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SFCTION I 

INTRODUCTION 

The objective of this portion of project VELA is the design of a prototype antenna system 

for use in detecting nuclear explosions by means of a backscatter technique. Background 

information provided by USAF covered the following points. 

(1) As a part of a nuclear test Iwn control system discussed by the Conference 
of Experts at Geneva, the Technical Working Croup 1 suggested the use of 
the backscatter radar technique for detection of nuclear explosions at high 
altitude and in space.    Nuclear explosions which affect the ionosphere 
cause distinguishable changes in the return of the backscattcred energy 
and thereby provide a means for detection. 

(2) A backscatter detection station would be ground based at a fixed location. 
It would use a pulsed high frequency transmitter with a gated receiver 
which would look for backscatter returns from one or more hops along the 
propagation path during the idle period of the RF transmitter duty cycle. 
Changes in range illumination and number of hops of the Kl   pulse would 
be accomplished by changing the frequency of the transmitter and receiver. 
Changes in azimuth would be accomplished by changing the azimuth of 
the major lobe of the antenna. 

(3) Work required under the project should lead to the development and design 
of a suitable antenna system for use with such a backscatter technique. 
The following broad tasks were outlined. 

(a) Study all antenna systems and techniques known to the art and 
determine what type of antenna should be used with a backscatter 
detection system.   Separate antenna systems for transmitting 
and receiving may be necessary and will be permissible. 

(b) Construct a model or models and measure antenna characteristics. 

(c) Prepare drawings and specifications for a full scale prototype. 
Drawings and specifications are not intended for production but 
should be adequate for construction of a prototype by an antenna 
manufacturer. 

On the basis of these points, system considerations were defined, and work was begun 

formulation of antenna parameters and selection of configurations. 
on 
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SECTION II 

SYSTRM CONSIDERATIONS 

2. I   General 

As a starting point, the following antenna characteristics were given as desirable and 

were assumed indicative of the extent of system goals. 

(1) Operation from :i to 30 megacycles with constant power and beamwidth. 

(2) Ability to scan 360 degrees in azimuth in about one minute. 

(3) Constant load presented to transmitter with change in frequency, azimuth, 

ami elevation. 

(4) Side lobes reduced to the extent that possible backscatter returns from 

unknown directions are virtually eliminated. 

(5) Ability to control elevation angle of the major lobe from horizontal to 

approximately 4,S degrees. 

(6) Transmitting antenna capable of withstanding 10 kw average power with 

peak power of 0, 5 megawatt.   Pulses about one millisecond long with 

PRE about 5 to 20 pulses per second. 

(7) Reasonable size and complexity. 

Clearly,  these are design goals which are not simultaneously achievable within a practical 

definition of "reasonable size and complexity. "   In view of this, an attempt has been made 

to better define the factors relating to the specific application which is the subject of this 

study.   The general areas which required this further definition include: 

(1) desirable horizontal and vertical beamwidths; 

(2) maximum limits on horizontal and vertical beamwidths: 

(3) steerabillty; and 

(4) overall system gain. 

The desirable antenna beamwidths are determined primarily by parameters relating to the 

ionosphere and to the area coverage required of the backscatter technique. Consideration 

of ray paths for lonospherically propagated signals leads to several conclusions which have 

I 



I 
. ba.n„g „„ a» tocher (,t.,ec„o„ Pr„b,em.   Succes.fu, „„„,,„„„ or . „^^^ 

j ««action .„„„,, anii ,„ p.«^ ,,,, meanliigful inMrpretat.on of ^   ^^ ^ 

<lo,.Ucd Know.c,^ „, «,. Ioi,ospllo„ condlaoM a(:ti|a||y ^^^ ^ ^^ ^    ^ 

^««c ».d am. ,,. the „st. of p„lsc,, t.miss,ons) focosing o( ^^^ ^ a ^^ 

rcg,o„ „, ,he 10„osphere m.y consilk.,.aMy cnhai|cc dotccr|on ^^^^    ^^^^ 

detocusl„g (,es8ert„g ,„ „erg, den.,^ ,„ 8 ,„„,,.„„ „t, may ^ ^ ^^ 

-•»»mvuv „o.ow .. .ccepttWe ,.,el,   Th«. focu.,,, e«ec,. .r, U.u.er.e.d ,„ Flgurc 

-1. whor. „ c.„ be «en the. geometric focsln, „,ay occ„r ,„,„ „„ a„(1 atovL, ^ 

Sro„„d.   ae.rly. ,he pictl,rc d,angt, wltl, fr0(1„cncy ^ ^ ^   __ ^ ^ 

j «.er*re, „„ „.. b«,. ot. ,„_, ln(,wk,dgc   ,„ i|cfini, Mky_o(f ^ arai 

w.d,hs ^„b^u.,, ,„ „ke ailva„la(;c „,, focu8liig or io avoi(i M |OM   ^ 

concuss „e d„w„ „,.„, 0„e.w.y ray „.,„ C()Md„„,0„ „^    A 

c~ wba, b.ppen. ,„ ,„. beeper e..e c„,P,„yins |n,ls„, system. „ ^^ 

I 
«session „„„ s„0,,, groups. raRaeo,1 ,„ ^^^ ^^^^ ^^^^^ ^ ^^ 

« . rewe» „r pubn-hed „pens, „as no, prove„ „„„,.„, ,,„„„„ ,„ ^ 

ana,„a pertorm.nee „„,,.  T1,t, varlmi5 ^^ ^^ ^ backscatt(!r ^^ 

u.y «umber „, d.r,eren, a„M,na ,,„. Mch 0( lvllldl ,„, ^ ^^^ 

and In general many undesirable properties. 

Tbc p.rametef. d,.cUMed ,„ ,„o ,.,„„.„„ sl.cllons ,uvc „„„ ^^ as 

acb,o„„g . ,„„„„., comprom,se ,„,_ „^ ii|ca| a ^^^^   amt ^ ^   ^ 

prcid^g adelte r.so,„„„n „nd s„„n,„R ,,tl, for t„e ^^^ ^^ 

.onosphc-rc. perturbations induced by „„clear detonation.. 

I 
I 

ss 

of 

Steering a highly directive broadband h-f .ntemv. ,-. 
M l antenna requires a relatively complex feed 

Stanford Research Institute, Stanford Unlversitv   ISkHnn-i n Slt>'  National Bureau ol Standards (CRPL^ 
and ACF,  Electronics Division '' 



.. •^v. ..••. - ,.;:;:■   •■■•.■■.■      ■    ■  . 

I 
I 
I 
I 
I 
\ 

\ 

system (as compared to a simple dipole).   Designing such a system for high power 

greatly complicates the mechanical design.   Therefore, the receiving and transmitting 

antennas were considered separately with emphasis on the receiving antenna directed 

towards achieving as near an approximation to ideal as possible.   The transmitting 

antenna system should provide maximum directivity within the constraints imposed by 

the intended application, the power level required, and practicality of switching at the 

0. 5 megawatt level. 

The vertical angle of arrival of ionospherically propagated signals is not completely 

unknown.   A reasonable estimate may be made of the highest elevation angle likely to 

be encountered, at a given frequency,  based on standard ionosphere predictions.    For 

example, the minimum range of an ionospheric backscatter radar might typically be 

about 400 km, a value set by transmitted pulse width plus recovery time (2 milliseconds 

and 0. 3 ms respectively).   At a .lOO-km height the secant P factor (P = angle of incidence 

on the ionosphere) is approximately 1. 3,S at a ground distance of 275 km corresponding to 

the minimum range of 400 km.   Thus, an antenna ajray designed for 3 Mc would operate 

satisfactorily when the critical frequency is as low .as 2. 2 Mc if the antenna radiated 

energy at angles up to 45 degrees.   Energy radiated at angles greater than 45 degrees 

would penetrate the ionosphere and be lost.   Of course,  ionosphere perturbations may 

increase the ionization in localized regions and thus permit direct backscattering or 

reflection if the disturbance is of sufficient magnitude. 

If the critical frequency were on the order of 12 Mc, then the operating frequency would 

be on the order of 16. 2 Mc for optimum detection sensitivity at a ground range of 275 km. 

Thus, the upper half-power point (UHPP) of the antenna would have to be at least 45 degrees 

over a frequency range of about 3 to 18 Mc. 

At greater ranges, say for example 1100-km ground distance, a direct look at the 

ionosphere at a 300-km height would require radiation at an elevation angle of 10 degrees. 

For the same range of critical frequencies discussed above, the UHPP would have to be 

greater than 10 degrees over a frequency range of about 6. 5 to 35 Mc. 

11 
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• These deductions are summarized in Figure 2-2 where the minimum UHPP for full cover- 

m age is plotted against operating frequency for various typical values of ionosphere critical 

frequencies.   Curves are also included for a 100-km virtual height ionosphere reflection 

as well as for the 300-km height previouSly-discussed.   While multiple hop propagation 

is not ensured by matching radiation angles to the first hop, it is nevertheless true that 

the first hop must propagate before any consideration can be given to the multiple hops. 

Therefore, concentrating on the design for the first lonospherically propagated hop will 

provide satisfactory coverage for multiple hops if all elevation angles below the optimum 

are Included. ( 
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It is apparent from Figure 2-2 that a single elevation plane pattern will not be optimum 

over the entire 3- to 3()-Mc frequency range.   Over the same frequency range, the varia- 

tion in azimuthal boamwidth must be kept to a minimum.    An antenna system consisting 

Of two separate antennas, each with about a b-to-1 bandwidth, and scaled such that one 

will cover 3 to 18 Mc and the other will cover 7 to 30 Mc, will provide complete coverage 

on a woiId-wide basis.   A requirement for world-wide coverage, where vertical incidence 

critical frequencies will vary from less than 3 Mc to more than 10 Mc, is that the upper 

half-power point of the radiation pattern be at least 45 degrees.   This requirement is. 

however, very unrealistic at high latitudes where the critical frequency may exceed 7 or 

8 Mc very infrequently.    At high latitudes it would be very desirable to restrict the upper 

half-power point of the high frequency antenna (7 to 30 Mc) to a maximum of about 25 degrees 

in order to maximize the system sensitivity. 

Thus, two systems are envisioned here.   One,  for use at middle and low latitudes, where 

the UHPP is about 45 degrees in both the 3- to IS-Mc and 7- to 30-Mc bands, and the second 

for use in high latitudes where the UHPP of the low frequency band (3 to 18 Mc) is about 

45 degrees and the UHPP of the high frequency band (7 to 30 Mc) is about 25 degrees. 

Ideally, this latter antenna (7 to 30 Mc) should have the UHPP decrease with increasing 

frequency from about 30 degrees at 7 Mc. 

f 
As the critical frequency varies in the vicinity of the station, both diurnally and seasonally 
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(and also with latitude and the solar cycle), the frequency where operation is switched 

from one array to the other would vary from 7 to 18 Mc.    With low critical frequencies 

the change would occur near 7 Mc, and with high critical frequency the change would 

occur near 18 Mc. 

2. 2   Receiving Antenna Parameters 

It has been assumed that the transmitting and receiving antennas would be separate sys- 

tems.   Thus, a discussion of horizontal beamwidth is somewhat more pertinent to the 

receiving antenna since that is where most of the directivity is obtained. 

The normal  ionosphere sets both an upper and lower limit on the horizontal beamwidth 

of a backscatter antenna system.    The useful lower limit is set by the angular deviations 

of the transmission path from the great circle path induced by natural tilts, lateral 

gradients in electron density, and other perturbations present in the ionosphere.    Such 

effects will normally produce angular deviations as great as five degrees, while unusual 

■-.■ ire um stances may produce deviations considerably in excess of five degrees.    Thus, a 

horizontal beamwidth narrower than about five degrees will in general not produce a 

significant improvement in bearing determination. 

The upper limit of a useful backscatter antenna system is determined by the normal 

azimuthal variations in backscatter which tend to become overlapping and ambiguous if 

the effective beamwidth (combined transmitting and receiving) is greater than about 40 

degrees. 

The desirable vertical beamwidth of the receiving antenna system is based on entirely 

different considerations.   Since the backscattered energy from ranges just beyond the 

skip distance at any given frequency arrives in a relatively narrow spread of vertical 

angles,  it would appear desirable to use a fan beam in the vertical plane to avoid the 

necessity of seeking the proper angle.   Two factors, however,  suggest a narrower vertical 

beamwidth.    First,  since the arriving energy from ranges corresponding to the skip dis- 

tance and somewhat beyond does arrive in a relatively narrow angular segment, it is 
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desirable from a system gain standpoint to narrow the beam to include only this angular 

segment.   At greater ranges beyond the skip distance, this technique would tend to reduce 

the upper or Pederson ray contribution to the hackscatter echo and concentrate instead on 

the lower ray.   From a detection viewpoint this may be undesirable since it concentrates 

on those ray paths which do not penetrate the ionosphere deeply and hence may be relative- 

ly unaffected by an ionospheric perturbation.    Equally bad, when backscatter signals are 

received at low elevation angles,  corresponding to one hop ranges greater than 3000 km, 

the majority of the backscatter energy- may be received via the upper ray path.   The angle 

of arrival of this energy is relatively unstable as compared with the angle of arrival of 

the lower ray, and it is therefore undesirable to use too narrow a beamwidth.   The second 

factor suggesting a narrow vert.cal beamwidth is the potential reduction of susceptibility 

to jamming (either intentional or unintentional).   However, other means (e.g. , random 

frequency programming) are available to combat jamming. 

Thus, except from a system gain viewpoint, a vertical fan beam appears to be most desir- 

able for detection of Ionospheric disturbances at all ranges and all azimuths.   The maxi- 

mum increase in system gain which might be realized by going to a pencil beam as 

compared to a fan beam is only about 6 db. and in taking this step the data processing 

load would be increased by a factor of about four. 

A variation of azimuth beamwidth of not more than three to one over any frequency range 

(e. g. . 3 to 30 Mc) would appear to be acceptable in terms of Interpretablllty of the back- 
scatter information. 

The side lobe level on the receiving antenna must be reduced to the minimum possible to 

prevent spurious backscatter returns from being received.   A combined side lobe level 

(transmitting and receiving) of not more than -25 db is acceptable, but -30 db is desirable 

for 0. 5 megawatt transmitting power. 

2. 3   Transmitting Antenna Parameters 

All of the previously discussed parameters applying to the receiving antenna would also 
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apply to the transmitting antenna.   However, with present techniques it is not practical to 

transmit appreciable power through the phasing networks required to provide steering of 

narrow beams over wide frequency ranges and full 360-degree azimuthal coverage.   Con- 

sequently, it is necessary to seek a compromise based almost completely on engineering 

considerations alone. 

Since the receiving antenna system will provide a vertical fan beam (broad in elevation but 

narrow in azimuth), the transmitting antenna should also be broad in vertical coverage. 

The transmitting antenna cannot be steered and consequently must be broad in azimuth as 

compared with the receiving antenna system.   In the limit, an omnidirectional (in azimuth) 

antenna might be used; however, such an antenna is inefficient not only in operation but 

also in terms of system directive gain.   A much more desirable system would consist of a 

resonant (and consequently, more efficient) antenna with directive gain.   A number of such 

antennas could be oriented in the required number of directions to obtain the full 360-degree 

azimuthal coverage.   Minimum horizontal beamwidth is limited by size and switching 

requirements.   It appears that transmitting horizontal beamwidths on the order of 40 to 

60 degrees would be suitable. 
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SECTION 3 

PROPOSED ANTENNA CONFIGURATIONS 

3.1  General Considerations 

As stated, it is desirable that the selected antenna configuration(s) possess a certain 

degree of directivity and be capable of 360-degree azimuth scan in about one minute. 

Because of the azimuth scan req irement and the large physical aperture needed to 

obtain some directivity at 3 Mc. it is obvious that the antenna configuration^) must 

provide the scan capability by alternate excitation of different portions of an antenna 

system with azimuthal symmetry.   Another basic consideration in the selection of 

antenna configurations is the frequency coverage requirements of the system, namely. 
3 to 30 Mc. 

With the above requirements in mind, the following types of antenna systems were 

considered: 

.(1) 

J2) 
(a) Wire-Grid 1 uneberg L ens 

(b) Arrays of Concentric Rhombic Antennas( 

(c) Arrays of Horizontally Polarized Log-Periodic Antennas 

(d) Arrays of Vertically Polarized 1 og-Periodic Antennas 

(e) Circular Arrays Utilizing the Wullenweber Principle^' ^ (5)' (6)' (-7)' 
(8), (9). (10) 

The wire grid L uneberg lens described in reference (1) does promise the bandwidth 

capabihty and azimuthal symmetry desired for the system.   However, it appears that 

considerable development (e.g.. in the feed system) Is required, and full-scale perform- 

ance data is not available.   It should be noted also that the percentage variation in 

azimuthal beamwidth of such an array is Just equal to its (percentage) frequency band- 
width. 

The study reported in reference (2) was undertaken primarily as an attempt to improve the 

space utilization and pattern-versus-frequency characteristic of rhombic antennas.   Results 
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of the study indicate that it may be possible to design a "nest" of concentric rhombics 

with improved performance over that obtained from separate antennas.   However, it 

must be pointed out that the height-above-ground requirement for a specified take-off 

angle of radiat.on above the horizon (a the same as for any other horizontally-polarized 

antenna.    For example, ft» a 10-degree take -off angle at 6 Mc, the antenna height 

requirement is about 240 feet.    At 3 Mc this helghl would have to be doubled to achieve 

the same radiation characteristics. 

Arrays of horizontally-polarized log-penoche aniennns have been considered; however, 

as remarked above, the height requirement for low take-off angles at low frequencies 

detracts considerably from the horizontally polarized type of antenna.   In addition, to 

achieve an elevation plane pattern with a low take-off angle and reasonable side-lobe 

level requires arraying in the elevation plane at least two horizontally-polarized hays 

of radiating elements.   For example, if only one horizontally-polarized bay is used to 

achieve a take-off angle on the order of 20 degrees, a side-lobe about 6 db below the 

main beam maximum is present at approximately 65 degrees above the horizon. 

A considerable amount of design information and full-scale performance data are available 

on the types of antennas mentioned in (d) and (e) above.   Although it is recognized that, in 

general, a highly conducting screen is required for proper operation of a vertically-polar- 

ized antenna operating against ground and it appears that in order to derive full benefit 

from the conducting radial system it should be placed on the surface of the ground*, the 

types of antennas listed in (d) and (e) above are well suited for the intended application. 

The vertically-polarized log-periodic antenna is described in considerable detail in 

Section 4.1; however, a few general comments are in order at this point.   For this antenna 

(ID 

i 

1    "     ;    '   l"M ll lH recommended that if at all possible, extended ground 
;        '^       ^      r "•Sll|-|;l-;"1 the ground.   Mecause of the low gain obtainable for 
huncd liKlli )   „,„,,,. condltlon8i lt l8 reconunended that considerarion be 

he surtce '    y"POlariZed antennaS " ^ gr0Und radials cannot be ^ on 
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I 
type, maximum radiation is on the horizon for perfectly conducting earth, with the upper 

| half-power point at approximately 30 degrees.   Height requirement for this type of antenna 

is about X/4 at the lowest operating frequency, with the maximum tower height being 

j somewhat above this value in order to accommodate the radiator support structure. 

j The azimuth plane beamwidth from a single array element is about 110 degrees.    Radiation 

patterns are essentially independent of frequency, and the VSWR (with respect to the antenna 

| input impedance) is within 2:1 across the operating bandwidth.   VarlOUi array configurations 

of this antenna type are possible and have been considered for the system. They include the 
following: 

I 

1) Four elements (or curtains) with each element covering a TO-degree 
sector in azimuth. 

2) Arrays of two curtains, with each two-curtain array covering about 
60 degrees in azimuth and with six such arrays located about a hexagon. 

3) Arrays of three curtains, each three-curtain array covering 40 degrees 
in azimuth and nine such arrays located about a nonagon. 

[ 
! 

( 

I 
To obtain still narrower beamwidths in the azimuthal plane it is better to consider a 

circular array configuration.   Because of its constant characteristics over a broad fre- 

quency range, it la natural to consider the log-periodic antenna as the elements of the 

, circular array.   However, due to the physical displacement of the phase center along 

the log-periodic structure as a function of frequency, a quite complicated feed system 

is required to properly phase the signals from the array elements.   For this reason, the 

element considered for the circular arrays presented in Section 4. 2 is the broad-band 

I conical monopole.   Performance data on this type of antenna is presented in Section 4. 2. 

[ For the reasons mentioned in Section 2. separate transmitting and receiving antennas 

are proposed for the system. 

r 
It should be mentioned that if the receiving function did not require higher directivity, 

the antenna described for the transmitting function could be employed for both modes! 

I 
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Table 3-1 summarizes the previous comments on the various antenna configurations 

considered for the system. 

TABLE 3-1 

ANTENNA TYPE 

Wire-Grid Luncberg 
Lens 

Arrays of Concentric 
Rhombics 

Arrays of Horizontally 
Polarized Log-Periodic 

Antennas 

Arrays of Vertically 
Polarized Log-Periodic 

Antennas 

Circular Arrays 
Utilizing the Wullen- 
weber Principle 

ADVANTAGES 

Azimuthal plane symmetry 
and bandwidth. 

Bandwidth. 

Bandwidth.    Full scale 
performance data is 
available. 

Bandwidth.   Height require- 
ment much less than for 
horizontally polarized 
antenna with same radiation 
characteristics.   Some full 
scale performance data 
available. 

Azimuthal plane symmetry. 
Considerable full scale 
performance data available. 

DISADVANTAGES 

Requires considerable 
feed development and full- 
scale performance data 
not available.   Variation 
of azimuth beamwidth. 

Height requirements for 
low take-off angles. 

Height requirements for 
low take-off angles. 

Ground screen require- 
ments. 

Approximately 3.5:1 band- 
width.   Because of feed 
mechanism design, 
adequate for receiving 
application only. 

3.2  Proposed Transmitting Antenna 

The type of antenna proposed for the transmission mode consists of nine arrays located 

about a nonagon with each array consisting of three curtains of vertically-polarized log- 

periodic antennas.   Azimuth plane beamwidth is about 40 degrees.   Scan in the azimuthal 
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plane is achieved by switching the transmitter consecutively to the Individual arrays in 

the system.   Figures 3-1 through 3-4 depict the transmitting antenna syste tern. 

It should be mentioned that the proposed transmitting antenna system is one which offers 

the best compromise between technical requirements.   Systems consisting of the arrays 

of fewer log-periodic antennas previously mentioned are feasible; however, resultant 

directivity in the azimuthal plane is less, and power handling requirements on the individ- 

ual array elements are greater. 

3. 3   Proposed Receiving Antenna 

The antenna selected for receive mode consists of the circular arrays of conical mono- 

poles shown in Figures 3-5,  3-6 and 3-7. 

The high-band array shown in Figure 3-6 is designed to provide higher directivity in the 

elevation plane than that obtained with the low-band array shown in Figure 3-3.   However, 

due to the effect of the reflector on the elevation plane patterns when the system is 

operated over a bandwidth greater than about 3. 5 to 1. the low-and-middle-latitude system 

(equal ÜHPP in both high and low hands) is somewhat better gulled for high latitude instal- 

lations because It provides more uniform elevation plane coverage.   The low-and-middle- 

latitude receiving system would consist of one array such as that shown in Figure 3-5 

operating over the frequency range 3 to 10 Mc and a second array operating from about 

9 to 30 Mc.   This second array would be a scaled (scale factor 1/3) version of the 3 to 

10 Mc system.   This results in the azimuthal plane beamwidth variation being held to 

about 3 to 1 because of the frequency coverage and array scale factors.   As discussed in 

Section 4.2, the azimuth beamwidth variation for a circular array operating over a 6-to-l 

bandwidth can be held to about 3 to 1, but not without adding some complication to the feed 

arrangement and introducing ripple in the main lobe. 

With regard to side-lobe level (combined transmitting and receiving) it is appropriate to 

mention that although at some frequencies the side-lobe levelof the receiving antenna is 

! 
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only in the order of -10 db, due to the angular location of the receiving antenna side- 

lobes and the directivity of the transmitting antenna, the combined transmitting and 

receiving side-lobe level is on the order of -18 db. 
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SECTION 4 

ELECTRICAL DESIGN 

4. 1   Transmitting Antenna 

4. 1. 1   Arrav Element 

An array element is a vertically polarized logarithmically periodic curtain as illustrated 

in Figure 3-1.    Each array element is a complete radiating structure*, and all elements 

are identical in every respect except orientation.   The operating frequency range is 3 to 

30 Mc, and all following data apply to the full range unless otherwise indicated. 

The curtain consists of vertically suspended triangular radiating wire forms grounded at 

the base of each triangle to the 2-inch diameter longeron pipe and the ground screen.   A 

single unbalanced feed line excites the radiating elements through capacitors at each 

point where the feed line crosses a leg of a triangle. 

Radiation Patterns and Gain.   The E and H plane radiation patterns of an array element 

arc given in Figure 4-1.   The pattern is unidirectional with its maximum in the direction 

of the antenna vertex and on the horizon (for the case of a perfect earth).   The half-power 

beamwidths are 30 degrees in elevation and 110 degrees in azimuth.   This pattern is 

similar to that of an end lire array of three or four vertical monopoles above ground. 

The radiation pattern is constant with frequency; however, the phase center of an array 

element moves towards the apex as frequency is increased.   The phase center is normal- 

ly near a quarter-wave resonant tooth. 

On the basis of radiation patterns obtained from imaged scale models of the array ele- 

ment, a gain of approximately 5 db relative to a quarter-wave monopole had been pre- 

dicted for the log-periodic array element.   The relative gain figure was confirmed by 

The design described is that of the Granger Associates Model 726-2. 5/30 Log-Periodic 
Array.   This is a proprietary design, certain features of which are covered by patent 
applications pending.   Other manufacturers offer designs which differ in some respects, 
but which are sufficiently similar to the Model 726-2. 5/30 so that the conclusions and 
recommendations presented here are valid in the case of the use of the competitive products, 
also. 
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comparing the signal output from an imaged quarter-wave monopole and an imaged model 

of the log-periodic antenna, operating at about 250 Mc,   When the Model 726-2. 5/30 

antenna shown in Figure 4-2 was erected as part of the acceptance inspection require- 

ments on a contract, it was deemed desirable to perform relative gain measurements 

of the full scale antenna array element operating against ground.   The radiation character- 

istics of the Model 726-2. 5/30 antenna are identical to those of the array elements 

comprising the transmitting antenna.   The following describes the antenna installation, 

instrumentation employed, and results of the measurements performed. 

Figure 4-3 presents a plan view of the antenna installation employed for the relative gain 

measurements.   For the sake of clarity the ground screen for the Ipg-periodic antenna is 

shown separately in Figure 4-4.   For reference purposes, the impedance measurements 

performed on the full scale Model 726 antenna are presented in Figure 4-5.   The quarter- 

wave monopole was tuned to present a VSWR no greater than 1. 4:1 relative to the 50-ohm 

characteristic impedance of the feed cable. 

Azimuth and elevation plane radiation patterns for the log-periodic antenna were obtained 

from a scale model of the antenna when imaged over perfect ground, are presented in 

Figure 4-1.   From these patterns a gain of 10. 4 db over an Isotropie radiator, or 

approximately 5 db over a quarter wavelength monopole is computed. 

Figure 4-6 shows the instrumentation, circuit diagram, and signal sampling waveform 

employed for the collection of data.   As indicated in Figure 4-6, collection of data 

consisted of periodically switching the input to the receiver to either the monopole or 

log-periodic antenna.   Of course, the switch at the inputs to the dual channel   recorder 

and the switch at the Input to the receiver were synchronized; however, during a data 

run the inputs to the recorder were reversed periodically to cancel possible differences 

in recorder channel characteristics.   Selection of the signal sampling period was 

affected by the desire to perform nearly simultaneous recording of the two signals and 

the need to have a sufficiently long (In terms of AGC circuit time constant) "on" and 

"off" times to prevent switching transients from significantly affecting the results. 
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Although a large quantity of data was taken and "reduced", at best inconclusive results 

were obtained.   With the ground plane as originally installed, the data shown in Figures 

4-7 through 4-9 were obtained.   It is the contention of the investigating team that those cases 

where the whip exhibited higher gain on 15 Mc were due to the presence of WWVH signals 

to which the Model 726 did not respond because of its unidirectional radiation pattern and 

the orientation of the log-periodic antenna relative to WWVH.    Figure 4-8 illustrates the 

rejection of the Model 72, to WWVH signals as measured when WWV was not transmitting. 

The contention regarding WWV and WWVH is further confirmed by the curves in Figure 

4-7 which show higher whip gain on 15 Mc (WWV and WWVH) and higher Model 726 gain 

on 15.5 Mc (WVSI). 

To summarize, the Model 726 log-perlodlc antenna generally has the expected gain 

relative to a quarter-wave monopole.    No meaningful results were obtained that shed 

light on how antenna performance, particularly at low angles, is related to ground plane 

size and configuration. 

Impedance and VSWR.   Impedance of an array element is 150 ohms with 2:1 VSWR or 

less over the frequency band.   The complex antenna impedance referred to the vertex 

theoretically rotates on the Smith Chart at a rate of one revolution per log-frequency 

period defined by the design ratio T .   Tints 2 (f) = Z (Tf).   This is in accordance with 

the theory that the log-periodic antenna can be approximately divided into a transmission 

line zone (nearest the vertex), an active or radiating zone determined by frequency 

which extends over three to four vertical teeth in this case, and an inactive remainder 

portion.   The antenna elements active at frequency f thus represent an exact scale 

model of the active elements at frequency T f.   Impedance plots of this and other log- 

periodic antennas have shown this periodicity in an approximate manner only.   Figure 

4-10 is an impedance plot of a scale model of a log-periodic curtain.   The scale factor 

4.4 indicates a low-frequency cutoff of 1.8 Mc for the antenna curtain with a 140-foot 

tower.    However, a tower height of approximately 140 feet is required to support 

radiators long enough to insure radiation efficiency at 3 Mc.   Capacitance values used 

in the feed line of the scale model are 10,  13.   17,  24, 32, 44 pf.   Tw-o each capacitors 
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were used at each tooth and a 150-pf capacitor fed the tower. 

Power Handling Capacity.    Each array element must be capable of handling its proportion- 

| ate share of the transmitter output, i.e.,  167 kw peak and 3. 3 kw average power.   Antennas 

similar to those described here, but of lower peak rating, have safely handled JO kw 

. average power.   The average power rating requirement is thus more than ample. 

j The peak power handling capability is limited by voltage breakdown.   This may be divided 

into two types,  namely, direct arcing between metal parts and corona discharge.   The 

various parts of the antenna require separate consideration.   In that portion of the antenna 

near its vertex, a single conductor above ground feeds the antenna proper.   This short 

length of transmission line has 150 ohms characteristic impedance.   The maximum volt- 

age during a pulse, at any point on the line,  is of interest and is calculated from 

E (max) «1.4   [ 1+ (S-1)/(S+l ]   fpR~ 

where     P = Peak power rating of source 

R = Characteristic impedance of line 

S = Voltage standing wave ratio 

Here it is assumed that the source resistance of each array element is 150 ohms.    For a 

VSWR = 2 and P = 167, 000 watts, the maximum voltage is 9400 volts.   In the event that 

the transmitter is tuned at any one frequency for maximum power transfer, the radiated 

power will be about  12 percent greater than in the case when the transmitter is matched 

to the characteristic impedance of the line,  for the condition of maximum standing wave 

ratio (2:1).   The peak input line voltage will   then be 6 percent greater or 10, 000 volts 

maximum. 

The radius of the cylindrical conductors adequate to pivveil corona may be computed 

from the balanced line formula for power handling capability. 

E2d2     __u-l    D 
240S 

p = ^r.-      cosh      --—    watis 

where      E = Breakdown gradient in volts per inch 

d = Conductor diameter in inches 

D = Center to center spacing of ISO-ohm two-conductor line 
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The balanced line formula is used because It provides a conservative estimate of the peak 

power handling capability.   The feed line employs a two-inch diameter pipe as ground 

return which 1. a less severe condition than equal diameter wires with respect to voltage 

breakdown, other thing, being equal.   Thus d =0. ll-mch minimum.   This is a consider- 

ably smaller diameter than desirable for reasons other than the corona problem.   Also, 

allowance must be made for concentration of fields at junctions.   Stranded S/16-inch 

diameter cable consisting of seven copper wires of O.tW-mch diameter is more than 

adequate.   Spacing for 150 ohms Impedance above the two-inch pipe is approximately 

two inches center to center.   Insulation is afforded by a polyethylene sheath 3/8-inch 

thick.   The line is to be supported by suitable standoff insulators. 

It has been calculated that the feed line capacitors will carry 15 amperes at 8 kilovolts 

rms when they are coupling peak power.    Capacitors with tins rating are available. 

Beyond the section of uniform ISO-ohm line, the line-to-ground spacing increases and 

thus tends to reduce voltage gradients.   It is know,,, however,  that voltage reaches a high 

value at the tip of a thin quarter-wave monopole.    In order to obtain some quantitative 

idea of the severity of this problem the voltage gradient near the tip of the most active 

radiator was calculated.   It was necessary, however, to make the following simplifying 
assumptions: 

1) A triangular tooth is similar to two linear mutually coupled radiators. 

2) A linear radiator may be treated here as a quarter-wave long trans- 
mission line of a certain average characteristic impedance terminated 
In a resistive load. 

3) The voltage at the tip .s that voltage across the load which is required 
to dissipate the equivalent amount of radiated power. 

4) The voltage gradient at the tip is similar to that at the end of a conical 
transmission line of the same impedance and with the same tip voltage 
as above.    Fringing fields are neglected here. tip voltage 

On the above basis it was calculated that an 8-foot long (30-Mc) quarter wave resonant 

Cements, made up of 0. 155-Inch diameter wire In the form of a triangle that is radiating two- 

thirds of the input power to an array element (approximately 100,000 watts) would have 
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a t.p voltage in the order of 19. 000 volts rms and a voltage gradient of approximately 

j 52. 000 volts per inch peak.   If this calculated value is arbitrarily increased 40 percent 

to allow for fringing fields one finds that this is probably sufficient to cause corona 

j breakdown.   Therefore, the radiating wire tooth tip is given the form of a 3-inch radius 

bend in place of the relatively angular bend.   Comparative experimental studies of 

g corona breakdown were made on the rounded tip end and an angular tip with supporting 

clevis and dielectric line by immersing these In a large, uniform r-f field between two 

| parallel 24-1nch square plates 18 inches apart.   The antenna tip was connected to one 

Plate at its lower end, and the floating tip end midway between plates tended to concen- 

J träte the field.   Corona breakdown and deleterious dielectric support heating were ob- 

served for pointed tip shapes between 18 and 28 kv at 32 Mc.   Dielectric heating was 

j observed in the epoxy-Fiberglasa link between the rounded tip and the support clevis. 

These test voltages are large enough to produce a Held gradient greatly in excess of the 

| above calculated gradient at the tip of an actual radiator. 

| The following conclusions were drawn from these high voltage experiments: 

ID   The radiating element (wire triangle) should have a rounded tip   of 
approximately 3 inches radius. ' 

2) The clevis associated with the support member should be several 
1 inches above the rounded tip and should have no sharp edges. 

3) S, ^TTH "^ betWeen the tip anci clevis should be designed so 
I that the link does not concentrate the field in this region.   The design 

drawing for the tooth tip was based on the above consideration 

I 
I 

Gr0'""' SCree''-   The Sr0Und s"ee" " «" '"■V fernen, is Imegr.l with tha, of ,he sub- 

.rray and wUl be mor. fuHy daacrlbed under ,ha, beading.   Each curtain baa a J-inch 

I dlamcer pipe or longeron do« ,o ,he ground that aervea as the main return path for 

I 
I 
I 

the antenna currents.   Ground wires are electrically bonded to this pipe and to each 

other.   Connections to the pipe are made at each point where a radiating tooth is grounded. 

4.1.2    Sub-A rray 

A sub-array consists of three array elements having the same vertex with each two 
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adjacent elements forming a 40-degree angle, as shown in Figure 3-1. 

Radiation Patterns and Gain.   The E-plane (vertical) pattern of a sub-array is similar to 

that of an array element (3ö-degree beamwidth above perfect ground).   The H-plane 

(azimuth) pattern is unidirectional with 40 degrees beamwidth.   Directive gain of the sub- 

array is 15 db above an Isotropie radiator.   The increased directivity is due to the array 

factor of three elements.   Side lobes are 10 db down at the low end of the band and approxi- 

mately 15 db down over most the frequency range.    Radiation pattern for a sub-array is 

shown in Figure 4-11. 

Impedance and VSWR.   The sub-array impedance is that of three 150-ohm array elements 

in parallel, or 50 ohms.   All array elements are identical and therefore the VSWR of a 

sub-array will be the same as that of an array element, that is 2:1 or less. 

Power Division.   Power division between the three arrays is accomplished in a junction box 

at the apex of each sub-array.   This junction box shields a three-output shunt connection 

and serves to anchor the array element feed lines.   Each coaxial sub-array feed line 

terminates at the side of a junction box.   As a corona preventive at the junction, the box- 

is filled with low-dielectric loss oil. 

Ground Screen.   The ground screen is formed of Xo. 10 copper wire arrayed on the surface 

to favor the principal direction of radiation as shown in Figure 3-1.   The screen extends 

about 2000 feet in front of a sub-array.   The ground screen thus extends about six wave- 

lengths forward of the phase center, at the lowest operating frequency.   Antenna pattern 

coverage near the horizon is thus relatively unaffected by poorly conducting earth in the 

immediate vicinity of the antenna.   The next section contains a discussion on ground screen 

requirements for vertically-polarized antennas operating against ground. 

4. 1. 3   Complete Array for Full Azimuth Coverage 

Feed Mechanism.   Each of the nine sub-arrays is fed by 3-1/8 inch pressurized rigid 
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coaxial transmiss.on Hne that extends radially from the array center to the apex of a 

sub-array.   This line has a measured peak power rating of 2 megawatts with dry air 

at one atmosphere abs0,ute pressure, 4()»C ambient temperature, and unity VSWR 

Smce peak power «ting 1. mversely proportional to line VSWR (under conditions of 

conjugate match at transmitter), and the square of the voltage s;i„tv f,,K,()r _, ^ 

iv proportional to the square of relative pressure, .t is readüy calculated that a work- 

ing VSWR of 2:1, a pressure of two atmospheres, and a power source rated at 0. 5 Mw 

peak yield a safety factor of 2.8.   A safety factor of this magnitude is not unreasonabl. 

here, and provision should be made therefore for two atmospheres of dry nitrogen 
oressurization. 

The average power rating  of 3- 1  8 „uh coaxial line is well in excess of the svstem 

average power requirements: hence, transmission line heating does not present a 
problem. 

Attenuation at 30 Mc is theoretically 0.055 db per 100 feet.   This amounts to nearly 

0. 3 db for the 530-foot radial run of transmission line.   Jnteraction by the line VSWR 

of 2:1 wil, add 0. , db.   Oxidation might add 0. 2 db.   The end result is attenuation over 

the band varying from 0. 2 db at 3 Mc to 0. 6 db at 30 Mc.   Finally. 0. 5 db is added for 

reflection loss due to antenna VSWR.   Total attenuation is 0. 7 to 1.1 db yielding an 

overall efficiency of 80 percent at 3 Mc to 73 percent at 30 Mc. 

Azimuth Scan Switching System.   The transmuted beam must scan the full azimuth in 

one minute.   Since there are nine posit.ons. eight coaxial double-pole sing,e-throw 

switches are arranged in a tree as shown in Figure 3-2.   The tree arrangement provides 

equa. delay from the transmitter output to all antennas and therefore allows the trans- 

mitter to be peaked at any frequency without suffering detuning when the antennas are 

scanned by the switching mechanism. 

Minimum time between pulses is about 50 milliseconds.   Since the high speed 3-1/8 inch 

vacuum coaxial relays presently available can be fully switched in 12 milliseconds or less 

synchronous switching between pulses is feasible. 
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There are nine switch output positions labelled from A to I and eight coaxial SPOT switches 

labelled from 1 to 8 (in the form of a tree).   In addition, there is one input labelled IN. 

In order for the input power to emerge 'rom any specified output (output A excepted), 

at least four switches must be in the proper state, namely either left or right position 

(L or R).   Then in order to switch to another output, one or more switches must change 

state.   Analysis has shown that the switching operations can be apportioned in time so 

that no more than two switches need operate at each position change for continuous 

scanning.   For example, suppose the instantaneous state of the tree is for an output at I. 

The next position is output at A.   At the beginning of next scan position period a control 

pulse from unit A causes switch I to go into state R and switch 2 into state L.   For an 

output at A rhe state of switch 1 only need be specified.   There is now an output at posi- 

tion A, and in addition there is also advance provision for outputs at B,  C,  D, and E. 

For all positions except E and F each scan pulse causes one switch to change state and 

thus changes the power flow in an active path and causes another switch to change and 

thus helps to build up a path that will soon become active. 

I 
4. 2   Receiving Antenna 

| 
The receiving antenna is a circular array of vertically-polarized omni-directional 

radiators arrayed around a circular reflector.   Only a portion of the array is used 

at one time, and signals from the utilized elements are delayed to create a constant 

phase plane at a given azimuth.   Due to the circular symmetry of this geometry, 360- 

degree scan is achieved with azimuth patterns that are essentially independent of the 

azimuth beam position.   The antenna is steered in azimuth by connecting the required 

group of elements through the proper delay by means of a goniometer.   Two arrays 

| are employed to cover the 3- to 30-Mc frequency range. 

I 4. 2. 1   Array Element 

The array element is a conical monopole vertically-polarized omni-directional antenna. 

| It consists geometrically of two truncated cones mounted base to base and supported with 

the axis vertical at a short distance above the ground plane.   The external surfaces ot 
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4.2.2   Low-Frequencv Band Array 

The low-frequency band array could cover the frequency range of 3 to 18 Mc     A   , 
of the array is shown in F.gure 4-24    Ther. ^ of 3 to 18 Mc.   A plan view 

gure 4 14.    There are a total of sixty elements in th* 
thirty of which are used at one time    The- ,   o y eJe^nts in the array, 

-'—- - -...::. :r::::: r:r: :d'am:r •■the,°"- ucgrees apait or one-eighth wavelength. 

I IV - 10 



I 
i 
I 
I 
I 
I 
I 
I 
I 
I 
I 
i 
I 
I 
I 
I 
I 
I 
I 

Radiation Patterns and Oain.   Due to th 

IVIIUTIIS of the array begin to differ si 

the array clement at frequencies in the 

i presence of the reflector, the vertical plane 

g|iificantly from the elevation plane patterns of 

order of 3. 5 f0. 

The horizontal plane patterns of the cm- 

the projected linear aperture of the clrc 

distribution, the beamwidth and first sic 

of the linear array. When an amplitude 

and the increase in beamwidth are not ail 

beamwidth is a function of the linear pr< 

inversely with frequency. Hence for an 

at the upper end of the frequency band w 

c-lohe level are essentially the same as that 

taper is used,  the reduction in side-lobe level 

f; great as for the linear array.   Since the 

jected aperture, the beamwidth will van- 

array having a 6:1 bandwidth, the beamwidth 

II be one-sixth that at the low end. 

Figures 4 2S through 4 -28 are azimuth | 

of 24 degrees of a circular array of con 

scale model is shown in Figure 4-2^. T 

beamwidth computed on the basis of the I 

Figure 4-30 and are in good agreement 

beamwidth that would be observed for tin 

viously indicated is excessive, and tlie a 

the beamwidth variation.   Several scheir 

First considered was the use of low pas 

employed as a function of frequency.   By 

essentially constant azimuth plane beanv 

Unfortunately since the number of element 

Ihe cliaraclcrlstic impedance ol the arrat 

The use of lossy transmission line in wh 

also considered. The longest lengths of 

with the length of lossy line for each ele m 

ular array are similar to those obtained from 

ilar array.    In fact for a uniform amplitude 

lie patterns for a one-hundredth scale model 

cal monopole radiators.   A picture of this 

he measured beamwidth for the array and the 

near projected aperture arc plotted in 

Clearly the expected 6:1 variation in azimuth 

■ full scale array phased in the manner pre- 

ray design musl provide for a reduction in 

es were considered for reducing this variation. 

filters to decrease the number of array elements 

»roper selection of the filter cut-off  frequencies, 

idth could be obtained over the 6:1 frequency band, 

s is varied by a factor of approximately 6:1, 

will vary by a similar amount. 

ch the line loss increases with frequency was 

this line would be used to feed the edge elements 

ent decreasing from element to element to 
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I 
zero for the center element of the array.   The delay introduced by these sections of lines 

- would be compensated for by the proper lengths of low loss delay line.   This scheme would 

accomplish the required reduction in array aperture with increasing frequency without 

j changing the characteristic impedance of the array.   This results from the fact that as 

the loss in a length of transmission line ls Increased, the impedance at the input end of 

| the line tends to the line characteristic Impedance, and for a long line of high loss the 

input impedance becomes independent of terminating impedance,   unfortunately such a 

; scheme would lower the efficiency of the array and degrade the signal-to-noise ratio 

I 
I 

frequency. 

Since the computed patterns presented in Figures 4-31 through 4-35 show that In some 

cases considerable error would be involved by estimating directivity by considering only 

| Reduction in the azimuth beamwidth variation was achieved by splitting the circular array 

aperture into two sub-arrays.    Each sub-array is phased to squint its beam a few degrees 

off boreslght.   One sub-array has Its beam squinted to the left of bores.ght and the other 

sub-array the beam is to the right of boresight.   The two sub-arrays are then combined 

in phase.   The resultant array pattern will have a much wider azimuth beamwidth than 

U the array were fed In phase across the aperture.    The amount of beam squ.nt required 

is set by pattern considerations at 6 f0 (18 Mc).    A 6 db crossover at 6 fo was found to be 

optimum.   This results in a beam squint of 4. 6 degrees 

[ 
Since the beam squint will be produced by a time delay, the squint angle will be independent 

of frequency.    Hence the sub-array beams will be squinted by 4. 6 degrees at f0 (3 Mc) 

The sub-array beamwidth at f0 is 40 degrees, and the 4. 6 degrees squint will have but a 

I small effect on the array pattern at 3 Mc. 

| Figures 4-31 through 4-35 are computed azimuth plane patterns for the array fed in this 

manner.   The vanation in the azimuth plane of 3 db (half-power) beamwidth has been 

| reduced from 6:1 to 3:1.   The man, lobe now exhibits a considerable ripple at the higher 

frequence.   However, since the purpose of the antenna is for detection, this cause, no 

| difficulty.   Figure 4-36 shows the variation of antenna beamwidth and directive gain with 

I 
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the half-power beamwldth of the radiation pattern, the directive gain figures presented in 

Figure 4-36 were calculated by numerical integration of the radiation pattern to the region 
of the first side lobe. 

impedance and VSWR.   ^e array w,ll have a nominal Impedance of 50 ohms.   Suitable 

transformers are provided in the array goniometer to transform to this impedance level. 

The VSWR of the array will be nominally that of the array element as confirmed by 
model measurements.    Figure 4-37 8hoW8 a Smlth Chart ^^^ of ^ ^^ 

for the nine-e.ement model of a porUon of the array.   The impedance has been norma.- 

-ed to 8. 35 ohms which is one-ninth the element characteristic impedance.   The VSWR 

is less than 2. 5:1 wh.ch is identical to the measured impedance variation for the array 
clement. ' 

SsaiScrss A. <„8c„s5ec,,. ,hc ,h,u, „,„„,„„. rcport thc icM] surfsce over which 

h-( an,e„„.s „pe„,e ,. . signlfi„nt factor ,_, ^^^^^ the ^^ ^^ 

. «.«cny-po!«,... mam, the anRlc 0( m„imum ilevation piane ^^^^ ^ ^^ 
»*.no„ ., ,„„■ .ng,cs .„ ,„„„,„„„ by the surface ^^ ^^^ ^^ ^^ ^^ 

■n 0Perat,„na, ?natct the ,„„„,„ of thi, antenM ^ ^^ ^^^^ ^ ^ 

», factors Cher th.„ ,he C(>nd,lctlvlty ,)f ,„c, „„ ., ^ ^    ^ ^ ^ ^ 

^ y ■'" d"""S "' "" "^ «« •'«"" •" «v-laNe as dMlp, par.meters,    ' 

For d.tKMo, a, ,oag ra„ge.. ,„w t.ke.„„ Mgles .„ deslrab]e   and 

.e.« ,h.n (lv. w.ve,en8ths ,„ length is ^^^    ^ ^^       ^ •      » 

o -h. ame„„a. an. ,„. gro™d s„een confl^.tlo„ ror ^ antenna ^ ^ ^ 

The„ ar. ,60 gr„und r8dia,8 8paced ^.^^ ^^ 

.n.cMr,   2„o„ fM, Ul8 provldcs. ^ screen ^^ o( 5 J 
^.s „ , MC.   T.. .„.„on pl8n8 ..... „,th thls ground ^J^ ^ ^^ 

below 20 degrees at 3 Mc. 

Selection of length of ground radials has been influenced by the graphs 
is presented in 

I IV - 13 



i 

Figures 4-38 and 4-39.   Tlu-sc- figures shew the results of measurements^ of the- eleva- 

tion plane patterns of a quarter-wave monopole over a circular ground plane of various 

diameters.   Ground constants beyond the ground plane Were  ,   =2.6 and a =4.6 mllllmhos 

per meter.    Figure 4-38 shows how the location of the elevation pattern maximum varies 

with the diameter of the ground plane.    This is compared with the location of the maximum 

when the circular ground plane is In free space. 

Figure 4-3. must rates .he relative gain at fixed angles  , as a function ol ground plane 

diameter.   The elevation angle to which each of the curves applies Is also shown in the 

graphs,   Minima occur in all cases at d/X =1 since the re-radlated signal from the edge 

currents are m phase opposition to the duvet signal.   On the basis of these results   two 

conclusions may be drawn     First, soil conductivity beyond the ground plane has at most 

a secondary effect on the elevation pattern.   Second. Improved low-angle performance 

can lv achieved by extending the ground system five wavelengths or more in the direction 

<'f Propagation.   Confirmation of these predictions was obtained by Naval Electronics 

Laboratory personnel in field tes,s.(11)  Comparison of signals received over long-haul 

-cuts where low angle radiation Is Important indicate that, on the average, a quarter- 

wave vert.cal monopole antenna using 2. SA radials will have a sensitivity some 5. 5 dh 

above that of the same antenna with 0. 2SA radlals.   Tins value is appreciably higher 

than that predicted by the curves of Figure 4-39 If the 0. 2SA points are extrapolated 

d.rectly.   It thus appears likely that the signal Intensity at . maximum is itself 

significantly increased by lengthening the ground radials. 

With regard ...the effects of ving the ground wires, two recommendation, from an 

NEL report should suffice.    "Based on results of the recent model 

it appears that burial of extended ground radial 
measurements 

s is not advisable under most conditions. 

"II Is recommended that If at all possible, extended ground radials be placed on the 
surface of the ground. " 

Azimuth Scan Mechanism and Time Del«,, N»^    A2jm(lth fican of the ^^ ^^ 

is accomplished by a capacitive goniometer.    Its function is to provide the required 
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phase and amplitude distribution on the circular array to form the antenna beam in the 

desired direction.    Figure 4-40 shows a schematic diagram of the goniometer.   Its 

theory of operation can be understood if it is considered from a transmitting viewpoint. 

Since the input signal must be divided among thirty 950-ohm delay lines, the 50-ohm 

input impedance must be transformed to 31.7 ohms, the impedance of the thirty delay 

lines h, parallel.    The input power is divided equally among the thirty delay lines. 

The delay lines and .„put transformer are contained in the goniometer rotor assembly. 

The input transformer Is connected to the Input terminal through a coaxial rotary joint. 

The output of each delay line is capacltively coupled out of the rotor assembly.   The 

goniometer coupling capacity is Incorporated as a componen. of a broad-hand Impedance 

transformer.   The 950-ohm impedance of the R665-A, U delay line is transformed to 

the 75-ohm impedance of the half-inch Foamflex cable that connects the goniometer to 

the arrav elements.    Each of thirty delay cables is connected to a rotor plate.    Fach 

of the s.ator plates Is connected to an array element through a transformer.    At a 

given position of the goniometer rotor, thirty of the array elements are fed with the 

proper phases to provide a bean, in a direction normal to the diameter through the edge 

elements that are being fed.   Rotation of the goniometer rotor steers the array 

through .tod degrees. 
maximum 

B\ designing the rotor plates to be smaller than the stator plates, more continuity in 

antenna performance is obtained as the rotor scans.   In addition, by Incorporating this 

design the coupling from two array elements to a single rotor plate is minimized. 

The required delay li ne length for each of the sixty elements is 

L = R cos ( | 0 |   -4.0") 

where 

L = delay line length 

R = radius of circular array (reflector radius) 

<*   = angular position of array element measured 
from center of semi-circle 

The lengths computed using the above provide to r squinting the beam 4. 6 degrees for each 
sub-array. 
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Antenna Efflclency.   Components Introducing significant loss into the system are the 

Foamflcx cables used to connect the array elements to the goniometer and the delay 

cables contained In the goniometer.   The Poamflex cables would introduce a loss of 

0. 57 db at 3 Mc Increasing to 1. 44 db at 18 Mr.   The delay cable loss 

0. 64 db to 1.92 db over the frequency range. 
IS would vary from 

Figure 4-41 shows feed system losses as a function of frequency, 

jLr-*   l!l^' Irequency linul Army 

Hie high frequency hand array could cover the frequency range of 7 to 30 Mc    A plan 

— ol the array is shown in Figure 4-42.   In general i, ,s similar to the low band 

array and only the differences will be discussed. 

Radiauon Patterns and Gain.   The high ,_, al,a, IS de8lgned ,„ ^^ ^^ 

ve rtical plane directivity since u Is the lower elevation angles tha, are of importance 

a. these frequencies.   Two conical monopoles arc arrayed vertically In the manner 

6 " ln F,gUre •,■4^     rhi8 P™*'* a" e'-ation pattern with a half-power beamw.dth 
of 33 degrees at - Mc decreasing to 10 degrees a, 30 Mc.    Fig..,.. 4.44 shm,s tll0 vai 

ol elevation and azimuth plane beamwidth with irequency. 
at ion 

Impedance and VSWR.   Since the array element Is a balanced antenna for the high-band 

array, a broadband balun is used to feed the antenna and transform its input impedance 
from 150 ohms to 75 ohms. 

GxHundScreen.   The ground screen will In general   be similar to that employed with the 

'- '-< array except for the length of ground radials.   Due to the importance of low 

angle coverage a, these frequencies the ground radial length has been met 
wavelengths. 

:reased to ten 

Azimuth Scan Mechanism and Time Delay Network.   Other than di 

lengths and component values, the goniometer is Identical to 
fferent delay line 

that of the low band array. 
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Awenna Emciencj.    Figure 4-45 shows «fficUnc, .ersus frequency for the hfgh band 
array feed system. 

jvnehronizanon with Low Frequent r^nH A^.,    ^ the low and ^ band array 

goniometers will be controlled by servo systems that slave each goniometer to the 

display drive motor.    Figure 4-46 is a block diagram of the rotation control system. 

The motor driving the display .s controlled electrically at the display console to pro- 

vide CVV or CCW rotation.   Manual control can be Included. 

Electrical direction information is obtained from a synchro geared to the display 

and la transmitted to synchros at the low tend and high band goniometers.   The 

synchro at the goniometer provides an error signal Input to the servo amplif.er 

winch drives the servo motors.   Both goniometers are thus locked in rotation with 
the display. 
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SECTION 5 

MECHANICAL DESIGN 

5. 1   General Considerations 

This section outlines the considerations Involved m the mechanical design of the 

previously described antenna systems.   The recommendations on types of materials 

to use in the construction of the antennas are based on experience in the design and 

fabrication of similar types of radiating systems. 

5. 1. I   Assumed Environmental Condi11ons 

Wind and Ice Loads.    Transmitting ai 

with 125 mph winds, simultaneously. 

Wind and Ice Loads.   Transmitting and Receiving Antennas:   1/2-inch radial ce 

Corrosive Environment Considerations.    Both transmitting and receiving array, are 

designed to be more than adequately corrosion res.stant under normal environmental 

conditions.   The transmitting vertical curtain antenna components include such 

corrosion-resistan, materials as:   Fiberglass catenaries: 6061-76 aluminum alloy 
catenary and drop fiWng8; c;llslln „.,._. ^ ^^ ^^  ^^ ^^ 

pipe: and corrosion-resistant hardware. 

The receiving conical monopole antennas are fabricated of such corrosion-resistant 

components as:   6061.T6 aluminum alloy radial spokes; calsun bronze wire radiating 

elements; a copper ring at the bottom end of the radiators: and corrosion 

hardware.    The reflector material,  along with it 

wire. 

resistant 

8 support catenaries is calsun bronze 

Both the t ransmitting and receiving array ground screens are of No.  10 solid copper 

wire, and all support towers in each array are constructed of hot-dip galvanized 

steel.    Under extremely corrosive conditions, aluminum towers should be provided 
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S. 1. 2   Material Selection and MtgcgUaneoui Mechanic I Conside 

Electrical Rcquiicnu-nts   Transmitting Antenna.   The 

rations 

radiating elements, the 3-1/8 inch coaxial tn 
seven-strand No. 15 calsun bronze 

stranded feed line were all chosen in order to 
ansmission line, and the No. 2 insulated 

conductivity and peak and average power handling capability. 
satisfy the electrical requirements   of 

^^^^ The seven-strand No.  15 calsun hronze 

vertical and peripheral radiating element., along with the copper peripheral rings, we, 

chosen for «heir conductive capabilities and corrosion resistance. 

MiiiHIH-LRui^^ Materlala (()i. ,„„„ tlK, transmjItingant) ^^^ 

array systems were chosen and s.zed in order to provide a good, positive margin of safety 

Btress-wise   and to afford more than adequate structural integrity of the antenna systems 

""der the assumed environmental loads and corrosive conditions. 

-^f^^^ Fiberglass was selected for the catenarv 

- ^P —is since it exhibit, a minimum of creep under ,oad. a high ultimate 

tensile streng (140 000 ps.), and go. electric properties.    Alum.num alloy (6061.T6) 

ctenary and drop fittings provide a 35. 000 ps, tensile yield capability.   The .ongeron 

P»Pe   used a . an K curate method of locating and attaching the radiators and ground 

sereen centerline points    is galvanized and periodically supported on concrete piers 

Coaxial transmission Hues to each three-curtain antenna array power divider include a 

^ ,OOP 'll "-'" '—• dermal expansion of the line under normal operat.ng condi- 

fons. as advised by the Prodehn Corporation, the coaxial manufacturers.   Pressurizing 

equipment for the line can he contained in the building at the center of the array circle 

Is the scanning switch and its operating equipment. 
as 

I, 
i; 
r 

Mech.mdRequ.re^n,,. Rece.yln|fAwenna.   Rai11al ^ „ ^ ^ ^ ^ ^ 
of each ™„,cal ,n„„(,p„,t. .„ ,„ W,6,.T(, „„„„„„„„ plpe ^ ^^ _ ^ ^ 

«fety under .hc ass„mi.(, ,„.,.„„,,,.    Wo(),k.„ p , ^ ^^ ^ ^ ^ ^ ^ 

a...™ .uppor, „wer., „„„„,,, exceMlve „,,„„ .„„ me{ ^ ^ ^ ^^ ^ 

V -  2 

. 



■.mm*mimmma**Mmmmm**m».mim*mui!amii .MimmtimuBaMilgäMI 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
! 

I 

impractical.   Vortical  reflector wires and the, r supporting catenaries are of seven-strand 

No.   15 calsun bronze w.re.   Reflectors are tensioned from ground level by means of a 

turnbuckle mounted on each reflector support pole. 

S. 1. 3   Methods Fmploycd in Structural Analysis 

Detailed cah ulatmns show ample margins of safety on the larger components of 'he antennas. 

such as catenaries, towers, spokes, etc., and the detailed structural items, such as 

tower Joints,  have been designed to be compatible with the rest of the structure. 

Transmitting Antenna.   The vertical load transmitted to the supporting tower for each 

curtain was found by determining the vertical component of the load (at the tower) induced 

in the catenary   as a result of 1  2-inch radial ice on all effective elements,  vectorially 

combined with the "toggle effect" of a 125-mph wind applied horizontally against the 

ued radiators.   A 3.87 margin of safety was calculated based on the column allowable 

strength of the tower.   The catenary would be subject to a maximum load of 4790 pounds. 

Receiving Antenna.   The supporting conical monopole tower for the 3- to 18-Mc conical 

monopole antenna was analyzed using the 'three moment" equation to determine the 

maximum positive moment In the bottom,   most critical span.   This moment,  combined 

with the effect of the guy cables, and tower and Ice weights, was then Implemented to 

determine the compressive and flexural loads on the tower.    The capability of the radial 

spokes was determined from their -column allowables", as dictated by their "length to 

radius of gyration" ratios.   The 7- to 30-Mc conical monopolea were assumed to with- 

stand the loading conditions with a good margin of safety by comparison with the 3- to 18- 

Mc conical monopole antennas.   A 1.52 margin of safety was calculated based on the 

column allowable strength of the tower. 

5. 2   Transmitting and Receiving Antennas 

load calculations have been performed and adequate and detailed instructions for antenna 

installation and erection can be provided. 
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5.3   Kesuks ul Structural Tests 

The Flbergiasa catenary (transmitting antenna) 1/4-inch in diameter has h.-en tested 

and found to have an ultimate tensile strength of 7000 pounds; the clevis fittings were 

listed in conjunction with the catenary and were structurally compatible. 

Hu monopole radiator assemblies with the terminal end ftttlnga have been tested In 

tension and found to show a positive margin of safety under the given loading condi- 

tions 
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SKCTION 7 

IDENTIFICATION OF GRANGER ASSOCIATES TECHNICAL PERSONNEL 

Hie following Individuals from the engineering staff of Granger Associates contributed to 

the project. 

Mr. William A. Alfano 

Mr. Ross 1 . Bell 

Dr. Raymond D. Bgan 

Dr. John V. \. Granger 

Dr. William G. Hoover 

Dr. Raymond Justice 

Mr. Charles A.  I ucero 

Mr. Charles E. Phillips 

Mr. Bernard M. Schiffman 
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