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A HELICAL MONO PULS ^ «NT^TNA ARRAY 

ABSTRACT 

An array of four helical antennas connected through strip 
line hybrids to form a phase monopulse system, has boon 
investigated to determine design criteria and limitations 
for such a system. The investigations included both the¬ 
oretical and experimental work. Good agreement between 
experimental results and thooretical predictions was ob¬ 
tained. The basic design and characteristics of the sys¬ 
tem are described. 
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I. INTRODUCTION 

The purpose of this investigation was to determine criteria 
and limitations for a circularly polarized UHF four lobe 
phase monopulse antenna system of moderate directivity. 
Antenna systems of this type have found wide application 
inground tracking and telemetering receiving systems used 
in satellite and other missile tests. Other applications 
to aircraft flight test telemetering systems, tracking of 
drone aircraft and their location after flight, monitoring 
and locating of interfering sources of radio frequency 
radiation, and similar uses are possible. 

A set of general characteristics sometimes specified for 
an antenna system of this nature is as followst 

Polarizationi Circular, right hand 

Gain of array with all elements in phasei 
18 db or greater. 

Frequency bandwidth! * 14? 

Direction finding sensitivity* * 0.5 degrees. 

Direction finding to be provided in both the 
horizontal and vertical planes. 

With the above characteristics as a design objective, 
a program of theoretical and experimental investigations 
was initiated. Details of these investigations are des» 
cribed in the following sections of this report. 

II. THE BASIC SYSTEM 

The basic antenna system chosen for investigation was a 
square array of four helical antennas connected through 
hybrid couplers to form a phase monopulse system. 

The helical elements were chosen because of their in¬ 
herently broadband characteristics. When operating in 
the axial mode the helical antenna produces a cir¬ 
cularly polarized, moderately directive end-fire radia¬ 
tion pattern. The impedance of the antenna is essenti¬ 
ally constant over a 2*1 frequency range, and the radi¬ 
ation pattern boamwidth remains essentially constant 
over a 1.7*1 frequency reuige. 
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HI. 

Assembly of the helical radiating elements and connection 
of the elements through hybrid couplers may be best illus¬ 
trated by reference to figure 1. The circuit employed is 
no- the simplest possible; it is used because it provides 
approximately three db greater gain than the most simple 
type. 

As illustrated in figure 1, signals from antenna elements 
I and 4 are routed to hybrid number I. Signals from an¬ 
tenna elements 2 and 3 ar' routed to hybrid number II. 

The output of each of the antenna elements may be plotted 
as a function of horizontal and vertical directions as 
shown in figure 2a. The outputs of the sum channels of 
hybrids I and II are shown in figure 2b. Beam narrowing 
is achieved in the horizontal plané but not in the verti¬ 
cal plane. From the sum channel of hybrid III is obUined 
a pattern ntrroved in both the horizontal and vertical 
planes. This pattern is the same as that which would be 
obtained by simply connecting ail elements in phase. This 

in flgUro 2c* Frora the difference channel 
of hybrid III is obtained a split beam as shown in figure 
2d. One major lobe is 90 degrees ahead and the othe- major 
lobe is 90 degrees behind the phase of the lobe from the 
sum channel of hybrid III. By inserting a 90 degree 
phasing line in the sum output of hybrid III, the relative 
phases of the lobes from the difference output may be made 
i * zero or 180 degree phase relationship with the 
lobe from the sum output. These signals from hybrid III 
are then routed through hybrid V. The outputs from hybrid 
V are anti-symmetric and when rectified produce a direct 
current output that indicates whether the arriving signal 
is up or down in direction from the axis of the antenna 
array. A very similar development will demonstrate the 
operation of the horizontal discriminator circuit. 

SHQICE OF PAhAMETRRS 

of Parameters depends upon the characteristics 
desii'ed from the system. The directive gain of the system 
depends on the (pin of the individual elements and alai on 

íhe dlrectl<m sensitivity of 
.. ‘»"t l6? Vl‘Íhor function of th.ee two 

factors. The control of extraneous lobes in the radiation 

°n® of V16 raore ^Portant considerations deter- 
th0 Ch0íCe of PararaeterB» since these extraneous 

lobes can create ambiguities in direction finding. The 
analysis that follows points up some of the more important 
factors in arriving at the parameters chosen for experi¬ 
mental investigation. 
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ïo start the analysis, we nay consider the radiation pattern 
of four radiators disposed as in figure 3. Assume all radi¬ 
ators have identical patterns and are fed with equal ampli¬ 
tude voltages. Also assume the radiators are equally spaced 
a distance ^to form a square with vertices at ji = 45°, 135*, 
225 and 315 . 

From source 1 
jM-£) ;(£fa 

= ^ e 6 

From source 3 

E- = 

From source 2 

■ji’— *',n9 ?)) 

= «oc e 

(41 ' f)) iM-i) s,ne C0Sl 
% = %eJ * e 

^ ,0Ur” 4 ¡(J. S) -j(®^ 6 coS(f- VI 

*4 = %e ‘ e 

Dropping the time retardation factor ^ " mn* 

defining* E = f (0, 0) 

V = 5¡*e cos^*-!-) 

¿ r sin Ô Cos(4>- ^)= sin e 

we obtain 

E, * f (0, 0) e 
% = * (0, ¢) e 

/7 

83 = f (0, 0) e 

e. = f (o, 0) e 

- V 
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For in-phaee excitation of all sourcesy the total field 

E (in phase) = ¡T (*, + e ' + +£ ~'¿] 

= ^ [f (0, 0]j[cos V+ C05 

The radiation intensity |J = HIE*/ 

U s ‘tkpfatÿtcos 'T* cos b]* 

For 0 s nTT n a o,i, 2, 

“♦*qiT = 4 [f (0, 0)] [ cos^sin^] 

= 16 K |f (0, 0)] £ 0082(1]¾ gin 0)| 

For 0 * , ^ = 0, •,2.. 

[ft#. íÕ| [co.2 (¾ ala«j] 

OftÇ 

= 4 
«T •“ 

= 16K[f(®. % [=o^ (¾ .In «)] 

Hüls in the pattern at 0 = irrr occur whan cos (I^t sin 0) 

or when 

.a 
\ S * (- n* j 

Bin 0 

or vhen 

sin G = a~ 
I 
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For eouycea 1 and 2 fed in phase 
fed 180 in phase with sources 1 

V.,- Miy- 
= i 2 [f(#, 0)J [ ,1, r ♦ ¿ j 

The radiation intensity 

For 0 = n tt + rr. 

;j 4(-')r'[S,V'(^ s;" BS 

= ‘"'¿I 
T 2 

Hills in the pattern at 0 = n Tr -f JT_ yhen 

2 

.in(^-sme) =0 

aua Bourcas j ana 4 
and 2, the total field 

-e + e -c J J 

or when 

sin 0 

or when 

a 
Ã 

*üLn 
a. 
> 

* Ü n 
sin 0 
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The foregoing analysis shows that array factor nulls for the systea 
with all elements In phase (sum of sums arrangement) are interspersed 
between array factor nulls for the system with two elements 18C) in 
phase with respect to the other two elements (difference of sums 
arrangement). The first array factor null for the difference arrange¬ 
ment occurs at 0 = 0°, for n = 0. The first array factor null for the 
sum arrangement occurs for n = 0, and the angle Ö at which it occurs 
depends on the element spacing a. 

The resulting pattern of the array depends on the element spacing and 
also on the primary pattern f(0, 0) of each element. It is desirable 
to use a large element spacing insofar as achieving high antenna gain 
and direction finding sensitivity are concerned. On the other hand,, 
too large a spacing of elements results in excessively large side lobes. 
These large side lobes decrease the performance on the system by cre¬ 
ating ambiguities inthe direction finding discrimination. A compromise 
in array factor is therefore required. It is ordinarily the practice 
to design the array with a spacing such that first order nulls of the 
array factor occur at angles corresponding to those of the peaks of 
the first side lobes of the element pattern. In this way low side 
lobs levels in the complete array pattern are achieved. This pro¬ 
cedure, however, is not necessarily optimum in producing highest gain 
for a given array size. It requires that thegiin of each element be 
greater than a certain minimum value, if a given overall gain is tc be 
achieved. For the particular array gain values desired, this proceture 
would require excessively long helical elements to obtain the required 
element gain. This creates mechanical problems in supporting the heli¬ 
cal elements and in obtaining a good form factor for the array. Fbr 
this reason a different compromise in choice of array factor and ele- 
ment gain was made. The design constants for this compromise were 
chosen after radiation pattern measurements on a single helical element 
were performed. 

Krsns1 provides basic design data for the helical elements. It was 
desirable that as much of the array gain as possible be produced by 
the individual elements to minimize side lobe levels. Limitations 
imposed on the length of the elements by mechanical support consider¬ 
ations, however, dictated that shorter than optimum elements be used* 
Thg element configuration finally chosen was a 10 turn helix with a 
12 pitch angle. Radiation pattern measurements were made using this 
configuration. 

MEASUREMENTS AND RESULTS 

For convenience, experimental work was performed at L-band frequencies. 
Radiation patterns were first performed on a single helical element 
having the following parameters! 

D = diameter of helix = 2.88 inches. 

C = circumference of helix in wavelengths = 1.07 at 1400 mo 

ERR-SD-029 6 
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P = pitch of helix = 12° 

N = number of turns = 10 

d = wire diameter = .072 inch 

H = overall element height = 19.23 inches 

The helix element was mounted on a 4.8 inch square plane and supported 
by a brass pipe of ,5 inch diameter 19.75 inches long. Wooden support 
spars were placed at 120° intervals around the support pipe to hold 
the holix element rigidly in place. Construction was similar to that 
shown in the photograph of the four element array, figure 6. 

The coordinate system used in the radiation pattern measurements is 
illustrated in figure 4. 

Radiation patterns of the single helix are shown in figure 5. These 
radiation patterns were made at 1500 me. using linear polarization. 
The axial ratio of the helix was 1.12 db. The half power beam width 
was approximately 34°. The gain was 10.«« db for linear polarization, 
or 13.88 db for circular polarization. 

From a study of the radiation patterns of the single helix, the array 
geometry was determined. A first null location at 0 = 17° was chosen 
for the sum pattern (all elements in phase) of the array as an optimum 
compromise for good sensitivity and low side lobe levels. This corres¬ 
ponded to an element spacing of 1.72 wavelengths (14.5 inches) at the 
mid frequency of 1400 me for the model used. This choice dictated the 
location for the second null (the first null away from 0 = 0°) of the 
difference pattern (two adjacent elements in phase and the other two 
elements 180° in phase with the first two). The location of that null 
may be calculated to be at Ô = 55°. 

An array with 14.5 inches element spacing was constructed. Preliminary 
tests with the first array indicated that currents were being formed on 
the outside of feed lines and as a result unpredictable radiation pat¬ 
terns were produced. Accordingly, a large square ground plane 28.8 
Inches on each side was constructed, upon which the antenna elements 
were mounted. Radiation patterns taken on this model showed good 
agreement with theory. This array is shown in figure 6. 

Sum and difference radiation patterns were obtained by interconnecting 
the antennas with simple strip line hybrid couplers. These couplers 
were of the V4, Y4» V4» 3 ^/4 "retrace" type for simplicity in 
construction. No particular effort was made to achieve balance at 
frequencies away from the center frequency of 1400 me. A sketch show¬ 
ing the electrical circuit of the hybrid is shown in figure 7. A 
photograph of the hybrids mounted on the rear of the array ground plane 
is shown in figure 8. 

ERR-SD-029 7 
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The completo circuitry of the system was somewhat complex. For this 
reason radiation patterns were measured for subassembly portions of 
the circuit to illustrate the basic functional operation of each 
portion of the circuit. Measurements were made using a circularly 
polarized source (actually the model upon which the single element 
radiation patterns were measured). 

Measurements were made for the following conditions: 

1. Sum patterns of elements 1 and 4 connected in phase through 
a hybrid. Elements 2 and 3 terminated in 50 ohms. Circuit 
of figure 9. These patterns are shown in figures 15 through 

2. Difference patterns of elements 1 and 4 connected 1¾)0 in 
phase through a hybrid. Elements 2 and 3 terminated in 50 
ohms. Circuit of figure 10. These patterns are shown in 
fipuree 20 through 24. 

3. Sura of suras patterns of four element array. Circuit of fig¬ 
ure 11. These patterns are shown in figures 25 through 29. 

4> Difference of suras patterns of four element array. Circuit 
of figure 12. These patterns are shown in figures 31 through 

5. Sura of sum and difference patterns of four element array. 
Circuit of figure 13. These patterns are shown in figures 
36 through 40. 

6. Difference of sura and difference patterns of four element 
array. Circuit of figure 14. These patterns are shown in 
figures 41 through 45. 

The patterns of two elements connected in phase, figures 15 through 
19, show the effect of the in-phase arraying of the eleraents. The 0 = 
0 patterns are not affected by the arraying. The 0 = 90° patterns 
show the beam narrowing with nulls at the predicted angle of 0 = 17° 
at 1400 me. The balance of the hybrid vas found to be quite good over 
the entire frequency band from 1200 me to 1600 me, as evidenced by the 
depth of pattern nulls which were greater than 20 db below the beam 
maximum throughout the band. The effect of compromising on the gain 
of individual elements is shown by the size of side lobes in the 0 = 
90° patterns. 

The patterns of two elements connected 180° in phase, figures 20 through 
24, show good agreement with theoretical calculations, ^ome of the 0 = 
0 patterns show a sizeable signal strength at 6 = 0°. This is accounted 
or by the backlash in the gearing of the model tower mount, which has 

a nominal 1/4 degree positioning accuracy. The steep slop« of the pat- 
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tern about 0=0° requires a preater accuracy for faithful reproduct¬ 
ion of patterns in the area of the null than was possible with the 
model tower mount used. This deficiency was not, however, considered 
of prime importance in this investipation. 

The sum of the sums patterns, fipures 25 through 29, show the results 
of feeding all four elements in phase. These patterns again illustrate 
the high side lobe levels occasioned by restrictions on the size, and 
hence the directivity, of the individual elements of the array. A coa- 
plete set of patterns of all elements fed in phase by simple parallel 
connection of the elements was measured, but is not included in this 
report because of the large number of individual patterns. From those 
patterns, which were essentially identical to those of figures 25 
through 29, the gain of the array was calculated. Figure 30 shows the 
pain of the array throughout the frequency band. 

The difference of the sums patterns, figures 31 through 35, show good 
null depth at 0 ^ 0°, indicating pood symmetry in construction of the 
array and hybrids and in transmission line cabling. The sum of sum 
and difference patterns, figures 41 through 45, illustrate the nature 
of direction-finding sensing voltages produced by the array. 

The effect of limiting the size and directivity of individual elements 
is particularly apparent in these patterns. The effect of the large 
side lobe level is to introduce a region wherein reverse direction 
finding sensing occurs. An ambiguity in pointing is also introduced 
as a result of the reverse direction finding. This condition is per¬ 
haps best illustrated in the graph, figure 46. 

The reverse sensing region and sensing ambiguity somewhat reduce the 
performance of the system; by proper operational procedures, however, 
their effects may be minimized. If, when acquiring a target, the ant¬ 
enna is oriented so that a maximum signal is received from the sum of 
the sums terminal (this represents the condition of all elements fed 
in phase), the antenna will then be oriented within the region of pro¬ 
per direction finding sensing. 

As an operational test, the ante-ina was connected with a complete sens¬ 
ing system for one plane of direction finding. Measurements were made 
to determine the accuracy and consistency of direction finding proper¬ 
ties throughout the frequency band. It was found th.t the sensitivity 
of direction finding was limited by the accuracy of the mount which 
held the antenna. This accuracy was approximately I/4 degree. Some 
pointing error, up to a maximum of about two degrees, was noted. This 
error may be attributed to inaccuracies in cable lengths and to unbal¬ 
ance in the hybrids. For an operational unit, with due exercise of 
care in design and construction, these inaccuracies would be greatly 
decreased with consequent improvement in pointing accuracy. 

V. CONCLUSIONS 

The basic design parameters for a UHF four lobe phase monopulse antenna 
system utilizing circular polarization have been investigated. A basic 
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design has been developed that meets the requirements described in 
the introduction. This basic design may be applied to systems 
operating at other frequencies or, by slight modification, to 
systems having somewhat different characteristics. 

An advantage of the design chosen is its relatively small size 
and simplicity. It lends itself readily to the construction of 
a portable modular type antenna array which can be easily assembled 
or disassembled. 

A disadvantage of the design chosen is the limitation imposed upon 
the gain of individual elements by mechanical considerations. This 
reduces the angular region in which proper direction finding sens¬ 
ing occurs. This condition could be improved by the use of more indi¬ 
vidual elements, connected in parallel, to give higher equivalent 
element gains. The benefits to be derived from such a design change 
are in most cases offset by the greater complexity of the system. 

VI. RECOMMENDATIONS 

This investigation has resulted in the development of an antenna 
design which has wide application in such fields as telemetry, 
aircraft or missile tracking, and the detection,locating moni¬ 
toring of sources of radio frequency radiation. A large potential 
market for antenna designe of this type exists, and it is recom¬ 
mended that an aggressive effort to exploit this market be made. 

VII. REFERENCES 

1. J. D. Kraus, "Antennas", 1st ed., McGraw-Hill Book Company, 
Inc., New ïork, 1950, p. 173-216. 
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Figure 1. Circuit of four lobe monopulse system. 
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Figure 2. Development of monopulse radiation patterns. 
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Figure 3» Geometry of an array of four sources. 
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¢=00 
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PiGure 4. Coordinate system used in the measurements 
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Figure 5. Radiation patterns of a single nelix. 

Helix diameter ■ 2.B8 inches, pitch ■ 
Linear polarization, 15( 

12*, turns ■ 10, conductc 
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Figure 6. Four element helical array.
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Figure 7. Electrical circuit of strip-line hybrids. 
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Figure 8, Photograph of hybrids mounted behind 
array ground plane.
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Figure 9. Circuit for sum of two adjacent elementa. 

Figure 10. Circuit for difference of two adjacent elements. 
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TO DETECTOR 

Figuro 11, Circuit for sum of suma patterns of four element array. 

ii - o 

TO DETECTOR 

Figure 12, Circuit for difference of suras patterns of four element 
array. 
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Fipure 14. Circuit for difference of sun and difference patterns of 
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(b) Plsno; 0 r 

Figure }*). Uun pnItems, two elements ferl In phase 
through n hvbrid. 1?00 me. 
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(a) Plane: 0=0° 

Figure 17: Sum patterns, two elements fed in phase 
through a hybrid. 1^00 mc/a 
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(a) Planet 0=0° 

(b) Plane: 0 = 90° 

Klpuro IP: Sum patterns, two elementa fed in phase 
throuph a hybrid. 1500 me. 
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(a) Plane: 0 = 0° 

Figure 19. Sum patterns, two elements fed in phase 
through a hybrid. 1600 me. 

: 
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(b) Plans; 0 = 90° 

Fipure 20. Difference patterns, two elements fed 100° 

in phase through a hybrid. 1200 me. 
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(a) Plano: 0=0° 

IM 

(b) Plane: 0 = 90° 

Figure 21. Difference patterns, two elements fei '’AO0 
in phase through a hybrid. 1300 me. 
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(a) Plane: 0=0° 

Figure 22. Difference patterns, two elements fed 180° 
in phase through a hybrid. 1400 me. 
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Figure 23. Difference patterns, two elements fed 100° 
in phase through a hybrid. 1500 me. 
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Fipure 24. Difference patterns, two elements fed 1fl0° 

in phase through a hybrid. 1600 me. 
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(a) Plane: 0=0° 

(b) Plane: 0 = 90° 

Figure 25. Sum of the suma patterns, four elements fed 
in phase through hybrids. 1200 me. 
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(a) Plano: 0=0° 

Figure 26. Sum of the sums patterns, four elements 
led in phase through hybrids.- 1300 me. 
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(b) Plane: 0 = 90° 

Figure 27. Sura of the auras patterns, four elements 
fed In phase through hybrids. 1400 me. 
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(a) Plano: 0 =■ o° 

Figure 28, Sum of the sums patterns, four elements 

fed in phase through hybrids. 1500 me. 
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(a) Plane: 0 = 0° 

(b) Plane: 0 = 90 

Figure 29. Sun of the sums patterns, four elements 
fed in phase through hybrids. 1600 me. 
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(a) Plane: 0 = 0° 

Figure 31. Difference of the suma patterns, two pairs 
of adjacent elementa fed in phase, with pairs 
of elements fed Iftoo in phase. 1200 me. 
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(a) Plane: ¢=0° 

(b) Plane 0 = 90o 

Figure 32. Difference of the ouras patterns, two pal 
of adjacent elements fed in phase, with 
pairs of elements fed 1¾)0 in phase. 1' me. 
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(a) Plano: 0 = 0o 

Figure 33. Difference of the suns patterns, two pairs 
of adjacent elements fed in phase, with 
pairs of elements fed 1R0° in phase. 1400 me. 
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Figure 34. Difference of the suras patterns, two pairs 
of adjacent elements fed in phase, with pairs 
of elements fed 180° in phase. 1500 rac. 
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(a) Plann:0=0° 

(b) Plane: 0 = 90o 

Fipure 35. Differenoe of the suma patterns, two pairs 
of adjacent elements fed in phase, with 
pairs of elements fed ISO0 in phase. 1Ó00 
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Figure 36. Sun of 
element 

sum and difference patterns of four 
array. 1200 mo. 
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(a) Plane; $ ~ 0° 

Figure 37. Sun of sum and difference patterns of four 
element array. 1300 mo. 
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Figure 3«. Sum of sum and difference patterns of four 
element array. 1400 me. 

ERR-SD-029 
45 



CONVAIR-San Dingo 
Elnctronica 

Figure 39. ‘Sura of sura and difference patterns of four 
element array. 1500 me. 
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(a) Plane: 0 = qo 

Figure 40. Sum of sum and difference patterns of four 

element array. 1600 me. 
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(b) Plano: 0 = 90° 

Figure 41. Difference of sum and difference patterns of 
four element array. 1200 me. 
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(a) Plane: 0=0° 

(b) Plane: 0 = 90° 

Figure 42. Difference of sum and difference patterns of 

four element array. 1300 me. 
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(a) Planes 0 = 0° 

Figure 43. Difference of sura and difference patterns 
of four element array. 1400 me. 
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(a) Planes 0 = 0o 

Figure 44. Difference of sum and difference patterns 
nf four element array. 1500 me. 
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(b) Plane: $ - 90° 

Figure 45. Difference of sum and difference patterns 
of four element array. 1600 me. 
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Figure 46. Direction finding sensing regions. 
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