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ABSTRACT 

This report describes an antenna array which consists ot concentric 

rings of monopoles. In each ring all of the elements are fed from two 

amplifiers, the output of which is controlled by a steady or slowly varying 

voltage. The antenna forms a directional beam, and the pointing of this beam 

is determined by the control voltages. The pointing can be continuously 

varied through 360° without significantly changing the shape oi the pattern. 

The fundamental theory on which the antenna is based is summarized, 

and details of the design are presented. The electronic equipment required 

to give a uniformly rotating beam is uescribed, and the recuits of stability 

tests are given. In the last part, the rtoults of a series of tests on such an 

antenna are described. The antenna which was tested had a beam width of 

about 50°. a side-lobe level of 20 db. and the beam was rotated at steady rate 

of 60 revolutions per second. 

The antenna offers the following advantages: 

1. Any angle of pointing can be obtained. 

2. The required voltages are easy to generate. 

3. Only relatively standard electronic components are 

required. 



I. INTRODUCTION 
This report describes a circular antenna array, consisting oi concentric 

rings of monopoles, which forms a directional radiation pattern having low side 

lobes. Each ring is excited by two amplifiers, and by varying control voltages 

to these amplifiers the beam may be pointed to any desired azimuth angle. 

Circular antenna arrays have been studied intermittently for at least 

thirty years. S'enzel1 proposed that a circular array be used in a direction 

finding system, and gave an analysis of a single-ring array having uniform 

co-phasal excitation. In his analysis he assumed that the number of elements was 

even. This analysis was extended by Knudsen2 to include the case of an odd 

number of elements. DuHamel3 developed a synthcs'S technique by which a 

specified pattern could be obtained, and also showed h"w patterns of the 

Tchebyscheff type can be formed with a circular array. None of these studies 

were concerned with current distribution along the elements of the array or with 

the terminal impedance of the elements, or indeed, with whether the required 

current distribution around the ring could be physically realized. King 

showed how the integral equation method for studying these properties could be 

applied to circular arrays and Hickman, Neff and Tillman carried out a detailed 

analysis of single-ring arrays, which is given in complete form in Scientific 

Report No. 4 on this contract. 

A recent trend in directional antenna arrays is to excite each element 

ot the array from a separate radio-frequency amplifier. The beam can then 

be pointed in various directions by varying either the phase or the amplitude 

(or both) of the exciting voltage to this amplifier. This method, called electronic 

scanning, has been used with linear arrays, but the beam can be pointed only to 

angles lying within about sixty degrees of the normal to the line of the array. 

By using such a technique with a circular array, there is obviously no such 

limitation on scan angle, since any angle is equivalent to any other because of 

the circular symmetry. A serious difficulty with impedance arises, however, 

which is not a significant factor with lirear arrays^ If a single- ring circular 
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array is designee» by either the method of DuHammel, or by the related metnod 

of Hickman, Neff and Tillman, it is found that the impedance of the various 

elements vanes widely from element +o element, and indeed, will sometimes 

have a negative real part. Thus, since scanning a circular array is equivalent 

to moving the current distribution around the array, the load impedance on each 

amplifier varies drastically with scan angle, resulting in poor performance 

by the amplifier. An additional practical problem is present, since the required 

amplitude and pause of the amplifier output does not vary in any simple manner, 

requiring an elaborately programmed control system. 

As a result of a study by Neff, Patton, Pierce, and Tillman ’ under 

Contract AF 19(604)-1557, it was found that a pattern of the form cos k 

can be radiated by a single ring, and that all of the elements will have the 

same impedance. They proposed stacking a number of such mngs vertically, 

each with a different value of k, to give a pattern H cos k(^-^Q). The vertical 

stacking results in linie coupling between rings, with a consequent steady load 

on the amplifiers. One purpose of the present contract was to build and test 

such an antenna. It was found early in the work that under some conditions 

coupling between rings can be tolerated, and the array actually tested consists 

of concentric rings of monopoles, with their terminals lying on a common 

ground plane. Only two amplifiers per ring are needed, and the required control 

system is relatively simple. 

This report describes this antenna, and gives the pertinent design 

information for both the antenna and the electronic equipment, and the results of 

a number of tests. Arrays having a center element, and either two and three rings 

were tested, giving beamwidths of 80 and 50 respectively. Side-lobe 

levels of 20 db to 30 db were easily obtained. The scanning syrtem was designed 

to rotate the beam at a uniform rate of 60 revolutions per second. Section II gives 

a summary of the basic theory of circular arrays, and shows the application to 

the system described abo 'e. Section III covers the design of the electronic 

equipment needed to excite and scan; the array, and Section IV gives the results 

of the tests of the array. 



II. THEORY AND DESIGN OF THE ANTENNA 

It is the purpose of this section to set down in concise form those results 

from previous analysis of circular arrays which are needed in the design of a 

concentric ring scanned array, and to complete such a design. Since the funda- 
5 8 9 . 

mental theory of such arrays is now available in the literature ' , it will not be 

repeated here. 

A. Isolated Ring with Sequence Excitation. 

Consider a circular array with a radius consisting of m identical 

parallel monopoles, as shown in Fig. II-1. The elements are numbered from 1 

to m, and the center of element m lies in the plane - 0 of a spherical coordinate 

system whose center lies at the center of the ring. The centers of all of the 

elements lie in the plane 0 = jt/2, ami all of the elemen+3 are perpendicular to this 

plane. Let the current in the i^1 element be 

1™ - I(k) cos ki- k*0). (1) 
T(k) 

In (1), k is any positive integer and is called the sequence number, I is a 

complex constant called the sequence current, and is any fixed angle. The 

time variation e^u* is understood. The far field pattern of this set of currents 
6 

is 

F(k) (0,^) = m I(k) 

00 

J Ju (ßpain 0) cos k (0 - d) 

.(pm-k) ^ Opsin 0) cos (pm^-k^+tyj) 

+ jipm+k) JDm+k (0p sin 0) cos (pm^+k^-k^o) J . pm+k 

order Fessel 

function of the first kind, and ß is the phase constant 2x/X. Inspection of (2) 

shows that if 0p k, and m-k»k, then all of the terms in the summation are 

(2) 

The element factor, Fe (0) is omitted from (2). JR (x) is the n 

I 
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neglible. It ie accordingly convenient to call the term outside of the summation 

the principle term, and the remaining terms residuals. These may be made as 

small as desired by making m large. If m is so chosen, 

F(k' (6,^) = jk m I(k) Jk (0p sin 0) cos k (¿-<*0). 

Inspection of (1) shows that if m is even, there are only m/2 choices of k 

that lead to different sets of currents. If m is odd, there are (m+l)/2 choices of 

k. Equation (1) can be written 

2?rki 
I. = I(k) (cos cos kd + sin i m o 

If we now set m = 4, 2jrki/m = tn/?, and 

m 
sin kd ). (4) 

I. = I(k) (cos -y- i cos k + sin -y i cos k . 

For i odd, cos -y i = 0, and for i even, sin -y i = 0. Then 

I. = j'1"l) I(k) sin k , (i odd). 

(5) 

j1 I(k) cos k tQ, (1 even). (6) 

Let ßp = k. Then the principal term is 

F*k* (0,^) = jk 4k I*k) Jk (k sin 0) cos k , W 

and the largest residual is 

FjJk) (0,^) = j3k 4k I(k) J3k (k sin 0) cos (3k^ + k^Q) , (8) 

which is always small compared to the principal term. 
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It is now evident that if currents as specified by (6) can be maintained, 

an array of concentric rings may be constructed with values of k = 1, 2,-K. 

The inner ring will have 4 elements, the next ring 8, the third ring 12, and the 

K**1 ring will have 4K elements. The pattern will be 
K 

<- 

F (0,^) jk 4k Jk (k sin 0) cos k 

k - i 

Since the Fourier series of a directional pattern requires a constant term, this 

can be provided by adding an element at the center with current 1^°^. 

k (z). k 1 O, 

k = 0. (10) 

K 

jr Ak COM k (¿-^o). (11) 

k = 0 

The constants may be chosen as desired to give a satisfactory pattern. It 

is clear that the beam is pointed to the angle 

Referring to (6) it is seen that all of the currents in any one ring are in 
(k) 

phase with each other, and that they have amplitudes of either + I ' sin k or 

+ cos k If these currents are supplied from controlled amplifiers, only 

two amplifiers per ring are needed. If all of the A.' s in (11) are real, as is 
* it 

usual in pattern synthesis, (10) indicates there is a phase lag 90 in the phases of 

successive ' s. The properties of each ring of such an array of concentric 

rings are summarized in Table II-1. 

Let Ak . jk 4k I<k) 

Then at 0 = jr/2, 

F( -5-. ¢) = 
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Table II-1 

Required currents and resulting patterns of single-ring arrays for sequence 

excitation, m = 4k, ßp = k. 

k m Currents 
i odd 

Currents 
i even 

jik) Pattern 

0 1 - j(o) 
Ao Ao 

1 4 i(1Wo I(1)cos¿o -¿A j/4.1^ 1) Ajcos^-^) 

2 

3 

8 I^2*cos2^ ro I*2*cos2^o -A2/8J2(2) A2cos2(^-^o) 

12 I(3)sin3¿o I(3)cos3^ ro jAg/^JgO) A3cos3(^-^q) 

4 16 I(4)sin4¿o 
— 

I***cos4i 0 A4/16J4(4) A4cos4(^-^o) 

If a jingle ring array has currents, given by (1; all of the elements will 

have the same terminal impedance, called the sequence impedance. This 

impedance, for the case of h = X/4, is 

2rki m 

7(k) _ , n 
z - i Tw 

.(k) 

hi <-« / X X « 
e Cd(T_*T) (12) 

i ^ 1 

In (12). Zv ' is the sequence impedance, n is intrinsic impedance of free space 

(n = 120x), and 

X/4 

cd ( T' T * “ cospz e dz (13) 

-X/4 
F 

nu 

■r ( — z )2 , and d, th 
is the spacing between the m element where R .. = d . . , . __ mi mi 4 mi 

and the i^1 element. The function C .(h,z) has been tabulated by Mack and Mack1**. 
(k) a 

Extensive tables of Z are to be found in Scientific Report No. 4 on this 

contract. Table II-2 gives values pertinent to the case considered here. 
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Table II-2 

Sequence Impedances for single-ring arrays for the case of m = 4k, ßp = k. 

k RW x<k> 

1 

2 

3 

4 

48.2 

56.2 

60.3 

62.9 

78.4 

102.0 

117.6 

129.3 

Unfortunately, if either a center element, or more than one ring is 

present, coupling between rings is such that the impedances o: all of the 

elements are no longer the same. This eoupiing between rings is considered 

next. 

B. Coupling Between Concentric Rings. 

It has been shown that if the currents in the kth ring are of the form 

I.k) = I*k* cos ( ni - k^Q), (1) 

the pattern will be 

F(k) = jk 4k I(k) Jk (ßp sin 0) cos k (j-40)' (2) 

If there were no other rings present, the impedance of each element is the same, 

Z*k\ Then the required voltage at the terminal of each element would be simply 

yOO _ j(k) z(k) _ jik) z(k) cos (T1 _ (3) 

As soon as there are currents in the other rings (3) no longer holds because of 
(k) 

mutual coupling, and the set of voltages required to give the current set ^ 

becomes very complicated. Suppose however, each ring is excited with voltages 

of the form of (3), and it is now desired to find the resulting pattern. Tiiis 

pattern can be found by superposition of the patterns when each ring alone is 

driven by the voltage set (3), with all of the elements in other rings terminated 

in the generator internal impedances. To find these patterns requires the 
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determination of the currents induced in the undriven rings. 

First, consider only one ring, driven by a set of voltages specified by 

(3), and a center element terminated in Z . Since each element in the ring is 
& 

equidistant from the center element, and the sum of the currents is zero, the 

induced current in the center element is zero, and driving the ring gives the 

same result as if the center element were not present. If the center element 

is driven, and the elements in the ring are terminated in Z^, equal currents 

will be induced in each element of the ring. The pattern obtained by driving 

the center element is thus 

F<0) = lQ + 4k I0* J0 (ßP sin 6), (4) 

in which Io' is the current induced in each element in the ring. To find this 

current, consider the coupled circuit equations for this case: 

4k 

vo=Iozn + i«' z o p 

(5) 

-J ' Z„ 
° g lo W <Z11 + Z12 + ””Z1 4k^ * 

Zp is the mutual impedance between the center element and each element in 

the ring, and the sum in the brackets can be recognized as the zero-sequence 

impedance of the ring. From {5) 

V = -I 
z(o,+z 

(6) 

= Z 11 

4kZ 

z(0Cz 
g 

= Z. (7) 

I 
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I 

I 

Now if both the rini, and center element are driven, by superposition. 

Io= Z 

and 

, V«k> 
V1» + -nrrv 

The pattern is consequently 

F = Z_ 1 - j-y— J Op sin 0) 
Z' '+Z 

g 

V(k) k + —j 4k Jk Op sin 0) cosk 
Z 

(8 

It is seen that (8) gives precisely the desired pattern; a constant term which 

depends only on the voltage V applied to the center element, and a term 
° (kl cos k which depends on the voltage V' . 

Consider next two concentric rings, each having four elements, with 

the elements not necessanlv lying on the same radial. Let the elements be 

numbered as shown in Fig. II-2, which also shows the nomenclature used 

for the mutual impedances. That is, TTZ.. is the mutual impedance between 
til •J fU 

element i in the I ring, and element j in the j“1 ring. The circuit equations 
for this eight element array are 

V=I Z+IZ+IZ+IZ 
14 1 4 11 44 1 1 11 41 1 S 11 42 1 3 11 43 

+ 1 Z+I Z + IZ+I Z, 
2 4 12 44 2 1 12 « 221X42 221243 

I 

t 



10 ! 

V = IZ+I Z+l Z+I z, 
11 1411 :« 1 1 11 11 1 2 11 12 1 3 11 13 

(9) 

+ 1 Z+I Z+I Z+I Z, 
2 1 12 14 2 1 12 11 2 2 12 12 2 3 12 U 

/ 

I / 

/ 
/ 
/ 

! 

V = I Z+I Z+I Z+I z 
2 3 1 4 12 43 1 1 12 13 1 2 12 « 1 3 12 33 

+ 1 Z+I Z+I Z+I Z 
2 4 22 43 2 1 22 13 2 2 22 23 2 3 22 33 

Reference to Fig. II-2 shows that many of these mutual impedances are the 

•ame1: Z = Z = Z = Z = Z 
11 44 11 33 11 22 11 11 22 44 

= z = z= z,z = z = z 
22 S3 22 22 22 11 11 41 11 12 11 23 

= z,z = z,z = z = z 
11 34 11 42 11 13 22 41 22 12 22 21 

= Z,Z = Z,Z = Z 
22 34 22 42 22 13 12 44 12 11 

= Z = Z . Z = Z 
12 22 12 33 12 41 12 12 

= Z = Z , and Z = Z • 
12 23 12 34 12 42 12 13 

Now, if taking the first four equations of (9), the set of voilages 

1Vi = V(1)cos <-2-i-*0) (10) 

is applied to the first ring, and the second ring is made parasitic, (9) ccn be 

solved for the currents. After considerable manipulation the results arc found 

/ 
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to be 

l1!* 

cos ( -y1 ’ 0O> 

11 
Z (1) [ 12' 

,(1) 1 

JW 
22" 

and 

21! = l1! 
12 

Z(D 

22" 

(11) 

(12) 

In (11) and (12) . .Z^^and 00Z^^ are "he one-sequence impedances of the first 

and second rings respectively, as given by (12). ^Z' 1 is called the one-se¬ 

quence mutual impedance between the rings, and has exactly the same form as 

(12), except that the distances are those between the first and second rings. It 

is seen that the induced currents have the same form as the currents in the 

driven ring, and consequently will radiate the same shape pattern. 

If there is no offset between the rings, the pattern will be 

F(lW"J 4V 
(1) 

nz'Vl /22z“’ 
pj (ßpr sin 0) 

,(1) 
12" jjy- Jj (ßp2 sind) 

22" 

cos (^-^0) . (13) 

If there is an offset, the only result is displace the final pattern by an amount 

that depends on the offset angle a . 

Finally, consider the case where the second ring contains eight elementa 

This can be resolved into three groups, each consisting of four elements, as 

shown in Fig. II-3, and analyzed as above. The result is that both a one- 

sequence and a three-sequence current i« induced in the second ring; the one- 
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sequence being the sum of the one-sequences of the four-element sub-groups, 

and the three sequence being the difference. However, if = 2» Jg(2) is 

small,, and the three sequence is not radiated appreciably. 

If the center element in the two-ring array of Fig. II-3 is driven, 

a zero-sequence is induced in each of the three four-element groups. It is 

then found that the zero-sequence component of the second ring is the sum 

of the zero-sequence components of the sub groups, and that a four-sequence 

component equal to their difference is also present. However, since J^(2) 

is small, it does not radiate. 

Lastly, if the outer ring is driven in the two sequence, a set of two 

sequence currents is induced in the inner ring. 

As a check on this theory of r-quence coupling, the mutual impedance 

matrix of the array of Fig. II-3 was inverted using a digital computer, and all 

of the currents were found when the inner ring was driven so as to point the 

beam to 0°, 22 5° and 45°. The exact patterns were then calculated, using 

the computer, and are shown in Fig. II-4. The only effect of the mutual 

coupling is to slightly change the size by about 1.5 db with angle of scan. Ex¬ 

perimental verification is given in section IV. 

C. Concentric Ring Scanning Antenna 

The preceding sections contain all of the thepry needed to design a 

concentric ring, scanning antenna. The array will contain K rings, numbered 

from k = 1 to k = K, each ring having 4k elements, and a circumference 

ßp = k. Each ring is fed from two controlled amplifiers, the control voltages 
(k) 

being cos k^ and sin k^, and the amplifier outputs V cos k^Q and 

sink^o. Appropriate transmission line networks then can be used to make 

the terminal voltages have the form 

V(.k) = V(k) cos ( i - k^o), (1) 

and the pattern, including the effect of currents induced in the other ring? is 

Fk(^) = Ak cos k (^ - 4o), (2) 
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wnere Ak = CV*k\ C being some constant involving a great number of para¬ 

meters, including the mutual impedances, Bessel functions of the circumfer¬ 

ences, and generator impedances. The final pattern is then of the form 

K 

F (^) = / Ak cos k^. (3) 

k = 0 

The constant term is supplied by an element at the center. 

For directional patterns with low side-lobe levels, the use of Tcheby- 

scheff polynomials gives a good way to select appropriate values of A^. Th>; 

method for accomplishing this was given by DuHamel4. and is also to be four- 

outlined in considerable detail in Scientific Report Number 4 on this contract. 

The required numbers of rings, elements, and amplifier d to obtain various 

beam widths a»*e given in Table II-3. 

Table II-3 

Required numbers of rings, elements, and amplifiers for various half-power 

beamwidths and side-lobe levels. 

Number 
of rings 

Number of 
Elements 

Number of 
Amplifiers 

Beam width in Degrees 
20 db 

side-lobe 
30 db 

side-lobe 

1 

2 

3 

4 

5 

7 

10 

80 

5 

13 

25 

41 

61 

113 

221 

12961 

3 

5 

7 

9 

11 

15 

21 

161 

125 

74 

51 

40 

32 

22 

16 

2 

130 

83 

60 

46 

38 

27 

18 

2 
_ 
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Fig. II-2. Two-ring array, showing notation used in analysis 
of mutual couplin,-. 
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III. EXCITATION SYSTEM FOR THE SCANNING ARRAY 

The general theory of the electronic scanning circular array was set 

out in the preceding section. In order to obtain experimantal verification 

of this theory, and to investigate the associated electronic equipment, an 

antenna of this type was constructed and tested. This section describes the 

electronic portion of the system. 

It was decided that an array having three or four rings would be large 

enough to prove the feasibility of the scanning method, so the electronics 

package was designed to provide the proper terminal voltages for a four ring 

system. A carrier frequency of 300 megacycles per second was chosen as 

being reasonable for the antenna tes', range on which patterns were to be 

measured. The antenna itielf was constructed using quarter-wave mono¬ 

poles, so the outputs of the electronic package and the power dividing and 

I feeding system were all coaxial. The system was designed to be operated in 

two ways: fixed pointing, in which the shape of the pattern is determined by 

externally applied d. c. voltages; and scanned, in which a directional beam 

is rotated at a speed of 60 revolutions per second. In the scanning mode, the 

shape of the pattern is monitered on a oscilloscope, and controls are provided 

so that shape may be changed as desired, 

i A. General organization. 

In Section II it was shown that a set of voltages 

(1) 

(2) 

Í 

v'10 = V<k) co. < £-k, - k>o) 

give rise to a pattern at 0 = jt/2 given by 

F' = ~7kj Jk ( COS k ^ " ^0> 

I 
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If m = 4k, (1) reuuces to 

,.(k) ,.(k) n . ., V. = V cos tt- X cos kçl 
1 ¿ O 

„(k) TT . • , J = V sin -y- i sin k^o 

i even, 

i odd. 
(3) 

To drive the elements of such a ring only two amplifiers are needed, with 

output voltages c f V(k) cos k¿o< and V(k) sin k^Q. For a uniformly rotating 

beam. = u>8t, where u>a is the angular velocity with which the beam rotates. 

If the instantaneous value of the carrier is included, the required voltages are 

(k) 
V cos kw t cosu t 

cos (u + ku t) + cos (u c s c • kust) (4l 

and 
(k) 

V sinku t cosu t 

(k) 
sin (u + ku t) - sin (u - k c s c v] (5) 

Now (4) and (5) are readily recognised as the expressions for suppressed 

carrier amplitude modulated waves. The required voltages given by (3) can 

thus be generated by the use of balanced modulators. 
It 

There is a factor j in (2), so to make the contributions from each 

ring add in phase as explained in Section II, the cirrents in each ring must 

differ in phase by 90 from the currents in the adjacent ring. Since both the 

balanced modulation and this phase shift are more easily obtained at low 

frequencies than at 300 me, it was decided to carry out the control operations 

at 30 me. Then the output of the modulated amplifier can be mixed with the 

output of a 270 me source, and the sum frequency amplified in a 300 me 

linear amplifier. 

I 
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A block diagram of the resulting system is shown in Fig. II1-1. A 

7. 5 me crystal controlled source is doubled twice in frequency, to 30 me, 

and this voltage is applied to all eight channels. A 30 me buffer amplifier 

drives the balanced modulator, which is followed by another buffer. This is 

in turn followed by the mixer, and then by a 300 me linear amplifier. The 

phase shifter is incorporated in the first buffer amplifier block. The modula¬ 

ting voltages for the eight channels are cos sin^o, cos 2^q, sin2^o< cos 3^, 

sin3^o, cos 4^o, end sin 4^q. Two channels then feed each ring. The first 

two channels feed the k = 1 ring, the output of each amplifier being split between 

two elements. In the k = 2 ring, each amplifier feeds four elements; for k = 3 

each amplifier feeds 6 elements; and in general, each amplifie:.’ must feed 2k 

elements. 

Since d = u t, a source is needed to supply voltages cosw t, sink) t, 

cos 2u t, sin2u) t,-sin 4(j t to the modulator. Gain controls incorporated 
3 3 S 

at this point can be used to control the shape of the pattern. 

B. Radio-Frequency Section. 

A schematic diagram of the radio-frequency part of the system is 

shown in Fig. Ill-2. The 7. 5 me crystal oscillator and the frequency doublers, 

which are not included in Fig. III-2 are entirely conventional. The control of the 

phase is accomplished by the potentiometer in the plate circuit of the first 

6AU6 tube. The impedance of this circuit is constant in magnitude, but varies 

in phase by almost 180° as the potentiometer is varied from one extreme to 

the other. The second 6AU6 is a driver for the balanced modulator. A 

modulator using diodes was chosen because it offered the advantages of sim¬ 

plicity, high carrier suppresssions and the ability to accept d. c. modulating 

voltages, thus making it possible to stop the beam at a fixed angle of pointing. 

The 6AG7 serves as a class A buffer amplifier. The 6360 is the mixer. The 

signal from the 270-mc local oscillator,which is also crystal controlled is fed 

into the grid, and the suppressed carrier signal at 30 me is coupled into the 

cathode. The plate circuit is then tuned to 300 me, the sum frequency. The 

final power amplifier, a 6939, is normally .''perated class A, and delivers a 

power of about 2 watts. An amplitude control is incorporated in the screen 

circuit of this stage. 
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The r-f channels, besides the necessary-Umed-circuits, have three 

controls. These are: 

1. Phase shift-accomplished in the first stage. 

2. Carrier suppression-accomplished in the modulator. 

3. Amplitude-accomplished in the final stage. 

The three controls are virtually non-interacting. Almosi. a full 180 variation 

in phase can be obtained, and about 30 db of carrier suppression is readily 

achieved. 

C. Sequence Generator. 

A generator is required to produce the control voltages cosugt, sinUgt, 

cos 2u> t, --- sin4u t. The requirements on this generator are: output 
S 3 

voltages at 60 cps, 120 cps, 180 cps, and 240 cps; and at each frequency, two 

outputs 90° different in phase. The frequencies must be exact multiples of 

the fundamental. Controls must be provided to balance tie two outputs at each 

frequency, to adjust the phase difference between these outputs to exactly 90°, 

to change the amplitude of both outputs together, and to change the phase of 

both outputs together. 

The 60 cps line frequency is used to provide the one-sequence, to in¬ 

sure stability. The two-scquencc is obtained from the one-sequence by full- 

wave rectification, followed by bandpass filtering at 120 cps. The second 

harmonic of this full-wave signal is at 240 cps, and is used to obtain the four- 

sequence by filters. A 60 cps square wave is obtained by clipping the one- 

sequence, and the third harmonic of this square wave is selected by a 180 

cps filter. The harmonic content of the sequence voltages after filtering was 

measured, and found to be less than 5%. Two precautions were taken to 

prevent interactions between sequences. The filament circuits were operated 

from a d.c. supply, and the plate circuits were decoupled. 

A phase shift control was next provided so that each sequence could 

be adjusted in phase with respect to the one-sequence. Each channel was 

next split into a two-phase system by a balanced R-C bridge to provide ccdkuet 

and sinku t. The balance control is als'» incorporated at this point. The 
s 

amplitude control is part of the last amplifier, which works in a step-down 
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transformer to p. ovide a low impedance output for cables to the balanced 

modulator. 

The circuit diagram of this control generator is shown in Fig. Ill-3, 

and an oscillogram showing the output wave shapes is given in Fig. III-4. 

D. Stability of the Excitation System. 

An organized method is needed to adjust any device having as many 

independent controls as does the excitation system for the scanning array. 

The following pi ocedure was used: 

1. The controls of the sequence-control generator were adjusted so 

that the cosine and sine outputs of each channel were balanced. 

2. Each channel of the sequence control generator, was brought in 

phase with the one-sequence output, and the amplitudes of all channel 

outputs were made equal. 

3. The balanced modulators were adjusted to give maximum carrier 

suppression. 

4. The sequence-control generator outputs were connected to the 

balanced modulators, and the r-f gain controls were adjusted to give 

equal r-f outputs from each channel. 

The excitation system was now ready to test. After carrying out these steps, 

the r-f outputs are all proportional to the sequence-control voltages, and if 

these voltages are added by a summing amplifier, the resulting wave shape is 

the shape of the radiation pattern. For use with the antenna, the amplifiers 

are next connected to the transmission line network connecting to the antenna 

terminals. 

A number of tests were made at this point, using dummy loads. The 

first set of tests involved only the 30-mc part of the system. The outputs 

of the last 30-mc buffers were connected to a five arm resistive power divider 

(Microlab EXT-3), which was used as a summing device to simulate the 

antenna. The 30-mc output, its detected envelope, and the sum of the cequence- 

control voltages were all monitored simultaneously on a Tektronix dual-beam 

oscilloscope. This test set up is shown *n Figs. III-5 and III-6. Actually, 
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only three channels of the system were used; enough to obtain a T2(^) 

pattern. The amplitude and phase of these three terms, Ao> Aj cos and 

A2 cos were then adjusted using the amplitude control on the sequence 

generator, and the phase control ahead of the balanced moaulator, until 

a pattern with 20-db side lobes was obtained. The system was allowed to 

warm up for one hour, then carefully readjusted. Fig. Ill-7 shows the wave 

shapes at 9:50 AM at the start, at 3:40 PM when the system was turned off, 

and at 5:05 PM. 45 minutes after it was turned back on, with no readjust¬ 

ments. The stability is seen to be quite good. 

A second stability test was made which included the 300-mc part of 

the system. The set up was quite similar, the outputs of three 300-mc 

channels being summed in the res.stive divider. Since the oscilloscope could 

not reproduce a 300-mc wave, the output from the divider was mixed with the 

output of the same 270-mc local oscillator used to mix up to 300 me. The 

30-mc difference frequency was then monitored on the osciUoscope. Fig. 

III-8 shows the wave forms at 10:00 AM, after an hour's warm up, and at 

3:00 PM. Only the 30-mc signals are shown. The stability is again seen to 
be quite good. 
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Fig. III-4. Output voltages of the sequence-control generator. 
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Fig. III-6. Rear view of the electron?/: system. 

I 



Fig III-7. stability test of the 20-me part of the electronic system, 

adjusted to give a T^) pattern. Top: 9:50 AM, middle: 3:40 PM, 

bottom: 5:05 PM. 
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\ t

t V

Fig. III-8. Stability test of the entire electronics system. Top. 10:00 AM, 
Bottom: 3:00 PM.



JV. PERFORMANCE OF THE SCANNED ARRAY 

The electronics package described in section III can be used to 
drive circular scanning arrays having one, two, three, or four rings, and a 

central element. This section gives the results of rather extensive tests of 
a two-ring array, and also includes patterns for a three-ring array, in 

addition to pattern measurements, the two-ring array was used to study experi¬ 
mentally the effects of mutual coupling between rings. 
A. Method of Excitation. 

A photograph of the antenna is shown in Fig. IV-1. The array consists 

of quarter-wave monopoles, each of which is an extension of the center con¬ 
ductor of a transmission line thro’.gh the ground plane, via a connector. 

There is an element at the center of ihe arr?y, and the concentric rings con¬ 

sist of four, eight, and twelve elements, the rings hav.ng circumferences of 

one, two, and three wavelengths, respectively. The lower end of the elements 

is threaded, so that they may be unscrewed from the coaxial fittings set in 
the ground plane. 

Fig. IV-2 is a photograph showing the transmission line network 

which feeds the array. The 1-sequence ring contains four elements, for 
which the terminal voltages should be 

V. = V(1)cosi 

= -V^ C08^c 

= V(1) sin ^ 

-vOW 

(1) 

The output of channel No. 1, Fig. III-l, is V(1) coad . This is connected to 
r o 

a two-way reactive power divider by a transmission line, and the outputs of 

the power divider are connected to elements 4 and 2 by transmission lines of 

length X/4 and 3X/4 respectively. Elements 1 and 3 are fed from cha-nel 

No. 2. Fig. III-l by an identical arrangement. Consideration of this scheme 

shows that this insures the correct cun ents in this ring. Table IV-1 shows 

the connection scheme for all three rings. It is evident that foõr-way power 

dividers are needed in the two ring, and six-way dividers in the three ring. 
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Table IV-1. Feed connections for three-ring array. 

Ring 
Number 

Channel 
Number 

Control 
Voltage 

Element 
Number 

Line 
Length 

1 

1 cos d 
ro 

4 X/4 
2 3X/4 

2 sind ro 
1 X/4 
3 3X/4 

2 

3 COB? i ro 
2.6 3X/4 
4.8 5X/4 

4 sin 2 d ro 
3.7 3X/4 
1.5 5X/4 

3 

5 cos 3d ro 
2.6.10 3X/4 

12.4,8 5X/4 

6 sin 3 d ro 
1.7.11 3X/4 
1.5.9 5X/I 

Fig. IV-3 is another photograph of the feed system, from a large enough 

distance to include the electronics package. The power dividers are all 

mounted in the box directly under the antenna, and coaxial connectors on the 

S’de of the box connect to lines to the electronics package. The length of 

these lines ifc not critical, since there are phase and amplitude adjustments 

in each channel of the electronics section. 

The procedure used to adjust all of the controls properly is very 

similar to that outlined in section III, the difference being in step 4. To adjust 

the one-sequence ring, two pickup antenna are needed, one lying on a radial 

through element No. 4, and one in line with element no. 2. Step 4 now becomes: 
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4. The sequence-control generator outputs were connected to the 

balanced modulators, and the r-f gain controls in channels 1 and 2 

were adjusted to give equal outputs from each pickup antenna. 

5. Each ring is now brought into balance in this same way, using 

two pickup antennas, one in line with an element in the odd channel 

group of elements, the other in line with one of the remaining antenna 

elements. The signal at the pickup antennas must be the same as each 

ring is excited alone. 

This procedure makes the radiated pattern, including the Bessei function 

factor, and any induced currents, varv directly with the voltage from the 

sequence-control generator. Thus the pattern formed by summing these 

voltages is the same as the radiated scanning pattern. 

B. Coupling Between Rings. 

In section II, a theoretical account of the coupling between rings was 

presented. A summary of the results follows: 

1. There is no coupling between a ring and the center element when 

the ring is excited so as to give a pattern of the form cos k 

2. When a ring is driven so as to give a pattern of the form cos k(¢-^), 

the currents induced in the other ring are predominantly such as to 

also give patterns of the form cos k(¢-^). 

Since the entire design of the scanned array is based on these theoretical 

conclusions, experimental confirmation of these properties of concentric 

ring systems was thought to be necessary, and a number of tests were made. 

A two-ring array was used for these tests. The inner ring was excited as 

described in IV-A, and the effect of induced currents was studied. 

The fi'st test involved the coupling to the center element. The outer 

ring was open circuited, so that no currents would be induced, and the inner 

ring driven to give a pattern of the form cos(^ - u t). Pickup antennas vere 
g 8 

located on the ¢=0 and ¢=135 radiais, the 300-mc recieved signals were 

mixed with a 270-me local oscillator, and the resulting 30-me difference 
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frequency was examined using a dual beam oscilloscope. Figure IV-.4 

shows the resulting patterns. The cfenter element was terminated in a 

variable-length 50-ohm air line, which was in turn terminated with a 200 

ohm resistor. The three pairs of traces shown in Fig. IV-4 are for lengths 

of the air line of 30 cm, 45 cm, and 60 cm., respectively. Since the patterns 

are unchanged despite the changing termination on the center element, it 

follows that the center element carried zero current which was expected from 

the theory. A number of other tests with different terminations of the center 

element, including one in which the termination was continuously varried 

gave the same result. It is evident that properly driving the one-sequence 

ring does not induce a current in the center element. 

In the second set of tests, the effect of the currents induced in the 

outer ring when the one-sequence ring was driven was studied. There arc 

two effects which might occur: first, since there will be a small three-sequence 

current induced, a cos 3^ term in the pattern could be radiated, even tliough a 

ring with a circumference 0p = 2 is an inefficient radiator of such a term; 

second, the one-sequence currents induced in the outer ring could be nearly 

out of phase with the driven currents in the one-ring, resulting in a small 

radiated field per unit current. The first effect should be very small; the 

second should indeed occur if the elements in the outer ring are shorted, but 

not if they are terminated in 50 ohms, as they are in actual operation. 

Fig. IV-5 shows the patterns which resulted when the outer ring was 

terminated in a short circuit. The top pair of traces are for pick-up antennas 

at 0° and 45°, the middle pa£r for pick-up antennas at 0° and 22.5°, and the 

bottom pair are with the outer ring open, included for a reference. The center 

element was terminated in a short circuit. It is difficult to scale the results 

accurately from these photographs, but the effect of the presence of the shorted 

two ring is to reduce the size of the cos term by about 14 db. Fi*. IV-6 

is for the same situation, except that the elements in the two-ring are now 

terminated in 50 ohms. Inspection shows that the presence of the two-ring, 

terminated in 50 ohms, has almost no effect on the cos (^~^0) term. Fig. IV-6 
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should be compared with Fig. II-4, which gave the pattern calculated by the 

digital computer for this case, using the approximate zeroth-order impedances. 

These tests indicate that the theoretical conclusions concerning coup¬ 

ling between rings are essentially correct, and that this coupling should not 

cause any difficulty. 

C. Patterns of the Scanned Array. 

Two-ring and three-ring versions of the scanning array were tested in 

actual operation. The adjustment of each ring was carried out in the manner 

described in section IV-A. The remaining adjustments concerned the amplitude 

of the contribution from each ring, and the phase oí that contribution. These 

adjustments were made by observ'ug the detected radiation pattern on the 

oscilloscope, and varying the phase ano amplitude of the currents in each 

ring until the desired pattern was obtained. 

A word of caution concerning the patterns of e 360° scanning array is 

is needed at this point. If only a pick-up antenna lying on the 0° radial is 

used, the field in this direction is due to the outputs of only channels 1, 3, and 

5 of Fig. III-l. In the direction ^*90°, only channels 2,4, and 6 are involved. 

If two pick-ups are used, one at ¢=0, and one at ¢=90°. the two sets of ampli¬ 

fiers can be adjusted correctly in amplitude, but may still not be phased 

correctly. Pick-ups at 0° and 45°, or at 0° and 135° are sufficient to insure 

a correctly scanning pattern. At this point, a practical difficulty was en¬ 

countered due to the fact that the ground plane used for the measurements 

was of limited size. The pick-up antennas were located on the circumference 
2 2 of a circle about 7,5A in radius. (The criterion of 2d /X = 2 (õX/ir) /X = 1. 8X 

is thus more than met). But pick-up antennas at ¢=0° and ¢=401 are only 

spaced about 5X from each other, and are mutually coupled to a slight degree. 

Patterns taken using this pair of pick-ups show a slight distortion not present 

in other patterns. 

The two ring array was tested first. Figs. IV-7, IV-ft, and TV-9 

show the resulting patterns. They are, respectively, the patterns obtained with 

the pick-ups at 0° and 45°, 0° and 135°, and 0° and 180°. The side-lobe level 

is, in each case at least 20 db, and the beamwidth about 75°, which agrees 

very well with the calculated.values. 
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Figs. IV-10, IV-11. and IV-12 show the results for the three ring 

system. They are the scanning patterns for pick-up antennas at 45°, 30°, 

and 135 . Each figure shows the way in which the pattern is built up. The 

top trace shows the contribution from only the center element, and the one- 

sequence ring; the middle trace shows the pattern when the contribution of 

the second ring is added, and the bottom trace shows the pattern of the entire 

array. Again the side-lobe level is about 20 db, and the beamwidth is about 

50 , also in very good agreement with theory. 

A very clear illustration of the properties of the scanned pattern was 

obtained by rotating the array using the turntable available for conventional 

pattern recording. Since the syncnronization of the sweep for the oscillos¬ 

cope was obtained from the sequence control generatoi, the scanned pattern 

moved across the face of the oscilloscope as the array rotated. The pattern 

did not change shape noticeably, showing that the shape of the scanned pattern 

does not change as the angle of pointing varies. Motion pictures of this were 

made, but, of course cannot be included with this report. 

I 
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Fig. IV-3 Feed system, showing the electronic equipment 



Fig. IV-4. Patterns showing effect of mutual coupling to the center 
element. 



Fig. IV-5. Patterns with one-sequence ring driven, center element and 
outer ring short circuited. Patterns at bottom are for one- 
sequence ring isolated. 



Fig. IV-6. Patterns with one-sequence ring driven, outer 
ring terminated in 50 ohms. Patterns at botiom 
are for one-sequence ring isolated. 

I 

s 



44. 

Fig. IV-7. Scanning pattern of the two-ring array, picit-up antennas 
at 0 and 45 . 
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Fig. IV-8. Scanning pattern of the two-ring array, pick-up antennas at 
0° and 135°. 
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Fig. IV-9. Scanning pattern of the two-ring array, pick-up antennas at 0° 
and 180°. 

I 
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Fig. IV-10. Scanning pattern of the three-ring array with pick-up antenna 
at 45°. 



Fig. IV-11. Scanning pattern of the three-ring array with pick-up antenna 
at 90°. 
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Fig. IV-12. Scanning pattern gf the three-ring array with pick¬ 
up antenna at 135 . 



V. CONCLUSIONS 

This report has described an electronic scanning circular array, for 

which the beam can be pointed to any azimuth angle. The array, including the 

entire electronics package was built and tested, the performance agreeing very 

well with calculations. 

The antenna has a number of properties which make it desirable for 

electronic scanning applications. Some of these are: 

1. The beam can be scanned through a full 360° in azimuth without 

significant change in the shape of the pattern, 

2. The voltages needed to corroí the direction of pointing are simple 

in nature. They can be obtained f^om an electronic system giving 

four-phase voltages at harmonics of the scan frequency, as described 

in this report, or from suitably coupled sine-cosine potentiometers if 

electro-mechanical control is desired. 

3. The shape of the pattern can be adjusted very easily, and this shape 

can be monitored from the voltages controlling the direction of pointing. 

4. The electronics system does not need any exotic circuitry, but 

instead is made up of an assembly of well-tested amplifiers, modulators, 

and mixers. 

5. The same control system can be used for circular arrays designed 

for other frequencies. The only parts needing to be changed are the 

local oscillator, and the final linear radio-frequency amplifiers. 

6. The sytem is moderately broadband. The array itself, and the 

transmission line feed system could accomodate at least a 1C% band¬ 

width, and the limiting factors are the bandwidths of the elements, and 

of the tuned circuits in the final amplifiers. 

7. The problems caused by mutual coupling in many scanning arrays 

are not present. Mutual couplings are taken into account in the basic 

design. 

These properties make this antenna system worthy of consideration 

for many electronic scanning applications. 
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