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The 85-ft. diameter aerial at Goonhilly Downs, Cornwall uses a

focal-plane paraboloidal reflector illuminated from a primary feed at

the focus, Circularly polarized waves are transmitted and received.

For optimum gain and uniformity of the aerial radiation patterns,

circular symmetry of the primary feed radiation pattern is desirable.

The primary feed has therefore been made circularly symmetric.

The following terms, which are particularly applicable to large-

aperture low-noise parabolic-reflector type aerials, are used in the

present account of the feed design: Aerial Gain Factor (G) : the ratio

of the actual gain obtained to that of a uniformly illuminated aper-

ture of the same area; Illumination Efficiency (e): the ratio of the

energy illuminating the reflector to the total energy radiated by the

feed; Radiation Spillover: the energy radiated by the feed, not illu-

minating the reflector; System Figure of Merit: the ratio of aerial gain

to the total receiving system noise-temperature in degrees Kelvin.
Other terms and symbols are given in Appendix 1.

Primary feed radiation patterns usually have a field intensity which

is maximum in the direction of the vertex and which tapers towards

the periphery of the reflector. Spillover is normally permitted to obtain

an optinmm gain factor. However, for the reception of low-level sig-

nals, when the aerial is pointing towards a low-temperature sky, some

consideration must be given to spillover which results in the reception

of thermal radiation from the earth. The spillover permitted with a

receiving aerial may then be less than that with a transmitting aerial

for optimum working conditions. The optimum spillover for reception

also varies with the aerial elevation, but 5 ° is an appropriate eleva-

tion for consideration since then the sky temperature has the fairly

low figure 1 of about 20°K and the spillover noise temperature is very

nearly maximum. At low angles of elevation, approximately one half

* First published by the Institute of Electrical Engineers, November 1962.
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of the spillover energy is at the average sky temperature (assumed to

be 6°K) and the other half at the temperature of the earth.

The experiments with the Telstar and Relay satellites require trans-

mitting frequencies at the ground stations of about 6390 and 1725

Mc/s respectively, and a common receive frequency of about 4170

Mc/s. The initial time available for development made it imperative

to consider at the outset a separate primary feed design for each experi-

ment. However, a composite feed unit capable of accommodating all

three frequencies is now in use.

AERIAL GAIN FACTOR AND SYSTEM FIGURE OF MERIT

The gain factor of a parabolic aerial is given bye:

] IG- cot _ GI(0) "1-'tan (_b/2)d_ (l)
(

The classes of primary feed patterns considered analytically by

Silver e are given by:

GI_ -- Go cos"0 (2)

between the limits 0 -- +-_- and -- -_-, and where n -- 2, 4 .... etc.

When n -- 2, the optilnum aperture qJis about 66 ° and the gain factor

obtained is about 0.83. The primary feed illumination at the reflector

periphery is then about --10 db relative to that at the vertex. In the

case of the focal plane paraboloidal reflector, the angular aperture, ¢,

is ,r/2 and the gain factor is

Grr/2 -- 2 GI(0 ) :, tan (6/2) d0 (3)

For the feed pattern given by Equation 2, the gain factor is only

0.57. To obtain a higher value therefore it is necessary to broaden the

feed pattern allowing some spillover. This can be considered analyti-

cally by assuming a primary feed pattern given by

G/ (6) -- Go cos" m 0 (4)

between the limits m0 -- q- _r/2 and -- ,r/2, and where m lies between
0.5 and 1.0.

When the gain factor obtained from Equation 3 is plotted against

the parameter m, the curve in Fig. 1 is obtained for n -- 2. This curve
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Fig. 1- Variation of aerial gain factor with m.

indicates that an optimum gain factor of about 0.78 is obtained with
m -- 0.7.

When the effects of radiation-spillover are considered, the following

approximate formula for the system noise temperature is obtained:

(l--e} Ts (l--e) .T4,
Ts _ T1 -4- eT2 -4- _ -+ 2

where T1 --noise temperature of the receiving equipment {apart

from the aerial)

T2 -- sky temperature seen by the aerial main lobe (20°K is

assumed at 5 ° elevation)

Ts -- average sky temperature, assumed to be 6°K

T4 -_ effective ground noise-temperature

Curves are plotted in Fig. 2, giving values of figure of merit for an

85-ft, diameter focal-plane aerial with various values of ground noise-

temperature and with a receiving apparatus noise-temperature of

50°K. A ground temperature of 280°K is the figure assumed where the

reflexion coefficient of the earth is zero, i.e. the earth is regarded as a

black body radiator. A temperature of 180°K is where the ground

reflexion coefficient is about 0.6, as estimated at Goonhilly Downs, and

the case of 6°K is where the use of an earth-screen is possible, giving

an image of the sky in the lower' hemisphere of radiation. The latter

is an interesting case because the spillover temperature is lower than
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that of the main lobe. The condition for maximum figure of merit is

then very nearly coincident with the requirements for maximum gain

factorl and the effective aerial temperature is less than that of the

main lobe. Optimum figures for the three ground temperatures and for

apparatus temperatures of 50 ° and 30°K are summarized in Table 1.

TABLE I- OPTIMUM PERFORMANCE FIGURES OF THE FOCAL-PLANE

PARABOLOIO FOR VARIOUS GROUND NOISE TEMPERATURES

Ground

Temperature

(°K)

System
Figure of

Merit (db)

Aerial

Gain

Factor

System
Noise Temp.

(°K)

Equipment temperature = 50°K

Sky temperature = 20°K

280

180

6

0.8

0.77

0.69

41.2

41.3

'41.6

0.758

0.77

0.777

73.1

72.8

68.6

Equipment temperature = 30°K

Sky temperature = 20°K

28O

180

6

0.815

0.78

0 68

42.6

42.7

43.1

0.75

0.765

0.777

52.5

52.4

48.7

Primary feed radiation patterns for m values of 0.8 and 0.69 are

shown in Fig. 3.

RADIATION FROM A SMALL APERTURE

The radiation patterns of a TEll wave from an open-ended circular

waveguide have been calculated by Chu a, and the normalized patterns

are given by:

Tile E-plane field, E(E-t,,....)

and the H-plane field,

2(1 ++ • cos O) J, (ka sin 0)

(1 +-_-) kasin0

(5)
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E<h'-pi:,,+) -- (6)
k 2 sin 2 0

(1 ++) (1 k:, )

At 4170 Mc/s, the E and H radiation patterns from a 2 inch circu-

lar waveguide (Fig. 4) show that for use as a primary source of a low-

temperature aerial the rearward radiation is excessive. It could be

reduced by increasing the waveguide aperture, but then the breadth
of forward radiation would not be obtained.

A circular flange placed about the waveguide aperture has a marked

effect upon both the rearward radiation and the shape of the forward

lobe. A feed with a 31/_ inch diameter flange about a 2 inch aperture

GROUND T = 6°K

GROUND T = 180*K

IND T = 280°K

1.0 I I I
0.5 0.6 0.7 0.8 0.9 1.0

m

Fig. 2--Dependence of system figure of merit on the radiation pattern of a
primary-feed illuminating an 85-ft diameter reflector.
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Fig. 3--Primary feed radiation pattern.

has measured radiation characteristics showing reduced rearward

radiation although increased directivity. The aerial gain factor and

noise temperature obtained with this feed are estimated to be 0.53

and 5°K respectively. Improved radiation patterns were, however, ob-

tained by placing the flange at critical distances behind the aperture,

and further improvements were made by using two or more flanges.

Experiments resulting in 3 inch and 41/_ inch diameter flanges posi-

tioned 1/_ and 11/_ inches respectively behind the aperture yielded the

radiation patterns shown in Fig. 5. Since the waveguide wall adversely

affected the pattern, its thickness beyond the 3 inch flange was re-

duced to a knife-edge. The Telstar feed is based on the above, but the

Relay and composite feeds with 5 inch diameter tubes have alterna-

tive flange assemblies.
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Fig. 4--Radiation pattern (theoretical) of open ended 2" diameter circular

waveguide.

TELSTAR FEED

General

The Telstar feed is in the form of a diplexer, the transmit frequency

being higher than the receive frequency. Greater emphasis has been

given to obtaining optimum operation over the receiving band about

4170 Mc/s. But since the minimum usable aperture at this frequency

has a diameter of about 2 inches a more directional feed pattern is

obtained at the transmit frequency, resulting in slight aerial beam

broadening and reduced gain factor. Since the flanges used for pattern

shaping and noise reduction at 4170 Mc/s affect only slightly the 6390
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Fig. 5- Radiation pattern,_ of Telstar feed.
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Mc/s pattern, the form of aperture used in the Telstar feed (Fig. 6)

is that referred to below.

Matching

Tile impedance discontinuity at the feed aperture without compen-

sation is greater at 4170 Mc/s giving a voltage standing wave ratio

(VSWR) of about 0.74 compared with 0.96 at 6390 Mc/s. Matching

is provided by interposing within the waveguide a section of guide of

different impedance. The waveguide section is realized in practice by

fitting a dielectric sleeve of the required dimensions within the 2 inch

diameter guide. The sleeve has only a small effect on the matching

at 6390 Mc/s as the length is about 0.5hg at this frequency. The posi-

tion of the sleeve and its thickness are such that improved matching

is obtained at 4170 Mc/s.
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Fig. 6- Telstar feed.

A VSWR of greater than 0.97 was thus obtained over the transmit.

and receive frequency bands.

Description

The Telstar feed (Fig. 6) has the circular brass flanges soldered on

the outside of the waveguide, the aperture end of which has been

chamfered. The dielectric matching cylinder is of PTFE and is set

into a slight undercut in the waveguide. Adjustments to the position

of the aperture on assembly are made by inserting circular waveguide

spacers between the connecting flanges of the primary feed and the

wavcguide feeder.
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Feed Per]ormance

The radiation patterns of the Telstar feed (Fig. 5) show that at the

receive frequency the average illumination taper is about --13db at

=t=90 °. The aerial gain factor obtained from the feed pattern and the

use of equati.on (3) is estimated to be 0.66. The illumination efficiency

is about 0.966 and with a noise-temperature of 180°K due to the

surrounding terrain, the effective increase in system temperature due

to spillover is 2.5°K with the aerial at 5 ° elevation. The pattern at 6390

Mc/s is considerably more directional and yields a gain factor of 0.51

and an illumination taper of about --21db in the focal plane.

Aerial radiation patterns, calculated from the average primary feed

patterns, have half-power beamwidths of 12.2 and 8.2 minutes at

4170 and 6390 Mc/s respectively.

RELAY FEED

General

In the case of the Re.lay feed, with the lower transmitting frequency

of 1725 Me/s, compared with the Telstar feed, a larger feed aperture

was necessary. Since, however, maximum aerial efficiency and low noise

temperature were again required at the receive frequency, it was im-

perative to consider the design of individual primary sources for trans-

mission and reception. Of the types of feed investigated, a coaxial

aperture was considered effective, the 1725 Mc/s signal being trans-

mitted through a coaxial waveguide in the TEn coaxial mode, and the

4170 Mc/s signal being received in the associated hollow inner con-

ductor and supported in the TEH circular-waveguide mode. Since the

cut-off wavelength of the inner guide is less than the transmit wave-

length, the highpower signal is rapidly attenuated along the receiving

guide.

Description

The feed assembly (Fig. 7) has waveguide size WG8 coupled to a

power divider which divides the waveguide into two half-section

guides. These diverge to allow the inclusion of a WGll binomially-

stepped corner in a waveguide combining section. The transducer fol-

lowing transforms the WGI_ waveguide to 2 inch circular guide and

the two half-section WGs wavcguides to septate 5 in. diameter coaxial

guide. The wedges through the transition provide mechanical rigidity

as well as continuity of mode transformation. The septate coaxial

guide is coupled to a coaxial section in which the transmitted signal
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Fig. 7- Relay feed.

is converted from linear to circular polarization through a matched pair

of dielectric quarter-wave plates, of PTFE, having low-loss and a high

melting point. The principle of operation of this polarizer, although

in coaxial guide, is similar to that used in the Telstar feed, which has

been described in a companion paper*. A dielectric filter near the co-

axial aperture, whilst permitting low-loss transmission at 1725 Me/s,

provides substantial reflection at the receive frequency thus reducing

radiation of noise from the "high-temperature" transmit aperture. The

filter is positioned relative to the aperture to obtain a broad radiation

pattern at the receive frequency consistent with low-level spillover.

Circular flanges about the outer conductor provide pattern shaping

at the transmit as well as the receive frequency.

The dielectric polarizer 4 and the matching in the inner waveguide
are similar to those in the Telstar feed.

COMPOSITE FEED

Description

The composite feed (Figs. 8 and 9) comprises the component parts

of the Relay and Telstar feeds. The Relay transducer is however sep-

* See pages 2127-2140.
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Fig. 8 - Tdstnr/Relay roinposite fwd unit. 
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Fig. 9 - Composite Ferd 

arated to perform the waveguide transformations a t  different parts 
of the assembly. 

The waveguide from the Relay transmitter is again coupled to a 
power divider to provide the two half-section guides allowing the in- 
clusion of a WGlr bend. The components in the centre guide are then 
in the same sequence as  in the Telstar feed and comprise a WG14 2 
inch circular waveguide transducer, WGll 2 inch circular waveguide 
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diplexer 4, dielectric polarizer 4 and the aperture matching section. In

the transmitting outer guide the two half sections nf WGs sandwich

the inner guide as far as the second transducer, where the rectangular

guides are transformed to septate coaxial guide. The coaxial section

is then similar to that in the Relay feed.

In the Telstar experiments, the inner guide and its components are

used, the 5 inch diameter aperture and flanges functioning only to shape

the radiation pattern. In the Relay experiments, the WGs 5 inch di-

ameter coaxial guide carries the transmitting signal, and the internal

circular guide receives the satellite signal, the diplexer transferring

it to the main receive waveguide feeder.

Performance

The impedance matching into the composite feed gives a voltage

standing wave ratio (VSWR) of 0.97 at 1725 Mc/s. The matching

characteristic measured over a frequency range is that shown in Fig.

10.

The ellipticity ratio of the circularly polarized fields within the co-

axial waveguide is about 0.98. The radiation pattern at the transmit

frequency has a field intensity _aper of --10db in the focal plane, and

gives an aerial gain factor of about 0.67. The receive pattern is very

similar to that of the Telstar feed and gives a gain factor of 0.66 and

an illumination efficiency of 0.967.

MODEL AERIAL TESTS

During the period of feed development, some considerable experience

was obtained with a 10 ft. diameter focal-plane reflector modelled on

the Goonhilly aerial. The model primary feeds were scaled to operate

1.0
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I I I 1 1

J

I I I I I
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Fig. 10--Composite feed, overall matching characteristic.

1740
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at about 11 Gc/s. A typical radiation pattern obtained with a model

Telstar feed, vertically polarized (Fig. 11) shows that apart from the

main lobe and immediate side lobes;

1. At bearings up to ±20 ° relative to the electrical axis, tile radia-

tion is largely due to scatter from the tetrapod structure. This

was shown by measurements with the tetrapod removed and the

fced supported by thin nylon cords.

2. At bearings bctween ±20 ° to ±90 ° the radiation is predomi-

nately primary feed spillover.

The pattern with horizontal polarization showed a greater level of

primary feed spillover consistent with the larger level measured in this

plane in the. primary feed radiation pattern (Fig. 6).

DEGREES
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Fig. 11- H-plane radiation l)attcvu of model aeri_d with Telstar feed scaled to

operate at 11.1 Gc/s.
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CONCLUSIONS

Using idealized primary feed radiation patterns for guidance, it is

evident that the permissible spillover is dependent upon the effective

noise-temperature of the surrounding terrain, and to a lesser extent on

the noise-temperature of the system receiving equipment. Where the

equipment and ground temperatures are about 50 and 180°K respec-

tively, a primary feed illumination taper of about --15db is required

for an optimum figure of merit at low angles of aerial elevation. The

effect of spillover is then to increase the system noise temperature by

about 2.8 degrees, the gain factor being 0.77. However, if it were

possible to reduce the effective ground temperature further, then the

spillover could be increased to provide a greater aerial gain factor.

Experiments with circular flanges about a circular-waveguide aper-

ture have resulted in primary feed patterns giving gain factors of

about 0.65 and an effective noise temperature increase of about 2.5°K

due to spillover (ground temperature E 180OK). The illumination

taper at the reflector periphery is about 19db. If it were possible to

broaden thc feed pattern further to increase the gain factor, a closer
approach to the ideal could be obtained.

REFERENCES

1. Hogg, D. C., Problems in Low Noise Reception of Microwaves, I.R.E. Trat_s.,
Nat. Symp. on Space Electro_ic._ (lt_d THemetry, 1960. p8-2.

2. Silver, S., Microwave Antenna Theory and Design, M.1.T. Radiation Labora-
tory Series No. 12.

3. Chu. L. J., Calculation of the Radiation Properties of Hollow Pipes and Horns,
J. Appl. Phys.. 11 : 603-610, September 1940.



2156 -

G

e

TELSTAR I

P

APPENDIX I

Gr(_) --

Go m

G_r/2

k

]Crn

i_

A

_.c m

Ag

W

a

Jn(x) --

List of Symbols

Aerial gain factor

Illumination efficiency

Angular half-aperture of aerial, i.e. angle subtended by

reflector periphery to the focus

Angle subtended to focus

Gain function of prim:lry feed radiation pattern

Primary feed gain when 4) _ 0

Aerial gain factor when ¢ _ _/2

l)hase constant

w (_) ½

_/_._ _ _

A 1 -- A,-_F,

permeability of medium (henrys)

dielectric constant of medium (farads)

free space wavelength

wavcguidc cut-off wavelength

guide wavelength

27r X frequency

radius of waveguide

angle subtcndcd to centre of waveguide aperture

Bcssel's function of nth order




