
The control of the switches  is generated in the below deck electronic 
equipments,  and on-line monitoring of the switching paths from the radiators 
is provided.    The interconnections between the above deck and below deck 
equipments are a single RF cable 81 control leads ,  and 126 monitor leads 
for each array.     The RF energy from the transmitter is  first switched 
through an ISLS   (interrogation Side Lobe Suppression)  switch for directing 
the energy into  the sum or difference inputs of the scanner.    There are 31 
outputs from the scanner that feed 31 switches on  the array which in turn 
feed 62 more switches  that are connected to the 124. radiating elements. 
A monitor wire from each radiator is fed back to the below deck equipment 
to indicate when  the  radiator is being energized and serves as a monitor 
of array performance.     The control of the ISLS switch comes from the IFF 
interrogator which is  the transmitter/receiver connected to this antenna. 

The inputs  to  tne below deck electronic equipment are:     (1)  10-bit 
digital control word,   (2) manual controller 10-bit digital word,  and  (3)  60 
cycle, 1 speed synchro data.    Slaving or directing the array is accomplished 
by any one of the three inputs. 

The weight of the array is approximately 2100 pounds, which is too 
heavy for nominal shipboard installations, but it must be remembered that 
there are two independent antenna systems in this construction, therefore 
a single array could be expected to be around 1200 pounds.     (SLIDE OFF) 

ANTENNA # 2.    The second circular antenna is under development by 
Geotronics,  Inc., a company in Falls  Church, Virginia. 

(THIRD SLIDE ON)     As  built,  this is a single array though a dual array 
construction is feasible.    The outside diameter is 9.5 feet, the beamwidth 
is approximately 7.2 degrees horizontal and about ^.8 degree." vertical 
coverage.    Like the system before it, this antenna beam can be positioned 
or slaved through a 10-bit digital control word,  CO eye?^-1 speed synchro 
data, or manual controller 10-bit digital word.     The array of radiating 
elements differs  considerably.    There are 180 radiators interspaced 
equally to provide three separate circular arrays  each consisting of 60 
radiating elements.    Each array is spaced one-third electrical dimension 
from the other two—all are on the same periphery.    The RF energy is fed 
through an R-2R lens system.    Because there are three separate arrays, six 
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lenses are required—two for each array.    The switching of the energy is 
through RF diodes  and strip-line feed matrices.    Thirty radiators are 
energized (to produce a beam)   from one lens or a combination of two lenses. 
The beam steps  in  sixty major steps with 16 intermediate steps between 
each major step.    This method provides a system capable of stepping the 
beam in 960 discreet steps of 0.375 degrees per step  (6 lenses with 10 
major steps each  (60) multiplied by 16 intermediate steps  for each major 
step). (THIRD SLIDE OFF) 

Instead of providing sum and difference techniques,  this second 
antenna provides an omni-directional pattern for the ISLS function.    This 
is simply done by feeding two matching lenses  through a centrally lo-ated 
input probe.       (FOURTH SLIDE ON)    The 360 degree coverage is better 
defined by this slide.     Energy is fed directly into  two ports of a lens, 
or one port of two  lenses, depending upon the desired beam position.    The 
step-type power divider provides 16 discreet positions ranging from one 
port direction to  the other port direction.    The switching diodes choose 
which'two ports are used.    When in the omni-directional position, the 
step-type power divider is removed and equal power is fed to the centrally 
located input ports of one pair of lenses. 

The eight-throw diode switches provide a minimum RF path loss to 
the radiators.       (FOURTH SLIDE OFF—FIFTH SLIDE ON).     The general design 
of the switching matrix is shown by this slide with a schematic of the 
switch and strip-lire feed system.    Specific engineering details cannot be 
given at this  time as  some proprietary rights of both the Government and 
the contractor are involved. 

f (Discussion of slide, and then—FIFTH SLIDE OFF) 
f. 

PROBLEMS; The design  carried cut under both contracts  had the usual 
head-aches,  false starts, and performance gliches attendant 

with development of electronic equipments.     In  addition to  these,  the 
following and somewhat unique problems were encountered.    The relatively 
large number of switching devices required that a careful study be made 
to determine the optimum design of the switching matrix.    The first impulse 
is to use a binary number but optimum design was  found to use a number 
other than binary.     For the first antenna the number was  124 (not 128)   and  for 
the second antenna the  number was 60 (not 64.).     It  is suggested that 
designers of similar systems  keep an open mind concerning the number of 
radiating elements  because a binary number might not be optimum. 

Not having a binary number of elements operate against a 1024 
(ten-bit)  binary control signal requires special treatment in the logic. 
In the first antenna,  the logic operating on the control signals of the 
ten bit input word perform P. "skip" for every thirty-second position.    This 
provides 992 steps for the 1024 input commands and each step is 0.363 degrees 
instead of 0.35 degrees which is the length determined by 1024 steps.    The 
error is beam direction progresses to the 31st step and returns to  zero on 

i- 
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the 32nd step.    This process repeats itself as the beam rotates through 
360 degrees.    The maximum error is 0.21 degrees. 

In the second antenna,  the solution was to step 0.375 degrees 
instead of 0.35 degrees of the control word.    Every 16th step was 
disregarded and 960 steps thereby resulted from the 1024. discreet orders 
from the digital 10-bit control word.    The directional error produced by 
this method grows from zero to 0.18 degrees and returns to zero as the 
beam position advances from one through sixteen positions and repeats 
itself for every subsequent sixteen steps.    This  type of error has been 
considered acceptable to overall performance for shipboard IFF systems. 

Stacking one antenna upon another required careful choke design 
so that vertical pattern interference would not degradate system 
performance of either antenna.     Due to the relatively good isolation 
provided by the choke design,  only some—but tolerable—interference is 
experienced.    Also,  when considering that the normal operating procedures 
cross'beam positions quite rapidly, system performance continues even 
with the short term  (microseconds) interference  that occurs.    There is 
only a low probability of this  condition happening at a critical data 
acquisition period. 

COMPARISON: In  finale, a comparison is made of the features found 
in both systems.     (SIXTH SLIDE Oil)    From this comparison one can see 
the features that appeal  for a given antenna performance criteria. 

(Discuss  the slide, then-SIXTH SLIDE OFF) 

CLOSING: If anyone desires more information about the two antennas 
described by this paper, it will be appreciated if all such 

requests are addressed to  the Navy Department as  follows: 

Naval Ship Engineering Center 
Center Building 
Hyattsville, Maryland    20782 

ATTN:    Mr.  Joseph L.  Weis 
Code NAVSEC 6175005 
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ELECTR'ONICALLY SCANNED DUAL- BEAM V/ULLENWEBER ANTENNA 

WilHarn F.   Gabriel 
Del ex Systems,  Inc. 
Vienna,   Virginia 

William C.  Cummings 
Scamvell Laboratories,  Inc. 
Springfield,   Virginia 

SUMMARY 

This antenna system^ ,   shown in Figure 1 at the completion of its 
construction,   consists of a 20 foot diameter antenna ring,  two (Z) R.F. 
scanner units,   an electronics cabinet rack,   and two (?.) remote beam 
controller.':;.    The antenna ring was deliberately designed for a large 
open-center configuration and disassembly into two halves in order to 
facilitate mounting around structures.    The ring contains two (2) 
Wull.enweber type circular arrays of 124 elements each which are stacked 
vertically and are designed to permit operation either individually or in 
coherent combination.    When operated individually,   each array has the 
fol 1 owing de s ign ch a r act e ri sti c s; 

a) Frequency band - 1000 to 1 100 megacycles 

b) Polarization - Vertical 

c) Elevation beamwidth •• 58° 

d) Azimuth beamwidth - Selectable 4. 5° or 8. 8° 

e) Antenna gain -  19 db (not including system loss) 

f ) System attenuation loss -4.5 db 

g)   Sidclobe characteristics - 26 db on sum pattern and smooth 
skirt coverage on difference pattern. 

1 
1 
i 
I 

1 The antenna described in this paper was developed and constructed by 
Scanwell Laboratories,   Inc.,  Springfield,   Virginia,   under Contract 
NObsr-95040 with Naval Ship Systems Command,   Department, of the Navy. 
Construction was completed in December 1968,   but field measurements 
and acceptance tests had not been performed as of the submission date of 
this paper. 
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h)   Azimuth beam positions - 124 equally spaced positions 

i)   Beam switching speed - 3 milliseconds between any two azimuth 
beam positions 

The present beam switching speed permits a stepping rate of at least 
62 beam positions per second.    These positions may be selected in arbitrary 
sequence from among the 124 available in azimuth..    If it is desired to sweep 
the beam continuously in om; direction,   there would be at least 30 complete 
azimuth sweeps per minute. 

The array elements consist of probe-fed flared horns with chokes. 
These are visible in Figure 2.    The chokes are necessary in the vertical 
plane in order to achieve low back-radiation and,   also,   to prevent excessive 
coupling between the upper array and the lower array.     In the azimuth 
plane,  the elements radiate as a circular array of vertical probes backed 
by a ground plane.     The design was developed by modeling at S-band,   so 
that the radiation patterns of the model, will be shown if field measurements 
have not been completed by the time of presentation. 

The elements are fed through a special network of R.F.  cable and 
distributed R.F.   switch boxes.    It required a total of 4900 feet of alumi- 
num jacketed,   semi-rigid,   coaxial cable to implement the feed network. 
Figure 3 shows one of the 94 R.F.   switch boxes which are distributed 
around the inside of the antenna ring.    Each box contains two (2) R.F. 
switches,  SPUT,   in which the switching elements consist of magnetically 
c n c r g i zed,   m c r c u r y - w c 11 e d r e e d c a p s u 1 o s . 

The heart of the feed network is a device termed a "Pass-Around", 
which is contained in the R.F.   scanner unit  shown in Figure 4,    It. has 
31 input ports,   31  output ports,   and consists of 155 interconnected SPDT 
switches.    Its function is to switch the input distribution of 30 element 
signals into the proper sequence at its output ports so that they will be 
transferred by the feed network to correctly illuminate the particular 
group of 30 elements required in forming a given radiated beam.    The 
amplitude illumination tapers required for the selectable azimuth beam- 
widths are set up by   a dual directional coupler pow^r divider. 

The electronics cabinet shown on the left in Figure 1 contains the 
binary bit switches,   a 64 position electronic switch,   buffer stages,   code 
circuits,   driver stages for the R.F.   switches,   pulse circuits,   and power 
supplies.    Beam steering is accomplished by feeding a seven-bit digital 
signal into the electronics cabinet from the remote beam controllers. 
The two controllers arc visible in the right foreground of Figure 1.    They 
permit automatic beam command control from external digital or synchro 
inputs,   and they can also be switched into a manual, stepping or slewing 
of the beams via a binary analoguc-to-digital encoder. 

- 2 - 
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STEP-SCANNED CIRCULAR-ARRAY ANTENNA 

' 

by J. E. Boyns 
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J. H. Provencher 
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ABSTRACT 

A circular-array radar antenna, designed for opera- 

tion over a 20-percent bandwidth, has demonstrated 

improved performance over that of linear arrays.    A major 

advantage is that the beam pointing angle is independent of 

frequency.   The array developed and tested provides 128 

beam positions with a beam crossover of about -2 dB,  a 

half-power beam width on the order of 4 or 5 degrees,  and 

a side-lobe level of -25 dB.    Step increments of one 

element per beam position allow practical implementation 

of step scanning, i. e. ,  simple commutation of the 

current distribution. 

Two approaches are possible for feeding and scan- 

ning the ring array:   (1) a vector-transfer system involving 

3-bit phase and amplitude boards which are capable of 

amplitude attenuation (VT scan) and (2) a lens feed system 

employing an R-2R parallel-plate region, with the spacing 

between the plates less than one-half a free-space wave- 

length,  so that only the electric-field component perpen- 

dicular to the plates is propagated.    Energy is launched 

and extracted from the lens by means of mono poles 

mounted one-quarter wavelength in front of the circumfer- 

ential ground plane enclosing the lens. 

Computatic   . involved in determining current dis- 

tribution are based on a synthesis of Chebyshev patterns. 

d<~ 
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INTRODUCTION 

It is well known that the radiation pattern produced 

by a planar or linear array deteriorates with increasing ! > 

scan angle.    To obtain 360-degree azimuth coverage from 

an electronically scanned array aperture,  there are 

numerous advantages to the use of a circular array.    When 

compared to a configuration of four linear arrays, for 

example, it   can be shown that for the circular array the 

overall performance can be improved.    Since the symmetry 

of the array is the same for all beam positions,  the beam 

pointing angle is independent of the frequency.    Numerous 

other advantages accrue depending upon the 

particular application. 

Some of the problems involved with the design and 

implementation of the circular array are:   (1) increased 

complexity in the mathematical analysis of the circular 

array as compared with the linear array; and (2) increased 

complexity in developing a feed system that both provides 

proper phase correction to a planar phase front and com- 

mutes the phase and amplitude distributions to step the 

beam.    This paper describes some particular solutions 

to these problems. 

The design goals of the array to be discussed here 

are:   (1) 128 beam positions with a beam crossover of 

about -2 dB,  (2) u half-power beam width on the order of 

4 or 5 degrees, and (3) a side-lobe level of -25 dB.    A step 

increment of one element per beam position will meet these 

goals and allow practical implementation of step scanning, 

i. e.,  simple commutation of the current distribution. 

I 



The project was undertaken in phases:   (1) synthesis of 

current distributions and analysis of array performance 

with the aid of a high-speed computer; (2) development of 

a 128-element array; (3) development of a vector-transfer 

feed system and, independently, of a parallel-plate lens 

feed system,  and (4) evaluation of the final 

experimental systems. 

THEORETICAL CONSIDERATIONS 

The first phase of this paper is concerned with 

some theoretical considerations involved in forming 

narrow-beam, low-side-lobe patterns from the ring-array 

aperture.   It is well known that the Chebyshev pattern 

formulation for the linear array produces a pattern with 

the minimum beam width and lowest side-lobe level among 

all patterns which can be expressed as an N    order 

polynomial.    For the ring array,  it cannot be proved that 

Chebyshev formulation is optimum,   since the ring-array 
th 

pattern is not expressible as an N     degree polynomial. 

However, Chebyshev patterns can be synthesized on the 

ring-array aperture,1 and the technique is useful for 

determining the current distribution required to form a 

good narrow-beam, low-side-lobe-level pattern. 

Synthesis of Chebyshev patterns on the ring can be 

carried out by writing the pattern as a finite Fourier 

series of the form 

T\^    J C/C0S//9 (1) 

fl=0 



and finding the current modes,   ln cos «a, required to pro- 

duce each component of the pattern.   Only symmetrical 

patterns and current distributions are considered here. 

The synthesized current is a continuous distribution; 

approximation by discrete elements and the resulting pat- 

tern errors will be analyzed further on.   The coordinate 

system is shown in figure 1.    The frequency is v and the 

radius is P. 

Any element whose radiation pattern is expressible 

as ^ 
(-' (9- a)    K f (6)   y    Fm (6, v, p) cos m (cp - a) 

m~ 0 

can be used in the general synthesis problem.    This expres- 

sion gives the complex pattern in 9 for an element located 

on the cylinder at the angle a.    Assuming a continuous 

distribution of such elements excited by the current 

H=0 

cos /; a (3) 

the far-field pattern is 

2TT 

E (9, 0)        TG (9-a)/ (o)rfa (4) 

I 
[ 
I 

Substituting equations 2 and 3 into 4, rearranging the sum- 

mations, and noting the orthogonality of the resulting 

integral, we obtain 

E(9,e)    K'/-(9)y— //„cosn? 
*-i E n 
n=0 

(5) 

Matching the coefficients of equation 5 with those of 

equation 1 yields the current mode amplitudes 

CN 

2TTKfC9)F„(e,v,p) (6) 
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Figure 1.   Coordinate System. 



111 
I 

and the current 
.\ 

1(a)-   ^fncos«a (7) 

where £n = 1 if n = 0, and 2 if n ^ 0. 

Now suppose that M identical elements are equally 

spaced on the cylinder at the angles 

«P^'P^ (8) 

where p = 0,1,..., M-l, and { is some fraction of the spac- 

ing that defines the location of the first element with 

respect to the beam direction a = 0.    Let the excitation 

currents be 

The far-field pattern due to the M elements is 

u-1 

ED{*)'   S  /(ap)AaG(<p-ap) (10) 

P=0 

Substitution of equations 2 and 9 yield, after some 

manipulation, 

v 
ED(<p,0)    K/(e) V —/„F,, (e,v,p)cosnq> (11) 

* K ( (6) \     lf!FM,n(6,v,p)(cos(2Tr/')cosr\I-n)(p + sin(2TT/)sin(M-nl9] 

»1= 1 

where we have assumed that Fn= 0 for n >M. 

When the /„'s have been chosen by equation 6 and 

when we consider only symmetric element distributions 

(f = Oorf =4), 
v. 



ED (9, 6) - Tv (?) i K /■ (9) V   TT InFv_n cos (M-n) 9 (12) 

n= 1 

The positive sign applies when the first element is situated 

along the axis of the beam direction; the negative sign 

applies when the first and last elements straddle the beam 

direction.    Expression 12 can be thought of as the desired 

pattern TN((p) plus a "discrete error" which is due to the 

approximation of the continuous current distribution by 

discrete elements. 

The Chebyshev polynomial is of interest because, 

of all polynomials of order N,  it yields the minimum beam 

width for a given side-lobe level, or the minimum side- 

lobe level for a given beam width.    In addition, it is a neces- 

sary and sufficient condition of the Chebyshev polynomial 

that all side lobes are equal.    The polynomial ' i defined as 

Tstzl    cos (\ cos-h) ^_ I  1 (13) 

= cosh IS cosh"^ 2 1 

The pattern for a circular array can be obt.dned from 

the transformation 

.? = a cos 9 t /; 

where   a = '2 lz0 i 1) 

b = h(zQ - 1) 

20 = cosh W'1 cosh"1 R) 

R = main-beam to side-lobe ratio (this ratio will be called L when given in dB) 

The Fourier coefficients of the Chebyshev pattern may be 

computed exactly from the following: 

;     < 
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■ 

M 

C s =  
"     2W+1) 

V—< flTT/ (15) 

where T  = T» 'a cos f j t 

TTl 

9'= \TT 

I») 

Exact expressions for the element patterns and 

their Fourier coefficients are available for various types 

of elements on a cylindrical ground plane.   Computations 

for this study used an expression given by Wait2 for a 

single axial slot on an infinitely high cylinder of radius: 

G (9 - a)    K {(6) S   Fn cos n (9 - a) 
(16) 

with 

and 

where 

rt=0 

cos f/c? cos 6)   cos k\' 
1 sa\ . 

1 \" > 
sin2 6 

V 

«a0 

sm   2 

ll,/21' f/cpsin 0) "aü 

2 

21'    length of slot 

a() = angular width of slot 

"^r 
\ ■- wavelength 

p^ radius   i cylinder 

// (2)' fx) = derivative with respect to the argument of nth order 
Hankel function of the second kind 

When the amplitude pattern of the element is 

known, the complex F,, may be computed in the following 

manner if one assumes that the element has a point-phase 



center on the circumference of the circle.    Let gn be the 

Fourier coefficients of the amplitude pattern lG(q))|. The 

complex pattern can then be written 

G(<f)- |G(q))| exp (jfepsinecosip) 

OO BO 

« = 0 m =0 

using the well known Bessel function expansion of the 

exponential.   With some manipulation this becomes 

G((p)=   } Fm(fepsin9)co8m9 

m=0 

(17) 

(18) 

£m^ where Fm0tpsinQ)=    -—^ }nen[Jm+n^psmB) + (-l)nJm.n(kpsinQ)] 

n = 0 

The curves of Fn(e,v,p), from both the exact expres- 

sions for the element patterns, and from equation 18, are 

functions of the parameter fcpsine.  In general, it is true 

that the Fn converge rapidly for n > fepsinö and, except for 

Isotropie elements, follow a reasonable smooth curve. 

The behavior of the magnitude for elements used in the 

experimental phase of this program is plotted in figure 2, 

computed from expression 16. 

For synthesis of the continuous current distribu- 

tion, only the first N + lFn are of importance (see equations 

6 and 7).   In order to restrict the magnitude of any single 

current mode In, N should be no larger than ftp sine so that 

the Fn do not converge in the region « = 0 to n = iV. (The Cn
N 

are all of approximately the same order of magnitude.) 

A way of formulating this condition in terms of the radius 
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is to avoid modes which require a phase shift between 

elements greater than their electrical separation along the 

arc of the circle.    This again gives the requirement 

N < fepsine.  This condition is necessary to avoid inefficient 

current modes (supergain) — that is, large currents that 

contribute little to the radiated pattern due to rapid phase 

shifts between elements. 

It can also be shown that N times beam width is 

approximately constant for a given side-lobe level.    Thus, 

to avoid supergain and yet maintain full aperture efficiency, 

one should have 

N    fepsine (19) 

When the continuous current is approximated by M 

discrete elements, a discrete error arises as a result of 

the factor Fn over the range n = M - N to n- M (see equation 12). 

(In most practical designs, the F^ are negligible for n > M.) 

The discrete error can be reduced by requiring the Fn to be 

small in this range.    With condition 19 in mind, we can 

consider the restriction M= 2fepsineas being ideal; this will 

yield an interelement spacing of 0.5A.  For broadband sys- 

tems, however, condition 19 should be satisfied for the 

lowest operating frequency so that M = 2fepsin0 is not possible 

at midband.    Hardware mounting requirements and mutual 

coupling problems also limit the minimum practical element 

spacing.   Alternatively, the discrete error could also be 

reduced by decreasing N to a value less than the ideal. 

Hence, there is a trade-off between maximizing N and 

reducing the discrete error. 

Figure 3 shows the results of the Chebyshev syn- 

thesis for N = 40 and L = -28 dB.   The phase of the current 

12 
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distribution is essentially beam cophasal out to 40 degrees, 

as should be expected.    The uniform ripples beyond 40 

degrees are due to the Chebyshev requirement of equal 

side lobes.    Figure 4 shows the pattern as approximated 

by 128 elements, computed from equation 12.    While the 

side lobes are above the -28 dB design level,  they are still 

acceptable.    Figure 5 shows the effect of increasing N and 

decreasing the side-lobe design level to -50 dB for a con- 

stant beam width at 4. 7 degrees.   While the inner side 

lobes are reduced to near the design level of -50 dB, the dis- 

crete error gives rise to a grating lobe.    It can be shown 

that the position of this grating lobe is a function of the 

element spacing on the ring, in analogy to the linear array 

case.    The element spacing for the array of figure 5 is 

about 0. 65 wavelength.    A spacing of about 0. 5 wavelength 

would be needed to eliminate the grating lobe. 

In practice it is not possible to implement the 

current distributions arrived at through the above synthe- 

sis.    Furthermore, it would not be practical to excite 

elements in the back of the antenna, as they do not con- 

tribute to the main beam but only serve to excite side lobes 

in the back direction.    In practice, then, one would use a 

beam cophasal distribution to excite an 80 or 90 degree 

sector of the ring,   vith an amplitude taper approximating 

that of figure 5, which when smoothed is close to a cosine' 

a amplitude taper.   This yields a beam width of about 

5 degrees and side-lobe level limited in practice only by 

the errors of implementation. 

13 
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Figure 3.   Amplitude of current synthesized for /V = 40, L = -28 dB. 
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Figure 4.   Pattern for approximation of continuous current distribution by 128 elements. 
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THE EXPERIMENTAL SYSTEMS 

RING ARRAY 

The ring array designed and constructed for the 

experimental circular-array program is shown in figure 6. 

The array consists of 128 radiating elements equispaced at 

0. 65 wavelength and embedded in a ground plane jf 13. 2- 

wavelength radius at the center frequency f0.   The radiating 

elements are sectoral horns with a length of approximately 

3 wavelengths and an aperture of about ^ wavelength in the 

E-plane and 1H wavelengths in the H-plane.    The elements 

have a bandwidth of ±10 percent of f0 with a voltage/ 

standing-wave ratio (VSWR) less than 1.5:1.    The minimum 

half-power beam width (HPBW) in theW-pla le is 40°.    The 

gain of the element is 10. 4 dB at /„.   Mutual coupling 

between adjacent elements in the array was measured 

at -22 dB. 

, 
VECTOR-TRANSFER FEED SYSTEM 

Two approaches are presented to solve the problem 

of feeding and scanning the ring array.    The first method 

involves 3-bit phase and amplitude boards which are capable 

of amplitude attenuation (VT scan).   On transmit,  the 

power is equally divided 32 ways and fed to 32 vector 

boards.   Each is connected to a single-pole, four-throw 

(SP4T) switch with equal-length cables running to four 

radiating elements separated by 90° as shown in figure 7. 

Any 32 adjacent elements can be fed at the same time since 

no two elements of a 90° (32-element) sector of the ring 

16 
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array are connected to the same vector board.   The proper 

phase and amplitude are provided by the vector boards 

shown in figure 8. 

The microwave SP4T transfer switches are built 

with shunt-mounted PIN diodes on stripline circuits,    A 

SP4T switch is shown in figure 9.    The circuit has the 

form of a corporate divider with shunt diodes placed at the 

junctions.   The forward-biased diodes prevent transmis- 

sion, the reverse-biased diodes permit transmission. 

Typically, a switch has a loss of 0. 8 dB and a VSWR of 

1. 2:1 over the 20-percent band. 

The vector boards consist of a 3-bit phasor and 

an attenuator, controlled by a 3-bit logic driver.    The 

stripline circuit board has four cascaded hybrid couplers 

to which are connected four pairs of matched switches — 

three pairs for the phase switch and one pair for 

the attenuator. 

The phasor circuit has been called the hybrid- 

coupled transformed phase shifter.   It is widely used and 

has been fully described.     It is preferred over other 

circuits because it requires only two diodes per bit, has 

high-power handling capacity, is relatively simple, and 

has low loss. 

The atten    i,or switch consists of a hybrid coupler 

that is terminated in a parallel circuit composed of a 50- 

ohm resistor and a diode switch.    At lo.v diode currents, 

the attenuation decreases as the diode current is increased 

in steps by a logic drive circuit.    It is possible to eliminate 

the microwave resistor from the circuit and have PIN 

diodes absorb the power.    However, it is more difficult 

19 



Figure H.   Vector switch with externally mounted diodos. 
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Figure 9.   Single-polo, 4-throw switch. 

I 
f' 

■ I 21 



to time the circuit over the band without the resistor.    The 

attenuation and phase shift of a hybrid-coupled attenuator 

are shown in figures 10 and 11.    The vector boards and 

transfer switches are controlled by two shift registers. 

When the two registers are moved "n" places, the beam is 

stepped to the "n'h" beam position relative to the original. 

Since amplitude taper is accomplished by attenua- 

tion, the amount of amplitude taper that can be practically 

used is limited.   A cos'a taper gives about 3. 5-dB loss in 

addition to the system loss.    Computed patterns indicate 

that the three-bit phase approximation (45° steps) yields 

side lobes of -20 dB at best, when no errors are taken into 

account, and a HPBW of 3. 7°.    A slower taper with an 

overall attenuation of about 2 dB is shown in figure 12. 

For this taper, computed patterns indicate that -19 dB 

side lobes are available with HPBW of about 3. 4°,    Further- 

more,  appi oximation of the taper with eight discrete steps 

has negligible effect on the pattern but greatly simplifies 

implementation of the beam switching.    Further computer 

studies indicated that the composite system errors are 

equivalent to random errors with a standard deviation of 

approximately 20°. 

The above-mentioned vector boards could also be 

built with four bits at an increase in cost.   Some patterns 

were computed on this assumption, with errors also con- 

sidered, and the indications are that a foar-bit phase 

quantization and a faster taper would significantly reduce 

the side-lobe level. 

In summary, this method of feeding the ring array 

appears to have several desirable characteristics. 
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First, in terms of power-handling capacity, the system 

allows the power to be divided into 32 equal parts; there- 

fore, each component is required to handle only the power 

that is radiated by a single element.    Second, a high degree 

of flexibility is achieved by having independent control of 

the phase and amplitude of each element in the excited 

sector.    For example, the attenuators can be switched out 

during transmission to minimize transmission losses, and 

later switched to form a low-side-lobe beam for reception 

only; or, the phasing of all elements can be advanced an 

equal amount between transmission and reception (or from 

pulse to pulse) to redistribute the random errors and thus 

reduce the total apparent side-lobe level.    Sum and differ- 

ence can easily be obtained by dividing the input 

power dividers. 

R-2R PARALLEL-PLATE LENS FEED SYSTEM 

Another method of feeding and scanning the ring 

array can be referred to as an R-2R parallel-plate lens 

feed system.4   The lens is a parallel-plate region of 

radius R, with the spacing between parallel plates less than 

& a free-space wavelength in order to propagate only the 

electric-field component perpendicular to the plates. 

Energy is launched and extracted from the lens by means 

of mono poles mounted '4 wavelength in front of the circum- 

ferential ground plane enclosing the lens.   From figure 13 

it can be seen that energy introduced at a point "A" travels 

a distance 2R co8y/2 when received by a pickoff probe at y. 

For a beam-cophasal distribution on a ring array of radius 

p, the energy must be delayed a distance pcosa for an 
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antenna element located at a measured from the beam 

direction.    Thus the proper phase distribution will be pro- 

vided by the lens if 

R=V4p (20) 

and y = % a 

The lens must be one-half the radius of the ring array as 

shown above.    The lens angle will be twice the array angle 

if all the lens ports are used to illuminate one-half of the 

array aperture (180°).    The illumination of the ring is 

accomplished with 64 equispaced probes on the lens, each 

switchable to one of two elements on the array separated 

180° as shown in figure 14,   Adjacent probes using equal- 

length cables must feed adjacent elements on the ring array. 

The use of a single horn or probe is the usual method 

of feeding a parallel-plate lens, but this method provides 

little control over the amplitude distribution at the output 

terminals of the lens.   A small linear array of probes, 

therefore,  is fed to give a more directional pattern within 

the lens,  and thereby a faster taper at the output probes. 

Good control of the amplitude at the output ports can be 

realized by varying the number of probes fed and also using 

an amplitude taper on their excitation.    The probes are 

situated about l4 wavelength in front of the enclosing ground 

plane so the pattern of a single probe at a can be approxi- 

mated by sin j^cos^"-, where a is measured from the center 

of the excited probes.    The output of a probe at gamma can 

be roughly computed from 
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Figure 13.   Parallel-plate lens:   A, geometry; B, schematic of completed array. 
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I B(y)=  Y   1(a)—— 

a V2R 

,n(2C0S-T-) y + a 

cos 
y + a 

e-;2 nR cos —^ (21) 

I 

Figure 15 shows measured and computed phase distribu- 

tions and figure 16 shows measured and computed ampli- 

tude distributions for feeding with /(a)= 1-2-2-1. 

For the lens to properly function,  it is necessary 

that internal reflections be minimized.    Internal reflections 

can destroy the optical properties of the lens; thus,  it is 

necessary to terminate nonactive ports in matched loads. 

Since each probe has a directional element pattern, it can 

only absorb all incident energy at normal incidence.    At 

high angles of incidence — that is, for elements near the 

excited probes — most energy will be reflected.    Therefore, 

the lens behavior is optimum when the primary probe array 

pattern is highly directional and has low side lobes.    The 

1-2-2-1 input amplitude distribution satisfies this criterion 

and gives near-optimum results.   A discrepancy of the 

phase from the beam-cophasal curve resulted and can be 

interpreted as due to an apparent radius of the lens which 

is electrically smaller than the actual radius.    It appears 

that the actual phase center of the probe radiators is 

slightly inside the lens rather than on the enclosing 

ground plane. 

Three-hundred-sixty-degree azimuth beam steering 

is implemented by means of an SP4T switch at each input- 

output port of the lens.    This switch selects one of the two 

radiating elements to which it is connected,  a matched load 

when not active, or an input port when the probe is used to 

feed the lens.    The SP4T switch has been previously 
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described. A discussion of the double-pole, double-throw 

(DPDT) switch and the single-pole, sixteen-throw (SP16T) 

switch is given in detail in the following section. 

SCANNING SWITCHES 

DPDT Switches 

The DPDT switches used in the parallel-plate fed 

system consist of a four-port transmission-line circuit 

and eight shunt diodes (fig.   17A),    The four diodes in 

lines A and C are biased together and in opposite state to 

that of the remaining four diodes in lines B and D.    Signals 

entering ports 1 and 4 are therefore transferred to either 

port 2 or 3.    The effective circuit path for a single line is 

shown in figure 17B. 

Isolation between the poles is obtained by two cas- 

caded shunt diodes and is approximately 35 dB.    The 

forward-biased diodes reflect open circuits at the circuit 

ports.    The VSWR of the circuit was measured at less than 

1. 3:1,    The insertion loss was measured at 1 dB. 

SP16T Switches 

The SP16T switches consist of five SP4T switches 

combined on a single stripline circuit board.    The effective 

circuit path to any one of the 16 output ports is as shown 

in figure 18.    The bandwidth of the switch is enhanced by 

spacing the diodes by '4 wavelength. 

The VSWR was measured at less than 1. 5:1.    The 

insertion loss was about 2 dB,  and varied by M> dB through 

the individual paths because of variations in diode charac- 

teristics.   The circuit requires 30 diodes.    Figure 19 is 

a photograph of an experimental SP16T switch. 
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Figure 18.   Equivalent circuit of SP16T switch. 
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In summary, very-low-side-lobe patterns are 

achievable with the R-2R lens feed system.    This is pri- 

marily a result of the optical characteristics and the 

amplitude-tapering techniques of the lens.    The power- 

handling capability of this system is limited by the type of 

coaxial fitting used for the input-output ports on the R-2R 

lens.    If a 1:4 power divider is used as an input to the lens 

to obtain the proper taper on the primary pattern of the lens 

input,  each of the four probes must withstand one-quarter 

of the total input power.    In principle the lens is an optical 

system, but an actual lens is bandwidth-limited because 

the probe must be maintained at about '4 wavelength from 

the enclosing ground plane in order to provide a good match 

and to maintain a directional pattern in the lens.    The use 

of ridged-waveguide techniques in the probe design will 

increase the effective bandwidth. 

A partially implemented ring array fed with an 

R-2R parallel-plate feed system is shown in figure 20. 

Steering of the parallel-plate fed system was accomplished 

by manual switching.    Computer control would be necessary 

for agile,  rapid beam steering. 

RADIATION PATTERNS 

Predicted versus measured side-lobe levels and 

beam widths for the vector-transfer and parallel-plate feed 

systems with 32 elements illuminated are given in table 1. 

Figure 21 shows measured radiation patterns for the vector- 

transfer system, figure 21A being taken at 0. 91 f0, figure 21B 

at fo, and figure 21C at 1. 09 f0.   Figure 22A shows a measured 

radiation pattern taken at 0. 91 („ for the parallel-plate 
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feed system.    Figure 22B is a measured pattern at {0, and 

figure 22C is a measured pattern at 1. 09 f0. 

TABLE 1.    PREDICTED AND MEASURED SIDE-LOBE 
LEVELS AND BEAM WIDTHS USING 90° 
APERTURE AND FREQUENCY =  fe 

Parallel-Plate Vector-Transfer 
Feed Feed 

Predicted (theoretical) 
side-lobe level -28 dB -19 dB 

Measured side-lobe level -24 dB -18 dB 

Predicted HPBW 5.98° 3.4° 

Measured HPBW 5. 2° 3. 6° 

CONCLUSIONS 

Measured performance of both the vector-transfer 

and the parallel-plate feed systems compared favorably 

with computer predictions that take system errors into 

account.    The largest source of error in both systems 

appears to be in the phase distribution scheme.    The 

parallel-plate system gave the lowest phase errors and in 

addition is essentially true-time-delay.    As a result it 

gave the lower side-lobe patterns and has a larger 

bandwidth capability.    The vector-transfer system is to be 

preferred for high power-handling capabilities and lends 

itself to compact packaging.    It also has a high degree of 

versatility for providing amplitude and phase distributions. 
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AN  ELECTRONICALLY-SCANNED 

CYLINDRICAL ARRAY  FOR  IFF 

BASED  ON   A SWITCHING-AND-PHASING 

TECHNIQUE 

Richard J.   Giannini 

Wheeler  Laboratories,   Inc. 

Smithtown,   New York 

This paper describes the results of a study and measurement 

program which has demonstrated a technique for beam forming and elec- 

tronic scanning of a cylindrical array antenna useful in IFF applica- 

tions. The technique is based on a switching-and-phasing network 

which permits steering through 360 without beam distortion, and with 

steering increments  much  smaller  than  a beamwidth. 

Various  systems   for feeding  cylindrical  arrays  have  been de- 

scribed recently  in  the  literature.     It is  believed  that the  approach 

presented here  is   less   complex than modal  approaches   for feeding cylin- 

drical  arrays   (Refs.   1,   2),   and allows  more  complete  control of illum- 

inations  than  lens   approaches   (Ref.   3).     An  IFF  sidelobe-suppression 

difference pattern  is  easily  provided with  the  present  technique. 

The  switching network activates  a contiguous  set  (usually 

1/4  the  total number)   of the  elements  on the  cylinder.     The network 

consists  of two parts;   one  part  chooses  the desired sector,  and the 

other maintains  the  desired  ordering of the elements.     The  switching 

network  effects  a  "coarse"   steering,  moving the  beam in  angular in- 

crements  corresponding  to  the element spacing   (approximately  0.8 beam- 

width  steps).     For any  setting of the  switches,   phase  tilt  can be  in- 

troduced by the phase  shifters  to provide   "fine"   steering.     A distribu- 

tion network is used  to derive  the aperture  illumination as  in the  case 

of a linear array;   fixed  line   lengths  are  used  to  correct  for the  cur- 

vature  of the  aperture.     Sum and  difference  excitations  are provided. 

A schematic of  the  network  used  in  a demonstration array is 

given  in  Fig.   1 for the  case  of  32  total elements  with   8 elements  acti- 

vated  at  a time.     In  this  case,   the  sector selection  is  provided by 

eight single-pole four-throw switches.    The proper amplitude-and-phase 

ordering of the elements  is  maintained by the inter-connection of 
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transfer switches, permitting cyclic permutation of the outputs from 

the distribution network.  Phase shifters are included for fine steer- 

ing; their location in the network requires as many phase shifters as 

there are excited elements.  Eight phase tilt settings are provided 

in the demonstration model to obtain steering to 0.1 beamwidth.  The 

distribution network is used to obtain desired sum and difference pat- 

tern illuminations.  The excitations are then carried through the 

equal path-length switching network without distortion. 

A photograph of the demonstration array model that was fab- 

ricated is shown in Fig. 2.  This 32-element L-band array of dipoles 

around a 5 foot diameter cylindrical ground plane was selected to 

demonstrate feasibility of the technique.  PIN diode switches and 

phase shifters, designed and fabricated in stripline, are used in the 

switching-and-phasing network which is contained within the cylinder 

formed by the ground plane.  The control and biasing circuits are 

housed below the array, as seen in the photo. 

Typical sum and difference patterns measured at 10 30 Mhz 

are shown in Fig. 3.  It was desired to provide a type of difference 

pattern which exceeds the sum pattern in the sidelobe region for an 

IFF sidelobe-suppression application.  As seen in the figure, sum 

sidelobes are approximately 20 db below the peak, and the beamwidth 

is 16 , consistent with the 5-wavelength diameter antenna. 

Fig. H  shows scanned sum patterns for each of the 3 2 coarse 

steering positions offered by the switching network.  In addition, 

the main beams for eight typical fine-steering positions are indicated 

(for clarity, only the top portion of each pattern is shown).  Side- 

lobe suppression on the average is better than 20 db, and a minimum 

suppression of 17 db is observed.  The latter is attributable to 

tolerance errors in cables and components for certain switching paths 

(no trimming was made after fabrication and initial measurements.) 

The level change at the peak of the patterns is partially the result 

of drift in the measurement equipment. 

The feasibility of the switching-and-phasing technique for 

scanning a cylindrical array has been demonstrated.  The principles 

may be directly extended to different size arrays.  In general, with 

N total elements on the circumference of the cylinder and L excited 
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elements   (L binary for purposes of the example),  the number of sec- 
tor ordering switches required to provide N coarse   steering positions 

is  L/2  log^L.     Simplifications  in the  switching network are possible 

when the number of beam positions  are reduced.     For N/2    beams,  the 

number of sector ordering switches  is given by,   (L/^XlogjL-i).     For 

the  special case of uniform amplitude excitation,   no sector ordering 

switches  are needed.     In  all cases,  L sector selecting  switches with 

(N/L)   throws  are required. 

For a 32-element  array,   56  PIN diodes  are  required for the 

switches  and 6 4 diodes  for  U-bit phase shifters.     If the modal ap- 

proach,  which is described elsewhere  (Refs.   1,  2),  were  to be imple- 

mented for the same size  array,   2 56  diodes would be  required with 

4-bit phase  shifters. 

This work was  performed by Wheeler Laboratories  supported 

as  an in-house effort by  the  parent company,  Hazeltine  Corporation. 

C.   Knowles  contributed to the  design effort and the  measurements 

were  performed by W.   V.   Polozzolo. 
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AN ELECTRONICALLY SCANNED GEODESIC LUNEBERG LENS 

i by 

R.  P.  Zimmer 

Electronics Division 
Georgia Institute of Technology 

Atlanta, Georgia 30332 

Introduction 

In the  field of radar antennas,   the requirements and desired character- 
i 

istics  grow more sophisticated and diverse.    No single method of antenna 

scanning serves all needs.    The inertialess  scan properties of phased arrays 

along with beam and scan  flexibilities  make  their use appear attractive   for 

many sophisticated radar systems.     However, most linear or circular arrays 
i 

employ complex networks consisting of power dividers, phase shifters, and 

beam-forming matrices. For many applications these complexities may be re- 

duced by employing an electronically scanned geodesic Luneberg lens.  Such a 

scanner would be a high-gain antenna with a step-scan agile beam and would 

represent an attractive alternative to many linear or circular phased array 

antennas. 

A recent investigation at Georgia Tech entitled "An Inertialess Elec- 

tronic Geodesic Scanner" indicated that a rapid, 360 degree scan antenna 

could be developed by the design of feeds and switching networks to permit 

electronic scanning of a geodesic Luneberg lens. The system would employ two 

lenses, a secondary radiator and a switching network consisting of latching 

circulators arranged in a tree-type configuration. Although an inertialess 

antenna could be realized without employing two lenses, the use of two lenses 



would result  in characteristics superior  to  those  of  a  system employing only 

one  lens.     Specifically,   adjacent  beam overlaps   of   less   than 3  dB  are   readily 

obtainable  only  through  the use of  two  lenses.     In   this  paper,   a  brief  des- 

cription of  the operation and performance  characteristics  of an electronically 

scanned  geodesic  Luneberg  lens  is  given,   and  design considerations  are   pre- 

sented   for  the  various   components   and  parameters   of   the antenna  system. 

Electronically  Scanned Lens Concept 

The  geodesic  Luneberg  lens  antenna consists  of  a pair of air-filled 

closely nested  conducting surfaces  of revolution which are parallel  in   the 

sense  that   their  normal   separation  is   everywhere  constant.     Such  an antenna 

exhibits  the  property of  transforming a point  source on the periphery  of  the 

lens   to  a coherent   line   source which   is   tangent   to   the  lens  and   located  dia- 

metrically  opposite   the   Input.     A  suitable  point   source usually  is   realized 

by a  flared  horn   feed,  with a well-defined  phase center.     Its  angular   loca- 

tion along  the  periphery  is  arbitrary due   to  the  symmetric  properties   of  the 

lens.     The   feed  radiation pattern  is   transformed  by   the  lens   to a  corresponding 

aperture distribution at  the  lens  output which  in  turn  determines   the   far-field 

radiation pattern.     This   far-field  radiation pattern generally exhibits   high 

gain and  low  side   lobes.     A more detailed  description  of  the geodesic   Luneberg 

2  3 lens antenna and  its  characteristics   is  given by Johnson,   '      Although  his 

analysis  was  based  on a mechanically   scanned  geodesic   Luneberg   lens,   it   is 

also applicable   to  an electronically   scanned   lens. 

Electronic  scanning of a geodesic  Luneberg  lens  consists  of  placing  sta- 

tionary   feeds  along the  lens periphery and  sequentially directing  the  input 

to the  antenna  to  successive  feeds   through use  of a microwave switching  network. 

il 
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Suitable microwave switches, appropriate switch configurations and suitable 

lens feeds are required for a practical antenna. Figure 1 shows a pictorial 

representation of an inertialess geodesic Luneberg lens antenna for sector 

scanning. For such an antenna, it is not possible to space feeds closely 

enough to achieve desirable overlaps of adjacent beams while maintaining a 

beam having high gain and low side lobes unless special techniques are used. 

As shall be seen, adjacent beam overlaps of less than 3 dB can readily be 

achieved with the use of two lenses. 

For 360 degree scan, an array of feeds cannot be placed satisfactorily 

along the periphery of a lens without interference. The use of an alternative 

or secondary radiator which receives and re-radiates the energy from the lens 

results in an antenna system which does not have aperture blockage.  Figure 2 

gives a pictorial representation of such an antenna system.  It consists of a 

beam positioning switching network, lens/radiator switches for switching be- 

tween the lens and secondary radiator, a geodesic lens with feed horns and a 

secondary radiator with probe feeds.  The switching network serves the same 

purpose as that shown in Figure 1 and is connected to a transmitter and a re- 

ceiver through a duplexer. 

With the aid of Figure 2, operation of the system during transmission 

can be explained as follows. A signal from the transmitter passes through 

the duplexer and enters the switching network. The switching network is of 

the proper state to route the signal to the selected lens/radiator switch which 

in turn is in the proper state to direct the signal to the desired lens feed. 

The signal radiated from the selected input feed propagates through the lens 

and enters the feeds in the opposite side of the lens. The lens/radiator 

switches associated with the output lens feed then route the signal to 
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corresponding probe  feeds  on  the secondary radiator.     Ideally,   the aperture 

distribution of  the  lens will  be  transferred  to  the  secondary radiator  and   its 

radiation pattern will  be  the  same as  that which would  be  obtained   for  radia- 

tion  from the  lens  itself.     On reception,   the   switches  employed during trans- 

mission are  repositioned  so  that  the input  signal   to  the  secondary radiator 

is  passed back   through  the   lens   to  the  selected   lens   feed   and   from there  to 

the duplexer.     Since   the  radiated  system  is  circularly  symmetric,   the   same 

principle of  operation holds   for any direction of  propagation.     Thus,   as  each 

feed around   the  periphery of  the lens  is  sequentially activated,   the  radiated 

beam moves   through the   full   360 degrees.     As   in  the  sector   scan case,   the 

technique used   for reducing  the scalloping between  adiacent beams beyond  the 

3-4 dB otherwise,  attainable,   consists  of  using  two  geodesic   lenses  rather 

than uiie. 

Figure   J  shows  a  basic  mechanical  layout  of  a  full   360 degree  scanner  em- 

ploying two  lenses.     The number of  feeds  used   in each of  the  two  lenses  is 

such that   the  feed-to-feed  spacing is  1.0A.;   this   spacing permits  the  use of 

a  flared  feed horn to  obtain a desirable  feed  pattern   from a single  active 

feed.    The secondary  radiator  has  twice  as many  feeds  spaced 0.5X apart  to 

achieve  the  required   overlap.     Probes  are used   for   the   feeds  of  the  secondary 

radiator  and  every other probe  feed  is connected  to  the  same  lens;   the  two 

probes adjacent   the  active  one are passive  and  act  as  parasitic radiators. 

Conceptual   and  experimental  studies  of an  inertialess  scanner of  the   type 

shown in Figures   1,   2,   and  3,  were made  at Georgia Tech and consisted  of  a  de- 

tailed  investigation of possible switching networks,   feed  designs,   and mechani- 

cal  layouts  of the  system.     The mechanical  layout   shown  in Figure 3  is  only 

pi 



one possible configuration;  other combinations of circulators  and inter- 
i 
a connecting waveguide are possible to achieve further reduction in overall 

size and weight. However, the system as illustrated is composed mainly of 

I 
conventional components which are commercially available and any significant 

refinement probably would have to be realized with specialized components. 

Designs of the  lens  itself were not studied  implicitly because design tech- 

niques  for geodesic  lenses have been developed at Georgia Tech which should 

eliminate problems  in  this area. 
I 

Switching Network 

The beam switching network of Figure 2  consists  of microwave switches 

interconnected  such that the rf signal path through the network can be 
f 

changed rapidly and sequentially in a specified manner.    Two general cate- 

gories of switches may be used,  the semiconductor type and the ferrite type. 
1 

In general,   the advantages of semiconductor switches  are multi-throw capa- 

bility and low switching times.    Conversely,   their disadvantages are high in- 

sertion loss,   particularly at high frequencies,  and  low power-handling capa- 
1 

bility. Ferrite switches are limited to two or possibly three positions and 

require longer switching-times than semiconductor devices, but their power- 
1 
1 

handling capabilities are high and their insertion losses are low even at 

wavelengths extending into the millimeter region. Finally, ferrite switches 
I 

are usually non-reciprocal, whereas semiconductor switches 'iie reciprocal. 

I' In analyzing switching networks which might be suitablt for use  in elec- 

Itronic scanning,   several parameters need  to be considered.    These  include  the 

total insertion loss contributed by  the network,  the  total number of switches 

required to implement the particular network,  and the special switch charac- 

teristics required by the configuration. 

I 
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Two simple  find straightforward  switch arrangements may  be designated 

as  the series  and  the pyramidal  configurations.     Each network may be made  up 

of  single pole,   double  throw ürmiconductor or  ferrite   switches.    Alternate 

forms  of the basic series   and  pyramidal configurations   include  a double pyra- 

midal arrangement  in which  the  signal  follows  a different  path on transmission 

and  reception;   this  switching network circumvents  the  requirement   for  switching 
i 

between transmit  and   receive which arises when non-reciprocal   ferrite  switches 

are  employed  in  the  simple  pyramidal configuration. 

Although the  lens  antenna  is  potentially applicable  to a wide variety 

of radar  systems,   the particular  system in which   it   is   to  he  used can  impose 

restrictions  on   the  switching network  to be  employed.     For  example,   the use 

of  semiconductor  switches  would  probably be  limited   to  low  power  systems   and 

to  systems operating  at  S-band or below  since  at  higher   frequencies   the  in- 

sertion losses  currently  attainable are not competitive with  those of  ferrite 

devices.     Insertion  loss   limitations will  normally  restrict   the  simple  series 

configurations   to  a   scan-sector  antenna or  to  an  antenna with a  large  beam- 

width in which  only   a   tew  feeds  arc  required.     Where   large  numbers  of   feeds 

are  required,   some  form of pyramidal arrangement  is   almost  essential   to  achieve 

an  insertion loss which  is  practical  for  system application.     Consequently,   for 

an X-band scanning antenna  such as  shown   in Figure 3   ferrite  switches  arranged 

in a pyramidal  configuration would normally be used;   and   latching circulators 

would be employed  in  radar applications  requiring short  switching times. 

Parameters t 

If the shape of  the  beam radiated  from an electronically  scanned  geodesic 

Luneberg lens  is parabolic,   then  the expected  adjacent  beam crossover  level ' 
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(scallop) may be determined  from the equation 

2 
dB     =  3 f^-V) (1) 

where f is the scan sector in degrees, N is the number of beam positions, 

and 9    is the 3 dB beamwidth.    Past experience at Georgia Tech has shown 
B 

that the 3 dB beamwidth of a properly focused geodesic Luneberg lens depends 

on the effective  lens  aperture according to  the  empirical equation 

9B = 70 \/D (2) 

| where \ is  the operating wavelength and D is  the diameter of the effective 

lens aperture.    The arc  length between feeds  is  equal  to the circumference 

j) divided by the number of probe  feeds  and,  after  combining Equations  1  and  2, 

-» the arc length is 

S  =  0.61JV V  dB  /3 (3) 
s 

Hence, for a given scallop level, the required spacing is explicitly dependent 

only on the operating wavelength. Equation 3 is also true for any sector scan. 

A frequency of 10 GHz and a scallop level of 2 dB were design parameters. 

From Equation 1, it may be determined that this scallop results in a 3.5° 

beamwidth for the case of 128 beam positions. Calculations using Equation 2 

show that a lens diameter of 24 inches is required for a 3.5° beamwidth at 

10 GHz. Equation 3 predicts a necessary spacing between feed positions of 

0.5X or 0.590 inch.  If 128 beam positions were' to be realized with a single 

lens and independent feeds, the required spacing would prevent the use of a 

flared feed which is desirable for good lens performance. 

r 
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Although   the   spacing of  0.5X required   for  a  2.0-dB  beam overlap  is 

I 
impractical with  a  single   lens,   it   is   in effect   realizable  through  the  use I 

of  two  geodesic   lenses rather   than one.    If, as  shown   in Figure   ),   half  the 

number of  feeds or  68  are   located on  each   lens,   the   feed-to-feed   spacing be- 

tween  lens   feeds would  be   approximately  1.0\.     This   spacing   then would  permit 

the  use of a  flared  feed  horn  to  obtain a desirable   feed  pattern.     The   spacing 

required  to  achieve  the   2.0-dB   scallop  is  effectively   realized  by  employing 

on  the  secondary  radiator  probe   feeds   spaced  O.'bX apart  with   alternate  probe 
■ 

i 

feed  connected  to   the   feeds  of   each of the   lenses. 

Radiation Characteristics 

Mathematical   relationships  between  the   radiation  pattern  of  a  feed  and 

/ 
the  corresponding  far-field  pattern  for an   inertialess   scanner with and with- 

out   a  secondary radiator were  derived.     These   relationships  were  used   in 

evaluating the various   feed designs.     Each  probe   feed  consists of  a modified 

miniature panel   connector  mounted on one   side of  the   radiator with  the 

center  conductor  extending   into   the   interior of   the   radiator.     Each   lens 

feed   has  a  1.20   inch  aperture  and  an  H-plane   flare.     Based  on   the  patterns 

of   these  feed  designs,   anticipated characteristics  of   '160 degrees  and   L)0 

degrees,   two-lenses,   inertialess   scanners were   calculated   and  are   listed 

in  Table  I.     The  overall   diameter  of  a  360  degree   scanner   is   equal   to   that 

of   the   secondary  radiator   since  all   the other  components  can   be   fitted 

within  a circle of  this   radius.     The  total  weight   o*;   switches   is  based 

on  an existing  latching  circulator whose weight   has   not   been  minimized  and 

the weight of  the  lenses  assumes  the use of conventional   metalized,  plastic 

materials  for  the  lens  surfaces.     Both the   size  and  weight   of  a  sector   scanner I 
1 



1 
I 

would be significantly less than those of a 360 degree  scanner  since no r 
1. secondary radiator would be needed and fewer switches and feeds would be 

required. 

Concluding Remarks 

In general, an inertialess geodesic Luneberg scanner has most of the 

advantages that cylindrical array antennas possess.  These advantages include 

the following: (1) The bearawidth, side-lobe level, antenna gain, and 

cross-over points of adjacent beams are constant with scan angle, (2) the 

lens and secondary radiator components form a rotationally symmetric 

j configuration which would facilitate simple manufacturing and production 

I 

I 

J 

I 
1 

I 

I 

techniques,   (3)     the  inherent broad bandwidth of a  lens permits  a wide 

operating frequency range,   and other inherent properties offer mechanical 

ruggedness and operation over a wide temperature range. 

In addition to the above,   other advantages are that  the beam positions 

are highly stable,   the  ferrite  switches being two-state  devices provide 

relative simplicity  in electronic programming,   and   for X-band applications, 

the  losses are relatively low. 
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TABLE I 

AKTICIPATED CH/i.RACTEHISTIC3 OF INERTIALESS SCANNERS 
EMPLOYING TWO LENSES 

A.3öOc Scanner 

1.  Electricpl Characteristics 

Frequency , CH- 10 
Nuiiiber of lens feeds 128 
Secondary radiator required Yes 
Azimuth bear.v;idth 3'80 

Adjacent be:;'n overlap, dB 2 
Vertical. bea;nvidth 20° 
Minimum ga'n, dB 25 
Maximum first side-lobe level, dB 20 
One-way insertion loss, dB 2.85 
Bandwidth, per cent 8 
Maximum switching tira^ usec 2 
Peck power, KW 20 
Average rover, wati. 100 
Number of svitches 256 

2, PhysiccJ. Char?.etcristics 
r 

Size: 

Height 20 inches 
Lens diameter 2k 
Secondary rcdiator diameter kQ 
Overall diameter kQ 

Weight: 

Switches (3 oz/circ) 128 pound; 
Waveguide and coaxial lines kO 
Lenses 50 
Secondary radiator ^0 

Total weirht 268 

(Continued) 



TABLE I    (Continued) 

AmCIPATED CHARACTERISTICS OF INERTIALESS  SCAMERS 
El»IPLOYING TWO LENSES 

B.     90°  Sector Scanner 

Secondary radiator required No 
One-v.ay insertion loss,  dB 1.6 
Number of switches 32 
Number of lens feeds 6^ 
(Other characteristics  same as those of 3o00  scanner) 

1 



1 

Geodesic 
Lens 

Synchronizer 

Switching 
Network 

Electronic 
Driver 

Stationary 
Feeds 

RCVR 

Figure 1.    Pictorial  representation of inertialess geodesic 
Luneberg lens antenna. 
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Figure 2.     Pictorial representation of a geodesic  ler.s and  secondary 
radiator.    Arrows indicate direction of signal  flow dur- 
ing transmission. 

14 

0 
i 



Secondary 
radiator 

Minianurs coax 

6U-SP2T 
latching 
circulators 

\   (equispaced) 

O'I-SPST 

16-SPVl 

Figure 3.  Mechenical layout of a 360 scanner, employing two lenses 
and a secondary radiator; system is symmetric about 
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RECENT THEORETICAL AND EXPERIMENTAL RESULTS 

ON DETERMINATION OF ANTENNA PATTERN AND 
GAIN FROM NEAR-FIELD MEASUREMENTS 

by 

Dr. David M. Kerns 
National Bureau of Standards 

Boulder,  Colorado   80302 

ABSTRACT 

Recent theoretical and experimental results obtained at NBS on deter- 

mination of antenna pattern and gain from near-field measurements will 

be outlined,    (Here "near" means typically a distance of the order of 1 

meter--a small fraction of the Rayleigh distance. )   The theoretical re- 

sults include a technique for correcting for the effects of the measuring 

antenna ("probe").    Experimental results include measurements on three 

antennas,  all operating at  X = 6 mm. :   an electrically large horn-lens, 

a standard-gain horn,  and a duplicate of the measuring antenna itself. 

Measurements on the latter two antennas were also made by conventional 

far-field techniques.    In view of the rigorous basis and theoretical struc- 

ture one must conclude that the near-field measurement technique is in- 

herently capable of high accuracy;   our experiments are confirming this. 

The method is applicable in principle to any type of antenna (thus including 

conformal arraysl ).    The suitability of thü method naturally depends on 

the antenna to be measured and the amount and precision of pattern in- 

formation desired.    The number of input data required for one complete 

pattern determination tends to be proportional to the area of the antenna 

in square wavelengths and may be large.    In return the method is capable 

of giving complete vector ial far-field patterns and effective gain function 

(referred to antenna input power), including side lobes down 50 dB or more. 

Possibilities for determination of a multiplicity of patterns of an elec- 

tronically steerable array are intriguing. 
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1. Introduction -- As implicit in the title and abstract,  the main emphasis 

in this paper is upon the use of certain techniques to obtain antenna meas- 

urement results,   rather than upon the results themselves.    In order to 

make the techniques reasonably intelligible,  it will be necessary to give 

a number of basic equations and to introduce a good deal of notation. 

Derivations and additional details may be found in a previously published 

paper    and in a group of papers now in the process of publication. 

2. Basic equations and notation -- Consider the transmission system con- 

sisting of two antennas shown schematically in Fig.   1.    We assume that 

the antenna on the left is transmitting and that the one on the right is re- 

ceiving.    As far as the general formulation of the measurement techniques 

is concerned,  the antennas may be of arbitrary types,  arbitrary sizes,   in 

arbitrary relative orientation, and may be separated by an arbitrary 

distance. 

Let us consider the antenna shown schematically at the left in Fig.   1. 

We define the usual phasor wave amplitudes   a     and   b     for incident and r o o 
emergent travelling waves at the terminal surface S in the input wave- 

guide to the antenna. We choose characteristic impedance equal to unity 

and power normalization such that the net time-average power input to 

the antenna at   S     is 
o 

V^VKI2-!»/'- (" 

where   TI     is the wave admittance of the single mode involved and the ver- 
o ö 

tical bars indicate absolute values. 

I 
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I 
ii We choose a coordinate system Oxyz with unit vectors 

e   ,   e  ,   and e     in the space to the right of the antenna being con- 
—x     —y —z r 

sidered,  and let k denote the propagation vector for plane waves 

in this space,    k will be regarded as a function of its transverse 

components k   ,   k    (throughout this discussion "transverse" 

means perpendicular to the z-direction); the z-component of k is 

then 

k    = i Y. z 
(2a) 

,2        2        2. 1/2 2        2 where y  = [k    - k    - k ) and k   = w   ^f.    The transverse 

part of k is denoted by K,   so that K = k    e    + k    e   ,  and r — '  — —      x-oc       v —v 

V=(k2-K2)1/2 (2b) 

2       2 where Y i8 taken positive for K   <k    and positive imaginary for 

K   >k    [time dependence: exp(-iwt)].    We need the transverse 

unit vectors 

K. = K/K,      K, = e    x K, , 
—1      — —L     —z     —1 (3) 

which are respectively in,  and perpendicular to,  the plane of k 

and £  .    For the transverse electric and magnetic field com- 

ponents EJr)   and HJr)   at the point £ in  z > 0, we introduce the 

vectorial plane-wave (= Fourier integral) representation 

'M')   =/I>     eiYZ + a     e"iYZ)*     e^-dK. m -m 

u / \   - rV^/i_       ^ z -iY zi iK • R,T, i H(r)   =/>(b     e'     -a     e')^     exK     e—    -dK, 
—t-     J  JL^d    m m m —z     -in — 

(4) 



where   R   denotes the transverse part of   r.   Here and in s -bse- 

quent expressions of this type summation over the values    1   and 

2 of the polarization index   m   and integration over the infinite   k , 
x 

k     plane wO be understood.    The spectral density functions 

a    (K)   and   b     (K)   for incoming and outgoing waves,  respectively, 

are defined by eqn. 4;   these are the modal terminal variables, 

analogous to   a     and   b   ,  for traveling waves at the plane S   (z = 0) 

regarded as a terminal surface. 

Limiting our consideration to (electrically) linear,  passive 

antennas, we can now write 

b    = S      a    r 
o       oo   o f^2 S01 (m' ^ V ^ *-' (5a) 

b    (K) = Sin(m, K) a   +/"YV , (m, K; n, L) a   (L) dL, (5b) 
m — iu —    o   y ^^   11 "~       "■~    n —    — 

thereby defining the scattering matrix  [haviag the elements   S     , 
oo 

S     (m, K ),    S     (m, K),  and   S     (m, K ; n, L)] for the antenna 

considered.    If the antenna is reciprocal,  then the receiving 

characteristic    S      (m, K)   is related to the transmitting charac- 

teriFtic   S     (m, K)   by the reciprocity relation 

-T,    Sni(m. K) = T,    (K)Sin(m, -K). (6) 
o    ui —        m —     iu —■ 

where r\    = u)«/y   and r\    = y / (wji) are the wave-admittances asso- 

ciated with the polarizations  K.  and /(    respectively.    We define 

the vectorial transmission spectrum S     (K) = S.0(l, K) x. + | 

Sin (2, K) K- ,  and note that the transverse part of IS is given 

I 
a! 



asymptotically at large distances r by 

ikr 
Et(r)  ~ - Znikcos ÖS10(Rk/r)   ao  e      /r; (7) 

the angle  9 introduced here is the polar angle of r_ relative to the 

z-axis.    Another important asymptotic quantity, here called the 

"effective gain function" and denoted by G   ,  ie defined as 

r    . po^er radiated per unit solid angle as a function of direction 
e (power input to antenna)/(4ir) 

and is given in terms of S      and S     (m, K) by 

4v k2 cos 9 ClS.Jl.K)!2!!. +  |Sin(2,K)!2Tl,] 
G (K) = 5 ^ S-  (8) 

Inview of eqns,   6,  7, and 8, which respectively give the re- 

ceiving characteristic, the far-field pattern,  and the gain in terms 

of S     (K); we shall consider S     (K) as our measurement objec- 

tive. 

We now consider a transmission system (Fig.   1) operating 

in a homogeneous,  Isotropie, and dissipatxonless medium.    The 

receiving antenna has the terminal surfaces S*   and S' ,  the latter 
o 1 

being at z = d.    (Primes are used throughout to refer to the re- 

ceiving antenna. )   In many practical cases the effects of multiple 

reflections between two antennas,  even when set up for near-field 

measurements,  are found to be (or may be made to be) negligible. 

Here we assume that the effects of multiple reflection« are indeed 

negligible.    Let the (passive) termination on the receiving antenna 

have reflection coefficient   P';   then   a ' will be equal to   b ' F ' 
L o ^ o   L 

I 



If the measuring antenna were to give a response precisely proportional 
to the x or y component of E , then these equations reduce essentially 
to a rigorous form of the well-known Fourier transform relation between 
E   and the spectrum. 

: 

The measurement technique being presented requires measuring the 

field of the transmitting antenna in a transverse plane   z   =   d.    Let the 

displacement of the receiving antenna from a reference position be de- 
2 

noted by the transverse vector   P   =   xe      + ye      (Fig.   1).    Then 
— —x —y 

b'{P)  «  F'a    /V^ * -VS'    (m. K) S     (m. K) eiYd dK. (9) 
o — o J ^^ 01 10 

Here    F' is a "mismatch factor" equal to    1/(1 - 17 S'   ).    Note that b'CP) 
L   00 o — 

is what is observed in the measurement process:   it may or may not be 
* 

simply related to   E (P,d). 

Equation 9 is the immediate basis for two new antenna measurement 

theorems pertaining to two different antenna measurement problems. 

First let us suppose that a receiving antenna of known characteristics 

is being used to measure the properties of the transmitting antenna.    That 

is,    Sln(K)   is sought and   S     (K)   is known.    Inasmuch as eqn. 9 is a 
—) ü — —01 — 

Fourier J. itegral transformation,  its formal inversion is immediate: 

SJ^m.lOS^m.K) = DMK). (10a) 

Here    D'(K)   is an abbreviation for the determinate function of   K   given 

by 

e"ivd     /• -IK •   P 
D'(K) = ~   / b' (P) e    -     - dP 

o 

Equation 10a   determines one linear combination of the two components 

of   S^, n(K); in the general case one must make two sets of measurements 

1 
a 1 
1 



with "independent" measuring antennas.    (In many cases a single antenna 

used in two different orientations,  differing say by a 90° rotation around 

the z-axis,  would serve the purpose. )   Then one would obtain the additional 

equation 

^ SJjjdn.K) S10(m,K) = D"(K) ; (10b) 

the double primes distinguish the second set of measurements.    For each 

value of the parameter   K   for which the determinant   S '  (1,K) Sn](2,K) 

- S"  (1, K) S ' (2, K)   is not zero,  the eqns.   10 can be solved for the two 

unknowns   S    (1,K)   and   S     (2,K).    At least this is true mathematically; 

practically one may expect difficulty if the equations are ill-conditioned, 

but we have not yet encountered this in our work. 

Once   S    (K)   is found,   one can incidentally obtain   E (P,d),  corrected 

for probe effects, by making the appropriate Fourier transformation. 

However,    E    has not been of direct interest in our work. 

The second application of eqn.  9 leads to a new method of measuring 
3 

on-axis pattern and on-axis gain using two identical antennas.      The two 
* 

antennas must obey reciprocity,  but may otherwise be arbitrary;   the 

usual requirements in the conventional two-antenna gain measurement 

method,  that the polarization be known a priori and that the separation be 

large compared to the Rayleigh distance,  are eliminated.    Again, the 

effects of multiple reflections must be avoided.    (This requirement is by 

no means peculiar to the techniques being described here. ) 

Here we shall give only the equation for determining   G (0),  and this 

only in the case in which the on-axis polarization is considered known. 

* More precisely (and more generally) what is needed is a known relation 
between the transmitting and the receiving characteristics. 

[ 



The polarization is conveniently specified by means of the complex polar- 

ization ratio 

(11) 

where the subscripts   x   and   y   denote the   x   and   y   components of 

S     (0).    (The state of polarization at the point   K   =   0   of the spectrum 

has immediate physical significance in terms of the on-axis asymptotic 

E ;   cf eqn.   7. )   Let us suppose that the placement of the receiving an- 

tenna to serve in reception is derived from that of the identical trans- 

mitting antenna by a 180   rotation around the y-axis.    (For an arbitrary 

antenna,  the y-axis is an arbitrary axis. )   Then the on-axis gain is given 

by 

Ge(0) 
r; s' 

L     GO 

oo 

p|2 H   1 

I'    U-Vl / 

b '(P) dP (12) 

If we assume a "polarization match"   (p = 0, « ,  or   p= ±i),    F'   = 0,  and 

use the well-known theorem relating effective gain and effective receiving 

cross-section   a    , we obtain the remarkably simple formula 

Ö^RT / 

b '(P) dP 
o — (13) 

We note that both eqn.   12 and eqn.   13 are wholly independent of   d, the 

distance between the antennas.    The gain and cross-section given by these 

equations include the effect of whatever losses there may be in the an- 

tennas (in accordance with the definition 8); to obtain this result the rel- 

ative amplitudes of   a     and   b   (P)   must of course be properly determined 

in the measurement process. ] 



;i 

6 i.    Evaluation of integrals -- Clearly the utility of the results given in 

I eqns.   10,   12,  and 13 de     nds upon the ability to evaluate the integrals in 

the equations in a satisfactory manner.    We have used two methods of 

. determining these integrals from data taken at the discrete points of a 

rectangular lattice in the measurement plane.    One method determines 

the coefficients of a double Fourier sine series giving a least-square fit 

to the data over the measurement lattice.    The other is an application of 

the sampling theorem (or the "cardinal theorem of interpolation theory") 

stated in two-dimensions. 

In both methods of fitting one determines the coefficients   C.   in a 

representation of  b^P)   of the form 

N 

I 

I 

(14) 
1*1 

where the summation goes over the total number   N   of suitably indexed 

basis functions   f.(P).    When the sampling theorem is used, the coeffi- 

cients are simply the measured values of   b^P    ), and ehe summation 7 o —r s 
actually goes over the   M   points of the measurement lattice.    When the 

statistical least-squares method is used,  the coefficients are determined 

by minimizing the sum of the absolute squares of the residuals 

Z   lCN(£,.)-bo(£.)f   • (15) 
r, s 

taken over the measurement lattice.    If,  as is the case for the trigonom- 

etrical functions used, the   f.   are in the Hermitian sense normalized 
i 

and mutually orthogonal with respect to summation ove:.* the measure- 

ment lattice,  the least-square requirement leads to 

■A 



C    *   >   b^P   )f.{P   ) l]h) i        LmJ   O—TB' i—rs7 ^ib) 
r,s 

In eqns.   15 and 16, one must have   N  ^ M   and ordinarily one has N  < M 

-- or else the fitting is not statistical.    We have in some cases employed 

the F-test of mathematical statistics as an aid in judging whether certain 
5 

f.   of higher spacial frequencies should be retained or rejected. 

Although the excellence of the representation achieved with eqn.   14 

is of crucial importance in thv,. il determines the excellence of the final 

result (assuming that the daia iherr selves are sufficiently accurate), the 

final result itself depend» apon the Fourier transform of   b   (P).    The 

basis functions used in both methods of fitting the data possess simple 

known analytical Fourier transforms,  which we may denote by   F.(K). 

Then the desired transform of eqn,   14 is obtained directly as a weighted 

sum. 
N 

'^F.CK)   . (17) 

l«l 

and the fitting of the near-field data can remain implicit. 

E 
The sampling theorem enables us to give an explicit expression for 

evaluated integral.   If we assign band 1 

ZTT/V.   for   k     and  k ,  respectively, then 
Z x y ■' 

—     4k1K,Fa £.4   o —rs 
1 c      Or, B 

In this expression the vectors 

rXj 8X2 

ZTS-TZK*—^'      (r,B = ...   -l.  0,   I,  i 

the evaluated integral.   If we assign band limits   k   = Zrr/X.     and   k_   = 

iyd 
(18) 

10 
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define the measurement lattice, the quantities   b (P    )  are the (complex) 

values of receiving antenna output directly observed at the points of the 

lattice,  and the summation goes over the points of the lattice.    The theo- 

rem requires an infinite sum, but empirically we have found that not even 

all values measurable above noise are needed.    Ordinarily, band limits 

k    = k_ = k   would be conservative.    (There is a lot more to multi- 

dimensional sampling than might be suspected from what is said here. 
6 

See the interesting paper by Peter sen and Middleton.   ) 

To all indications, excellent results have been obtained using both 

methods of treating the data. 

It can be shown that the relative statistical precision of calculated 

far-field results tends to be improved over that of the input data at the 

individual measurement points by a factor of   «/M   ,   where   M     is an 

effective number of independent data points.    M    is less than   M   as a 

consequence of the normalizing "tie-scans" noted below, but nevertheless 

is typically large enough so that random error is essentially eliminated. 

4.    Experimental apparatus and technique -- A functional block diagram 

of the near-field measuring apparatus is shown in Fig. 2.    The 47.73 GHz 

operating frequency (\. = 6.281 mm) was chosen because of existing 

equipment capabilities and the desirability of working with an electrically 

large antenna that is physically small enough to manage in a laboratory. 

The 47. 73 GHz oscillator is phase locked to a stable 9.54 GHz local os- 

cillator (L.O. ) in order to provide coherent phase measurements as well 

as a stable frequency. 

A portion of the input energy is combined with the L.O.  signal in 

Mixer No.   1 where fifth harmonic mixing produces a 30 MHz reference 

signal.    The energy collected by the small scanning antenna (probe) is 

combined with the L.O.  signal in Mixer No.  2 to produce a 30 MHz 

I n " 
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signal containing the desired phase and amplitude information.    Part of 

this data signal is fed to the amplitude recording system and the remainder 

is compared with the reference in the phase detection system.    The dig- 

ital data are recorded automatically during a series of horizontal scans. 

Numerous vertical scans are also made to "tie" the horizontal scans 

together and correct for drift.    Accuracies of better than 1% in amplitude 

and a few tenths of a degree in phase are attainable.   The overall dimen- 

sions of the measurement lattice are determined by the required accuracy 

in the computed far-field results and by the transverse area over which 

E    is significant.    (In the measurements made thus far it has been found 

sufficient to include the 1-percent-of-maximum contour of    JE   I . ) 

The circuitry enclosed by the broken line moves with the probe,  and 

some means must be found to eliminate,  or correct for, changes in the 

L. O.  signal caused by the flexing of the connecting cable.    Any amplitude 

changes are small and the L. O. input to Mixer No. 2 is optimized so that 

a large change in L.O. power is required to produce a small change in the 

Mixer output.    Consequently,  there are no observable amplitude changes 

in the data signal when the cable is flexed. 

We obtained the smallest cable phase shifts with a semiflexible cable 

having a solid outer conductor and a solid dielectric.    The maximum 

phase shift observed at 47,73 GF^ was 2 or 3 degrees (~ 0.5 degrees at 

9.54 GHz).    The effects of this remaining phase shift were eliminated 

as follows:   A multistub tuner (detuner) at the moving end of the cable is 

adjusted to produce a reflected wave,  and a portion of this reflected wave 

is combined with the direct L.O,  signal in the E-H tee so that any cable 

phase shift produces an equal phase shift in the L.O. input to Mixer No,   1, 

The net result is that the phases of the reference and data signals are 

both shifted an equal amount but the phase difference remains unchanged. 

When all adjustments are properly made this correction is essentially 

exact,  and remains so, for cable phase shifts up to at least 20 degrees 

at 9.54 GHz, 
12 
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In order to determine absolute (rather than merely relative) 

values of the far-field quantities   S    (K)   and   G (K), in accordance 

with the equations given previously, it is necessary to determine 

the relative       amplitudes of the transmitting antenna input 

a     and the receiving antenna output   b^P).    In the experimental 

technique adopted, a "transfer normalization" base was established 

by determining    |b/(P)/a   |>  T at the one probe position   P =   0. 

Therv apart from an immaterial constant phase factor, the desired 

quantity   b /(P)/a     is given in terms of relative values of  b {P) 

taken over the measurement lattice: 

KW 
-     T bJföT (19) 

To obtain   T  a form of substitution loss measurement was made: 

A known two-port (actually a section of waveguide) was substituted 

for the system of two antennas between the desired reference planes, 

and the ratio of the transmitted wave amplitudes before and after 

the substitution was measured using precision calibrated attenuators 

included in the system.   It can be shown that 

T = 
 M

2l"-rK
S,o> 

(i-rMuHi.rLM22)-M12M2lrgrL 
• 

^(0) 1 
b2      | 

.   (20) 

Here   b_   is the transmitted wave after substitution, the   M..   are 
2 ij 

the elements of the scattering matrix of the substituted two-port, 

and the other quantities aredefined in Fig. 2.    Although the needed 

quantities were very carefully evaluated, the error in   T   (approx- 

imately 0. 05 dB 2-sigma value) is the largest single error contri- 

bution in the measurements reported here.   (Relative values of 
i 

G   , i.e.    directive gain, could be obtained more precisely and 

more easily.) 
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In the measurements to be described here the receiving antenna 

(hereinafter called the "probe") is an open-ended straight section 

of WR-22 (rectangular) waveguide 45.72 cm. long, with the walls 

of the open end tapered to a sharp edge to reduce back-scattering. 

The probe passes through and protrudes from a section of micro- 

wave absorbing material which moves with the probe and is large 

enough to intercept almost all the radiation from the transmitting 

antenna whatever the probe position.    Additional pieces of absorbing 

material were strategically placed on various surfaces in the lab- 

oratory, and no difficulties with scattered radiation were experi- 

enced. 

The above-described apparatus and techniques have been used 

to measure three antennas: (A) a nominal duplicate of the probe, 

(D) a standard-gain pyramidal horn, and (C) an electrically-large 

horn-lens antenna.    All three antennas were fed by the TE      mode 

in WR-15 waveguide so oriented that the   E of the waveguide mode 

was in the y-direction (cf Fig.   1).        The probe output observed 

with the probe similarly oriented is denoted by   b' and is termed 

y-component data;   the probe output observed with the probe ro- 

tated by 90 degrees around the z-axis is denoted by   b'  and is 

termed x-component data.    In cases   A   and   B» tfre x-component 

data were observed and considered negligible;   this information is 

embodied approximately in the assumption that   S      (K), the 

x-component of   S     (K), was identically zero.   In caseCf x-component 

data were taken and the contribution was evaluated (see below). 

Some basic data pertaining to the three cases are given in 

Table 1. 
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1 
Table 1.   Basic measurement data 

iMcasure- 
|ment  1 

|       Apcrtarc, 
\            X's* 

Separa- 
tion, cm 

R.iyl.  dist. 
a2/2x, cm 

Meas. lattice, 
x X y, cm 

Point Spac-   1 
ing,    X's 

jProbe to 
rprobe: 

0.95X X0.395X 2.54 N.A. 20.3 X 37.5 O.SXx 0.5X   I 

ptd.-gain 
norn: 

6.5X  x 5.3X 2.54 8c 
7.62 

13.1 20.3 X 37.5 0.5XX0.5X    | 

Horn-lens: 90X  x 90X         1 50.8 2840 118 x 151 1.0XX 0.75X 

Xs   6.281    swe 

I    I 

1 

Probe to probe measurements:   Considering the two antennas to be iden- 

tical,  on-axis effective gain,    G (0),  was calculated from eqn.   12 utilizing 

cardinal-function fitting and centerline (x = 0,  y = 0)   y-component input 

data.     [This use of centerline data is equivalent to the assumption of 

probe response pattern separability,    i.e., b/(P)=  f(x)g(y).]    The 

result was 6.83 dB, with an estimated 2-sigma accuracy of about 0. 1 dB. 

The effective gain was also measured using the conventional two-identical - 

antenna method.    This yielded 6.80 dB with about the same accuracy. 

The agreement is better than might be expected considering the stated 

assumptions.    (These were used at the present stage of our work for 

simplicity only;   none is imposed by limitations in the theory or in meas- 

arement capability. ) 

The previous assumption of   S      (K) =  0   and the additional assump- 

tion of symmetry with respect to   y (or k   ),   e.g.,    S,^ (k  .k  )   = 
' v        y' 10y   x    y 

S.„ (k   ,-k   ),  enable one to determine an approximate vectorial spectrum 
IQy    x       y 

15 



saaibaQ uj asDLjd 

oo 

ro 

-^<XI 

I 

ro 
i 

ro CO ojro 

uunuuixDiAl MOiag aP 8pni!|dujv 

e 

s ^ 
^ rt 
rt   w 
_   c 
0    a, 
^ ^ 
*-'   rt 
tc   ^ 

(X 
C    3 rt < 

CD 
1 c CUM 

1 
O i--s 

CO 
c 

0)     '—    4-" 
1 u d 0 c 0    «a 

ro i 
1—1 11  £ o 

X    U   -^ 

c XI  rsi    ^ 

i; ^ :5 
ro o 

^— 
• •■■» 

rn
 n

e 
ic

e
s 

; 
d
u
e 

p 

OJ P 
CL 

0   ^ r    (t    ui 

— i C    m 

> 

0 

a
n

d
a
r 

p
a
ra

t 
p
h
a
s 

c/   en .t: 

öl 

I 



I 
! 

0) 
x> 
3 

E 
< 

> 

0) 
Q: 

0) 

1 

I 

1.0 

0.9 

as 
0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

a> O^i 
V [20 o 100 
<s> 80 
o 60 

SI 
CL 40 
<u 20 
> 0 •♦— 

o 
a> 

Q: 

Residual Phase Error 

♦10° 
-10° 

4    6    8     10    12    14    16    18   20   22   24   26   28   30   32   34 

Vertical Probe Position (Inches) 

Fig.  4.    An example of non-statistical cuive fitting 
(horn-lens antenna). 

Digital vertical (X-plane)  centerllne data taken vlth the BG-98 probe 
at t - 50 em.    The data were recorded at 599 points.    The aaooth curves 
were obtained by fitting 200 Fourier basis functions to 200 of the equal- 
ly spaced points.    In each case the residual curve represents the differ- 
ence between the avplitude or phase obtained fro« the fitted cirve and 
the actual data. 
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for all values of   k      and   k   .    (Note that this is a considerable extension 
x y 

of previous two-identical-antenna measurement technique. )   The basic 

equation for this may be derived from eqns.   10a and 6,   with due con- 

sideration of the probe as a reoriented transmitting antenna.    One finds 

[v*']2 = 
„2  -iyd 

T)  K e    T 

o  

irk2   +  ruk2 

1 y 2 x 
4 

1 /\  //„\    -iK'PJ„ __    /   bo(p)e    -_dp 
nay 

(21) 

Again,  centerline data were used in an approximate evaluation of the 

integral. 

The simplifying assumptions used in these probe-probe measure- 

ments are frequently considered applicable in antenna work and may be 

considered "good, " even though little evaluation has been done.   Here we 

are using the approximate results to apply a probe correction in the next- 

described measurement. 

Standard-gain horn measurements --    The transmitted spectrum   S    (K) 

of the standard-gain horn was calculated from eqns.   10a and 18 using 

centerline data taken at two separation distances,   2.54 cm and 1.72 cm, 

and using the previous probe-probe data to obtain the probe receiving 

pattern   S ' (K).    Figure 3 shows (contrasts) the   x = 0 centerline input 

data for the two distances.    The calculated far-field amplitudes ( ~*/G   ) 

for the two distances were compared with each other and with directly 

measured results on the   k    = 0 centerline.    The maximum   disagreement 
x 0 

among the three was approximately 2 percent of the maximum amplitude 

for elevations between    0   and   50 degrees. 

Horn-lens measurements --   The measurement plrne was chosen at 

50 cm from the physical aperture.    This choice represents a compromise 

between the somewhat greater detail in the near-field closer to the antenna 

and the somewhat greater scan area required at larger distances.    Fig.  4 
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illustrates the complicated structure of the near-field and shows the 

successful fitting of a one-dimensional (y-direction) sample of the field 

by means of a 200-term Fourier series (Fig. 4 relates to earlier exper- 

imental work than the bulk of that reported here). 

Preliminary measurements and computations were made using cen- 

ter line data to determine the density of data points and the length of scan 

required in the   x   and   y   directions.    This was done by starting with 

density of points and scan lengths both clearly greater than necessary, 

and then simultaneously reducing the density (by deletions) and the scan 

range until significant degradation of the computed approximate far-field 

pattern occurred.    Results are given in Table   1, 

Measurements of phase and amplitude of both   b'(P)   and   b'^P) 

were made over the 24, 157 points of the measurement lattice, and com- 

putations of the far-field amplitude (~*/G  ) using both the statistical- 

trigonometric (with use of F-test) and the cardinal-function data-fitting 

processes were made.    In these computations an approximate analytical 

expression for the probe pattern was used.    In particular,  calculations 

were made for 11 slices of the far-field amplitude obtained by fixing   k 

at values corresponding to (azimuthal) angles of   0(0.2) 1.2° and fixing 

k     at values corresponding to (elevation) angles of   0,   0.2,   0.4 and 1,0°. 

On these 11 slices the maximum difference between the trigonometric 

and the cardinal computations was 0.066 percent of maximum amplitude. 

This good agreement must be considered as a measure of precision,  not 

accuracy, and certainly is due in part to the improvement in precision 

produced by averaging. 

The completeness of the measurement and computation just outlined 

enabled us to evaluate two simplifying assumptions frequently used in 

antenna work, as applied to our antenna.    Thus,  omitting the x-component 
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data input produced a maximum change of 0.254 percent of maximum 

amplitude over the set of 11  slices of the far-field amplitude.    Omitting 

the x-component data and also assuming a product pattern led to a max- 

imum error of approximately 6% over a set of four slices at   0   and   1° 

azimuth and at   0   and   1° elevation. 

Direct far-field mez ;■> \rements of the horn lens antenna have not been 

made -- nor are they likely to be made.    Such measurements have not 

been feasible with the range facilities available to us.    Moreover,  we 

feel that the results for the horn-lens antenna obtained from the near- 

field measurements are at least as accurate and as easily obtained as 

any of equal completeness that could be obtained directly.    In other words, 

for the particular antenna measured,  near-field measurements made in- 

doors and not requiring an anechoic room obviate the need for direct 

measurements even if such were feasible. 
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INTRODUCTION 

The purpose of this paper is to describe a concept for 

using a single,  large self-supporting superstructure on a ship 

as a dual band hf antenna.    The object is to improve ship hf 

antenna radiation pattern characteristics by reducing the number 

of structures acting as major parasitic radiators In the hf range 

and to more efficiently utilize the limited available topside 

space on ships. 

The old method has been to mount several hf radiators on 

and around the various superstructures, masts, and towers on a 

ship.    The resulting environment of major parasitic radiators 

results in very poor radiation pattern control on most ships, 

DESCRIPTION AND OPERATION 

Figure 1 shows a sketch of a typical configuration of 

the superstructure dual band antenna.    The structure shown is 

for operation 2-6 MHz fed at the bottom (a)  and k-12 MHz fed 

at the top (b).    It will provide a matched VSWR of less than 3!l 

in the range 2 to 12 MHz.    Figures 2,   3,  b, and 5 show Ihe feed 

point and matcied impedances as measured on a l/U8th scale model. 

Using existing mult 1 couplers, this structure will provide for 

simultaneous operation of up to 16 transmitters in the 2 to 12 MHz 

band. 
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I The structure modeled in this  case was one approxi- 

Imately the  size and shape of the ma.ior  superstructure existing 

on CGN-9,   USS LONG BEACH.    A salient feature  of the invention 

is that it has shown that very large structures can be utilized. 

The structure can be self-supporting on the large  central con- 

| ducting cylinder or shaft (c) up to at  least 15 feet in 

diameter.    Access to the structure is provided through the 

cylinder (c) which is large enough for elevators,   stairs, pipe- 

| ways, and cableways.    The maximum diameter of the cylinder is 

limited only by the degradation suffered in the impedance and 

I radiation pattern shape resulting from the large feed ring (d) 

and the necessity for the large offset from center of the feed (a). 

The diameter and length of the supporting cylinder or shaft (c) has 

been chosen to provide a shunt inductance ,1ust small enough so that 

the 2 MHz point can be matched 3:1 with a matching series 

I capacitor.    Within the  conducting surfaces,  the entire volume 

shown cross-hatched in figure 1 can be utilized as access, equip- 

j roent,  living or operating space.    All the surfaces  shown are 

T conducting unless otherwise indicated in figure (l).    The upper or 

discone portion fed at  (b) has a large shunting 50-ohm shorted 

stub (e) of length chosen to provide a  shunt reactance which will 

allow a series capacitor to match the antenna to a 2:1 VSWR over 

most of the k to 12 MHz range.    The disc (f)  is formed by yardarms 
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and platforms.    Electrical cables, wave guides,  and piping for 

the equipment above the disc are lead through the inner cylinder (g), 

ADVANTAGES AND NEW FEATURES 

A single structure can be installed on a ship which, 

besides performing other functions of ship superstructure,  integrates 

a dual band antenna into the structure.    This is a major advantage 

in terms of efficient use of topside space and reduction of parasitic 

radiators over the old methods.    An entire, very large superstructure 

is made into a broadband discage hf antenna on which almost all 

antennas such as those for radar and ECM functions can be mounted in 

a concentric or colinear manner.    This eliminates much of the antenna 

blockage which occurs on present ships due to the presence of masts, 

platforms and equipment. 

ALTERNATIVES 

The conducting surfaces can be formed of solid sheet, 

welded pipe,  or wires spaced at suitable intervals depending on 

mechanical requirements.    The dimensions shewn in figure (l) are not 

all necessarily critical.    They can be changed on an experimental 

basis to provide the desired impedance characteristics in the 

desired frequency range.    The more    critically determined dimensions 

In figure 1 are the dimensions of the shunt stub (e), the shaft (c), 

and the ^5    angles shown chosen for a 50-ohm characteristic 

Impedance.    The diameter of the disc (f) and the overall height of 

^. 
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the structure have mlnimums determined by the desired low frequency 

response.    The shape is not critical--the structures can be either 

rectangular, pyramidal or cylindrical-conical, the cylindrical- 

conical shape being optinmm for all-round symmetry.    Equipment 

such as conformal arrays can be installed external to the conducting 

surfaces indicated, limited only by the tolerance for discontinuities 

resulting in impedance perturbations.    If desired,  the structure 

can also be supported by insulated guy wires. 
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FIGURE 1. SUPERSTRUCTURE   BROADBAND  DISCAGE  ANTENNA 
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FIGURE 4.   SUPERSTRUCTURE BROADBAND 0ISCA6E  ANTENNA DISCONE 
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1.       Inhroouctlon 

This paper describes the feasibility models of an Alert Receiver Antenna and a 
Basic Module Antenna, which were fabricated by utilizing four of the Alert Re- ^ 
ceiver Antenna configurations.   These models are the result of a study and 
development effort for advanced Tactical Satellite Communications that involve 
transportable terminals consisting of team pack and vehicular mounted configur- 
ations.   Emphasis has been placed upon weight, size, efficiency and a modular 
concept that will allow expansion to larger antenna size through the use of addi- 
tional modules. 
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2»     Attfenho Deicrlptlon 

Ihm mcdulcr array antenna detoribed Is required to operate with TACSAT.   As such. 

Its overall operational requirements ore as follows» 

1. To provide simultaneous transmit, receive and tracking functions In two planes. 

2. Operational frequency range 7,2 to 8.4 GHZ. 

3. Polarization - right hand circular In the transmit band left hand circular in 

the receive band. 

4. Maximum power - 250 watts CW. 

The mechanical considerations included] 

1. Aperture modular construction to aid logistics, repair, and contingency modes 

of operation. 

2. Minimum aperture depth. 

3. Lightweight, low cost construction. 

4. Method of connection to be compatible with future Integration with transmitter 

and receiver to be rear mounted. 

These requirements were met with the planar array design described herein. 

The array is composed of 1000 crossed dipoie elements positioned above ground planes. 

The elements are contained in a two by two mntrix of identical modules which are 

Interconnected by waveguide circuitry.   The circuitry located at the rea. of the modules 

serves to locate the modules while providing the required transmit, receive, and tracking 

functions. 

An extremely flat, minimum weight, rugged module design was achieved by employing 

a novel construction technique using printed circuits. These circuits have the further 

advantages of repeatability and low cost In volume production. 
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Modul« Arroy 

Th« modules which compriM th« full array are complete antenna« in themselves. 

A tingle module Is capable of simultaneous transmit and receive operation by virtue of 

the mechanism which affords the dual circular polarization.  Each module Is a 250 

element square, planar array with a uniformly illuminated aperture. The construction 

of the module feature« a novel arrangement of 2 linearly polarized printed circuit 

arrays including their corporate feeds in a layered structure, fed by a hybrid for 

circular polarization.   The resulting package has an apertuie of 15 by 15 Inches, an 

overall depth including waveguide flanges of 2.5 inches, and a weight of 3.5 pounds. 

It is estimated that by use of a printed circuit hybrid and molded plastic case, the 

depth will be 1.75 Inches and the weight 1.5 pounds.   Figure 1 shows a complete 

module antenna. 

The electrical circuitry features two linearly polarized arrays oriented In space with 

their respective polarizations in quadrature.   The arrays ore driven with a 90   type 

hybrid to simultaneously generate left and right circular polarization. The basic 

antenna element used In the array is a printed dipole backed by a ground plane for 

unidirectional radiation.  All the dipole« of one polarization are excited from a two 

wire balanced transmission line corporate feed.  This corporate feed is connected to 

a hybrid port via a balun structure.  The corporate feed uses binary power division 

and equal path length to achieve uniform dipole excition.  Both the dipole array and 

corporate feed are printed in the aperture plane thereby realizing a very flat 

structure.  The electrical performance of a single linearly polarized array Included 28 db 

gain at mid band and maximum first sldelobes of 11.5 db below the peak of the main lobe. 

A typical pattern of a linearly polarized array is shown In Figure 2a.   Figure 2b shows 

a comparable pattern for a circularly polarized module formed from two of the 

linearly polarized arrays. 
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» The measured performance of the circularly polarized nodule It at fbllowit 

mid band gain 

first side lobe 

polarization Isolation 

VSWR 

axial ratio 

28 db 

II db down from main lobe 

20 db 

1.55il 

<3.1 db 

In addition to (fiese choraeterlitios, tests showed that continuous power of 250 watts(Cw) 

«an be radiated.   Destruction tests indicate even higher powers are possible by a 

redesign of the impedance levels of the corporate feed branches* 

4,      Four Module Array 

The largest aperture tested utilizes 4 modules in a 2 by 2 matrix array.  The modules are 

driven by waveguide circuitry designed to give uniform aperture Illumination and 

symultaneous transmit, receive, and autotrock functions.   Figure 3 shows the complete 

4 module array.  The antenna face dimensions are approximately 30 by 30 Inches and 

the depth to the outermost flange of the waveguide network Is approximately 9 Inches. 

The four module design used a total of 1000 elements arrayed In a square planar aperture. 

The array elements are driven with uniform Illumination.  The feed circuitry provides 

right hand circular polarization for transmit and left hand for receive, also provided 

are functions for simultaneous transmit, receive and 2 axis tracking. 

The electric circuitry to develop the required aperture excitation and input-output 

functions Is shown schematically in Figure 4a.  The four identical module antennas 

are treated as terminations for the system via their respective transmit and receive 

ports.  Module transmit Inputs of equal amplitude and phase were developed by a 

two step binary power division of the system Input carried to the modules by equal 

length transmission paths.  Rectangular waveguide was used with Magic Tee hybrids 

for power division.  The module receive signals were carried through equal length 

waveguide paths to a microwave comparator circuit. 
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In tht comparator, 3 Magic Tee hybrids and a power summing Tea combine the 4 

module receive signals to produce a sum output, an azimuth difference output, and 

an elevation difference output.   As depicted in Figure 4a, the comparator network 

achieves a uniform illumination for tho sum output and a b!-polar illumination for 

each of the difference outputs. 

The modular antenna performance was measured over the full SHF communications 

band. The performance characteristics included a mid-band gain of 33 db and maximum 

sidelobes of 10 db below the main lobe.  The receive difference pattern null depths 

were greater than 30 db while the maxima were 3 db below the peak of the main 

lobe of the receive sum pattern. Typical sum and difference patterns are presented 

in Figure 4b.   In addition, both axial ratio and VSWR were measured across the 

transmit and receive bands.  The axial ratio was no greater than 3.2 db across the 

transmit and receive bands.  The VSWR w» less than 1.6 to 1 across both bands. 

At present It Is estimated that I KW CW can be radiated by the modular antenna in 

Its present form.  This estimate is busod on the power tests performed on a module as 

previously mentioned. 

A final indication of performance was successful voice communication tests utilizing 

the TAG-SAT satellite.  This included side-by-si dn comparison tests with a 3 foot 

parabolic antenna.   The results showed the modular antenna performance to be equal to 

or better than the paraboloid despite the 10 percent larger aperture area of the parabdlüld. 

Conclusions 

The feasibility of a modular, highly mcbiie SHF antenna has been demonstrated.  By 

utilizing printed circuit techniques, a light weight antenna with a ' 

I superior form factor has been built and tested successfully.  The technique has great 

potential for military tactical communication systems. 
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